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Preface
This report summarizes the advancements, applications, and accomplishments within the
community of MARKAL and TIMES users during Annex XII “Policy Analysis Tools for Global
Sustainability”. It presents a collection of short summaries of books or book chapters, peer-review
articles, research papers/reports (or long abstract), Ph.D. theses, presentations and online
information that appeared in the period 2011-2013. It provides many examples of policy relevant
application of the MARKAL and TIMES modelling platform and its continued spread to new users,
as well as the ongoing advancement of the methodology to meet the requirements for integrated
energy planning in these challenging times.
The final report of previous annexes, along with updated information on the Implementing
Agreement for a Program of Energy Technology Systems Analysis of the International Energy
Agency - the text of the Implementing Agreement, the text of the Annexes, instructions to get the
software, the members list, the user`s guides, the factsheets of the Energy Technology Data
Source, the proceedings of the biannual workshops, etc. - are available on line at www.ieaetsap.org. Questions, comments and proposals are welcome to the forum http://www.ieaetsap.org/forum/default.asp.

ABSTRACT
The Energy Technology Systems Analysis Program (ETSAP) is an Implementing Agreement of the
International Energy Agency (IEA), first established in 1976. It functions as a consortium of
member country teams and invited teams that actively cooperate to establish, maintain, and
expand a consistent multi-country energy/economy/environment/engineering (4E) analytical
capability. Its backbone consists of individual national teams in nearly 70 countries, and a
common, comparable and combinable methodology, mainly based on the MARKAL - TIMES family
of techno-economic models, permitting the compilation of long term energy scenarios and indepth national, multi-country, and global energy and environmental analyses. More information
on IEA-ETSAP activities, tools and users can be found at www.iea-etsap.org.
This report focuses on the published outputs of IEA-ETSAP activity over the period 2011 – 2013
delivered during Annex XII: Policy Analysis Tools for Global Sustainability (PAT-SUS): E4 systems
tools and joint studies. The topic of the Annex XII emerged in the following context: "The first oil
crisis almost forty years ago made policy makers and the public at large suddenly aware of the
need to find alternatives to oil. Nowadays with more urgency owing to concern over energy
security, economic sustainability and Global Climate Change individuals and thereby policymakers are becoming increasingly aware that an energy revolution is necessary. Thus post the
COP 15 in Copenhagen policymakers are increasingly looking at the critical role technological
options must play with new interest and hope. The critical need now is identifying the key
technologies and the programs and policy that will bring them to the market. ETSAP is well
equipped to carry out coordinate studies and analyses in the field of climate change mitigation
options and associated costs and benefits, and to provide decision-makers with global/national
insights arising from highly differentiated long term scenarios. A joint international programme of
energy systems analysis seems now even more necessary than almost thirty five years ago, when
ETSAP started under the aegis of the IEA in response to the pressures arising from that first oil
crisis."
There were four specific objectives of Annex XII as follows:
(a) Coordinated Analysis Tools
Developing, improving and making available to the members and the IEA: 1. TIMES models, and 2.
the Energy Technology Data Source (E-TechDS).
(b) Research and Development
The underlying objective is to continually advance the state-of-the-art with respect to energy
systems analyses, integrated energy / economic / environmental / engineering modelling and long
term scenario analysis of critical issues facing IEA member countries and all sharing this planet.
(c) Capacity building
Best practice examples, manuals, online forum and hands-on training opportunities will be
offered with the aim of maintaining/improving international/national capabilities for conducting
energy systems analyses and the effective use of ETSAP tools.
(d) Maintenance of the base tools
The minimum objective of this Annex is to maintain and update ETSAP model generators
(MARKAL, TIMES) and users’ interfaces (ANSWER, VEDA), and to organize two semi-annual
workshops each year.

This report presents excerpts of over 300 references published between 2011 and 2013, including
over 110 peer-reviewed articles published in a large variety of prestigious journals such as Energy
Policy, Energy Procedia, Renewable Energy, Energy Economics, Applied Energy, Energy, Climate
Policy, Environmental Modeling and Assessment, Environmental Modelling & Software,
Renewable and Sustainable Energy Reviews, International Journal of Greenhouse Gas Control,
International Journal of Sustainable Energy, International Journal of Hydrogen Energy,
Technological Forecasting & Social Change, Energy for Sustainable Development, Procedia
Environmental Sciences, Energy and Buildings, Socio-Economic Planning Sciences, Annals of
Nuclear Energy, Sustainable Energy Technologies and Assessments, Transportation Research Part
D: Transport and Environment, Energy Strategy Reviews, Environmental Modelling & Software. It
also include PhD. thesis, research reports as well as technical papers and presentations held at six
ETSAP Workshops (Stanford June 2011, Athens November 2011, Cape Town June 2012, Lisbon
December 2012, Paris June 2013, Seoul November 2013) and three International Energy
Workshop (IEW) Conferences (Stanford June 2011, Cape Town June 2012, Paris June 2013).
Considering that the focus of the Annex XII is about looking at the critical role of new
technological options and identifying the programs and policy that will bring them to the market,
the content of this report is structured around the main types of scenarios studied and the
different sections of a generic Reference Energy System (RES). Moreover, a special attention was
given in all sections to scenario definitions as well as results in terms of technologies and
mitigation options (with corresponding emission reductions and associated costs) when selecting
excerpts.
Studies are organized into four main sections. Section 1 focuses on General Scenario Analysis,
with a summary of the Technology Energy Perspectives (ETP) of the International Energy Agency
(IEA) as well as other outlooks or business-as-usual scenarios, climate mitigation strategies,
integrated mitigation and adaptation strategies and renewable energy strategies. Section 2 is
dedicated to Technology and Sector Specific Scenario Analysis with a distinction between the
role of technology in the end-use sectors (transportation, residential, commercial, industial,
agriculture), the role of technologies in the sypply sectors (conventional and unconventional fossil
fuels, thermal, renewable, nuclearpower generation, energy storage, combined heat and power,
bioenergies, hydrogen) and the role of carbon capture and sequestration (CCS). Section 3
introduces Methodological Developments, namely linkages with other models or tools (power
system models, agricultural system models, macoeconomic models, lifecycle analysis,
geographical information systems), and other improvements to better handle uncertainties,
energy security, anciallary benefits, time slices, renewable integration and marginal abatement
curves. Finally, Section 4 presents other Analytical Framework Developments such as other
modeling frameworks and multi-model comparison exercises (Energy Modeling Forum – EMF,
Asian Modeling Exercise – AME, Low climate IMpact scenarios and the Implications of required
Tight emission control Strategies -LIMITS).
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1.
1.1
1.1.1

GENERAL SCENARIO ANALYSIS
Comprehensive Strategies to 2050
Technology Energy Perspectives

The 2012 edition of Energy Technology Perspectives (ETP 2012: 112, 211) shows clearly that a
technological transformation of the energy system is still possible, despite current trends. The
integrated use of key existing technologies would make it possible to reduce dependency on
imported fossil fuels or on limited domestic resources, decarbonise electricity, enhance energy
efficiency and reduce emissions in the industry, transport and buildings sectors. This would
dampen surging energy demand, reduce imports, strengthen domestic economies, and over time
dramatically reduce greenhouse-gas (GHG) emissions. The ETP 2012 2°C Scenario (2DS) explores
the technology options needed to realise a sustainable future based on greater energy efficiency
and a more balanced energy system, featuring renewable energy sources and lower emissions. Its
emissions trajectory is consistent with the IEA World Energy Outlook’s 450 scenario through 2035.
The 2DS identifies the technology options and policy pathways that ensure an 80% chance of
limiting long-term global temperature increase to 2°C - provided that non-energy related CO2
emissions, as well as other greenhouse gases, are also reduced.

Methodology
The ETP model, which is the primary analytical tool used in ETP 2012, supports integration and
manipulation of data from four so-linked models: energy conversion; industry; transport;
buildings (residential and commercial/services). The following schematic illustrates the interplay
of these elements in the processes by which primary energy is converted to the final energy that
is useful to these demand-side sectors (Figure 1).
Figure 1. The ETP model

The energy conversion module is a least-cost optimisation model. The demand-side modules are
stock accounting simulation models. Consistency of supply, demand and price is ensured through
an iterative process, as there is no hard link between the sector models. The ETP model works in
five-year time steps. The conversion sector (i.e. transformation of power and fuel) in ETP 2012 is
analysed using the ETP-TIMES model, which covers 28 regions and depicts – in a technology-rich
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fashion – the supply side of the global energy system. It spans the spectrum from primary energy
supply and conversion to final energy demand up to 2075.

Scenarios
Energy Technology Perspectives 2012 (ETP 2012) starts from the globally agreed-upon target of
limiting average global temperature increase to 2°C. The analysis identifies a pathway in which
the link between economic activity, energy demand and emissions can be broken through a
transformation of the global energy system and its technologies. To demonstrate the feasibility of
this transformation, ETP 2012 uses modelling techniques to analyse and compare three possible
futures, all of which take into account rising global population and steady economic growth.
• The 6°C Scenario (6DS) is largely an extension of current trends. By 2050, energy use almost
doubles (compared with 2009) and total GHG emissions rise even more. In the absence of
efforts to stabilise atmospheric concentrations of GHGs, average global temperature rise is
projected to be at least 6°C in the long term. The 6DS is broadly consistent with the World
Energy Outlook Current Policy Scenario through 2035.
• The 4°C Scenario (4DS) takes into account recent pledges made by countries to limit
emissions and step up eff orts to improve energy efficiency. It serves as the primary
benchmark in ETP 2012 when comparisons are made between scenarios. Projecting a longterm temperature rise of 4°C, the 4DS is broadly consistent with the World Energy Outlook
New Policies Scenario through 2035 (IEA, 2011).
• The 2°C Scenario (2DS) is the focus of ETP 2012. The 2DS describes an energy system
consistent with an emissions trajectory that recent climate science research indicates
would give an 80% chance of limiting average global temperature increase to 2°C. It sets
the target of cutting energy-related CO2 emissions by more than half in 2050 (compared
with 2009) and ensuring that they continue to fall thereafter. Importantly, the 2DS
acknowledges that transforming the energy sector is vital, but not the sole solution: the
goal can only be achieved provided that CO2 and GHG emissions in non-energy sectors are
also reduced. The 2DS is broadly consistent with the World Energy Outlook 450 Scenario
through 2035.
ETP 2012 presents three possible energy futures, the boundaries of which are set by total energyrelated CO2 emissions (Figure 2). The message is clear: different energy systems deliver very
different futures. Governments must choose what future they want and start building the
appropriate energy system now if that future is to be realised. The focus of ETP 2012 is on the 2DS
as the desirable target; the 6DS and 4DS are explored in less detail, primarily to better understand
and illustrate the transitions required to realise the 2DS.
Figure 2. ETP 2012 scenario CO2 emissions pathways
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Results
On a global basis, total primary energy supply (TPES) will grow in all scenarios (Figure 3). In the
2DS, TPES increases by some 35% in the period 2009 to 2050. This is significantly lower than the
85% rise seen in the 6DS and the 65% increase in the 4DS. But large regional differences are
evident within these numbers. In the OECD, TPES is projected to stay almost constant in the 2DS
and increase only moderately in the 6DS and 4DS. The outlook for non-OECD countries is very
different: even in the 2DS, primary energy supply is projected to rise by some 70% in 2050
compared to 2009.
The distribution of emissions among sectors changes significantly in the 2DS (Figure 4). Emissions
from electricity generation are almost eliminated by 2050, while those from transport and
industry remain significant. This refl ects the reality that transport and industry emissions are the
most diffi cult to mitigate, but also has important implications for the long-term prospects of
keeping the global temperature rise to below 2°C. These two sectors will not be decarbonised by
2050, and additional mitigation strategies will need to be carried forward after 2050.
Figure 3. Total primary energy supply

Figure 4. Global CO2 emissions by sector and scenario

Energy intensity. The 2DS is the primary focus of ETP 2012. It presents a vision of a sustainable
energy system. However, attaining it will require extensive transformation of the energy system,
cutting energy-related CO2 emissions in half by 2050 compared to 2009. Success will depend on a
significant decoupling of energy use from economic activity, which requires changes in technology
3

development, in economic structure and in individual behaviour. In the 2DS, the energy intensity
of the global economy falls significantly, and demand for physical goods and energy decreases
over time (Figure 5, Figure 6). Without this decoupling, achieving the 2DS becomes very costly, if
not impossible.
Figure 5. Total energy supply and energy intensity in the 2DS

Figure 6 GDP, population and global demand for steel and cement in the 2DS

Large efficiency gains can stem from system-wide changes and better integration of technologies,
while some individual technologies can deliver important improvements by themselves. Increased
electrifi cation of end-use sectors, coupled with decarbonisation of electricity generation and
energy efficiency improvements, are the most important transformations. Energy generation will
become more distributed and will make use of smart electricity grid technologies. Additional
benefits, although to a lesser extent, will come from the use of gaseous fuels.
Fossil fuel use will only drop by some 20% in 2050 compared to 2009 levels, but this represents a
60% reduction in the use of fossil-based fuels in 2050 in the 2DS compared to the 6DS. In
transport, oil is replaced by a portfolio of three alternative fuels (or energy carriers): electricity,
hydrogen and biofuels. These will require a revolution in vehicle propulsion systems, particularly
the electrification of LDVs. Improved vehicle fuel effi ciency also plays a major role. Still, emissions
in transport will be approximately 5 Gt in 2050 (down 25% compared to 2009), mainly due to the
rapid increase in the number of cars in emerging economies. Energy effi ciency will play a major
role in industry, driven by deployment of new technologies, better system integration and closed-
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loop processes. Renewable energy sources replace fossil fuels in almost all direct uses. Emissions
of CO2 from industry fall to approximately 6.5 Gt by 2050, a 20% reduction compared to 2009.
This is lower than average across the economy as a whole, due to very costly abatement options
in some industrial processes such as cement and steel production. In buildings, better building
shells will improve energy effi ciency and reduce energy demand, as will more efficient heating
and cooling systems. This entails a substantial increase in the use of heat pumps, expanded use of
district heating (where advantageous), and deployment of technologies such as solar heating and
cooling. All new construction would have to meet high performance standards, particularly in
non-OECD countries where most new construction will take place. OECD countries will need to
focus on refurbishing the existing building stock; financing of such measures, however, is
expected to be a central challenge.
One of the most striking findings of ETP 2012 is that future savings from the 2DS outweigh the upfront investment costs – even without taking into account the value of avoiding potential
damages from climate change (Figure 7). Investing in a low-carbon energy system appears likely
to generate a net economic surplus at the global level, due to the enormous value of fuel savings,
estimated at USD 100 trillion between 2010 and 2050. This represant undiscounted net savings of
USD 60 trillion or an average of USD 1.5 trillion annually. Using a 10% discount rate still shows net
savings of USD 5 trillion and highlights the aff ordability of moving to a low-carbon energy sector.
This does not mean that there will be only winners; some regions and sectors will undoubtedly
come out worse from an economic standpoint in the 2DS, but the overall picture looks
surprisingly good. What is behind this result? Projected increases in fossil fuel prices (particularly
for oil in the 6DS) make reducing demand for these fuels even more valuable than today. A
secondary eff ect that may add further savings is the potential dampening of fossil fuel price
increases in the 2DS due to lower demand. With cautious assumptions on how lower demand
may impact fossil fuel prices, undiscounted savings jump to over USD 150 trillion (the top fuel
savings bar). Many low-carbon technologies are characterised by high initial investment costs, but
lower operations and maintenance costs. A good example is a hydroelectric dam, which may
require several hundred million USD in initial investment, but has very low generation costs. The
sums are smaller for technologies for distributed generation (such as wind and solar), but the
general characteristic remains the same.
Figure 7. Investments and savings in the 2DS

Electricity generation. Achieving the 2DS requires a collective effort in every aspect: no single
fuel, technology or sector can deliver a dominant proportion of the necessary emissions reduction
– all are necessary to varying degrees (Figure 8).
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Figure 8. Contributions to emissions reductions in the 2DS

Decarbonising electricity generation is the most important system-wide change in the 2DS (Figure
9). In 2009, fossil fuels generated 67% of global electricity. Policies that stimulate increased
deployment of conventional clean technologies (e.g. hydropower, onshore wind and nuclear), as
well as rapid expansion of emerging technologies (e.g. solar, off shore wind and geothermal) bring
the share of fossil fuels down to less than 25% in 2050. Together with the application of CCS,
these eff orts result in the CO2 intensity of electricity generation in the 2DS falling by 80%: from
just under 600 grams of carbon dioxide per kilowatt-hour (gCO2/kWh) in 2009 to 60 gCO2/kWh in
2050. In the short to medium term, decarbonisation will require a substantial switch from coal to
natural gas in many regions, with coal use falling rapidly after 2020. The use of natural gas will
follow a similar decline after 2030. Use of solar and wind rise substantially over this same period,
becoming almost as important to electricity generation as hydro and nuclear in the 2DS in 2050.
Hydro will continue to play a central role in absolute terms, but its growth is less pronounced.
Electricity as a power source offers a key advantage: it can be precisely targeted to provide the
right amount of energy at the right time to any end use. Because electricity is used extensively in
all sectors, the characteristics of electricity generation have important implications for the entire
economy. Tremendous potential exists to increase the use of electricity for heat generation for
industrial processes, for more efficient regulation of electric motors in industry, to power heat
pumps for heating and cooling in buildings and industry, and to support deployment of electric
vehicles in transport. Clearly, promoting greater use of electricity in such applications will increase
demand for electricity. The amount of resulting CO2 emissions will depend on the fuel and
technology mix used to generate that electricity (Figure 10).
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Figure 9. Fuel mix in electricity generation, by scenario

Figure 10. CO2 intensity in electricity generation in the 2DS

The average cost of generating electricity will rise by 40% to 50% in all ETP 2012 scenarios
between today and 2050. But the cost differences between scenarios will be modest, with an
average increase of 10% at the global level in the 2DS in 2050 compared to the 4DS. In the short
term, increases will be greater in the 2DS, but in the mid to long term, as costs of renewable
technologies continue to fall, average costs converge. Reduced demand, lower technology costs
and lower fossil fuel prices are the three most important parameters that keep electricity costs
from rising at a much faster rate in the 2DS. Estimating the market price for electricity, which in
competitive markets is set by the marginal cost of electricity generation, requires a more detailed
analysis than ETP 2012 provides. Factors such as market organisation and level of competition will
be at least as important for price developments as the fuel and technology mix, in particular in the
short term. However, the ETP analysis is useful to get a broad understanding of potential longterm diff erences between scenarios.
Carbon capture and storage, which involves technologies that capture CO2 emissions at the
source (e.g. at a coal-fired power plant), transport them to storage sites and then sequester them
permanently deep underground, is a key component in the 2DS. By 2050, the 2DS requires that
more than 60% of coal-fired generating capacity should be equipped with CCS. CCS is also
important in industry because it is the only technology that can prevent substantial emissions
from being released into the atmosphere in some heavy industries (e.g. iron and steel, and
cement). About half of the total volume of carbon captured comes from the industry and
transformation sectors. Starting around 2025 and at an accelerated pace after 2035, CCS is added
to biofuels production, which could result in a net removal of CO2 from the atmosphere.
7

Costs. Marginal abatement costs represent the estimated cost for the last tonne of CO2 emissions
eliminated via abatement measures. They are often used as a reference for what carbon price is
needed to trigger this abatement, by making the cost of emitting higher than the cost of
avoidance. In practice, however, a given carbon price may not trigger all abatement opportunities
at that cost level if there are any of a range of market failures at play. In the 2DS, global CO2
prices in line with the marginal costs in Table 1 have been applied. Overall, estimated marginal
abatement costs in ETP 2012 are slightly lower than in ETP 2010. This is an important fi nding, as
marginal abatement costs are a central aspect in policy design. Higher estimates of future prices
of fossil fuels (making fuel savings and fuel switching options relatively cheaper) and slightly more
optimistic forecasts on cost reductions in important low-carbon technologies (such as solar PV
and electric vehicles) are the two main factors behind the lower abatement costs in ETP 2012.

Table 1. Global marginal abatement costs and example marginal abatement options in the 2DS
2020
Marginal cost
(USD/tCO2)
Energy
conversion

Industry

Transport

30-50

Onshore wind
Rooftop PV
Coal w CCS
Application of BAT in all
sectors
Top-gas recycling blast
furnace
Improve catalytic process
performance
CCS in ammonia and HVC
Diesel ICE
HEV
PHEV

2030
80-100
Utility scale PV
Offshore wind
Solar CSP
Natural gas w CCS
Enhanced geothermal
systems
Bio-based
chemicals
and plastics
Black liquor gasification

2040

2050

110-130

130-160

Same as for 2030, but
scaled up deployment
in broader markets

Biomass with CCS
Ocean energy

Novel
membrane
separation technologies
Inert
anodes
and
Carbothermic reduction
CCS in cement

HEV
Same as for 2030, but
PHEV
wider deployment and
BEV
to all modes
Advanced biofuels
Buildings
Solar thermal space and Stability of organic LED Solar thermal space
water heating
System integration and cooling
Improved building shells
optimisation
with
geothermal
heatpumps
Notes: HVC – high value chemicals, FCEV – fuel cell electric vehicle, LED – light emitting diode.

Hydrogen smelting and
molten
oxide
electrolysis in iron and
steel
New cement types CCS
in aluminium
FCEV
New aircraft concepts

Novel
buildings
materials; development
of “smart buildings”
Fuel cells co-generation

The numbers in Table 1 represent the cost of the most expensive option applied to mitigate
carbon emissions in the 2020 to 2050 time period. Before these last abatement measures, many
other measures have been implemented. The impact of these measures can be represented in a
marginal abatement cost curve. Typically, marginal cost curves have an exponential (concave
upward) shape, as shown for electricity generation (Figure 11). Inevitably, uncertainty surrounds
each individual cost estimate, increasing as the date of the projection reaches further into the
future. Small changes in assumptions can result in large changes in estimated net cost per tonne
of CO2 avoided. Moreover, there is not one unique reference setting in which to determine
emissions reductions, and options also interact. The benefits of electrifying industry processes, for
instance, will hinge on what measures have been taken to decarbonise electricity. Transaction
costs and the cost of addressing non-economic barriers are important, particularly to energy effi
ciency, and are difficult to assess. Costs of stimulating behavioural change (e.g. modal shift) are
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hard to quantify. Long-term welfare eff ects of infrastructure development can be very important
but are not included in ETP 2012 analysis.
Figure 11. Marginal abatement cost curve in electricity generation, 2050

Key findings
• Based on Intergovernmental Panel on Climate Change (IPCC) scenarios, net energy-related
carbon dioxide (CO2) emissions may need to reach zero by 2075 under the ETP 2012 2oC
Scenario (2DS). This appears possible, but will be very challenging, even if 2050 targets are
met in the 2DS.
• In the extended 2DS, renewables in 2075 provide more than 50% of energy, of which the
majority is wind, geothermal, solar and bioenergy.
• Bioenergy plays an important role in determining the CO2 reduction potential to 2075.
• Electricity demand grows by 40% between 2050 and 2075, due to ongoing electrification of
energy services.
• Integrating variable renewable sources in the electricity system will be key, and will require
a mix of grid expansion, flexible generation plants, demand-side management and storage
technologies.
• Achieving a zero-carbon energy future in industry will be a challenge. Steady growth in the
production of key materials after 2050 will continue to drive up energy consumption.
• Transport does not reach zero without substantial additional biofuels or new
breakthroughs. Transport activity growth rates slow for both passenger and freight travel
after 2050, and with ongoing efficiency improvements, total energy use in the 2DS flattens
to 2075.
• Buildings, already down to 2 GtCO2 in 2050, cut this in half by 2075. In the 2DS, most of the
existing building stock in OECD countries is refurbished by 2050 and new houses are built
using best available technologies and designs.
1.2
1.2.1

Business-as-Usual Scenarios and Outlooks
Regional projections

1.2.1.1 Caspian energy systems: multiregional model and analyses of the interregional trades

The aim of the present work (126) is to show the methodological approach, and some preliminary
findings, of the Central-Asia-Caspian multiregional model (TIMES-CAC-4R) built for investigating
the energy system dynamics of the whole Area and for exploring the synergies among the four
Caspian nations in a quantitative manner, with a special focus on the development of natural gas
and crude oil interregional trades. TIMES-CAC-4R is the multiregional model describing the Central
Asian-Caspian energy system through the modeling of four structural-consistent and
9

interconnected national tools. The TIMES-CAC-4R model is launched and solved with a MILP
(mixed-integer-linear programming) method, based on which the more suitable sizes, among the
available options, of each cross-country infrastructure are selected (included in the solution).

Results
Figure 12 shows some key results of the Reference scenario, such as the total final consumptions
(by sector), and the crude oil and natural gas-specific details, with the aim to highlight the outlook
of the domestic final uses, and the resulting huge potentials for the exports in the medium term.
Oil and gas consumptions are in fact expected to rise (there is a factor 1.5 for gas and a factor 1.7
for crude oil between 2030 and the base year), but with the projected growth in productions the
Area is candidate to become a “key player” in the fossil fuels export during the next decades.
Figure 12. Electricity consumptions by sector and service - comparison among Countries;
existing cross-border exchange capacities

The removal of the present technical and political barriers, to the energy cooperation in the
Central Asian Caspian Area, can be investigated and assessed through the Central-Asia-Caspian
multiregional model (TIMES-CAC-4R), aiming to test the benefits of building new trade
infrastructures, within the Area as well as connecting the rest of the world, ensuring that
demands for energy are always met and surplus traded optimally.
1.2.2

National projections

1.2.2.1 Existing policies in energy model baselines

This paper (31) argues that the range of existing energy and emissions policies are an integral part
of any long-term baseline, and hence already represent a “with-policy” baseline, termed here a
Business-as-Unusual (BAuU). Crucially, existing energy policies are not a sunk effort; as impacts of
existing policy initiatives are targeted at future years, they may be revised through iterative policy
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making, and their quantitative effectiveness requires ex-post verification. To assess the long-term
role of existing policies in energy modelling, currently identified UK policies are explicitly stripped
out of the UK MARKAL Elastic Demand (MED) optimisation energy system model, to generate a
BAuU (with-policy) and a REF (without policy) baseline.

Scenarios
The UK MARKAL model has generally included legislated and funded existing policies in its
baseline. However, from the earlier discussion this already represents a Business-as-Unusual
(BAuU) case. However, by excluding existing policy a reference (REF) case can also be generated.
This process is carried out by identifying current demand, fiscal and technology policies contained
in DECC (2008), and removing them in the MARKAL model. These model baselines (BAuU and REF)
are then compared via CO2 emissions, sectoral energy, fuel mix and technology portfolios.

Results
Emissions. The inclusion of existing policies in a long-term baseline (BAuU) is highly significant
when compared to a reference case (REF) with current policies removed (Table 2). CO2 emissions
from these two baselines together with their high fossil price variants are given in Figure 13
Cumulative CO2 emissions without current policies (i.e. REF cases) are around 7% higher. The
greatest divergence is in the 2015–2030 where REF CO2 emissions are 12–19% higher.
Interestingly, as the perfect foresight, optimisation MARKAL model runs through to 2050, the
difference in BAuU and REF baselines diminishes as some of the pre-existing efficiency measures,
new technologies and alternate fuels that were already been factored into the BAuU baseline are
eventually taken up. With no long-term driver for lower CO2 technologies, and as BAuU imposed
technologies and measures reach their end of their natural life, the slowly-improving costs of new
technologies and fuels in time become cost competitive and are selected in a cost optimisation
framework. A modest (€25/tCO2) EU-ETS charge and a limited amount of appliance regulation
persists so the BAuU will not quite converge with the REF by 2050.
Table 2. MARKAL baseline and CO2 reduction scenarios
Core
baselines
BAuU

Interim
baselines

CO2-08 cases

BAuU-D
BAuU-F

BAuU-T
REF
BAuU-HP
REF-HP
CO2-BAuU
CO2-REF
CO2-BAuU-HP
CO2-REF-HP

Description
With current policy
Current demand policies removed : no conservation support programme in
residential, service & industrial sectors; moderated cold appliance efficiency
regulation
Current fiscal policies removed : no EU-ETS (€20/tCO2); no climate change levy
(CCL)
Current technology policies removed : no electricity renewable obligation (RO) (15%
by 2015); no renewable transport fuel obligation (RTFO) (5% by 2010); no
anticipated near-term wind farms project; 10 year delay in car transport efficiency
improvements(no voluntary agreements)
Without current policy : demand, fiscal and technology policies removed
With current policy, and high fossil prices
Without current policy, and high fossil prices
With current policy. -26% CO2 by 2020, exponential reduction to -80% CO2 by 2050
Without current policy. -26% CO2 by 2020, exponential reduction to -80% CO2 by
2050
With current policy; high fossil prices; -26% CO2 by 2020, exponential reduction to 80% CO2 by 2050
Without current policy; high fossil prices; -26% CO2 by 2020, exponential reduction
to -80% CO2 by 2050
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Figure 13. Alternate baseline CO2 emissions

Costs. Alternate (non-policy) baselines impact the cost requirements to reach UK Government
targets for long-term CO2 emissions reductions (to an 80% reduction by 2050). Table 3 details the
marginal costs of CO2 emissions and the change in welfare (consumer plus producer surplus)
tomeet these emissions targetswith (BAuU) and without (REF) existing policies. In a reference case
without existing policies, economic costs are imposed earlier (actually starting in 2015), and show
a large mid-term divergence (e.g. in 2030, CO2 prices are 50% higher and welfare losses are 70%
higher in the REF compared to the BAuU case) By 2050, removing existing policies gives an
increase in CO2 marginal costs from £182/tCO2 to £205/tCO2 and in annual welfare loss from
£20.6 billion to £25.2 billion. A similar (albeit somewhat moderated) increase is shown in the high
fossil price variant. Interestingly, in comparing the change from BAuU vs. REF cases to the
standard vs. high fossil price cases, the two effects give approximately the same order of impact
of costs. Thus the inclusion of existing polices in modelling long-term decarbonisation pathways
appears to be comparable to a major exogenous modelling assumption — that of global fossil fuel
prices.
Table 3. CO2 marginal costs and welfare change under 80% CO2 reduction scenarios
CO2 marginal cost (€/tCO2)
CO2-BAuU
CO2-REF
CO2-BAuU-HP
CO2-REF-HP
delta Welfare (billion €)
CO2-BAuU
CO2-REF
CO2-BAuU-HP
CO2-REF-HP

2020
0
9.3
0
8.9
2020
-2.4
-1.2
0.5
-0.6

2030
31.9
48.2
16.5
17.6
2030
-4.4
-7.5
-2.2
-4.2

2040
127.7
145.4
94.3
102.5
2040
-12.8
-18.3
-8.4
-11.1

2050
182.0
204.5
145.0
169.2
2050
-20.6
-25.2
-16
-19.2

In terms of long-term mitigation costs, policy-baseline assumptions are comparable to another
key exogenous modelling assumption — that of global fossil fuel prices. Therefore, best practice
in energy modelling would be to have both a no-policy reference baseline, and a current policy
reference baseline (BAuU). At a minimum, energy modelling studies should have a transparent
assessment of the current policy contained within the baseline. Clearly identifying and comparing
policy-baseline assumptions are required for cost effective and objective policy making, otherwise
energy models will underestimate the true cost of long-term emissions reductions.
1.2.2.1

Scenario analysis of China's future energy demand based on TIMES model system

The China TIMES model system, integrated with China energy service demand projection model
(ESDPM) and TIMES model (the integrated MARKAL-EFOM system), is built to study China’s future
sustainable energy and environment development strategy, based on energy demand projection
with scenario analysis (36). On the basis of reasonable assumptions on the future economic
growth and social development, the model system is employed to project China’s energy demand
from 2010 to 2050.
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Scenarios
First of all, the model system set a Reference Scenario (RS, will be shown in dotted curves in
figures) to describe the continuance of energy saving and sustainable development strategy.
Because the base year of model system is set to be 2007, the RS scenario will only consider the
implement and continuance of energy policies and plans before 2007, such as the energy intensity
decrease by 20% in "11th Five Year Plan", national renewable energy development plan, and the
state nuclear power development plan, etc. On the demand side, the energy service
representatives are expected to follow the current rapid growth. On the other hand, China has
announced a series of new policies and actions since 2007, such as new energy industry revitalizat
ion and development plan, reduce the intensity of carbon dioxide per unit of GDP in 2020 by 40 to
45 percent compared with the level of 2005, and the non-fossil fuels target in 2020. So, the model
system set a Policy Scenario (PS, will be shown in solid curves in figures) to simulate and evaluate
the updated policies and analyze the enhancement of sustainable development strategies in the
future.

Results
Demand projections. Figure 14 illustrates the projection results for key ESR (PS scenario are
shown in solid curve). The model result shows that the most important ESR such as the energy
intensive production, private cars and residential floor areas are expected to increase fast firstly,
then slow down gradually from 2020, reaching their peak values between 2030~2040 and then
maintain on a stable level or decline gradually. The urban residential and commercial floor areas
are expected to rise up continuously, but also slow down gradually.
Figure 14. Projection for floor areas and private cars

Primary energy. The model result shows that the primary energy consumption is expected to
show the similar trend to the final energy demand does, as shown in Figure 15. In RS scenario, the
primary energy consumption in 2050 is expected to reach 6.7 billion tce, 2.5 t imes of the value in
2007, and the annual growth rate during 2010~2020 and 2020~2050 would be 4.17% and 1.06%
respectively. In the primary energy fuel mix, the share of coal is expected to decline from 73.4% in
2007 to 47.6% in 2050, while the share of oil, natural gas and primary electricity are expected to
increase to 26.8%, 9.4% and 16.2% in 2050.
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Figure 15. The primary energy consumption projection

In summary, China's future energy demand can be divided into following three periods. Because
of the rapid growth of key ESR before 2020 and the “lock-in” o f the energy infrastructures, the
period before 2020 is very crucial. Industry would continue play a significant role and energy
supply would still rely on coal-based fossil fuels. The period of 2020~2035 is the transitional
period. With the completion of industrialization and the rapid growth of floor areas and transport
demand, the increasing energy demand will mainly come from the buildings and transport, and
the low-carbon energy is expected to grow rapidly. The period of 2035~2050 is the stabilized
period. With the optimization of industry structure and the saturation trend of floor areas and
transport demand, the total energy consumption is expected to slow down gradually. If we can
control the rapid growth of key ESR, and continue to encourage the low carbon energy
development, the energy demand and its dependence on coal can be controlled, but it’s still
difficult to reverse the doubled growth of energy demand and the primary role of coal-based
fossil fuels.
1.2.2.2 Energy and emissions forecast of China over a long-time horizon

While there have been many studies on China focusing on the short and medium term (to 2020
and 2050) there is little in the literature focusing on the long term (to 2100). This paper (43) seeks
to address those gaps on sectoral energy demands and emissions on long term by following a
two-stage approach. It develops key energy indicators on useful energy demand, transport
mobility and end use fuel demand for various sectors. The main drivers of these indicators are
socio-economic parameters. The indicators are used to project energy service demands and
emissions forward for China in TIMES G5 model at least cost approach.

Scenarios
The optimization of total energy system cost and the result analysis took place for 19 periods over
the time horizon 1990-2100.

Results
Primary energy, import, and export. Primary energy demand reaches 2300 Mtoe in 2030, 3027
Mtoe in 2050, 3571 Mtoe in 2070, and 3966 Mtoe in 2100 (Table 4). The average growth rate of
total primary energy consumption from 1990 to 2100 is 1.55% per annum. The primary energy
intensity of China decreases from 0.396 ktoe/ V(00) in 1990 to 0.06 ktoe/V(00) in 2100, with an
average growth rate in productivity of 1.7% per annum. In addition to the reasons for decreases in
final energy intensity, an additional factor here is high starting point in 1990 due to the usage of
conventional coal that is less efficient. The annual energy productivity improvement in China is
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higher than that of the developed nations for the period 1980-1997 (i.e., the phase of highest
development). However, the primary energy consumption per capita increases from 0.615 toe in
the year 1990 to 2.717 toe in the year 2100, with an average growth rate of 1.36%/year.
Table 4. Model results based on sectoral energy demand according to fuel and different
indicators
Parameter/fuel/indicator
Unit
1990
2000
2030
2050
Primary energy demand
(Mtoe)
702
1196
2300
3027
Primary energy demand with reference to fuel
Coal
(%)
50
54
53
39
Oil
(%)
20
21
21
26
Natural gas
(%)
2
2
6
9
Nuclear
(%)
0
0
4
8
Hydro
(%)
1
2
2
3
Biomass
(%)
26
19
9
9
c
Others
(%)
1
2
6
7
Import of fuel
Oil
(Mtoe)
4
94
314
788
Natural gas
(Mtoe)
0
1
66
166
Indicator
Primary energy demand/GDP
(ktoe/€(00))
0.396
0.264
0.110
0.084
Final energy demand/GDP
(ktoe/€(00))
0.284
0.173
0.072
0.061
Primary energy demand/capita
(toe/capita)
0.615
0.942
1.591
2.116
Final energy demand/capita
(toe/capita)
0.442
0.619
1.051
1.531
Net electricity demand/capita
(kWh/capita)
438
964
3309
4433
c
Others consist of deuterium, lithium, geothermal, solar, waste, wind, and environmental heat.

2070
3571

2100
3966

38
27
8
10
3
6
8

35
28
11
11
3
4
8

962
171

1080
207

0.069
0.049
2.531
1.801
5682

0.060
0.043
2.717
1.941
6197

China generally meets her energy deficiency through import, especially of crude oil and natural
gas, from other resource-abundant regions because this region has less energy resource of
aforementioned types. The country imports natural gas and crude oil from the non-OECD nations.
China will import natural gas at levels of approximately 66 Mtoe in 2030, 166 Mtoe in 2050, and
207 Mtoe in 2100. Moreover, crude oil import reaches approximately 314 Mtoe in 2030, 788
Mtoe in 2050, and 1080 Mtoe in 2100.
Emissions. The changes in the primary-fuel mix clearly have an impact on related emission at
sectoral level and economy wide. The CO2 emission reaches approximately 7365 Mt in 2050, 8556
Mt in 2070, and 9532 Mt in 2100 (Table 5). The average annual growth rate of CO2 from 2000 to
2100 is approx. 1.1%. In the first half of the century, CO2 emission increases to a higher degree,
and in the latter half, it reduces because of increased use of natural gas, nuclear, hydro, etc. (i.e.,
low-carbon and non-carbon fuels). The emission indicator “CO2/capita” increases from 2.515
ton/capita in 2000, to 4.286 ton/capita in 2030, 5.149 ton/capita in 2050, 6.064 ton/capita in
2070, and 6.53 ton/capita in 2100. In the case of GDP-based indicators, CO2/GDP decreases from
0.704 kg/V(00) in 2000 to 0.145 kg/V(00) in 2100.
Table 5. Sectoral emission structure and related indicators
Sector (unit)

1990

2000

2030

2050

2070

2100

Gr. Rate (%/a)
(2000-2050)

Gr. Rate (%/a)
(2050-2100)

CO2 emission by sectors
Power generation (%)
Industry (%)
Commerce (%)
Residence (%)
Transport (%)
a
Others (%)
Total (%)
Total (Mt)
Indicator (unit)

41
22
7
17
7
6
100
1745

50
26
5
7
7
4
100
3192

56
18
3
5
14
5
100
6194

43
19
4
7
21
6
100
7365

46
16
4
5
23
6
100
8556

45
15
4
6
24
7
100
9532

1.393
1.065
1.304
1.516
3.875
2.207
1.686
1.686

0.583
0.024
0.395
0.250
0.792
0.772
0.517
0.517
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CO2/capita (ton/capita)
1.530 2.515 4.286 5.149 6.064 6.530
CO2/GDP (kg/€(00))
0.984 0.704 0.295 0.205 0.164 0.145
a
Others include synthetic fuel production, refinery sector, and non-energy use.

1.443
-2.439

0.476
-0.685

The results from this reference scenario suggest that China will require approximately 4 Gtoe of
primary energy, by the end of the 21st century to deliver 3 Gtoe final energy consumption, 10
PWh of electricity generation, 1.3 Gtoe of energy imports, which will results in 10 Gt CO2
emissions.
1.2.2.3 Prospects of India’s energy and emissions for a long time frame

This work (62) attempts to forecast India’s possible energy demands and emissions adopting a key
indicator approach on least cost generation expansion optimization methodology for a long time
frame. This study developed key indicators for useful- energy demand for end-use sectors such as
industry, commerce, and residence. Key indicators for transport sector and non-energy use
sectors were developed on transport mobility demand and end- use fuel demand. The main
drivers of these key indicators are socio-economic parameters. This work was conducted in a
linear programmed (LP) TIMES G5 model on TIMES modeling framework for model horizon of
1990–2100.

Scenarios
The model development, the energy system cost optimization and the result analysis took place
for 19 periods (i.e., whole model horizon from 1990 to 2100 is divided into 19 periods).

Results
Electricity demand. Net electricity demand increased from 645 TWh in 2000 to 1910 TWh in 2030,
and is expected to rise to 3013 TWh in 2050, 4389 TWh in 2070, and 4840 TWh in 2100, with an
average growth rate of approx. 2.1%/year from 2000 to 2100 (Table 6). The growth of electricity
demand per annum increases between 2010 and 2050, but decreases between 2050 and 2100 by
reflecting the decrease in overall growth per annum after reaching saturation in energy
consumption. The average per capita electricity consumption of India increased from 256 kWh in
year 1990 and is expected to rise to 1763 kWh in year 2050, and to 2735 kWh in year 2100. The
market shares of coal, oil, hydro, and small hydro in electricity generation are expected to
decrease.
Final energy. India’s total final energy consumption is projected to reach 645 Mtoe in 2030, 975
Mtoe in 2050, 1164 Mtoe in 2070, and 1263 Mtoe in 2100. This rise in the year 2100 compared to
1990 is approximately 4.43 times and grows at an average growth rate of 1.36%/year. The growth
of the energy demand per year peaks from 2030 to 2050 due to the high GDP and population
growth in this period. Comparing energy carriers, oil claims the highest share in the total final
energy consumption due to the transport sector. The second and third positions are occupied by
electricity and coal, respectively. India is going towards the use of more clean and commercial
fuels, i.e., uses more renewable, natural gas, and electricity in total final energy consumption that
are commercial fuels and reduce the use of traditional biomass in the future. Of the total final
energy consumption in the year 2100, the share of oil is about 31.0%, coal 8.65%, electricity
29.52%, and natural gas 7.97% and other energy carriers take the rest share.
Table 6. Model results on sectoral energy demand by fuel and different indicator
Parameter/fuel/indicator
Net electricity generation
Net electricity generation by fuel
Coal

Unit
TWh

1990
295

2000
645

2030
1910

2050
3013

2070
4389

2100
4840

%

68

74

57

55

67

65
16

Parameter/fuel/indicator
Unit
1990
2000
2030
2050
2070
2100
Oil
%
4
4
1
1
1
0
Natural gas
%
2
8
24
25
16
17
Nuclear
%
2
2
6
6
5
4
Hydro
%
24
11
11
11
9
10
Biomass
%
0
0
1
1
1
1
a
Others
%
0
0
1
1
2
3
Final energy demand
Mtoe
285
357
645
975
1164
1263
Final energy demand by fuel
Coal
%
15
10
13
11
9
9
Oil
%
18
23
26
27
29
30
Natural gas
%
2
3
7
7
5
8
Electricity
%
7
10
22
25
31
31
District heat
%
0
0
0
0
0
0
Biomass
%
59
51
16
11
6
5
b
Others
%
0
3
16
18
19
18
Final energy demand by sector
Industry
%
25
26
33
27
28
29
Commerce
%
3
3
8
9
10
10
Residence
%
61
59
43
46
42
40
Transport
%
9
9
12
15
17
18
Non-energy use
%
2
3
3
3
3
3
Primary energy demand
Mtoe
357
512
920
1347
1686
1825
Primary energy demand by fuel
Coal
%
28
33
36
33
41
40
Oil
%
16
18
20
21
22
22
Natural gas
%
2
4
13
14
10
13
Nuclear
%
0
1
3
4
3
3
Hydro
%
2
1
2
2
2
2
Biomass
%
52
41
18
16
11
10
c
Others
%
0
1
9
10
10
10
Import of fossil fuel
Coal
Mtoe
2
15
24
43
89
95
Oil
Mtoe
21
75
148
289
365
395
Natural gas
Mtoe
0
0
47
86
169
233
Indicators developed on model outcomes of primary and final energy
Primary energy demand/GDP
Ktoe/€ (00)
0.236
0.200 0.102 0.078 0.064 0.053
Final energy demand/GDP
Ktoe/€ (00)
0.189
0.139 0.071 0.056 0.044 0.036
Primary energy demand/capita
toe/capita
0.420
0.504 0.650 0.835 0.986 1.056
Final energy demand/capita
toe/capita
0.335
0.351 0.455 0.605 0.680 0.731
Net electricity demand/capita
kWh/capita
256
416
1177
1763
2418
2635
Note : Sectoral total final energy demand will be the product of share of the sector in total final energy demand
multiplied by total final energy consumption. The indicators on primary energy demand and final energy demands on
GDP and population are provided in Table 3.
a
Others include deuterium, lithium, geothermal, solar, waste, wind, biogas, and hydrogen.
b
Others contain methanol, ethanol, hydrogen, geothermal, solar, biogas, and environmental heat.
c
Others consist of deuterium, lithium, geothermal, solar, waste, wind, and environmental heat.

Emissions.The change in primary fuel mix has an impact on the growth of emissions by sectorwise and in the aggregate. The CO2 emission is expected to reach 2022 Mt in 2030, 2918 Mt in
2050, 4029 Mt in 2070, and 4479 Mt in 2100 (Table 7), notwithstanding the average growth rate
of the emission declining from 2.22%/year in the first half of the century (2000–2050) to
0.63%/year in the second half (2050–2100). In the first half of the century, the CO2 emission
increases at a higher rate due to the higher rate of carbon intensive energy consumption. But, in
the latter half, it reduces because of the increased use of natural gas, nuclear, hydro, low carbonand non- carbon energy carriers that raise auto fuel efficiency. The emission indicator CO2/capita
rises from 0.965 ton/capita in 2000, to 1.428 ton/capita in 2030, 1.81 ton/capita in 2050, 2.355
ton/capita in 2070, and 2.553 ton/capita in 2100.
17

Table 7. Sectoral emission structure and related indicators
Sector/indicator (unit)

1990

2000

2030

2050

2070

2100

Gr. Rate (%/a)
(2000-2050)

Gr. Rate (%/a)
(2050-2100)

2.101
1.726
0.688
2.537
3.169
1.963
2.205
2.205

1.099
-0.003
1.269
0.590
0.839
0.494
0.831
0.831

1.266
-1.620

0.690
-0.570

CO2 emission by sectors
Power generation (%)
38
54
53
51
59
59
Industry (%)
26
19
21
15
11
10
Commerce (%)
2
1
0
0
0
0
Residence (%)
15
11
10
13
11
12
Transport (%)
14
9
11
15
15
15
a
Others (%)
5
5
5
5
4
4
Total (%)
100
100
100
100
100
100
Total (Mt)
581
981
2022
2918
4029
4414
Indicator (unit)
CO2/capita (ton/capita)
0.684 0.965 1.428 1.810 2.355 2.553
CO2/GDP (kg/ € (00))
0.385 0.382 0.223 0.169 0.152 0.127
a
Others include synthetic fuel production, refinery sector, and non-energy use.

By the end of the 21st-century, India’s energy demands are projected to be about 1825 Mtoe of
primary energy, 1263 Mtoe of final energy consumption, 4840 TWh of electricity generations, 723
Mtoe of energy import, and 4414 Mt of CO2 emissions.
1.2.2.4 South Africa’s greenhouse gas emissions under business-as-usual

This article (101) describes the methodology for projecting business-as-usual GHG trajectory
developed in technical work for South Africa’s Long-Term Mitigation Scenarios (LTMSs), in
particular the ‘Growth without Constraints’ (GWCs) scenario. The key drivers for the GWC
scenario include GDP (both growth rate and composition), population, discount rate and
technological change. We analyse the projections (not predictions) in relation to various
measures. To project South Africa’s energy emissions into the future, the Markal model was used
– an optimising tool rich in technology description. The LTMS GWC scenario is compared to other
projections, nationally and internationally. A broadly comparable projection is being used at
national level, for electricity planning.

Scenarios
The LTMS BAU scenario is a scenario that asks what South Africa’s economy and greenhouse gas
emissions look like by 2050 under ‘Growth without Constraints’ (GWCs). The story-line essentially
assume assumes that the country would develop without any consideration of constraints,
particularly constraints on carbon but also on other factors, for example no constraints on oil. The
narrative would assume that there were no climate impacts highly damaging to the economy.
South Africa’s energy plans continued to be based purely on least-cost – without internalising
external costs. The energy economy is assumed to continue to evolve around the minerals–
energy complex.

Results
Emisisons. Figure 16 shows the emissions and respective shares of each major sector. Energyrelated emissions (CO2, CH4 and N2O) increase just under four times from the base year to 2050.
Together with increases from synfuels, this drives a similar scale increase in GHGs overall,
including non-energy emissions. Emissions continue to be dominated by energy sources.
Electricity generation accounts for 45% of greenhouse gas emissions in 2003, declining to 33% in
2050. The declining share of electricity is due to emissions growth from liquid fuels, with five new
coal-to-liquid plants. Industrial process emissions (non- energy) increase more than four times,
with the largest share in this category coming from synfuels. Emissions in the other non- energy
sectors – notably waste, agriculture and forestry – increase much less rapidly than for the energy
sector.
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Figure 16. Projections of GHG emissions by sector in the GWC case, 2003–2050.

Notes: CTL is coal-to-liquid; IPEs are industrial process emissions, not including CTL; NEEs are non-energy emissions not
already counted in the previous two. The emissions from commercial, residential and agricultural energy use are too
small to see on this scale.

Electricity generation. In Growth without Constraints, electricity continues to be generated over
whelmingly from coal and to a lesser extent nuclear power. New coal-fired electricity generating
plants use supercritical steam technology (38% efficiency compared to sub-critical around 34.5%)
at a scale of 23 GW,or 7 new plants, by 2050. Some integrated gasification combined cycle (IGCC)
(68 GW, or 21 new plants, by 2050). Figure 17 shows new supercritical coal starting to come into
the mix from 2016, with IGCC from 2020, together with some combined cycle gas turbines and
PWR nuclear. The share of coal-fired electricity generating capacity stays over 75% for the period.
The shares of coal and nuclear continues close to 90% until around 2050. CCGT provides 3%
capacity during the period. Renewables remain limited to a small share of capacity, and do not
enter the generation mix in a significant way in the GWC scenario.
Figure 17. Electricity expansion plan in the GWC case, GW installed capacity 2003–2050

Emission intensity. If the energy mix does not change dramatically, then emissions intensity
should follow energy intensity. This is broadly the case in Figure 18, which shows a declining
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trend–from 290 tCO2-eq per million Rand of GDP in 2003, to 126t in 2050. The relative decline is
greater for emissions intensity (final year intensity is 55% lower than in base year), whereas
energy intensity declines by 39%. Projections in intensity are sensitive to the assumptions about
GDP. Economic growth drives overall emissions, but for emissions reductions (i.e.mitigation) and
its costs, other parameters maybe equally or more important for the results.
Politically, the GDP growth rate was assumed to lie between 3% and 6% for the central results
reported in this paper. The energy modelling team conducted initial sensitivity analysis with GDP
at 3.9%. GDP growth and demand in the commercial, transport and industrial sector are linked
with elasticities, therefore lowering the GDP growth lowers demand in these sectors. Demand in
the residential sector is driven by population growth and therefore remains unchanged.
Figure 18. Emissions intensity in the GWC scenario

GDP emerged as an important driver in the research for LTMS and further analysis. If South
Africa’s economy grows without constraints over the next few decades, GHG emissions will
continue to escalate, multiplying more than four-fold by mid-century. There is little gain in energy
efficiency, and emissions continue to be dominated by energy use and supply, the latter
remaining coal- based in GWC. When compared to projections from international models, we find
that the assumptions about GDP growth rates are a key factor, and suggest that comparisons of
global data-sets against national analyses is important.
1.2.2.5 Modelling emissions in South Africa

A “business as usual” (BAU) emissions trajectory for South Africa was developed (140) through the
Long Term Mitigation Scenario process (LTMS) using a MARKAL to account for emissions relating
to energy supply and demand, along with estimates of non energy emissions. Much has changed
since 2003 including a global recession which has impacted output in the energy intensive sectors
such as mining and the iron and steel industry, reducing electricity demand somewhat and leading
to an emissions path below that anticipated by the LTMS. Recognising this and several
opportunities to improve emissions accounting as it was done in the LTMS model, 2011 saw the
development of the SA Low Emissions Pathways model (hereafter referred to as LEP). The LEP
energy model has been developed in TIMES.

Scenarios
The main objective for developing the LEP model was to review and update the model parameters
used in the LTMS.

Results
The main drivers of demand in both the LEP and LTMS model are population and GDP. The LTMS
had a high GDP growth rate (to reflect the aspirations of government to achieve a 6% growth in
GDP) and low population growth rate (to reflect the impact of HIV AIDS). The financial crisis and
global economic recession in 2008 impacted negatively on economic growth in South Africa, the
real economic growth rate fell from 3.68 percent in 2008 to 1.7 percent in 2009. The growth rate
recovered to 2.8% in 2010 but is well below the 4.8 percent growth in 2010 forecast for the LTMS
model. Figure 19 shows a comparison between the projected economic growth rates of the LTMS
and LEP models.
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Figure 19. Projected GDP growth rates for LTMS (blue) and LEP (green)

This paper looks at how the differences in the GDP and population growth rates, and alterations
in model structure and emissions accounting have impacted on demand projections and GHG
emissions in the base case and how this influences what is required by South Africa to achieve her
mitigation targets. In both models emissions grow significantly by 2050, LTMS reaching 1.63 Gt,
whilst LEP projects emissions of around 1.5 Gt of CO2eq.
1.2.2.6 Quantifying South Africa’s climate policy

The purpose of this paper (143) is to discuss the capabilities and drawbacks of the Low Emissions
Pathway (LEP) model framework for South Africa, implemented in TIMES, with a second phase in
which the TIMES model was linked to a South African CGE model E-SAGE, developed jointly by
UN-WIDER and the South African Treasury with a specific focus on South African energy sector.
This framework was designed in response to the urgent need to obtain a more sophisticated
method by which to understand some of the complex linkages that surround climate change
policy decisions, as well as implementation. Two main policy-relevant problems were analyzed in
this modelling exercise. Firstly, optimal economy-wide emissions reductions strategies were
assessed, given a number of constraints. Secondly, the sensitivity of the energy system to a
carbon price was analysed.
1.2.3

Sector projections

1.2.3.1 The impact of residential, commercial, and transport energy demand uncertainties in Asia

In this paper (48), a sensitivity analysis have been carried out to study the impact of higher rates
of energy demand growths in the non-OECD Asia on global mitigation costs. The long term energy
and emission scenarios for China, India and South-East Asia have been contributed as a part of
Asian Modeling Exercise (AME). The scenarios presented have been modeled by using a global
TIMES-VTT energy system model, which is based on the IEA-ETSAP TIMES energy system modeling
framework and the global ETSAP-TIAM model.

Scenarios
A particular focus of the scenario assessments has been on impacts of residential, commercial and
transport energy demand uncertainties in these Asian regions on climate change mitigation. The
AME scenarios presented in this paper include Baseline (i.e. AME Reference Scenario 1a), Tax-2a,
Tax-2b, and Tax-2c (i.e. AME scenarios 2a “CO2. Price $10 (5% p.a.)”, 2b “CO2. Price $30 (5%
p.a.)”, and 2c “CO2. Price $50 (5% p.a.)” respectively), radiative forcing scenarios F-3.7W and F2.6W (i.e. AME scenarios 3a “3.7W/m2 NTE” and 3b “2.6W/m2 OS” respectively), and three
additional scenarios Baseline-S, F-3.7W, and F-2.6W–S with accelerated energy demand
projections.

Results
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Primary energy. In all of the AME scenarios presented below, primary energy consumption will
rise continuously in the rapidly developing Asian regions by 2050, while in the OECD countries the
consumption stays roughly at the present level and may even slightly decrease. The results for
primary energy are illustrated in Figure 20 for China.
The Baseline results for total primary energy consumption indicate a growth of 110% in China,
200% in India and 190% in ODA by 2050. Coal would continue to have a dominating role in both
China and India, whereas the supply structure remained more balanced in the ODA region. In the
climate policy scenarios, the total use of coal may even decrease from the present levels, while all
renewable energy carriers and nuclear would increase their contribution significantly. The present
use of wood biomass is estimated to somewhat exceed the sustainable utilization levels in the
newly industrialized Asian regions (China, India, other developing Asia), and therefore the results
show a decrease in the future consumption, most notably in the Baseline. On the other hand, the
potential for other bioenergy production is estimated to be considerable, approximately 25EJ in
2050, and it will be utilized to full extent in the strictest policy scenarios.
Figure 20. Total primary energy consumption in China, 2005-2050, in the AME scenarios

Note: Section “Other” is mainly solar energy.

Emissions. The development of total global CO2 emissions is illustrated in Figure 21. The results
indicate that achieving the strict target of 2.6W/m2 for radiative forcing would require practically
zero carbon dioxide emissions in the last decades of the century. With the less stringent target of
3.7W/m2, a reduction of 88% in the global emissions by the end of the century would be
sufficient.
Figure 21. Total net carbon dioxide emissions in the AME scenarios between 2005 and 2100

Note: Including land-use change and CCS.
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Sensitivity analysis - Energy service demands. Results for the accelerated climate policy scenarios
for the Baseline (Base-S scenario) and radiative forcing scenario 3b (F-2.6W–S scenario) are shown
in Figure 22 and compared to the average OECD values. Even with accelerated demand drivers the
per capita results are far below the OECD average. The heat demands for residential and
commercial sectors seem to be especially low, which can partly be explained with warm climatic
conditions.
In the Baseline scenario, energy use in transportation increased by over 260% by the year 2050 in
developing Asia and with the accelerated demand drivers the increase was as high as 520% even
though a large part of the energy saving potential was realized in the Baseline scenarios. On the
other hand, even with the accelerated demand drivers, the per capita scenarios for vehicle
transport are far below the OECD average. In the 2.6W/m2 radiative forcing scenario 3b, the
increase in energy use was not so high due to the penetration of electric vehicles and alternative
low carbon fuels. However, the penetration of these technologies seems to be very low compared
to the development of the OECD-countries.
Figure 22 Energy consumption per capita in the residential and commercial sectors in the OECD
and developing Asian countries (DEAS) with accelerated demand drivers

Finally, we show the impact of accelerated demand in the residential, commercial and transport
sectors on per capita primary energy consumption (Figure 23). The sensitivity analysis for the
residential and transport sectors indicate that increased demands in these sectors would
especially increase the consumption of oil and natural gas resulting in higher greenhouse gas
emissions per capita in China, India, and ODA. However, the scenario results for marginal costs of
greenhouse gas abatement indicate that the impact of increased energy consumption in
residential and transport sectors is relatively low on the direct cost of global greenhouse gas
mitigation.
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Figure 23. Per capita primary energy consumption in China, India and South-East Asia (ODA) in
2005 and 2050

Note: In the scenarios Base-S and F-2.6W/m2-S, accelerated energy demands for the residential and transport sectors
are assumed. Section “Other” is mainly solar energy.

Our scenario results indicate that the impacts of accelerated energy demand in the non-OECD
Asia has a relatively small impact on the global marginal costs of greenhouse gas abatement.
However, with the accelerated demand projections, the average per capita greenhouse gas
emissions in the OECD were decreased while China, India, and South-East Asia increased their per
capita greenhouse gas emissions. This indicates that the costs of the greenhouse gas abatement
would especially increase in the OECD region, if developing Asian countries increase their final
energy consumption more rapidly than expected.
1.2.3.2 Projections of energy services demand for residential buildings

This paper (34) presents a bottom-up methodology to project detailed energy end-uses demand
in the Portuguese residential buildings until 2050, aiming to identify the parameters governing
energy services demand uncertainty, through a sensitivity analysis. The partial equilibrium TIMES
(The Integrated MARKAL-EFOM System) model was used to assess technology options and final
energy needs for the range of parameters variations for each end-use, allowing to conclude on
the impact of uncertainty of energy services demand in final energy.

Scenarios
A Reference Scenario (REF) was build intending to be a benchmark for the analysis of ESD
projections. REF is consistent with current expectations followed by past recent trends, being a
plausible scenario for Portugal.
Therefore, a sensitivity analysis was performed taking variations over selected parameters to
assess its uncertainties and specific impacts on future energy services estimations (e.g. 2050). A
range of plausible variations supported on acceptable limits within a logical decision framework
for each parameter was adopted, instead of systematic variations over all parameters, once this
approach would probably not represent likely futures, not capturing individual end-use
specificities. The analysis resulted in more than 140 sensitivity analysis scenarios, allowing the
understanding on which parameters have more impact and uncertainty on ESD.

Results
The estimates of the ESD for Reference scenario show an increase of almost 80% in 2050
compared to 2005 values, near 1.3%/ year. The trends of ESD for Reference scenario and
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sensitivity scenarios, according to variations of the parameters used to compute energy services
demand for heating are presented in Figure 24. Variations over households’ area (scenarios A1 to
A3); thermal comfort (T1 to T5) and energy needs (N1-N12) are highlighted. For heating, the T5
and T1 scenarios represent the highest and lowest variation of ESD, all the other variations fall
within this range. Therefore, these two scenarios were used as TIMES_PT inputs for assessing the
final energy demand to fulfill heating needs. Thermal comfort is the main driver governing the
heating ESD.
Figure 24. REF and sensitivity analysis scenarios assessed for heating demand

The results from the sensitivity analysis clearly demonstrate the relevance of supporting energy
demand projections on energy services, allowing a clear knowledge of the assumptions behind
them and the importance of each parameter:
• For heating and cooling, the results indicate that the uncertainty associated with the
increase of thermal comfort overcomes the uncertainty on the expansion in households’
size and on thermal behavior of buildings due to e.g. climate change.
• For water heating, and since both the ownership of equipment and the range of
temperature variations is not wide, the highest uncertainty is on the assumptions on social
structure (i.e. family size) of a household and on the consumer behavior (water use and
number of days of consumption), with an impact that could vary from -25% to 70% in the
energy service demand of 2050, when compared to REF.
• For the remaining end-uses, there is a pattern, where in general high variations in the
specific energy needs related to changes in consumer behavior have a stronger impact in
the ESD than the penetration rate of equipment.
Twenty ESD scenarios corresponding to the highest and lowest impact from each parameter for
each end-use were considered as input for TIMES_PT model to assess its impact on final energy
consumption. The results for each end-use show that the uncertainty on the assumptions behind
the parameters is mostly tilted for higher levels of consumption, as illustrated by Figure 25.
Heating and other electric equipment are the end-uses showing stronger impacts on final energy
consumption, due to their high share in the total Portuguese residential consumption, and the
high uncertainty range of the parameters (i.e. thermal comfort levels and OE growth rates). For
DHW the impact is more relevant on lower levels of consumptions, while for lighting is the
opposite. In cooking the uncertainty is equally distributed to higher and lower consumption.
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Finally, despite a strong increase in the final energy consumption for cooling observed for REF, the
impact of uncertainty range of parameters is not wide. Sensitivity analysis results also indicate
that extreme variations over energy services parameters from the REF could have a strong impact
on both energy production and demand supply systems, namely by overestimating the production
which leads to unnecessary economic costs or underestimated demand that induce problems
regarding security of supply.
Figure 25. Final energy consumption range between the REF and the highest and lowest
variation scenario of each end-use in 2050

Our results for both energy services and final energy consumption (REF and sensitivity analysis)
support our assumption that improved knowledge on ESD drivers help to identify where policies
should tackle to foster effective energy reduction – both energy efficiency increase as well as the
drivers behind ESD, especially the ones more related to consumer behavior.
1.2.3.1

Periodic modelling in a highly dynamic sector: The residential sector of South Africa

When updating the MARKAL energy model for the Long Term Mitigation Scenarios (LTMS), five
energy demand sectors were considered - industrial, residential, transport, commercial and
agriculture. As is the case with any optimisation modelling, the MARKAL framework requires
detailed comprehensive data for the base year calibration for all sectors under consideration. This
paper (136) presents the base year calibration data required for the modelling of the residential
sector. It also discusses the sources of the data, highlights the gaps in the data and gives
suggestions on how the data can be improved.
The modelling process in the residential sector is faced with both energy consumption data and
structural challenges due to dynamic nature of the sector. The challenge is to trade-off model
detail and computational effort. The compromise that was reached was to re-group households
that have similar energy consumption characteristics together.

Results
Table 8 shows the percentage of energy used to meet the different end uses in the different
households‟ groupings. Cooking seems to consume a significant amount of energy in almost all
household groupings, except the high income households. Approximately 60% of energy used in
non-electrified households goes to cooking. Electricity is a significant fuel in both high income and
middle income electrified households - meeting 95% and 58% of their energy needs respectively.
In low income and middle income non electrified households, wood is a significant fuel.
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Table 8. Percentage of final energy demand for different end uses
Household grouping
High Income
Middle electrified
Low electrified
Low non-electrified
Middle non-electrified

1.3

Lighting
7%
7%
10%
0%
0%

Cooking
9%
37%
47%
62%
57%

End uses
Space heating
Water heating
7%
50%
16%
22%
18%
17%
17%
22%
19%
24%

Refrigeration
12%
8%
4%
-

Other
15%
11%
5%
-

Climate Mitigation Strategies

1.3.1

Global studies

1.3.1.1 Global Energy Scenarios 2050 of the World Energy Council

In collaboration with the World Energy Council (WEC), we developed energy-economic scenarios
to quantify possible pathways of future global energy system development (124). The applied
overall methodology is a MARKAL-type cost-optimization of the energy system. We use
endogenous technology learning (ETL) of key technologies, for example for electric batteries,
which store energy in different hybridisation options and pure electric drivetrains.

Scenarios
In a first completed stage of the collaboration two scenarios with corresponding coherent
storylines for the transport sector were analyzed with a global 15-region model. These comprise
the scenario “Freeway” describing a world of limited government intervention dominated by
shorter-term free-market forces, and the scenario “Tollway” envisaging a world where markets
are more regulated and alternative technologies receive additional support from decision makers.

Results
Figure 26 depicts the regional breakdown of CO2-emissions in the scenario “Freeway”; the
developing world accounts for the major share of emissions in 2050, whereas the developed
world is almost stagnating; in this scenario, the use of alternative fuels, for example natural gas
and biogas is limited, mainly caused by limited infrastructure and by market power.
Figure 26. CO2-Emissions from the transport sector by regions

Results are for scenario “Freeway”, which has some similarities to a dynamics-as-usual scenario. In this scenario, growth
of carbon emissions is mostly in developing regions.
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Figure 27 depicts the use of fuels in the personal transport subsector in the scenario “Tollway” for
the Latin American and Caribbean region. In this region, a larger deployment of natural gasfuelled vehicles becomes cost-effective, and biofuels can take a significant share due to the
relatively large potential of biomass.
Figure 27. Fuels for personal cars in the transport sector for the world region LAM (Latin
America and Caribbean, excluding Brazil) in scenario „Tollway“

The scenario “Tollway” has relatively large government support of carbon reduction measures, more support for R&D of
alternative drivetrains and more emphasis on domestic energy security (e.g. biofuels).

We show how the scenario quantification provides a deeper insight into the implications of
different scenario storylines, for example, shale gas is a major driver in North America and China,
whereas the drop in PV costs has mainly a short- to mid-term impact on renewable generation.
The aim is the identification of robust trends and of key drivers of the global energy system to
support understanding of different options for regional and global decision makers.
1.3.1.2 A global or a partial climate agreement – what difference does it make?

According to the Intergovernmental Panel on Climate Change (IPCC), in order to limit global
temperature increase to 2°C it is required to limit global emissions in 2050 to 20-50% of 1990
levels. This paper (149, 151) explores different scenarios concerning future climate agreements to
better understand the climatic and economic effects of different types of climate agreements. It
will investigate the consequences of various designs of an international agreement, through the
use of the TIAM model.

Scenarios
First, a reference scenario is created in TIAM, representing a world with no climate policies.
Second, the paper will investigate various climate policy scenarios. In all scenarios it is assumed
that the industrialised countries reduce their GHG emissions by 80% in 2050 compared to 2005
levels, and the developing countries reduce emissions by 50%. When the agreement is assumed
to be partial, this means that the USA, China, and the Middle East stand outside of an agreement,
and are free to emit greenhouse gases. When two separate carbon markets are assumed, this
means that the industrialised countries and the developing countries trade within each their
group (corresponding to the 80% and 50% groups). The scenarios are:
• Global agreement. The whole world participates in a global agreement, but with different
goals for industrialised and developing countries. GHG emissions from industrialised
countries are limited to 20% of their 2005 levels and GHG emissions from developing
countries are limited to 50% of their 2005 levels from 2050 and onward. Carbon trade takes
place in the two separate groups.
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• Global agreement - cost optimal. This scenario is the same as the Global agreement
scenario, but with one common global market for trade with GHG-permits, opening up for a
cost optimal global solution.
• Partial agreement. This represents a scenario where a global deal could not be reached, but
a subset of countries decides to enter a carbon market without the stalling countries, still
with different goals for industrialised and developing countries. Carbon trade takes place in
the two separate groups. GHG emissions from industrialised countries (except for the US)
are limited to 20% of their 2005 levels, and GHG emissions from developing countries
(except for China and the Middle East countries) are limited to 50% of their 2005 levels.
• Partial agreement - cost optimal. This scenario is the same as the Partial agreement
scenario, but with one common global market for trade with GHG-permits, opening up for a
cost optimal global solution. Global and regional GHG emissions will be compared between
the scenarios as well as total global and regional costs will be treated in this section.

Results
Emissions. Preliminary results show that a global agreement that includes all countries results in
the most reductions of the scenarios analysed here, going from 74 Gt in the reference to 15 Gt
(80% reduction compared to reference). A partial agreement will also result in reduced global
GHG emissions, but only by 30% compared to the reference. Emissions from the countries not
included in the climate agreements are actually higher in the partial climate agreement scenarios
than they are in the reference where there was no restriction on GHG at all. The mechanism
behind this is the global markets for fossil fuels (oil, coal and gas). When some countries agree to
reduce GHG emissions, they switch away from fossil fuels, reducing the pressure on these markets
and thereby reducing the prices. The countries outside a climate agreement can therefore buy
cheaper oil, coal and gas and as a result they increase their consumption of these fuels.
As can be seen from Figure 28 the global agreement causes an atmospheric stabilisation around
420 ppm CO2, while the partial agreement reaches 600 ppm in 2100 and the reference reaches
680 ppm, but the latter two continue to grow and do not achieve a stabilisation within this
century.
Figure 28. CO2-concentration in the atmosphere in three different scenarios

Electricity generation. Figure 29 and Figure 30 illustrate electricity production in 2050 in the
reference, Global agreement and Partial agreement scenarios respectively. The type of an
agreement has an influence on the electricity production technologies for both participating and
non-participating countries. As a result of the GHG reduction commitments, the share of
electricity production from fossil fuels is considerably reduced and the share of CCS (carbon
capture and storage from coal, natural gas and biomass) and renewable electricity increases in
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the Global agreement scenario. GHG reductions are met by a larger share of renewable power,
especially in the United States, the Middle East and in China. Wind is the largest renewable energy
source in the United States and the Middle East while solar photovoltaic dominates in China.
Figure 29. Electricity production in 2050 in the participating countries in the reference, Global
agreement and Partial agreement scenario

Figure 30. Electricity production in 2050 in China, USA, and the Middle East countries in the
reference, Global agreement and Partial agreement scenario

The failure to include USA, China, and the Middle East in an international climate agreement has
serious implications for the global climate. The Chinese economy is growing fast, and China is
becoming an increasingly important player in the global economy, world politics, and in the
competition for energy and resources. USA, as the richest country in the world, is a large
consumer of goods and energy. Oil production in USA has peaked, and the country is heavily
dependent on import of fossil fuels. The Middle East has the largest reserves of oil and gas in the
world and therefore has little incentive to reduce consumption or support a global climate
agreement.
Looking at preliminary results for the partial agreement case, it is clear that a lower demand for
fossil fuels from countries within an agreement will reduce the cost for fossil fuels for the
countries outside the agreement. This leads to a higher consumption of fossil fuels in these
countries than in the scenario with no climate policy at all.
1.3.1.3 The Role of burden sharing regimes for reaching a 2˚C climate target

A study was conducted within LIMITS EU-FP 7 project (http://www.feemproject.net/limits/index.html) on burden sharing regimes for reaching a 2oC climate target using
the TIAM-ECN model approach (232, 233, 234, 235).
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Implementing an effective response to climate change is a tremendous challenge, especially when
dealing with stringent objectives such as those compatible with the 2°C target. Such a
transformation would require a fundamental restructuring of the way energy and land are
managed, which would not be costless and would require unparalleled policy commitment and
coordination. Putting a climate strategy into action will require the involvement of all the major
economies, which account for most of the emissions and host the largest mitigation capacity. By
using state-of-the-art methodological instruments to assess climate policies, LIMITS aims at
carrying out a rigorous assessment of what a stringent climate policy entails, and what is needed
to overcome major impediments (Box 1).
Box 1. The role of burden sharing regimes for reaching a 2˚C climate target
Cost optimal GHG mitigation

Certificate trade and GHG market capital flow
under Resource Sharing

Impact of limited certificate trade

•Design of burden sharing scheme determines which regions are compensated for their costs for climate
change mitigation
•70% less certificate trade under effort sharing (GDP related) than under resource sharing scheme
(population related)
•Until 2050, compensation of regions with high population growth (Africa, India, Other Asia) under resource
sharing scheme, and regions with strong economic growth (China) under effort sharing scheme
•Well functioning certificate trade mechanism is required, otherwise additional policy costs to reach climate
target up to +20% of policy costs in the medium term (2030)
•Limited opportunities to trade permits influence carbon certificate price in selling and buying regions
(2030: up to 120 USD/tCO2)
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1.3.1.4 Climate scenarios for developing and developed countries

The 2°C objective expressed since COP15 induces CO2 mitigation policies which involve
transformation of the world energy system and technological options: an analysis was performed
using the TIAM-FR model (Box 2).
Box 2. Climate scenarios for developing and developed countries

A global 2050 target scenario in line with the consensual 2°C objective
• Glob50 – Limiting the world CO2 emissions to 50% in 2050 by comparison with 2000
A regional scenario considering post COP15 pledges in 2020 and assuming new targets for 2050
• COP15 – The lower CO2 mitigation targets by 2020 expressed by Europe, the USA, Australia, Canada,
Japan, China and India and assumptions in 2050 representing the international convergence in terms
of mitigation
A coupled regional and global scenario
• GlobCOP15 – COP15 coupled with Glob50
COP 15 pledges expressed here are not sufficient to reach the global UNFCCC objective
Glob50 and GlobCOP15 follow the same trend at the world level
No emission constraints
Regional targets according to
Copenhagen commitments:
•
•

High commitments/Optimistic
scenario
Base commitments/Pessimistic
scenario

Global target accoring to a 2 C
temperature increase: 2.5 W/m2
scenario

Source: 274, 275

1.3.1.5 Governing the transition to low-carbon futures: A critical survey of energy scenarios for 2050

Energy scenario studies provide insights on the societal transitions that might be implied by such
low-carbon futures, and in this paper (111) we discuss how a greater attention to different
governance and institutional issues can complement future scenario exercises.
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Scenarios
We review and discuss 20 studies that analyze the consequences of substantial GHG emission cuts
until the year 2050 and beyond.
• Methodologically there appears to be a bias in the reviewed quantitative scenarios towards
bottom-up and hybrid (technology-rich) models, typically generating relatively detailed
results on future energy technology and fuel mixes in different sectors.
• Some of the studies explicitly consider scenarios that are consistent with the 2˚ C target
(implying an assumed stabilization target of at least 500 ppm CO2-eq but normally as low as
400 ppm CO2-eq). In a majority of the studies the reduction scenarios build on the
requirement that the stabilization targets must be met no later than the year 2100, but in
our review we focus mainly on the implications for the energy system in 2050.
• In the majority of the studies uniform prices on CO2 represents the main drivers for change.
These prices are implemented as a tax on CO2 emissions or in the form of restrictions on
these emissions, thus creating shadow prices on CO2 allowances.
• Some studies highlight the importance of technology policies (e.g., R&D support), but the
effects of these are typically only implemented indirectly (e.g., in terms of pre-determined
cost reductions for energy supply technologies).
• Other types of policy instruments, such as spatial planning measures and information, are
overall ignored, even though these could also be included indirectly by, for instance,
affecting assumptions on energy demand levels.
Our review shows that in previous scenario studies the main attention is typically paid to
analyzing the impact of well-defined and uniform policy instruments, while fewer studies factor in
the role of institutional change in achieving different energy futures. We therefore point towards
a number of strategies of integrating issues of transition governance into future scenario analyses,
and argue for a closer synthesis of qualitative and quantitative scenario building.
1.3.2

Focus on China and India

1.3.2.1 Implications of the international reduction pledges on long-term energy system changes and
costs in China and India

This paper (96) analyses the impact of postponing global mitigation action on abatement costs
and energy systems changes in China and India. It compares energy-system changes and
mitigation costs from a global and two national energy-system models under two global emission
pathways with medium likelihood of meeting the 2oC target: a least-cost pathway and a pathway
that postpones ambitious mitigation action, starting from the Copenhagen Accord pledges. Both
pathways have similar 2010–2050 cumulative greenhouse gas emissions.

Methodology
The analysis uses a set of soft-linked models, including a global climate policy model and three
energy-system models. The global climate policy model FAIR is used to construct the CO2equivalent emission pathways compatible with a ~50% chance of staying within 2oC temperature
increase in 2100, and associated carbon taxes. FAIR also determines total climate policy costs. The
associated carbon taxes from FAIR are input for three energy systems models that are used to
determine changes in energy production and consumption, and to calculate total climate policy
costs (MARKAL models only). TIMER is a recursive dynamic global energy-system model that
describes the long-term dynamics of the production and consumption of energy for 26 world
regions, including China and India. China MARKAL and ANSWER MARKAL are national energy
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system optimization models for China and India, respectively. In the rest of this paper we will
refer to MARKAL China for the Chinese version and MARKAL India for the Indian version.

Scenarios
The models are harmonized to a common reference scenario with respect to the most basic
drivers. For the mitigation analysis two GHG emission pathways are constructed with the FAIR
model, both reaching 2.9W/m2 in 2100. This stabilization level is consistent with medium
probability (50% to 66%) of achieving the 2 oC target.
• The first pathway (hereafter called the least-cost pathway) assumes a least-cost pathway
over the whole 2010–2050 period.
• The second pathway (hereafter called Copenhagen pathway) implements the conditional,
more ambitious 2020 Copenhagen pledges, after which emissions reduce gradually towards
2025. Between 2025 and 2050 a constant reduction rate is assumed such that the global
cumulative 2010–2050 emissions are equal to those of the least-cost pathway.

Results
Primary energy. Without new climate policies, primary energy supply in both India and China is
projected to increase considerably (Figure 31, top). Due to the large share of fossil fuels in primary
energy consumption, the projections of CO2 emissions are closely related to projections of energy
use (Figure 31, bottom). China is expected to keep high growth of CO2 emissions up to 2020–
2030, only slowly levelling off towards 2050. MARKAL China emissions are lower than those of
TIMER as MARKAL China projects a larger share of renewables and nuclear energy. Indian CO2
emissions are projected to gain pace in growth in 2030, especially in TIMER.
Figure 31. Total primary energy supply (top) and energy-related CO2 emissions (bottom) in
China (left) and India (right)

Also here, CO2 emissions in MARKAL India are growing slower as the share of renewables and
especially nuclear increases much faster than in the TIMER model. Using the uniform carbon
taxes, both MARKAL models show fewer reductions towards 2050 than the TIMER model.
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Underlying causes include differences in model type and assumptions for renewable energy costs.
Furthermore, in the two MARKAL models, the transport sector does not respond to a carbon tax
alone and requires changes from outside, addressing urban form, modal shares, travel demand,
etc. In the TIMER model, travel demand, energy intensity and the energy mix in the transport
sector responds much stronger to a carbon tax resulting in much higher emission reductions.
Cumulative emissions. Figure 32 presents a decomposition of cumulative emission reductions in
energy intensity improvements (the ratio between energy use and income) and the carbon
intensity improvements (the ratio between emissions and energy use). The figure shows large
difference between the two model types. In both MARKAL models, the relative contribution of
cumulative emission reductions from improving the energy intensity is much smaller than from
improving the carbon intensity, as substantial energy conservation and efficiency improvements
measures already exist in the reference scenario. Therefore, there is little scope for additional
efficiency improvements in the climate policy scenarios. Hence, the differences in efficiency
improvement between the two mitigation scenarios are also small.
Figure 32. Decomposition of CO2 reductions in China (left) and India (right)

Costs. Table 9 presents the direct costs of climate policy, measured as 2010–2050 cumulative
discounted abatement cost relative to cumulative discounted GDP. In all models, the Copenhagen
pathway results in significantly higher abatement costs than the least-cost pathway. The global
carbon tax for the least-cost pathway is considerably higher than for the Copenhagen pathway
until 2030. This leads to early investments under the least-cost pathway, which pick-up low
hanging fruits and spurs early investments in low carbon infrastructures and prevents lock-ins. It
should be noted that,in the case of MARKAL India, the climate policy costs are relatively low in
both mitigation scenarios since the reference scenario already includes sizable investments in
renewables and energy efficiency.
Table 9. Cumulative discounted costs of climate policy relative to cumulative discounted GDP
Mitigation costs for Mitigation costs for Cumulative
the
least-cost the
Copenhagen discounted
GDP
a
pathway (%-GDP)
pathway (%-GDP)
(trillion $)
China
MARKAL
0.30
0.94
190
TIMER
0.57
0.70
235
India
MARKAL
0.10
0.26
76
TIMER
0.89
1.14
78
a
The GDP growth rates were harmonised among the different models; not the 2010 levels. As the 2010 levels differed
slightly per model, cumulative 2010-2050 GDP also differs.

Fuel mix. Figure 33 shows the aggregate fuel mix for the different scenarios. In 2050, primary
energy use under the two mitigation scenarios has completely changed compared to the
reference scenario. The use of fossil fuels has been reduced significantly – especially in India –
while renewables, nuclear energy and fossil fuels with CCS have gained importance. In both
MARKAL models non-biomass renewables and fossil fuels in combination with CCS are by far the
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most important source for emission reductions. From 2035 onwards the share of fossil fuels is
much larger in the least-cost pathway and only starts dropping significantly around 2040, while in
the Copenhagen pathway the share of fossil fuels already drops significantly around 2030. The
difference is mainly compensated by renewables.
Figure 33. Total primary energy use in China (left) and India (right) in the reference scenario and
the two mitigation scenarios

Bote that renewables and nuclear energy are shown in primary equivalents.

Trade. Net trade in primary energy sources is generally seen as an indicator for energy security
(Figure 34). Both China and India are net energy importers, mainly with respect to oil and gas. In
the mitigation scenarios total imports decrease, especially in TIMER and MARKAL India. The
decrease is almost 40% in both countries in the TIMER model by 2050; The decrease in MARKAL
India is 60%. The latter is mainly the result of strongly decreasing imports of coal. In MARKAL
China energy imports can increase slightly due to climate mitigation as the result of fuel switching
from local coal to imported gas. These decreasing imports can be interpreted as a co-benefit of
climate policy ,as decreasing energy imports is generally interpreted as an increase in energy
security.
Figure 34. Net trade in fossil fuels and biofuels in China (left) and India (right) in the reference
scenario and the two mitigation scenarios

The analysis shows that postponing mitigation action increases the lock-in in less energy efficient
technologies and results in much higher cumulative mitigation costs. The models agree that
carbon capture and storage (CCS) and nuclear energy are important mitigation technologies,
while the shares of biofuels and other renewables vary largely over the models. Differences
between India and China with respect to the timing of emission reductions and the choice of
mitigation measures relate to differences in projections of rapid economic change, capital stock
turnover and technological development. Furthermore, depending on the way it is implemented,
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climate policy could increase indoor air pollution, but it is likely to provide synergies for energy
security.These relations should be taken into account when designing national climate policies.
1.3.2.1

GHG mitigation targets and potentials in large emerging economies

DKC is currently involved in a modelling project together with the Energy Research Institute (ERI)
in China, the Indian Institute of Management in Ahmedabad (IIMA), and the Basque Centre for
Climate Change (BC3) in Spain. The project (149, 150) aims for an improved representation of the
Chinese and Indian energy systems in global models, including TIAM, and seeks to analyse
interlinkages between sustainable development strategies and climate change mitigation policies
in the two countries. Specifically, the project will analyse the consequences of alternative
economic growth paths, as well as alternative developments in the agricultural and biomass
sectors. This paper will focus on the countries in the so-called BASIC group – Brazil, South Africa,
India, and China.

Scenarios
The pledges of the BASIC countries are summarised in Table 10. The numbers in parenthesis
represent the percentage deviation from the BAU or reference emissions. Looking at India, our
calculations of pledged absolute emissions are within the range of the other studies, but relative
to the reference scenario they differ. Indian reference emissions in TIAM are relatively low, and
thus pledges result in higher emissions. For China on the other hand, the calculations of pledged
emissions relative to BAU emissions based on TIAM runs are more on level with other studies, but
absolute emissions are lower than any of the other.
Table 10. BASIC countries’ pledges.
Copenhagen Accord pledge

Emissions in 2020, Gt (% deviation
from BAU/Ref)
Own
calculation,
Other studies
based on ETSAP-TIAM

Reductions of 974-1051 Mt CO2e in 2020, or 36.1-38.9% below BAU.
1.5-2.2
N/A
Several specified NAMAs, incl. reduced deforestation.
Reductions of 34% below BAU in 2020 and 42% in 2025, depending
South
on provision of financial resources, technology transfers and
0.4-0.5
N/A
America
capacity development support
Emission intensity reduction of 20-25% by 2020 compared to 2005.
2.7-3.8 (-19
India
2.8-3 (+8 to +15%)
Emissions from agriculture not included in assessment of intensity.
to 0%)
Emission intensity reduction of 40-45% by 2020 compared to 2005.
Share of non-fossil fuels in primary energy consumption to be
11.4-13 (-13
China
9.5-10.3 (-4 to +5%)
increased to around 15%, increase in forest coverage by 40 mill.
to -2%)
3
hectares and forest stock volume by 1.3 bill. m compared to 2005.
Data sources: Lowe et al. 2010, Stern and Taylor 92010), Houser (2010), Climate Works Foundation and European
Climate Foundation (2010; Project Catalyst), Elzen et al. 2010, ETSAP-TIAM.
Brazil

In order to put the pledges made by China and India into perspective, the resulting emissions in
2020 are compared with their emissions under an optimised climate policy, under a radiative
forcing target of 3.5 W/m2, in order to investigate China and India’s role in an optimised global
energy system with a climate constraint. Table 11 summarises the Indian and Chinese GHG
emissions in 2020 relative to reference case, under their pledges and in the climate constrained
scenario respectively. The conclusion from this work is that China’s high pledges seem to be close
to the optimal for the 3.5 constraint, but as we know, this is too high for the 2 degree target.
India’s emissions under pledges are way above what they ought to, and emissions in the
reference case are closer to the target.
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Table 11. Indian and Chinese GHG emissions in 2020 relative to reference case.
India
China

Pledged emissions
8-15% above reference case in 2020
4% below to 5% above reference case in 2020

2

Emissions in climate scenario (3.5 W/m )
6% below reference case in 2020
5% below reference case in 2020

Results
Costs. Figure 35 depicts the additional total discounted system costs of the climate constrained
scenario compared to the reference scenario, on the time horizon until 2100. In India and China
the discounted system costs increase by 8 and 10 % respectively, while they increase by only 3 %
in the RoW. Optimisation in a climate scenario in TIAM takes the approach that marginal
abatement costs are equalised across regions. When costs increase relatively more in China and
India than in the RoW, it is an indication of the fact that there are large amounts of reductions
available in these countries, at a relatively low price.
Figure 35. Additional system costs of 3.5 W/m2 compared to reference

Note: Total discounted system costs 2005-2100.

Primary energy. Figure 36 shows the primary energy consumption by fuel in China and India, and
how it changes over the coming century; from the figure one can see how the countries’ energy
systems change in the climate constrained scenario compared to the reference. Firstly, the overall
trends in the fuel composition of primary energy seem to be more or less the same in China and
India. Until 2020 the changes between the reference and the climate scenario are not large, but in
the long run the changes are radical, and gas and renewables come to play huge roles.
Figure 36. Primary energy consumption by fuel in China and India

Electricity generation. Figure 37 shows the composition of the electricity production in China and
India over the coming century, and again the trends are similar in China and India. Until 2020 the
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changes between the reference and the climate scenario are not large, but again, in the long run,
they are absolutely radical, and CCS and solar play huge roles.
Figure 37. Electricity production by fuel in China and India

This paper has shown that the 2°C target agreed upon in the Copenhagen Accord will be very
difficult to reach and that it will be more or less impossible without early participation of large
emerging economies. The 2020 pledges by China and India are close to their BAU/reference
emissions, and appear to be small compared to estimated potentials. Contrastingly, Brazil and
South Africa have pledged large reductions from BAU, and their pledges appear close to
estimated potentials. According to the current assumptions and data in TIAM, even in a nonconstrained world it would actually be optimal that China by 2020 develops an energy system
with lower emissions than its low pledges amount to, and the same is true for India’s both low
and high pledges.
1.3.2.2 Policy options to engage emerging Asian economies in a post-Kyoto regime (POEM)

Mitigation efforts in China and India are necessary in order to meet ambitious global climate
targets. In the POEM project (249, 250), various aspects of carbon mitigation in India and China
have been addressed. The main aim was to analyse how a 2°C climate target could affect
economic and energy systems development in China and India. In a modeling framework seven
national (India and China) and global models (economy wide, computable general equilibrium CGE, and energy system models) were soft-linked with harmonized baseline developments.

Methodology
The project modelling framework comprised a number of global and national models:
• the global climate model FAIR-connected to the global energy model TIMER,
• the global CGE model DART,
• a national macro-economic model for India and China, respectively,
• a national energy system model MARKAL for India and China, respectively.
The modelling soft linking, which is graphically presented in Figure 38 can be described in the
following steps:
1. FAIR calculates the CO2-equivalent emissions1 pathway, a globally uniform carbon price
and regional emission allowances based on the energy-related CO2 part of the pathway
and an effort-sharing approach
2. DART determines the globally uniform carbon price based on the global energy-related
CO2 pathway and the regional emission allowances from FAIR
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3. The national CGE models use the emission allowance from FAIR and the carbon price from
DART to determine changes to the energy system and total climate policy cost
4. The national MARKAL models use the emission allowances and carbon price from FAIR to
determine changes to energy system and total climate policy cost
5. TIMER uses the emission allowances from FAIR to determine changes to energy system.
Total climate policy cost is determined by FAIR.
Figure 38. Modelling soft-linking structure

Scenarios
The analysis is based on a global greenhouse gas emission pathway that aims at a radiative forcing
of 2.9 W/m2 in 2100 and with a policy regime based on convergence of per capita CO2 emissions
with emissions trading. We assume that all countries that made a reduction pledge under Cancún
Agreements meet their conditional, more ambitious one in 2020. Here, only energy-related CO2
emission pledges are considered. After 2020, the developed countries and ADCs start instantly
following the per capita emission convergence trajectories of the CDC approach; developed
countries converging in 2040 and the ADC in 2050. China and India start in 2025 and 2030,
respectively. The other ODCs start in 2035. Between 2020 and the start of convergence countries
follow their baseline trend. Therefore, countries that made a 2020 pledge (including China and
India) have similar reductions compared to their baseline emissions as in 2020 until they start
converging. China, India and the other ODCs take 30 years to converge. All countries converge to
a level of 1.7 tCO2/capita in their respective convergence year.

Resuts
Emissions. Without any mitigation policies global greenhouse gas emissions and energy related
CO2 emissions continue to increase towards 2050, with more than 50% and 80% compared to
2010 levels, respectively. In the baseline scenario (without any international climate policies) CO2
emissions for China continue to increase in all models (Figure 39). Interestingly, national models
show considerably higher emissions in 2030. This implies that the 2020 Copenhagen pledge is
much more challenging under these assumptions than in the global models.
In the baseline scenario CO2 emissions in India will continue to increase with almost a constant
growth rate over the coming decades (Figure 40). The 2020 Copenhagen pledge is almost identical
or even slightly higher than baseline emissions in the different models. It should also be noted
that MARKAL India does consider some planned climate policies in the baseline scenario. The final
emissions according to the CDC regime – taking into account international emission trading –
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remain considerably below the emission allowances in all models for the whole 2020-2050 period.
This implies that India is a net seller of credits on the international carbon market.
Figure 39. Baseline emissions, emission allowances and emissions (CO2 only) in the policy
scenario for China

Figure 40. Baseline emissions, emission allowances and emissions (CO2 only) in the policy
scenario for India

Costs. The cost of climate policy is measured as abatement cost relative to baseline GDP levels in
the energy system models and as welfare changes relative to the baseline for the CGE models.
The estimates for economic impacts between model classes are therefore not directly
comparable. Furthermore, since the models include different technologies, sectors and energy
sources it can be expected that abatement costs differ. The economic impacts of the climate
policy scenario for China and India are depicted in Figure 41 and Figure 42, respectively. While in
all models (except CEEPA), costs are increasing over time there are large differences between the
models.
As expected, the climate policy scenario also affects India differently in the different models. The
main explanation for the economic gain is that Indian per capita emissions are lower than those in
China. As a consequence, India can sell more allowances on the international allowance market
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than China. In addition, the Indian economy is smaller than the Chinese and for this reason an
equal net export of carbon allowances has a larger impact on India. F

Figure 41. Economic impacts of climate policy in China

Note: For FAIR and China-MARKAL gains or costs are reported as abatement cost relative to GDP (top) for the CGE
models DART and CEEPA welfare changes (Hicks equivalent variation) are reported (bottom).

Figure 42. Economic impacts of climate policy in India

Note: For FAIR and India-MARKAL gains or costs are reported as abatement cost relative to GDP (top) for the CGE
models DART and CEEPA welfare changes (Hicks equivalent variation) are reported (bottom).

In the sensitivity analysis it is tested if the model results are sensitive to alternative assumptions
in GDP growth, the timing of emissions reductions, and to choices in the effort-sharing approach.
The results (Figure 43) show that overall climate policy costs for China are more sensitive to the
assumptions on the effort-sharing approaches than to assumptions for economic growth and the
global emission pathway. Higher economic growth increases the cost of climate policy compared
to the base case for all models, although considerably more for China-MARKAL and CEEPA than
for FAIR and DART. Early action has a mixed impact on climate policy costs in the different models.
Finally, an effort-sharing approach with a uniform carbon taxes tends to be most detrimental for
China in most models, except China-MARKAL. Also, the magnitude of the economic impact of a
tax policy is very different across models. In the CDC with delayed participation, China does not
adopt an emission cap in the context of the international climate negotiations until 2030 and for
this reason costs are lower in all models compared to the base case. Besides DART, now also
CEEPA shows a net benefit from such an effort-sharing approach.
Figure 43. Impact of key assumptions on cumulative discounted costs of climate policy in China
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For India (Figure 44), overall economic impacts are more sensitive to assumptions on the effort
sharing approaches than to different economic growth and global emission pathways in all
models except for MARKAL-INDIA in which the results are most sensitive to the GDP growth
assumption. Under higher economic growth the cost of climate policy (in relative terms) increases
slightly as compared to the base case for IEG-CGE, the benefits in DART and FAIR are almost
similar and the benefit found in MARKAL-India is turned to a substantial loss. With higher growth,
global emissions are higher in the baseline. Because the policy target is unchanged, the effortsharing approaches become relatively more ambitious and carbon prices rise. Since India remains
a net seller of credits it continues to benefits from higher carbon taxes. Early action – more global
abatement in the short run - has a negative impact on India in all models, i.e. the benefits either
drops or the costs increases. Concerning the effort-sharing approaches, a uniform carbon tax
would on average be most detrimental for India.
Figure 44. Impact of assumptions on cumulative discounted costs of climate policy in India

In an analysis of the scientific literature on how effort-sharing approaches affect emission
allowances and abatement costs of China and India it was shown that reductions for both China
and India differ greatly in time, across and within approaches and between concentration
stabilisation targets. For China, allocated emission allowances in 2020 are substantially below
baseline projections, while India’s emission allowances show high increases compared to 2005
levels and, if emission trading is allowed, financial revenues from selling credits might
compensate mitigation costs in most approaches.
1.3.2.3 India’s CO2 emissions pathways to 2050

This study (156 ) was undertaken as part of the AVOID programme on avoiding dangerous climate
change (www.avoid.uk.net). The programme is funded by the UK Government Department of
Energy and Climate Change (DECC) and Department for Environment, Food and Rural Affairs
(DEFRA). The study outlines potential pathways to 2050 for India to reduce its energy- and
industry-related CO2 emissions in line with international efforts to avoid dangerous levels of
global warming. The TIAM-UCL model used in this study is an integrated assessment model
representing 16 different regions of the world, including a distinct India region.

Scenarios
It explores three scenarios:
• A reference scenario with no future CO2 emissions constraint (in this scenario, India’s
emissions increase from just below 2 GtCO2 in 2010 to almost 8 GtCO2 in 2050);
• A first low-carbon scenario with an emissions constraint of about 2.4 Gt CO2 by 2050,
equating to about 1.3 t CO2 per capita, as part of a global CO2 limit of 12 Gt CO2 by 2050,
and the same per capita level of CO2. The global greenhouse gas emissions pathway from
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which this limit is derived has an approximately 50% chance of achieving a 2 degrees C limit
to global warming;
• A second low-carbon scenario, with the same 2050 emissions target as the first, but with
certain technology parameters specified to account for a range of Indian energy experts’
views on possible energy and technology developments in India: gas imports are restricted
to liquefied natural gas (LNG) shipped imports only, biomass power generation is
constrained to reflect more conservative estimates over biomass availability for power
generation, whilst CCS is excluded as a technology choice, to reflect a more pessimistic
scenario in which this technology is not adopted in India, the hurdle rate for fully electric
vehicles is lowered to reflect the likelihood that this technology will be increasingly
favoured in the future.

Results
The first low-carbon scenario. In the first low-carbon scenario (LC1) in which all technology
choices within the TIAM-UCL model are available, the majority of emissions reductions occur in
the electricity sector (Figure 45), which would significantly reduce its emissions to the point where
electricity becomes a net sink of CO2 by 2050, owing to a technology mix of nuclear, renewables
(particularly solar technologies), plus fossil fuels and biomass with CCS. The industrial sector
would be the next largest source of emissions reductions, the major technological change being
the widespread switch of process heating from coal to gas. This first low-carbon scenario would
have an additional annual energy system cost (compared to the reference case) of about $200
billion (2005 US$) per annum by 2050, about 1.2% of India’s projected GDP at that time.
Figure 45. CO2 emissions in India to 2050 in the Reference and First Low Carbon scenarios

The second low-carbon scenario. In this scenario India’s electricity system still attains a very low
CO2 intensity by 2050, at less than 50 g CO2/kWh, with additional solar PV and wind being
installed in place of biomass with CCS. Restrictions on gas imports, combined with restrictions on
biomass availability in power generation, mean that industrial coal heating switches to biomass
heating (where conversion losses are much lower than in electricity generation), rather than gasbased heating as in the first low-carbon scenario. As shown by Figure 46, the industry sector
contributes the most to emissions reductions in the second low-carbon scenario, compared to the
reference case.
This second low-carbon scenario would have an additional annual energy system cost (compared
to the reference case) of about $400 billion (2005 US$) per annum by 2050, almost 2.4% of India’s
projected GDP at that time. This significant increase on the first low-carbon scenario’s cost occurs
because of the restriction on relatively cost-economic biomass and CCS in the power generation
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sector, resulting in more expensive options such as wind and solar being deployed instead. In
addition, electric vehicles are relatively costly and forcing their selection has additional cost
implications.
Figure 46. CO2 emissions in India to 2050 in the Reference and Second Low Carbon scenarios

Figure 47 shows the power generation mix in the two low-carbon scenarios compared to the
reference case, to highlight the scale of the energy supply transformation in India in a low- carbon
world. The figure highlights that electricity generation is projected to grow dramatically between
2010 and 2050 in all scenarios, as population and incomes rise. In the reference scenario, coal
continues to dominate electricity generation, whereas in the first low-carbon scenario, a fairly
balanced mix of nuclear, renewables and CCS make up the generation mix by 2050. In the second
low-carbon scenario, without CCS, solar technologies dominate electricity generation.
Figure 47. Power generation by source in 2050 in the Reference (Ref) and the two Low-Carbon
(LC) scenarios

Both low-carbon scenarios would significantly reduce coal demand within the Indian economy,
which could be advantageous given the increasing difficulty that India has had in meeting its coal
demand in recent years, which has resulted in an increasing reliance on imports. However, in the
first low-carbon scenario gas demand would increase relative to the reference case. In the second
low-carbon scenario, gas demand increases more quickly than in the reference case before 2050,
although it is slightly lower than in the reference case by 2050. This has implications for India’s
low-carbon technology strategy, in terms of how to secure access to this gas supply, either
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through imports or through (as yet largely untested) indigenous unconventional gas supplies.
Neither low-carbon scenario appears to significantly reduce India’s fast-growing reliance on
imported oil.
1.3.2.1

Study on energy strategy of Chinese capital region under the new national policy of reducing
carbon dioxide emissions

Chinese government committed to reducing carbon dioxide emissions per unit of GDP by 40% to
and one of the biggest cites, Beijing expected to both keep higher GDP growth than average and
cut unit GDP carbon emission, and has to adjust the relevant energy strategy in near future. The
paper (9) analysis the characteristics of energy supply and energy consumption in Beijing, and
setups the economic-energy-environment-oriented reference energy system (RES), selects
MARKAL as the optimal model and constructs districted multi-period linear programming matrix,
which including 15 energy carriers, 4 energy processes, 17 energy conversions, and 18 energy
end-use sets.

Scenarios
According to the various forecast of Beijing 3E system development, we designed 11 scenarios
which including a fiducial scene, a set of controlling pollution emission scenarios, and a set of
adjusting energy supply structure scenarios. The paper focuses on the fiducial scene and forced
low-carbon emission scene for the limitation of paper space.

Results
Fiducial scene (Scene A0). In Scene A0, there are not constraints for pollution emission and
adjustment of energy structure. As shown in Table 12, for the energy shortage limitation of
Beijing, both the import coal and import electricity are hold in the main positions. Especially, for
the application of wind generator, biomass power, and solar power, the import electricity amount
reaches its peak of 39.69 mtce in the 2nd period, and turn to decline 9 mtce in 4th period.
Table 12. Import energy carrier capacity in scene A0 (unit: 10,000 tons of coal equivalents)
No
1
2
3
4
5

Import energy carrier
Coal
Crude oil
LGP
Diesel
Gasoline

st

1 period
3560
1086
201
588
1391

nd

2 period
4695
1086
271
1254
1582

rd

3 period
7049
1086
361
1200
2125

th

4 period
9133
1086
478
1650
2830

In the no-gas-limit MARKAL model, (which rely on the national energy relationship between
Russia and China in the future) the emission of CO2 is 231 million tons in 1st period, 299 million
tons in 4th period, and is 1.29 times for that of 1st period (Table 13).
Table 13. Total emissions of pollutants in Scene A0 (unit: ton)
No.
1
2
3
4

Item
SO2
NOx
Dust & fume
CO2

st

1 period
59572
250811
24617
2.31E+08

nd

2 period
43693
175130
17543
1.57E+08

rd

3 period
50213
203865
20421
1.89E+08

th

4 period
62209
257318
23320
2.58E+08

Scene of restraint of natural gas (Scene C1). We present a new scene of limitation of natural gas,
the cleaner and greener energy, to compare with the scene A0 and search for the impact of the
emission difference. Table 14 shows that natural gas capacity of Beijing region is no more than
491.865 tons of coal equivalents according to acceptable nowadays market ability. Besides, the
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import electricity upper limit is 2334 tons of coal equivalents for demand of the power line supply
safety. On the contrary, the import coal will increase rapidly.
Table 15 shows that the CO2 emission at the 4th period reaches 1.1 billion tons and exceeded
immensely the CO2 reduced policy of China in 2020.
Table 14. Import energy carrier capacity in Scene C1 (unit: 10,000 tons of coal equivalents)
st

nd

rd

No.
Import energy carrier
1 period
2 period
3 period
1
Coal
6235
8875
11177
2
Crude oil
1086
1086
1086
3
LGP
201
271
361
4
Diesel
588
1254
1200
5
Gasoline
1391
1582
2125
6
Kerosene
1062
1413
1869
7
Fuel oil
213
285
379
8
Natural gas
492
492
492
9
Electricity
2246
2334
2334
10
Coke
1410
2021
2613
* Other import energy carrier capacities are all zero in Beijing

th

4 period
17571
1086
478
1650
2830
2569
501
492
2334
3584

Table 15. Total emissions of pollutants in Scene C1 (unit: ton)
no
1
2
3
4

Item
SO2
NOx
Dust & fume
CO2

st

1 period
56342.92
239259.3
25392.59
2.35E+08

nd

2 period
44842.52
191046.5
21353.74
2.11E+08

rd

3 period
56837.08
256964.5
28743.22
3.17E+08

th

4 period
75510.17
360628.3
40330.08
1.1E+09

At last, we have the conclusion that Beijing can attach the demands of cutting carbon emissions
per unit of GDP by 45% under the scheduled GDP growth.
1.3.2.2 Implications of wider availability of unconventional gas on China energy system under
climate constraint scenarios

This paper (159) investigates implications of wider availability of unconventional gas on China
energy system using the TIAM-UCL global energy system model. Two major scenarios are
developed: one with low availability of unconventional gas and the other with high availability of
unconventional gas.

Scenarios
The model is run at global level and the analysis focusses on China. The scenarios are:
• Reference Scenario with low gas availability (LG-REF): no climate policy is applied and the
availability of unconventional gases is limited;
• Reference Scenario with high gas availability (HG-REF): no climate policy. Unconventional
gas availability is increased and production costs of some gas types slightly reduced;
• Low Carbon Scenario with low gas availability (LG-LCS): a cumulative GHG emission
constraint is applied in order to restrict the global temperature increase to 2°C; and
• Low Carbon Scenario with high has availability (HG-LCS): a cumulative GHG emission

constraint is applied in order to restrict the global temperature increase to 2°C.

Results
The results show that China’s gas consumption increases under high availability scenarios (HG-REF
and HG-LCS) with higher increases under HG-LCS in early period (Figure 48). Unconventional gas
production in China increases till 2030 under high gas availability scenarios. But, despite the fact
that China demand more gas in HG-LCS than that in HG-REF, post 2030 unconventional gas
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production in China decreases rapidly in HG-LCS while it keeps on increasing under HG-REF.
Adding climate policy has negative impact on indigenous gas production from unconventional
sources in long-term. China opts to import cheaper gas, which is produced mainly from
conventional sources in MEA mean less carbon emission in upstream, available in the market in
the form of LNG. Actually developed countries demand less gas under climate policy as they move
to low carbon energy sources. This means that developing countries have access to cheaper gas
under climate policy scenarios.
Figure 48. Gas consumption in China (left) and unconventional gas production in China (right)

Although at present, unconventional gas predominantly plays a significant role only in United
States, it has the potential to reduce supply, price volatility, and energy security concerns for a
number of regions globally, as lessons learned in the United States are applied internationally.
1.3.3

Focus on other Asian countries

1.3.3.1 Benefits of low carbon development in a developing country: Case of Nepal

This paper (35) analyzes the direct and indirect benefits of reducing CO2 emission during 2005 to
2100 in the case of Nepal, a low income developing country rich in hydropower resource. It
discusses the effects on energy supply mix, local pollutant emissions, energy security and energy
system costs of CO2 emission reduction targets in the country by using an energy system model
based on the MARKAL framework.

Scenarios
This study analyses four scenarios. The reference scenario (hereafter “Scenario 1a”) considers the
energy system development to meet future service demands at the minimum cost without any
restriction on CO2 emission. Besides Scenario 1a, the following three greenhouse gas emission
reduction target (ERT) scenarios are considered in the study:
• A cumulative CO2 emission reduction target of 20% during 2005 to 2100 as compared to
the cumulative emission in the Scenario 1a (hereafter “Scenario ERT20”),
• A cumulative CO2 emission reduction target of 40% (hereafter “Scenario ERT40”), and
• A cumulative CO2 emission reduction target of 40% with the share of electric mass
transport (EMT) in the total land transport demand increasing from 10% in 2020 to 30% by
2050 and maintained at that level thereafter (hereafter called “Scenario ERT40+EMT30”).

Results
Emissions. The estimated annual CO2 emission during the study period in the reference and CO2
emission reduction target (ERT) scenarios are shown in Figure 49. Under Scenario ERT20 the
major reduction in CO2 would take place after 2065, whereas in case of other emission reduction
target scenarios, CO2 reduction would take place from 2015.
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Electricity generation. Under Scenario ERT20, the cumulative electricity generation requirement
would decrease by 2.8% (492PJ) as compared to Scenario 1a mostly due to the partial
replacement of electricity by LPG in cooking and penetration of energy efficient electrical devices
in the residential and commercial sectors. However, under Scenarios ERT40 and ERT40+EMT30,
the cumulative electricity generation would increase by 16.5% (2858 PJ) and 16% (2770 PJ)
respectively during 2005 to 2100. As a result, the additional hydropower capacity needed (over
and above the installed hydropower capacity under Scenario 1a) by 2100 would be 6357MW
under ERT40 and 6177 MWunder ERT40+EMT30 (Figure 50).
Figure 49. Annual CO2 emissions under different scenarios

Note: Scenario 1a=“Reference”, Scenario 2a=“CO2 Price $10 (5% p.a.)”, Scenario 2b=“CO2 Price $30 (5% p.a.)”, Scenario
2c=“CO2 Price $50 (5% p.a.)” (Calvin, 2012-this Issue).

Figure 50. Annual hydropower generation capacity requirement during 2010 to 2100

Energy security. Two types of energy security indicators, i.e., Shannon–Wiener Index (SWI) and
net energy import ratio (NEIR) are used for the cumulative TPES during the study period. They are
shown in Table 16. This study finds that there would be a reduction in energy import dependency
of the country under all the ERT scenarios considered. The cumulative total imported energy
during 2005 to 2100 is estimated to decrease by 10.2% (5859 PJ) in ERT20, 28.2% (16,540 PJ) in
ERT40 and 29.1% (16,673 PJ) in ERT40+EMT30 as compared to Scenario 1a (Figure 51).
Therewould be a slight decrease in the diversity of energy supply resources used under ERT
scenarios compared to Scenario 1a (mostly due to an increase in biomass and hydropower). This
study indicates that the ERT policy would result in a decrease in the import dependence as well as
diversity of energy resource use in the country. The increase in the share of electric mass
transport under ERT40+EMT30 shows slight improvements in terms of dependence on imported
energy and energy resource diversification as compared to ERT40.
Table 16. Energy security indicators for cumulative primary energy supply during 2005 to 2100

Net energy import ratio (%)
Shannon-Wiener Index

Scenario
1a
ERT20
55.82
52.73
1,58
1.47

ERT40
43.13
1.44

ERT40+EMT30
43.35
1.45
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Figure 51. Cumulative total imported energy during 2005 to 2100

Costs. The discounted total energy system cost (TESC) during 2005 to 2100 in Scenario 1a is
estimated to be 132.4 billion US$. The discounted TESC would increase by 0.3% under ERT20,
1.6% under ERT40 and 0.9% under ERT40+EMT30 as compared to that in Scenario 1a. The
discounted net fuel import cost would account for 10.2% of the discounted TESC in Scenario 1a
(Table 17). This study shows that the discounted net fuel import cost would decrease by 1.4%
under ERT20, by 6.7% under ERT40 and by 9.9% under ERT40+EMT30 as compared to that in
Scenario 1a.
Table 17. Discounted energy system costs (109 US$ at 2005 prices)
Scenario
1a
ERT20
ERT40
ERT40+
EMT30

Supply
technology
investment
10.0
10.2
10.5

Demand
technology
investment
95.2
95.3
95.4

Net
fuel
import cost

Domestic
fuel cost

O&M and
others

13.6
13.4
12.7

9.6
9.9
11.9

4.0
4.1
4.2

Total energy system
cost including carbon
tax
132.4
132.8
134.6

10.4

95.0

12.2

11.9

4.0

133.6

The study shows that an implementation of Scenario ERT40 would increase the cumulative
electricity generation (mainly from hydropower) by 16.5% (794 TWh), reduce the cumulative
consumption of imported fuels by 42% (24,400 PJ) and increase the total energy system cost by
1.6% during 2005 to 2100 as compared to the reference scenario. Besides, there would be a
reduction in the emission of local pollutants and generation of additional employment in the
country. With the share of EMT increased to 30%, there would be a further reduction in local
pollutant emissions, an improvement in energy security and a decrease in the energy system cost
compared to that in Scenario ERT40.
1.3.3.2 Taiwan’s GHG mitigation potentials and costs

This paper (6, 258) presents the results on the simulations of different technology development
scenarios under the same emission reduction goal, utilizing the MARKAL model to evaluate
emissions reduction on Taiwan’s electricity, industry, buildings, and transportation sectors.

Scenarios
The Taiwan government has announced its greenhouse gas reduction target and schedule that
Taiwan’s GHG emissions will return to the 2005 levels by 2020, and the 2000 levels by 2025. The
purpose of this paper is to analyze the energy structure and CO2 reduction costs in the BAU case
(i.e.,High GDP growth case), Low GDP growth case and four different CO2 target cases as related
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to Taiwan’s emission reduction targets. The CO2 emission pathways adopted in each scenario of
this study are shown in Figure 52.
Figure 52. CO2 emissions in each scenario

Results
Energy supply. As shown in Figure 53, the annual energy supply growth rates of the BAU
(i.e.,GDP-High Growth,‘‘GDPH’’) scenario and the GDP- low growth (‘‘GDPL’’) scenario are 1.8%–
2.4% from 2008 to 2025, and the annual energy supply growth rate of the other four emission
reduction scenarios (CH30, CL30, CHAM ,and CLAM) decrease to 1.3%–1.5% respectively. The
energy supply in the BAU scenario is greater than in the GDPL scenario due to the higher share of
upper and middle stream chemical raw material industries in the industry sector, and the higher
share of oil supply than coal. The various emission reduction scenarios’ total energy supply in
2020 and 2025 are reduced by about 12% relative to the BAU scenario. The share of coal and oil is
more than 87% in the BAU Scenario, thus this share can be reduced to 73%–76% in the various
emission reduction scenarios.
Electricity generation. The BAU (GDPH) scenario’s electricity demand growth rate is 3.7%–5.6% in
2025 (Figure 54) and additional coal power generation in BAU and GDPL scenarios are required in
order to make up for the power generation shortage due to nuclear power decommissioning. The
annual electricity demand growth rate of the four emission reduction scenarios decrease to 2%–
2.6%. No new pumped storage hydro power capacity is added in any scenario. Nuclear power, gas
power generation and renewable energy power generation all share the installed capacity target
designated by the energy policies. In order to comply with the CO2 emission limitations, various
emissions reduction programs increase electricity consumption efficiency through adopting
energy saving technologies, while nuclear, gas or coal power generation are used as the baseload
units.
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Figure 53. The energy supply structure for various scenarios

Figure 54. The power generation structure for various scenarios

Costs. The total incremental cost of each emission reduction scenario relative to the BAU scenario
is shown in Figure 55. As all four emission reduction scenarios must return to2000 CO2 emission
levels by 2025, dependingon its high or low GDP growth and the extent of emissions reduction
under the BAU scenario, the total incremental costs for the four emission reduction scenarios will
be in the order (from high to low cost) of CH30, CL30, CHAM,and CLAM. The accumulated
incremental cost increase wil lbe 14%, 13%, 10%, and 9% respectively relative to BAU (1.83%,
1.68%, 1.29%, and 1.16% of GDP).
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Figure 55. Total incremental cost increase rate for reduction scenario relative to BAU scenario

The empirical results show that Taiwan can potentially reduce 56%–60% of greenhouse gas
emissions relative to the BAU scenario in 2025, and 15% relative to the 2005 levels. These
projected results are higher than the Kyoto targets of Annex I countries. The accumulated
incremental cost will be an increase by 1.2%–1.96% of Taiwan’s GDP. As Taiwan heavily relies on
imported energy from foreign sources and has very limited natural endowments of renewable
energy, it is very difficult for Taiwan to reach this reduction goal alone through adopting emission
reduction technology, or applying economic incentive mechanism. Allowing Taiwan to participate
in the international flexible mechanisms will be a necessary measure for Taiwan to achieve its
emission reduction goal; in addition, such participation will also benefit the international
community’s GHG reduction efforts tremendously.
1.3.3.3 Policy progress in mitigation of climate change in Taiwan

To make an active contribution to the global effort in mitigation of climate change, Taiwan
government has made a commitment of a step wise reduction of nation wide greenhouse gas
(GHG) emissions, which returns the nation wide GHG emission to 2008 levels by 2020, then
reduces to 2000 levels by 2025, and finally cuts 50% of 2000 levels by 2050. The purpose of this
paper (95) is to present an updated review of the outcomes of GHG emission reduction in Taiwan.
In addition, the progress and priority of policy instruments in GHG emission reduction are
analyzed as well. To this end, the MARKAL-MACRO energy model was adopted to evaluate the
cost–benefit of the policies employed for CO2 emissions reduction.

Scenarios
The BAU scenario is based on the assumptions of the National Energy Conference in 2005. As
shown in Table 18, the major policies employed in the national target scenario included the
increase of the installed capacity of renewable energy, the reduction of the energy intensity, etc.
Table 18. Description of BAU and target scenarios
Case
BAU
Scenario

National
Target
Scenario

Descriptions
• Based on the assumptions in National Energy Conference in 2005
• Nuclear-Free Homeland Policy
• Renewable energy deployment : Installed capacity will be up to
1000 MW by 2030
• Energy efficiency improvement : Energy intensity will decrease
50% by 2025
• Cap and trade scheme (GHG Reduction Act)
• Taxing carbon on fossil fuels
• Nuclear power plants will be constructed with maximum of eight
new units, with one commercial operation from 2020 onwards

CO2 emissions
• 778.6 Mton CO2
• CO2 emissions returns 2000
levels (219.5 Mton) by 2025;
• 50% of 2000 levels (109.7
Mton) by 2050
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and two new units every 5 years until 2040
• 20 years life extension of nuclear power plants
• CCS technology starts at 2030

Results
Figure 56 shows the modeling results of GDP loss rate by shifting the BAU scenario to the national
target scenario. It is seen that during years 2030 and 2035, GDP loss rate becomes flat due to the
launch of CCS technology. From years 2040 to 2050,GDP loss rate wil lincrease rapidly since the
CO2 emissions reduction targets are stringent and most nuclear power plants will be phased out.
As a result, GDP loss rate in the national target scenario in2050 is about 14.3%.
Figure 56. GDP loss rate for the CO2 emission reduction target scenarios

Then, Taiwan is still lack of overall strategy in response to changes in global trade and industrial
supply chain in post-Kyoto era. It is true that Taiwan has not fallen directly within the purview of
Kyoto Protocol, but Annex 1 Parties under the Kyoto Protocol in their attempt to fulfill the
reduction promise may incorporate application of the flexible mechanisms and concerned
agreements under the WTO framework in the future. New free trade exceptions and trade
sanctions will inevitably become one of the means. Unilateral measures adopted by each country
will damage the interests of other countries and give rise to trade and environmental protection
disputes. Not only significant, these movements require responsive measures as soon as possible.
1.3.3.1

Analyses of the decarbonizing Thailand's energy system toward low-carbon futures

This paper (110) reviews and discusses the perspective of low-carbon energy systems in the case
of Thailand. Results of the energy demand and emissions in Thailand were compiled from
previous studies in terms of final energy consumption and energy-related CO2 emissions from
different models and scenarios. For 2020, results vary between 223.4 and 810.0 MtCO2 for the
energy sector in Thailand where estimations coming from MARKAL models are in the 471-475
MtCO2 range.
This paper proposes that Thailand should adopt measures for low-carbon energy system
development under a comprehensive framework in the next 20 years. By 2030, Thailand's energyrelated emission target would be set at 30–40% reductions below 2005 levels. In our review and
analyses, technically it is possible to achieve the 2030 target if all identified potentials in the
estimated roadmap are fully realized. Thus, Thailand's energy-related CO2 emissions could be
expected to peak in 2030 and then stabilize and start to decline afterwards. The recommendation
for Thailand's reduction goal can provide the direction for plausible pathway of low-carbon
energy system.
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1.3.4

Focus on the European regions

1.3.4.1 Nordic Energy Technology Perspectives: Pathways to a carbon neutral energy future

Using the modelling and analysis approaches of ETP 2012, Nordic Energy Technology Perspectives
(NETP), a joint project of the International Energy Agency (IEA) and leading Nordic research
institutions, probes the question: Can they do it? The five Nordic countries of Denmark, Finland,
Iceland, Norway and Sweden have announced ambitious goals towards decarbonising their
energy systems by 2050 (121, 217). These aspirations are even more ambitious than the global
2°C Scenario (2DS) outlined in Energy Technology Perspectives 2012.

Scenarios
The first two scenarios represent the Nordic contribution to the global scenarios set out in ETP
2012 (Figure 57):
• With the aim of achieving an 80% chance of limiting the global temperature rise to 2°C, the
2°C Scenario (2DS) is ambitious but possible. It requires cutting global energy-related CO2
emissions by more than half in 2050 (compared with 2009) and ensuring that they continue
to fall thereafter.
• The 4°C Scenario (4DS) has more moderate aims but also acknowledges that a temperature
rise of 4°C will bring serious consequences.
• A third scenario – the Carbon-Neutral Scenario (CNS) – reflects the stated aims of the
Nordic countries to have in place, by 2050, an energy system that produces no net
greenhouse-gas (GHG) emissions. Within the CNS, two variant scenarios were also
developed to examine alternative pathways:
o The Nordic Carbon-Neutral high Bioenergy Scenario (CNBS) pushes for higher use of
bioenergy, with optimistic assumptions on the availability and import costs of biofuels.
o The Nordic Carbon-Neutral high Electricity Scenario (CNES) reflects increased
electrification and grid integration throughout the Nordic region, and between the
Nordic and Central European grids.
Figure 57. Reduction pathways for energy-related CO2 by scenario

Results
Primary energy. Total primary energy supply (TPES) increases by less than 5% compared to 2010
in 4 DS (Figure 58), and energy-related CO2 emissions decrease by 29% compared to 1990 levels.
In the 2DS scenario, total primary energy supply falls by 10% compared to 2010, a noteworthy
contrast against global projections in which TPES increases in all scenarios (including the 2DS). The
CNS sees Nordic CO2 emissions fall by 85% by 2050 compared to 1990 levels, with the remaining
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15% offset by international carbon credits. The 85% reduction is consistent with the
decarbonisation scenarios of the EU 2050 Energy Roadmap. TPES decreases by close to 15%
compared to 2010. This requires, among other efforts, rapid transformation of the transport
system away from fossil fuels, accelerated energy efficiency improvements coupled with
increased deployment of carbon capture and storage (CCS) in industry, and increased
refurbishments to boost efficiency in the buildings sector. In CNBS, the use of oil in the transport
sector is completely phased out by 2050, and the use of biomass and waste in the buildings sector
is substantially higher than in CNS. The CNES scenario (Figure 59) assumes an increase in net
electricity generation of 45% compared to 2010 levels, and electricity capacity at just over 50%
higher than 2010 levels. To facilitate grid interconnections with Central Europe and Russia, as well
as among Nordic countries, an additional 11 transmission projects are assumed to be built
(double the number of transmission lines currently available).
Figure 58. Primary energy supply by scenario

Figure 59. Nordic energy flows in 2050, Carbon-Neutral high Electricity Scenario - CNES

Electricity generation. In the 4DS, final electricity demand in the Nordic region increases by more
than 20% over the next four decades. This increase is mainly driven by industry, which is
responsible for half of the growth in electricity demand (Figure 60). Final electricity demand in the
2DS and the CNS is characterised by two counteracting trends: more efficient use of electricity in
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the industry and buildings sectors on one hand, and on the other the electrification in the
transport sector and to a lesser extent also increased electricity use for CCS in some industrial
sub-sectors. Overall, final electricity demand in these scenarios in 2050 is 8% lower than in the
4DS. In the two variants of the CNS, final electricity demand is slightly higher than in the CNS. The
increase is largest in the CNES, with demand in 2050 exceeding that of the CNS by 3%. This
additional electricity demand is mainly driven by the buildings sector, and to a lesser extent by the
transportation sector. Options for further electrification in the transportation sector, beyond the
levels already reached in the CNS, are limited.
Figure 60. Development of final electricity demand (left) and its breakdown by sector in 2050
(right)

Wind power, hydropower and other renewable sources of power generation increase over time in
the 4DS, 2DS and CNS. In the 2DS, the overall share of renewables is much larger, increasing from
around 60% in 2010 to almost 80% by 2050 (Figure 61). In all three scenarios, nuclear generation
grows by more than 40% between 2010 and 2050, reaching a level of 120 TWh in 2050 (the
growth is partly explained by low availability in Swedish nuclear power plants in 2010). This
corresponds to 20% of the electricity generation. Conventional power generation based on fossil
fuels, particularly coal, is reduced in all scenarios.
Figure 61. Electricity generation mix in 2050

Electricity generation capacity in both the 4DS and the 2DS increases from around 100 GW to 140
GW in 2050 (Figure 62). Wind capacity, reaching almost 40 GW by 2050, is the main factor behind
this capacity growth. This increasing share of variable electricity capacity in the power sector,
reaching one-third in 2050, raises the issue of the system’s flexibility to integrate these variable
sources. Around 35 GW of the almost 60 GW hydropower capacity in the Nordic countries in 2050
can be considered as dispatchable. In addition, 8 GW of gas capacity (fired by natural gas or
biogas) is still operational in 2050, but used only with low load, full hours to provide additional
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flexibility. The growing electricity trade within the Nordic region as well as with Continental
Europe is an additional factor increasing the flexibility of the system and balancing variable wind
generation. Demand-side management can be a further flexibility option, but has not been
included in the quantitative analysis here.
Figure 62. Nordic net electricity capacity by scenario

Emissions. The current Nordic electricity generation is characterised by its relatively low CO2
emissions of approximately 100 grams of CO2 per kilowatt hour (gCO2/kWh) of electricity. This is
considerably lower than the global average of around 550 g/kWh and the EU average of
approximately 430 g/kWh. Large annual variations exist, however, due to certain variations in
hydropower. The majority of the 67 million tonnes of CO2 (MtCO2) emissions from the Nordic
power sector in 2010 were generated by Denmark (33%) and Finland (46%). In both of these
countries coal, peat and natural gas still feature heavily in the power sector (Figure 63). The other
countries contribute fewer emissions in absolute terms due to the presence of renewables and
nuclear power.
In the 4DS and 2DS, CO2 emissions from electricity generation decrease significantly. In the 4DS,
emissions are reduced by 80% by 2030 compared with 2010. The decline continues further, and
by 2050 emissions from Nordic electricity generation reach 7 Mt or 10% of the 2010 level. The CO2
emissions reduction in the 4DS is mainly due to a reduced reliance on fossil fuels and an
increasing share of renewables in the Nordic electricity mix from around 60% in 2010 to almost
80% by 2050.
Figure 63. CO2 emissions from electricity generation by scenario

Decarbonisation is vital in the areas of electricity generation and energy use in industry, transport
and buildings; it also requires deployment of carbon capture and storage (CCS) for cost-effective
reduction of greenhouse-gas (GHG) emissions. Main conclusions:
• Nordic electricity generation needs to be fully decarbonised by 2050.
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• To achieve the necessary 60% reduction in direct industry emissions (from 2010 levels), all
sectors must contribute by taking up energy efficiency measures and CCS technologies.
• Transport requires the most dramatic emissions slash, from 80 million tonnes of carbon
dioxide (MtCO2) in 2010 to just 10 MtCO2 in 2050.
• Direct CO2 emissions in the building sector are relatively low, but emissions associated with
the energy used in buildings must be reduced from 50 MtCO2 in 2010 to approximately 5
MtCO2 in 2050.
• Changes in energy demand and supply must be considered simultaneously across multiple
sectors.
• Decreasing costs for low-carbon electricity generation, coupled with a reinforce- ment of
grid interconnections, could make the Nordic countries a major net exporter of electricity.
• The Nordic hydropower resource will be increasingly valuable for regulating the North
European power system.
• Supplying the region’s growing demand for biomass will rely on a well-functioning
international market.
1.3.4.2 The impact of international GHG trading regimes on penetration of new energy technologies
and feasibility to implement EU Energy and Climate Package targets

The European Union’s ‘20/20/20' targets for 2020: reduce greenhouse gas emissions by 20%
comparing with 1990 level, increase the share of renewables in the final energy consumption to
20% and to achieve 20% improvement in energy efficiency compared to the level in 2020 if
existing trends were to continue. The aim of the paper (49) is to analyse the feasibility of EU to
implement 20/20/20 targets under the various international GHG trading regimes. GHG trading
regimes were addressed by developing 10 energy scenarios until 2020 for EU by applying several
energy modelling tools ranging from top down partial equilibrium to detailed technology based
bottom up models.

Scenarios
10 EU energy development scenarios were developed during EU project Planets:
• First best scenarios FB-3p2 and FB-3p5 were developed by setting alternative targets after
2050: 3.2 W/m2 and 3.5 is applied with the assumption that the entire planet acts as early
as 2012 in a fully competitive manner to achieve the climate target efficiently. Emission
trading is allowed since 2012.
• 4 second best policy scenarios were developed by combating each target with one set of
emission quotas or specific commitments for 4 regions. An emission quota for a given
region of the world is defined as the cumulative amount of emissions that the region is
entitled to, from some well defined starting date to 2050. The two sets of emissions quotas
(commitments) are defined in Table 19.
• The set of 4 variant second best energy scenarios are the same as for four second best
scenarios, but with a limitation on the purchasing of carbon permits between 2020 and
2050, during which period at least 80% of abatement (defined as business usual minus the
allocation) has be undertaken domestically by each region, and at most 20% of the
abatement can be done with international offsets (purchase of permits). The trade
restriction is levied from 2050 onwards.
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Table 19. GHG trading commitments applied in energy scenarios
Regions
OECD
Energy exporting (EEX)
Developing ASIA (Dev. Asia)
Rest of world (ROW)
World w.r.t. 2005

Starting date of
commitments
2015
2025
2025
2025

Commitments SC1
in 2050 w.r.t. 2005
-80%
-50%
+25%
+55%
-28%

Commitments SC2 in
2050 w.r.t. 2005
-90%
0%
0%
+100%
-26%

Results
As one can see from Table 20 the results of EU energy scenarios run provided by 3 energy models
in 2020 are quite different. This is related with different modelling concept applied in the models.
As TIAM is detailed bottom up technology model with rich set of technologies and include many
options in GHG emission reduction these options provide more scope in scenario costs variations
and can provide for GHG emission reduction at lower costs. The main EU policy goals for 2020 set
by EU Energy and Climate Package are: to reduce GHG emissions by 20% comparing with base
year level (5.564 Mt), to achieve the share of RES – 20% in final energy consumption and to
achieve 20% improvement in energy efficiency compared to the level in 2020 if existing trends
were to continue or comparing with REF scenario (4.702 kJ/EUR).
These 3 goals are not together completely achieved in any policy scenario provided by WITCH,
TIAM and PEM. The best results are achieved by PEM model as all scenarios demonstrate lover
GHG emission than established limit. The share of RES in final energy consumption in 2020 in all
models except PEM is significantly lower than EU established target. The best results in energy
intensity decrease are achieved by TIAM model as this model has more options to increase energy
efficiency. The best results in achieving EU Energy and Climate Package targets demonstrates FB3p2 scenario. This energy scenario provides the lowest GHG emissions and the best results in
energy efficiency increase by TIAM model.
Table 20. The results of EU energy scenarios run obtained by different models
Scenarios
FB-3p2
F8-3p5
SCI -3p2
SCI-3p5
50-3p2
SQ-3p5
VAR I -3p2
VAR1-3p5
VAR2-3p2
VAR2-3p5

EU Energy and Climate Package targets 20/20/20
Primary energy intensity: 4.702
The share of RES in final energy
kJ/EUR
consumption: 20%
TIAM
WITCH
PEM
TIAM
WITCH
PEM
4.639
4.971
5.138
5.74
7.71
1725
4.719
5.167
5.158
5.17
4.08
16.76
4.701
5.275
5.17
3.58
4.726
5293
5.171
5.17
3.58
16.90
4.701
5.273
5.17
3.58
4.726
5287
5.17
3.58
4.703
4.844
5.17
3.58
4.704
4.778
5.137
5.55
322
17.30
4.691
4.875
5.17
620
4.694
4.797
4.56
3.58

GHG emissions: 445.20 Mt
TIAM
3336.6
3671.4
4900.0
4925.5
4899.3
4925.4
4867.9
4891.0
4681.8
4737.9

WITCH
4549.0
5093.9
5321.0
5265.1
5323.1
5250.9
4519.2
4519.0
4518.0
4519.0

PEM
3336.6
3671.4
3665.6

3421.5

Regarding scenario costs unfortunately they are not compatible between models as different
concept were applied in models for energy scenarios costs assessments however comparing
results between energy scenarios within models one can draw conclusion that first best policy
scenario FB-3p5 is the cheapest option.
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1.3.4.3 Long-term dynamics of European decarbonisation without nuclear

Following the Fukushima nuclear power plant accident in March 2011, most countries with
nuclear power plants announced safety reviews of their reactors and in some cases a revision of
their energy policies and planning. In this context, energy strategies that phase out nuclear power
plants before the end of their lifetime are likely to affect the European energy system differently
than those that maximise their use. This paper (160, 230) looks at the long-term dynamics of
European decarbonisation through different development paths of the system in the space of
four plausible scenarios:
• Maximisation of existing and planned nuclear power plants plus viability of renewables, CCS
and reduced demand;
• Maximisation of existing and planned nuclear power plants but failure of renewables, CCS
and reduced demand;
• No nuclear power generation, but viability of renewables, CCS and reduced demand; d) No
nuclear power generation and failure of renewables, CCS and reduced demand.
This paper utilises the newly developed ETM-UCL – a comprehensive E4 (energy, economy,
environment and engineering) energy systems model built on the TIMES (The Integrated MARKALEFOM System) model generator. In a context of highly ambitious short-term targets for
decarbonisation and low carbon technology deployment, it is necessary to understand the
energy-economic implications of a European future without nuclear as well as the effects of
shutting down nuclear reactors before their energy contribution to the system can be replaced
entirely by non-fossil fuel sources.
1.3.4.4 Assessing the long-term role of the SET Plan Energy technologies

The JRC-EU-TIMES model is one of the models currently pursued and developed in the JRC under
the auspices of the JRC Modelling Taskforce. The JRC-EU-TIMES model is designed for analysing
the role of energy technologies and their innovation for meeting Europe's energy and climate
change related policy objectives. It models technologies uptake and deployment and their
interaction with the energy infrastructure in an energy systems perspective. The main objective of
this report (165, 202) is to present the main inputs and assumptions currently used in the JRC-EUTIMES model. One of the motives for making this report public is to obtain constructive feedback
aiming to improve the model's inputs.

Scenarios
The European Emissions Trading System (ETS) as considered in JRC-EU TIMES (Table 21) only
includes CO2 emissions from electricity and heat producers as well as industries. As required by
the current EU regulation, the reduction of emissions in the JRC-TIMES-EU ETS sectors is of 21% in
2020 based on 2005 CO2 emissions levels (including aviation). Beyond 2020, the overall EU-ETS
target evolves to 41% reductions from 1990 levels. EU ETS is modelled in a simplified format as
there are no possibilities for banking and offset.
Table 21. EU ETS target as considered in JRC-EU-TIMES
ETS target/Y
% reduction
from 2005
Kt CO2

2010

2015

2020

2025

2030

2035

2040

2050

11

16

21

26

31

34

38

41

1,962,735

1,847,603

1,732,470

1,622,820

1,513,170

1,440,070

1,366,970

1,293,870

In JRC-EU-TIMES we model an EU wide long term CO2 target for 2050 of 85% reductions from
1990 in all decarbonised scenarios, in the spirit of the EU Roadmap for moving to a Low Carbon
Economy (Table 22).
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Table 22. Long term CO2 target considered in decarbonised scenarios in JRC-EU-TIMES
year
EU28+
CO2
emissions kt
CO2
% reduction
from 1990

1990

2015

2020

2025

2030

2035

2040

2050

4,136,831

3,516,306

3,309,465

2,895,782

2,482,099

1,861,574

1,241,049

640,917

n.a.

15

20

30

40

55

70

85

For the assessment of the JRC-EU-TIMES performance and analysis of the role of the SET Plan
technologies in the context of the long-term energy trends, eight exemplary scenarios are studied
from 2005 until 2050 (Table 23).
Table 23. Overview of the scenarios modelled in JRC-EU-TIMES
Scenario name

20-20-20 targets

Long-term CO2 cap

Current Policies (CPI)

Yes, ETS till 2050

No

Current Policies with CAP
(CAP85)

Yes, ETS till 2050

85% less CO2 emissions in
2050 than 1990 levels

Delayed CCS (DCCS)

Yes, ETS till 2050

85% less CO2 emissions in
2050 than 1990 levels

High Renewables (HRES)

Yes, ETS till 2050

85% less CO2 emissions in
2050 than 1990 levels

High Nuclear (HNuc)

Yes, ETS till 2050

Low Energy (LEN)

Yes, ETS till 2050

Low Biomass (LBIO)

Yes, ETS till 2050

Low Solar & Wind (LSW)

Yes, ETS till 2050

85% less CO2 emissions in
2050 than 1990 levels
85% less CO2 emissions in
2050 than 1990 levels
85% less CO2 emissions in
2050 than 1990 levels
85% less CO2 emissions in
2050 than 1990 levels

Other assumptions
Until 2025 the only new nuclear power
plants to be deployed in EU28 are the ones
currently being built in FI and FR and also
under discussion in EU28 (Annex VII) can
be deployed but no other plants.
As CPI
As CPI & CCS is only commercially available
in 2040 instead of 2020 and with 40%
higher costs
As CPI & 30% higher RES potentials, plus
maximum of 90% electricity that can be
generated from solar andwind
None
As CPI & 30% less final energy consumption
than in CAP85 scenario from 2035 till 2050
As CPI & 30% less biomass available
As CPI & maximum of 25% electricity that
can be generated from variable solar and
wind in 2050

Results
Emissions. The evolution of energy related CO2 emissions (process and combustion) represents an
evolution of CO2 emissions per capita from 8.5 kt CO2/inhabitant to 1.2-1.3 kt CO2/inhabitant in
2050 in the decarbonised scenarios and from 8.5 to 6.5 kt CO2/inhabitant for the CPI scenario.
Primary energy. Primary energy consumption (PEC) evolution in EU28 for the 8 scenarios
modelled in JRC-EU-TIMES is presented in Figure 64. Despite the high growth in the demand for
energy services and materials, in 2050 in practically all the scenarios, there is a reduction of 7% to
26% less than in 2005. These values are in line with other studies for Europe and reflect both the
effect of replacing existing technologies with more efficient ones, inherent to optimisation
models, and also, for the decarbonised scenarios, the effect of the CO2 cap. The exception to this
trend in the HNUC scenario which has in 2050 a PEC 6% above 2005 values, due to substantially
higher uranium imports. For the other scenarios, CPI has the lowest PEC reduction (7% less than in
2005), followed by HRES (16% less). Not surprisingly, LEN has the highest PEC reduction, although
very similar to LBIO. The HRES scenario assumes 30% more renewables available in EU (both
biomass and areas suitable for installing electricity generation technologies). Since biomass is a
cheaper low carbon energy carrier than for example electricity, in the HRES scenario it is possible
to meet the CO2 cap with lower deployment of more efficient electricity-based energy
technologies.
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Figure 64. Evolution of primary energy consumption in EU28 from JRC-EU-TIMES

Electricity generation. Total electricity generation is presented in Figure 65. The decarbonised
scenarios show a substantially higher electricity generation than CPI, and as compared to 2005.
Generated electricity increases by 33-83% from 2005 levels in the decarbonised scenarios. Besides
the specific constraints from each scenarios' definition, the annual growth rates of generated
electricity are influenced by the shutdown of nuclear power plants in Germany after 2020
(roughly less 100 TWh between 2020 and 2025) and by the CO2 cap effect which starts to be
binding from 2030 onwards.
Regarding the relative share of generated electricity from the different energy carriers in 2050
(Figure 66), in practically all decarbonised scenarios, except HNUC and LSW, hydro, wind and solar
(PV) generated electricity play a major role (49-63% of generated electricity, with only 32% and
35%, respectively in the HNUC and LSW scenarios). The share of variable wind and PV is in all
scenario’s lower than the imposed 50%, with the exception of the HRES scenario. The LSW
scenario has naturally the lowest share of wind and PV (the imposed 25%). The percentage of
electricity generated from RES increases from 18% in 2005 to 36-70% in 2050. The share of RES
electricity is not so dependent on the CO2 cap (in CPI scenario RES electricity is 55% of total
generated electricity), but more on the assumptions on RES potentials and on nuclear deployment
(HNUC has 36% RES electricity in 2050, while HRES has 70%).
Figure 65. Evolution of electricity generation in EU28 from JRC-EU-TIMES
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Figure 66. Share of generated electricity in EU28 from JRC-EU-TIMES in 2050

Costs. Figure 67 shows the energy system costs for the CPI, CAP85, HRES and LBIO scenarios in the
years 2020, 2030, 2040 and 2050. The increase of the energy system cost in the CPI is lower than
the decrease of the final energy use because of decreasing energy intensities. When adding a cap
for the total CO2 emissions, the annual costs increase in the year 2050 by approximately 185 to
310 BEuro for respectively the HRES scenario and the LBIO scenario. These costs represent a 5 to
10% increase with respect to the cost of 3389 BEuro in the CPI scenario.
Figure 67. Total energy system costs as computed by JRC-EU-TIMES

This section shows the additional energy system costs relative to the CPI scenario in the years
2030, 2040 and 2050. Up to 2040, the increased investment, fixed and variable costs are
(over)compensated by lowered costs for importing and mining. In the LBIO scenario (Figure 68),
the importance of biomass availability becomes clear. The additional costs for investment,
variable and fixed costs amount to 645 BEuro per year compared to the CPI scenario. This
difference is 70 BEuro higher than when comparing CAP85 with the CPI scenario. The savings are
rather similar than the other scenarios. For completeness, Table 64 summarises the results for all
scenarios. The impact of much higher availabilities of nuclear power plants comes along with a
slightly higher energy system cost. However, the development of nuclear plants allows the level of
energy services to be higher (less endogenous demand reduction caused by the demand
elasticity).
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Figure 68. Comparison of energy system costs between CPI and LBIO scenarios

1.3.5

Focus on European countries

1.3.5.1 Norwegian climate policy reforms in the presence of an international quota market

This study (89) shows that the second-best optimal difference between tax rates on goods that
generate greenhouse gas emissions and non-polluting goods is equal to the quota price plus a
Ramsey tax on the quota price when emission quotas are traded between governments and the
price elasticity of these goods is identical. This tax difference exceeds the second-best optimal
difference between tax rates on goods that generate a negative externality equivalent to the
quota price and non-polluting goods.

Scenarios
We compare two policy scenarios with a reference scenario. In the reference scenario, both the
Norwegian and global carbon taxes equal NOK 150/ton CO2, i.e., the climate policy in all countries
is relatively lax, but coordinated. In the first policy scenario, Norway unilaterally increases its
carbon tax to NOK 300/ton CO2, while climate policies in all other countries stay at NOK 150/ton
CO2. In the second policy scenario, the rest of the world follows Norway's example and increases
the carbon tax to NOK 300/ton CO2. In this policy scenario, estimated changes in the world
market price of energy and energy-intensive goods are determined by the global carbon pricing
regime. Norway's allocation of emission quotas is kept constant across the scenarios, and the
budget of the Norwegian government is balanced by lowering the payroll tax rate. The tax
changes are introduced in 2004 and kept constant in all future periods. Further, in the paper, we
define the reference scenario, the first policy scenario and the second policy scenario as “150
GLO”, “300 NAT” and “300 GLO”, respectively.
Table 24 summarizes all the three scenarios analyzed. In order to analyze the three scenarios, we
combine and iterate the outcomes of two models. Our main workhorse is a dynamic computable
general equilibrium (CGE) model called MSG6. When a carbon tax is increased in the MSG6
model, consumers respond by substituting away from emission-intensive products, and producers
respond by substituting away from emission-intensive inputs. In addition, a carbon tax is likely to
stimulate the use of alternative technologies. We have therefore chosen to link MSG6 with the
IFE–MARKAL bottom–up technology choice model, which is an optimization model of the
Norwegian energy system.
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Table 24. Scenarios
Global climate policy →
Norwegian carbon tax ↓
Carbon tax : NOK 150/ton CO2 all
sectors
Carbon tax : NOK 300/ton CO2, all
sectors

International quota price :

International quota price :

NOK 150/ton CO2
Reference scenario : no changes in
oil price, export prices.
Unilateral policy scenario "300
NAT”: no changes in oil price, export
prices.

NOK 300/ton CO2
Not analyzed
Global policy scenario “300 GLO”:
price of oil falls, prices of emissionintensive product increase.

Methodology
The MARKAL and MSG6 models are informally linked and communicate using a common protocol.
The effect of technology learning on the global market is imported exogenously into the MARKAL
model. The influence of global technology learning on the future technology composition of the
Norwegian energy system and system costs is included. The global reference scenario provides
boundary conditions for the national reference scenarios. The global energy system also
generates world market prices of, e.g., oil and gas, for the global scenarios that are included in
this study. The method used to link the two models, MSG6 and MARKAL, is determined by the
following sequence of steps:
• Reference scenarios in both MSG6 and MARKAL are established based on identical tax
systems. The reference scenario in MSG6 is a growth path for the Norwegian economy from
2004 to 2100. Most exogenous estimates are taken from the baseline scenario in the Long
Term Program (LTP) for Norway. Production and consumption quantities from the
reference scenario in MSG6 are implemented as exogenous inputs in the MARKAL
reference scenario. MARKAL determines the technology choices.
• The CO2 tax is increased in the MARKAL shift scenario. All other exogenous variables from
the reference scenario are unchanged. The choice of technologies is adapted to the new tax
regime, as costs including the new CO2 tax are minimized with respect to choice of
technology. The MARKAL model calculates an overall present value of costs (net of taxes)
for each scenario. These new technologies are more costly, but emissions are reduced.
• The first reform scenario (300 NAT) consists of implementing a national uniform CO2 tax of
NOK 300/ton. The second reformscenario (300 GLO) consists of implementing both a
national uniform CO2 tax and an international emission quota price of NOK 300/ton. The
cost increases and emission reductions from the MARKAL reform scenario, in addition to
the CO2 tax, are incorporated into the MSG6 shift scenario. The emission reduction in step
2 is implemented directly in the government's CO2 tax base, as well as in the government's
emission quota budget. The cost increase found in step 2 is implemented in the MSG
reform scenario as sector-specific drops in productivity.
The welfare effects of the CO2 tax reform are found by comparing the present value of utility of
the MSG6 shift scenario with the MSG6 reference scenario. The total emission reduction consists
of the emission reduction fromthe MARKAL scenarios plus the emission reduction generated by
the tax reform implemented in the MSG6 scenarios. Welfare is given by the present value of
future material consumption and leisure. An alternative welfare measure incorporates local
external effects such as noise and accidents, etc.

Results
Second step. The effect of an increase in the uniform CO2 tax from NOK 150 to NOK 300/ton in
MARKAL generates incentives to employ technologies that lead to lower emissions of greenhouse
gasses. In general, the implementation of new technologies requires substantial investments. Old
production equipment and buildings are gradually replaced or modified over a long period of
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time. This process is reflected in the subsequent demand for different types of energy over time.
The investments are affected by the interest rate, which, for energy production, equals seven
percent including a risk factor. In 2050, near-shore electricity production (offshore wind and
wave) has increased to 9.2 TWh. Electricity generation has also increased by 2.3% (3.7 TWh)
because of a shift to electricity as an energy carrier, and to satisfy higher demand, including
electrification of oil platforms. Hence, emission reductions in the electricity sector are generated
by technology changes in other sectors and new technologies for producing electricity, see Table
25.
The emission reduction in the transport sector is substantial compared to the other sectors. The
main explanation is a transition from petrol and diesel to biodiesel. This change of energy source
is more extensive for trucks. We acknowledge, however, that the future cost of biodiesel is
uncertain, and that the transition to biodiesel is sensitive to assumptions about its future cost.
Table 25. Emission reductions and cost increases generated by technology changes
Demand categories
Paper and paper products
Industrial chemicals – MTBE
Iron and steel manufacturing
Non-ferrous metal manufacturing
Other manufacturing industries
Agriculture and fishing, stationary
Energy use, refineries
Electricity production
Residential, commercial
Transport sector
Engines offshore + gas + oil production

CO2 emissions
2020 (kt)
0
-477
0
-17.544
-172.66
0
0
-702.48
-58.526
116.97
-368.74

CO2 emissions
2050 (kt)
0
-290.459
0
0
-14.742
0
-26.715
-2274.62
0
-2669.06
-796.514

Increase in cost (discounted)
(NOK mill. (2005))
30.58
57.754
86.488
52.786
75.489
60.13
116.41
7253.8
412.64
1831.8
463.09

The total present value cost increase in the MARKAL model amounts to NOK 10.4 billion, and the
total reduction in CO2 emissions amounts to 1.6 million tons in 2020 and 6.2 million tons in 2050.
Third step. The third step in the linking procedure consists of implementing the tax reform
scenario in the MSG6-model. We implement the following components of the 300 NAT reform:
• i) CO2 tax component: The uniform CO2 tax is increased from NOK 150 to NOK 300/ton,
and the international quota price of NOK 150/ton is fixed at the reference scenario level.
• ii) Technology choice component: The CO2 tax increase stimulates industries in
theMARKALmodel to adopt new cleaner technologies that are more costly. These cost
increases are incorporated into the MSG6 model as drops in productivity.
• iii) The emission reduction component: The emission reductions are incorporated in the
MSG6 model.
• iv) The tax revenue recycling component: The extra revenue generated by the CO2 tax
reform is recycled by an endogenous uniformpercentage cut in the payroll tax rate.
Model simulations show that a unilateral increase in emission tax to above the international
quota price generates a welfare gain for Norway. Model simulations also show that an
international tax/quota price increase generates a welfare gain (loss) for Norway if Norwegian
imports of oil become substantial (marginal) in the long run.
1.3.5.2 Modelling the effects of climate change on the energy system—A case study of Norway

The overall objective of this work (13) is to identify the effects of climate change on the
Norwegian energy system towards 2050. Changes in the future wind- and hydro-power resource
67

potential, and changes in the heating and cooling demand are analysed to map the effects of
climate change. The impact of climate change is evaluated with an energy system model, the
MARKAL Norway model, to analyse the future cost optimal energy system.

Methodology
The overall objective of this work is to identify the effects of climate change on the Norwegian
energy system towards 2050. Present and future climate model data, including temperature, solar
radiation, wind and precipitation, for selected locations in Norway, based on six emission
scenarios, are provided by the Norwegian Meteorological Institute. Changes in the future windand hydro-power resource potential, as well as changes in the heating and cooling demand are
analysed to map the effects of climate change. The impact of climate change is evaluated with an
energy system model, the MARKAL Norway model, to analyse the future cost optimal energy
system.
Ten acknowledged climate experiments developed by different climate centres are used in this
study. They are based on five different global models and six emission scenarios, and are selected
to cover the range of possible future climate scenarios (Table 26).
Table 26. Climate experiments with characteristics
Exp.
No
1
2

Centre
Max Planck Institute,
Germany
Max Planck Institute,
Germany

Climate
model

Emission
scenario

ECHAM4

1592a

ECHAM4

SRES B2

Scenario characteristics
Business As Usual (medium/high growth
in population, low growth in GDP)
Medium growth in population, GDP,
energy use
Medium growth in population, GDP,
energy use
High growth in population and energy
use, medium growth in GDP

Increase
in
CO2 emission
1990-2100
174%
98%

3

Hudley Centre, UK

HadAM3H

SRES B2

4

Hudley Centre, UK

HadAM3H

SRES A2

BCM v1

CMIP2

1% annual CO2 increase

270%

BCM v1

CMIP2

1% annual CO2 increase

270%

BCM v2

SRES A1B

Low growth in population and, very high
growth in GDP and energy use

98%

CAMSOslo

1.63 x CO2

ECHAM4

SRES B2

Exp. 2 with 25 x 25 km grid

ECHAM4

1592a

Exp. 1 with 25 x 25 km grid

5
6
7
8
9
10

Bjerknes Centre,
Norway
Bjerknes Centre,
Norway
Bjerknes Centre,
Norway
University of Oslo
Max Planck Institute,
Germany
Max Planck Institute,
Germany

98%
386%

Not a
transient run
2

98%

2

174%

Scenarios
The MARKAL Norway analyses are based on BASE, representing no climate change and Exp.3,
Exp.4 and Exp.10. Furthermore, sensitivity analyses, as described in Table 27, of the BASE and Exp.
10 are done, where the sensitivity parameters are: electricity export prices, hydrogen production
technology development, global oil and natural gas prices, energy efficiency measures and
seasonal variation in electricity export.
Table 27. Description of the sensitivity cases
Sensitivity name
Elprice +
No H2

Description
Higher electricity export prices compared to the reference cas. Increase in electricity prices with
2.8% per year instead of 0.8% per year from 2015 (giving the same price increase as natural gas.)
No investment cost reduction on hydrogen vehicle costs.
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E-price E-price +
No E_eff
Limited exp.

Lower fossil fuel prices compared to the reference. The prices for oil and gas products are half of
the prices from World Energy Outlook 2009 (IEA, 2009)
Higher fossil fuel prices compared to the reference. The prices for oil and gas products are double
of the prices from World Energy Outlook 2009 (IEA, 2009)
No use of energy efficiency measures.
No possibility for electricity export in winter, spring and autumn night.

Results
Electricity generation. The climate effect on Norwegian electricity production is mainly caused by
the increased hydro-power potential and the reduced end use demand for heating. Since hydropower has relative low electricity production costs, it is selected prior to other electricity
production technologies, and because a large part of the heating demand is electricity based, the
domestic electricity demand will be reduced with increased temperatures. Figure 69 depicts the
electricity production from wind and ocean (tidal and wave) power in 2050 for Exps. 3n, 4n, 10
and 10n. In the BASE and in each of the four experiments the available hydro- potential is fully
utilised, and in 2050 the electricity production from hydro-power is 149, 154,157,165 and 169Twh
per year for BASE, Exp.4n, Exp.3n, Exp.10 and Exp.10n, respectively. In these four cases the
electricity production from on shore wind decrease by 4Twh per year from BASE, and for the two
experiments with largest increase in hydro-power, Exp.10 and Exp.10n, the annual electricity
production from ocean power decrease as well. When the hydro-in flow increases and the heating
demand decrease investments in parts of onshore wind and ocean power is lowered.
Figure 69. Electricity production from wind onshore, wind offshore and ocean power in 2050
(TWh)

Costs. The marginal cost of electricity production for selected sensitivities is reported in Table 28.
Table 28. Marginal cost of high voltage electricity production in 2050, MNOK per TWh
Scenario
Sensitivity/time
period
Autumn day
Autumn night
Spring day
Spring night
Summer day
Summer night
Winter day
Winter night

BASE
572
459
572
459
572
432
572
459

Exp. 10
476
395
445
447
476
395
476
395

BASE
Elprice +
509
697
509
697
534
656
552
625

EXP. 10
ELprice +
473
662
473
662
473
662
473
662

BASE
No E_eff
581
467
581
467
581
440
581
467

Exp. 10
No E_eff
576
463
576
463
576
435
576
463

For most time periods, the marginal cost decrease with the climate change assumptions due to
the increased availability of hydro-power and the reduced demand. However, with high electricity
export prices the marginal cost increase with climate change for summer and winter night. In
these periods the model chooses to produce at maximum capacity to export electricity. Since it is
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cost efficient to invest in energy efficiency measures, the marginal cost increase with no use of
energy efficiency measures.
This study indicate that in Norway, climate change will reduce the heating demand, increase the
cooling demand, have a limited impact on the wind power potential, and increase the hydropower potential. The reduction of heating demand will be significantly higher than the increase of
cooling demand, and thus the possible total direct consequence of climate change will be reduced
energy system costs and lower electricity production costs. The investments in offshore wind and
tidal power will be reduced and electric based vehicles will be profitable earlier.
1.3.5.3 Modelling the impacts of challenging 2050 European climate mitigation targets on Ireland’s
energy system

The Copenhagen Accord established political consensus on the 2 oC limit (in global temperature
increase) and for deep cuts in greenhouse gas (GHG) emissions levels to achieve this goal. The
European Union has set ambitious GHG targets for the year 2050 (80–95% below 1990 levels),
with each Member State developing strategies to contribute to these targets. This paper (23)
focuses on mitigation targets for one Member State, Ireland, an interesting case study due to the
growth in GHG emissions (24% increase between 1990 and 2005) and the high share of emissions
from agriculture (30% of total GHG emissions). We use the Irish TIMES energy systems modelling
tool to build a number of scenarios delivering an 80% emissions reduction target by 2050,
including accounting for the limited options for agriculture GHG abatement by increasing the
emissions reduction target for the energy system.

Scenarios
For the purposes of this research work five main energy system configurations have been
developed and discussed in this paper:
• The Reference (REF) scenario is the least cost optimal pathway that delivers the energy
service demands in the absence of emissions reduction targets.
• In the CO2-80 scenario the energy system is required to achieve at least an 80% CO2
emissions reduction below 1990 levels by 2050. The pathway includes specific interim
targets, i.e., 20% CO2 emissions reduction by 2020 relative to 2005 levels, 40% and 60%
below 1990 levels by 2030 and 2040. Non-energy GHG emissions are reducing on a similar
pathway to energy related emissions.
• In the CO2-95 scenario, the energy system is required to meet a more stringent target by
2050, i.e. ,95% emissions reduction target below 1990 levels. This is to achieve the
economy wide 80% GHG emissions reduction target while compensating for lower
emissions reduction achievements in non-energy sectors (notably agriculture, which is here
assumed to meet a 50% emissions reduction by 2050). The pathway imposed on the energy
system comprises 26.8% CO2 emissions reduction by 2020 relative to 2005 levels and then
50% and 70% below 1990 levels by 2030 and 2040, respectively.
• The NETS-20/CO2-80 scenario combines the 80% CO2 emissions target by 2050 with
interim 2020 targets that distinguish between Emissions Trading Scheme (ETS) sectors and
non-ETS sectors. This scenario delivers, by the year 2020, 21% emissions reduction (relative
to 2005 levels) for ETS sectors and 20% reduction (relative to 2005 levels) for Non-ETS
sectors. The reduction targets beyond 2020 are as per the CO2-80 scenario. Non-energy
GHG emissions reducing in a similar pathway to energy related emissions
• The NETS-80 scenario maintains distinct targets for ETS and non-ETS targets over the full
time horizon to 2050. This scenario delivers, by the year 2020, 21% CO2 emissions
reduction (relative to 2005 levels) for ETS sectors and 20% reduction (relative to 2005
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levels) for Non-ETS sectors. It further delivers 80% energy-related CO2 emissions reduction
by mean of separate 80% targets for ETS and Non-ETS sectors.The pathway comprises
reductions of 40% and 60% below 1990 levels for both ETS and non-ETS sectors by 2030
and 2040, respectively. Non-energy GHG emissions reducing in a similar pathway to energy
related emissions.

Results
Emissions. In the REF scenario, emissions reach 33.7 MtCO2 in 2050, representing a 24.2%
reduction relative to 2005 levels, but a 12.1% increase relative to 1990 levels. It is worth noting
how radical these scenarios are and to get a sense of the scale of effort required. In scenario CO295, the maximum CO2 emissions that the energy system can produce in 2050 are 1.5Mt.
Figuro 70 compares the breakdown of CO2 emission reductions by sector in 2050 for each of the
mitigation scenarios. In CO2-80 most of the emission reductions are achieved in transport and
power sector, with reductions, respectively of 15.0Mt and 5.9Mt of CO2 equivalent (i.e.,
reductions of 97.6% and 83.4%) relative to REF scenario. To deliver the 95% CO2 emissions
reduction target, additional reductions are achieved in the electricity generation sector, that
moves to almost complete decarbonisation, and by the residential and services sectors.
Figure 70. Decomposition of total CO2 emissions in REF, CO2-80 and CO2-95 (Mt).

Final energy. the REF scenario, TFC will increase by 16.7% in the period 2005–2050, while CO2
emissions reduce by 24.7% over the same time horizon. In the mitigation scenarios (CO2-80 and
CO2- 95) TFC increases until 2020 (by 6.5% and 5.5%, respectively relative to 2005 levels), and
then reduces to 7.2% and 10.3% below 2005 levels by 2050. Figure 71compares energy
consumption in transport over the period for each scenario.Total fuel consumption is expected to
grow by 36.1% in the REF scenario by 2050 (relative to 2005 levels), while in CO2-80 and CO2-95
transport TFC decreases by 12.5% and 12.7%,respectively.
Another significant difference between REF scenario and the mitigation scenarios is the fuel share
of the transport fleet. In the REF scenario, in the period 2010–2040, the petrol (gasoline) fleet (in
2040 only 5.7% of TFC) is gradually replaced by a diesel fleet (in 2040 diesel represents 86.0% of
TFC), while in the CO2-80 and CO2-95 biofuel vehicles replace the petrol fleet. By 2050 the REF
scenario allocates about 1264 ktoe (21.9% of TFC) to natural gas vehicles, while diesel
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consumption reduces to 63.3% of TFC. By contrast, the CO2-80 and CO2-95 scenarios face a
strong reduction of overall consumption with shares dominated by biofuels that account for
82.5% (3056ktoe )and 81.2% (3001ktoe), respectively of TFC. The penetration of electric vehicles
(EVs) remains negligible until 2030, when in CO2-80 and CO2-95 pass from 0.2% and 0.6% in 2025
to 4.2% and 4.5% of TFC in 2030. By 2050 this share grows to 14.2% (528ktoe) in CO2-80 and
15.6% (577ktoe) in CO2-95, while account only for 0.9% in REF.
Figure 71. Transport energy demand in REF, CO2-80 and CO2-95 (ktoe)

Emission reductions. the 95% emissions reduction scenario the change in CO2 emissions relative
to the reference scenario was decomposed into three effects: the change in CO2 emissions
associated with (1) fuel switching of fossil fuels, (2) changes in energy efficiency, and (3) increased
use of renewable energy. The results are shown in Figure 72. In the 95% scenario, the
contribution of fuel switching of fossil fuels shrinks as technical limits are reached; by 2050, all
fossil fuel switching options have been exhausted and because of a minimum amount of oil
consumption in the transport sector, CO2 emissions due to fuel switching of fossil fuels actually
marginally increase (7%) in 2050. The energy efficiency contribution to CO2 emissions reduction is
relatively stable, within 5% of the contribution in the 80% scenario. The bulk of the CO2 emissions
reduction comes from renewable energy, which provides 83% of the CO2 emissions reduction in
the 95% scenario.
The role of short term mitigation policies. Figure 73 compares the emissions trajectories
between three alternative scenarios that all achieve an 80% reduction in energy-related CO2
emissions by 2050 but follow distinctly different pathways. In the period to 2020, the NETS20/CO2-80 and the NETS-80 scenarios, driven by their constrained pathways, deliver at least 21%
emissions reduction for ETS sectors and 20% reduction for Non-ETS sectors (relative to 2005
levels). The CO2-80 scenario by contrast allocates most of emissions reductions in the ETS sector.
After few periods beyond 2020,the NETS-20/CO2-80 scenario pathways aligns to that of the CO280 scenario. The main impact of the separate ETS and non-ETS mitigation targets is the increased
electrification (in particular of heating) within the end-use sectors and the associated reduction in
final energy consumption by improvements in the energy efficiency.
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Figure 72. Decomposition analysis of CO2 emissions between REF and CO2-95 scenarios

Figure 73. ETS and Non-ETSCO2 emissions trajectories in CO2-80, NETS-20/CO2-80 and NETS-80
(ktoe)

Costs. Table 29 summarises the marginal CO2 abatement costs for the four mitigation scenario
clusters presented in this section. Two additional intermediate scenarios with different emissions
reduction target (-85% and -90%) are also included as sensitivity. Imposing separate ETS and NonETS targets has a dramatic impact on the short term (2020) cost of emissions reduction that in
NETS-20/CO2-80 and NETS-80 range between three and four times higher that in CO2-80. In fact
these scenarios reflect the current short term target more accurately than the CO2-80 and CO295 scenarios. This difference reduces in the medium term (2030–2040) due to the effect of early
actions on efficiency in Non-ETS sectors. By 2050, the NETS-20/CO2-80 marginal abatement costs
returns to levels similar to the CO2-80 scenario, while in NETS-80, the marginal abatement cost
increases to h554/tonne almost double that of the CO2-80 scenario, confirming that delivering
high level of emissions reduction in Non-ETS sectors is generally more costly than in ETS ones.
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Table 29. CO2 shadow prices
Scenario
CO2-80
CO2-85
CO2-90
CO2-95
NETS-20/CO2-80
NETS-80

2020
33
33
33
65
167
141

2030
136
131
127
185
113
97

2040
99
158
158
173
116
87

2050
273
523
694
1308
273
554

€2000/tonne CO2
€2000/tonne CO2
€2000/tonne CO2
€2000/tonne CO2
€2000/tonne CO2
€2000/tonne CO2

The results also suggest that additional mitigation in the energy system is possible to compensate
for the limited options available in the agriculture sector. Accordingto the EU Low Carbon
Roadmap 50% GHG emissions reductions in agriculture are achievable by 2050 across the EU.
Applying this reduction in Ireland requires a 95% CO2 emissions reduction from the energy system
to achieve an overall 80% GHG emissions reduction target. The additional efforts to meet this
target are mainly concentrated in electricity generation and in the residential and services sector.
1.3.5.4 Carbon value dynamics for France: A key driver to support mitigation pledges at country scale

This paper (21) quantifies the dynamic evolution of carbon values for French climate and energy
policy. Its time dependency over successive periods and the effects of setting intermediate targets
are evaluated using a long-term optimization model. Addressing critical issues for France, we
produce consistent energy, emissions and carbon value estimates with a 5-year time step. The
TIMES_FR model is used to compute the energy system’s responses to strict CO2 mitigation
policies under different conditions specified by scenarios.

Scenarios
A scenario with no abatement or demand policy is defined as the baseline for the comparison. A
second scenario considers alternative organizational choices but without any explicit abatement
policy.
• Base-A scenario builds on the standard demand projection, taking an upper boundary of 65
GW on nuclear and a maximum contribution of 20 Mt for CCS by 2050. There are no biofuel
imports.
• Base-B scenario describes strong political and organizational measures leading to modified
demands of energy services in the building and transport sectors. In the building sector, the
main measures are capital replacement (destruction and rate of new construction) as well
as tighter regulatory requirements for new buildings and higher insulation potential. In the
transport sector the key parameters are modal splits.
All CO2 mitigation cases are then constructed around a scenario ENV60-ref, where a reduction by
20% in 2020 and 60% in 2050 relatively to 1990 is explicitly imposed as a constraint to the
operating conditions described in scenario Base-B. Elastic variations in this scenario are very slight
(strongly marginal) and their amplitude is limited to 2% in 2050.
A group of 3 additional scenarios investigates technical options: ENV60-CCS, ENV60-Nuc and
ENV60-Biof. Over the modeling horizon, the reduction profile is defined by the target’s level in
2020 and a decrease at a constant rate towards a 60% reduction in 2050. The effect of endorsing
lower intermediate targets in 2020 while keeping the same long-term goal is assessed in 2
additional scenarios: ENV60-Itar1 and ENV60-Itar2. Lastly, the range of elastic demand
adjustments in 2020 and 2050 is considered in two scenarios: ENV60-Ela1 and ENV60-Ela2. Those
various conditions provide a broad overview of the key environ- mental policy issues in France,
which are still undetermined and can potentially affect the final carbon value and its dynamics.
The ENV60-bestW scenario then depicts the most favorable combination of all options (Table 30).
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Table 30. Alternative scenarios for a 60% reduction of CO2 emissions
Changes from ENV60-ref in 7 alternative scenarios also leading to a 60% reduction of CO2 emissions in 2050
Trade and technology
ENV60-CCS
Nuclear max 65 GW, max CCS at 40 Mt, biofuel import not allowed
ENV60-Nuc
Nuclear max 92.8 GW, max CCS at 20 Mt, biofuel import not aallowed
ENV60-Biof
Nuclear max 65 GW, max CCS at 20 Mt, biofuel import allowed
Smoother path : Intermediate
Env60-Itar1
Lower intermediate target 1 :15% reduction in 2020
Env60-Itar2
Lower intermediate target 2 :10% reduction in 2020
Demand responsiveness
ENV60-Ela1
Higher demand variations allowed 1 :5% in 2020, 10% in 2050
ENV60-Ela2
Higher demand variations allowed 2 :10% in 2020, 20% in 2050
Most favorable combination
Nuclear max 92.8 GW, max CCS at 40 Mt, biofuel import allowed, 10% CO2
ENV60-bestW
reduction in 2020, higher variations allowed Ela-2

Results
Emissions. With rational decisions and an optimization framework, energy-related CO2 emissions
(Figure 74) are projected to decrease slightly up to 2020 by 0.14% annually, and increase
moderately by 0.31% per year thereafter as demand for energy services grows in the BASE-A case.
The level reached in 2050 is 10% above 1990 levels. Proactive organizational choices to influence
the final demands for energy services in BASE-B scenario are sufficient to curb the upward trend
and induce a 3.6% reduction compared to 1990. This reduction is however far from the French
long-term climate target, and only specific policies in the ENV60-type scenarios yield very low CO2
levels in 2050.
Figure 74. Evolution of energy-related CO2 emissions for France

Primary energy. The mix remains structurally dominated by fossil fuels, with an almost stable
market share of 49% over the horizon against 52% today (Figure 75). Nuclear power’s market
share remains around 42% and renewable energies increase their contribution from 6% to 9% in
2050 leading in absolute terms to a 60% increase over the horizon. Alternative organizational
choices are enough to reduce energy demand. In Base-B, the TPES increase is lowered to 2.6% in
2020 and 4.4% in 2050. This is enabled by an 8% absolute decrease of fossil fuel use compared to
2006, which is not compensated by the lower growths in the use of renewable sources and
nuclear energy. However, fossil fuels still dominate the mix with a 46% market share. There is only
a 0.3% reduction in primary energy use between the BASE-B and ENV60-ref scenarios. A 60%
reduction of energy- related CO2 emissions can hence be achieved with only minor additional
TPES reduction but strong adjustments in the mix. In 2050, the market share of fossil fuels drops
to 30% while the contribution of renewable energies rises to 19% for the ENV60-ref scenario.
Compared to their respective levels in 2006, this implies a 48% reduction in coal use, a 73%
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reduction in oil, and a multiplication by 3.2 for renewable sources. Unlike other fossil fuels,
natural gas grows by 36%. These results suggest a clear decoupling between CO2 targets and
energy consumption levels. This can be further illustrated by two other primary energy mixes in
2050 that are also compatible with the abatement objective. When more nuclear is allowed,
primary energy use increases and is 6% higher than the 2050 mix in Base-B. With the more
responsive energy service demand, ENV60- Ela2, a reduction of 8% is observed. In this case the
contribution of renewable energy sources is lower than in ENV60-ref.
Figure 75. Total primary energy supply for France

Costs. There is no single technically feasible primary energy mix or electricity mix that can meet
the climate and abatement targets. Though feasible, the above energy system evolutions are not
equivalent in terms of the implied level of effort, and the usefulness of a synthetic cost indicator
such as the carbon value is obvious. When caps on the emission pathway are applied, the level
and dynamic evolution of the carbon value are given by the dual value of the constraint. The fiveyear time line also makes it possible to see the effect of intermediate targets. All the calculated
estimates of carbon values are shown in Table 31. The carbon values derived here cover a large
range and their underlying hypotheses illustrate the complexity of the debate on ambitious
commitments at national levels: there is a feasible path toward low carbon values, but since real
energy systems and policy options are constrained, there is a genuine risk of endorsing
commitments that will lead to high value.
Table 31. Evolution of carbon value estimates over time
2005 €/tCO2
ENV60-bestW
ENV60-CCS
ENV60-Nuc
ENV60-Biof
ENV60-Itar1
ENV60-Itar2
ENV60-Ela1
ENV60-Ela2
ENV60-ref
Mean value
Standard deviation

2010

2015

2020

2025

2030

2035

2040

2045

2050

0
0
0
0
0
0
0
0
0
0
0

0
26
23
26
0
0
17
17
27
15
11

32
427
385
333
163
43
171
104
444
233
155

93
299
278
287
217
134
161
147
390
223
92

134
256
229
143
188
176
235
177
250
232
46

118
164
187
181
136
`29
158
164
170
156
22

120
287
303
284
285
264
212
151
299
245
64

147
332
334
312
345
326
295
219
345
295
64

196
427
376
580
832
800
382
325
831
528
228
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A central carbon value for our work is defined with the mean value of all scenarios, which peaks
around 2020, then reaches a local minimum around 2035, and finally increases strongly again at
the end when more efforts are required. The standard deviation is then used to define upper and
lower boundaries. This approach is preferred to boundaries given by the minimum and maximum
values for all scenarios, which would give more importance to the more optimistic and pessimistic
estimates.
Effect of increased demand responsiveness. Energy is not consumed for itself but to supply
useful levels of energy services. Elastic adjustment of these demands alone leads to a very
significant reduction in the dual value of the carbon constraint compared to ENV60-ref: between
62% and 77% in 2020 and from 54% to 60% in 2050. Figure 76 illustrates the related changes in
energy services for sector aggregates.
Figure 76. Evolution of energy service demands compared to 2000

Our results are situated above the upper range of carbon value estimates of world models with an
overlapping zone. We show that the official policy guideline value is only consistent with an
optimistic combination of assumptions. The central estimates are 4 times greater than the
guideline carbon value for 2050 and up to 14 times greater in 2020 because of short-term inertia
that are costly to move. We also find that with intermediate objectives, the carbon value’s
dynamic is more than a simple upward curve and that its variability is itself time dependent.
1.3.5.1

Greenhouse gas emissions cap: a new paradigm for energy dependence in the long term?

The EU’s declared energy policy seeks to maintain a careful balance between security of supply,
competitiveness and environmental sustainability. In a country like Portugal where the weight of
energy products imports in the GDP follows an increasing trend (3.2% in 2000 to 6.2% in 2008),
the current energy policy has focused renewables, as key to reduce the country’s energy
dependence and to climate mitigation. This paper (154) aims to assess how a very restrictive
greenhouse gas (GHG) emission cap affects long-term (2050) energy (in)dependence trends for
Portugal.

Scenarios
The TIMES_PT optimization model was used to generate a set of scenarios combining different
assumptions (Table 32) to assess alternatives national energy independence levels. We study the
effects of a GHG emission cap starting from 2015 with +27% of 1990 emission (the Kyoto target)
and linearly more stringent until -50% of 1990 values in 2050. Regarding renewable electricity
(RES-E) we also study the effects of setting a minimum 30% of total generated electricity to be
provided by centralized fossil plants from 2015-2050 to ensure reliability of the power system.
Without this assumption, the system is free to adopt RES-E according to cost-effectiveness
criteria.
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Table 32. GHG and RES scenarios for Portugal up to 2050
Scenario
C
F
-50C
-50F
Cefre
Fefre
-50Cefre

GHG cap
None
None
-50% in 2050 / 1990
-50% in 2050 /1990
None
None
-50% in 2050 / 1990

Economic Growth
Conservative
Fenix
Conservative
Fenix
Conservative
Fenix
Conservative

Minimum fossil electricity
30% of total electricity
30% of total electricity
30% of total electricity
30% of total electricity
None
None
None

-50Fefre

-50% in 2050 / 1990

Fenix

None

a) Two socio-economic scenarios:
Conservative scenario follows the
current economic and demographic
trends (1% GDP annual growth rate
and population decrease), whereas
the Fenix scenario is more
optimistic (2 to 2.26% GDP annual
growth rates and more 12%
inhabitants in 2050 compared to
2005).

Results
Main results are shown in Figure 77 and Figure 78 (for simplicity, only results on the high GDP
scenario - Fenix - are presented) and indicate some a priori non expected impacts on the external
energy dependence of the country. We find that the aggressive GHG cap leads to the decrease of
external dependence (share of imported energy in the total primary energy supply) mainly in the
long term (2050: 58% in -50F vs 72% in F). This is due to the increase of cost-effectiveness of
renewables, both endogenous but also imported biomass (for industry and buildings) and
imported biodiesel (for transport). The absence of a 30% minimum centralized fossil electricity
assumption has a similar but smaller impact on the external dependence as the GHG cap (2050:
69% in Fefre vs 72% in F). The maximum independence (54%) is achieved when the energy system
is constrained by a GHG cap and not supported by fossil power production (-50Fefre).
In all scenarios the total amount of imported energy resources will decrease compared to 2005
values although total costs of imported resources will increase, meaning that the amount of
decreased imports is not enough to be translated also in a decrease of national trade balance. It is
interesting to note that in 2050, a cap (-50F and -50Fefre) will induce the lower import costs than
in scenarios without cap (F and Fefre), justified by cheaper biodiesel instead of oil for transport.
Accordingly, in the long-term, we find that scenarios with a GHG cap achieve the lower weight of
the import costs in the GDP (7.2% in -50F and 6.8% in -50Fefre), contrasting with the base case
(11.3% in F) and the scenario free from fossil electricity generation (10.6% in Fefre).
Figure 77. Primary energy consumption, % of external energy dependence and % of renewable
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Figure 78. Evolution trend of endogenous and imported energy resources, and costs of imported
energy relative to the base year (2005=1)

An aggressive GHG emission cap or an assumption allowing maximization of RES-E will lead the
Portuguese energy system to an interesting degree of energy independence. However, it will not
be feasible to reduce external energy dependence below 50%, even in the long term. Results from
a sensitivity analysis with higher oil barrel prices did not change or exacerbate this assessment.
Only an aggressive energy efficiency policy will improve this aspect of energy security for a
country with an active renewable policy in place.
1.3.5.2 Insights into Scotland’s climate and energy policies from energy systems modelling

Energy system models are powerful tools for examining the dynamics of a transition to a
sustainable energy system. Here (155), we report the first application of a two-region version of
the UK MARKAL energy system model that explicitly represents Scotland and the rest of the UK as
distinct regions. We use this model to examine the implications of Scotland’s carbon and
renewable energy targets, in the context of the targets legislated for the UK as a whole.

Scenarios
Both the UK and Scotland have legislated long-term targets for the reduction of greenhouse gas
emissions. Through the Climate Change Act (2008) the UK has committed to reducing emissions
by 80% from 1990 levels by 2050, with an interim target of 34% by 2020. In Scotland, the Climate
Change (Scotland) Act 2009 sets out a similar target of 80% by 2050 and a deeper 2020 target of
42%.
Under the European Renewable Energy Directive (RED), the UK has signed up to a target that 15%
of final energy must be renewable by 2020, across heat, power and transport. This is likely to
mean that at least 30% of UK electricity must be renewable by this time. Scotland’s targets are
more ambitious, aiming to produce renewable electricity equivalent to 100% of Scottish electricity
consumption in 2020.

Results
Carbon targets. We ran a scenario in which the UK meets UK-wide carbon targets at least cost. In
this scenario, Scotland reduces emissions faster and deeper than the rest of the UK, making
reductions beyond both UK and Scottish 2020 targets (Figure 79). Adding Scotland’s targets as an
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additional constraint on the model makes no difference to the decarbonisation trajectory of
either region, as the Scottish target is satisfied when the model meets UK targets at least cost.
Figure 79. Emissions pathways for Scotland, the rest of the UK, and the UK as a whole to meet
UK and Scottish targets

The cheaper abatement opportunities in Scotland arise partly because of planned closure of
existing fossil fuel plant (such as Cockenzie power station, due to close in 2013), and partly
because Scotland has a large portion of the UK’s lowest cost renewable energy potential. Cheap
early abatement in Scotland in the model is also in part a result of our allocation to Scotland of
offshore oil and gas resources and emissions, which are in decline (see ‘upstream’ emissions,
which include emissions from offshore oil and gas, in Figure 80).
Figure 80. Scottish CO2 emissions in the reference case in which no carbon targets are applied
(left panel) and the low-carbon case (right panel)

Renewable targets. The effects of Scotland’s targets on the Scottish power generation mix in
2020 are shown in Figure 81. From the figure, one can see that the 100% target drives greater
uptake of both onshore and offshore wind compared to the RED scenario, and also drives
replacement of coal generation with biomass co-firing. In the RED scenario the proportion of
renewable energy in Scotland as a share of Scotland’s final electricity consumption is 55%. This
clearly misses Scotland’s 100% target. In the second scenario we require the model to meet
Scotland’s 100% target, in addition to meeting UK-wide RED targets. The result is that there is no
increase in overall renewable energy across the UK. Instead renewable energy investment and
deployment is shifted from the rest of the UK to Scotland. Requiring the model to meet Scottish
renewable energy targets in addition to UK RED targets adds to the overall costs of the energy
system, equivalent to a total discounted cost of about £15 per person in the UK, assuming that
the additional costs are spread across all UK consumers.
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Figure 81. Installed power generation capacity in Scotland in the year 2000, and in two 2020
scenarios

The scenarios examined in this work have generated two principal findings. First, we find that
Scottish carbon targets do not lead to additional abatement beyond that which is required under
a least-cost path to meeting UK targets. Second, we find that Scotland’s renewable energy targets
lead to a shift in investment and deployment from the rest of the UK to Scotland, leading to a
higher overall cost for the UK as a whole. We discuss the implications of each of these in turn.
1.3.5.3 The Greek Energy System in 2050 GHG mitigation options

The NREAP (National Renewable Energy Action Plan) was developed for 2020 using a MARKAL
model for Greece (261). A TIMES model with a smaller sector disaggregation was used to
complete the analysis up to 2050 with the achievement of the 2020 target as a starting point:
• NREAP with a detailed MARKAL model: 10 Sub-sectors for tertiary, 13 for industry (ETS,
non-ETS) and differentiation between interconnected non–interconnected electricity grids.
• 2050 Scenarios: built using a TIMES model tertiary sector aggregated to two subsectors, 10
subsectors for industry only one electricity grid (most of it is interconnected), 12 time slices,
50 year time horizon with 5 year intervals.

Scenarios
Three scenarios were analysed for 2050 (Table 33):
• Baseline Scenario.
• 100% RES Electricity (RES-E) and 60% reduction of CO2 emissions from energy.
• GHG emissions targets achievement – 60% CO2 emissions reduction (GHG).
Table 33. Scenario assumptions
Emission reduction
Emission Tax
RES in Electricity production

Baseline
40% w.r.t 2010
20-50 euros/tn
Free development

Energy Saving

Baseline introduction

Interconnection of island etc.
RES Technologies penetration
CHP
and
micro-CHP
technologies penetration

Medium

GHG
60% w.r.t 2010
20-50 euros/tn
Free development
High penetration in
buildings and transport

High

RES-E
60% w.r.t 2010
20-50 euros/tn
100%
High penetration in
buildings and transport

High

Medium

High

High
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Results
The main conclusions are (Figure 82):
• The Share of renewable energy can reach 60% of GFEC.
• 100% RES Electricity is possible but it is connected with investments for storage
technologies to minimise curtailment.
• The same reduction of GHG emission is possible with a higher share of renewables in heat
production in the final energy sector, and it is associated with 14% less investment cost
compared to the RES-E scenario.
Figure 82. The Greek Energy System in 2050 GHG mitigation options

1.3.5.4 The EU climate policy perspectives and their implications for Belgium

This paper (251) estimates the impact on Belgium of the EU climate policy. This policy intends to
reduce the emissions of EU greenhouse gases (GHG) by 80% in 2050 compared to 1990 emissions.
The EU target was distributed over member countries in a cost effective way with the European
TIMES model.

Scenarios
One reference scenario and four scenarios with different assumptions for nuclear and carbon
capture and storage were taken into account for the Belgian TIMES model:
• EU CO2 reduction target for Belgium: -70%
• Variants around nuclear and carbon capture
o NoNuc-GoCCS: nuclear phase-out, carbon capture
o NoNuc-NoCCS: nuclear phase-out, no carbon capture
o GoNuc-GoCCS: nuclear and carbon capture
o GoNuc-NoCCS: nuclear, no carbon capture
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Results
For this CO2 emission reduction objective (Figure 83), the crucial changes are a decrease in the
growth of the demand for energy services (e.g. tonnes of steel, km driven) and a strong increase
in the level of investments in low carbon technologies. A shift towards more energy efficient
technologies is important in all scenarios. Carbon capture and storage (CCS) is the most important
contributor to the emission target when CCS is allowed and nuclear is shut down (Figure 84). All
climate scenarios have zero emissions in the electricity sector in 2050.
Figure 83. CO2 emission reduction by sector in -58% scenario NoNuc-GoCCS and NoNuc-NoCCS

Figure 84. Electricity Technologies (PJ/yr)

The annual welfare cost for the period 2005-2050 varies from 1.5 €2005 per year when nuclear
and CCS are available to 4.1 B €2005 per year when none of these options are available (Figure
85).
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Figure 85. Welfare cost of the scenarios (B€/yr)

However, the participation in a global EU CO2 market is essential for Belgium. Without the
possibility of trade, the welfare loss increases with an additional 1.0 €2005 per year when CCS is
allowed and nuclear is shut down. The increase of the cost for energy services is about four times
larger than the welfare loss. The reason is that the reduction in the demand for energy services
requires strong increases in the energy prices for consumers.
It is possible to attain very stringent CO2 reductions in Belgium. The welfare cost in annualized
terms varies from 0.5% of the 2005 GDP when nuclear and carbon capture are available to 1.2% of
GDP2005 when none of these options are available. The participation in a global EU CO2 market is
essential for Belgium.
• Availability of more efficient and more ‘future’ technologies are important. R&D on new
technologies is therefore essential.
• Major financial flows towards energy system necessary to achieve high CO2 reductions
(investment needs can double)
• A major contribution is obtained from a reduction in the energy service demand, part of it is
maybe a modelling issue (not enough more efficient technologies mostly in industry)
• Either nuclear or carbon storage have to be available to limit the cost.
1.3.5.1

Pathways to 2050 –Scenarios for DECC’s 4th Carbon Budget Evidence

In order to create a base of evidence to inform this 4th carbon budget, DECC commissioned this
project (153) to provide information on key trade-offs between resources, technologies and
sectors, where total CO2 emissions are constrained. The new version of the UK MARKAL database
was applied in a series of studies to examine the impact of policy, resource availability, technology
availability, and demand response.

Scenarios
The modelling consisted of two distinct phases, with the crucial difference between these phases
being the imposition of the green book discount rate (3.5%) across the model in phase 2, versus
discount rates differentiated by sector in phase 1. A further key difference between these phases
was the introduction of “constraints and frictions” into the model to better emulate the dynamics
of uptake of technologies. Where the model projected extremely rapid uptake of particular
technologies, constraints were imposed to prevent such rapid switches. These and further
constraints applied in phase 2 of the modelling are presented in the companion report “Pathways
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to 2050 – MARKAL Database Updates”. The model runs undertaken are presented in Table 34 and
Table 35. Run DECC-1A is the core run for phase 1 of the modelling, and DECC-1A-IAB-2A is the
core run for phase 2 of the modelling.
Table 34. Reported MARKAL Model Runs in Phase 1
Study

Baseline

Study 1

Study 2
Study 3 (Part 1)
Study 4
Study 5

Run
DECC-0A
DECC-0B
DECC-0C
DECC-0D
DECC-0E
DECC-1A
DECC-1B
DECC-1C
DECC-1D
DECC-1E
DECC-2A
DECC-2B
DECC-2C
DECC-3A
DECC-3B
DECC-4A
DECC-4B
DECC-4C
DECC-5A

Basic Description
Government carbon plan to 2020, followed by no CO2 reduction target
Baseline with central estimate of resource prices and central service demand
Baseline with central estimate of resource prices and high service demand
Baseline with central estimate of resource prices and low service demand
Baseline with low estimate of resource prices and central service demand
Baseline with high estimate of resource prices and central service demand
90% CO2 reduction by 2050 w.r.t. 1990 levels, equal-annual % reduction from 2020…
… with central estimate of resource prices and central service demand (Core Phase 1 run)
… with low estimate of resource prices and central service demand
… with high estimate of resource prices and central service demand
… with central estimate of resource prices and high service demand
… with central estimate of resource prices and low service demand
90% CO2 reduction by 2050 w.r.t. 1990 levels, equal-annual % reduction from 2020…
… with central estimate of resource prices and central service demand
… with low estimate of resource prices and central service demand
… with high estimate of resource prices and central service demand
Cumulative emissions target identical to cumulative emissions observed in DECC-1A
Cumulative emissions target identical to cumulative emissions observed in DECC-2A
As run DECC-1A, but international CO2 permits available at central price estimate
As run DECC-1A, but international CO2 permits available at high price estimate
As run DECC-1A, but international CO2 permits available at low price estimate
As run DECC-1A, but no demand response allowed

Table 35. Reported MARKAL Model Runs in Phase 2
Study

Run

Baseline

DECC-0A-IAB-1A

Sudy 3 (Part 2)

Study 6

Study 7

DECC-3C
DECC-3D
DECC-3E
DECC-1A-IAB-1A
DECC-1A-IAB-1A-C
DECC-1A-IAB-2A
DECC-7A
DECC-7B
DECC-7C
DECC-7C-H
DECC-7C-VH
DECC-7D

Study 8

DECC-7E
DECC-7F
DECC-8A
DECC-8B

Basic Description
As DECC-0A in Phase 1 but with additional frictions and constraints, and further
database updates
As DECC-3A, but with additional frictions and constraints
As DECC-3C, but cumulative emissions 2020-2050 as per DECC-1A plus 10%
As DECC-3C, but cumulative emissions 2020-2050 as per DECC-1A minus 10%
As DECC-0A-IAB-1A baseline to 2030, then equal-annual % CO2 reduction to 2050
As DECC-0A-IAB-1A baseline to 2030, then cumulative CO2 reduction to 2050
Equal-annual % CO2 reduction to 2050 (Core Phase 2 Run)
As DECC-1A-IAB-2A, but no Carbon Capture and Storage technology available
As DECC-1A-IAB-2A, with additional low carbon electricity (imported) available
As DECC-1A-IAB-2A, but increased capital cost of low grade heat technologies
As DECC-1A-IAB-2A, but high capital cost of low grade heat technologies
As DECC-1A-IAB-2A, but very high capital cost of low grade heat technologies
As DECC-1A-IAB-2A, but more constraints on low carbon power sector
technologies
As DECC-1A-IAB-2A, but severely limited new nuclear build allowed
As DECC-1A-IAB-2A, but no new nuclear build allowed
As DECC-6C, with “medium” constraints on bio-energy uptake
As DECC-6C, with “high” constraints on bio-energy uptake

Result
The vital statistics of the results achieved are presented in Table 36. As expected, the discounted
loss of surplus is generally lower in phase 2 studies, reflecting the lower discount rate used to
annuitize capital investments. The average total discounted loss of surplus over the entire time
frame is of the order of £210-260 billion (in 2010 UK pounds), relating to the cost of technical
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change and demand response required to achieve long-term abatement targets over the period
from 2010 to 2050. Both the costs of technical system change and demand response are
important, but in most runs demand response has more impact on loss of surplus.
Table 36. Vital Statistics of Runs Completed

Part 1

Part 2

Discounted Loss
of
Surplus
(£UK2010
Billion)
Min : 187
Mean : 262
Max : 369
Min : 148
Mean : 214
Max : 283

Grid
CO2
Intensity
in
2025
(kgCO2/kWh)
Min : 0.13
Mean : 0.18
Max : 0.26
Min : 0.10
Mean : 0.15
Max : 0.22

Grid
CO2
Intensity
in
2050
(kgCO2/kWh)
Min : -0.02
Mean : 0.00
Max : 0.06
Min : -0.02
Mean : 0.00
Max : 0.00

Undiscounted
Marginal CO2 Price in
2025 (£UK2010 per
tonne CO2)
Min : 22
Mean : 68
Max : 131
Min : 57
Mean : 111
Max : 220

Undiscounted
Marginal CO2 Price
in 2050 (£UK2010
per tonne CO2)
Min : 103
Mean : 430
Max : 764
Min : 248
Mean : 422
Max : 761

Costs. The range of marginal CO2 prices observed under the abatement targets are shown in
Figure 86 in undiscounted real terms (2010 prices), for the 4th budget period (2025) and the end
of the time horizon (2050). The expected price of marginal CO2 reduction in the 4th budget
period is in the range of £68 to £111/t CO2. In the core runs (expected levels of demand and
technology availability) the price of CO2 was £75 to £85/tCO2. The most extreme marginal CO2
prices in 2025 occur under run DECC-7D, which constrains a range of low carbon power sector
technologies, and this result is consistent with the rapid power sector investment observed in all
scenarios; in essence, rapid power sector decarbonisation is crucial to alleviate overall costs. The
lowest costs occur when international carbon credits are available for purchase, indicating that
there may be a greater role for credit purchase than estimated in previous studies. By 2050, that
range of possible abatement costs is much greater. In this case the highest cost relate to scenarios
where demand response is not allowed, and again where some key power sector technologies
(CCS, nuclear power and renewables) are constrained. The expected price of marginal CO2
abatement by 2050 reaches around £400/t CO2, in undiscounted 2010 UK pounds.
Figure 86. Marginal Price of CO2 across the 35 runs in the project (undiscounted Real UK£2010)

Emissions. Figure 87 shows the sectoral breakdown of emissions reduction to meet a 2050 target
of 59 Mt CO2 per year for the core run in phase 2 of this project. This represents a 90% emissions
reduction from 1990 levels. When upstream sectors are included in the analysis (Figure 87, left),
the power sector clearly decarbonises the most up until the 4th budget period, with a reduction
by 70% relative to its 2010 level. The residential sector shows almost the same magnitude of
decarbonisation, halving its CO2 footprint over the same period. When accounting is performed
on an end-use basis (Figure 87, right), the residential sector decarbonises the most, at 40% of its
2010 level, followed by the services sector at approximately 45%. Transport decarbonises the
least, at 70% of its 2010 level. Therefore, whilst all sectors show significant action until the 4th
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budget period, the focus under the optimal MARKAL pathway is on the power sector, and
residential and services sectors.
Figure 87. Sectoral and End-use Sectoral CO2 Emissions

Abatement Timing and Cumulative Targets. It is informative to consider the possibility that the
4th carbon budget target is relaxed significantly, versus the case where a target is imposed.
Where there is a relaxed 4th budget target, it was assumed that the energy system would follow
the baseline emissions trajectory to 2030, but then be forced to achieve very rapid energy system
change to attain the legislated 2050 target. These two trajectories, along with the baseline
trajectory, are presented in Figure 88. In total, the trajectory that follows the baseline to 2030 and
then abates rapidly emits 2500 Mt CO2 more than the scenario that abates early.
Figure 88. Three Emissions Pathways for the UK.

Note: Business as Usual Baseline (DECC-0A-IAB-1A), Abatement only after 2030 (DECC-1A-IAB-1A), and Equal Annual
Percentage Abatement from 2020 onwards (DECC-1A-IAB-2A)

The loss of consumer and producer surplus associated with abating early was reported to be
greater than that of not abating until after 2030, although this cost difference was relatively small.
This reflects the fact that where emissions reductions are not required until 2030, MARKAL can
choose much cheaper generation technologies over this earlier decade. The consequence of this
(in)action is that it must then be followed by very expensive and rapid mitigation action. However,
the cost of this later extreme action is not sufficient to outweigh the impact of the cheaper
system over the 2020s. Therefore, on balance, the “abate later” trajectory appears to be
economically better in terms of loss of surplus, even though it entails higher technical energy
system costs. However, as noted above, no damage costs are factored into this calculation, and
total emissions are substantially higher when abatement is delayed.
Demand Response. In phase 1, the demand variation limits were set at 25% for all demands
across the entire timeframe. In phase 2 this was altered to be 0% until 2010, 5% from 2015 to
87

2025, and then increasing by 5% in each period a maximum of 25% by 2045. Figure 89 and Figure
90 show the average demand response, and response in a specific sector (Industry) in phase 1 and
phase 2 modelling, respectively. It is clear that demand response will have a significant impact in
the energy system as prices rise to fund decarbonisation. For example, both the services and
residential sectors experience a 15% demand reduction. The steeper demand response in phase 1
modelling is observable, particularly in the 4th carbon budget period in Chemicals, Iron and Steel
and Non-Ferrous metals which all showed greater than 15% service demand reduction in a single
period in phase 1 runs. As this level of demand reduction is unlikely to be acceptable, response
was limited to 1% per year in phase 2 runs.
Figure 89. Average Demand Response in the Core Phase 1 (left) and Phase 2 runs (right)

Figure 90. Demand Response in Industry in Phase 1 (left) and Phase 2 (right) runs

The impact of this change in the extent of response possible is clear in the results. Undiscounted
loss of surplus due to demand response is much higher in phase 1 runs. For the core runs, DECC1A (phase 1) annual loss of surplus due to demand reduction was almost £40 billion, whilst the
equivalent phase 2 run was only £26 billion, in undiscounted real 2010 UK pounds. These figures
only reflect welfare changes with respect to change in demand for energy services; where a
consumer demands less energy due to higher prices there is a negative welfare impact.
1.3.5.2 Comparing Low-Carbon, Resilient Scenarios - The UK Government’s Carbon Plan

The Carbon Plan replaced the previous Government’s Low Carbon Transition Plan and was
published in December 2011, some months after the Government had accepted, and legislated
for, the Committee on Climate Change (CCC)’s recommendations for the fourth carbon budget set
out in CCC . More interesting from the point of view of this paper (170) were the many MARKAL
runs around the ‘Core MARKAL run’ which were carried out and reported in AEA 2011,a,b. In this
report these runs are collectively called the AEA CP runs. The MARKAL model underpinning this
work was a further development and updating of the MARKAL model used for the CCC work.
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Scenarios
The main target for emissions reduction adopted in the model runs was 90% from 1990’s level.
This makes the runs comparable on that dimension with the CCC runs. However, a major
difference in is that they assumed that the various policy and emission reductions in The Carbon
Plan through to 2020, such as the UK’s renewable energy targets, were actually achieved. The AEA
modelling work consisted of 36 runs divided into 14 separate studies, which are reported in detail
in AEA 2011b. The two ‘Core Runs’ were:
• DECC-1A: 90% CO2 reduction from 1990’s level by 2050, equal annual percentage reduction
from 2020
• DECC-1A-IAB-2A: 90% CO2 reduction from 1990’s level by 2050, equal annual percentage
reduction from 2020 (i.e. as DECC-1A) plus a social discount rate (3.5% - the discount rate in
DECC-1A differed across sectors) plus various ‘constraints and frictions’.

Results
Emissions. Figure 91 shows the sectoral emissions from the Core Run in Phase 2 (DECC-1A-IAB-2A)
of the AEA project, with a CO2 reduction target of 90% (constraining 2050 CO2 emissions to 59Mt
CO2), with equal percentage annual reductions from 2020.
Electricity generation. Electricity is the first sector to decarbonise. It is largely decarbonised by
2030 (CO2 intensity around 50g CO2/kWh, a 90% reduction on the level in 2010. The intensity falls
to essentially 0 (i.e. there is complete decarbonisation) by 2035, and becomes slightly negative
(through the operation of co-firing biomass with CCS) by 2050. The decarbonisation is largely the
result of huge deployment of nuclear energy post-2025, as shown in Figure 92. This reduces the
generation from wind, which is overtaken by that from marine towards the end of the period.
Figure 91. Sectoral CO2 emissions 90% reduction target

Source: AEA 2011a, Figure 3, p.16
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Figure 92. Electricity generation, 90% reduction target

Source: AEA 2011a, Figure 4, p.17

Final energy. The main energy service demands in the residential and service sectors are for
lighting and appliances, which can only be met by electricity, and for space and water heating,
which can be met in a variety of ways. With electricity largely decarbonised by 2030, its use for
lighting and appliances emits very little CO2. In the service sector, gas demand for heating
collapses over 2000-2050, as shown in Figure 93. But a wider range of technologies than in the
residential sector is used instead: service sector heat of ~700 PJ by 2050 (projected to increase
dramatically over the level in 2010) is provided mainly by demand response (~200 PJ),
conservation (~150 PJ), heat pumps (~125 PJ), and direct electric heating (~ 125 PJ), with district
heating and pellet boilers providing the remainder. Again by comparison, the service sector in C90
in 2050 demands only ~320 PJ of heat (less than a half of that in DECC-1A-IAB-2A), all of which is
supplied through conservation (~170 PJ), heat pumps (~100 PJ) and demand reduction (~50 PJ).
Figure 93. Demand served by services heating end-use technologies

Source: AEA 2011a, Figure 9, p.20 (model run DECC-1A-IAB-2A)
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Costs. All the model runs considered here used the Elastic Demand version of MARKAL. Table 37
reports these metrics for some of the different but most comparable runs from the Energy 2050,
CCC and Carbon Plan (CP) modelling exercises discussed above.
Table 37. Cost metrics for various MARKAL runs discussed earlier
Model run

CO2 price,
2030, €/tCO2

CO2 price,
2050, €/tCO2

Undiscounted difference
in 2050 energy, system
cost €/bn

Welfare cost,
undiscounted at
2050, €/bn

Energy 2050
CAM
24
169
17
37.6
CCP
54
360
22
48.2
CSAM
115
299
29
52.3
Energy 2050
C80
46
163
5
17.5
C90
103
288
14
29.5
C90+
91
288
15
30.8
AEA CP
DECC-1A
113
629
11
50.6
DECC-1A-1AB-2A
417
15
-36
Sources: AEA 2011a, Figure 11, p.22, and the detailed spreadsheets underlying the Energy 2050 and CCC model runs
1 All the cost metrics are given in £2000/t CO2, except for the AEA CP runs, which are given in £2010/t CO2 2 This is the
difference in energy system cost between the scenario and the appropriate baseline 3 In each case, the welfare cost is
the difference (reduction) in welfare from the appropriate baseline

The first point to note is that there is broad agreement between the runs on the order of
magnitude of the required level of 2030 carbon prices: £24-54/t CO2 for the 80% reductions by
2050 (CAM, CCP, C80) and £91-115/t CO2 for the 90% reductions by 2050 (CSAM, C90, C90+ and
both AEA CP runs). The UK Government’s current floor price target of £70/t CO2 in 2030 seems to
be at more or less the required level to deliver the 2030 reductions that are compatible with the
ultimate 2050 target.
1.3.5.3 Comparing Low-Carbon, Resilient Scenarios - The UKERC Phase 2 (UKERC2) scenarios

A new set of UKERC scenarios was developed (170), using the latest version of the UK MARKAL
model (incorporating some but not all of the changes that had been introduced in CCC 4CB and
AEA CP) and updating a range of other policy and technology assumptions to match recent
developments. The approach to modelling the investment behaviour of participants in the energy
market was modified. Additional scenario variants were also constructed to test the impacts of
alternative gas price trends and explicit resilience measures.

Scenarios
Four policy scenarios were defined: Reference (REF); Additional measures (ADD), which assumes
the implementation of additional measures, announced but not yet implemented, on top of those
in REF; Low carbon policy gap (GAP), which implements further carbon reduction, but insufficient
to reach the full 80% carbon reduction by 2050; and Low carbon (LC) which implements enough
measures to meet the 80% carbon reduction target for 2050.
Generally speaking, the REF and ADD scenarios are unconstrained in terms of carbon and rely on
individual implementation instruments, whereas the low-carbon scenarios (GAP and LC) assume
binding carbon constraints and other system-wide framework policies, such as renewables
targets. In the LC scenario CO2 emissions (excluding aviation and shipping) are reduced by 80% by
2050 (compared to 1990) and from 2025 to 2050 emissions follow a trajectory based on an equal
annual percentage emission reduction. After 2015, the GAP scenarios are assumed to follow an

91

emission trajectory that corresponds to 70% of the reductions achieved in the LC scenario
(calculated from the point of divergence, 2015).
As a number of policies are already included in REF, a set of sensitivity scenarios were run in
which some of the policies were removed. This was done in order to determine what the impact
of some of the individual policies might be. The sensitivity scenarios were:
• REF-P1: The Renewables Obligation (RO) is removed, other policies implemented as before
• REF-P2: The Carbon Price Floor (CPF) is removed, other policies implemented as before
• REF-P3: Both the RO and the CPF are removed.
• REF-P4: The RO and the CPF and the Carbon Reduction Commitment (CRC) are removed.
Two further scenario variants were modelled, relating to gas prices and energy system resilience.
• A variant set of GAS scenarios was constructed, in which the gas price was decoupled from
the oil price and a significantly lower trajectory was assumed for the former as compared to
REF. More specifically, in the GAS scenarios the time period specific, annual growth in gas
prices is reduced by 75% from that in REF, effectively stabilising gas prices.
• For the Resilient (R) variant scenarios explicit constraints were implemented targeting the
diversity of the energy portfolio. These constraints set a maximum share of 40% for both
any fuel at the primary energy level and any technology class in power generation. In
addition to this, the final energy intensity of GDP needs to be reduced by 3.2% per year
from 2010 onwards, in order to reduce the vulnerability of the economic system to energy
shocks.
All these different scenario variants may be summarized as follows. There are two resilience levels
(reference (REF), resilient (R)), four climate variants (low carbon (LC), policy gap (GAP), additional
policies (ADD), reference (REF)) and two gas price variants (reference (REF), decoupling of gas
prices (GAS)), thus totalling sixteen scenarios in all, as shown in Table 38.
Table 38. The full set of UKERC2 scenarios

Decarbonisation

Conventional gas assumption
Resilience >
REF
REF-R
ADD
ADD-R
GAP
GAP-R
LC
LC-R

Gas price decoupled
Resilience >
REF-GAS
REF-R-GAS
ADD-GAS
ADD-R-GAS
GAP-GAS
GAP-R-GAS
LC-GAS
LC-R-GAS

Results
Emissions. Figure 94 presents the emission trajectories of the alternative policy cases, with
reference gas prices and no additional resilience measures in place. In the reference case (REF)
emissions decrease from 2015 until 2035 after which a slow increase in emissions starts again.
The decrease is mainly driven by the effect of the carbon price floor on the power sector; the
carbon intensity of power generation drops from about 440 g CO2/kWh in 2010 to around 32 g
CO2/kWh in 2035 and emissions from the power sector are reduced by more than 90% despite a
slight increase in the total demand for electricity. This effect of the carbon price floor causes CO2
emissions to fall faster in the REF and ADD scenarios than in previous scenario exercises, reaching
a 40-45% reduction (over 1990) by 2035.
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Figure 94. Emission paths of the alternative policy cases

The low-carbon scenario (LC) introduces a range of additional policies, ranging from more
stringent renewable portfolio requirements for the power, transport and heat sectors to a
framework policy covering all CO2 emissions across the sectors. The emission price remains
relatively low until 2030, about £13/t CO2, as the carbon reductions are also driven by the
ambitious renewable requirements. From 2035 on, however, the sectoral renewables targets and
other instruments are no longer nearly adequate and the emission price increases to about £60/t
CO2 in 2035 and £213/t CO2 by 2050. Reductions take place across the sectors, with the
residential sector improving most when compared to REF (emissions in 2050 are reduced to 6% of
those in REF). The policy gap scenario (GAP) shows qualitatively very similar trends to LC, although
the renewable targets play an even bigger role in this scenario; there is an additional price for CO2
emissions only in 2015 and again from 2040 onwards. For the decades in between the sectoral
measures ensure the reduction of emissions below the level required by the framework policy.
Figure 95 summarizes the mitigation per sector for a 2050 snapshot.
Figure 95. Mitigation (carbon reduction) per sector in 2050

Table 39 shows for 2020, 2030 and 2050 how emissions change across the full scenario ensemble.
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A first obvious observation is that the resilience targets lead to significant emissions reductions,
even if no additional policies beyond REF are introduced. In 2020 and 2030 emissions are reduced
more by introducing a resilience constraint than by climate policies, with lower emissions in both
2020 and 2030, the ambitious Low carbon (LC) case being an exception from this. In low gas price
scenarios (GAS), unconstrained emissions are similar to the higher gas price scenarios to 2025 but
start to rise from 2030 onwards. In principle, low gas prices could lead to either an increase or
decrease in emissions, depending on the fuel they substitute for. Results suggest that unless
policies are in place to limit all CO2 emissions, lower gas prices lead to slightly increased
emissions, especially towards 2050. This is because low gas prices by themselves increase
emissions in the UK by lowering efficiency incentives and substituting for the lower carbon
nuclear/renewables.
Table 39. Reduction of emissions compared to 1990
2020

Climate policy

Reference
Additional policies
Policy gap
Low carbon

2030

Climate policy

Reference
Additional policies
Policy gap
Low carbon

2050

Climate policy

Reference
Additional policies
Policy gap
Low carbon

Reference gas price scenarios
No resilience
Resilience
targets
targets
-20%
-29%
-23%
-39%
-24%
-30%
-33%
-33%
Reference gas price scenarios
No resilience
Resilience
targets
targets
-36%
-50%
-41%
-50%
-43%
-50%
-54%
-56%
Reference gas price scenarios
No resilience
Resilience
targets
targets
-31%
-57%
-36%
-59%
-60%
-60%
-80%
-80%

Low gas price scenarios
No resilience
Resilience
targets
targets
-21%
-29%
-23%
-29%
-25%
-30%
-32%
-34%
Low gas price scenarios
No resilience
Resilience
targets
targets
-34%
-50%
-38%
-50%
-44%
-50%
-54%
-56%
Low gas price scenarios
No resilience
Resilience
targets
targets
-24%
-60%
-32%
-59%
-60%
-60%
-80%
-80%

Final energy. Figure 96 summarises the final energy related results of the scenario ensemble. The
use of electricity remains fairly steady across the scenarios, whereas the end use of gas is greatly
affected by the assumptions, especially by climate policies, but also by alternative gas price
developments and the absolute level of final energy use. As for the other fuels, especially
hydrogen, biosolids and heat are sensitive to the gas and resilience assumptions. The climate
policies, however, cause a much wider spread across the scenarios. For example,
ethanol/methanol use has a range of 13 to 384 PJ/yr and additional variations for gas prices or
resilience targets do little to alter this range.
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Figure 96. Final energy in 2050 across the scenarios

Note: Lines show the range over all scenario variants, whereas bars represent the scenarios assuming reference
assumptions for gas prices and resilience. The blue dots represent the average across the scenarios.

Costs. Figure 97 includes both the main REF variants as well as the sensitivity runs. As the figure
shows, achieving the resilience target results in a considerable welfare cost.
Figure 97. Annual welfare changes for the different REF scenarios

This is, as with all the other resilience-related results, due to the limit on final energy use, which
the model expresses as if it were implemented through price increases, as explained further
below; the cost of the portfolio restrictions is minimal in comparison. Reductions in the gas price
have a small positive effect on welfare, but if a resilience target is introduced simultaneously, this
benefit is reduced and practically lost for the last decade of the modelled time frame. The REF
sensitivity runs, in turn, show how strong an effect the carbon price floor has on the system. If
only the renewable constraint is removed (REF-P1), the costs change very little. When the carbon
price floor is abolished (REF-P2), however, we see a clear increase in welfare. Whether additional
policies are also removed together with the carbon price floor (REF-P3, REF-P4) makes little
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additional contribution to the welfare gain achieved by removing the price floor.
1.3.5.4 Modelling of global energy scenarios under CO2 emissions pathways

The Committee on Climate Change (CCC) published its advice on the fourth carbon budget in
December 2010. Modelling work was carried out (158) to analyse the global cost of carbon
abatement under two different states of the world with lower and higher gas prices in addition to
three sensitivity scenarios. The CCC now desires new analysis to be undertaken to examine the
effect of CO2 emission abatement scenarios on the development and costs of new low carbon
technologies in the energy system. To perform this study the CCC has submitted to UCL a series of
three global CO2 emissions pathways to be investigated again using TIAM-UCL.

Scenarios
To perform this study the CCC has submitted to UCL a series of three global CO2 emissions
pathways to be investigated with the model. Annual CO2 emissions are constrained from 2020 to
2100. The specific scenarios developed are (Figure 98):
• Low Carbon Scenario 1 (LC1) – Core scenario. A 2°C core case based on a peak in CO2
emissions in 2016 and subsequent reduction in global emissions of 4% per year reaching 1.5
t CO2/capita in 2050. Regional CO2 emissions constraints are specified starting first with
the emissions reductions in 2020 pledged as part of the Copenhagen Accord. From 2020 to
2025, the EU regions are allowed to purchase (via CO2 credits) up to a maximum of 12.5%
of their domestic reductions of CO2; these CO2 credits can be bought from all other regions
but none of the other regions are permitted to purchase credits between these years.
Unrestricted global trading of CO2 is allowed from 2025.
• Low Carbon Scenario 2 (LC2). A ’later action’ case in which the world reduces emissions
more slowly. Emissions peak in 2025 but still reach the same level of 2050 emissions as the
core scenario (around 2 t CO2e/capita). Cumulative emissions over the model time-frame
will be slightly higher in this scenario than in LC1.
• Low Carbon Scenario 3 (LC3). A ‘reduced action’ case in which emissions up to 2030 are
similar to those in LC2 but reduce more slowly thereafter, failing to reach 2 t CO2e/capita
by 2050.
• Low Carbon Scenario 4 (LC4). An identical emission pathway to the ‘Reduced Action’ case
(LC3) but with no CCS technologies available.
Figure 98. CO2 trajectories under the three different scenarios developed

Note: The fourth scenario (LC4) with relies upon the pathway in LC3.

Results
Low Carbon Scenario 1 (LC1). Since nuclear investment is constrained and with growth
constraints imposed on both CCS and other low carbon technologies in the power sector, CO2
prices rises rapidly and to a very high level: from US$ 219/t CO2 in 2030 to about US$ 900/t CO2 in
2050 (all in 2005 prices). The growth of CO2 in the United Kingdom is presented in Table 40.
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Table 40. CO2 price for the United Kingdom (2005US$/ CO2) in LC1
United Kingdom

2015
0

2020
0

2025
96

2030
219

2035
375

2040
765

2045
906

2050
889

Decarbonisation occurs foremost in the power sector and, with the CO2 intensity decreasing from
over 500 g/kWh in 2010 to 54 g/kWh in 2030 and to 1.5 g/kWh in 2050, is nearly carbon neutral
by 2050. The CCS technologies (biomass, coal and gas) are the first choice, in early period, in the
power sector but their roles are somewhat limited in early periods because of the growth
constraint assumptions. In 2025, about 4% of the installed capacity is based on CCS technology:
53GW of bio-CCS, 93 GW of coal-CCS and 95 GW of gas-CCS (Figure 99). Wind also plays an
important role in early decarbonisation by generating 18% of the global electricity supply in 2025.
Wind and solar PV generation are critical to meet the long-term CO2 emissions reductions as well
as meeting long-term electricity demand. Nuclear would likely also have played a crucial role were
it not for the constraint imposed on new nuclear investment. In the long-term, solar technologies
play a particularly important role in meeting the Chinese decarbonisation target, while wind and
gas-CCS are the central technologies relied upon in the United States.
Figure 99. Electricity generation by production source in LC1

Low Carbon Scenario 3 (LC3). In this scenario CO2 emissions peak in 2025 and subsequently
decline at around 3% per year. Global CO2 emissions in 2050 are therefore higher than in the two
earlier runs at 20.07 GtCO2. Due to the later peak and looser reduction rates in the emission
pathway, CO2 prices are very low in 2020, at a maximum US$ 0.2 tCO2 in most regions (Australia,
China, Central and South America, Eastern and Western Europe, India, Japan, Middle East, South
Korea). Prices then rise to US$ 44/tCO2 in 2030 and US$ 645/tCO2 in 2050 (Table 41).
Table 41. CO2 price for the United Kingdom (2005US$/tCO2) in LC3
United Kingdom

2015
0

2020
0

2025
10

2030
44

2035
114

2040
193

2045
330

2050
645

Coal (with no CCS) and natural gas (with no CCS) still generate a large portion of electricity (a third
of the generation) in 2030 with a power sector CO2 intensity at 265 g/kwh (about a 5 times the
level calculated in LC1), although this then decreases very rapidly to 19 g/kwh in 2050. The CCS
technologies (biomass, coal and gas) are still the first choice to decarbonise the power sector
starting in 2020 with a global installed capacity of 30 GW of bio-CCS, 152 GW of coal-CCS and 156
GW of gas-CCS in 2030 (Figure 100). Wind plays an important role in early decarbonisation by
generating 12% of the total electricity supply in 2025, peaking at 27% in 2030 but reducing to 21%
in 2050. Solar PV has a strong contribution in the later period reaching 22% of the global
electricity generation in 2050. In the long-term (2050) CCS plays a relatively limited role, the
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development of CCS in electricity generation starts in 2020 and the quantities produced by coalCCS and gas-CCS are almost identical in the 2040s, despite coal-CCS having higher residual
emissions.
Figure 100. Electricity generation by production source in LC3

Permit trading. CO2 prices start rising from 2020 as seen in Figure 101. In 2020 CO2 prices vary
between the regions and among the scenarios as emissions are constrained only for selected
regions in 2020, in line with Copenhagen Accord, and CO2 permit trading is limited. CO2 prices
start higher in LC1, the scenarios that has an earlier peak in global emissions, and reach about
$1000/tCO2 in 2045, stabilising thereafter. In LC2 the energy system needs a slightly higher
shadow price ($1150) in 2050 than that in LC1 to achieve the reduction rate needed. The ’reduced
action‘ scenario (LC3), that has less stringent emission reductions in all periods, exhibits the
lowest CO2 prices over the entire period but still reach $700/tCO2 in 2050. In the case of the CCS
failure (LC4) the CO2 price is significantly higher than LC3 from 2035 onwards, increasing to a
much higher level of $1500 in 2050. An additional scenario has been developed for this section to
investigate whether the ‘assumption of limited biomass resource availability’ drives the high CO2
prices. In the instance of higher availability of biomass under the specific LC1 emissions pathway
the CO2 price in 2050 reaches only $250/tCO2 for LC1-highBio compared to $1000/tCO2 for LC1. In
this scenario large availability of biomass associated with CCS (available after 2025 and resulting
negative net emission) strongly reduces the carbon price.
Figure 101. CO2 prices under different scenarios

In LC1, with stringent emissions constraints, the UK net trading position is positive in nearly all
time periods indicating that it is buying credits from the global market. The only exception is 2020
when the limits on global CO2 permits trading means that the UK sells permits to other European
countries (Figure 102). In the other three low carbon scenarios, in early periods, the UK is in a net
selling position, trading up to a maximum of 100 MtCO2 in LC2 in 2030. Developing countries need
to buy credits to counterbalance their carbon intensive technologies inherited from investments
made prior to 2010. After 2030 when carbon emission becomes harsher, the situation changes
and the UK becomes a net importer of carbon credits. Under the no CCS scenario the amount of
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credit bought by the UK at the end of the period (after 2040) reaches almost 150 MtCO2. It shows
dependency of UK in CCS technologies to meet its target.
Figure 102. Carbon credits traded by the UK under different scenarios

Negative = sold and Positive = bought

Carbon intensity. Global CO2 emissions are presented in Figure 103. In the first three scenarios
CCS technology offers a crucial way of decarbonising the electricity sector rapidly between 2030
and 2040. When CCS technologies are not available, decarbonisation is achieved with high
investment in solar. However the electricity sector of the UK for example is never fully
decarbonised in 2050 in all scenarios. This is particularly the case in the CCS failure scenario (LC4)
in which the carbon intensity of electricity for UK is still 100 g(CO2)/kWh in 2050, 6 times the
global average. The global energy system becomes increasing electrified in all scenarios with the
2050 electricity share of final energy consumption in end-use sectors around 50% of the total.
Emerging economies such as China and India are forced to pursue much deeper decarbonisation
of their power sectors than developed countries such as the UK, as the industry sector of
emerging economies are very carbon intensive and extremely difficult to decarbonise, particularly
without CCS.
Figure 103. CO2 emissions at global level under different scenarios

1.3.5.5 Towards a low-carbon economy: scenarios and policies for the UK

This article (264) analyses the implications of long-term low-carbon scenarios for the UK, and
against these it assesses both the current status and the required scope of the UK energy policy.
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The scenarios are generated using the well-established MARKAL (acronym for MARKet ALlocation)
UK energy systems model, which has already been extensively used for UK policy analysis and
support. The scenarios incorporate different levels of ambition for carbon reduction to shed
insights into the options for achieving the UK’s current legally binding target of an 80% cut by the
same date.

Scenarios
This section describes a set of low-carbon scenarios produced using MARKAL MED. The four
scenarios (CFH, CLC, CAM and CSAM) are of varying ambition in terms of CO2 reductions in 2050,
ranging from 40% to 90% reductions from the 1990 base year. These runs also have intermediate
(2020) targets of 15–32% reductions by 2020. Together with a base reference case, the four
decarbonization scenarios are detailed in Table 42.
Table 42. Carbon reduction scenarios
Scenario

Scenario name

B
CFH

Base reference
Faint-heart

CLC

Low carbon

CAM

Ambition

CSAM

Super ambition

Annual targets
(reduction)
15% by 2020
40% by 2050
26% by 2020
60% by 2050
26% by 2020
80% by 2050
32% by 2020
90% by 2050

Cumulative
targets
-

Cumulative emissions GtCO2
(2000-2050)
30.03
25.67

-

22.46

-

20.39

-

17.98

Results
If no new policies/measures are enacted, energy-related CO2 emissions (in the Base reference
scenario (B) in 2050 would be 584 MtCO2, which is 6% higher than the 2000 emission level and
only 1% lower than the 1990 emission level. Existing policies and technologies would bring down
the emissions in 2020 to about 500 MtCO2 achieving over 15% reduction, which falls well short of
the (then) minimum government target of a 26% reduction. From 2020 to 2050, economic and
energy service demand growth overwhelmed near-term efficiency and fuel switching measures
(which are partially driven by the effects of the EU Emissions Trading Scheme (EU ETS) price, and
the electricity and transport renewables obligations) and CO2 emissions rise. Figure 104 provides
annual CO2 emission levels under the different scenarios over the projection period. For nearerterm emissions reductions (2020), the CO2 emissions constraint in 2020 is imposed at 15% in CFH,
26% in CLC and CAM, and 32% in CSAM. This reflects the reality of current UK climate policy,
which has interim targets for carbon reduction, as noted above.
Figure 104. CO2 emissions under scenarios with different annual carbon constraints

Power capacity. Figure 105 shows that coal, nuclear and a small number of gas-based power
plants are selected for the base load generation in the Base reference case, B. When CO2
emissions are increasingly constrained (CFH, CLC, CAM and CSAM), the model strongly
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decarbonizes the electricity sector, and there is a huge change in the capacity mix in the power
sector. The decarbonization of end-use sectors by means of shifting to electricity as well as
selection of non-peak contributing plants, which need reserve capacity, increases the installed
capacity level in the mitigation scenarios, particularly during the latter part of the projection
period.
Although there are several broadly competitive options available including renewables, nuclear
power and carbon capture and storage (CCS) associated with coal- and gas-based fossil fuel power
stations, decarbonization of the power sector begins with the deployment of CCS for coal plants in
2020 in all mitigation scenarios, with non-CCS coal in 2035 only remaining in any quantity in CFH,
with its relatively low mitigation target. Coal CCS is the main technology to meet the mitigation
target in CFH and CLC in the later period. Coal CCS decreases with the increased CO2 reduction
target level in CLC (60%), CAM (80%) and CSAM (90%), as the carbon capture rate is only 90% (i.e.
there are 10% residual emissions). Nuclear is selected at the cost of CCS to meet the carbon target
in CAM. A large amount of wind is selected with the 90% target in 2050 of CSAM, together with a
large capacity of back-up gas plants. The technology learning rate, which reduces the capital costs
of technologies over the period, also affects the results, with marine, for example, becoming
cheaper and being selected in 2045 because of its relatively high learning rate.
Figure 105. Installed capacity (2000, 2035 and 2050) under different carbon ambition scenarios

The model produces marginal emission prices to meet the CO2 constraints. The marginal prices
shown in Figure 106 illustrate that marginal emission prices rise as the annual CO2 constraint
tightens across scenarios and through time. In 2035, marginal CO2 prices rise from £13/tCO2 in
CFH to £133/tCO2 in CSAM, and by 2050 this range is £20–300/tCO2. This convexity illustrates the
difficulty of achieving very deep CO2 reductions.
The ensuing policy analysis suggests that while the cuts are feasible both technically and
economically and while a number of new policies have been introduced in order to achieve them,
it is not yet clear whether these policies will deliver the required combination of both short- and
long-term technology deployment, and behaviour change for the UK Government’s targets to be
achieved.
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Figure 106. Carbon ambition runs: (2035 and 2050) marginal price of CO2 and CO2 emissions

1.3.6

Focus on North America

1.3.6.1 From Copenhagen to Cancun and Durban and the quest to establish sustainable levels of GHG
concentrations

While the Kyoto protocol is not supported by significant countries like USA, Canada and
eventually Japan and Russia, it is justified to question if it is not already too late to sustain global
warming below 2°C with a significant probability. This are the overarching questions we are trying
to answer or at least to initiate the efforts in that direction and generate some fist results of
importance. We apply in the analysis (131, 260) a special version of MERGE linked with the TIMESMACRO model of USA, both being well known and established models for integrated assessment
and mitigation studies. The reason for special emphasis given to USA is the need to analyze the
technological details (i.e., by including explicitly the end-use markets) and the economic
implications of a climate agreement for USA together with the competition of advanced carbon
free technologies in this sensitive market.

Scenarios
Table 43 gives the cumulative emission budgets associated with 20%, 25%, 33% and 50 %
probability of exceeding 2°C. In order to set the scene for the analysis we need to define first the
emissions between 2010 and 2020 and then to impose the global cumulative constraints that
correspond to the cumulative emissions.
Table 43. Probabilities of exceeding 2 °C
Scenario Name
50 percent
33 percent

Indicators
Cumulative CO2
Cumulative CO2 emissions 2000-50
Cumulative CO2 emissions 2000-50

Emissions
1437 GtCO2
1158 GtCO2

Probability of exceeding 2°C
Range*
Illustrative Default**
29-70%
50%
16-51%
33%

25 percent
20 percent

Cumulative CO2 emissions 2000-50
Cumulative CO2 emissions 2000-50

1000 GtCO2
886 GtCO2

10-42%
8-37%

25%
20%

Scenario Name
50 percent
33 percent

Cumulative Kyoto gases in CO2 eq.
Cumulative GHG emissions 2000-50
Cumulative GHG emissions 2000-50

Emissions
2000 GtCO2eq
1687 GtCO2eq

Range*
29-70%
16-51%

Illustrative Default**
50%
33%

25 percent

Cumulative GHG emissions 2000-50

1500 GtCO2eq

10-43%

26%

20 percent
Cumulative GHG emissions 2000-50
1356 GtCO2eq
8-37%
* Range reflecting the various climate sensitivity distributions (with one exceptions)
** Illustrative example with a set of assumptions defined by Meinshausen et al. (2009)

20%
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Results
Figure 107 presents a set of annualized emission levels that satisfy the cumulative emission
budgets corresponding to Figure 108 presents the corresponding tax levels estimated with MERGE
alone and are indicative to the emission budgets and the implicit carbon taxes in question.
Figure 107. Annual Carbon Emissions bounds assumed to specify global tax rates under different
Cap & Trade regimes with 20%, 25%, 33% and 50 % probability of exceeding 2°C

Figure 108. Annual global carbon values estimated in MERGE under Cap & Trade policies

Note: They correspond to the emission limits shown in Figure 1 for the probabilities of exceeding 2°C of warming

The induced carbon values, the GDP losses and the impacts to the primary energy and power
generation will be evaluated and the burden share by region to achieve the global cumulative
constraint will be shown.
1.3.6.2 Deep greenhouse gas reduction scenarios for California

California has taken a leading role in regulating greenhouse gas (GHG) emissions, requiring that its
economy-wide emissions be brought back down to the 1990 level by 2020. The state also has a
long-term, aspirational goal of an 80 percent reduction below the 1990 level by 2050. While the
steps needed to achieve the near-term target have already been clearly defined by California
policy makers, the suite of transformational technologies and policies required to decarbonize the
energy system over the long term have not yet been explored. This paper (60, 224, 225) describes
an effort to fill this important gap, introducing CA-TIMES, a bottom-up, technologically-rich,
integrated energy eengineering- environmental- economic systems model that has been
developed to guide the long-term policy planning process.

Scenarios
Two illustrative scenarios - along with several sensitivity cases - are developed and explored in
this study using the CA-TIMES modeling framework.
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• The CA-TIMES Reference scenario describes the potential development of California’s
energy system over the next several decades under business-as-usual (BAU) conditions,
namely in the absence of any substantial effort to reduce GHG emissions beyond 2020.
• The CA-TIMES Deep GHG Reduction scenario describes the potential development of the
energy system in the context of a social, political, and economic framework, both within
California and in the rest of the world, which is focused on reducing the threat of climate
change.
Table 44 lists the important policies assumed in the Reference and Deep GHG Reduction scenarios
(Table S1 in the Supporting Information provides further details on these policy assumptions).
Table 44. Policies represented in the CA-TIMES Reference and Deep GHG Reduction scenarios
Scenario

Reference

Deep GHG Reduction

Policies
- Current biofuel tax credits
- Current biofuel import tarrifs
- Current transportation fuel taxes
- CAFE standards to 2016 (39.5 mpg and 29.8 mpg for cars and trucks)
- Electric vehicle subsidies (up to 7500$)
- Power plant electricity GHG standard (baseload must meet NGCC emissions)
- Renewable fuel standard
- Renewable electricity production tax credit, solar investment tax credit
Deep GHG scenario includes all policies included in the Reference scenario as well as the
following additional policies :
- CAFE standards to 2025 (59.8 mpg and 45.1 mpg for cars and trucks)
- Energy efficiency standards in residential, commercial, industrial and agricultural sectors
- Renewable portfolio standard (33% by 2020)
- Economy-wide GHG reduction targets (1990 levels by 2020; 80% below 1990 by 2050)
- Two market-based policy instruments are not explicitly modeled in this version of the CATIMES model : the Low Carbon Fuel Standard and the cap-and-trade program. Both policies
are expected to be met under the scenario, as the results will show in Section 4.

Results
Transportation fuel. As expected, the transport sector continues to rely heavily on petroleumbased fuels throughout the modeling horizon in the Reference scenario (82% in 2050), with a
moderate, but increasing contribution from biofuels (18%), a result of both strong biofuels policy
and favorable economics, spurred in the early years by subsidies and mandates and in the long
term by assumptions on cost reduction and efficiency improvement. Total fuel demand increases
by 60% from 2005 to 2050, reflecting the substantial increase in travel demand in the various
subsectors (Figure 109). In contrast, total transportation fuel demand is only about 5% higher in
2050 in the Deep GHG Reduction scenario, which corresponds to a 36% reduction (on an energy
basis) relative to the Reference scenario in that year. Critical to achieving deep emissions cuts is a
major shift to non-petroleum based fuels. Petroleum still makes up 64% of total transportation
fuel use in 2050, but biofuels, hydrogen and electricity all grow in importance, accounting for
26%, 8% and 2% of consumption by 2050, respectively.
Emissions. Figure 110 compares CA Instate Energy emissions for the illustrative Reference and
Deep GHG Reduction scenarios and shows the contributions to emissions reductions from
different sectors of the California economy. Approximately one-third of emissions reduction from
the Reference scenario to the Deep GHG scenario comes from the transportation sector, another
one-third from the supply sector, one-sixth from the electric sector and the remaining one-sixth
from the residential, commercial, industrial and agricultural sectors. Although the Deep GHG
Reduction reductions in final energy demand in each of the end-use sectors relative to the
growth that would have occurred in the Reference scenario, total energy demand still increases
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slightly from 2005 to 2050. Given this rise in energy demand, the ability to achieve the GHG
emissions reduction target can largely be attributed to major declines in lifecycle carbon
intensities across various energy commodities.
Figure 109. Final energy demand by fuel type in the transportation sector in the Reference and
Deep GHG Reduction scenarios

Figure 110. Sectoral breakdown of Instate CA Energy GHG emission reductions from Reference
to Deep GHG Reduction scenarios

Costs. A comparison of the cumulative discounted energy system costs in the two illustrative
scenarios is shown in Figure 111. The Deep GHG Reduction scenario has higher total investment
costs (20% greater than the Reference case) due to the fact that high efficiency, renewable energy
technologies and end-use device electrification are often accompanied by higher equipment
capital costs. Approximately half of these increased investments are directed to the transport
sector. On balance, cumulative energy system costs for the transportation, electricity and fuel
supply sectors are ~10% higher in the Deep GHG Reduction scenario, or approximately $1.0
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trillion, equating to 1.6% of the projected cumulative gross state product over the same time
period.
Figure 111. Cumulative discounted energy system costs (capital and operating) in the
transportation, electricity and fuel supply sectors

We find that meeting California’s 80% emission reduction goal can be achieved through a
combination of mitigation strategies, including managing the growth in energy service demand,
increasing investments in efficiency and low-carbon energy supply technologies, and promoting
demand technologies that facilitate end-use device electrification and a decrease in the direct use
of hydrocarbon fuels through efficiency improvement and fuel switching.
1.3.7

Focus on South Africa

1.3.7.1 A regional TIMES model for application in Gauteng, South Africa

Gauteng Province, the economic centre of South Africa, is aiming to substantially reduce
greenhouse gas (GHG) emissions and increase the use of renewable energy and energy efficiency.
The TIMES-GEECO energy system model has been applied (128) to prioritise and evaluate
available measures, while considering the challenges of developing countries. Using this newly
constructed model, a scenario analysis was undertaken to identify robust measures to reach
provincial targets (e.g. GHG mitigation, energy quotas) at minimum cost. This resulted in
possibilities for Gauteng to reduce GHG emissions to contribute to a national target as described
in the Long-term Mitigation Scenarios (LTMS), which corresponds to the ambition to not exceed
2°C global warming.

Scenarios
As a baseline the possible future of Gauteng is modelled not only to describe and analyse a
business-as-usual development, but also incorporating policies which are currently discussed and
likely to be implemented in future. These policies include targets for biofuel usage as well as
installation targets for solar thermal energy use for water heating. This scenario is named
Implemented Policies or IPO.
Two mitigation scenarios are based on the Gauteng Integrated Energy Strategy, where several
plausible mitigation measures are postulated as well as the mitigation target of reducing GHG
emissions by about 50% compared to the reference development in 2055:
• One of those implemented scenarios (LGL) considers these objectives to be achieved with
the least system costs without favouring any option.
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• The second scenario (LGS) looks at how to achieve the targets with a more ambitious focus
to integrate renewable energy options.
The third mitigation scenario (LRS) assesses how Gauteng can contribute to the national targets
described in the Long-term Mitigation Scenarios, which targets the global ambition to not exceed
2°C warming by reducing GHG emissions by about 30 to 40% in 2050 compared to 2003 levels.
Figure 112 summarises the mitigation targets.
Figure 112. Mitigation targets of scenarios analysed and general scenario framework

Results
The results for the scenario analysis show that in the reference scenario the energy demand and
GHG emissions in Gauteng will increase significantly by the year 2040, by almost 80% to about
220 Mt (Figure 113, left). This is caused by two major factors: the expected increase in population
and GDP, and the demographic shift and increase in personal wealth. This can be seen on the
right hand side of Figure 113. The total final energy consumption increases significantly in all
sectors. Looking at the transport and residential sectors, an increase of 50% and 113% can be
seen, respectively. Additionally, in the reference scenario, energy supply is still shown to be
largely based on coal and fossil fuels. However, the total final energy consumption of the
transport sector will grow significantly and the increase in energy consumption is less than the
growth in travel demand (total pkm and tkm), which increased by about 100% and 115%,
respectively. This is a result of the legislation and implementation of higher emission standards in
the future and the renewal of vehicle fleet.
Figure 113. GHG emissions and final energy consumption by sector in the reference scenario
(IPO)

The highest reduction of (direct) GHG emissions in the transport sector would be necessary in the
LRS scenario with about 6.3 Mt CO2eq (- 22%) compared to the reference in 2040. Figure 114
shows that this reduction is achieved by using higher shares of alternative powertrains.
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While in the IPO scenario about 264 thousand vehicles use alternative powertrains in LRS about 1
million alternative vehicles can be found. These include mainly mild hybrid (62%) and CNG/SNG
vehicles (23%). The right hand side of Figure 114 shows the fuel provision for the transport sector.
In 2040, the share of biofuels lignocellulosic ethanol (EOH) as well as biodiesel (FAME) from
rapeseed and waste cooking oil is increased (pp to +13 PJ EOH in LGS and +6 PJ FAME in LRS). The
contribution of fossil synthetic fuels to the fuel mix is reduced in all mitigation scenarios. Highest
reduction necessary in 2040 is in the LRS scenario with -67 PJ (-65%). Additionally, methane gas
supply is stepwise changed from coal gasification in IPO to biomass gasification in the mitigation
scenarios. Furthermore, electricity consumption in the transport sector (slightly) increases and, as
based on cleaner electricity generation, contributes to reducing emissions.
Figure 114. Alternative vehicles (left) and fuels (right) used in the transport sector by scenario

As a result of the scenario analysis with the TIMES-GEECO model, it can be seen that Gauteng can
reach the proposed climate targets and even the GHG emission reduction corresponding to a 2
degree path seems possible. However, major changes within the energy system would be
necessary. These include, foremost the decarbonisation of electricity supply using higher shares of
solar and (if politically accepted) nuclear energy. Additionally, all demand sectors can contribute
by using technologies with higher energy efficiency, as well as, by changing to a higher share of
(direct) renewable energy use.
1.4
1.4.1

Integrated Mitigation and Adaptation Strategies
Integrated assessments

1.4.1.1 Fairness in climate negotiations: a meta-game analysis based on community integrated
assessment

This article (116) deals with the problem of fair sharing of a safety cumulative emissions budget
up to 2050. Using climate models one may infer the temperature change due to different possible
emission pathways provided by world techno-economic models. The negotiations can
concentrate then on the fair sharing of the resulting budget. We use two different integrated
assessment models. The first is based on TIAM-WORLD, a detailed bottom-up energy model,
coupled with the climate model PLASIM-ENTS. Here the supply of quotas on the emissions trading
market is decided by a benevolent planner who tries to achieve a fair sharing. In the second
approach based on GEMINI-E3, a computable general equilibrium model also coupled with
PLASIM-ENTS, the supply of quotas is decided strategically by the regions involved in the
negotiations.

Methodology
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In this first approach we use a bottom-up partial equilibrium model, focusing on the evolution of
the energy system in different world regions. We couple it with the PLASIM-ENTS emulator to
obtain a scenario that satisfies the target of keeping surface air temperature (SAT) below 2°C in
year 2100. From this scenario we derive a cumulative emissions budget for the 2010-2050 time
interval and also an emission profile for each of the eight regions modeled. Now, for each period
2020, 2030, 2040, 2050 we define an international emissions trading scheme which allocates the
total emissions of the period to each region, in the form of quotas, in such a way that the
different regions end up paying the same share of their GDP as net abatement cost (including
buying or selling permits). From the shares of emission budget given to each region at each
period, we deduce the share of the cumulative safety budget allocated to each region.

Scenarios
In essence, there is an iterative exchange of data between the two models, whereby TIAMWORLD sends to the climate emulator a set of total greenhouse gas concentrations for the entire
21st century, and the climate emulator sends to TIAM-WORLD the seasonal and regional
temperatures, converted in heating and cooling degree-days, and used to compute new seasonal
and regional heating and cooling demands in TIAM-WORLD. Iteration continues until the global
temperature computed by PLASIM-ENTS reaches the desired value. In cases with temperature
limit from 2 to 3°C in 2100, convergence is obtained in 2 to 13 iterations, with a precision of
0.01°C (Table 45).
The resulting carbon marginal abatement cost remains moderate until 2050 (Table 46) reflecting
the fact that the 2oC limit was imposed in 2100 without any intermediate constraint; although
temperature did not overshoot the imposed limit in the intermediate years, the resulting radiative
forcing increased up to 3.8 W/m2 before decreasing at the end of the horizon.
Table 45. Cumulative emission budget 2010-2050 and 2100 radiative forcing
Scenario
2°C
2.5°C
3°C
Ref

GtC-eq
484
572
591
595

2

RF2100(W/m )
3.7
4.6
5.7
6.3

Table 46. Marginal abatement cost
$/tC

2020
95

2030
135

2040
189

2050
261

Although TIAM-WORLD includes 16 different regions, the regional emission results were
aggregated according to the definition of players used and are presented in Table 47 (reference
case) and Table 48 (2oC case). Notice that China contributes almost one third of global emissions
by 2050 in the Reference case. In other words, any partial climate agreement without China may
jeopardize the capacity of the climate system to remain in a safe window on the longer term.
The proposed equity criterion was defined as the equalization of the net abatement costs of each
region per unit of GDP at each period. We repeat this calculation with TIAM-WORLD, coupled to
the emulator of PLASIM-ENTS. For this purpose, TIAM-WORLD, coupled to the emulator of
PLASIM-ENTS, is first run without climate constraint, to obtain the global and regional costs in the
reference case, and then run with a global constraint on temperature in 2100 to obtain the
optimal (efficient) emission levels Ej(t) in each region j, and the new system costs.
Table 47. Annual emissions (GtC-eq) in the reference case
USA

2010
1.93

2020
1.82

2030
1.84

2040
1.72

2050
1.72
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EUR
OEC
CHI
IND
RUS
OPE
ROW
World

1.23
1.08
2.57
0.62
0.62
0.61
3.07
11.72

1.26
1.17
3.13
0.77
0.74
0.72
3.34
12.94

1.29
1.18
3.90
0.99
0.94
0.84
3.66
14.64

1.25
1.18
4.69
1.28
1.00
0.96
3.89
15.98

1.36
1.26
5.54
1.39
1.09
1.07
4.22
17.64

Table 48. Annual emissions (GtC-eq) for the 2o C scenario
USA
EUR
OEC
CHI
IND
RUS
OPE
ROW
World

2010
1.93
1.23
1.08
2.57
0.62
0.62
0.61
3.07
11.72

2020
1.74
1.17
1.07
2.81
0.70
0.71
0.69
2.98
11.88

2030
1.65
1.11
1.01
3.14
0.78
0.82
0.78
3.09
12.38

2040
1.45
0.99
0.91
3.12
0.77
0.81
0.76
2.93
11.74

2050
1.07
0.83
0.77
2.86
0.82
0.77
0.73
2.87
10.72

Results
The optimal solution computed by TIAM-WORLD informs us about the optimal location of
emission reductions, but it does not answer the question of "who should pay" for these
reductions. As an answer to this latter question, the emission budget was allocated to the 8
regions in order to equalize, at each period, the abatement costs supported by each region as a
share of the regional GDP. Regional allocations of quotas (Table 49) and the resulting permit
trading (Table 52) indicate that industrialized countries (USA, EUR and OEC) would receive lower
quotas than the optimal emissions as computed by TIAM-WORLD (Table 50 and Table 51) and
would therefore buy permits from the other regions of the World, and more particularly from
China. This reflects both the stronger economic capacity of industrialized countries (higher GDP)
to pay for abatement, and the opportunities of abatement available in the different countries.
Table 49. Allocation of emission quotas (%) to equalize regional abatement costs per GDP
USA
EUR
OEC
CHI
IND
RUS
OPE
ROW
World

2020
13%
8%
9%
25%
6%
6%
8%
26%
100%

2030
10%
6%
7%
28%
7%
7%
7%
27%
100%

2040
8%
5%
7%
31%
7%
8%
8%
27%
100%

2050
7%
4%
6%
33%
7%
8%
8%
26%
100%

Table 50. Allocation of emission quotas (%) in the optimal solution
USA
EUR
OEC
CHI
IND
RUS
OPE

2020
15%
10%
9%
24%
6%
6%
6%

2030
13%
9%
8%
25%
6%
7%
6%

2040
12%
8%
8%
27%
7%
7%
7%

2050
10%
8%
7%
27%
8%
7%
7%
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ROW
World

25%
100%

25%
100%

25%
100%

27%
100%

Table 51. Cumulative regional budgets over 2010-2050 to equalize regional abatement costs per
GDP
Region
USA
EUR
OEC
CHI
IND
RUS
OPE
ROW
World

GtC-eq
52.6
31.3
37.1
134.3
32.4
32.4
35.4
128.1
483.7

%
11%
7%
8%
28%
7%
7%
7%
26%
100%

The annual transactions (buying or selling permits) are shown in Table 52 (MtCeq).
Table 52. Buying (-) and selling (+) of quotas (MtC-eq)
USA
EUR
OEC
CHI
IND
RUS
OPE
ROW
World

2020
-254
-243
-33
162
48
-46
211
156
0

2030
-373
-391
-103
382
135
39
84
228
0

2040
-454
-460
-141
508
46
89
204
208
0

2050
-346
-375
-79
645
-37
118
161
-87
0

As indicated above, the definition of the quotas allocations equalize the abatement cost per unit
of GDP at each period, as shown in Table 53.
Table 53. Equalized abatement cost per unit of GDP at each period
Abatement cost / GDP

2020
0.06%

2030
0.15%

2040
0.28%

2050
0.35%

Doing this analysis with two large-scale techno-economic models coupled with an emulator of an
advanced moderate complexity climate model we made the following observations that could be
important for the forthcoming climate negotiations:
• The mid-term (2010-2050) costs of the climate abatement strategies to keep the long term
temperature increase below 2°C remain moderate: at the worldwide level, the cumulative
discounted abatement cost in percentage of cumulative and discounted GDP is equal to
0.16% with TIAM-WORLD and 0.46% with GEMINI-E3.
• A crucial issue is to identify the distribution of the burden that equalizes and limits high
costs of implementation; we have shown that the models currently available can provide
some valuable insights when they are associated with some optimization or game design
meta-models.
• In the two approaches developed in this paper the models TIAM-WORLD and GEMINI-E3
coupled with PLASIM-ENTS give some common conclusions: (a) OECD countries are net
buyers of permits and the contributions computed by our models are close to the existing
commitments or propositions made by OECD countries; (b) Emerging and developing
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countries are net sellers; they will be helped by the organization of international emissions
trading systems, on which they can play strategically with their shares of the safety
emissions budget; (c) China is an essential player as it received more than 25% of the
budget in all cases.
1.4.1.2 Coupling bottom-up and top-down models to improve the assessment of global climate
policies

In order to assess the cooperation between industrialized and developing countries in the design
of a comprehensive worldwide climate policy to limit the global long-term temperature increase
to 2°C, we developed an iterative procedure linking the global technology-rich optimization
energy model TIAM-WORLD and the global general equilibrium model GEMINI-E3 (118). The
coupling methodology combines the precise representation of technology choices and their
impact on climate change, with a coherent representation of the welfare gains or losses
associated with the techno- economic and energy choices, especially in terms of trade effects.

Methodology
The intent of the proposed coupling is to benefit from the technological details provided by TIAMWORLD, and from the macro-economic information provided by GEMINI- E3 to define energy or
climate policies (Figure 115). The principles of the coupling are as follows:
• In GEMINI-E3, energy and CO2 prices (the latter only when a climate constraint is
modelled), the fuel mix (distinguishing electricity and non-electric fuels), the technical
progress on energy uses (distinguishing electricity and non-electric sector) and on capital
consumption1 are computed on the basis of results from TIAMWORLD.
• In TIAM-WORLD, the growths of the GDP and of the monetary value of the industrial
subsectors, used to compute the demands for energy services, are based on results
provided by GEMINI-E3.
Figure 115. The coupling framework GEMINI-E3 & TIAM

Scenarios
The coupling methodology has been used to evaluate two kinds of climate cooperative
agreements between countries.
• First, a global cooperative climate agreement (first best policy). Although idealized, this
solution contributes to identify the best technology and energy decisions for the World to
limit the greenhouse gas emissions; however, it does not indicate which country should pay
for the identified mitigation options. A cooperative solution for the sharing of the
mitigation costs is the implementation of an international Emissions Trading System or of
any future flexible mechanism based on programs or projects which could replace the
current Clean Development Mechanism.
• Next, two alternative partial cooperative climate agreements where only the energy
intensive sectors of developing and emerging countries (Mineral Products, Chemical
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Products, Metal and Metal Products, Paper) participate in the climate mitigation policies.
Such agreements might be politically easier to implement since they are designed to limit
the adverse impacts of climate strategies on the households of developing countries (hence
the exclusion of the household related sectors from the climate policies), and would also
avoid the loss of industrial competitiveness of developed countries (hence the inclusion of
the energy intensive sectors of developing countries in the climate policies).
The climate target is defined by a maximal radiative forcing of 3.5 W/m2 at all times,
corresponding to a maximal global temperature increase of 2°C compared to pre-industrial times,
with a reasonable probability.

Results
Global cooperative climate agreement. The first application represents a situation of perfect
long-term cooperation between all countries, all sectors. This scenario is called S1. With the aim
of assessing the coupling methodology, the analysis focuses on the comparison of the results
obtained with: GEMINI-E3 used in a stand-alone manner (called GEMINI-E3 alone); TIAM-WORLD
used in a stand-alone manner (called TIAM-Elast); the coupled models TIAM-GEMINI-E3 (called
Coupled-Models). CO2 abatement is achieved through the implementation of a uniform
worldwide carbon price without permit trading. The CO2 price computed by GEMINI-E3 alone
reaches 356 $2010 in 2050 (Table 54). The same prices reached in 2050 by GEMINI-E3 alone and
TIAM-Elast is a matter of chance. Indeed, lower absolute reduction are reached in GEMINI-E3
alone than in TIAM-Elast, taking into account the different reference emission profiles (lower in
GEMINI-E3 than in TIAM-WORLD). The higher CO2 price in 2040 and lower CO2 price at the
beginning of the time horizon to satisfy the same emission targets also reflect different
abatement opportunities available in both models.
Table 54. World CO2 price in $2010 – Scenario S1
Scenario/Period
GEMINI-E3 alone
TIAM-Elast
Coupled-Models

2010
3
25
25

2020
37
43
42

2030
89
81
81

2040
216
152
151

2050
356
354
351

At the World level, differences in emission (Figure 116), climate and energy results between the
two solutions for the climate scenario with the Coupled-Models and with TIAM-Elast are small.
Although not shown, it is important to note that China dominates the future World emissions (up
to almost 50% of global emissions in the Reference in 2050) as well as the future reductions (also
up to almost 50% of World reductions in 2050).
Figure 116. Total CO2 emissions in the Reference and in the Climate case S1
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The increase of the total discounted of the energy system in S1 over the Reference case is slightly
more than 10000 trillions $2010, or 0.6% to the total discounted GDP over the time horizon 20052050 in TIAM-Elastic.
Partial climate agreement. Two scenarios are modelled in order to represent other kinds of
climate agreement and their underlying R&D schemes:
• Scenario 2 (S2) Climate Agreement Limited to the Energy Intensive Industries: Using the
same target of 3.5 W/m2, all sectors of the OECD countries are covered by the climate
agreement while in Non-OECD countries, only energy intensive industries (including
electricity generation and upstream) are covered.
• Scenario 2B (S2B) Climate Agreement Limited to Electricity Generation: All sectors of the
OECD countries are covered by the climate agreement while in Non- OECD countries, only
electricity generation is covered.
First, the global techno-economic cost (obtained from TIAM-WORLD in the Coupled- Models) of
the Climate Agreement Limited to the Energy Intensive Industries (S2) reaches 11.2 trillions
$2010, what is 1.5 times the cost of the Climate Agreement based on all sectors (first-best
solution S1, 7.3 trillions $2010). All regions, including the Non-OECD countries, face a higher total
cost when only the Intensive Energy sectors of the Non-OECD countries participate in the climate
agreement: indeed, the effort supported by the covered sectors is higher, in all countries (Figure
117), resulting in more costly strategies. The CO2 price in 2050 reaches 526$2010/tCO2 in S2,
compared to 357$2010/tCO2 in S1.
In terms of energy technologies, as mentioned above, the efforts are concentrated on a reduced
part of the total economy. Hence a higher penetration of low-emitting World electricity
production (renewable and CCS) in S2 compared to S1. The increase is higher in OECD than in nonOECD. A strong penetration of biomass in industry is also observed, but higher in non-OECD than
in OECD regions; indeed, the non-OECD countries use in industry some bioenergy that is no longer
needed in their residential and transportation sectors. As a consequence, the emissions of the
residential and transport sector of Non-OECD countries, not covered by the climate agreement,
increase (Figure 117), even more so than in the Reference: some leakage occurs. However, total
oil consumption in Non-OECD countries remains almost at the same level as in the Reference:
there is no incentive to increase the oil consumption in Non- OECD countries after the OECD
countries decrease their own demand.
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Figure 117. Comparison of CO2 emissions in Reference, S1 and S2 - Outputs of TIAM- WORLD in
the Coupled-Models

Figure 118 compares the surpluses in scenarios 1, 2 and 2B as assessed by GEMINI-E3 in the
Coupled Models. As expected, S2 is more costly for industrialized countries than S1. Indeed, in S2,
the price of CO2 increases 1.5 times and is applied without exemption to all energy consumption
of industrialized countries, and therefore, the cost incurred is much more important. In contrast,
developing countries are welfare increasing with respect to S1: households are exempted from
carbon taxation and benefit from a double dividend coming from the decrease of fossil fuel prices
compared to the Reference. The gain coming from S2 is important especially for China and India.
This result is in opposition with those coming from the TIAM-WORLD model where the costs, as
defined by TIAM, supported by developing countries also increase: TIAM-WORLD accounts for
direct costs only and does not reflect the macro-economic impacts modelled in GEMINI-E3. At the
World level, S2 is less efficient than S1, as also concluded by TIAM: the worldwide cost to reach
the same emission target increases by 60%.
Figure 118. Macro-economic cost in S1, S2, S2B - surplus in % of household consumption
(outputs of GEMINI-E3 in the Coupled-Models)

The assessment of alternative global, partially cooperative agreements is used to illustrate the
interest of such a coupling approach; it appears that an important added value of such a coupling
relates to the evaluation of the trade effects of climate policies on energy-intensive products.
Furthermore, in order to achieve safe levels of climate change, drastic technology breakthroughs
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and rigorous implementations are required as soon as possible, especially in large emitting
countries, and in all sectors of the economy— focusing only on emission reductions in the power
sector is not sufficient. Moreover, some risks of delocalization of gas extraction activities exist in
the case of partial agreements, but they result in a limited carbon leakage thanks to the reduction
of oil extraction in all cases.
1.4.1.3 Soft coupling between the integrated assessment models PAGE and TIAM-UCL

In this paper (190), we present the soft coupling between two different integrated assessment
models: PAGE (Policy Analysis for Greenhouse Effect) and TIAM-UCL (TIMES Integrated
Assessment Model-UCL). During the coupling, the damage functions were extracted from several
PAGE simulations and adapted to the climate damage function of the TIAM-UCL model.

Methodology
Damage functions were extracted for the 8 geographical regions representing the world in
PAGE09. Several runs, using different emission scenarios over the next 200 years, were conducted
to access a range of damage costs produced by different temperature changes. The damages
were initially calculated without any adaptation policies in the model. After a recalibration of the
climate module of TIAM-UCL using the latest version of the climate model MAGICC, the data were
extrapolated from the 8 regions within PAGE onto the 16 regions included in TIAM-UCL, following
the repartition of population. The step values for the TIAM-UCL damage functions were
reconstructed from the curves obtained from PAGE09. The study focuses on a business-as-usual
emissions trend in TIAM-UCL following loosely the SRES A2 scenario.

Results
The first simulation, using the standard model, does not include the damage costs in the
optimisation and the carbon dioxide emissions reach 22GtC/year in 2100, with a global
temperature change in excess of 3.8°C. Even when they are not included in the optimisation
equilibrium, potential damages from the temperature rise are calculated and reach the total
amount of 6x106 millon$/year for the year 2100. In a second simulation, the damage function is
included in the calculation of the optimum equilibrium, all other exogenous forcing and
constraints being identical to the ones in the reference run. The new scenario obtained converges
toward a moderate reduction in the temperature change from the business-as-usual run of about
half a degree Celsius. This reduction is produced by mitigation in greenhouse gases emissions. For
example, the emissions of carbon dioxide are reduced by about 20% in 2050 (from 15.7 to
12.5GtC/year). The reduction in the other two greenhouse gases represented in TIAM-UCL is even
larger and starts earlier, due to their shorter atmospheric lifetime and strong radiative forcing
efficiency. The marginal cost for CO2 to achieve this kind of emission abatements is about 150$/tC
during the first half of the century in the TIAM simulation with damage costs included.
1.4.2

Impacts of climate change

1.4.2.1 Evaluation of climate change impacts on energy demand

Although previous climate change research has documented the effects of linking mitigation and
adaptation in the energy sector, there is still a lack of integrated assessment, particularly at
national level. This paper (15) may contribute to fill this gap, identifying the interactions between
climate change and the energy demand in Macedonia. The analyses are conducted using the
MARKAL (MARKet ALlocation)-Macedonia model, with a focus on energy demand in commercial
and residential sectors (mainly for heating and cooling).

Scenarios
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The following three sets of scenarios were developed:
• Base Case (BC) - baseline development scenario in which the optimal generation capacity
investments are determined, taking into account only country’s development plans
(without climate change, i.e., the future temperature changes were not taken into
account);
• Climate Change Damage Cases (DC) - scenario which introduces the climate changes by
adjusting the degree days in accordance with the national climate scenarios, while the
generation capacities are fixed to the optimal capacity mix from the Base Case;
• Climate Change Adaptation Cases (AC) - scenario which establishes the optimal capacity mix
for adaptation to the climate change by allowing for endogenous capacity adjustments in
the model. (The climate changes are the same as in DC, but the method of adjustment to
climate change is allowed to differ).

Results
Base Case. The optimal capacity mix for electricity generation that will satisfy the estimated
future energy demand in the Base Case is given in Figure 119. Coal-fired power plants dominate
the Base Case for the entire period, followed by the hydro power plants. Coal-fired capacity
increases starting in 2021, while hydro capacity increases slowly, pretty much throughout the
entire period. Oil fired generation capacity disappears after 2012 (due to retirement), while
combined cycle gas and renewable generation growthroughout the period, first replacing the lost
oil-fired capacity and then contributing to the general capacity growth of the system. The total
discounted system cost for the Base Case is estimates to be 14,869 million euros.
Figure 119. Electricity generation capacity mix - Base Case

Note: This figure gives the optimal capacity mix for electricity generation that will satisfy the estimated future energy
demand in the Base Case.

Climate Change Damage Case. A combination of HDD and CDD adjustment factors were
calculated for three alternative climate change damage scenarios:
• Damage Case 1 (DC1) - Hotter in both Winter and Summer - Decreased demand for heating
and increased demand for cooling, using AdF1 for HDD and for CDD;
• Damage Case 2 (DC2) - Colder in both Winter and Summer - Increased demand for heating
and decreased demand for cooling, using for using AdF2 for HDD and for CDD;
• Damage Case 3 (DC3) - Colder in the Winter and Hotter in the Summer - Increased demand
for heating and increased demand for cooling, using AdF2 for HDD and AdF1 for CDD.
Figure 120 shows the absolute difference in electricity demand for the two sectors in each of the
three Climate Change Damage Cases. This figure makes it possible to see that, when hotter
summers and winters are expected (DC1) the impact on electricity demand will largely involve
increases in commercial sector, and to a lesser extent residential sector, space cooling demand.
The DC2 scenario, which simulates colder temperatures-year round does not fit the typical
projections of Global and Regional Climate Models. However, it does help us to see that when
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these conditions occur simultaneously, for example in a single year or for several years in the
context of climate variability, that the changes in heating and cooling demands will be virtually
offsetting and the net impact very small. DC3, on the other hand, is more realistic since it
combines the effects of warmer temperatures in the summer, with colder winters. In portions of
Macedonia winter conditions are highly variable. This is a “worst” case, conceptually, since both
space heating and cooling demands will increase. Moreover, under these climatic conditions, the
relative increase in demand growth is larger in the residential sector than the commercial sector
by 2030.
Figure 120. Difference in the heating and cooling demand for the residential and commercial
sectors

Note: This figure shows the absolute difference in electricity demand for the two sectors in each of the three Climate
Change Damage Cases (DC1, DC2 and DC3).

Climate Change Adaptation Case. In this case, the possibility for endogenous adjustment the
capacity mix by the model gives the new optimal generation mix. The differences in the capacity
mix between the three adaptation capacity cases and the Base Case generation capacity are
shown in Figure 121. The capacity adjustments vary quite a bit in each case. In AC1, virtually no
capacity is dropped e only small amounts of renewables between 2024 and 2030 e but modest
amounts of combined cycle gas-fired capacity are added (around 38 MW per period) in each
period between 2015 and 2030 plus about 15MWof renewables in 2021. This suggests that, at
least in the AC1 case, it will actually be more expensive to adjust capacity to adapt to climate
change, relative to the Base Case, than to do nothing. The results for the AC2 case confirm to
expectations that adjusting to climate change along their long-run supply curves would make
producers better-off (reduce their systems costs, here) than using short-run measures. However,
this scenario is the one with the smallest climate change damages.
Figure 121. Difference in the generation capacity mix, ACs vs. BC

Note: This figure shows the differences in the capacity mix between the three Adaptation Cases (AC1, AC2 and AC3) and
the Base Case generation capacity.

Costs. The largest economic losses (climate change damages) were associated with the climate
case in which summer temperatures were projected to be the warmest and winter temperatures
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were projected to be the coldest (DC3). This much is common sense. The second largest estimate
of climate change damages was associated with the climate case in which it was hotter in both
winter and summer (DC1). However, in both of these cases, MARKAL projected that electricity
producers would add more capacity and shed very little to adapt to climate change and that this
would be more costly. The net benefits of adaptation were negative, but also very small - around
one million euros in both cases. Since the net benefits of adaptation were quite small and the
climate change damages were relatively large in these two cases, the value of the residual
damages that could not be avoided by climate change were also larger than climate change
damages by one million euros. Only the case in which it was projected to be colder in winter and
summer (DC2, AC2) showed positive net benefits of adaptation. In this case, climate change
damages were an order of magnitude smaller than the other cases, but the benefits of adaptation
were twice as large. In percentage terms, shedding capacity in this case along their long-run
supply curves reduced climate change damages by about 22%, compared to less than 1% in the
other two cases.
1.4.2.2 Impacts of climate change on heating and cooling: a worldwide estimate from energy and
macro-economic perspectives

The energy sector is not only a major driving force of climate change, it is also vulnerable to future
climate change. In this paper (113, 207, 231), we analyze the impacts of changes in future
temperature on the heating and cooling services both in terms of global and regional energy
impacts and macro-economic effects. For this purpose, the technico-economic TIMES-WORLD and
the general equilibrium GEMINI-E3 model are coupled with a climate model, PLASIM-ENTS, to
assess the regional and seasonal temperature changes and their consequences on the energy and
economic systems.

Methodology
Given the endogenous detailed representation of the energy system, including heating and
cooling in both residential and commercial sectors of TIAM-WORLD, the modeling of several
future temperature trajectories contributes to the better understanding of the changes in both
total and specific energy consumed for heating and cooling, endogenously assessed by the model,
as well as the possible consequences on other sectors such as power generation, expected to
increase to satisfy electricity demands for cooling. Figure 122 summarizes the methodology used
to analyse the impacts on the energy sector.
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Figure 122. Framework to compute impacts on the energy sector

Scenarios
For this purpose, a series of 14 scenarios was built and modeled, representing a range of longterm global mean temperature increase from 1.6 to 5.6°C (Figure 123). The long-term
temperature increase of the Reference case of TIAM-WORLD is 3.3°C.
Figure 123. Range of global mean temperature increase over pre-industrial period used to
assess the impacts of climate change on heating/cooling

Results
Impacts on the energy system. The main result is that climate appears to be independent from
the changes in heating and cooling due to future climate change at the global level, on the time
horizon considered (2100) even in cases of higher temperature increase. However, this does not
mean that the impacts of climate change on heating and cooling are negligible, neither at the
global level nor at regional levels. Figure 124 illustrates the impacts of climate change on the
different energy commodities consumed for cooling (electricity) purpose. Electricity consumption
is strongly dominated by the increase in cooling needs.
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Figure 124. Impacts of climate change on fuels used for cooling at World level

Although the changes in heating and cooling don't affect the climate, it is interesting to observe
the changes at the sector level, which could have consequences on mitigation policies (Figure
125). Indeed, while emissions from buildings decrease (up to -1.2 GtCO2 in 2100 the worst
temperature case) thanks to the reduction of heating, the increased demand for cooling
translates in an increase of emissions of up to in the power sector, given the additional coal and
gas installed capacities (up to +3.7 GtCO2 in 2100 in the worst temperature case). The net balance
is positive (up to +2.5 GtCO2 in 2100).
Figure 125. Variation of CO2 emissions in power and residential/commercial sectors

Macroeconomic impacts. The impacts of climate change on heating and cooling demands are
computed through the HDD and CDD indicators. In this scenario we increase the energy demand
for space cooling by changing the technical progress associated to electricity consumption for
household consumption and the services sector. Figure 126 gives the impacts of the climate
change on total electricity consumption and the changes in CDDs. For regions where the level of
CDDs is significant (i.e. India, South Asia, Middle East, Latin America and Africa), the need for
space cooling increases within a range of 10% to 30% in 2100.
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Figure 126. Variation in electricity consumption of all sectors in % (left axis) and CDDs change in
% (right axis) in 2100 - Scenario: impact of CC on cooling demand

The increase in electricity consumption for cooling purpose has detrimental effects on the
economy but at seemingly low levels. The welfare impact expressed in percentage of household
consumption is always below 0.08%. Figure 127 shows these regional welfare costs.
Figure 127. Welfare changes in % of household consumption in 2100 - Scenario: impact of CC on
cooling demand

One of the main insight of the analysis is the absence of climate feedback induced by the
adaptation of the energy system to future heating and cooling needs, since the latter represent a
limited share of total final energy consumption and emissions, and the heating and cooling
changes tend to compensate each other, at the global level. However, significant changes may be
observed at regional levels, more particularly in terms of additional power capacity required to
satisfy the new cooling demands. In terms of macro-economic impacts, welfare gains come from
the decrease of energy for heating and to welfare loss due to an increase of electricity for space
cooling. For energy exporting countries welfare gain is reduced (or lossed) due to losses of
revenue coming from less energy export while for non-energy exporting countries welfare gains is
linked to the decrease of energy needs for heating overcompensate the cost coming from the
increase of electricity consumption.
1.4.2.3 A spatio-temporal emulator of future climate change for impacts assessment

Many applications in the evaluation of climate impacts and environmental policy require detailed
spatio-temporal projections of future climate. To capture feedbacks from impacted natural or
socio-economic systems requires interactive two-way coupling, but this is generally
computationally infeasible with even moderately complex general circulation models (GCMs).
Dimension reduction using emulation is one solution to this problem, demonstrated here (114)
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with the GCM PLASIM-ENTS (Planet Simulator coupled with the efficient numerical terrestrial
scheme).

Methodology
Our approach generates temporally evolving spatial patterns of climate variables, considering
multiple modes of variability in order to capture non-linear feedbacks. The emulator provides a
188-member ensemble of decadally and spatially resolved (∼ 5° resolution) seasonal climate data
in response to an arbitrary future CO2 concentration and non-CO2 radiative forcing scenario. The
Planet Simulator is a climate model with a heat- flux-corrected slab ocean. In short, the approach
attempts to vary key model parameters over the entire range of plausible input values and to
accept parameter combinations which lead to climate states that cannot be un-controversially
ruled out as implausible. The approach represents an attempt to find plausible parameterizations
of the model from all regions of the high-dimensional input space in order to capture the range of
possible feedback strengths.

Results
In this section we describe the derivation and validation of baseline (1 January 1995 to 1 January
2005) heating degree days (HDDs) and cooling degree days (CDDs), calculated on the PLASIMENTS grid and mapped onto the regions of the TIAM-WORLD model. HDDs provide a measure that
reflects heating energy demands, calculated relative to some baseline temperature. CDDs are
directly analogous, but integrate the temperature excess relative to a baseline and provide a
measure of the cooling demands for that month. An evaluation of the modern-day distribution of
HDDs and CDDs therefore provides a useful validation of the baseline climate simulations,
reflecting both spatial and seasonal variability, and furthermore provides a validation of the
transformation of the emulated outputs into degree-day data and of the population-weighted
mapping of this degree-day data onto the regional level for impacts evaluation.
We do not simulate (or emulate) degree days directly but instead derive them from average
seasonal temperature and daily variability, defined by the standard deviation of the daily
temperature across the season. The critical assumption made is that daily temperatures are
scattered about the seasonal mean with a normal distribution. Direct calculation of degree-day
data from daily variability would be more accurate, but was judged to be overly restrictive as it
would prevent recalibration with an altered baseline temperature. The seasonally resolved HDDs
and CDDs are summed to generate annual data and are compared to observations in Figure 128.
Figure 128. Baseline heating and cooling degree days
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Note: These are derived on the PLASIM-ENTS grid and mapped with population weighting on to the TIAM-WORLD
regions (Labriet et al., 2013). Calculated data (coloured bars) are compared against the empirical estimates (black bars)
of Baumert and Selman (2003).

We have developed an emulator of the spatio-temporal climate response to an arbitrary 21stcentury forcing scenario. We apply singular vector decomposition to decompose the modes of
variability across a large ensemble of simulations of the intermediate- complexity GCM PLASIMENTS. We emulate the high-order components as simple polynomial functions of future forcing
and model parameters that we apply to emulate fields of climate change in response to an
arbitrary forcing profile. The approach represents an advance on pattern scaling as it allows us to
address non-linear spatio-temporal feedbacks and uncertainty. The emulator reproduces presentday regionally resolved heating and cooling days that are in good agreement with observations.
1.5

Renewable Energy Strategies

1.5.1

Global targets

1.5.1.1 A global renewable energy system

This paper (37, 149) aims to test the ETSAP2-TIAM global energy system model and to try out how
far it can go towards a global 100% renewable energy system with the existing model database.
This will show where limits in global resources are met and where limits in the data fed to the
model until now are met.

Scenarios
Forcing renewables and energy savings in TIAM was done through using the following three
scenarios:
• Reference scenario”: Standard assumptions, climate policy free.
• Alternative scenario I: ‘‘CO2 ppm”: CO2-concentration in the atmosphere is restricted to
400 ppm.
• Alternative scenario II: ‘‘CO2e price”: The price for GHG emissions is fixed to 400 Euro per
tonne CO2e globally.

Results
CO2-concentration. Figure 129 depicts the development in atmospheric CO2-concentration levels
under the different scenarios. In the reference scenario the CO2-concentration in the atmosphere
climbs above 750 ppm at the end of this century. In the CO2e price scenario, it climbs just above
450 ppm, while in the CO2 ppm scenario the concentration is per definition limited to 400 ppm.
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Figure 129. CO2-concentration in the atmosphere in the three scenarios

Costs. The CO2e price scenario is more expensive than both the reference and the CO2 ppm
scenario, as the total discounted system costs are 67% higher than in the reference scenario. The
CO2 ppm scenario is only 17% more expensive than the reference scenario. The total costs are
higher in the CO2e price scenario because more is invested at the beginning of the period, where
technologies are more expensive, and those investments weigh more in the total costs due to
discounting. In the CO2 ppm scenario, investments are pushed into the future which ensures
investment in new and cheaper technologies. This would be even more pronounced if the
discount rate was raised, while a lower discount rate would make the two alternative scenarios
more similar, as the CO2e price scenario relatively would become more attractive.
Fossil resources. Figure 130 demonstrates that in 2100, the world will have used the majority of
the currently known gas resources. In the reference scenario, most of the oil will also have been
used, while in the two alternative scenarios, unconventional sources will only barely have started
to be used. Furthermore, the figure demonstrates that the known coal resources of the world
(approx. 125,000 EJ) are many times larger than the cumulative use of coal in 2100 even in the
reference scenario.
Figure 130. Fossil resources and cumulative use in 2100

Renewable potentials (2050). As can be seen from Figure 131, the world is close to utilising the
full resource potential of geothermal already in 2050 in both alternative scenarios, in contrast to
the reference scenario. Hydro and biomass are both utilised at between 75% and 90% of their
potential in the alternative scenarios, which are very much larger shares than in the reference
scenario. In 2050 there is still plenty of potential for increased energy production from wind. Note
that in this version of TIAM, there is no limit on solar resources and wave and tidal technologies
are not available. In summary it is clear that a 100% renewable energy system was not achieved in
neither of the scenarios examined, yet the system came very close to some of the resource limits.
However, there is still a large unutilised wind potential, as well as potentials for solar, tidal and
wave to enter the system.
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Figure 131. Renewable resource utilisation in 2050

Existing analysis with TIAM shows different ways of reaching the 2 oC target (increase in global
mean temperature) and also how uncertainty on different factors influences the optimal solution.
The main conclusion from existing analysis with TIAM is that the 2 oC target is possible to reach,
but it will be expensive. Another very important point is that if uncertainty on the value of the
climate sensitivity (Cs) is taken into account then the optimal strategy calls for early action
compared to a full foresight optimisation using the most probable value of Cs.
1.5.2

Regional targets

1.5.2.1 Linking least-cost energy system costs models with MCA: An assessment of the EU renewable
energy targets and supporting policies

The aim of this paper (99) is to combine technoeconomic modeling and MCA approaches in a
general analytical framework incorporating multiple aspects. Each method in an RE policy
interaction problem can feed in the necessary policy information for the subsequent steps of an
ex-ante and an ex-post assessment in a decision tree, starting from recognizing the need for
implementing a new policy in parallel to the incumbent ones, assessing the actual policy costs and
finally identifying the social acceptability of these RE policies.

Methodology
The methodology we employ in this paper is based on a multicriteria decisions support tool called
ECPI (Energy and Climate Policy Interactions decisions support tool). The results we generate from
such a tool are predominantly qualitative, as they express preferences of policymakers towards
selecting policy instruments for achieving RE goals. The input for the ECPI tool originates from the
technoeconomic model TIMES, which provides quantitative results of these policies towards
achieving the targets. The ECPI tool provides a qualitative framework for analyzing interactions
among policy instruments in various policy mixes through developing a whole policy cycle and the
instruments’ respective pairwise combinations.

Scenarios
Departing from the RE targets set by the EU for 2020 (20% renewable energy in the gross final
consumption), the RES2020 project tested the following policy scenarios in order to project the RE
market situation:
• Reference Scenario (BaU) based on policies currently in practice (without the 2008 energy
and climate package).
• RES Reference Scenario (RES) where the target for renewable energy sources per Member
State (MS) and the corresponding targets for CO2 emission in 2020 are enforced.
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• RES statistical transfer scenario (RES_T) where the target for renewable energy sources per
Member State and the corre- sponding target sfor CO2 emission in 2020 areenforced as in
the RES Reference Scenario,and the statistical transfer mechanism proposed in the
Directive (EC, 2009) is also modeled4.
• RES-30 scenario (RES-30) with the same assumptions as the RES Reference Scenario, but
enforcing a 30% reduction target for CO2 emissions over the whole of the European Union.
In Table 55 we present a short description with the characteristics of these scenarios.
Table 55. Scenarios in PET model
BaU

RES Reference
As in BaU plus the RES
Directive2009/EC/28:
-RES final energy 20% by 2020
and trajectory towards 2020
a
-RES transport 5.75% by 2010
and 10% by 2020

RES-T

RES30

As in RES
Ref

As in RES
Ref

RES policies or targets

Existing ones in countries
(feed-in tariffs, etc.)

EU climate policy targets

No quantity limits but CO2
tax in ETS: from 20 euros
in 2010 to 24 euros per
b
ton CO2 in 2030

20% reduction by 2020 from
1990 (max 3.6 Gton Co2 in
2020)

As in RES
Ref

30%
reduction
by 2020

MS allocation

None

Non-ETS emissions: (country X=
-X%, corresponding to a max of
XXX Mton CO2 in 2020)

As in RES
Ref

As in RES
Ref

Statistical transfers in RES

Not allowed

Not allowed

Allowed

Not
allowed

Fossil fuel prices

According to WEO2008 (IEA)
Consistent with the baseline scenario in “European Energy and Transport Trends to 2030
(2007 update)” Capros et al.

Other assumptions

a
In the transport target only biofuels were considered in the model. This was done for two reasons. First of all at the time of the model setup the
renewable energy directive in its final form was not published. Even after its publication the accounting of hydrogen is not defined yet, while the
accounting of electricity would be too complicated to include in the model. Second, the experts opinion at the time was that the largest share of
renewables in transport would be biofuels, based on current trends and technology availability.
b
In order to avoid “end-effects” the model runs are extended to 2030. The CO2 tax price in 2020 is a linear interpolation between the value in 2010 and
the value in 2030.

Results
Final energy. The projections for final energy use (Figure 132) are presented below. Policies on
renewables and emissions reduce the demand for primary energy and its final use—especially by
2020. The use of renewables increases clearly already in the baseline and this increase is further
emphasized, when a renewables’ target is imposed. On the level of total final energy demand, all
scenarios simply an increase over the year 2000 (with a peak experienced around 2015 for the
policy scenarios). Since in 2020 some of the policy scenarios, especially the one with a 30%
emission reduction target, had almost the same primary energy demand as in 2000, clear
efficiency improvement have been materialized for the conversion from primary to final energy.
With targets on renewables and CO2 emissions reductions in all scenarios, final energy
consumption by 2020 is clearly reduced (compared to the baseline), indicating demand reductions
and/or efficiency improvement on the end use level. A deeper emission reduction target does not
significantly increase the share of renewables on European level, therefore implying that the 20%
renewables share seen in the results might not be reached without a specific target.
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Figure 132. Final energy use

Emissions. In the BaU scenario, total CO2 emissions increase quite modestly, by circa 5% over the
20-year time frame. In the ETS sector, the decarbonization is mainly due to the power production
sector, where the emissions are reduced by circa 13%. Emissions in the industry (within ETS)
increase simultaneously bringing the net change close to zero. In the non-ETS sector, most of the
sectors increase their emissions slightly, with the transport sector being responsible for the
highest increase (Figure 133). In the RES scenario, in which the EU climate (and renewable)
policies are implemented; the power sector is responsible for at least 55% of the mitigation
efforts. Other sectors of importance are the residential sector and the industry (within ETS), both
contributing about 10% of the mitigation needs. In order to reach this emission reduction, the
model applies a shadow price for CO2 emissions of circa 50 h/ton. The difference between the
RES and RES-T scenarios are almost negligible, indicating that virtual trade of excess certificates
does not affect overall CO2 emissions. When mitigation requirements are increased to 30%, the
relative importance of the power sector increases even more. In this scenario,its share is
increased to a level of 65% of the total mitigation.
Figure 133. CO2 emissions

Costs. In terms of discounted costs for a modeling horizon up to 2025, the overall increases
caused by the policies are minor (Table 56). Total discounted system costs increase by 0.22% in
the RES-ref scenario, with its RES target and 20% emission reduction target.6 With certificate
trading of the surplus certificates, this difference is even smaller, some 0.18%. This means that a
virtual trading platform for excess certificates saves 0.04%,or almost a fifth of the total additional
costs of the RES-ref scenario. If emission target is made more demanding, the total discounted
system costs are 0.49% (184 billion Euros) higher than in the BaU scenario. This means that
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increasing only the GHG reduction target from 20% to 30%, the discounted costs are more than
doubled compared with the scenario with a 20% target for both GHG emission reduction and
renewables. This indicates that the overall marginal GHG abatement curve is much steeper in a
range of 20–30% reduction than in the 0–20% implying that at the 20% reduction level, the ‘low
bearing fruit’ has already been harvested.
Table 56. Investment and operation and maintenance (O&M) costs of renewable energy
technologies in 2020

Costs (mln Euro2000)
Costs as % of GDP in EU27

Scenario
BaU
RES-Ref
87,453
124,702
0.59%
0.85%

RES-T
115,981
0.77%

RES-30
131,788
0.86%

ECPI results. In order to be consistent with RES2020, each scenario corresponds to the following
policies:
• Reference: (low) carbon tax, (low) RE feed-in tariff,
• RES Reference: EUETS (low), (high) RE feed-in tariff,
• RES-30: EUETS (high), (high) RE feed-in tariff, (low) TGC.
In order to better demonstrate the effects of policy interactions for individual criteria, we present
the application results on selected criteria representing general policy objectives. In terms of
climate objectives, policy interactions under the Reference and RES30 scenarios are in accordance
with the high preference of reductions of GHG emissions expressed by policy- makers, and they
score quite high in this criterion (Figure 134). The RES Reference Scenario with a high feed-in tariff
and an existing moderate target under the EUETS increases substantially the climate awareness,
which scores higher to the reduction of GHG emissions. Based on the PET model results, the total
CO2 emissions increase quite modestly, by circa 5% over the 20-yeartime frame.
Figure 134. Policy interaction on climate criteria

1.5.2.2 Analysis of the EU renewable energy directive by a techno-economic optimisation model

The EU renewable energy (RES) directive sets a target of increasing the share of renewable energy
used in the EU to 20% by 2020. The Norwegian goal for the share of renewable energy in 2020 is
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67.5%, an increase from 60.1% in 2005. Possible ways for Norway to reach its target for 2020 are
analysed with a technology-rich, bottom-up energy system model (TIMES-Norway). This new
model (74, 213) is developed with a high time resolution among others to be able to analyse
intermittent power production.

Scenarios
The target of 67.5% needs to be achieved on a national level by 2020, as well as 10% share of
renewable energy for transport. Three main scenarios were developed to investigate the effect on
implementation of the RES directive on the Norwegian energy system (Table 57).
• The BASE scenario (1a) includes all current policies for a complete overview). This scenario
is used to illustrate the effects of the policies analysed in the other scenarios.
• In the second scenario (2a), the RES directive is implemented, including both the renewable
target for transport and the overall RES target, along with green certificates.
• The third scenario(3a) includes green certificates, but no parts of the RES directive.
Sensitivity analyses of the three main scenarios were also conducted. A variant (1b) of the Base
scenario with higher hydro- power costs is included in order to analyse the sensitivity to the
hydropower investment costs on the Norwegian energy system. Due to uncertainties regarding
the future price of biofuels, a variant involving higher biodiesel and bioethanol prices is included
(2b). In order to analyse the model's sensitivity to the exogenous electricity export and import
prices ,a variant involving low erelectricity prices to neighbouring countries are included (2c).
Consequences of a higher certificate price are also analysed (3b).
Table 57. Scenario overview
Scenario

Description

Base (1a)

No RES constraint

RES+CER
(2a)

- Active RES constraint
- Transport restriction
- Green certificates (140
NOK/MWh)

CER (3a)

- Green certificate (140 NOK/MWh)

Sensitivity analyses
High Hyd (1b)
Increased investment costs for reservoir and run-of-river hydro
High Bio (2b)
50% higher import prices for biodiesel and bioethanol
Low Exp/Imp (2c):
25% lower electricity export and import prices to neighbouring countries
High CER (3b):
Green certificates (240 NOK/MW h)

Results
The Base scenario (1a) shows that even without any renewable target imposed in the model,the
renewable fraction increases to 66.6% in 2020, and the share of renewable energy for transport is
around 5%.
In the RES+CER scenario (2a)the renewable target was imposed, along with a green certificate
price, and as expected the results show that the target is reached at 67.5%. An illustration of the
renewable fraction for the RES+CER scenario is given in Figure 135. As described in Section 1.3,
the contribution from the GCM on the RES share in 2020 is 13.2Twh regardless of the actual
production in Norway. Consequently, the renewable powe rpro- duction in Fig. 16 is adjusted
according to the GCM contribution. However,the actual production in this scenario is 144.6TWh
(not shown in Fig. 16), and increase of 2.8Tw from the Base scenario.
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Figure 135. Illustration of the renewable fraction for the RES+CER scenario

Figure 136 illustrates the fuel use for the transport sector in 2020. The total fuel use increases
approximately 10 TWh from 2006 to 2020 in all three scenarios, an increase of 21%. This
corresponds to the exogenous transport demand growth of 25.7%. In order to satisfy thetransport
restriction of the RES directive, 3.2TWh more biodiesel and 0.3Twh more electricity is consumed
in the RES+CER scenario. It should also be noted that for all the scenarios, the diesel consumption
increases heavily while the gasoline consumption decreases.
Figure 136. Fuel use in the transport sector for 2020 for the main scenarios

Model results indicate that the RES target can be achieved with a diversity of options including
investments in hydropower, windpower, high-voltage powerlines forexport, various heatpump
technologies, energy efficiency measures and increased use of biodiesel in the transportation
sector. Hence, it is optimal to invest in a portfolio of technology choices in order to satisfy the RES
directive, and not one single technology in one energy sector.
1.5.2.3 IEA-ETSAP TIMES models in Denmark - The Pan-European model

This report (149, 150) summarises the projects, emphasising the development of modelling tools
that will be useful for modelling the Danish energy system. RES2020 (2006-09) aimed at analysing
the present situation of the RES implementation, i.e., defining future options for policies and
measures, calculating specific targets for the RES contribution that can be achieved by the
implementation of these options and finally examining the implications of the achievement of
these targets to the European economy. The NEEDS-TIMES Pan-European model has been
enhanced for the renewable technologies that are in the focus of the RES2020 project.

Scenario
This section presents the subsequent development of the Pan European model with results from
the RES2020 project. The four scenarios analysed in Res2020 were (BAU) based on policies
without the ingredients of the January 2008 energy and climate package and 3 policy scenarios:
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• (RES) a reference scenario for the 2020 policies, in which the essentials of this package are
implemented,
• (RES-T) where – next to physical trade of (renewable) electricity and bio-fuels – a virtual
trade mechanism in RES production rights is in place, and
• (RES- 30%) in which the greenhouse gas emission reduction objective for EU is 30% instead
of 20%.

Results
RES2020 cases – Final energy. For Denmark the share of renewable was 9 % in 2000. This figure
will increase to 24 % by 2020 in the BAU scenario, and 27 % in the policy scenarios, with very little
variations among these scenarios, mainly due to the planned increase in off-shore wind and
biomass in the electricity and heat sector. Also for primary and final energy, the three policy
scenarios give very similar results. The most important development of renewables is the further
penetration of wind power, which is policy driven. Further, there is a significant increase in
bioenergy from 2000 to 2020 in the BAU scenario and some additional increase in the policy
scenarios, but little difference among these three scenarios (Figure 137). Some small variations
among the policy scenarios are found in the central electricity and heat sector for 2020. For
Denmark the RES and RES-T scenarios mean 30 % share of RES in final energy by 2020 and for all
sectors, which do not fall under the European Emissions Trading scheme, a CO2 emissions cap of
21.2 Mtons.
Figure 137. RES2020 Results - Final Energy use of renewable and non-renewables

The model results for 2020 show reductions of CO2 emissions for both the ETS sectors and the
Non-ETS sectors for the policy scenarios compared to the BAU scenario. The reductions in the
residential and industry sectors are mainly due to increased use of RES in these sectors, which is
the same for all policy scenarios. For the central electricity and heat sector increased use of wind
power and biomass as combustible renewable lead to reduction of CO2. The reduction is largest in
the scenario with the most ambitious CO2 reduction target. The total investment costs and
operational costs of renewable technologies are calculated by the model between 500 M€ and
1000 M € by 2020, or about 0.01 % of GDP with no significant difference among the BAU
scenarios.
Bioenergy production. To further resolve the sources and potentials of bioenergy supply in
Denmark the framework of the TIMES model was used in a much simpler model for a fuel mix of
bioenergy and fossil energy with more elaborate data for cultivation of bioenergy and based on
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an economical optimisation of the choice of crops grown. The analysis is based on a static cost
minimization model for bioenergy feedstocks grown in Denmark in a single year using currently grown
crop classes and yield levels. Figure 138 which is extracted from the online results of the RES2020
TIMES model shows that the results of the static model with 50% food & feed restrictions for high
prices on fossil fuels are very similar to the results from RES2020 for Denmark. The price index for
diesel oil in the RES2020 scenarios with 2005=100 is 147 in2010, 155 in 2015, 168 in 2020 and 177
in 2025. The similar results from the two different model approaches mean that both models are
suitable for further analyses and comparisons.
Figure 138. RES2020 Scenario 2020 for Denmark - Biofuels except municipal waste

The most important methodological conclusion of this study for the further development of the
RES2020 TIMES model is that requirements on food and feed from agriculture and non-energy
material from forestry must be exogenous to an optimisation model driven by the demand for
energy services.
1.5.2.1

Potential for renewable energy jobs in the Middle East

We here (46) present an analysis of the potential for renewable energy jobs in the Middle East.
We use energy system optimisation results from the regionally disaggregated TIAM-ECN model as
input to our study.

Scenarios
We use this model to inspect the energy technology requirements for meeting a strin- gent global
climate policy that achieves a stabilisation of atmo- spheric greenhouse gas concentrations with a
maximum additional radiative forcing of 2.9W/m2.

Results
This climate change control scheme implies a massive deployment of renewable energy in the
Middle East, with wind and solar power accounting for approximately 60% of total electricity
supply in 2050: according to TIAM-ECN, 900 TWh of an overall level of 1525 TWh could be
generated from 210 GWof installed renewable energy capacity by the middle of the century. This
renewable power generation level and associated capacity deployment profile between today and
2050 (Figure 139), consistent with actual installation plans in the region, provides the basis for our
analysis of the employment effects of renewable energy deployment in the Middle East.
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Figure 139. Cumulative capacity for three renewable energy technologies until 2050

We adopt a simple analytic approach to estimate the job impacts of the renewable energy
scenario depicted in Fig. 2.
Figure 140 demonstrates that our two diverging assumptions with regards to the local content of
manufacturing result in a wedge of as high as 50,000 direct jobs in 2050, if one considers the
maximum estimated employment pathways. By comparing the maximum and minimum
pathways, we see that the most optimistic values for the employment factors result in about six
times more jobs at any given point in time than the most conservative ones found in the
literature. Hence uncertainty in this domain matters a lot. Real employment figures are likely to
lie some where in between these two extremities, so we adopt median employment factor
values. These imply approximately 155,000 direct jobs in the Middle East in 2050 if we assume
that the local manufacturing content amounts to 49% for wind energy, 46% for PV and 50% for
CSP. Examining these 155,000 direct jobs by phase of deployment and technology, we see that by
the middle of the century the largest share of total employment derives from O&M activities,
mostly because by 2050 CSP is broadly deployed and thus requires lots of O&M.
Figure 140. Direct employment until 2050 for our Middle East renewable electricity scenario

Note: With uncertainty ranges, in two cases:(1) all manufacturing is produced locally (green) and (2) the local content is
49% for wind, 46% for PV and 50%f or CSP (hatched grey). (For interpretation of the references tocolor in this figure
legend, the reader is referred to the web version of this article.)

Our findings are shown in Figure 141, which indicates that indirect employment adds another
115,000 jobs to the primary level of 155,000 direct jobs. In particular, an additional 17,500 jobs in
(local) manufacturing, 41,500 in installation and 56,000 in O&M are created in indirect
employment in 2050. Total direct plus indirect employment creation in 2050 is thus estimated at
approximately 42,500 (local) manufacturing jobs, 96,500 installation jobs and 130,500 O&M jobs,
totalling almost 270,000 positions across all technologies and phases of their deployment. Figure
141 also indicates what possible overall employment scenarios could be if improvements are
assumed in the job intensities of the three renewable energy technologies. The red dashed line
shows the impact of employ- ment factors reducing over time based on an annual rate of 0.75%/
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year. The green dotted line depicts a learning curve approach towards employment factor
reductions: we assume that with every doubling of installed capacity the job intensity reduces
with 10% (that is, we suppose a learning rate of 10%).
Figure 141. Total direct and indirect employment until 2050 in our Middle East renewable
power scenario split by project phase

Note: Median employment factors are assumed and partly localised manufacturing of 49% for wind, 46% for PV and
50% for CSP. The red dashed line shows the impact of employment factors reducing over time based on a rate of
0.75%/year.The green dotted line depicts a learning curve approach towards employment factor reductions with a 10%
learning rate. (For interpretation of the references to color in this figure legend,the reader is referred to the web
version of this article.)

This climate control target implies a massive deployment of renewable energy in the Middle East,
with wind and solar power accounting for approximately 60% of total electricity supply in 2050:
900 TWh of an overall level of 1525 TWh would be generated from 210 GW of installed renewable
energy capacity by the middle of the century. For this pervasive renewables diffusion scenario for
the Middle East we estimate a total required local work force of ultimately about 155,000 direct
and 115,000 indirect jobs, based on assumptions regarding which components of the respective
wind and solar energy technologies can be manufactured in the region itself. All jobs generated
through installation and O&M activities are assumed to be domestic.
1.5.3

National targets

1.5.3.1 What are the costs of Scotland’s climate and renewable policies?

This paper (26, 182) analyses the energy, economic and environmental implications of carbon and
renewable electricity targets in Scotland and the UK using a newly developed two-region UK
MARKAL energy system model, where Scotland (SCT) and rest of the UK (RUK) are the two
regions.

Scenarios
The following five scenarios are defined for analysing climate and renewable electricity policies:
• Reference (REF) Scenario: CO2 emissions are not constrained. Existing policy measures as of
Energy White Paper 2007 (i.e., UK-wide renewables obligation of 15% and
RenewableTransport Fuel Obligation of 5%) are applied.
• Low Carbon (LC) Scenario: The model is constrained to meet reductions in CO2 emissions in
line with targets, i.e., by 29% in 2020 and 80% in 2050 over 1990 levels. All other conditions
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are same as in the REF Scenario. The target can be met by mitigating emissions from both
regions depending on where it is cheaper to do so.
• Renewable energy strategy (RES) Scenario: The Renewable energy strategy (RES) is applied
to the UK at national level. We use the ‘lead scenario’ in the UK government’s Renewable
Energy Strategy (HM Government, 2009) to illustrate how the UK might meet the
renewable energy directive: 30% renewable electricity, 10% renewable fuels in transport
and 12% renew- able fuels in heating. This scenario is also required to meet UK carbon
targets.
• Scottish renewable policy (SRP) Scenario: Scottish renewable electricity target is set to 80%
by 2020, i.e., An amount equivalent to 80% of Scottish electricity consumption must be
generated from renewable sources in Scotland, on an annual basis. All other conditions are
same as in the RES.
• Scottish High renewable policy (SHRP) Scenario: An amount equivalent to 100% of Scottish
electricity consumption must be generated from renewable sources in Scotland, on an
annual basis. All other conditions are same as in RES.
Sensitivity scenarios have been run with a ‘no nuclear’ policy for Scotland on three of the above
scenarios (RES, SRP and SHRP).

Results
Emissions. Regional CO2 emissions in the Reference (REF) Scenario, where no climate policy has
been applied, are presented in Figure 142 for rest of the UK (RUK) and Scotland (SCT),
respectively. Despite the fact that demand for energy services increases over the period, existing
policies along with genuine efficiency improvements of power and end-use technologies can keep
the emissions below the base-year (2000) emissions during the period. Among the sectors, the
power sector dominates and its share increases over the period in both regions due to an
increased share of coal generation. In the longer term, as higher oil prices lead to renewed
extraction from the North Sea (from 2030 onwards), and rising electricity consumption leads to a
new round of installation of coal power generating plant. In climate change mitigation scenarios
(i.e., all the scenarios that include a carbon constraint), a UK-wide CO2 emissions constraint is
applied. In other words, UK emissions are constrained and the target can be met by reducing
emissions from SCT and RUK, with more mitigation wherever it is cheaper.
In the Low Carbon Scenario (LCS), decarbonisation is foremost in the power sector till the middle
or end of the projection period (Figure 143). Major efforts then switch to the residential,
transport and service sectors in both regions. The Scottish power sector decarbonises more
rapidly as compared to that of RUK in the short-term (2020). Due to the increased share of wind
generation in the Scottish power sector, closure of existing fossil plant, and declining emissions
from North Sea oil and gas, Scotland’s share of total UK emissions decreases over the period in
the LC scenario from 11% in 2000 to around 8% during 2020– 2050. Scotland emits only 9 Mt -CO2
while RUK emits 109 Mt-CO2 in 2050.
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Figure 142. Sectoral CO2 emissions in rest of the UK and Scotland in REF
Rest of the UK

Scotland

Figure 143. Sectoral CO2 emissions in rest of the UK and Scotland in LCS
Rest of UK

Scotland

Electricity generation. Figure 144 shows the generation mix in Scotland and rest of the UK
regions, respectively in the REF scenario. Electricity generation increases to 2050 in RUK, while
total generation in Scotland fluctuates due to varying net electricity flow from Scotland to the rest
of the UK. Electricity generation in the low carbon scenario (LCS) is much higher than that in REF
especially during latter part of the period for both regions. End-use sectors are decarbonised by
shifting to low carbon electricity during the latter part of the period leading to higher electricity
demand in the mitigation scenarios. The very end of the period (2050) sees a steep increase in
Scottish generation from nuclear and co-firing with CCS, in response to high marginal abatement
costs. Both regions invest in wind in the renewable energy strategy (RES) scenario to meet the UK
renewable electricity target of 30%. Wind replaces co-firing and nuclear generation in RUK and cofiring in SCT. The capacity mix of each low carbon scenario in each region is shown in Figure 145
for the years 2020, 2035 and 2050. The increase in capacity is notable, reflecting the shift to fuel
switch- ing to electricity in other sectors, and reflecting the greater generation capacity required
with larger proportions of intermittent renewables, which require back-up generation (which
explains the large gas capacity in 2050, despite relatively little gas-based generation, since this is
used as back-up plant).
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Figure 144. Generation mix in rest of the UK and in SCT in REF
Rest of UK

SCT

The paper shows that meeting Scotland’s carbon targets does not require additional
decarbonisation effort if the UK meets its own targets at least cost; and that Scotland’s renewable
energy ambitions do imply additional costs above the least cost path to the meeting the UK’s
obligations under the EU renewable energy directive. Meeting Scottish renewable electricity
targets diverts investment and deployment in renewables from rest of the UK to Scotland. In
addition to increased energy system cost, Scottish renewable electricity targets may also require
early investment in new electricity transmission capacity between Scotland and rest of the UK.
Figure 145. Generation capacity mix in RUK and SCT in climate change mitigation scenarios
RUK

SCT

1.5.3.2 Energy, environmental and economic effects of Renewable Portfolio Standards (RPS) in a
Developing Country

This paper (72) analyses the potential of renewable energy for power generation and its energy,
environmental and economic implications in Pakistan, using a bottom up type of long term energy
system based on the MARKAL framework.

Scenarios
The study considers 9 scenarios – a base case and eight alternative cases. The base case scenario
is business as usual scenario. It does not consider any renewable energy promotion policy. The
base case scenario incorporates the domestic avail- ability, import and export of fossil fuels. In the
case of renewable energy the base case scenario considers solar, hydropower, wind and biomass
energy sources. Alongside the base case, eight renewable energy promotion scenarios considered
are:
• 10% renewable electricity excluding large hydro by 2050 (hereafter called as “RPS10” case)
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• 20% renewable electricity excluding large hydro by 2050 (hereafter called as “RPS20” case)
• 30% renewable electricity excluding large hydro by 2050 (hereafter called as “RPS30” case)
• 40% renewable electricity excluding large hydro by 2050 (hereafter called as “RPS40” case)
• 50% renewable electricity excluding large hydro by 2050 (hereafter called as “RPS50” case)
• 60% renewable electricity excluding large hydro by 2050 (hereafter called as “RPS60” case)
• 70% renewable electricity excluding large hydro by 2050 (hereafter called as “RPS70” case)
• 80% renewable electricity excluding large hydro by 2050 (hereafter called as “RPS80” case)
For the purpose of alternative scenarios development, the base case electricity gen- eration is
taken as the reference and the share of renewable generation in different RPS cases is increased
as shown in Table 58.
Table 58. Considered Renewable Portfolio Standards targets for Pakistan
Case
description
RPS10
RPS20
RPS30
RPS40
RPS50
RPS60
RPS70
RPS80

Minimum renewable energy based electricity requirements by year (%)
2020
2030
2040
2050
2.5
5.0
7.5
10.0
5.0
10.0
15.0
20.0
7.5
15.0
22.5
30.0
10.0
20.0
30.0
40.0
12.5
25.0
37.5
50.0
15.0
30.0
45
60.0
17.5
35.0
52.5
70.0
20.0
40.0
60.0
80.0

Results
Electricity generation. Figure 146 shows the fuel consumption pattern in power generation sector
of Pakistan. The energy mix pattern of the power sector in the base case shows that the share of
coal in the total electricity generation from thermal power plants would increase from 0.5% in
2005 to 100% in 2050. If current pattern continues, the fossil fuel consumption would be 4660PJ
in 2050–8 fold increase from the 2005 level. An important implication of the change in energy
supply mix towards the end of study period is that the fuel consumption in the power sector after
2030 will shift towards increasing use of coal. The coal consumption will rise from 293Pj in 2030 to
4660Pj in 2050–97% of which will be imported, which will consequently increase the GHG and
local pollutants emissions by this sector significantly.
Increasing the share of renewables would decrease the coal consumption in power generation
during 2020–2050 (RPS policy implementation period). The consumption pattern of petroleum
products and natural gas will not be affected by addition of renewable electricity as there is no
addition of natural gas and oil based powerplantsunderallscenariosduring2020–2050. The
expansion of the share of renewable electricity will displace only coal based technologies during
the study period. The most important repercussion of increasing renewables is that it will reduce
imported coal consumption significantly up to RPS60, and thereafter nuclear based power
generation - which is produced using domestically avail- able resources, will start reducing.
Therefore, increasing share of renewable beyond RPS60 may not be effective to reduce import
dependency.
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Figure 146. Energy supply mix in power generation sector during 2005–2050 (BaseCase)

Energy security. The effect of RPS policy on energy security has been analyzed in terms of changes
in net energy import dependency of the power sector (NEID) and diversification of energy
resources used to generate electricity (SWI). Table 59 compares NEID and SWI under different RPS
targets with the base case results.NIED would be continuously decreasin gsignificantly till RPS60
due to addition of renewable electricity generation technologies in the power sector. However,
after RPS60, the rate of reduction in import dependency will reduce as increasing renewable
share beyond RPS60 will displace nuclear electricity, which is domestically produced. SWI, which
measures the level of diversification inenergyresources in electricity generation, is found to
increase till RPS40,and then declines at higher RPS among the cases considered. At RPS higher
than RPS40, SWI will start decreasing due to increased dependence of the power sector on
renewable technologies.
Table 59. Energy security indicators in 2050 under Base Case and RPS case
Base case
RPS10
RPS20
RPS30
RPS40
RPS50
RPS60
RPS70
NEID (%) 73
66
53
42
31
21
11
4
SWI
0.87
0.96
1.10
1.16
1.17
1.13
1.02
0.83
Note: SWI is estimated on the basis of electricity generation (GWh) from energy sources.

RPS80
2
0.76

Emissions. The total emissions (GHG and local pollutants) during 2005–2050 would decline from
5829 million tons under the base case to 2245 million tons under RPS80, i.e., reduction of more
than 50% from the base case. The rate of GHG reduction would reduce after RPS40 - from 11% till
RPS40 to 10%, 8%, 6% and 4% under higher RPS policies, respectively.
Costs. Figure 147 shows the trend in the AAC of renewables, conventional and the overall AAC of
electricity generation under the base and RPS cases. The AAC of both renewable and conventional
electricity generation sources show an increasing trend under the RPS policy cases in 2050. The
AAC of renewables under RPS10 will increase as compared to the base case due to addition of
biomass based power plants. However, it would remain stable till RPS50 as only biomass based
technologies are found cost effective in that range of RPS. Beyond RPS50, the AAC of the
renewables would start increasing much faster due to the addition of more expensive renewable
technologies (windandsolar). In the case of conventional tech- nologies, the AAC will increase very
marginally (fromUS$46/ MWh under the base case to US$48/Mwh under RPS50). Increas- ing the
renewables share above RPS50 will increase the conven-tional electricity generation cost. This is
due to the fact that beyond RPS50,reduction in investment in thermal power genera- tion
technologies is lower than electricity generation, although the increase in the AAC of conventional
electricity generation is not as significant as that in the case of the renewables. Overall,the cost of
electricity generation in 2050 would be increasing at lower rate till RPS50 (from US$47/Mwh to
US$59/MWh), whereas afterwards it will start increasing significantly and would be US$86/MWh
under RPS80.
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Figure 147. AAC of electricity generation under Base Case and RPS cases in 2050

The results show that under a highly optimistic renewable portfolio standard (RPS) of 80%, fossil
fuel consumption in 2050 would be reduced from 4660 PJ to 306 PJ, and the GHG emissions
would decrease from 489 million tons to 27 million tons. Nevertheless, price of the electricity
generationwillincreasesignificantly from US$47/MWh under current circumstances (in the base
case) to US$86/Mwh under RPS80. However the effects on import dependency, energy-mix
diversity, per unit price of electricity generation and cost of imported fuels indicate that, it may
not be desirable to go beyond RPS50. Under RPS50 in 2050, fuel consumption of the power sector
would reduce from 21% under the base case to 9% of total fossil fuels supplied to the country. It
will decrease not only GHG emission to 170 million tons but also will reduce import dependency
from 73% under the base case to 21% and improve energy diversity mix with small increase in
price of electricity generation (from US$ 47/ MWh under the base case to US$ 59/MWh under
RPS 50).
1.5.3.3 Secure energy supply in 2025: Indonesia's need for an energy policy strategy

Indonesia as an emerging country with one of the fastest growing economies requires sufficient
supply with energy for national development. Domestic energy production cannot satisfy the
domestic demand, and the deficiency necessitates growing imports. Government Regulation
5/2006 aims at increasing the proportion of renewable sources to 17%. Two scenarios for the
energy situation in 2025 have been elaborated and are discussed (81). The development of the
scenarios is based on the Market Alloca- tion (Markal) model.

Scenarios
Article 2 of Regulation No.5/2006 defines two targets, namely the achievement of energy
elasticity of less than 1 in 2005, and secondly the creation of an energy mix optimally in 2025 with
diminished portions of oil, gas and coal and increased portions of new and renewable energy in
domestic consumption. Oil shall become less than 20%, gas less than 30%, coal less than 33%;
while biofuel and geothermal shall each become more than 5%; other “new energy” and
renewable energy, particularly biomass, nuclear, hydropower, solar power, and wind power shall
become more than 5%, liquefied coal more than 2%. The 5% portion of non-fossil energy in 2005
is scheduled to increase to 15% in 2025.
Meanwhile it seems to be unrealistic to reduce oil consumption below 20% in 2025. In accordance
with the Indonesian Ministry of Energy and Mineral Resources two scenarios based on different
assumption on parameters were developed: high consumption or business as usual (BAU) and low
or efficient consumption. Key parameters are: population growth 0.8% in 2025; GDP growth 6.6–
8%; electricity consumption growth 7% in 2010 and 8.4% in 2025. These two scenarios are
recalculated based on a progressive carbon emission reduction of 20%–26% in 2020, and other
parameters such as economic growth.

Results
The High Scenario (BAU) assumes that the current policy will be continued until 2025: high energy
consumption, moderate renewable energy growth, high emissions. The BAU Scenario results in a
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total energy consumption of 450 MTOE in 2025, that is 2.8 times the amount of 2010 (159 MTOE).
The energy mix in 2025 (Figure 148) shows for oil 22.2%, gas 17.8% gas, coal 37.0%, new energy
such as nuclear 4%, and 19.2% for renewable energy. The BAU scenario for renewable energy is
detailed as follows: biomass for biofuel 6.7%, biomass waste for electricity 2.0%, geothermal
6.7%, hydro 2.4%, other renewable energy 1.1%. This scenario implies a high level of energy
consumption and creates energy reserve deplete quickly. Besides that high scenario means that
more energy is utilized therefore more carbon dioxide (CO2) would be produced. Wasteful use of
energy tends to generate more negative impact to the environment.
Figure 148. Primary energy consumption, different scenarios

Source: Ministry of Energy and Mineral Resources (graphic: S.Mujiyanto).

The Low Scenario (Efficient Scenario) reflects high efficiency and high diversity of energy sources,
particularly renewable energy. It assumes an increase of total energy consumption from 159
MTOE in 2010–380 MTOE in 2025 which is less than 2.4 times. The energy mix consists of 23.7%
oil, 19.7% gas, 30.7% coal and 25.9% new and renewable energy. Renewable energy will be as
follows: biomass for biofuel 7.9%, biomass waste for electricity 2.4%, geothermal 7.9%, hydro
2.9%, other renewable energy 1.8%; and also 3.2% from new energy such as nuclear. The low
scenario would be eco-friendly due to intensive renewable energy utilisation with broad in variety
of energy source such as geothermal, hydro and biomass. Wide spread use of renewable energy
would reduce the depletion of non-renewable energy reserves.
1.5.3.4 State-scale evaluation of renewable electricity policy: The role of renewable electricity credits
and carbon taxes

We (29) have developed a state-scale version of the MARKAL energy optimization model,
commonly used to model energy policy at the US national scale and internationally. We apply the
model to address state- scale impacts of a renewable electricity standard (RES) and a carbon tax in
one southeastern state, Georgia.

Results
Electricity generation. In the base scenario additional demand is largely met through the
construction of additional natural gas combustion turbine and NGCC generation facilities. The
142

planned new nuclear reactors at plant Vogtle first appear in the results in 2020, but no other new
nuclear capacity is developed and existing facilities are allowed to retire in accordance with their
planned schedule. Some hydro- electric additions are also seen, but most hydro potential in
Georgia has already been realized.
Results comparing the base scenario and the RES scenario are shown in Figure 149. In the RES
scenario there are no RECs and the entire renewable requirement must be met through internal
generation. It can be seen that a RES would be primarily be met through biomass generation in
Georgia, which largely replaces the natural gas additions seen in the base scenario. The majority
of this is provided through co-firing additions at current coal burning facilities; another significant
amount is met through new dedicated biomass facilities; and a final small piece is met through
increased biomass generation efficiency at industrial sites. Hydroelectric additions are consistent
with the base scenario. There is a small amount of additional other renewable generation as
compared to the base scenario, almost all of which is from wind.
Figure 149. Generation capacity by generation technology in the base and RES scenarios

Renewable electricity credit. It may prove more cost effective for utilities in Georgia to meet
some their renewable requirement through the purchase of RECs from across state lines, where
renewable electricity may be generated at lower cost. REC exchanges are a part of many current
state-level RES systems in some capacity. Here we present an analysis under the assumption that
the renewable generation requirement can be met by buying RECs from other states. These RECs
can be purchased to satisfy the RES requirement but do not actually provide electricity
themselves. Figure 150 shows the fraction of Georgia’s total electricity generation that can be
generated for a given amount above the average base generation cost in 2030 for each of the
three biomass cost scenarios. It can be seen that in the base case scenario approximately 4% of
generation will be renewable in 2030, under the mid cost biomass assumption. An additional 5%
can be generated from biomass co- firing at a marginal cost of 1.0 cents/kWh above the baseline
generation cost, and a further 5% can be generated from dedicated biomass generation for 4.2
cents/kWh above baseline generation cost. The upper bound on co-firing is due to the assumption
that only 15% of all existing coal-fired generation capacity may be converted to biomass co-firing.
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Figure 150. The percent of Georgia electricity generation comingfrom renewable sources in
2030

Note: As function of the cost of electricity above base scenario cost for all three biomass costs cenarios. The first
increase in each curve indicates the cost above baseline for which electricity couldbe generated from biomass co-firing.
The second increase represents the similar cost point for dedicated biomass generation.

Costs. Figure 151 depicts the total undiscounted investment in new capacity that is made under
the base, RES without RECs, RES with RECs for 2.5 cents/kWh and $50/tCO2 carbon tax scenarios.
The large investment in nuclear capacity in 2020 is due to the planned additions to Plant Vogtle,
which are due to come on-line in 2016 and 2017. Investment in new renewable generation
capacity is most effectively encouraged through a RES without RECs, which leads to over three
times greater renewable investment than if RECs are allowed and almost four times the
renewable investment experienced under a investment experienced under a $50/tCO2 carbon
tax. This is despite the fact that the increase in LCOE under a $50/tCO2 carbon tax is almost twice
the increase under an RES. Even so, renewable investment under a RES without RECs is still just
over half the planned investment in new nuclear capacity at plant Vogtle. Under the carbon tax
scenarios, less new capacity is developed in total and generation is largely shifted from existing
coal facilities to existing NGCC facilities.
Biomass is the lowest cost option for large-scale renewable generation in Georgia; we find that
electricity can be generated from biomass co-firing at existing coal plants for a marginal cost
above baseline of 0.2–2.2 cents/kWh and from dedicated biomass facilities for 3.0–5.5 cents/kWh
above baseline. We evaluate the cost and amount of renewable electricity that would be
produced in-state and the amount of out-of-state renewable electricity credits (RECs) that would
be purchased as a function of the REC price. We find that in Georgia, a constant carbon tax to
2030 primarily promotes a shift from coal to natural gas and does not result in substantial
renewable electricity generation.We also find that the option to offset a RES with renewable
electricity credits would push renewable investment out-of- state. The tradeoff for keeping
renewable investment in-state by not offering RECs is an approximately 1% additional increase in
the levelized cost of electricity.
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Figure 151. Undiscounted investment in new capacity made in each five year period

Note: The large investment in nuclear capacity in 2020 is due to the planned additions to plant Vogtle.

1.5.3.5 The Impact of climate change on the renewable energy production in Norway

The effects of climate change on the national and region level of the Norwegian energy system is
studied with the least cost optimization model TIMES-Norway (122). Ten climate experiments
based on 5 different global models and 6 emission scenarios are used to cover the range of
possible future climate scenarios. The climate impact on hydro power resources is essential, while
the impact on wind power production is of less importance.

Scenarios
The future increase in the Norwegian hydro power potential varies widely from the different
climate experiments, varying from 3.7% for Exp. 4 to 13.5% for Exp. 9*. The change in hydro
inflow is determined for the seven regions. The impact of climate change on the hydro resources
is dependent on the geographical location, as shown in Figure 152.
Figure 152. Change in hydro inflow [%] in different Norwegian regions from control to scenario
period
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The BASE scenario of this study includes active national measures of today such as the green
certificate market and present policy measures of Enova such as investment grants for renewable
heat production. The TIMES-Norway model is used to analyse how climate change will affect the
composition of the energy system.
Useful energy demand is an important input to the TIMES-Norway model and the effect of
variations in demand is studied through analyses with different demand sensitivities. The selected
sensitivities include a high increase in demand all over the country, a significant decrease in
demand and two variants with increased demand in some regions, see comparison in Table 60.
Table 60. Comparison of sensitivities as increase/decrease of stationary energy demand in 2050
Variants

Base

(+/- TWh/year)
Year
Industry
Residential
Service & other
Total

V1
High population

2006
78
44
32
154

2050
78
56
49
183

2050
0
+12
+14
+26

V2
Low industry
demand
2050
-22
0
0
-22

V3
Electrification
offshore
2050
+6
0
0
+6

V4
Industry clusters
2050
+6
+2
+2
+10

Results
Electricity production. The analyses show that electricity will be produced by hydro and wind
power and that the future electricity production mix will be totally renewable. The climate effect
on the Norwegian electricity production is mainly caused be the increased hydropower potential.
As seen in Figure 153, the electricity production is higher for all the climate change scenarios
compared to the Base scenario. For all scenarios the hydropower potential is fully utilised. One
consequence of increased hydro inflow is reduced investments in offshore wind. The base
scenario without climate change effects has an electricity production of around 15 TWh in 2050
from offshore wind plants, and the production from offshore wind plants is considerable lower for
the various climate scenarios.
Figure 153. Electricity production [TWh] in Norway for the various climate scenarios

Ref = without climate change effects

Figure 154 illustrates the electricity production in 2050 for the Base scenario with various climate
change scenarios. For Exp. 3*, investments in offshore wind technologies are almost eliminated,
and for Exp. 9*, the electricity production is solely based on hydropower. As seen, the maximum
production for six out of seven regions occurs in Exp. 9*. However, for the South region, the
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maximum electricity production is in the Base scenario without climate change effects. The
reason for this is significant investments in offshore wind facilities.
Figure 154. Electricity production [TWh] per region in 2050

Renewable fraction. For all the scenarios, the renewable fraction reaches its maximum around
2030. The reason for this is that most of the investments in new power plants take place between
2015 and 2030. After 2030, the energy use in the stationary and transport sector increase
considerably more than the corresponding increase in the numerator. This clearly demonstrates
the need for additional measures after 2030 in order to maintain a high renewable share.
However, the energy end use demand is equal for all the scenarios. If 2020 is a relatively cold
year, the annual energy use in the household and commercial sectors will increase by more than
included in the Base scenario. Consequently, the denominator will increase; giving a lower
renewable fraction. This demonstrates the importance of the end use demand on the renewable
fraction.
The renewable fraction for all sensitivity variants are shown in Figure 155. A decreased energy
demand as in variant V2 will result in a higher renewable fraction mainly due to the fact that
exports of renewable electricity increases at the same time as the Norwegian energy use
decreases. An increased energy demand as in variants V1 and V4 results in a lower renewable
fraction in 2020 but the effect on a longer term is less. The energy demand of buildings increase
even in the low energy demand variant V2, resulting in a lower renewable fraction on a long-term.
Figure 155. Renewable fraction [%] of all the sensitivity variants
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The regional effects differs considerable, with a decrease in electricity production in the south and
the largest increase in the west. Future energy demand has a major impact on both the fraction of
renewable energy in Norway and on the possibilities for electricity export to Europe. Climate
changes will decrease the end-use demand due to a reduced heating demand. In total, climate
changes will reduce the energy system costs, will result in lower electricity production costs and
will facilitate achievements of RES-targets.
1.5.3.6 The medium-term role of renewable energy sources in climate change mitigation in Portugal

Renewable energy sources (RES) play a key-role in climate change (CC) mitigation. This paper
(157) aims to assess the contribution of RES for the reduction of CO2 emissions in Portugal until
2050 looking into detail into which RES technologies are most cost-effective. The TIMES_PT linear
optimisation bottom-up technology model was used to generate six CO2 and RES scenarios to
2050.

Scenarios
The scenarios are: i) two baseline scenarios, without emission caps and high and low energy
services demand; ii) high and low demand scenarios with a CO2 cap of +27% of 1990 emissions
and iii) high and low demand scenarios with a cap of -50% of 1990 emissions.

Results
Preliminary results suggest that in order to meet the 2050 energy demand the share of RES in
primary energy consumption can increase 74-122% in the baseline scenarios from 2005 values. To
meet the CO2 caps this share can further increase to 140-517% of 2005 values.
Electricity generation is the most relevant sector for emission abatement (56-78% of reductions).
The share of renewable electricity in total generated electricity in 2050 is of 46-47% in the
baseline and the CO2 caps push this value up to 56%, mostly due to gradual increase of PV thin
film, onshore wind and, to a lesser scale, biomass CHP plants. Other important deployments of
RES technologies in 2050 are solar water heating and biomass boilers for heating in buildings,
biomass use for process heat in industry and biodiesel in transport. It should be noted that these
results merely indicate an optimal energy system from a cost-minimisation perspective. A large
number of assumptions and simplifications is necessary when using such modelling tools which do
not include the “real-world” limitations to technology implementation. Nonetheless these results
can indicate which RES are more cost-effective and should thus be the target of policy incentives.
1.5.3.7 Competitiveness of different renewable electricity generation technologies: case study of
Portugal 2020-2050

The objective of this presentation (176) is to assess the competitiveness of different renewable
electricity generation technologies in Portugal until 2050 looking into detail into which
technologies are most cost-effective (Box 3).

148

Box 3. Competitiveness of renewable electricity generation technologies in Portugal
Scenarios
Portuguese 2020 policy goals:
i) In 2009 the Portuguese energy
dependence was 79.8% (EU27 54.7%)
ii) 5Th EU most ambitious target: 31%
of final energy consumption from RES
iii)3rd most ambitious in RES for
electricity production: 60% RES-E (50%
RES-E in Sep 2010; 20% in 2005)
10% biofuels in transport (4.7% in
2010)
iv) reduction of 20% final energy
consumption

Results

Hydro (example)

•RES-E technologies are highly cost–effective in the Portuguese energy system even without a CO2 cap.
•Hydro and onshore wind power can achieve the max. technical and economic potential in Portugal in
the medium run (2020) and contribute significantly to generated electricity. (Ensured 34% of electricity in
2009 and can go up to 60-80% of total electricity, if a GHG cap is in place or if no fossil electricity backups
are required).
•Electricity generation from solar still in an early-phase and need extra incentives to become competitive
149

before 2050. Policy support should be considered from a R&D perspective considering existing national
know-how in this area and some national companies manufacture components.
•Electricity generation from waves and offshore wind competitive from 2035 onwards only if Portugal
adopts an aggressive GHG cap or if no centralised fossil backup is needed. In these conditions and
considering the existing national R&D capacities and wind parts supply chain, these two technology
groups should be considered by policy makers as a priority.
•Massive hydro and onshore wind hinder solar technologies deployment from 2030 onwards.

1.5.3.8 Towards 100% renewable energy in Belgium by 2050

In this report (161, 162, 210), different long-term evolutions of the Belgian future energy system
are drafted, analysed and evaluated. All evolutions are designed to meet the requirement of a
100% renewable based national energy system by 2050. This target is not focalized on the sole
power sector; it applies to all primary energy consumed on the Belgian territory, excluding fuel
consumption for aviation. For the estimation of the quantitative results, the TIMES (an acronym
for The Integrated MARKAL-EFOM System) model is used.

Scenarios
This reference scenario does not aim at forecasting the most likely evolution of the energy
system, it rather serves as a benchmark to evaluate the cost of implementing the 100% renewable
energy target and the technological changes required in the energy system.
Secondly, different evolutionary pathways of the Belgian energy system compatible with the fixed
objective of 100% renewable energy sources (RES) by 2050 are explored using modelling and
scenario analysis (Table 61). These pathways include intermediate targets for RES in primary
energy demand: 35% in 2030 and 65% in 2040. Regarding the demand for the different energy
services, the 100% RES trajectories rest on the exogenously determined evolution in the
Reference scenario.
Table 61. Different pathways of the Belgian energy system
Scenario
DEM
GRID
BIO
PV
WIND

Description
The insufficient availability of local energy sources raises energy prices which in its turn affects energy
service demand. The latter is reduced until a level is reached that is compatible with the Belgian
renewable energy potential and the 100% RES target.
The lack of local renewable energy is compensated by larger imports of electricity.
A higher quantity of biomass can be imported.
A larger surface can be covered by solar panels in Belgium.
Onshore and offshore potentials are increased.

Results
Primary energy. A decrease in primary energy demand over time is noticeable in all renewable
scenarios. Indeed, transforming the system towards 100% renewable energy necessitates, on the
one hand, energy efficiency improvements and energy savings, on the other, lower total amounts
of primary energy. This is because the majority of renewable energy sources have higher
conversion efficiencies (reaching 100%) than fossil fuels. Figure 156 shows the primary energy
demand in the renewable scenarios compared to the reference scenario in 2050. The decline
compared to the reference scenario ranges from 6% to 31%. The steepest decrease is registered
in the DEM(and) scenario. This can be explained by the fact that this scenario can only count on a
limited (restricted) local renewable supply that has to cover all (residual) demand. Shrinking
demand to a level that is 31% beneath the reference level in 2050 seems to be required.
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Figure 156. Primary energy demand, all scenarios, year 2050

Energy imports. A higher share of renewable energy combined with reduced energy consumption
implies less fossil fuel purchases which may reduce the national external fuel bill (Figure 157).
Some scenarios import large amounts of electricity produced in neighbouring countries or
biomass shipped from abroad. Nonetheless, the sum of the biomass and electricity imports does
not equal the current imports of fossil fuels, not even in the BIO and GRID scenarios. This means
that Belgium stands to gain from switching to an all renewable system from this point of view. The
share of energy imports in primary energy demand tumbles down from 83% in the reference
scenario to a range between 15% in the PV and WIND scenario and 42% in the BIO scenario.
Figure 157. Import indicator, all scenarios, year 2050

Costs. The increase in the energy system cost on top of the reference scenario is calculated to be
around 20% in 2050 or about 2% of the Belgian GDP in 2050 (GDP2050) (Figure 158). The
additional energy system cost for most scenarios can be decomposed into additional investment
and fixed costs of around 4% of GDP2050 added to reduced variable costs of around 2% of
GDP2050. This result depends, however, on various assumptions of which the evolution of fossil
fuel prices over the next 40 years is the most important. The highest reductions of variable energy
costs are observed in the DEM, WIND and PV scenarios with savings of more than 10 billion € (or
60%) a year compared to the reference scenario. The necessary investments in the power sector
vary between 1.0% (DEM scenario) and 1.7% (PV and WIND) of GDP2050. The results show that
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300 to 400 billion € of investments are needed in Belgium from today up to 2050 to transform our
current energy system into a 100% renewable energy system.
Figure 158. Net additional costs, all scenarios, year 2050 (real B€2005)

The model suggests that, in a cost optimal modelling approach, a transformation of the energy
system towards abandoning strict equilibria and replacing it by in-stalling overcapacity in
intermittent renewable energy sources is to be preferred. This can have an impact on the current
industrial organisation towards more seasonal production oriented sectors, using the necessary
energy commodities like electricity only during the cheapest periods of the year.
1.5.3.9 Irish TIMES Energy Systems Model

This project (164) involved building, developing, calibrating, testing and running a (partial
equilibrium) energy-systems optimisation model for Ireland – the Irish TIMES model. The real
value of the Irish TIMES model is in the new insights it gives into some of the key challenges and
decisions facing Ireland in energy and climate policy.

Scenarios
The scenario results respond directly to a number of key policy questions that could not be readily
addressed before this model was developed.
• The Reference Energy System (REF) scenario provides a useful starting point for conducting
different scenario analyses using the model.
• In the REN-16 scenario, the energy system is subject to 2020 renewable target specified by
Directive 2009/28/ EC, including also a minimum 10% renewable energy share of road and
rail transport. The pathway comprises 6.6% minimum share of renewable energy by 2010
and 11.7% by 2015.
• In the NETS-CO2 scenario the energy system is subject to the 2020 emissions reduction
targets specified by Directive 2009/29/EC and Effort Sharing Decision 2009/406/EC. NonETS energy-related emissions are hence subject to a 19.5 Mt CO2,eq target (-20% relative to
2005), while ETS are subject to a 16.0 Mt CO2,eq target (-21% relative to 2005 levels).
• The NETS-GHG scenario (similar to NETS-CO2) also assumes the national targets for ETS
emissions and non-ETS emissions are met. Non-ETS energy-related emissions are subject to
a 31.5% emissions reduction target (16.7 Mt CO2,eq) relative to 2005 levels by 2020, while
ETS sectors are subject to a 21% emissions reduction target relative to 2005 (resulting in an
overall energy-related CO2 reduction -26.7%).
• The CO2-20 scenario imposes an overall reduction target of 20.5% on energy-related CO2
emissions by 2020 relative to 2005 levels rather than a separate 21% ETS target and 20%
non-ETS target.
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• In the CO2-80 scenario, the energy system is required to achieve at least an 80% CO2
emissions reduction below 1990 levels by 2050 (-86.5% relative to 2005). It is implicitly
assumed here that non-energy GHG emissions (notably agriculture) are reducing on a
similar pathway to energy-related emissions.
• In the CO2-95 scenario, an 80% GHG emissions reduction target would apply to the whole
economy. This scenario assumes a 50% emissions reduction in agriculture is achievable in
Ireland and imposes a 95% emissions reduction target below 1990 levels by 2050 on the
energy system to ensure the overall 80% target is achieved.
• The NETS-80 scenario imposes an 80% emissions reduction target on energy-related CO2
emissions by 2050 (similar to the CO2-80 scenario). This scenario assumes that energyrelated emissions will reduce to 20% of 1990 emissions by 2050 in ETS and separately in
non-ETS sectors. Non-energy emissions are implicitly assumed to reduce at similar rates to
energy-related emissions.

Results
Renewable Energy Targets for 2020. The scenario results shown in Figure 159 compares the
contribution from renewable energy to Ireland’s GFC in the REF scenario and the REN-16 scenario.
Also shown for comparison are Ireland’s NREAP targets for each mode. In the NREAP the modal
targets are to achieve 10% RES-T (renewable energy representing 10% of road and rail transport
energy), 12% RES-H (renewable energy representing a 12% share of thermal energy for heating
and cooling) and 42.5% RES-E (i.e. renewable energy representing a 42.5% share of gross
electricity consumption, or GEC) by 2020. As indicated, the effect of these modal targets in terms
of overall energy use is that RES-E represents 8.5%, RES-H 4.2% and RES-T 3.4% of GFC in 2020.
The least-cost solution (REN-16) points to an increased contribution from renewable heat
representing 6.9% of GFC, which is equivalent to 18% RES-H compared with the current 12% RESH target in the NREAP. The results from REN-16 also indicate a lower contribution from renewable
electricity (34% RES-E compared with 42.5% in the NREAP). What this figure does suggest is that
the role that renewable heat can potentially take in Ireland should be re-examined. The current
policy focuses mainly on achieving the renewable electricity target. There is much less focus on
renewable transport, and currently no adequate policy mechanisms for promoting renewable
heat. These issues need to be addressed as a matter of urgency.
Figure 159. Comparing REF and REN-16 renewable shares with the National Renewable Energy
Action Plan (NREAP)
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The Irish TIMES REN-16 results also indicate different technology choices compared with those
underpinning the NREAP. The REN-16 results do not include EVs or ocean energy (which are
included in NREAP) and do include biogas for transport and heating. The differences are most
notable in RES-T, as shown in Figure 160. REN- 16 results point to half of biofuels in transport
coming from biogas, while the NREAP points to biodiesel and bioethanol. This suggests that the
potential for biogas as a transport fuel be re-examined.
Figure 160. Renewable energy consumption for transport sector (ktoe)

Greenhouse Gas Emissions Reduction Targets for 2050. Figure 161 underlines the scale of the
long-term challenge facing Ireland. If agriculture can achieve a 50% reduction in GHG emissions by
2050, the entire energy system must achieve a 95% reduction in CO2 to deliver an overall GHG
emissions reduction of 80%. This means the maximum energy-related CO2 that the energy system
can produce in 2050 is 1.5 Mt. This is equivalent (in terms of today’s energy system) to less than
10% of current emissions from electricity generation, noting that electricity accounts for just 18%
of Ireland’s energy use.
Figure 161. Mitigation scenario pathways to 2050 (Mt)

The model results from the 2050 scenarios indicate that these deep emissions cuts are technically
possible, while also meeting Irish future energy service demands by incorporating radical changes
in energy demand-side and supply-side technologies. The results point to which energy efficiency
and renewable energy technologies will have a determining role in delivering the target at least
cost. Figure 162 shows the CO2 emissions results from these long-term scenarios, comparing the
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REF scenario with CO2-80 and CO2-95. The results illustrate the contribution of individual sectors
to CO2 emissions reduction. Reductions are important in the whole energy system, but mainly in
transport, electricity generation and industry.
Figure 162. Decomposition of 2050 CO2 emissions between REF, CO2-80 and CO2-95 (Mt)

The results suggest a significant increase in marginal abatement costs by 2050 from €2000273 to
€20001308 in the CO2-80 and CO2-95 scenarios respectively. This indicates the challenge in moving
beyond an 80% CO2 emissions reduction scenario. Figure 163 presents the ratio of energysystems costs (and of investment costs) and economic growth levels (GDP) in the same period.
This provides an indication of the impact, as a percentage of GDP, of delivering emissions
reduction targets. In the REF scenario the energy system costs are reduced in the period 2005–
2020, passing from 11.2% to 7.9% of GDP. This reduction continues in the following periods,
reaching 7.0% of GDP by 2050. In the CO2-80 scenario, the energy system costs account for about
7.7% of GDP by 2050, suggesting that (relative to the REF scenario) the costs of mitigation are less
than 1% of GDP in 2050. The energy system costs to deliver 95% of emissions reduction account
for 8.6% of GDP by 2050: hence, the costs of the CO2-95 mitigation scenario (again relative to the
REF scenario) are less than 2% of GDP in 2050. The NETS-80 and NETS-20/ CO2-80 deliver higher
system costs in the period 2020–2030.
Figure 163. Comparing system costs with gross domestic product (GDP)
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1.5.3.10 Investment requirements and benefits arising from energy efficiency and renewable energy
policies in Ukraine

The primary purpose of analysis (237, 238) was to examine the role of energy efficiency (EE) and
renewable energy (RE) in meeting future requirements through 2030 to support sustained
economic growth, and analyse the future energy investment options while considering Energy
Community (EC) commitments and European Union (EU) accession directives. The analysis was
undertaking with a use of national TIMES-Ukraine model and ended up with preparation of the
Ukrainian Policy Brief, which was accepted by Ukrainian Ministries and supposed to be published
shortly.

Scenarios
• Reference Development: The likely supply and investment requirements to support the
evolution of the national energy system in the absence of policies and programs aimed at
altering current trends.
• Energy Efficiency (EE) Promotion: This demand-side policy explores the range of energy
efficiency measures that are the most cost-effective means to meet national targets aimed
at reducing final energy consumption.
• Renewable Energy (RE) Target: This supply-side policy examines the requirements to
successfully achieve a renewable energy target by 2020 aimed at enhancing energy
security.
• Combined EE & RE Policies: This combination of supply-side and demand-side approaches
examines the resulting synergies of these policy goals.

Results
Reference. Primary energy supply mix does not change much between 2005 and 2030 (Figure 164).

The share of natural gas decreases from 43.6% in 2005 to 33.3% in 2030 and coal increases from
29.1% in 2005 to 34.9% in 2030; the difference is taken up by nuclear and oil. The contribution of
renewable energy sources to TPES during this period will increase from 0.8% to 2.3%. An
important point in the Reference scenario is the assumption that existing domestic uranium ore
deposits are fully utilized for reactor fuel fabrication, which leads to no nuclear fuel imports from
2018 on.
Figure 164. Primary energy mix between 2005 and 2030

Renewable Energy (RE) Target. Cumulative additions of renewables capacity total 13,115 MW,
eliminating the need for 4,549 MW of new fossil fuel built under the Reference scenario and
resulting in net new capacity additions of 8,566 MW. The new renewables capacity is composed
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of 69% wind, 19% hydro, 11% biomass, and 1% from geothermal. Retaining the target after 2020
becomes significantly more difficult due to the overall growth of the energy system (making the
same percentage share much higher in absolute terms). This results in substantial increased
uptake of solar, geothermal, and biofuels in the final periods (Figure 165). This suggests that it is
critical to take into consideration the post-2020 regime and plan for even steeper investment if
the RE target share is to be maintained. In order to achieve the renewables target of 12% in GFEC
by 2020 the share of renewables in the residential sector final consumption needs to rise to about
18%, and 20% in 2030. Such fuel switching will be possible only if the cost efficiency of renewable
technologies will be accompanied by the development of corresponding infrastructure
(availability of resources) and supported by the relevant public policy.
Figure 165. Electricity generation from renewable between 2012 and 2030

Combined EE & RE Policies. Promoting both energy efficiency and renewable energy policy in
parallel has strong synergies. Renewable energy policy is considered as a part of the energy
efficiency policy and regulated by the same State Agency. Ukraine is currently seeking to
simultaneously pursue an energy saving policy and support the producers of electricity from
renewable sources, by means of feed-in tariffs as well as the State Programs, which are developed
and implemented at the national and municipal levels. Costs increase due to the additional
investment needs for renewable generation capacity, and the additional costs of energy efficient
demand devices (Figure 166). Fuel savings can be seen in all scenarios, reaching over 8.6€ billion
per year in the combined scenario by 2030.
Figure 166. Cost details for different scenarios

Energy efficiency results in lower levels of renewable energy being required, as the renewable
target is relative to GFEC (Figure 167). Under the combined scenario more solar for water and
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space heating are permitted under the RE Target scenario, pushing out biofuels for these
demands.
Figure 167. Electricity generation from renewable between 2012 and 2030

Although the investment challenges are significant, pursuing the EE and RE strategies
simultaneously leads to important synergies. The increase in system cost is limited to 1.9%
(18,093€ million) or 1.5% (13,912 € million) less than the sum of the two strategies separately.
The savings are dramatic: a 16.1% (108,278€ million) decrease in fuel costs, 13.5% (1,163 Mt)
decrease in carbon emissions, and nearly 15% (239,419 ktoe) decrease in energy imports. The
benefits of these investments extend beyond 2030, creating a lasting shift of the economy onto a
lower energy intensity, more sustainable, and secure trajectory.
1.5.3.11 The Italian power system: evolution towards the targets of the National Renewable Energy
Action Plan and over

According to the EU Directive 2009/28/EC, each Member State had to establish a National
Renewable Energy Action Plan (NREAP) setting out national targets for the share of energy from
renewable sources. For the Italian energy system, the overall RES energy target was set at 17% of
the gross final energy consumption; in order to meet such target, the NREAP set a RES share of
about 26% of the expected 32.2 Mtoe gross final consumption of electricity in 2020. This study
(269) has been carried out to analyze four different development scenarios of the Italian power
system up to 2030, achieving in 2020 the RES-E production target foreseen by the NREAP. The
present study has been carried out using the multi-regional model MATISSE of the Italian power
system. MATISSE is based on the Markal-TIMES model generator by ETSAP-IEA and has been
developed to analyze scenarios over a long term time horizon (typically up to 2050).

Scenarios
The present study analyzes four different development scenarios of the Italian power system up
to 2030, with different evolutions of the generation mix according to the selection of different
technology options:
• The “Base” scenario, refers to a projection of the Italian electricity demand and of RES-E
production according to the targets set in the NREAP, while keeping the current set of
generation technologies.
• The “CCS” scenario integrates the “Base” one with the possibility to install coal-fired power
plants equipped with Carbon Capture and Storage (CCS) technology. In particular, after
2020 a constraint imposes to the model the installation of new coal-fired power plants only
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if equipped with CCS technology, reaching a maximum generation potential by such plants
of about 35 TWh in 2030.
• The “Nuclear” scenario integrates the “Base” one with the possibility to install 7 EPR
nuclear power plants, so as to meet the long-term objective for a “25-25-50” electricity
generation mix (25% renewable sources, 25% nuclear and 50% fossil fuels) stated by the
Italian government.
• The “CCS & Nuclear” scenario includes all the assumptions characterizing the previous
three scenarios.

Results
In all the scenarios (Figure 168) RES production almost saturates the 2020 potential reaching
about 97 TWh, in line with the target foreseen in the NREAP. As for CCS technology, only a
demonstration facility in one of the three units of the recently authorized new ultra-supercritical
coal-fired power plant at Porto Tolle is planned to be in operation by 2020, so the positive effects
of this technology in Italy can be expected only after 2020. Similarly, it should also be noted that
any decision taken today to invest in the development of nuclear power plants in Italy will
probably have relatively small effects on electricity production before 2020, due to the long time
required for the authorization process, construction and commissioning. Therefore by 2020 we
consider the operation of only one nuclear unit. generation (about -30 TWh) occurs. From 2020 to
2030 we assume that all the new coal-fired power plant will be equipped with CCS technology, so
in the “CCS” scenario about 50% of the total coal fired generation is made by CCS plants. In the
“CCS & Nuclear” scenario, CCS generation is limited by the high nuclear production. Besides the
reduction of gas generation, when the nuclear production becomes significant (in the “Nuclear”
and “CCS & Nuclear” scenarios), a strong reduction of the amount of electricity imported in Italy
occurs: in 2030 it is 35 TWh lower than in the “Base” and “CCS” scenarios (see Fig. 5).
Figure 168. Electricity generation mix in 2030

In 2030, in the "Nuclear" scenario, there is a reduction of about 15 MtCO2 with respect to the
"Base" scenario. A comparable reduction is also achieved in the “CCS” scenario due to the
contribution of the Carbon Capture and Storage technology. In the “CCS & Nuclear” scenario the
positive environmental effects of the two technology options (nuclear and CCS) are added,
leading to a reduction of about 30 MtCO2 with respect to the “Base” scenario (Figure 169).
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Figure 169. CO2 emissions

The development of RES technologies is important to decrease fossil fuel consumption and CO2
emissions of the Italian power system, but they still have a negative impact on the economic
competitiveness, because of their high costs and of the related necessity for subsidies. Thus, RES
generation has to be considered only as one of many options to be pursued together, such as
increasing energy efficiency in end-uses, developing Carbon Capture and Storage technology, as
well as nuclear energy. Carbon Capture and Storage (CCS) is a promising technology option for the
sustainability, even if it is still in its infancy. The study showed how, resorting to the
aforementioned technology options, it would be possible to cut in 2030 CO2 emissions and fossil
fuel consumption of the Italian power system by 40% with respect to the current levels.
1.5.3.12 Cost-effectiveness and economic incidence of a clean energy standard

A Clean Energy Standard (CES) is a flexible, market-based policy instrument that could be adopted
to reduce greenhouse gas emissions from the U.S. electricity system over time. This paper (296,
297) uses several well-known energy system and electricity models to analyze a CES that reflects
broad principles outlined in President Obama’s January 2011 State of the Union Address and in
the Administration’s subsequent Blue-print for a Secure Energy Future. In particular, it examines
three different design options for a CES that would each lead to approximately 80% clean
electricity by 2035. This paper uses four well-known models—NEMS-PI, MARKAL, ReEDS and
Haiku—to examine the impacts of a CES on key energy, economic and environmental variables
through 2035.

Scenarios
The CES cases examined in this paper are designed to quantitatively examine the tradeoffs
between cost-effectiveness and distributional outcomes associated with alternative crediting
approaches. In all cases, this paper assumes that targets monotonically increase from a start year
of 2015 through the end of the study period in 2035 according to the schedule : 45% (2015), 50%
(2020), 60% (2025), 70% (2030), 80% (2035).
• In the so-called “Full Credit” case generation from existing nuclear and hydroelectric
capacity receives full credit.
• In practice, rates set too low can alter dispatch or capacity retirement decisions for these
technologies, so the incremental case issues 0.1 credit per MWh to generation from
existing nuclear and hydroelectric capacity, and is called the “Low Credit” case in what
follows.
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• The final case excludes generation from existing nuclear and hydroelectric capacity from
both crediting and obligations. As discussed in Section 5.1, this case can be implemented as
a rising partial credit for generation from existing nuclear and hydroelectric capacity, and it
is therefore called the “Rising Credit” case.
The resulting nominal CES target pathways in the three cases and four models are shown in Figure
170. In practice, there are several reasons why nominal targets differ slightly across models. First,
the models do not have exactly the same amount of existing nuclear and hydroelectric capacity in
all years. In addition, the nominal target adjustments require information not only about
generation from existing clean capacity but also about the evolution of sales, since the targets—
and therefore target adjustments—are specified as a ratio of generation to sales.
Figure 170. Nominal CES target pathways in the three CES cases and four models

The implementing protocols for the three CES cases are summarized in Table 62.
Table 62. Modeling Protocols for the Three CES Cases
Nominal CES
targets

“Full Credit case”
Follows Table 2, with linear
interpolation between listed
years starting in 2015

“Low Credit” case

“Rising Credit” case

Adjusted in each model to
account for exclusions

Adjusted in each model to
account for exclusions

Credit issuance

Follows credit multipliers in
Table 3 (see column called
“Applied CES Credit
Multiplier”)

Same as “Full Credit” case
except that generation
from existing nuclear and
hydroelectric capacity
receives 0.1 credit per Mwh

Credit obligations

All sales

All sales

Banking

Unlimited
Not allowed in NEMS-PI and
Haiku; Unlimited in MARKAL
and ReEDS

Unlimited
Not allowed in NEMS-PI
and Haiku; Unlimited in
MARKAL and ReEDS

Same as “Full Credit” case
except that generation from
existing nuclear and
hydroelectric capacity receives
0 credit
All sales minus generation from
existing nuclear and
hydroelectric capacity
Unlimited
Not allowed in NEMS-PI and
Haiku; Unlimited in MARKAL
and ReEDS

None

None

None

Borrowing
Alternative
compliance
payment
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Results
The relative cost-effectiveness of alternative CES design options can be examined by comparing
economic and emissions outcomes across cases. Small differences in these outcomes may result
directly from differences in targets or crediting, or indirectly via effects on electricity prices, which
alter the resulting electricity sales and overall demand for generation.
Emissions. Figure 171 shows that, in all models, reference case emissions increase slightly
between 2010 and 2035, reflecting underlying trends in demand for electricity. In the CES cases,
emissions substantially decrease over the study period in all models, with the time path of
emissions varying from model to model due to differences in underlying banking paths. Emissions
between cases within a given model vary by considerably less.
Figure 171. Annual electricity sector emissions in the four cases

Costs. Cost-effectiveness can be most easily compared by first developing a single emissions
abatement metric and a single welfare cost metric. Table 63 reports this metric for all CES cases in
all models. The most obvious abatement cost metric is the cumulative difference in discounted
electricity system costs between the reference case and relevant CES case. Annual electricity
system costs are calculated by summing (and discounting) all investment and operating costs,
including the costs of fuel purchases in a given year. Within a given model, the ordering of cases is
maintained. Specifically, the “Full Credit” case is always the least costly, and the “Low Credit” case
is always the most costly, except in ReEDS, where there is effectively no difference between
cases. Again, these differences directly and indirectly reflect differences in crediting for
generation from existing nuclear and hydroelectric capacity, particularly differences in demand
that result from differences in realized electricity prices.
However, despite the simplicity of this metric, abatement costs incompletely capture welfare
costs. The partial equilibrium welfare cost of moving from the reference to policy case can then
be found by summing the abatement cost, as reported directly by the models, and the change in
total WTP (i.e. total willingness to pay or “WTP”), using an approximation that relies on other
quantities reported by the models. The result of this calculation is shown in column six of Table
63.
As expected, differences in total WTP tend to counteract differences in abatement cost between
cases. For example, the “Full Credit” case tends to yield lower system costs, because higher
realized electricity prices reduce the amount of generation required, thereby reducing associated
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production costs. However, these higher prices reduce quantity demanded and thus reduce total
WTP. So, lower system costs on the supply side are accompanied by greater welfare losses on the
demand side.
Table 63. Total Abatement and Welfare Costs in the Three CES Cases

Model

NEMS-PI

MARKAL

ReEDS

Haiku

Case

Low Credit
Rising Credit
Full Credit
Low Credit
Rising Credit
Full Credit
Low Credit
Rising Credit
Full Credit
Low Credit
Rising Credit
Full Credit

Cumulative
Electricity
Sales
Reduction
from
Reference
(TWh)
1.0%
1.7%
2.6%
-1.3%
0.7%
1.6%
0.4%
0.4%
0.4%
3.0%
3.3%
3.9%

Cumulative
Abatement
(billion
metric
tonnes)

Cumulative
NPV
Abatement
Cost (billion
2009 $)

Cumulative
NPV Welfare
Cost (billion
2009 $)

Cumulative
NPV Welfare
Cost
(2009
dollars
per
tonne CO2)

14.8
15.9
16.4
14.3
15.4
14.9
12.0
11.9
11.9
16.5
17.1
16.4

322
291
249
351
307
247
319
319
318
207
193
124

354
354
355
289
339
323
36
336
334
326
326
287

24
22
22
20
22
22
28
28
28
20
19
17

The most inclusive CES crediting approach favors producers over consumers in competitive
electricity markets as well as regions with larger initial endowments of clean energy. On the other
hand, the most restrictive crediting approach favors consumers over producers and reduces
preferences for regions with larger initial endowments of clean energy. While specific technology
outcomes vary across the four models used in this study, key insights about cost-effectiveness and
economic incidence are largely robust to the underlying modeling platform. These insights may be
important considerations in future CES policy design efforts.
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2.

TECHNOLOGY AND SECTOR SPECIFIC SCENARIO ANALYSIS

2.1

The Role of Energy Use Technologies and Sectors

2.1.1

Energy demand in general

2.1.1.1 The impact of demand side management strategies in the penetration of renewable
electricity

This work (57) analyzes the impact of demand side management strategies in the evolution of the
electricity mix of Flores Island in the Azores archipelago which is characterized by high shares of
renewable energy and therefore the introduction of more renewable energy sources makes it an
interesting case study for testing innovative solutions. The electricity generation system is
modeled in TIMES, a software which optimizes the investment and operation of wind and hydro
plants until 2020 based on scenarios for demand growth, deployment of demand response
technologies in the domestic sector and promotion of behavioral changes to eliminate standby
power.

Scenarios
To create possible scenarios for the evolution of electricity consumption, some options were
considered regarding:
• “General efficiency” is the option to invest in energy efficiency programs across all sectors,
starting in 2011, which have the effect of reducing demand growth per year to only 50% of
the one estimated with the linear regressions for each sector.
• “No standby power” is the option to gradually eliminate the standby power consumption of
the Domestic sector by educating the population or the introduction of new technologies
that do not have this. This scenario is primarily intended to test the evolution of the energy
infrastructure for lower demand in low consumption hours.
• Finally, “Dynamic demand” is the option to gradually enable the washing, dryer and
dishwashing machines to be operated remotely by the grid operator when it is more
convenient.
Based on whether these options are considered or not, 8 different scenarios were designed.
Figure 172 shows what options each of the scenarios considers.
Figure 172. Scenarios description with the available options for demand-side management

Results
Electricity generation. The installation of new generation capacity will have an impact on the
penetration of renewable energies, as more electricity will be produced from wind or hydro
power. Figure 173 shows the percentage of electricity that is produced from both of these
sources, for the years 2011-2020, for each scenario. Comparing the results with the goal proposed
by the Government of the Azores of having 75% of all electricity coming from renewable energies
by 2018, one can see that all scenarios enable higher values from 2011. It is interesting to notice
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that the scenarios in which the “General Efficiency” option was not considered present higher
shares of renewable electricity, which is a direct consequence of installing more generation
capacity of wind and hydro power. It must also be mentioned that if the high demand growth
rates considered in the first four scenarios continue into the future, the amount of electricity
produced using diesel will increase as no new generation capacity using renewable energies could
be installed by the system (with the assumed maximum capacities). This means that, while in the
near future these scenarios present better results, they do not take into account long-term
sustainability. On the other hand, scenarios 5-8 can still install a 1040 kW hydro power facility to
meet a future electricity demand growth.
Figure 173. Percentage of electricity produced from renewable sources

Dynamic demand. Therefore, in a study such as this one, it becomes relevant to identify how
much of the domestic machines loads must be shifted in order to help absorb the electricity
produced from renewable energies. The results show that all scenarios have a similar behavior, in
which there is first an increase of the fraction of loads that are shifted, followed by a stabilization
of this value. The use of this technology seems to stabilize at around 40% for scenarios 4, 6 and 8,
and at around 35% for scenario 2. This means that even if all machines have this technology, the
load of each machine will be shifted around 40% of the time on a per year basis or that, if the
penetration of this technology is lower, the machines that do have it will have their loads shifted a
larger fraction of the time.
This difference in the stabilization between scenario 2 and the others is due to the fact that
scenario 2 considers a higher electricity demand growth than scenarios 6 and 8, and also does not
include the option of eliminating standby power as scenarios 4 and 8. This results in higher
electricity demand during the night periods (periods where the load is lower and there is a higher
chance of having a mismatch between supply and demand) and, as a consequence, the system
would be able to absorb more renewable electricity by itself, without the need of shifting so many
loads. The share of total electricity for the domestic machines that is consumed in each hour of
the day, on average, is represented in Figure 174 and the results show that, from the scenarios
that consider dynamic demand, scenario 2 is the one that has less consumption between 3:00 and
7:00, with most of the consumption being shifted to the 5:00-9:00 period. It should be stated that
for the scenarios that do not have that option, the profile is the same.
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Figure 174. Fraction of total electricity needs for domestic machines that is consumed in each
hour, for the average day of 2020

The results show that demand side management strategies can lead to a significant delay in the
investment on new generation capacity from renewable resources and improve the operation of
the existing installed capacity.
2.1.1.2 The role of energy-service demand reduction in global climate change mitigation: Combining
energy modelling and decomposition analysis

While efficiency and technology options have been extensively studied within the context of
climate change mitigation, this paper (91) addresses the possible role of price-related energyservice demand reduction. For this analysis, the elastic demand version of the TIAM–UCL global
energy system model is used in combination with decomposition analysis.

Scenarios
There are five different scenarios defined for this analysis. All low carbon scenarios are based on
the assumption that a cap-and-trade policy is in effect, i.e. any world region can trade emissions
with other regions in order to meet its specific target. The scenarios are defined as follows:
• Reference scenario (REF): no climate change policy is applied. The standard version of
TIAM–UCL is used, i.e.with no price- driven demand reduction.
• Low-carbon scenario (LC-STD): constraining individual regions to reduce global CO2
emissions to meet 450ppm CO2 concentrations. In 2050 and post-2050, –80% target for
Annex I countries, –30% target for China and India,and þ30% target for all other regions
compared to the 2005 CO2 emission levels. The standard version of TIAM–UCL is used,
i.e.with no price- driven demand reduction.
• Low-carbon scenario-elastic demand (LC-MED): elastic demand version of the TIAM–UCL is
used.
• Low-carbon scenario-higher elasticity (LC-HED): price elasticity of demand is 50% higher
than that in LCS-MED.
• Low-carbon scenario-low elasticity (LC-LED): price elasticity of demand is 50% lower than
that in LCS-MED.
Different targets have been chosen for different regions in order to take account of different
responsibilities in tackling climate change. India and China have relatively strict targets compared
to all other developing regions as they are emerging economies and account for the biggest share
of emissions in 2050.
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Results
Demand reduction. Demand reduction under different scenarios (high and low values for
elasticity) are presented in Figure 175 for residential, non-road transport (aviation, shipping, and
rail transport) and road transport sectors respectively for selected regions and at the global level
(GBL). Results show that demand reduction is sensitive to the respective elasticity in all sectors. In
the high elasticity scenario (LC-HED), non-road transport demand reduction goes up to 24%,
which is relatively high as compared to that in road transport (maximum 6%) in 2100. This is due
to the fact that the latter (for example cars) has low carbon alternative options at lower
incremental cost while the former (for example air travel) has very limited low carbon alternative
options with very high incremental cost. Demand reduction for road transport is relatively high for
developing countries while the demand reduction for non-road transport such as aviation and
shipping is relatively high for developed countries and reaches the ultimate limit (reduction floor)
for WEU. This is due to the high elasticity values for the respective regions.
Figure 175. Demand reduction level in road transport sector under low and high scenario

Results of the decomposition analysis indicate that the contribution of demand reduction to
global CO2 reduction, when comparing the elastic demand low carbon scenarios with the REF
scenario, is in all scenarios around 5% (72%) as shown in Figure 176. While the contribution of
demand reduction tends to be highest in early periods (2020– 2030) with up to 9% due to the lack
of cost-efficient low-carbon technologies, the share of demand reduction to CO2 emission
reduction decreases slightly towards the end of the 21st century. The contribution of
technological options to meet the increasing CO2 reduction targets increases more strongly over
the period due to greater availability of cheaper low/zero carbon technologies. Consequently, the
CO2 emission reduction from structural changes and efficiency gains outweigh the demand
contribution in the later part of the 21st century and decrease the demand contribution’s share of
the total abated amount. This trend of a decreasing importance of demand reduction is
counteracted by a shift towards more price sensitive energy service demand categories, such as
residential heating or electric appliances. Consequently demand contribution stays relatively
constant around 5% of overall CO2 reduction.
The variation of the demand elasticity reveals that the contribution of demand reduction towards
a mitigation of CO2 emissions is sensitive to the assumed elasticity level. Consequently, overall
contribution of demand reduction to CO2 mitigation varies between 3% and 7%.
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Figure 176. Contribution of global demand reduction to overall CO2 emission reduction for
different elasticities

Costs. Figure 177 presents the marginal CO2 abatement cost under different scenarios generated
by TIAM–UCL. The elastic demand version of TIAM–UCL decreases the marginal CO2 abatement
costs compared to the standard version of the model. As expected, the marginal abatement cost
decreases when the elasticity is increased. Marginal abatement cost in 2050 is 337US$/t-CO2 in
LCD-STD and 219US$/t-CO2 in LCD-HED. Respective figures for 2100 are 512 and 418US$/t-CO2.
Figure 177. Marginal CO2 abatement cost under different scenarios

When demand reduction reduces energy system costs it needs a behavioural change, which
comes as a cost to society in terms of welfare losses due to the un-served energy-service demand.
Total welfare losses are about US$ 3 trillion in 2050 and US$ 7–8 trillion in 2100. The present
analysis shows however that welfare losses are lower when the price elasticity of demand is high.
Lower energy system cost at high-elasticity scenarios, i.e. savings due to lower energy production,
outweigh the losses associated with foregone demand as the demand curve is flatter.
2.1.1.3 Municipal scale scenario: Analysis of an Italian seaside town

This work (7) presents three 25-year energy scenarios developed with the TIMES model generator
for Pesaro, a seaside municipality in central Italy. It evaluates the effectiveness of local-scale
energy policies in three sectors: households, transport, and the public sector (PS). Since the local
energy demand is affected by summer tourism, seasonal consumption by holiday homes was also
studied.

Scenarios
The aim of the study was to develop three energy scenarios for the city of Pesaro, as follows:
• Business as usual scenario (BAU): The BAU scenario is a reference scenario, without
considering any specific policies that are not already inforce.
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• Exemplary public sector (EPS): The EPS scenario shows the potential effects on energy
consumption of the adoption of a virtuous energy policy by the (municipal) PS. The main
constraints introduced were a greater energy efficiency of public buildings, the adoption of
energy efficiency measures and the installation of new (or relatively new) technologies,
such as micro-chp systems and PV solar panels, in public buildings. The building energy
efficiency targets were implemented by assuming a yearly linear decrease in the thermal
energy demand input. In particular, the reduction of thermal energy demand input for
municipal offices and schools in 2030 was 29.2% compared to the reference year.
• Exemplary municipality (EM): In the EM scenario the main actions modelled in the EPS
scenario are hypothesized to be extended to the household sector, with slight adjustments
related to different demand characteristics.

Results
BAU scenario. In the BAU scenario PS energy consumption declines to a level that in 2030 is
29.7% lower than in the baseyear (Figure 178). Initially the reduction is the result of the
combination of thermal energy demand targets (greater building efficiency) and the rapid effect
of the replacement of older lighting technologies with newer and more efficient ones (electrical
energy reduction). After this effect has faded, due to market saturation, and electrical energy
consumption has steadied, the continuing declining trend until 2030 can be explained with the
further substitution of boilers (thermal energy reduction), whose replacement rate is slower than
that of lighting technologies.
Figure 178. Municipal energy consumption according to the BAU scenario

EPS scenario. The PS energy consumption in the EPS scenario shows a decreasing trend up to
2030. Nevertheless, comparison with the BAU (reference) scenario suggests two considerations.
Firstly, the EPS, like the BAU scenario, involves an initial reduction of consumption as a result of
thermal energy demand targets (greater building efficiency) and the rapid effect of the
replacement of older lighting technologies (traffic lights and cemetery) with newer and more
efficient one slighting (_32% in 2030). Secondly, in the EPS scenario overall energy consumption
decreases by 27.8% in 2030 compared with the baseyear (Figure 179); the decrease is smaller
than the 29.7% seen in the BAU scenario. Comparison of BAU and EPS shows quite similar shortterm energy consumption trends in the two scenarios, with a divergence only after 2020 due to
the diffusion of PV and, especially, micro-chp systems. The final effect is an overall reduction of
primary energy consumption which is usually calculated by the PES (primary energy saving) index.
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Figure 179. Municipal energy consumption according to the EPS scenario

The energy consumption estimated for the three scenarios is summarized in Table 64, which also
reports separate figures for the energy produced by micro-chp and renewable technologies and
for the primary energy not consumed by plants outside the municipal boundaries thanks to microchp plants. In particular, the table clearly highlights that the EPS and EM scenarios improve on the
BAU performances.
Costs. However,the gains entailed by policies never come at no expense: infact, the cost of each
scenario is the cost of the policies it involves. In our study the cost differences between the EPS
and the BAU scenario are therefore related to the PS policies implemented by the municipality,
whereas the differences between the EM and the EPS scenario are related to the cost of
extending the same policies to households. Table 65 shows, over the period of the model, the cost
of the policies implemented in the EM and EPS scenarios compared with the BAU scenario,taken
as the reference, whose cost was estimated to be 36730Mh. The cost of implementing the
policies to boost household PV use throughout the period was calculated to be 32.68Mh,
including capital and maintenance costs.
Table 64. Synopsis ofenergy consumption and renewable energy production

Energy consumption (TJ)
Transport
Public sector
Households
Primary energy consumption avoided outside municipal boundaries
thanks to micro-chp (TJ)
Energy produced with micro-chp and renewable (PV and thermal)
systems (TJ)

2004
Base year
3108.4
841.0
73.2
2194.2

BAU
2479.0
719.3
51.5
1708.1

2030
EPS
2480.6
719.3
52.8
1708.1

EM
2512.2
719.3
52.8
1739.7

-

-

4.1

151.4

-

9.5

17.0

370.6

Table 65. Cost difference of the three scenarios (Mh)
BAU
EPS
EM

BAU
0
210
501

EPS
-210
0
291

EM
-501
-291
0

In particular, the study underscores the potential of micro-cogeneration technologies in achieving
local environmental targets, even though their diffusion would involve an increase in local energy
consumption due to internalization of the primary energy used to produce electricity, which
would no longer be wholly imported from outside municipal boundaries. The study provides
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information to local decision-makers by estimating the cost of implementing a number of energy
policies. Finally, the study discusses the adequacy of TIMES as a tool to analyse municipal-scale
scenarios.
2.1.1.4 Local authorities in the context of energy and climate policy

This work (17) analyzes the public administration’s role in energy and climate policies by assessing
carbon-lowering measures for properties and services managed directly by local governments in
central Italy. Both short- and long-term schemes were considered in the analysis of local authority
energy strategies. The MARKAL-TIMES energy model was applied to long-term energy planning to
assess the effect of low-carbon initiatives on public-sector energy consumption up to 2030.

Scenarios
In detail, the carbon-lowering measures considered in the long-term plan were studied in two
scenarios.
• The first was the business as usual (BAU) scenario, which optimizes future consumptions
and technologies according to least-cost criteria, without any specific policies (other than
those already in force) being introduced or scheduled to be enacted.
• The second scenario (EPS) implements target policies and constraints deriving from
municipal energy policies, i.e.: (i) thermal insulation for schools and offices, assuming that
their consumption or heating will be 120kWh/m2 by 2030 (based on the assessment
conducted for short-term planning purposes); (ii) 20% of the electricity demand for public
properties coming from PV energy;(iii) 20% of their heating demand coming from microCHP systems, 10% from micro-turbines or ICEs, and 10% from Stirling engines or fuel cells.

Results
Technology options. Applying a least-cost optimization logic makes LED technologies become
competitive after 2015, and from 2020 onwards LED technology is the only technology used,
while the induction lamp is unable to enter the market with the electrical efficiency and costs
considered in the model. No new technologies enter the market after 2020, so energy demand
increases according to the trend assumed (0.8% a year). Given the inputs entered in the model,
replacement of old technology is faster over the first 15–20 years of the scenario. The exemplary
scenario assesses energy policies proposed by the authors that can be implemented directly by
local governments. A reduction in the heating demand for schools and offices comes from the
buildings’ thermal insulation, which was assumed to reduce the demand from 175 kWh/m2 to
120kWh/m2 (Figure 180). The same figure shows the introduction of micro-CHP devices to satisfy
the heating demand, as imposed by the constraints adopted.
Figure 180. Trend of school and office thermal energy demand in the exemplary scenario.
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Emissions. Figure 181 shows the primary energy saving and the reduction in carbon dioxide
emissions deriving from both short- and long- term action plans. Short-term initiatives achieve a
20% reduction with respect to the baseline year, and long-term municipal policies (the exemplary
scenario) lead to a reduction of 30%, even if the energy demand for public lighting increases. The
results deriving from the Business As Usual, BAU, scenario are those achievable by 2030 on the
basis of national policies just planned or to be planned. The value deriving from the short-term
policies is slightly lower, but it could be achieved in 5 years, emphasizing the contribution of
municipal energy policy to the achievement of national targets.
Figure 181. Primary energy savings and reductions in CO2 emissions deriving from short- and
long-term energy policies

Our results show that a 20% primary energy reduction can be achieved with respect to the
baseline year by means of short-term energy policies (5-year time span), while a primary energy
saving of about 30% can be reached with longer-term energy policies (25-year time span), even
after taking the increase in energy demand into account. This work goes to show the part that
local governments can play in energy policy and their contribution to the achievement of climate
goals.
2.1.1.5 Assessing the Decline in Taiwan’s Energy Intensity

Taiwan has very limited domestic energy resources and relies on imports for 98% of its total
energy supply. The objective of this presentation (259) is to: assess the effect of increasing
technological efficiency towards the decrease of final energy consumption and energy intensity
and explore the energy saving potential in the industry, buildings, and transportation. The
Industrial Technology Research Institute (ITRI) established the Taiwan MARKAL model since 1993
with funding support by BOE.

Scenarios
Scenarios are presented in Table 66.
Table 66. Scenario definition
Scenarios

Tech Stagnation
(TSD)

TECH Normal (TND)

Industrial
sector

Technology
maintained
at
level of the year
2010

-Change manufacturing process, introduce
highly efficient technology
-Utilizing best performing technology (BPT)
-Introduce high efficiency motors and boilers.

Residential
and Services
Sectors

Technology
maintained
at
level of the year

-Based current policy of energy efficiency
management in Taiwan
-Heat pump water heating will increase to 25%

TECH Aggressive (TAD)
-Based TND scenarios, improving
technical
efficiency
and
promotion rates
-Partially utilizing best available
technology (BAT)
-Enhanced the energy efficiency
standards
-LED lighting is 30% in residential
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2010

Transportation
Sector

Technology
maintained
at
level of the year
2010

in 2030
-LED lighting is 20% residential and 40% in
service sector by 2020
-Increase fuel efficiency of passenger vehicles:
1. Stage 1 (2011-2015) improvement by 10%
2. Stage 2 (2016-2030) improvement by 30%
-Promote bio-fuels: B2 policy in 2011, raise to
85 in 2016, B10 in 2025
-Promote clean cars, including HEV, PHEV, BEV
and FCEV. About 45% sales in 2030, BEV
reaches 4.5%
-2.5% of private passenger kilometer will shift
to mass transit in 2030

and 60% in service sector by 2030

-Based TND scenarios
-Promote clean cars, about 60%
sales in 2030, BEV reaches 10%
-5% of private passenger
kilometer will shift to mass
transit in 2030

Results
Total Domestic Energy Consumption (Figure 182)
• Energy consumption continues to rise in the future in the scenario of technology stagnant,
the annual growth rate between 2010 and 2030 is 2.2%.
• In the scenario of technology development, future energy consumption in TND and TAD
scenario will reduce by 8.9% and 13.5% respectively in 2030 (compared to TSD), with
electric power as the main source of energy reduction at 70-80% and followed by
petroleum products at 10-13%.
• Energy saving capabilities of the industrial, residential and services sectors are most
significant.
• Under TND and TAD scenario each saves energy by 34-47% and 42-53% respectively, while
the transportation department’s energy saving is at 4-6%.
Figure 182. Domestic energy consumption bu fuel

Energy Intensity (Figure 183)
• In TSD scenario, energy intensity will decrease to 6.25LOE/NT$1000 with an average annual
decrease of 1.6% over the period of 2010 to 2025.
• In the scenario of technological development, as highly efficient technologies are gradually
available in the market, the energy intensity show an average annual decrease of 2.1% and
2.4%.
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•
Figure 183. Energy intensity

In the scenarios of technological development (TND & TAD), government’s target of reducing
energy intensity by 2% annually can be achieved. However, if a goal of 50% decrease in energy
intensity will be reached by 2025 compared to 2005, much aggressive measures such as higher
efficiency of new technologies and market penetration approaches as well as relevant incentives
must be taken into the context of government’s energy policy. This research is just based on the
assumptions of optimizing industrial structure and implementation of energy-saving measures, its
effectiveness in the future still have lots uncertainties lay ahead. To achieve policy objectives,
more in-depth analysis regarding the possibility of actual implementation on technology
development and the effects of financial mechanism (ex. energy tax) on energy intensity should
be taken into account in the scopes of further research .
2.1.2

Transportation

2.1.2.1 How to decarbonize the transport sector?

This article (90) investigates possible evolution pathways for the transport sector during the 21st
century, globally and in Europe, under a climate change control scenario. We perform our study
with the global bottom-up energy systems model TIAM-ECN, a version of the TIAM model that is
broadly used for the purpose of developing energy technology and climate policy scenarios, which
we adapted for analyzing in particular the transport sector.

Scenarios
A climate change constraint is implemented in TIAM-ECN through the imposition of an upper limit
to the additional atmospheric radiative forcing (inW/m2) induced by GHG emissions. The
scenario, realized through targeted climate policy, results from the long-term requirement that
additional atmospheric radiative forcing does not exceed 4.0W/m2.

Results
Emissions. Figure 184 shows the corresponding results for the European transport sector only, for
five major categories: buses, cars, trucks, planes and a class of remaining modes including ships
and trains. By disaggregating transport sector emissions, it shows that (1) significant CO2 emission
increases are modeled for passenger cars in the baseline, given a high expected economic
growthin Eastern Europe and a still progressing level of private car ownership in Western Europe
(left), and that (2) little climate change mitigation activity (relative to the baseline) takes place in
the five sub-sectors before 2050 under the 4.0W/m2 climate constraint (right). The latter
outcome, however, reveals the nature of our type of global aggregated multi-sector model, which
would not necessarily be generated by a one-sector model dedicated to transportation only.
While (from around the middle of the century) emissions from all transport categories go down,
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the class of car technologies appears the most apt to contribute to climate change mitigation in
this sector, as shown by the rapid decline in CO2 emissions from this category during the last
decades of the century. Since cars constitute an even more widely employed mode of
transportation in 2100 than today (in Europeas well as globally), this result implies that the carbon
intensity of cars has dropped to a level close to zero by then.
Figure 184. CO2 emissions in the European transport sector: baseline (left) and under a
4.0W/m2 climate constraint (right)

Car usage. In the business-as-usual scenario (left plot) car usage increases roughly linearly from
around 15 Tkm/yr in 2010 to some 70 Tkm/yr in 2100, while gasoline remains by far the most
predominant fuel for the rest of the century. Figure 185 shows the corresponding model results
for the European transport sector. The main deviation for the European case in comparison to
global car usage, is that hydrogen as a fuel penetrates to an even larger degree by the end of the
century. In other words, Europe is found to very modestly lead the innovation process in the car
industry, while other regions (such as China and India) follow (a result that derives partly from the
use of different interes rates for the purchase of cars in different regions). Climate change control
in our model proves to have only moderate effect on the number of cars used in any particular
year this century, partly as a result of the potential of materializing fuel efficiencies and emission
intensity reductions: in the baseline the number ofcars used in Europe is simulated to increase
from around 200 million in 2010 to 500 million in 2050 and 700 million in 2100, while in the
climate change control scenario the latter figure reduces by about 5% (whereas the numbers for
2010 and 2050 are little affected).
Figure 185. European annual car usage, in billions of vehicle kilometers driven per year: baseline
(left) and under a 4.0W/m2 climate constraint (right)

Fuel prices. Figure 186 shows the evolution of the price of road transport fuels in Europe until
2100, for both the baseline and climate change control scenarios. Stay fairly close to each other,
in the range of 5–10$/GJ. These translate in to 0.18–0.35$US/liter of gasoline, and thus
correspond to about 25–50 $US/barrel of crude oil (that is, low in comparison to currently
prevailing oil prices).
It demonstrates that, as anticipated, fuel prices increase dramatically under climate change
mitigation efforts, especially in the long term. In 2050 the price of fossil fuels is approximately
50% higher than in the baseline, while by 2100 the price ratio between the mitigation case and
175

business-as-usual is approximately 10–15. The constraint on climate forcing yields a shadow price
for emissions of CO2. This time-dependent price can be roughly interpreted as the emission
penalty, or carbon tax, that would be required to reach the assigned climate target. The share of
the CO2 tax in the total fossil fuel price increases over time, from about 10% in 2010, to 15% in
2020, 35–45% in 2050 and 75–90% in2100. Ethanol remains the cheapest fuel up to about 2050,
given that for the relatively short run a good market exists for its use (as is the case in e.g. Brazil).
After that, hydrogen proves to have the lowest price for the remainder of the century. Electricity
is the second cheapest transport fuel by 2100, but, as we will explain, does not widely penetrate
as a result of the high purchase price of electricity-based (battery-equipped) vehicles.
Figure 186. Price of road transport fuels in Europe: baseline (left) and under a 4.0W/m2 climate
constraint (right)

Based on sensitivity analysis we conclude that even if the establishment of a hydrogen
infrastructure proves about an order of magnitude more costly than modeled in our base case,
electricity based transportation only broadly emerges if simultaneously also the costs of electric
cars go down by at least 40% with respect to our reference costs. One of the explanations for why
the electric car is today, by e.g. entrepreneurs, often considered the supposed winner amongst
multiple future transportation options is that the decision horizon of many analysts is no more
than a few decades, instead of a full century. Electric cars fit better the current infrastructure than
hydrogen fueled vehicles, so that from a short time perspective (covering the next decade or two)
investments are not optimally spent by establishing an extensive hydrogen distribution network.
Hence the path-dependency created by the present existence of a vast power transmission and
distribution network can make electricity the most efficient choice for transportation, but only if
the time frame considered is short. Electric transportation generally proves the more expensive
alternative in our long-term perspective, except when electric car costs are assumed to drop
substantially.
2.1.2.2 Modelling transport energy demand: A socio-technical approach

Despite an emerging consensus that societal energy consumption and related emissions are not
only influenced by technical efficiency but also by lifestyles and socio-cultural factors, few
attempts have been made to operationalise these insights in models of energy demand. This
paper (88) addresses that gap by presenting a scenario exercise using an integrated suite of
sectoral and whole systems models to explore potential energy pathways in the UK transport
sector.

Methodology
The UKERC Energy 2050 project aimed to show how the UK can move towards a resilient and low
carbon energy system over the period to 2050. The project focuses on two primary goals of UK
energy policy—achieving deep cuts in CO2 emissions by 2050, taking the current UK 80%
reduction goal as a starting point, and developing a ‘resilient’ energy system that ensures
consumers’ energy service needs are met reliably.
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In the ‘Lifestyles’ sub-project of Energy 2050, two out of the four core scenarios developed in
Energy 2050 were used as a starting point to be contrasted with two Lifestyle‘ variants’ of these
core scenarios. The modelling of mobility energy demands for these variants involved:
• Framing and development of a new ‘Lifestyle’ storyline and translating this, using
spreadsheet modelling, into projections of travel patterns as an alternative to official UK
government projections used in the core Energy 2050 scenarios.
• 2. Detailed sectoral modelling using the newly developed UK transport carbon model
(UKTCM) in order to simulate the impacts of lifestyle changes on vehicle ownership, vehicle
technology choice and vehicle use.
• 3. Soft-linking of UKTCM and MED by aggregating and converting UKTCM outputs into MED
inputs before MED was run.
Lifestyle REF (LS REF) Shifts in societal preferences, activities and associated policies generate
alternative energy service demands, vehicle technology uptake and on-road fuel efficiencies. MED
was run without a carbon constraint akin to the core REF scenario
Lifestyle low carbon (LS LC) LS REF+carbon constraint leading to an 80% reduction in UK carbon
emissions by 2050 relative to 1990, with an intermediate milestone of 26% in 2020 and linear
interpolation in between

Scenarios
UKTCM outputs (fuel consumption, vehicle fleet evolution by vehicle technology) were translated
into MED inputs (technical energy efficiency, technology deployment constraints and bounds).
MED was then run to produce four contrasting scenarios—two core Energy 2050 scenarios and
two Lifestyle ‘variants’. In each case, they were distinguished by whether they were
unconstrained (REF) or constrained (LC) to guarantee the achievement of an 80% fall in UK carbon
emissions relative to 1990 levels by 2050. Thus,four scenarios resulted as follows:
• REF: unconstrained core Energy 2050 Reference Scenario.
• LC: constrained low carbon core Energy 2050 Scenario.
• LS REF: unconstrained Lifestyle variant.
• LS LC: constrained low carbon Lifestyle variant.

Results
Vehicle types. Figure 187 shows the car vehicle types in each of these 4 MED runs in 2020 and
2050. In the Lifestyle reference variants (LS REF & LS LC), by 2020 market shares (in terms of
vehicle km, not energy use) for HEV and BEV cars reach 21% and 9%, respectively, compared to
zero penetration in the core REF and LC scenarios. From 2020 gasoline PHEV cars become more
popular in all but the core REF scenario, reaching market shares in 2050 of around 50%. In total, in
the Lifestyle variants, HEV, BEV and PHEV cars have a 77–81% market share in 2050 albeit of a
significantly smaller market overall (car use is 74% less than in the REF case). At reduced demand
levels in the Lifestyle variant, the shift to electric cars (BEV, PHEV) combined with a decarbonised
electricity system is sufficiently cost- effective to avoid deployment of more costly bio-fuel
technology.
The MED results suggest that in the unconstrained Lifestyle variant (LS REF) neither BEV nor PHEV
road vehicles were taken up earlier or at higher levels than the rates laid down by UKTCM
outputs. In contrast, HEV buses, trucks and vans were taken up at much higher levels (100% in
some cases) when compared to the UKTCM outputs. This can be explained by lower annuitized
cost for HEV than for their ICV counterparts and the use of only lower (no upper) limits for
technology take-up as prescribed by the UKTCM outputs. In all four scenarios modelled in MED,
177

nearly all of van and HGV traffic in 2020 will be by ultra-efficient diesel/biodiesel HEV. This
essentially means a complete hybridisation of the existing ICV road freight fleet over the next 10
years. By 2050, HGV traffic is still dominated by diesel/biodiesel HEV in the REF and LS REF runs,
while in the carbon constrained runs (LC & LS LC) hydrogen fuel cell powertrains now dominate
the HGV market. For vans, traffic in 2050 will be dominated by diesel/biodiesel HEV and gasoline
PHEV in the carbon unconstrained runs (REF & LS REF). However, in the low carbon Lifestyle
variant (LS LC), the market is more mixed as the carbon constraint results in higher take-up rates
for biodiesel PHEV. BEV vans only appear in the Lifestyle variants as they penetrate niche markets
in urban areas (7–8% of total road freight).
Figure 187. Car vehicle type by distance driven in different scenarios and years, MED results

REF—reference, LSREF—Lifestyle reference, LC—low carbon constrained, LS LC—Lifestyle low carbon constrained,
BEV—battery electric vehicle, HEV—hybrid electric vehicle, PHEV—plug-in hybrid electric vehicle and ICV—internal
combustion vehicle.

The higher uptake of lower and zero carbon vehicles combined with efficiency gains, downsizing
of cars, mode shifts and significant alterations to work, shopping and leisure travel patterns result
in final energy demand being halved from this sector in the unconstrained Lifestyle variant (LS
REF) by 2050 compared to the unconstrained reference case (REF). In the unconstrained Lifestyle
variant (LS REF), total fuel demand reduces by 23% by 2020 and by 43% by 2050 compared to the
2000 base.This contrasts to an increase of 15% in the reference case (REF) in 2050. The demand
for conventional fuels (petrol+-diesel) decreases by 57% by the year 2050 in the unconstrained
Lifestyle variant (LSREF) and by 87% when constrained (LSLC). However, in all scenarios,
conventional fuel still dominates use in 2020, never falling below 89% of total demand.
Emissions. Overall, the unconstrained Lifestyle variant (LSREF) resulted in a 26% and 58%
reduction in transport CO2 emissions at source (or direct, tailpipe) by 2020 and 2050 compared to
the core reference scenario (REF) levels (Figure 188). Importantly, the reduction in these
emissions happens early on and mostly before 2030, afterwhich transport CO2 emissions stabilise.
CO2 emissions atsourcenotably exclude upstream emissions from power generation, which for
the whole economy are also 7% and 17% lower by 2020 and 2050 than baseline (REF) levels. This
suggests that the higher uptake, use and associated electricity demand of ‘plugged-in’ vehicles is
more than offset by the decreasing demand for (car) travel overall.
As for the carbon constrained scenarios, the results suggest that in the core constrained reference
case (LC) the transport sector only starts to pull its weight from around 2030, mainly as a result of
the widespread use of second generation bio- fuels. The gradually tightening decarbonisation
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targets prior to 2030 are met by other sectors. In contrast, the constrained Lifestyle case (LS LC)
follows the same carbon emissions trajectory as the unconstrained Lifestyle case (LS REF) up to
about 2040, after which transport CO2 fall sharply to levels that are even 37% lower than in the
core carbon constrained (LC) scenario. Across the whole economy in 2050, carbon emissions are
30% lower in the unconstrained Lifestyle case (LS REF) compared to REF.
Figure 188. Projections of CO2 emissions at source from domestic transport in each scenario,
MED results

Note: These are source (or direct,or tailpipe) emissions and thus exclude emissions from power generation.

The ‘what if’ Lifestyle scenario reveals a future in which distance travelled by car is reduced by
74% by 2050 and final energy demand from transport is halved compared to the reference case.
Despite the more rapid uptake of electric vehicles and the larger share of electricity in final energy
demand, it shows a future where electricity decarbonisation could be delayed. The paper
illustrates the key trade-off between the more aggressive pursuit of purely technological fixes and
demand reduction in the transport sector and concludes there are strong arguments for pursuing
both demand and supply side solutions in the pursuit of emissions reduction and energy security.
2.1.2.3 Analysis of the energy and environmental effects of green car deployment by an integrating
energy system model with a forecasting model

By 2020, Korea has set itself the challenging target of reducing nationwide greenhouse gas
emissions by 30%, more than the BAU (Business as Usual) scenario. Energy system analysis
models based on an optimization methodology have certain limitations in that a technology with
superior cost competitiveness dominates the whole market and non-cost factors cannot be
considered. Therefore, this study (87) proposes a new methodology for overcoming problems
associated with the use of MARKAL models, by interfacing with a forecasting model based on the
discrete-choice model.

Methodology
The discrete-choice model deduces the probability of the consumer choosing a product or service
alternative based on utility maximization theory. In addition, the discrete choice model can
consider non-economic factors such as design and convenience because it calculates the choice
probability based on the survey about consumer preferences. This study can analyze the effect of
consumer convenience according to the level of refueling infrastructure building on the market
deployment of green car, energy mix and CO2 emissions, which cannot be considered in MAKAL
model. However, since the discrete-choice model cannot estimate the total market size, it must
be linked with a forecast model, such as a diffusion model, to obtain a dynamic forecast result for
the market diffusion of each technology applicable to the MARKAL model.
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Therefore, this study combines the Bass diffusion model, discrete- choice model, and MARKAL
model to analyze the energy and environmental effects. Total market size is predicted using the
Bass diffusion model, while the market share of each technology is estimated using the discretechoice model. The two predictions are merged and used as the upper bound constraint on the
potential diffusion of the technology in the MARKAL model, in order that the problem of nominal
cost difference resulting in a large difference in technical competitiveness can be overcome
(Figure 189)
Figure 189. Flow chart to integrate optimization model with forecasting model

Scenarios
The baseline scenario used as the reference for the analysis assumed a case in which only internal
combustion vehicles, and no green cars, were available in the market. A scenario, in which the
hybrid vehicle infrastructure was at the same level as that of conventional vehicles and in which
the EV and HFCV infrastructure development beginning in 2010 and increasing linearly until it
reached the same level as that of conventional vehicles by 2050, was used as the baseline
scenario. In the hydrogen refueling infrastructure development scenario developed for this study,
the development of hybrid vehicles and electric vehicle infrastructures was the same as in the
baseline scenario, while the year in which the hydrogen fuel cell vehicle infrastructure level
reaches that of the conventional vehicles was moved up from 2050 to 2045, 2040, 2035, 2030 to
predict the market diffusion of three green car technologies. The hydrogen refueling
infrastructure development scenario uses each deduced prediction result as the upper bound
constraint on green car technology diffusion (Figure 190).
For the initial purchase price of the HFCV, the experts predicted that it would gradually fall from
US$150,000 in 2010 to US$30,000 in around 2040 as a result of ongoing R&D. That was used as
the baseline scenario. In the R&D scenario, the time at which the initial purchase price of the
HFCV reaches US$30,000 through more aggressive investment in R&D was assumed to be 10
years sooner (Table 8). This study applied the aforementioned scenarios in a matrix form as
shown below and analyzed the ripple effect on the energy environment with consideration to the
correlation between the scenarios (Table 67).
Table 67. Analysis scenario
Scenario code
BASE_N
FC-TWOR1
FC-TWOR2
FC-TWOR3
FC-TWRD1
FC-TWRD2
FC-TWRD3

Green car as technical option
Excluding
Including
Including
Including
Including
Including
Including

Infrastructure building
Not applied
2050 Completion
2045 Completion
2040 Completion
2050 Completion
2045 Completion
2040 Completion

R&D forecasting
Not applied
Opinion of experts
Opinion of experts
Opinion of experts
Acceleration scenario
Acceleration scenario
Acceleration scenario
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Figure 190. Accumulated number of HFCVs distributed – infrastructure scenario

Results
Market shares. Figure 191 shows the analysis result of the MARKAL model of green car
technology diffusion according to the various scenarios. Figure 191a shows the result of the
analysis using only the MARKAL model, without the upper or lower constraints linked with the
model for predicting the extent of green car technology diffusion. Conforming to the nature of the
optimization model, which selects the technology based only on the cost, it shows only HEV being
distributed in the market until 2040 and only EV being distributed in the market after 2040.
However, when the result of the prediction model as per the reference model is added as the
constraint on the MARKAL model, distribution of EV and HFCV begins in 2030 and 2035
respectively, after which the accumulated market diffusion of the three green car technologies
gradually becomes closer to each other by 2050, as shown in Figure 191b. The result proves that
linking the prediction model will supplement the weakness of the MARKAL model, which selects
only the one model with the best cost competitiveness at each given period. Figure 191 shows the
MARKAL analysis results when the prediction model result of the scenarios involving the
completion of hydrogen refueling infrastructure development in 2045 and 2040, respectively, is
added as the constraint. The hydrogen refueling infrastructure scenarios prove that the factors
related to consumer convenience offered by the technology can be reflected in the MARKAL
model.
Figure 191. Sensitivity analysis of green car penetration by infrastructure scenario
(a) No upper bound
forecasting results)

case

(excluding (b)
Reference
scenario
case
infrastructure building completion)

(2050

(c) 2045 infrastructure building completion (d) 2040 infrastructure building completion
scenario
scenario
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Energy and emissions. Figure 192 shows the ripple effect of green car technology development
on the energy environment according to both the baseline scenario and infrastructure scenario.
Compared to the baseline scenario, which does not consider green car technology, the green car
technology scenario indicates that energy consumption and greenhouse gas emissions will be
drastically reduced beginning in 2030. However, the baseline scenario disregards not only green
car technology but also technical advances such as the improved fuel consumption of
conventional internal combustion vehicles. Therefore, it will be more meaningful to compare
scenarios which consider the green car than to compare the baseline scenario with other
scenarios. Moving forward the time of completion of hydrogen refueling infrastructure
development by 5 years will replace the market diffusion of HEV with that of HFCV and drastically
reduce fossil energy consumption and greenhouse gas emissions in the transport area. However,
much of that benefit would be offset by coal gasification technology (designed) to produce the
fuel for HFCV. Despite that, the expansion of HFCV could have a positive effect on overall energy
and the environment.
Figure 192. Energy and environmental effects of green car deployment in infrastructure
scenario

2.1.2.4 Conditions for the successful deployment of electric vehicles

In the study (19), we analyse scenarios of car technology deployment and the global energy
system using the Global Multi-regional MARKAL (GMM) cost optimisation model. We consider
some of the conditions under which new drivetrain technologies, particularly battery electric
vehicles (BEVs), may be more cost competitive under different hypothetical states of the world.
We focus on the role of a potential niche market for cars with a limited travel range and how this
may affect overall deployment of alternative drivetrain technologies and fuel choice.

Scenarios
Our interest is primarily to understand the conditions affecting deployment assuming that it is
possible to realise moderately optimistic drivetrain costs in the future if sufficient experience and
economies of scale are realised. Accordingly, in these scenarios costs are determined via
endogenous technology learning, with moderately optimistic assumptions about ultimately
achievable floors costs.
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• Climate policy scenario. In this study, we try to incorporate current legislation together with
future projected policies. We assume three different measures: (i) for the whole energy
system, we consider an increasing price on carbon emissions, which can be interpreted as a
proxy for comprehensive climate policy, (ii) for the transport sector, we assume targets for
the use of biofuels, and (iii) for the personal transport sector, we incorporate current and
possible future legislation for limits on carbon emissions intensity (per kilometre). We
assume that different world regions will diverge in the short to medium term in terms of
climate policy, but in the long term will converge to carbon price of 200$/tCO2.
• Emission Cap scenario. We also consider a scenario with a strict 50% CO2-emission
reduction target in the year 2050 (relative to 2000 levels), decreasing to 80% by 2100.
Energy end-use demands were scaled in proportion to the ratio between the demands in
IIASA’s B2 Baseline and 480 ppm-CO2eq scenarios. This equates to a 10-25% reduction in
thermal energy demand by 2050 compared to baseline demands, a 0-10% reduction in
specific energy (mostly electricity) demand, and approximately 15-25% for other surface
transport.
• Low resources scenario. In summary, the low scenario has roughly 50% less fossil oil
available than in the baseline. For natural gas, the most speculative category of
unconventional resources is removed, reducing gas availability by approximately 30%.

Results
Relevance of SRC market and climate policy. As a starting point, we first present a scenario
assuming no short-range cars (SRCs) and no climate policies. Figure 193 reports the development
of the global car technology market over the 21st century under this scenario. One of the most
notable results is that almost no BEVs or PHEVs are deployed, despite the moderately optimistic
assumptions about future battery costs; hydrogen powered cars are absent as well. Instead, we
see conventional vehicles and HEVs playing a major role; hybrid drivetrains have the largest share
at the end of the century, mainly driven by cost reductions due to technology learning and due to
more efficient fuel-use, which is triggered in turn by rising fuel costs caused by fossil resource
depletion.
In the presence of the climate policies, standard-range BEVs and PHEVs are not competitive in this
scenario under the assumptions of this study; despite technology learning and the climate policy
supporting low-emissions fuels.
Figure 193. Car technologies without SRC market and without climate policy

The introduction of the climate policies changes the technology mix substantially, as shown for all
cars in Figure 194 and for the 10% SRC market in Figure 195. The figures show that under the
assumptions of the climate policy, BEVs are an attractive option in the short-range niche market.
There are also very small shares of standard-range BEVs and PHEVs (each less than 3% of all cars
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in 2050), mostly due to increased technology learning in the short-range car sector (scenario with
10% SRCs: battery storage floor costs are reached in year 2050; scenario with 0% SRC: cost still
20% above floor in 2050). In the scenario without climate policy, marginal electricity and
hydrogen costs remain above gasoline costs, whereas with climate policy they fall below in the
second half of the century.
Figure 194. Car technology mix in scenario with 10% SRC and with climate policy

Figure 195. Short-range car technology mix in scenario with 10% SRC and with climate policy

BEVs in the Emission Cap scenario. The previous results showed that in the presence of a
comprehensive climate policy, BEVs are an attractive option in the SRC niche market. But, even
with an increased relative size of the SRC market, there are few spillovers to sufficiently promote
BEVs to enter the standard-range market. The standard-range market remains dominated by
hybridised ICEV technologies in intermediate times of the century, and HFCVs become the most
costcompetitive option towards the end of the century. Nevertheless, the results show that
climate policies tend to favour BEVs. Hence, in this section, we examine the impact of a more
stringent climate policy: specifically, we present the scenario incorporating a 50% CO2-emission
reduction target for year 2050 as defined in Section 3.3. The resulting technology mix in the
Emission Cap scenario shows that even without an SRC market, there is a considerable share of
BEVs in the standard-range sector, peaking in 2060 at 39% (Fig. 15). Under the assumptions of
10% SRC market share, the deployment of standard-range BEVs reaches higher levels (Figure 196),
such that HFCVs play a smaller role towards the end of the century. This is a strong indicator for a
spillover from the short-range to standard-range BEVs. The stringent climate policy also supports
the deployment of PHEVs: Figs. 15 and 16 showa persistent share of PHEVs even in the standardrange sector
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Figure 196. Car technology mix in the scenario with 10% SRC, with climate policy and additional
Emission Cap

Prospects of BEV and its competitors. In this study, the SRC niche market in combination with a
comprehensive climate policy enables the cost-effective deployment of short-range BEVs. The
climate policy (long-term price 200$/ tCO2) allows BEVs also to gain a relatively small share in the
standard driving rangemarket (<10%). In a more stringent policy scenario that additionally
achieves a reduction in CO2-emissions of 50% (and is thus more compatible with ambitious
climate change mitigation), BEVs with a standard driving range become also attractive (with
HFCVs attractive over the long term). The implementation of an SRC market in GMM helps to
better represent an important niche market that can provide opportunities for early experience,
thereby accelerating technology learning. Specifically, we see that BEV deployment in the SRC
sector accelerates cost reductions for battery storage investment, increasing the costeffectiveness of standard-range BEVs. However, without stringent climate policy this reduction
may be insufficient to make standard-range BEVs more competitive than hybrid technologies until
the 2nd half of the century.
2.1.2.5 Transport sector electrification in a hydropower resource rich developing country

This paper (22) analyzes the co-benefits of transport sector electrification in terms of reductions
of greenhouse gas and local environmental emissions, improvement in energy security and
employment generation during 2015–2050 in the case of Nepal—a developing country with large
hydropower potential. A bottom up energy system model of Nepal based on the MARKAL
framework was developed to assess the effects of meeting a part of the land transport service
demand through electrified mass transport system and electric vehicles.

Scenarios
Besides the base case, following five transport electrification scenarios are considered in the
study:
• a shift of 10% of the road transport demand to the electric mass transport system from
2020 onwards and all other things remaining the same as in the base case (hereafter
“EMT10”),
• a shift of 10% of the road transport demand to the electric mass transport system in 2020
and gradually increase the shift to 20% by 2050 (hereafter “EMT20”),
• a shift of 10% of the road transport demand to the electric mass transport system in 2020
and gradually increase the shift to 30% by 2050 (hereafter “EMT30”),10
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• a shift of 20% of the road transport demand to the electric mass transport system (as in the
EMT20) and shift of another 10% of the demand to electric vehicles from 2015 onwards
(hereafter “EMT20+EV10”), and
• a shift of 20% of the road transport demand to the electric mass transport system and shift
of another 10% of the demand to electric vehicles in 2015 with gradually increase in the
shift of electric vehicles to 15% by 2050 (hereafter “EMT20+EV15”).

Results
Primary energy. There would be a decrease in cumulative TPES in all the alternative scenarios
except EMT20 (Table 68). The range of reduction in cumulative TPES would be 0.85% (4.7 Mtoe)
in EMT10 to 2.74% (15.3Mtoe) in EMT20+EV15 as compared to the base case value. In the caseof
EMT20, the increase in cumulative TPES is due tothe increased consumption of biomass compared
to the base case under least cost optimization of the model. The cumulative petroleum product
requirement is estimated to decrease 5.8% (6Mtoe) under EMT10 to 14.7% (15.3Mtoe) under
EMT20+EV15. However, the cumulative supply of primary energy fromhydropower during the
study periodwould increase 2.2% (1.6 Mtoe) in EMT10 to 11.9% (8.8 Mtoe) in EMT20+EV15 as
compared to the base case.
Table 68. Cumulative primary energy supply during 2005–2050 by energy type (Mtoe)
Scenario
Base case
EMT10
EMT20
EMT30
EMT20 + EV10
EMT20 + EV15

Petroleum
products
104.0
98.0
94.6
91.1
91.4
88.7

Coal

LPG

Hydro

Biomass

Others

Total

25.7
20.9
20.3
19.5
21.4
19.1

12.1
13.8
11.8
12.8
14.2
13.1

73.7
75.3
76.4
77.6
77.4
82.5

335.5
338.3
348.2
345.1
339.3
332.6

5.5
5.6
5.5
5.3
5.3
5.3

556.6
551.9
556.8
551.4
549.0
541.3

Emissions. As shown in Table 69, the cumulative emissions during the study period of selected
GHG and local air pollutants would decrease significantly due to the electrification of the
transport sector. It is estimated that the cumulative GHG emissions during 2005— 2050 would be
reduced by 33.52 million tCO2e (5.8% reduction) in EMT10, while the corresponding figure would
be 74.73 million tCO2e (12.9% reduction) in EMT20+EV15. Also there would be local
environmental benefits in that the cumulative emission of CO during 2005–2050 would decrease
by 5.4% under EMT10 to 9.9% under EMT20+EV15, while the cumulative emission of NMVOC
would be reduced by 0.6% under EMT20 to 7.1% under EMT20+EV15 as compared to the
corresponding emissions in the base case. This highlights the role of the transport sector
electrification in the mitigation of GHG and local pollutant emissions.
Table 69. Cumulative emissions during 2005–2050 (106 tons)
Scenario
Base case
EMT10
EMT20
EMT30
EMT20+EV10
EMT20+EV15

CO2
459
427
408
397
409
389

CH4
3.96
3.90
4.02
3.97
3.91
3.79

N2O
0.078
0.078
0.079
0.078
0.077
0.076

CO
74.68
70.61
72.00
70.39
69.13
67.29

NOx
3.41
3.22
3.18
3.12
3.13
3.04

SO2
2.68
2.61
2.57
2.53
2.56
2.49

NMVOC
9.59
9.32
9.54
9.36
9.21
8.91

PM10
2.89
2.86
2.98
2.92
2.84
2.69

Energy security. The annual energy import as a percentage of the annual total primary energy
supplied is estimated to decrease under all the alternative scenarios except EMT10 and
EMT20+EV10 in 2050 as compared to the base case. However, the cumulative total imported
energy during 2005–2050 is estimated to decrease in all the electrification scenarios; the
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reduction would be in the range of 6.3% in EMT10 to 14.6% inEMT20+EV15. These reductions of
imported energy imply corresponding savings of foreign exchange and an improvement in the
country's trade balance.
Costs. The estimated discounted total energy system cost (TESC) in the base case is 62.85 billion
US$ at 2005 prices. The net energy import cost constitutes 18.8% of the discounted TESC. The
discounted TESC would decrease in the range of 1.0% in EMT20+EV15 to 2.0% in EMT30. At the
same time, the discounted net fuel import cost would decrease in the range of 5.1% under EMT10
to 12.6% under EMT20+ EV15 (Table 70). This shows that environmentally beneficial policy
interventions are also economically beneficial in the long run.
Table 70. Discounted energy system costs at 2005 constant prices (109 US$)
Scenario
Base case
EMT10
EMT20
EMT30
EMT20 + EV10
EMT20 + EV15

Supply side
investment
1.01
10.14
10.11
10.22
10.31
10.66

Demand side
investment
27.79
27.51
27.49
27.42
27.69
27.70

Net fuel
import cost
11.79
11.19
10.80
10.63
10.62
10.30

Domestic fuel
cost
9.66
9.71
9.79
9.78
9.75
9.74

O&M and
other
expenditures
3.60
3.52
3.53
3.56
3.74
3.82

Total system
cost
62.85
62.07
61.72
61.61
62.11
62.23

Electricity generation. Effect on power generation capacity requirements. Table 71 presents the
hydropower generation capacity and electricity generation needed under different scenarios. The
additional hydropower generation capacity required by 2050 under EMT10 would be 7 MW, while
the corresponding figure would be 538 MW under EMT30. Similarly, the additional electricity
generation requirement from hydropower in the country would increase by 19.05 TWh under
EMT10 to 103.91 TWh under EMT20+EV15 during 2005–2050. Following, the additional electricity
generation requirement from other sources would increase by 1.81 TWh under EMT20 to 6.49
TWh under EMT20+EV10 during the study period.
Table 71. Annual hydropower generation requirement during 2005–2050
Scenario

Base case
EMT10
EMT20
EMT30
EMT20 + EV10
EMT20 + EV15

2030
GW
4.50
4.58
4.50
4.76
4.35
5.64

TWh
23.17
22.96
23.40
24.42
22.11
27.25

2050
GW
7.751
7.758
8.189
8.289
8.274
8.246

TWh
32.67
35.41
38.87
39.34
36.83
40.01

Cumulative generation (2005-2050)
Hydropower
Others
TWh
TWh
873.03
73.73
892.07
76.11
904.41
75.54
918.24
76.07
916.86
80.22
976.94
76.46

Employment. Thus the increase in the cumulative level of the employment generation during
2015–2050 due to the additional hydropower development under the transport electrification
scenarios would be 174 man-years under EMT10 to 3802 man-years under EMT20 (Table 72).

187

Table 72. Estimated employment generated from additional hydropower development due to
transport sector electrification during 2015–2050 (man-year)
Scenario
EMT10
EMT20
EMT30
EMT20 + EV10
EMT20 + EV15

Construction phase
18
1631
1906
1744
1788

Operation phase
156
238
555
681
2014

Total
174
1869
2461
2426
3802

The present study shows that if the share of electricity based transport services is to grow from
10% in 2015 to 35% by 2050, the hydropower generation capacity would have to increase by 495
MWby 2050 as compared to the base case, while the annual electricity generation in 2050 would
have to increase by 7.86 TWh. As a result, the cumulative total imported energy would decrease
by 14.6% in the 35% transport electrification scenario as compared to the base case during 2015–
2050. In addition, the cumulative greenhouse gas emissions would be reduced by 12.9% (74.7
million tons CO2e) in the same scenario during 2015–2050.
2.1.2.6 Electrification of the Canadian road transportation sector: A 2050 outlook

We use a newly developed bottom-up model of the entire Canadian energy system (TIMESCanada) to assess potentials for electrification of the road transport sector (66, 125). A special
emphasis has been put on the modelling of the Canadian road transport, by considering a variety
of vehicles for passenger and freight transportation. Besides a business-as-usual (baseline)
scenario, we have analysed an energy policy scenario imposing targets for electric vehicle
penetration and a climate policy scenario imposing targets for greenhouse gas emission
reduction.

Scenarios
Our baseline scenario, denoted BAU, is a business-as-usual case. By signing the Copenhagen
Accord, the Canadian federal government has committed to reducing Canadian GHG emissions by
17% below 2005 levels by 2020. Reduction commitments have also been taken by provincial
governments. Our climate policy scenario takes these provincial targets into account and imposes
the federal targets for the Canadian territories in the absence of specific territorial reduction
targets. Our climate policy scenario, denoted CLIM, defines also targets for 2050, by extending the
2020 targets through a simple linear regression, up to a maximum 50% reduction (Table 73).
Table 73. GHG emission reduction targets per province and territory
Province
Alberta
British Colombia
Manitoba
New Brunswick
Newfoundland
Nova Scotia
Northwest Territories
Nunavut
Ontario
Prince Edward Island
Quebec
Saskatchewan
Yukon

Reference year
2005
2007
2005
1990
1990
1990
2005
2005
1990
1990
1990
2006
2005

Target for 2020 (%)
5
33
15
10
10
10
17
17
15
10
20
20
17

Target for 2050 (%)
14
50
45
20
20
20
50
50
30
20
40
40
50

The province of Ontario has proposed for 2020 a 5% penetration target for EVs and the province
of Quebec a target of 25% Evs for new ‘light’ passenger vehicles equivalent to a 5% penetration
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target by 2020. The province of Quebec has also considered supplementing this policy with an
18% penetration target by 2030. As a possible policy promoting the deployment of EVs in Canada,
our energy policy scenario (denotedEVP) uses these latter targets for all provinces and territories.
Penetration targets are then extended through a linear regression, yielding penetration targets of
31% by 2040 and 44% by 2050.

Results
Final energy. A climate policy would involve significant changes in the transportation sector, as
shown in Figure 197. Final energy consumption would be reduced by almost 20% compared to the
baseline. While there is already in the baseline an increase in biofuels and electricity consumption
(both fuels representing, respectively, 9% and 4% in 2050), the climate policy pushes further the
use of these fuels to, respectively, 24% and 8%. Compared to this second scenario, the energy
policy scenario yields fewer changes on the fuel mix. The average consumption is reduced by only
9% compared to the baseline. As there is here no incentive to abate GHG emissions, the
proportion of biofuels remains at 10% in 2050, but the proportion of electricity increases to 9%.
Indeed, in order to reach the policy target on EVs, some (further) electrification takesplace.
Figure 197. Final energy consumption by fuel in the transport sector, 2007–2050

Technology options. Figure 198 shows next the penetration of passenger vehicles in the CLIM
scenario. Although conventional vehicles continue to meet most of the passenger demand until
2030 (but less dominantly), the climate policy yields afterwards (compared to the EVP scenario) a
stronger switch toward transport electrification: by 2050, 47% of the demand is met by BEVs and
33% by PHEVs. Electrification is indeed a valuable option for reducing GHG emissions in the
passenger transportation sector, as electricity is being produced mainly from ‘clean’ sources and
as EVs’ energy consumption is lower than other types of vehicles. Besides, BEVs are naturally a
better option to abate emissions than PHEVs that consume some fossil fuels (gasoline or diesel).
BEVs have a thus higher penetration rate in the CLIM scenario (than in the two other scenarios).
Considering the different vehicle categories in 2050, BEVs satisfy in particular 96% of the demand
for large cars and penetrate the market of small cars (13%) contrary to the other two scenarios.
But PHEVs still dominate for some other categories such as buses and small cars. Note that
conventional vehicles continue to meet a large part of the freight transportation demand on the
whole horizon (36% in 2050). But ICVs with biofuels (ethanol and biodiesel) become dominant
after 2030 (61% in 2050) and thus help reduce GHG emissions in the transportation sector.
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Figure 198. Penetration of passenger vehicles in the climate policy scenario, 2007–2050

Sensitivity analysis. We have tested two additional scenarios with different evolution trends for
the characteristics of the lithium-ion batteries (the most promising battery type): an ‘optimistic’
scenario (OPT) that envisions a rapid improvement of Li-ion batteries (both in terms of cost and
efficiency) and a ‘pessimistic’ (PESS) scenario with less improvements. We have chosen to report
only results for the CLIM scenario where results are more contrasted. More precisely, Figure 199a
reports first on the penetration of passenger vehicles in 2020 and 2050. In all battery scenarios,
ICVs are progressively phased out, but at a speed that varies according to the technological
progress assumed for the batteries. Consequently, by 2050 and again looking at our two extreme
battery scenarios, EVs are dominating in OPT with a market share of 95%, whereas ICVs’ market
share is still 32% in PESS. Figure 199b reports finally ont he penetration of freight vehicles in the
climate policy scenario in 2020 and 2050. For freight transportation likewise, our battery
scenarios do not change the main trends observed in our base scenario.
Figure 199. (a) Penetration of passenger vehicles in the climate policy scenario (b) Penetration
of freight vehicles in the climate policy scenario

Our analysis shows on the one hand that electric vehicles penetrate notably the passenger vehicle
market after 2040 in the baseline scenario and after 2030 in the energy policy scenario (following
the assumed penetration targets). On the other hand, the assumed climate policy forces a
stronger penetration of electric vehicles for passenger transportation, with a progressive phasing
out of internal combustion engine vehicles, whereas the latter vehicles remain dominant for
freight transportation but with a shift away of fossil fuels and in favour of biofuels. A sensitivity
analysis on the (assumed) evolution of electric vehicles over time confirms these general trends.
2.1.2.7 Achieving cost-effective oil use reduction in passenger cars in Sweden

In this work (25), the energy and technology costs associated with reducing oil consumption in
passenger cars in Sweden are calculated for a number of possible future transport fuel pathways
and for different energy prices and climate policies. An optimisation model is applied in a
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simulatory multiple-run approach for this purpose. The model encompasses the transportation
sector, as well as the stationary energy system.

Scenarios
In this analysis, the costs associated with oil use reduction are estimated for the different
transport fuel pathways. Four levels of reductions in oil consumption for passenger car transport
are simulated: −10%, −40%, −70%, and −100% to the year 2030, relaeve to the level of use in
2002. In the model, the oil reductions are imposed on the system in the form of constraints on
diesel and petrol (Figure 200).
Figure 200. Scenarios for passenger car oil use reduction

The transport fuel pathways are defined in Table 74. Technologies and fuels that are currently
available commercially and currently in use in Sweden are available options in all the transport
fuel pathways. One of the transport fuel pathways, which deals exclusively with the mentioned
commercial alternatives, is denoted CAT (Commercially Available Technologies). In addition to the
CAT pathway, there are six transport fuel pathways, which apart from the commercially available
technologies include one additional transport fuel option that characterises the particular
pathway.
Table 74. Transport fuel pathways
Denotation

Included fuel and technology options
Commercially available technologies;
-Transport fuels: Petrol and diesel, as well as first-generation biofuels, including biogas from anaerobic
CAT
digestion, RME from transesterification of rapeseed oil, and ethanol from the fermentation of wheat
-Vehicle technologies: ICEVs and HEVs
CAT+SNG
Options available in CAT and SNG from biomass gasification
CAT+FT
Options available in CAT and FT liquids from biomass gasification (diesel and petrol via naphta)
CAT+DME
Options available in CAT and DME from biomass gasification
CAT+MeOH
Options available in CAT and methanol from biomass gasification
CAT+EtOH
Options available in CAT and ethanol from fermentation of woody biomass
CAT+Electricity Options available in CAT and PHEVs and BPEVs charged from the electrical grid
ALL
All fuel and vehicle technology options covered in all the transport fuel pathways
CAT, commercially available technologies; RME, rape methylester: SNG, synthetic natural gas; DME, dimethyl ether; FT,
Fischer-Tropsch; MeOH, methanol; EtOH, ethanol; ICEV, internal combustion engine vehicle; HEV, hybrid electric
vehicle; BPEV, battery-powered electric vehicle.

Results
Transport fuels. The resulting use of the available technology and fuel alternatives is determined
in the model optimisation. In Figure 201, the transport fuel model choices for each climate policy,
energy price assumption and oil reduction level (10%, 40%, 70%, and 100% reductions) are
presented. The figure illustrates the passenger car energy use in model year 2030, expressed as
percentages of the passenger car energy use in model year 2002. Owing to the exogenously set oil
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reduction levels, the total use of conventional petrol and diesel corresponds to 90%, 60%, 30% or
0%. Although the total levels of use of petrol and diesel are exogenously determined, the
distribution between the two fuels is allowed to vary. In the model results, diesel is often
preferred over petrol, since diesel-powered vehicles are more fuelefficient than petrol vehicles
and, therefore, high-level use of diesel decreases the need for biofuels and/or electricity in
strategies to meet the oil use reduction targets.4 An exception to this is found in the pathways
that include methanol, in which lower costs are obtained if a larger volume of methanol is used
rather than decreasing the total transport fuel demand through use of diesel over petrol.
Figure 201. Passenger car energy use in model year 2030 for high (Hi) and low (Lo) fossil fuel
prices (FP) and CO2 reductions of 30% and 50%

Energy use is expressed as percentage of energy use in model year 2002.
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Costs. In Figure 202, the marginal oil reduction costs are presented for each transport fuel
pathway for two oil use reduction levels, 40% and 70%, for the target year of 2030. The marginal
costs are expressed in EUR/MWh of oil. In many respects, the marginal cost outcomes confirm the
results obtained for the total system cost, while providing additional insights. Not surprisingly,
higher oil use reduction levels generally give higher marginal oil reduction costs. Furthermore, in
the same way as for the total incremental system costs, higher fossil fuel prices are linked to
lower oil reduction costs. However, in contrast to the total system cost, the marginal costs for oil
reduction for 2030 are generally higher for high CO2 reduction targets than for low CO2 reduction
targets. Even though the cost of conventional oil-based transport fuels increases with greater
reductions in CO2 (due to higher CO2 penalties), these reductions also increase competition for
biomass from the stationary energy system, which results in higher biomass prices. While for the
period as a whole, the former effect has the largest influence, the latter effect dominates for the
marginal costs in model year 2030. This is particularly the case for pathways that rely on biofuel
routes with relatively low well-to-wheel efficiencies, such as the CAT, CAT+FT, and CAT+EtOH
pathways.
Figure 202. Marginal oil reduction cost for model year 2030

Note: Energy price and climate assumptions are according to: a, low fossil fuel prices and CO2 - 30%; b, low fossil fuel
prices and CO2 - 50%; c, high fossil fuel prices and CO2 - 30%; and d, high fossil fuel prices and CO2 - 50%.

Sensitivity analysis. Figure 203 presents the marginal cost per vkm categorised according to cost
items for different fuel-vehicle technology routes. The values shown are based on model year
2030 for a 40% reduction in oil use. While some of the cost items listed in Fig. 6 are provided
exogenously as model inputs, others are determined endogenously during the optimisation
process. In the figure, the endogenous costs are acquired from the transport fuel pathway, which
is characterised by the specific transport fuel route, e.g., the costs for the SNG route are from the
CAT+SNG pathway, those for the BPEV and PHEV routes are from the CAT+Electricity pathway,
etc.
In terms of results, a methanol based pathway gives incremental system costs in the range
of−0.9–3 billion EUR for a complete phase-out of passenger car oil up to 2030. As compared to the
methanol pathway, other biomass gasification-based fuel pathways involve additional
incremental system costs in the region of 3 billion EUR, whereas ethanol- and electricity-based
pathways give additional incremental system costs of 4–5 billion EUR. At lower oil reduction
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levels, the cost differences between the pathways are smaller and the electricity-based pathway
is significantly more cost-competitive.
Figure 203. Marginal cost per vehicle km for various fuel-vehicle technology routes for model
year 2030 categorised according to cost items for a 40% reduction in oil use

Note: The energy price and climate assumptions are according to: a, low fossil fuel prices and CO2 - 30%; b, low fossil
fuel prices and CO2 - 50%; c, high fossil fuel prices and CO2 - 30%; and d, high fossil fuel prices and CO2 - 50%. (V,
vehicle; F, fuel).

2.1.2.8 Combining hybrid cars and synthetic fuels with electricity generation and carbon capture and
storage

We (27) examined the co-evolution of the transportation, and electricity and heat generation
sectors in the Netherlands until 2040 using a MARKAL bottom-up cost optimisation model.

Scenarios
Our ‘‘Nolimits’’ scenario variant uses the WLO narrative, but has no targets for CO2 emissions
reductions. Building on our Nolimits variant, we prepare an additional eight scenario variants with
various degrees of reduction commitments and options, as shown in Table 75. Our scenario
variants focus on the transport sector, but we also examine the effect on production of electricity
and heat. Acap is set on the CO2 emissions to reduce these by 27% in 2020 and then annually by
5–6% compared to the year before, which results in total reductions of 87% in 2050 compared to
1990 level. This cap is in line with targets of 20% and 80%, because we assume that relatively
more CO2 emission reduction is realised in the CO2 intensive industry than in other sectors (of the
25Mt of industrial emissions, around 11–22 MtCO2 may be captured and stored per year). The
equivalent CO2 emissions reduction targets are 50% in 2030 and 68% in 2040. Our reduction
scenario variants are compatible with the EU 20/20/20 strategy for 2020. The Forced electric car
and fuel cell variants are meant to illustrate the effect of forcing a transition to these cars and
fuels.
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Table 75. Nine scenario variants used in our study
Variant name
1. No limits
2. Aggregate reduction

3. Sectoral reduction
4. 95 g CO2/km in 2020
5. Forced electric car
6. Forced fuel cell car
7. Utsira
8. Halved biomass
9. cheaper oil

Notable properties
No CO2 emissions cap, no CO2 transport to and storage in the Utsira field, use WEO 2009
reference prices coal, and WEO 2009 450 ppm prices for other fossil energy sources
No limits+CO2 emissions cap of 80% vs. 1990 levels in 2020, dropping to 20% in 2050, applied
to the total of emissions of power generation and transportation, use WEO 2009 450 ppm
prices for all fossil energy sources
No limits+CO2 emissions cap of 80% vs. 1990 levels in 2020, dropping to 20% in 2050, applied
separately to transportation and to power generation, use WEO 2009 450 ppm prices for all
fossil energy sources
Aggregate reduction+require average car fleet to emit less than or equal to 116 g CO2/km in
a
2020 and less than or equal to 95 g CO2/km from 2030, simulating regulation EC/2009/443
Aggregate reduction+minimum 25% market share for electric cars in 2020, rising to 90% in
2050
Aggregate reduction+minimum 25% market share for fuel cell cars in 2020, rising to 90% in
2050
Aggregate reduction+allow CO2 transport to and storage in the Utsira field, giving effectively
unlimited capacity for CO2 storage
Aggregate reduction+available biomass is reduced by half over the entire model timeframe.
Aggregate reduction+price of oil reduced to 9.4 euros/GJ in 2020 and 8.0 euros/GJ in 2030
and later

Results
Transport fuels. Figure 204 shows the transportation fuels consumed in our scenario variants in
2020 and 2040. In all scenario variants except the Cheap oil variant, we observe a shift to
imported ethanol and FT diesel from regular diesel and petrol derived from oil. By 2020, the
cheapest overall transportation system uses less than 50% crude oil derived fuel, and after 2030,
oil is not used at all for transportation. This shift is entirely due to the projected oil price of 10
h/GJ (90$/bbl), because oil refining costs have a very limited share of the total cost of diesel and
petrol. The partial shift in 2020 is due to limited availability of biomass, except in the No limits
variant, where FTfuel is produced entirely from coal. In the Cheap oil variant, oil retains a
significant market share combined with FTfuel made from biomass with CCS to reduce CO2
emissions. In this variant, biomass is used for electricity generation instead of producing fuels.
Diesel, biodiesel, and FT diesel are used in buses, trucks, and vans, which together account for
almost half of the total fuel consumed. Bio-ethanol is the preferred fuel for cars.
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Figure 204. Transportation fuels consumed (PJ/year) in the Netherlands in our scenario variants
in 2020 (left) and 2040 (right)

Figure 205 shows the same total fuel consumption by vehicle type. It indicates that our model
avoids hybrid, electric or fuel cell vehicles, because of the high investment cost of alternative
drivetrains. Diesel cars also disappear in all reduction scenario variants due to higher cost of
diesel, FT diesel, biodiesel, and diesel-fuelled cars compared to petrol, FT petrol, ethanol, and
petrol-fuelled cars. Series hybrid cars are used as the most cost-effective option to reduce fuel
demand when not enough low-emission fuel options (biofuels and/or CCS capacity)
reavailabletostaywithintheCO2 emissions budget while using regular cars. We tested this further
by increasing the relative price of ethanol vs. biomass intermediates drives, in which case
adoption of hybrid cars increases because the model seeks to accommodate the petrol-fuelled
fleet with less biomass resources. In the 95gCO2/km in 2020 variant, average vehicle efficiency is
improved by more than 20% in 2020, which complements the EU20/20/20 strategy.

196

Figure 205. Transportation fuel consumed by vehicles (PJ/year) in the Netherlands in our
scenario variants in 2020 (left) and 2040 (right)

Emissions. Direct CO2 emissions intransportation and electricity production in the Nolimits
variant increase by 100% in 2020 over 1990 levels, mostly due to the increase in consumption of
coal. CO2 emissions in the NoLimits variant decline after 2020, as do emissions in reduction
scenario variants. Direct CO2 emissions of transportation are reduced almost to zero or negative
in most of our reduction scenario variants. This is a result of biomass-based FTfuel or hydrogen
production with CCS, which has net negative CO2 emissions, combined with bio- ethanol which
has very low emissions.
Indirect emissions of GHG, due to mining of coal, recovery of oil and gas, and farming, were
limited to around 10% of total emissions in 2005. Fig. 6 shows that indirect GHG emissions both
increase in absolute terms and take a larger share in the total emissions. Indirect GHG emissions
are 34–54% of total emissions caused by the Netherlands in 2040. These indirect emissions are
attributed to the countries that produce the energy resources.
The increase is caused primarily by the use of coal and ethanol, which substitute crude oil-derived
fuels that have much lower indirect emissions (see Table 6). Indirect emissions are lowest in
variants with low average fuel consumption of vehicles. The amount of CO2 stored underground
varies with the optimal timingof large scale use of CCS. Fig. 7 shows that use of offshore storage
sites is postponed unless sufficient storage potential is available.
Costs. Figure 206 shows total investment into the development of the Dutch transport and power
sectors until 2040. The investment to develop the Dutch transport and power sectors ranges
upwards from 19 billion euro/year. More than 80% of the investments are for periodic
replacement of vehicles, which already occurs today and is done by consumers. In most scenario
variants, vehicle replacement in the Netherlands costs 18–21 billion euro/year. The exceptions
are the Forced electric car and Forced fuel cell car variants, where investments into cars are 25–
45 billion euro/year. Investment into electricity generation in the No Limits variant compared to
the reduction scenario variants, is higher in 2015 and then lower until 2030, and also lower in
197

total. Investment into electricity generation capacity is the lowest in the No Limit and Utsira
variants where coal-fired power plants can be used. In the other variants, more expensive and
variable wind electricity is used. This intermittent wind electricity is complemented by electricity
from NGCC, which increases the effective cost of wind electricity.
Figure 206. Five-year total undiscounted investment costs (Gh) in transport and power sectors
in the Netherlands in our scenario variants in2020 (left) and 2040 (right)

All scenario variants investigated indicate a switch away from crude oil-based diesel and petrol for
transportation. Lowest overall CO2 abatement cost is achieved by accommodating transportation
first and using relatively expensive options for emissions reduction in electricity generation if
needed. Biomass and carbon capture and storage (CCS) are used to full potential. Transportation
CO2 emissions are reduced by switching to ethanol or bio-based synthetic fuels combined with
CCS, and series hybrid cars if needed. Depending on the availability of biomass and carbon storage
capacity, electricity is produced from biomass, coal with CCS, or wind complemented with natural
gas. Indirect greenhouse gas emissions rise to 34–54% of national emissions in 2040. The
difference in annual investment required between the scenario variants with and without CO2
emissions reductions of 68% by 2040 is 4–7 billion euro/year, or 0.5–1.2% of projected GDP.
Investment costs are mostly determined by the cost of cars and electricity generation capacity.
We observe competition for limited biomass supply and CO2 storage capacity between the
transportation and power sectors.
2.1.2.9 Methodologies for representing the road transport sector in energy system models

In this paper (84), we review how different energy system models have represented both vehicles
and fuel infrastructure in the past and we provide guidelines for their representation in the
future. In particular, we identify three key modelling decisions: the degree of car market
segmentation, the imposition of market share constraints and the use of lumpy investments to
represent infrastructure. We examine each of these decisions in a case study using the UK
MARKAL model.
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Scenarios
In this study, we use an 80% target to be consistent with UK policy and we exclude the UK share
of international aviation and shipping energydemands (and hence emissions) in all scenarios. We
also examine a second scenario with no constraint on CO2 emissions.

Results
Technology options. These trends are expanded upon in Figure 207, which show the technology
portfolios used to satisfy car demand in the revised versions. The impact of introducing new
representations of hydrogen FCVs is apparent, where new hybrid FCVs are preferred to the nonhybrid FCVs because the efficiency increase and reduction in fuel consumption outweighs the
higher hybrid capital cost. It is notable that the technology portfolios continue to change after
2050, despite all demands and technologies being assumed constant. The two principal
contributing factors to this behaviour are the presence of growth constraints on new
technologies, which prevent the model from reaching a stable state by 2050 without very early
investment in some low-carbon technologies (when they are very expensive), and the presence of
cumulative limits on domestic and imported oil, petroleum products and natural gas that are
sometimes not reached until after 2050. Running the model beyond 2050 allows us to identify
and consider the realism of such trends.
Figure 207. Annual car demand fulfilment in the revised version of UK MARKAL for an 80%
reduction in CO2 emissions in 2050

Transport fuel. Figure 208 shows the car sector fuel consumption after 2050 for the base and
revised models in the scenarios with a CO2 constraint. Fuel consumption increases by 17% in the
revised version, despite the total car mileage demand being lower, as a result of lower FCV
efficiencies being assumed in the revised version compared to the base version. The 81 PJ change
in fuel consumption could be large enough to have repercussions for model results beyond the
transport sector and this demonstrates the importance of choosing technology data carefully.
Lumpy investments. The revised version of the model is forced to build the hydrogen
transmission pipeline network using 600 PJ/year lumpy investments, to avoid the model building
only part of a network in the early stages of a transition. We examine the importance of using
lumpy investments in this section using a sensitivity study with four scenarios: (i) no lumpy
investments; (ii) 600 PJ pipeline lumpy investments; (iii) 1200 PJ pipeline lumpy investments; and,
(iii) 600 PJ pipeline and refuelling station lumpy investments. The uptake of hydrogen powertrains
in these scenarios is shown in Figure 209.
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Figure 208. Average annual car fuel consumption after 2050 with an 80% reduction in CO2
emissions

Using lumpy investments has no impact on the rate of market uptake and the overall transition to
FCVs is unchanged. The three cases with lumpy investments have virtually identical results. Using
lumpy investments improves the internal consistency of the model, by ensuring that
infrastructure costs are consistent with the scale of infrastructure deployment. However,
technologies tend to be deployed at large scale or not at all in optimisation models, reducing the
practical significance of requiring large-scale deployment. Moreover, the use of lumpy
investments introduces further complexities, since the model will either over-deploy
infrastructure (build lumps of infrastructure with excess capacity) or under-deploy it, with a
resulting need to deploy sub-optimal technologies to meet the residual transport demand.
Figure 209. Impact of modelling fuel infrastructure as lumpy investments on the transition to
hydrogen powertrains

Note: The lumpy investments are applied to the hydrogen transmission pipeline network and the hydrogen refuelling
station network (5.9 PJ lumps) as shown in the legend.

While disaggregating the car market principally affects only the transition rate to the optimum
mix of technologies, market share constraints can greatly change the optimum mix so should be
chosen carefully. In contrast, modelling infrastructure using lumpy investments has little impact
on the model results. We identify the development of new methodologies to represent the
impact of behavioural change on transport demand as a key challenge for improving energy
system models in the future.
2.1.2.10 Alternative policy impacts on US GHG emissions and energy security

This study (98) addresses the possible impacts of energy and climate policies, namely corporate
average fleet efficiency (CAFE) standard, renewable fuel standard (RFS) and clean energy standard
(CES), and an economy wide equivalent carbon tax on GHG emissions in the US to the year 2045.
For this study, we use a hybrid energy modeling approach, MARKAL–Macro, that combines the
characteristics of two divergent approaches, in order to investigate and quantify the cost of
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climate policies for the US and an equivalent carbon tax. Our analysis is done for two important
objectives of the US energy policy: GHG reduction and increased energy security.

Methodology
Our US MARKAL–Macro model is based on the national US EPA MARKAL model with the
modifications described in this section. In the first stage of the calibration process, the MARKAL
model is calibrated to the base year, 2005, to match the model outputs to the electricity outputs,
primary energy use, installed technology capacity and sectoral outputs. After the first phase,
MARKAL and MACRO modules went through an iterative calibration process which is used to
match the projected energy service demands and projected GDP growth rates. In this paper, a
neoclassical growth model has been integrated to the technology rich representation of the US
energy system. Despite the simplicity, MARKAL–Macro is one of the very few hard-linked top–
down bottom–up hybrid modeling approaches. Figure 210 graphically summarizes the integration
process.
Figure 210. MARKAL–Macro integration

Scenarios
In this study, we have implemented three policies, namely CES, RFS and CAFE. Combinations of
those policies are also carried out to see the combined effect of the policies taken together.
• The CES calls for doubling the percentage of clean electricity starting from 40% in 2015 to
80% by 2035. We have also included a carbon tax calibrated to achieve the same level of
emission reductions as the policy set. We calibrate the tax level to achieve the same
emission reductions as the policy set so that we can compare directly the costs of carbon
tax versus the policy set.
• RFS policy is a legislation that forces a minimum amount of renewable biofuel to be
consumed in the US. It is implemented in the model by the lower bound constraints such
that conventional biofuels (corresponding to corn ethanol) reach 15 billion gallons in 2015,
cellulosic advanced biofuel attains 16 billion gallons ethanol equivalent by 2022, other
advance biofuels reach 4 billion gallons ethanol equivalent, and biodiesel is at 1 billion
gallons.
• The CAFE standard calls for increasing the fuel economy 5% per year through 2025 to reach
the 54.5 miles per gallon level. Based upon model output, our estimate for the incremental
cost is about $2900 per vehicle varying between $2000 and $3500 per vehicle depending
on the type of vehicle deployed under CAFE scenario.
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Results
Emissions. Figure 211 provides the results for the reference (no policy) case, the combined CES–
RFS–CAFE case, and the equivalent emission tax. By equivalent emission tax, we mean the
emission tax that achieves exactly the same level of emission reductions as the policy case which
is the shadow price of CO2 levels in the combined CES–RFS–CAFE case. Emissions in the reference
case roughly go from 5.7 billion tons CO2 to 6.8 billion in 2045, whereas in the policy case
emissions fall to 4.5 billion tons. The carbon tax starts out relatively low but reaches about
$160/ton in 2045. The carbon tax is modeled for sake of simplicity, but would be expected to
achieve results similar to a pure cap and trade system.
Figure 211. Emission abatement under combined policy set CES–RFS–CAFE

Figure 212 provides the emissions abatement breakdown by policy measure. Clearly the CES
provides the largest part of the emission reductions with CAFE becoming somewhat important
towards the end of the horizon. All of the policies CES, CAFE and RFS contribute to the abatement;
however the operational mechanisms are completely different. The CAFE scenario by its definition
initiates and forces the use of higher efficiency vehicles. Unlike other policies, the main aim of the
policy is to reduce fuel use mainly in the transportation sector. Abatement of CO2 is via unused
fuel. The RFS achieves reduction of GHGs by replacing a required amount of oil based fuel with
biomass based fuel, thus reducing the emissions from the transportation sector. CES initiates and
forces the use of cleaner (in terms of CO2 content) fuels in the electricity sector.
Figure 212. Breakdown of the total emission abatement related to policy measures

Figure 213 provides the abatement cost breakdown for the combined policy case and for each
policy scenario in comparison to equivalent emission tax policy. In early years the cost of
combined policy set is distributed evenly among the policies. However in the long term, cost
associated with RFS policy becomes insignificant while CES and CAFE costs increase. CAFE
becomes the most expensive option of the policy mix.
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Figure 213. Abatement cost breakdown for the CES–RFS–CAFE combined scenario with respect
to policy options and the equivalent emission tax policy

Crude oil imports. Fig. 13 shows the crude oil import reduction achieved by the different policy
instruments and the carbon tax. By the end of the horizon the policy case achieves somewhat
higher crude oil import reduction than the carbon tax. This stands to reason since the carbon tax
is targeted towards emission reduction and not import reduction. Most of the import reduction is
due to the CAFE standard, with a smaller quantity due to the RFS. One of the mechanisms that
brings about this outcome is the reduction of total fuel consumption in the transportation sector
due to the CAFE standard. Since most of the fuel used is oil based, this leads to less oil
consumption and reduction in oil imports. The other mechanismis the use of biofuels as a
replacement of oil based fuels in the transportation sector, which is triggered by the RFS policy. As
the oil based fuels are replaced by biofuel, this leads to less oil consumption, thus reducing the
need for oil imports.
Costs. Figure 214 provides the economic GDP loss breakdown for the emission reduction. By the
end of the horizon, the GDP loss relative to the reference case is about 2% with about two-thirds
of that coming from the CAFE standard and one-third from the CES. The carbon tax policy, that is
revenue neutral in the modeling framework, results in a GDP loss of about 1.2%. As we would
expect, the carbon tax is more efficient at achieving emission reductions compared with the set of
government mandates.
Figure 214. Economic output reduction estimates for the CES–RFS–CAFE combined scenario with
respect to policy options and the equivalent emission tax policy

Our results suggest that the emission tax achieves results quite similar to the CES policy but very
different results in the transportation sector. The CAFE standard and RFS are more expensive than
a carbon tax for emission reductions. However, the CAFE standard and RFS are much more
efficient at achieving crude oil import reductions. The GDP losses are 2.0% and 1.2% relative to
the base case for the policy case and carbon tax. That difference may be perceived as being small
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given the increased energy security gained from the CAFE and RFS policy measures and the
uncertainty inherent in this type of analysis. The US EPA MARKAL is a standard MARKAL model
where energy service demands are inelastic, exogenous, and model structure is linear. In this
study we use the national single region the US EPA MARKAL model.
2.1.2.11 Analysis of US renewable fuels policies

In this research (3) we have modified the standard US MARKAL model to include a land resource
base, corn stover and miscanthus feedstocks, and new cost information for biochemical and
thermochemical conversion technologies. We then used this revised MARKAL model to estimate
the impacts of four different policy and technology choice scenarios; 1) no government
interventions in biofuel markets (no RFS or subsidies), 2) biofuels RFS targets are implemented, 3)
no government intervention but technology that combines coal and biomass feedstocks is
enabled, and 4) biofuels RFS targets are implemented and combined coal-biomass feedstocks are
enabled.

Methodology
We make use of the US EPA MARKAL model to evaluate the impacts and costs of prospective US
biofuels. In addition, we make significant modifications to the basic MARKAL data set and
structure to take advantage of simulated data from the Global Trade Analysis Project (GTAP)
model. We include in MARKAL land use data by US agro-ecological zone (AEZ).

Scenarios
In this paper four scenario analyses have been evaluated. These scenarios are a combination of
alternative policies and alternative technology choices. Figure 215 provides the renewable energy
share resulting from each of the four scenarios. The four scenarios are as follows:
• No government interventions in biofuel markets and no coal combined with biomass
technology
• No government interventions in biofuel markets with coal combined with biomass
technology
• Biofuels RFS targets are implemented and no coal combined with biomass technology
• Biofuels RFS targets are implemented with coal combined with biomass technology. Only
the biomass part of the biofuel is permitted to satisfy the RFS.
Figure 215. Renewable energy share in the transportation sector in the analyzed scenarios

Results
Biofuel production. Figure 216 shows the biofuels that are produced solely due to market forces.
Corn ethanol production ranges from 46.5 bil. liters in 2010 to 58 in 2030. There is no cellulosic
ethanol production. Thermochemical biofuel, expressed as ethanol equivalent, begins in 2020 at
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30.7 bil. Liters and reaches 47.7 bil. liters in 2030. The total market driven level of biofuels
(ethanol equivalent) reaches 105.6 bil. liters by 2030.
Figure 216. Reference (market) case biofuels production

The RFS for cellulosic biofuels reaches 60.5 billion liters of ethanol equivalent by 2022. Figure 217
provides the total biofuel production for the RFS case. The corn ethanol production level follows
the RFS to 56.78 bil. liters by 2015 and afterwards remains at that level. Cellulosic biofuels begin
in 2015 at 11.7 bil. liters and reach 62 bil. liters by 2030, essentially the same as the 60.5 bil. liters
RFS level for 2022. The RFS induces about 9.5 bil. liters per year more corn ethanol than the
market in 2015 and 2020, and then falls to zero difference by the end of the simulation period.
There is no cellulosic ethanol in this RFS case. For thermochemical biofuel, the RFS induces 15-20
bil. liters additional biofuel throughout the simulation period. In total (corn plus cellulose), the
incremental biofuel starts out at about 20.8 bil. liters and falls to about 15 bil. liters by 2030.
Figure 217. Biofuel production under RFS case

Costs. Other results of the reference cases RFS case are summarized in Table 76 and Table 77.
Corn price increases to $171 in 2015 to meet the RFS demand, but then falls to $160 by 2030.
Table 76. Other results for the reference case
Item
Corn price
Corn ethanol price
Thermochemical fuel price
Corn stover use
Corn stover price
Switchgrass use
Energy crop price

Values
$164 - $167 per metric tron
$0.54 - $0.58 per liter of ethanol
$0.57 - $0.65 per liter of ethanol equivalent
127 – 138 million metric tons
$107 - $145 per metric ton
64 million metric times
$111 - $126 per metric ton
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Table 77. Other results for the RFS case with no coal-biomass combined fuel
Item
Corn price
Corn ethanol price
Thermochemical fuel price
Corn stover use
Corn stover price
Switchgrass use
Energy crop price

Values
$160 - $171 per metric ton
$0.54 - $0.58 per liter of ethanol
$0.49 - $0.64 per liter of ethanol equivalent
49 – 138 million metric tons
$107 - $145 per metric ton
32 – 102 million metric tons
$123 - $138 per metric ton

Some of the major conclusions are as follows:
• By 2030, with no government intervention, corn ethanol reaches about 15 bil. gal.(57 bil.
liters), and thermochemical biofuel reaches 13 bil. gal.(49 bil. liters) for a combined 28 bil.
gal.(106 bil. liters) by 2030.
• When the RFS is added to the reference case, there is a substantial increase in both corn
ethanol and thermochemical biofuel (about 6 bil. gal.(23 bil. liters) total) in the early years
when the RFS is binding.
• When combined coal-biomass technology is enabled for the reference (market) case, there
is a huge increase in thermochemical biofuel after 2020.
• When the RFS is added to the case with combined coal-biomass technology, the main
impact is in the early years when the RFS is binding.
• The average cost of the binding RFS compared with the reference case is 33 ¢/gal.(9 ¢/liter)
in 2015 and 12 to 14 ¢/gal. after that. For the coal-biomass cases, the cost is 24 ¢/gal.(6
¢/liter) in 2015 and zero after that.
• Corn stover is generally less expensive, and it is used exclusively in the early years. As
production ratchets up substantially in 2025 or 2030, more dedicated energy crops are
used.
2.1.2.12 The French biofuel policies under cost uncertainty – a robust optimization approach

Although it is a core feature of future energy technologies, few studies consider in detail the issue
of cost uncertainties in their economic assessment of biofuel policies. In this article (129), we
propose to use robust programming to model decision making for an energy-transport system
submitted to various biofuel policies, and where there a lots of uncertainty sources: costs of
future technology, primary energy prices and CO2 price. To analyze this question, we rely on the
MIRET model developed within IFPEN: a long-term, multi-period, techno-economic planning
model that covers the energy-transport system.

Scenarios
The scenarios implemented to run the model comprise four main components: primary energy
supply, technologies, demands and policies. Two clear-cut atmospheres are described.
• In the Reference Scenario (Ref), no renewable energy production target is enforced.
However, the actual promotion mechanisms (subsidies to investments in new technologies
or feed-in tariffs) for the integration of renewable electricity and fuels are described. A
value of CO2 is integrated as a part of the WEO New Policy Scenario. Existing norms of
energy efficiency applying to end-use technologies are implemented.
• In the Biofuel Policies Scenario (BioPol), The French NREAP objectives are enforced for the
period 2010-2020, and maintained for the period 2020-2030 at their 2020 value. The RED is
enforced beyond 2020 to ensure a lower rate of integration of renewable fuels in the
transport sector (10%). Finally, the Fuel Quality Directive limits the carbon footprint of fuel
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production pathways. Otherwise, all other numerical assumptions are the same as in the
Ref scenario. The level of maximal cost deviation, expressed as fractions of nominal costs, is
a = 0.15 .
We assume that all investment costs of new technologies starting in 2020 and beyond are not
known with certainty. These new technologies concern vehicle fleet, biofuel and power plants. On
top of that, it is assumed that the unit costs of primary energy are also subject to uncertainty. And
at last, the price of CO2 is also considered in the uncertainty.

Results
Costs. The Figure 218 shows, for the four tested scenarios, the decomposition of the total system
cost as the sum of (i) the energy system cost and (ii) the "financial" cost of robustness. All values
are expressed in relative terms, compared to the reference case, that is with no uncertainty
budget. Enforcing biofuel policies exposes the energy system to higher economic and financial
risks. The total system cost can increase by consequent amounts (~+65-85% for Ref or BioPol).
The economic interpretation is clear: increasing the uncertainty budget raises all costs, because it
puts pressure on the energy system to switch to less costly sources. The concave shape is simply
explained by the conservative nature of the robust term. The robustness subprogram identifies
the most critical technologies for a given budget; when it grows, only less critical technologies can
be included in the worst-case basket, so that total costs can only saturate with 0 G.
Figure 218. Total system cost

Optimal uncertainty budget. The average system cost (decomposed in technical and financial) per
unit of insurance gained (in a probabilistic sense) is presented in Figure 219. The U-shaped
average total cost curves observed results from the combination of the concave total cost and Sshaped probabilistic threshold. For small uncertainty budgets, the insurance gained overcomes
the associated extra-cost, while when uncertainty budgets grow, the incremental insurances are
smaller than the incremental system costs. Consequently, there is an optimal uncertainty budget
(~30% for) that minimizes the average cost on insurance. In the Ref and BioPol scenarios, the
optimal uncertainty budget is ~30%, although average costs are higher in BioPol.
Technological hedging and fuel diversification. Accounting for uncertainty allows two major
degrees of freedom for system adaptation: the first one is financial hedging (accept higher costs
due to the use of technologies and/or technologies whose costs may deviate from their nominal
value) and technological hedging. In the latter case, uncertainty is partly dealt with through
switches in the energy system towards the use of less critical technologies in terms of risk. Due to
the dieselization of the vehicles fleets, pathways substituting to diesel take the higher shares of
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the biofuel mix, especially HVO and BtL. Finally, Figure 220 presents the total incorporation of
biofuels in road transport in 2020 for Ref and BioPol.
Figure 219. average costs of insurance

Figure 220. Total biofuels in road transport in 2020

With this approach, the technologies and raw materials that expose the enforcement of REAPs to
economic risk are identified. Vehicle technologies are critical for the implementation of biofuel
transport policies under cost uncertainty. Similarly, the selection of biofuel pathways largely
depends on the level of knowledge of future costs. Policy implications of these results should be
discussed, notably on the difficulty to design adequate biofuel policies (tax exemptions, subsidies)
in such an uncertain context. Finally, observations on biofuel technologies penetration in
uncertainty show that, with or without policies, biofuels are a good way to overcome fossil energy
dependency and is used to reduce vulnerability of the transport sector from risky commodities
like crude oil.
2.1.2.13 Electricity versus Hydrogen under Stringent Climate Change Control

In this article (134) we analyze how transportation in Europe may change this century under
permanent high oil prices and the implementation of a stringent climate control policy. We focus
on electricity and hydrogen as principal candidate energy carriers, because these two options are
increasingly believed to become each other’s long-term competitors in the transport sector. We
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complement a concise stylistic analysis with an in-depth study performed with the global energy
system optimization model TIAM-ECN.

Scenarios
For the purpose of this article we investigated a series of different scenarios and variations
thereof.
• For one group of scenarios we varied the oil prices, with values from 50 up to 200 $/bl
(assumed to remain constant throughout the century). We focused in particular on the
levels 100 $/bl and 150 $/bl: the former because this is essentially the value observed
today, the latter while these may well prevail over the decades to come.
• In another group of scenarios we implemented different climate control strategies. For our
analysis of the European transport sector we designed one that corresponds as closely as
possible to the current climate change mitigation target of the European Commission,
hereafter referred to as ‘stringent climate control scenario’ or ‘ambitious CO2 emissions
reduction path’. In this scenario we assumed a reduction of CO2 emissions in 2020 of 20%
with respect to their level in 1990, with a linear decrease down to 80% in 2050, after which
emissions stay constant for the remainder of the century.

Results
Figure 221 shows the development of energy use by passenger cars in Europe per energy carrier
for two different oil price scenarios. In Figure 221(a) it is assumed that oil prices retain a level of
100 $/bl throughout the century. As illustrated, the currently dominant fuels gasoline and diesel
continue to be essentially the only energy carriers used for fuelling passenger cars for another few
decades, and for about the coming half a century at least they will remain the main options to fuel
cars in Europe. Total energy consumption by passenger vehicles continues to increase, especially
(but not only) as a result of considerable growth potential for car usage in East Europe.
Consequently, energy consumption in the transport sector in 2100 is about 2 times higher than in
2010. When oil prices are consistently 150 $/bl, as assumed in Figure 221(b), the total energy use
by cars is somewhat reduced during the first half of the century, but remains more or less
unaffected during the second half, so that the level in 2100 is about the same as in the 100 $/bl
scenario. Overall, the differences between these two scenarios are limited.
Figure 221. Energy use by fuel type for passenger cars in Europe when oil prices are (a)100 $/bl
and (b) 150 $/bl

For a scenario including an oil price of 100 $/bl plus a stringent CO2 emissions reduction path, the
two plots in Figure 222 depict the energy use per transport fuel type and the corresponding
distance travelled in vehicle kilometers respectively. It shows a steep decline of overall energy use
for passenger cars in Europe after 2030. ICEs combusting current fuels remain the dominant type
of transportation for another couple of decades, but after 2030 rapidly lose importance and cease
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to play a role altogether after 2050 as a result of mandatory CO2 emissions abatement. Cars
running on natural gas penetrate around 2020, after which they continue to play a non-negligible
role until the end of the century. The reason is that these cars are cost-efficient and possess
sufficiently low carbon footprint to allow a certain market share. In several countries the
infrastructures are or could be rendered available that could support such a role for gas fuelled
cars. We see that our high oil price assumption has clearly much less impact on energy use in the
transport sector than our stringent climate control scenario: most markedly, a deep cut in
emissions implies the use of a fundamentally different energy carrier (climate neutrally produced
hydrogen) while high oil prices merely produce a shift from current fossil fuel types (gasoline and
diesel) to another one (natural gas) that is closely competitive with oil usage and for which
reserves are in theory available once those for oil have been depleted.
Figure 222. Energy use (a) and distance travelled in vehicle kilometres by fuel type for cars in
Europe under 100 $/bl oil prices and stringent climate policy

Costs. Figure 223 shows the total distance travelled per type of energy carrier in 2050 for eight
different battery cost scenarios under our stringent climate target and with oil prices of 100 $/bl
throughout the century. Only if batteries follow a 50% additional cost reduction path (thus if they
will be only half as pricy from 2040 onwards with respect to what we assume for the baseline),
then BEVs obtain a significant market share of almost 50% in 2050. Under scenarios with battery
cost reduction assumptions that exceed 50%, BEVs become by far the most important passenger
transportation mode. Cost decreases this extensive, however, suggest major technology
breakthrough for BEVs.
Figure 223. Distance travelled in 2050 by type of energy carrier for passenger cars in Europe
under stringent climate policy and 100 $/bl oil prices

With varying assumptions for the cost of batteries (in % reduction relative to the baseline)
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We have undertaken an extensive sensitivity analysis with respect to a large series of input
parameters for TIAM-ECN. While sizeable changes in our end results could be observed for
modifications in the values of some of them, grosso modo we found no drastic shift in our main
conclusion: hydrogen could become an important fuel for the transport sector during the second
half of the century if climate control targets are ambitious or if oil and gas reserves prove to be
limited (but not if only their prices are high, even if they are consistently twice as high as their
values today). Only in three cases we see electricity play a large to dominant role: (1) when
battery costs reduce by 60% or more with respect to our baseline cost reduction assumptions, (2)
when fuel cell costs do not fall as rapidly as currently expected on the basis of learning curves
(while some additional battery cost reductions still materialize), or (3) when the climate control
target is even more ambitious than what we assume in our reference case. We also varied our
assumptions with regards to e.g. the maximum allowed diffusion rate of fuel cell vehicles, the
lifetime of cars and the discounting values stipulated at various levels of our optimization
program. These variations seem not to disqualify hydrogen as important transportation fuel for
the second half on the century.
2.1.2.14 Effects of the low nuclear policy on technology competitiveness among next generation
vehicles in Japan

The purpose of this study (141) is to get suggestions for hydrogen and fuel cell technology
development by analyzing impacts of the low nuclear policy on technology competitiveness among
next-generation vehicles, such as gasoline hybrid electric vehicle (HEV), electric vehicle (EV, mini and
full size) and hydrogen fuel cell vehicle (FCV), in Japan under carbon tax and CO2 emission
reduction. In this study, an energy system model of Japan by MARKAL is used.

Scenarios
In this analysis, the total system cost is minimized under the upper limit of CO2 emissions, 25%
and 50% reductions in 2020 and 2050, respectively from the level in 1990, which is given under
the trade-off between total system cost and total CO2 emissions at 10000 JPY/t-C or 25 USD/tCO2. Regarding nuclear, 3 scenarios are assumed.
• The promotion scenario, which is the same as the governmental basic energy plan,
increases nuclear to around 70 GW in 2050.
• The phase-out scenario phases out nuclear by 40-year lifetime. It makes nuclear near 0 GW
in 2050.
• Immediate abolition scenario abolishes nuclear by 2015.

Results
The analysis shows that FCV does not have technology competitiveness to EV in the nuclear
promotion scenario. Nuclear can reduce enough CO2 emissions. Additional CO2 reduction by FCV
is unnecessary and HEV and EV, which are low cost, have competitiveness. In the nuclear phaseout and immediate abolition scenarios, FCV, however, can get technology competitiveness to EV
under the assumed carbon tax and CO2 emission reduction. This is because the low nuclear policy
needs additional CO2 emission reduction. Instead of EV driven with higher carbon intensity
electricity, FCV gets competitiveness because of its higher total energy efficiency.
In the nuclear phase-out scenario, if the vehicle costs of FCV and EV are the same, introduction of
EV is not much and FCV can get market penetration after 2030. Hydrogen cost does not affect
much, even if the target is achieved with 10-year delay. But 30-year delay causes delay of market
penetration for FCV. On the other hand, if the vehicle cost of FCV is 0.1 more expensive than EV,
EV can get market penetration. FCV is not introduced until 2050. 30-year delay of hydrogen cost
causes no market penetration for FCV until 2050. The immediate abolition scenario makes
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technology competitiveness of EV very weak. If the vehicle cost of FCV and EV are the same, only
mini-size EV can get market penetration even if the target for hydrogen cost is achieved with 30year delay. If the vehicle cost of FCV is 0.1 more expensive than that of EV, EV can get market
penetration. FCV can just get market penetration in 2050 whether hydrogen cost delays 30 years
or not.
2.1.2.15 Modelling future private car energy demand using two techno-economic approaches

This study (148, 189) presents two bottom-up approaches for forecasting private car energy
demand in Ireland, one a car stock simulation model and the second an energy systems
optimisation approach.

Methodology
The car stock model uses historic sales, activity and car scrappage rates to iteratively simulate the
structure of the car fleet and vehicle activity for each year up to 2025. Vehicle fuel efficiency and
emissions factors for each vintage and technology type are applied to calculate annual energy
demand and associated CO2 emissions. Scenario analysis on new-car sales technology and
efficiency is used to evaluate technology orientated policy measures, such as Ireland’s 10 %
electric vehicle target for 2020. Different policies can then be evaluated on the basis of their
expected contribution to national renewable energy and CO2 reduction targets. Some results and
applications of this car stock model are compared with those of the Irish TIMES project, an energy
optimisation framework developed for the Irish energy system. Specifically for private cars, the
least-cost technology mix to satisfy annual travel demand is produced given a range of energy
efficiency, renewable energy and emissions constraint scenarios. Demand elasticities, crude oil
price, economic performance and technology cost are key input parameters.

Results
TIMES model. Figure 224(a) shows results from the reference scenario in TIMES through
passenger kilometers satisfied by different technologies. The model introduces new petrol and
diesel cars, but after a time petrol is phased out in favour of diesel entirely. Figure 224(b) shows
the same results for a constrained scenario, where the entire energy system is optimised to meet
an 80 % emissions reduction target on 1990 levels by 2050; diesel cars are replaced by plug-in
hybrid cars in the years leading up to the target year.
Figure 224. TIMES private car activity by technology, reference and CO2 reduction scenarios

Car stock model. The model uses scenarios to predict the impact of different vehicle technology
sales scenarios on the on-road fleet efficiency, taking into account the stock and distance driven
of vehicles across vintages and technologies. This is a very useful tool for demonstrating the
relative consequences of different technology targets, for example, targets for electric vehicles
versus for biofuel vehicles, or the impact of incentives for more fuel efficient vehicles. Figure 225
shows the baseline vehicle activity by technology.
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Figure 225. CSM Reference scenario car activity by technology

The differences in the stock modelling and energy systems approaches are quite complementary
and allow scope for integration, work which is ongoing. The power of the stock simulation model
is in calculation and description: it can give good insight into the future dynamics of the fleet with
regard to the drivers of energy consumption; it is a descriptive model. In contrast, the TIMES
approach is prescriptive: it selects technology to best achieve certain goals. However, the
respective models’ baseline assumptions must be brought in line before any meaningful
comparison can be made between results – the annual fleet activity produced by the models
varies by up to 60 %, the difference of which is driven by the economic underpinning of each
model. Figure 226 shows fleet CO2 emissions from the CSM and TIMES scenarios, again differing
widely. The CSM baseline incorporates a dramatic increase in new-car efficiency between 20082010, part of which can be attributed to a change in the vehicle taxation system.
Figure 226. Private car CO2 by methodology and scenario

Both models are “techno-focussed”: neither accounts for driver behaviour and so softer travel
measures – ride sharing, public transport initiatives, for example – are not considered, and
therefore are in danger of being overlooked in policy decision making should purely technology
models be considered. Furthermore, technology costs and availability are uncertain over such a
long 40-year time span.
2.1.2.16 Modelling transport modal choice and its impacts on climate mitigation

Most available energy/economy/environment modelling tools focus on technology and fuel
switching and tend to poorly incorporate travel behavior. This paper (187, 188 ) addresses this
gap by focusing on a key element of travel behavior, namely modal shifting. We introduce a novel
approach to modelling modal choice in TIMES, a bottom-up, technology rich, least cost energy
systems model.

Methodology
Here, we build a simple illustrative TIMES model, in which future overall travel demand is
exogenously defined but not specified by individual mode. We allow competition between modes
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and impose a constraint on overall travel time in the system. This constraint represents the
empirically observed travel time budget (TTB) of individuals and enables competition based on
time as well as on cost, ensuring that faster and more expensive modes can compete. We further
introduce a new variable, called travel time investment (TTI), which acts as a proxy for
infrastructure investments (for example, new bus services or rail lines) to reduce the time
associated with travel.

Scenarios
The modal-share model is run for several scenarios for California region. Table 78 gives the
descriptions of all the scenarios of this modelling exercise.
Table 78. List of model scenarios in the California modal-share model
Scenarios
No TTB limit
Reference case
Introducing TTI
CO2 constraint

Description
This scenario imposes no TTB constraint. Allows competition between modes based on technology
and fuel costs only.
This scenario uses constant TTB per capita over the time horizon. Competition between modes is
based on time in addition to cost.
Diffferent levels of TTI are modeled as a proxy for investments to reduce travel time.
This scenario includes a 20% CO2 emissions reduction by 2020 to the above scenarios.

Results
No limit on TTB. This scenario represents the outcome of standard TIMES model structure. The
model is first run without the limit on travel time budget, which implies the passenger has no
bound on how much time one has to choose to travel. The model allows choosing freely between
modes, only using the technology and fuel costs. As shown in the Figure 227, the model
immediately switches to the bus technology, which is the slower mode of transport, once the
existing car capacity is used up.
Reference Case. A constant travel time budget is introduced into the model based on the annual
passenger miles travelled data. Now, the modes compete based on time in addition to other
costs. The passenger now has to accommodate the modes of travel within a time constraint, this
pushes the model to choose faster modes of travel within the given time budget. At present, TTB
grows at the same rate as transport demand. In the past, demand has grown at a faster rate than
TTB: This scenario favours faster modes, and this will be investigated further in future refinements
of the model.
Figure 227. Total transport demand by mode without limit on TTB vs. reference case

Introducing TTI. Various levels of TTI are introduced in the model to reduce the total travel time
for the passenger. High and low time travel costs are introduced. It is observed that, when the
investment cost for the additional time is low, the model invests in time, and switches to the
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slower modes such as buses and trains. However, as the investment cost for the time increases,
the results resemble the reference case scenario. Figure 228 shows the scenarios of various levels
of TTI.
Figure 228. Total travel demand by mode under different TTI investment scenarios, for low and
high price investment

Carbon Emissions Constraint. A 20% CO2 emissions reduction constraint is included for the model
runs for the various scenarios discussed above. It is observed that, the emissions constraint
scenarios choose public transit at a higher rate than the scenarios without the emissions
constraint. Figure 229 illustrates a scenario with a carbon constraint and a high cost of investment
into TTI.
Figure 229. Travel demand in a high cost TTI investment scenario with a 20% carbon constraint

At present, the TTI variable is a proxy for the cost of investment that increases the speed of
modes. We intend to further investigate this variable and endogenise the relationship between
investment in infrastructure and reduced travel time. We also intend to incorporate elasticities
with regard to demand and to simulate the response in demand of one mode to the changes in
the attributes of others.
2.1.2.17 Incorporation of consumer demand in energy systems models

Models typically assume society is homogenous, i.e. there is only one decision-maker at the
societal level. Consumer behavior cannot be ignored in system-wide modeling! It is a critical
aspect of policy and decision making. Typically, consumer choice has been modeled using non-
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linear simulation approaches. The objective of this project is to develop a bridging approach to
bring in consumer behavioral parameters, to the linear programming framework of TIMES (Box 4).
Box 4. Incorporation of Consumer Demand in Energy Systems Models
COnsumer CHoice INtegration in TIMES
Reference Case Scenario
Subsidy Scenario
– $5000 per vehicle government subsidy for
electric, fuel cell and natural gas vehicles
Carbon Tax Scenario
– Carbon intensity profiles are given for the
fuels
– Carbon tax starts from theyear 2010 @
$10/ton and increases linearly until 2035 @
$100/ton

The new technology investments do not differ
much from reference case scenario in TIMES
model, except for the year 2035, where all new
sales are diesel hybrid cars.
COCHIN-TIMES: There is a reduction in
investment for gasoline cars in the years arer
2020. In the year 2035 the investment in
gasoline car reduc5on is about 10% from the
reference case.
COCHIN---TIMES model illustrates consumer
demand response for vehicle choices for light--duty car sector. • This is a significant
improvement from the exis5ng methodologies
of energy models, especially in TIMES model
where decisions are made at a societal level.

Source: 226
2.1.2.18 Electric vehicles in the European Union: Conditions for success, impacts on power system and
on CO2 emissions

Private cars are projected to double the passenger transport activity between 1990 figures and
2030. GHG emissions from the transport sector conPnue to grow (i.e. 28% between 1990 and
2007) and represent 20% of total EU27 emissions. What are the cost-effective conditions for a
large-scale adoption of Electric Vehicles by EU27, up to 2050? PET36 is an optimisation technoeconomic TIMES model covering the EU27 plus Norway, Iceland, Switzerland, and the Balkan
countries (Box 5).
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Box 5. Electric vehicles in the European Union
PET36 is an optimisaPon
techno-economic TIMES model

Without incentives EV are not cost
effecSve unSl 2020. Only 1% of total
car pkm unPl 2050. • CO2 cap slightly
increases EV compeSSveness from
2040 to 2050 (12% of pkm).
• A moderate cost reduction of 30%
is enough to make EV more cost
effecPve (22% of pkm). 46% if a CO2
cap is added.
• A high cost reduction makes EV
competitive already in 2015 (15% of
pkm) and 77% pkm in 2050.

Source: 178
2.1.2.19 An Assessment of electric drive vehicle deployment through mid- century

Hybrid, plug-in hybrid, and battery electric Vehicles - known collectively as electric drive vehicles
(EDVs) - may represent a clean and affordable option to meet growing U.S. light duty vehicle (LDV)
demand. The goal of this study (265, 266) is 2-fold: identify the conditions under which EDVs
achieve high LDV market penetration in the U.S. and quantify the associated change in CO2, SO2,
and NOX emissions through midcentury. We employ the Integrated MARKAL-EFOM System
(TIMES), a bottom-up energy system model, along with a U.S. data set developed for this analysis.
We developed the National U.S. TIMES Data set (NUSTD), a TIMES-compatible input data set
containing fuel prices; technology cost and performance estimates; and end-use demands to
represent the U.S. as a single region over the next four decades.

Scenarios
To characterize EDV deployment through 2050, varying assumptions related to crude oil and
natural gas prices, a CO2 policy, a federal renewable portfolio standard, and vehicle battery cost
were combined to form 108 different scenarios (Table 79):
• Natural gas price
• Oil price
• EDV battery cost
• A federal cap on CO2 emissions
• A federal renewable portfolio standard (RPS)
Table 79. All possible combinations of factor assumptions, resulting in 72 scenarios
Factor
Natural gas price

Assumption 1
Reference

Assumption 2
Low

Assumption 3
High
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Crude oil price
Federal CO2 cap
Federal RPS
Battery development

Reference
No
No
Reference

Low
Yes
Yes
Optimistic

High

Results
Results are presented in Figure 230 and Figure 231.
Figure 230. EDV deployment in two extreme scenarios

Figure 231. Effect of EDV Deployment on Emissions

Across these scenarios, oil prices and battery cost have the biggest effect on EDV deployment.
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• High oil prices, the CO2 policy, and low EDV battery costs are the strongest drivers of EDV
deployment.
• The model consistently chooses to deploy PHEV60s and EV160s over other EDVs
(contingent on battery cost reductions).
• EDV deployment produces only a small effect on system-wide CO2, SO2, and NOX emissions.
• The strongest driver of lower emissions overall is the CO2 policy.
2.1.3

Industries

2.1.3.1 Heat recovery with heat pumps in non-energy intensive industry

Rising energy prices and environmental impacts inevitably encourage industrials to get involved in
promoting energy efficiency and emissions reductions. To achieve this goal, we (94, 212) have
developed the first detailed bottom-up energy model for Non-Energy Intensive industry (NEI) to
study its global energy efficiency and the potential for CO2 emissions reduction at a 4-digit level
of NACE classification. As an example, we analysed the impact of heat recovery with heat pumps
(HP) on industrial processes up to 2020 on energy savings and CO2 emissions reductions in the
French food & drink industry (F&D), the biggest NEI sector. Consequently, our choice naturally
turns to a bottom-up approach, and more exactly the TIMES model, whose flexibility and highly
disaggregated technological description are perfectly suited to energy prospective exercises for
the non-energy-intensive industry.

Scenarios
In this paper, results are derived from two scenarios;
• BAU, ‘‘Business As Usual’’, the reference scenario, in which no new policy or measure is
considered necessary or adopted. This scenario, where future evolutions are based on a
continuation of past trends, serves as guideline around which the impact of a new policy or
measure can be estimated. One of the central variables in bottom-up energy efficiency and
saving calculations is to develop this baseline [53].
• Sc_HP is characterised by the implementation of heat pumps in the food-processing
industry until 2020. This scenario makes it possible to represent and measure the potential
of heat recovery through HP at the energy enduses.

Results
Final energy. Figure 232 depicts the evolution of total final energy consumption (energy
purchases) by fuel type up to 2020 for both scenarios (BAU and Sc_HP). As a reminder, heat
pumps are introduced from 2010. We observe a strong variation in the final energy mix when HPs
are introduced into the French food & drink sectors. Final energy consumption drops by around
10% compared to 2001 (11.75% compared to 1990) thanks to the use of HP, which represents
approximately 58.6 TWh of F&D industry’s final energy consumption up to the year 2020. Without
the introduction of HP, energy consumption would have increased by about 4% in comparison
with 2001 (+1.7% compared to 1990) to reach 67.9 TWh. Thus, potential energy savings up to
2020 are around 9.2 TWh, or approximately 13.6% of the energy purchases. This potential
corresponds to a substitution of 1.8 TWh of electricity against approximately 11 TWh (i.e. 16.5%
of energy purchases) of other fuels (90.7% natural gas, 3.8% coal and 5.4% heat).
Energy savings. The introduction of heat pumps in all sectors of F&D industry achieves 9.2 TWh of
energy savings on energy purchases up to 2020, which corresponds to cumulative net final energy
savings of about 8.1 TWh. The energy savings are predominantly concentrated in about one third
of the food industry subsectors. This disparity is mainly due to the different availability periods of
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steam boilers and heat pumps, which affects their profitability. Almost 55% of the total energy
savings are achieved in 2010, i.e. about 4.5 TWh (Figure 233). This high penetration of HPs is
attributable to their profitability in the first two temperature ranges (60–70oC and 70–80oC),
which supply all heating needs. With the evolution of energy prices and sectoral demand, these
high temperature heat pumps achieve further energy savings up to 2020. However, during this
period, very high temperature heat pumps (100–120oC and 120–140oC) are still not economically
accessible.
Figure 232. Evolution of final energy consumption by fuel type in the French food & drink
industry

Figure 233. Evolution of sectoral energy savings in the French food & drink industry

HP substitutability. Figure 234 depicts the evolution of total heat produced by heat pumps thanks
to recovered losses that can be expected by substituting them for steam boilers in F&D industry.
It also shows the temperature ranges achievable in this industry using HP up to the horizon 2020.
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Energy produced by HP almost doubles between 2010 and 2020 from approximately 5.3 TWh to
9.9 TWh (a growth rate of 6.5% per year). The penetration rate of HP relative to final energy
consumption throughout F&D industry is thus about 21.5% in 2010 and is expected to reach one
third by 2020. This penetration rate is the heat substitution produced by HP for boilers whose
consumption is primarily natural gas. This substitution of boilers is only achievable at an end-use
temperature below 100 _C, which represents four temperature ranges. Very high temperature
heat pumps (from 100oC to 140oC) are still not profitable, illustrating the potential significance of
making additional energy savings in this industry through incentive policies in the form of Energy
Savings Certificates or evaluating of CO2 emissions.
Figure 234. Evolution of HP-substitutable production relating to steam boilers in F&D industry

Emissions. Along with reducing energy consumption in F&D industry, the introduction of heat
pump systems for heat recovery also results in a decrease in CO2 emissions. Figure 235 below
shows the evolution of emission reduction efforts up to 2020. A total CO2 reduction of 2.15 Mt
can be expected by substituting heat pumps for steam boilers among energy end-uses at an end
use of below 100oC in F&D industry up to 2020 (emissions reduction of 6.5% per year).
Figure 235. Effect of HP introduction on CO2 emissions in the French food & drink industry

The results showed HP could be an excellent and very promising energy recovery technology. For
further detailed analysis, the depiction of HP investment cost payments is given per temperature
range for each F&D subsector. This model constitutes a useful decision-making tool for assessing
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potential energy savings from investing in efficient technologies at the highest level of
disaggregation, as well as a better subsectoral screening.
2.1.3.2 The future of global steel production

This paper (218,219) addresses the question of how climate change mitigation policies may
influence future iron and steel technology deployment and scrap use using ETSAP-TIAM and a
newly developed Scrap Availability Assessment Model (SAAM). Theoretically, a 90% recycling rate
of steel is possible with low energy requirements and reduced CO2 emissions. However, even if all
available scrap is used, at a global level, production from iron ore would still be needed in the
long-term. Saturation of the per capita cumulative in-use of steel products may cause the total
steel demand to stagnate as from 2040 - 2060. Even in this scenario, half of the steel production is
iron ore based in 2050. Furthermore, hydrogen based steel becomes the primary technology
option together with production from scrap in a scenario where Carbon Capture and Storage
(CCS) is not available.
A climate policy to keep radiative forcing within the 3.5 W/m2 limit that allows for CCS doubles
the price of iron, makes the price of scrap go up with 50% and increases the price of steel from
lower than 600 USD per tonne to some 800 USD per tonne. However, a large share of these price
increases is due to carbon prices rather than additional production costs. We conclude that global
climate change mitigation policies do not impact the use of scrap, whereas they do have an
impact on technology choice for steel production. The results on technology choice indicated that
energy efficiency improvements of current processes will not be enough and that there is a need
for developing new techniques with lower climate impact.
2.1.4

Residential & Commercial Sectors

2.1.4.1 On the role of the residential heating sector in the energy transition in Germany

Recent publications discuss possibilities of the residential sector to beneficially contribute to the
abovementioned challenges that the Energiewende imposes on the electricity sector. For the
analysis of such concepts aiming at the creation of techno-economic synergies between the
residential heating and the electricity sector as described above, the work presented in this
contribution (123) uses an integrated model approach of these two sectors. The work presented
in this abstract uses a bottom-up technology-explicit linear optimisation approach. Analysing the
period from the base year 2010 to 2050, the model is realised in the TIMES energy modelling
environment.

Scenarios
Four scenarios are defined to reflect possible evolutions of key parameters. The definition of the
scenario set is outlined in Table 80. One dimension of the scenario system represents different
possible evolutions of techno-economic technology assumptions, more specifically the specific
investment of the two heating technologies that are coupled with the electricity system, HP and
mCHP. While in one set of scenarios (“a”) they are left constant from base year over the whole
model horizon, in the other set of assumptions (“b”) they are assumed to decrease considerably.
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Table 80. Overview of scenario definition
Technology assumption
Characteri“Slow
sation
progress”
Specific
investment for Constant
HP and mCHP
Characterisation
Macroeconomic
and
policy
assumptions

“Considerable
increase”
“Moderate
increase”

CO2
emission
RES-E
certificate
expansion
prices
Nitsch, Gerhardt, Wenzel et al. (2012)
p.51 (price path “A”), p. 116
Nitsch,
Gerhardt, Schlesinger,
Wenzel et al. (2012) Lindenberger,
p.51 (price path Lutz
et
al.
“C”), p. 116
(2010) p. A1-20
Fuel
prices

“Innovation”
Decreasing

Assumption set

“a”

“b”

“1”

Scenario
1a

Scenario 1b

“2”

Scenario
2a

Scenario 2b

The other dimension is designed to reflect different pathways of macro-economic and policy
assumptions, such as fuel prices, CO2 emission certificate prices and RES-E expansion paths. For
ex., crude oil prices increase from 10.5 €2009/GJ in 2010 to 24.0 €2009/GJ in 2050 in Sc. 1a and
1b, while only increasing to 14.9 €2009/GJ in 2050 in Sc. 2a and 2b. Similarly, CO2 emission
certificate prices increase from 14.3 €2009/tco2 in 2010 to 75 €2009/tco2 in 2050 in Sc. 1a and 1b
as opposed to 45 €2009/tco2 in Sc. 2a and 2b.

Results
Preliminary model results show that both HP and mCHP technologies are part of the cost minimal
technology mix in all scenarios, with marked differences between scenarios. While for ex. in Sc.
2b, mCHP expands up to 8.6 GWth in 2030, corresponding to 3.4 GWel, in Sc. 2a, only 4.7 GWth
(1.9 GWel) are installed in 2030, delivering 110 PJ of heat and 12 TWh of electricity in Sc. 2a as
opposed to 56 PJth and 6 TWhel in Sc. 2b. For HP, in the same results year, Sc. 2a shows 20 GWth,
supplying 83 PJth. Thermal storage buffers up to 124 PJ of heat in 2040. Towards 2050,
investments shift away from mCHP towards heat pumps. This phenomenon is more pronounced
in Sc. 1a and 1b than in Sc. 2a and 2b.
In conclusion, thermal storage provides considerable flexibility for electrical load shift of HP and
flexible electricity generation of mCHP in residential applications, which in turn provide a
significant contribution to flexibilising electrical load by up to 10 GWel and providing flexible
electricity generation capacities of up to 3.4 GWel, needed for the integration of fluctuating RES-E
technologies. In the context of rising shares of fluctuating RES-E, even under constant technoeconomic assumptions for mCHP and HP (compared to the 6 year 2010) the model suggests an
economic potential for these technologies in combination with thermal storage under the
premise of optimal operation by a centralised control entity using forecasts. Therefore, the
identified synergies between electricity generation and residential heating are worth being
investigated in more detail to achieve the targets of the Energiewende.
2.1.4.2 Residential energy demand elasticities: what lessons can be learned

In standard MARKAL, substitution between capital and energy is represented by a set of
technology options and energy price shifts resulting in an opposite energy consumption
movement, while keeping the energy service constant. Standard MARKAL does not count for nontechnical solutions such as price driven behavioural changes. MARKAL-ED (Elastic Demand)
includes a functionality to account for such behaviour. The energy service demand is then price
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sensitive. In this article (144) we consider the case of residential fuel consumption and search for
empirical evidence to quantify the energy service elasticity. The model is a MARKAL application
for the Flanders region in Belgium.

Scenarios
The flexibility of the model can also be translated into a CO2 abatement curve (Figure 236). The
latter has been derived using increasing levels of CO2 tax using a social discount rate of 4 %. At
current energy prices, roof insulation and better glazing have negative marginal reduction costs.
The efficiency gap is approximately 10%, either expressed as CO2 emissions or fuel consumption.
The existence of no-regret measures is a market anomaly which has been observed in different
studies on energy-efficiency in the residential sector.
Figure 236. Marginal CO2 abatement cost curve for the residential sector

Results
In order to derive fuel price elasticities (EDE) we have introduced a once and for all price increase
of 20% of the 2010 price level for different values of ESE price elasticity of 0 and -.20. The results
presented in Table 81 are for the year 2025, i.e. 15 years after the introduction of the price
increase. Using a price increase of 20 % a EDE elasticity of -.63 is observed for ESE = 0 and -.78 for
ESE =-.2. The budget shares are relatively high, which is explained by the fact that only
incremental investment costs above standard technologies are represented. The second part
presents the results for a price shock of 100 %. For EDE we now observe lower values but the drop
is significantly higher for new houses, although more energy-efficient options are available but
the 15 % hurdle rate makes these very expensive. Higher capital spending in existing houses
results in a lower budget share for energy. However, for new houses the price increase results in
an increase of the budget share.
Table 81. Observed energy demand elasticities in the optimisation model
Hurdle rate: 15%, Energy price increase: 20%
Total
Existing
New
ESE = 0
EDE
-0.63
-0.25
-1.43
ESE = -0.2
EDE
-0.78
-0.42
-1.53
δ
0.75
0.86
0.50
σ
2.52
1.76
2.84
Hurdle rate: 15%, Energy price increase: 100%
Total
Existing
New
ESE = 0
EDE
-0.23
-0.16
-0.38
ESE = -0.2
EDE
-0.39
-0.31
-0.54
δ
0.78
0.76
0.82
σ
1.04
0.65
2.13

In this particular case we have found that the optimisation model was more elastic than what was
observed econometrically, even when ESE = 0. From this comparison in a simplistic way we
conclude that in this particular case the “best guess” for the energy service elasticity is 0.
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However, in general non-zero energy service elasticities might be useful, representing human
behaviour in the short run as well as unknown technologic development.
2.1.4.3 Households under carbon constraint: What policies for a pathway toward low-carbon
consumption in France ?

The importance of household behavior in energy consumption is regularly raised in literature.
Nevertheless energy-economy long-term planning models still often represent energy demand by
a single mean household. This paper (273) describes the original modeling approach developed
within the TIMES model framework in order to take household behavior and heterogeneity into
account: the TIMES-Households model. This model focuses on the French residential and
transport sectors and tries to identify the main determinants of households energy demand and
to capture its dispersion.

Methodology
Figure 237 below shows two theoretical cases: one considering a demand for heating that is only
represented by its average value, and another considering a distribution of this demand, both of
which are represented by dotted orange lines. The evolution of total heating costs depending on
the level of demand is represented by the bent curve with a solid line. The bends in the curve
correspond to technological changes when a convector is exchanged for a gas boiler and when a
gas boiler is exchanged for a heat pump. Thus we are able to identify the type of heating system
with the most reliable full cost for each value of space heating demand. An increase in energy
demand would lead to a switch from the initial level of energy demand, represented by dotted
orange lines, to that represented by dotted green lines. The right-hand side of the figure shows
the market shares of the various technologies for both price scenarios in the case of a single mean
demand (top) and distribution of different demands (bottom). We can therefore visualize the
impact of taking heterogeneity into account in the modeling. In the simplistic case of average
demand, we observe the bang-bang effect described above. However, in the case of demand
distribution, we observe a much more moderate variation in market shares reflecting the extent
of changes in price or demand. We also note the co-existence of several technologies in a given
situation, which is logical considering that one type of equipment may be suitable for some kinds
of household but not for others.
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Figure 237. Impact of disaggregation of demand on technology diffusion in TIMES framework

Scenarios
Policy scenarios to reach -75% in CO2 Emissions in 2050
• Reach a 75% reduction in CO2 emissions in 2050 for France means for households -24% en
2020 et –83% en 2050, results obtained with another model : TIMES-Fr
• « High Carbon Tax » scenario : 900euros/tCO2 in 2050
• « Middle Carbon Tax + Subsidies » scenario: 450euros/tCO2 in 2050
o 50% rebate for insulation measures for low income households
o 5000 euros subsidy for electric vehicle

Results
• To reach a strong CO2 emissions decrease : Insulation of dwellings, heat pumps and
PHEV/EV’s with a low carbon electricity are required
• Carbon tax is a powerfull policy tool but its efficency is reinforced by targeted subsidies
(amount of subsidies reaches 35% of total tax revenue)
• Subsidies may adress the issue of inequity in the burden sharing and may also help to
reduce fuel-poverty
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Strong insulation of
dwellings
key-technologies to reach 75% reduction : Heat pumps
and HPEV/EV

Families and especially monoparental families experience an increase of their budget share allocated to
energy
The amount of carbon tax payed by households is decreasing when tax is accompagnied by subsidies 
efficiency of carbon tax is enhanced by subsidies

2.1.4.4 SOCIO-MARKAL: Integrating energy consumption behavioral changes in the technological
optimization framework

The present study (4, 214) aims at assessing the joint impact of awareness campaigns and
technology choice, on end-use energy consumption behavior. A new MARKAL framework – i.e.,
SOCIO-MARKAL – is proposed. Based on this new MARKAL formulation, we will simulate the
possible contribution of awareness campaigns in triggering energy consumption behavioral
changes and possibilities of technology switch, in the residential area of the city of Nyon
(Switzerland), for the period 2005–2025, using ANSWER, the IEA's platform. The main focus is on
lighting technologies.

Methodology
The SOCIO-MARKAL concept is based upon the introduction of a virtual technology built from
sociological surveys. The purpose of such a concept is to assess the perception of consumers
regarding their energy consumption, with a strong focus on their attitudes and behaviors. To this
end, the virtual, i.e., “sociological” technologies are associated with tangible technologies,
allowing planners or analysts to model, analyze and assess the actual behavior of consumers as
well as technology choices which are economically rational. This new formulation has enabled us
to propose a model and simulate the possible contribution of awareness campaigns in triggering
energy consumption behavioral changes and possibilities of technology switch.
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Scenarios
We consider three scenarios.
• Scenario 1. The first scenario (Figure 238) is based on an unconstrained MARKAL model.
After 2005, there is no investment in incandescent bulbs (i.e., RLD1), while all investments
go to low consumption bulbs (i.e., RLD4).
• Scenario 2. The second scenario (Fig. 5) is based on the use of a modeling approach in
which the modeler sets reasonable bounds. Furthermore, the growing demand will be met
in priority through low consumption bulbs (i.e., RLD4), because bounds are set for the
minimum capacity of incandescent light bulbs (i.e., RLD1), so as to keep them in the optimal
solution. Their penetration will be kept at the bound level.
• Scenario 3. The third scenario (Figure 239) introduces the SOCIO-MARKAL approach. Virtual
process technologies represent awareness campaigns both for energy savings and
technology switch. These process technologies act as enablers for demand devices RLD2
(i.e., moderate use of incandescent bulbs) and RLD3 (i.e., technology switch to low
consumption bulbs). This approach allows us to keep the MARKAL formulation and
introduce behavioral parameters.

Results
Figure 238. Outcome of scenario 1, “unconstrained MARKAL model”

Figure 239. Outcome of scenario 3, “the SOCIO-MARKAL model”

Using a limited number of three scenarios, we have been able to show that it was possible to
introduce behavioral aspects of energy consumption into the traditional MARKAL, and most
importantly, combine them with tangible technologies. These behavioral aspects are taken into
account using the concept of virtual technology.
2.1.5

Agriculture

2.1.5.1 Modelling the impacts of challenging 2020 non-ETS GHG emissions reduction targets on
Ireland′s energy system

This paper (67, 198, 199, 200) focuses on Ireland's ambitious target for 2020 to reduce
greenhouse gas (GHG) emissions by 20% below 2005 levels for sectors not covered by ETS (Non228

ETS). Ireland is an interesting case study due to to the role of agriculture (a particularly
challenging sector with regard to GHG emissions reduction), that represents 29% of Ireland's GHG
emissions compared with less than 10% for the EU. The analysis is carried out with the Irish TIMES
model, a bottom-up energy systems modelling tool with detailed characteriza- tion of Ireland's
energy system.

Scenarios
For the purpose of this paper, the following four scenarios were defined as be in relevant to the
policy debate on delivering Ireland's ambitious Non-ETS GHG emissions reduction target.
• Reference scenario (REF): Least cost optimal pathway delivers the energy system demands
in the absence of emissions reduction targets.
• NETS-CO2 scenario: In this scenario, a 20% emissions reduction constraint (relative to 2005
levels) is imposed on energy- related non-ETS CO2 emissions in 2020 as stipulated in EU
Decision 406/2009.This implicitly assumes that the other sectors of the economy (notably
agriculture) also meet a 20% non-ETS emissions reduction target. The 21% ETS emissions
reduction is here applied in Ireland as a proxy for the EU-wide target as specified in
Directive 2009/29/EC.
• NETS-GHG scenario: This scenario explores the effect on the energy system of additional
non-ETS emissions reduction measures to compensate lower reduction levels in agricultural
non-energy (notably methane and nitrous oxide) emissions. A 31.5% emissions reduction
target (16.7MtCO2,eq) relative to 2005 levels for 2020 is hence imposed here on non-ETS
energy-related CO2 emissions. Similarly to the previous case a 21% ETS emissions reduction
is also applied.
• CO2-20 scenario: This scenario imposes an overall energy- related CO2 emissions cap by
2020 of 35.5Mt (-20.5% relative to 2005). This achieves the same overall emissions
reduction as scenario 2, but does not impose separate ETS or Non-ETS targets. The purpose
of this scenario is to illustrate how the separat etargets impact on the costs of meeting
emissions reduction. For non-energy emissions similar assumptions to those in scenario2
apply in this case.

Results
REF and NETS-CO2 energy systems. Focussing on Non-ETS sectors emissions, Figure 240
illustrates with sectoral detail how the 20% energy-related Non-ETS emissions reduction is
achieved. Comparing both scenarios it can be seen that the residential sector delivers most
significant reductions, delivering 42.1% of the savings. Transport and services provide 31.3% and
24.4% of the emissions reductions respectively. Non-ETS industry accounts for the remaining 2.2%
of emission reduction contribution.
Delivering deeper emissions reduction in energy to compensate for agriculture. Figure 241
compares the NETS-CO2 and NETS-GHG scenarios, i.e. comparing a 20% and 31.5% energyrelated CO2 emissions reduction by 2020 relative to 2005 for the non-ETS sectors. In the NETSGHG scenario anadditional 2.8 MtCO2,eq of Non-ETS emissions reduction are required from the
energy system to compensate for lower reductions in agriculture in order to still achieve the
overall 20% Non-ETS emissions reduction, compensating for a 4.4% reduction in agriculture GHG
emissions. For the energy system this translates to an over all 26.8% CO2 emissions reductions
relative to 2005 levels (21.0% in ETS sectors and 31.5% in Non-ETS sectors). The transport and
residential sectors deliver most of further emissions reductions (by 2020 50.7% and 41.2% of
emissions reductions respectively). Increased efficiency (residential TFC is 7.9% lower than NETSCO2 by 2020) and fuel switching from coal and oil to electricity (increased electrification of
heating) are the main causes of the reduction in the residential sector. Renewable energy use
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generally increases in transport mainly in the period 2015–2020 due to the conversion from oil
based products to biofuels in public transport and in freight.
Figure 240. Comparing Non-ETSCO2 emissions in REF and NETS-CO2 (Mt)

Figure 242 compares NETS-GHG renewable energy shares in 2020 with the NETS-CO2 scenario. It
is worth noting that the share of renewable energy in the NETS-CO2 scenario falls short of the
mandatory EU Directive 2009/28/EC 16% renewable energy target (reaching 14.2%) while in the
NETS-GHG scenario the 16% target is exceeded (reaching 18.4%).The NETS-GHG scenario results
for 2020 point to an increased consumption of biofuels for transportation (þ86% in RES-T, mainly
biodiesel) and biomass for heating purposes (þ9% inRES-H), mainly in ETS industry. Electricity
generation (RES-E) in both scenarios are similar with equal levels of wind and hydrouse. In the
NETS-GHG scenario cost-effective CCGT technologies are used to meet the higher electricity
demand (6.2% higher than NETS-CO2 scenario) driven by the electrification of residential and
service.
Figure 241. Comparing Non-ETSCO2 emissions in NETS-CO2 and NETS-GHG (Mt)
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Figure 242. Renewable shares in NETS-CO2 and NETS-GHG 2020 (% of gross fuel consumption)

Comparing alternatives to deliver 20% emissions reduction target. Figure 243 illustrates
emissions pathways for the REF, CO2-20 and NETS-CO2 scenarios. In all scenarios the 21% ETS
target is achieved with 30.6% of ETS emissions reduction already evident in the REF scenario.
Between the CO2-20 and the NETS-CO2 scenarios the significant difference is the emissions share
between the ETS and the Non-ETS sectors. While Non-ETS emissions are slightly reduced in the
CO2-20 scenario, in 2020 ETS emissions reduce by 44.7% relative to the base year.
Figure 243. ETS and Non-ETS emissions in REF, CO2-20 and NETS-CO2 (Mt)

Costs. Focussing on cost of delivering CO2 emissions reduction, Table 82 shows the model
extraction of CO2 marginal shadow prices for CO2-20, NETS-CO2 and NETS-GHG. According to
model results,the impact of the distinct ETS and Non-ETS targets agreed for Ireland has a dramatic
impact on the cost of emissions reduction. In NETS-CO2, the marginal abatement cost for Non-ETS
emissions reaches €158/tonne CO2 in 2020, more than 3 times higher than in CO2-20.
The results point to a need to reconsider Ireland's renewable energy focus, with a need for
increased effort in renewable transport and renewable heat in particular. The results also point to
a high marginal abatement cost (€213/tCO2), which challenges the analysis carried out at EU level
to establish Ireland's non-ETS target.
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Table 82.CO2 shadow prices in CO2-20, NETS-CO2 and NETS-GHG (€/tonne)
[€2000/tonne CO2]
Non-ETS emissions

ETS emissions

2.2

Scenario
CO2-20
NETS-CO2
NETS-GHG
CO2-20
NETS-CO2
NETS-GHG

2015
0
89
97
0
7
13

2020
46
158
213
46
35
40

The Role of Energy Supply Technologies and Sectors

2.2.1

Conventional Oil & Gas

2.2.1.1 The case of constrained oil supply for Ireland Ireland imports 88% of its energy requirements

Ireland imports 88% of its energy requirements. Oil makes up 59% of total final energy
consumption (TFC). Import dependency, low fuel diversity and volatile prices leave Ireland
vulnerable in terms of energy security. This work (71, 246) models energy security scenarios for
Ireland using long term macroeconomic forecasts to 2050, with oil production and price scenarios
from the International Monetary Fund, within the Irish TIMES energy systems model. The analysis
focuses on developing a least cost optimum energy system for Ireland under scenarios of
constrained oil supply and subsequent sustained long term price shocks to oil and gas imports.

Scenarios
Five scenarios are presented, with the main focus on increased oil price scenarios.
• The reference scenario (REF) energy system is the least cost optimal energy system
development pathway.
• The “Vol +0.8%” scenario places an upper bound of 0.8% gross annual growth on the
import capacity of crude oil and refined product, in proportion to the baseline amounts of
each commodity required in the reference case.
• The “Vol -2%” scenario places an upper bound of -2% gross annual decline on the import
capacity of required crude oil and refined product in proportion to the baseline amounts
required of each commodity in the reference case.
• The “Costs-Bench” scenario replaces the reference scenario oil commodity prices, with oil
commodity prices derived from the reference case prices adjusted for the IMF1 Benchmark
price percentage changes. This scenario utilises a price signal to explore the effects of a
continued slowing in the growth rate of global oil production.
• The “Costs-Peak” scenario updates the Irish TIMES commodity price database with prices
congruent with the IMF4 downside Peak scenario. Again, this scenario utilises a price signal
to analyse the effect of a global contraction of 2% in oil supply.
• The final “Bench Gas” costs scenario updates the “Costs- Bench” scenario prices with a gas
price indexed to the IMF benchmark oil prices at an elasticity of 0.69. A price signal is used
to explore the likelihood of limits to smooth substitutability of natural gas.

Results
Oil imports. The first set of scenarios focusing on volumetric import constraints, show a reduction
in TFC of oil products in line with the 0.8% annual growth and 2% annual decline bounding
constraints. The 0.8% growth scenario does not show any technology change in comparison to the
reference scenario. This indicates that this scenario does not constrain the energy system. The
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reference case least cost energy system indicates a 27% reduction in oil consumption over the
period of 2010–2050 or an annual decline of -0.62%, irrespective of the 0.8% annual growth
constraint (Figure 244). The PEAK (2% decline) scenario shows a 62.7% relative decline in oil
consumption from a reference TFC of 54.3– 20.1% over the model horizon from 2010 to 2050.
This is equivalent to a -2.3% annual decline rate in oil consumption. Technological efficiencies
from fuel switching in the transport sector account for the majority of a 2.6% reduction in TFC by
2050.
Oil prices. The increased price constraint scenarios show more considerable changes in the final
energy balance in comparison to the volume constrained scenarios (Figure 245). Oil consumption
drops to 10.7% and 7.3% respectively as a percentage of TFC, for the benchmark and peak price
scenarios by 2020. This indicates a radical shift in the optimum energy technology choices and the
impact of the price signal is inferred to be much greater when compared to 57% and 42% of TFC
for the equivalent volumetric constraints scenarios. There is evidence of a threshold being met
with in the model showing technological limits to substitutability away from oil products, even
given the significant price differential between the bench and peak scenario prices.
Costs. The model scenarios annualised total system cost, the total required annual investment,
and the subdivisions of required capital investment for transport and residential sectors are
outlined in Figure 246. Given the radical nature and magnitude of the infrastructural change,
considerable costs are incurred. The total annual system cost for the bench and peak scenarios for
2020 are up to 18% and 36% respectively in comparison to the reference scenario of the same
period of €13.3billion.
Figure 244. Total final energy consumption by fuel for oil import volume constrained scenarios
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Figure 245. Oil final consumption – scenario comparison with historical domestic oil
consumption

Figure 246. Annual total system costs, total investment costs, transport investment costs and
residential investment costs

In the medium term to 2020, the model price constrained scenario results concurrently point to
considerable level of substitution to natural gas for transport, residential, services, and industry
sectors for motive and thermal processes with secondary electrification. This resultsing as
becoming the dominant fuel source for Ireland, at approximately 54% total final energy
consumption in 2020, supplanting oil from reference projections of 57% to 10.8%TFC in 2020. This
substitution is most radical in the transport sector where the 99% TFC dominance of oil currently
would be near completely removed by 2020 of the domestic transport vehicle stock (Figure 247).
This would require a complete new car stock and associated infrastructure, with similar upgrades
to the freight and passenger transport fleet. The transport sector exhibits minimal rates of
electrification and development of biofuels are limited by resource constraints; as such the least
constrained technology choice is to increase levels of natural gas in the car and freight vehicle
stock.
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Figure 247. Irish TIMES Benchmark þGas Costs Scenario Energy System for 2020

The results point to gas be coming the dominant fuel source for Ireland, at 54% total final energy
consumption in 2020, supplanting oil from reference projections of 57% to 10.8% TFC. In 2012,
the cost of net oil imports stood at €3.6 billion (2.26% GDP). The modelled high oil and gas price
scenarios show an additional annual cost in comparison to a reference of between €2.9bn and
€7.5bn by 2020 (1.9–4.9% of GDP) to choose to develop a least cost energy system.
2.2.2

Unconventional Oil & Gas

2.2.2.1 Exploring the uncertainty around potential shale gas development

This paper (69, 253, 254) aims to quantitatively explore the uncertainty around the global
potential of shale gas development and its possible impacts, using a multi-regional energy system
model, TIAM (TIMES Integrated Assessment Model). Starting from the premise that shale gas
resource size and production cost are two key preconditions for its development, our scenario
analysis reveals the way these and other variables interact with the global energy system,
impacting on the regional distribution of gas production, interregional gas trade, demand and
prices.

Scenarios
To put these figures in an appropriate context, the table below shows the assumptions regarding
the extraction costs for different fossil resources modelled in TIAM. The minimum and maximum
values shown in the table below refer to the lowest and highest possible costs across the 15
regions (Table 83). The five main scenarios (Table 84) presented in this paper reflect the
combination of assumptions regarding resource size and production cost of shale gas, as
summarized by the five different supply curves described above.
Table 83. Assumptions on extraction costs for the three main primary energy resources ($/GJ),
2010

Oil

Reserves
Enhanced recovery/reserves growth
Undisc. resources/new discovery
Oil sands

Min
0.9
4.4
1.8
4.2

Max
8.6
14.0
13.5
4.8
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Natural gas

Hard coal

Extra-heavy oil
Oil shale
Reserves
Enhanced recovery/reserves growth
Undisc. resources/new discovery
Coal-bed methane
Tight gas
Shale gas
Reserves
Resources

2.4
11.2
1.3
5.0
1.5
3.0
3.0
4.5
0.9
1.2

7.5
16.6
4.7
9.0
7.5
8.0
8.0
25.0
4.0
4.3

Table 84. The main scenarios built around shale gas supply curves
Production cost
Low
Most likely high

Reserve size
Low
Low resources
Conservative

Most likely
Most likely

High
Optimistic
High resources High cost

As the extent and nature of the GHG mitigation measures that will be adopted is one of the key
uncertainties surrounding the future development of the global gas market, a specific sensitivity
analysis forces the optimistic shale gas scenario to take a path consistent with the objective of
halving the 2010 CO2 emissions levels by 2050, i.e. consistent with a carbon emissions path
towards an average global temperature rise of no more than 2oC. Such a scenario can help clarify
whether natural gas can be a cost-effective bridge to a very ambitious low-carbon future.

Results
The histograms underneath each regional supply curve represent the part of gas supply which is
fulfilled by different types of gas, produced internally or imported (for clarity, only the histograms
related to shale gas production are labelled in the diagrams). The USA (Figure 248) is the country
with the stronger increase of shale gas production, which in the optimistic scenario substitutes a
significant part of the other sources of gas used to supply the energy system in the conservative
case. As a consequence, the whole supply curve moves downward and the marginal cost of gas
supply decreases. Together with the high demand elasticity which seems to characterize the US
energy system, this determines a new equilibrium at a point of slightly lower gas price and
significantly higher gas demand.
Figure 248. Natural gas supply curve at equilibrium in USA, 2030: change between optimistic
and conservative shale gas scenarios

Shale gas development. Globally, in the conservative scenario, shale gas production is projected
to reach a rate of just less than 100 Mtoe/year in 2030 and slightly more than 200 Mtoe/year, or
about 5% of total global gas demand, by 2040 (Figure 249). The outcome is only slightly higher in
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both the Most Likely and in the two Intermediate scenarios. Under assumptions of extremely
competitive costs and plentiful resources (the optimistic scenario), on the other hand, shale gas
has the potential to make up almost a quarter of total global gas production by 2030 and reach
one third by 2040. The range of likely production rates is therefore relatively high. However, it is
clearly the optimistic case that drives up the degree of uncertainty. Thus, it seems that a strong
increase in shale gas production requires optimistic assumptions on both reserve size and
production cost.
Figure 249. Global shale gas production in different scenarios

Figure 250 summarizes the changes (produced by the optimistic scenario) in shale gas production
and gas shadow prices in all the world regions, focusing on 2030. The changes are clearly very
different across regions, but what is interesting is the strong negative correlation between shale
gas production and gas prices: the regions where shale gas production increases more (here
expressed as percentage change of the share of shale gas production on regional gas demand)
record the most substantial decreases in shadow prices. For instance, in Europe an optimistic case
of shale gas production does less to change prices than equivalent scenarios in the USA and China.
Figure 250. Shale gas production and gas prices: change between optimistic and conservative
shale gas scenarios (2030)

Electricity generation. An interesting result of the scenario analysis is that, on the demand side,
the most significant effect of cheap and plentiful shale gas is the substitution between fuels in the
electricity generation mix. As shown in Figure 251, electricity generation from natural gas in the
optimistic scenario is about a third higher than in the conservative scenario. Much of this increase
in market share comes at the expense of coal-fired generation, which by 2040 drops to around
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30% of the world’s electricity mix. Globally, the market shares of other electricity-generating fuels
seem to be more resilient than coal to a change in the competitiveness of natural gas. Indeed, the
amount of electricity generated by nuclear or renewables is barely affected by a significant rise in
electricity generation form gas. The robustness of this result is confirmed by two sensitivity
analyses.
Figure 251. Electricity production by fuel in four scenarios: conservative, optimistic, optimistic
with high nuclear, optimistic in a carbon constrained energy system

The analysis shows how the reciprocal effects of substitutions on both the supply and demandside play an important role in constraining or enabling the penetration of shale gas into the
energy mix. Moreover, we systematically demonstrate that the global potential for shale gas
development is contingent on a large number of intervening variables that manifest themselves in
different ways across regionally-distinct energy systems. A simple theoretical model is derived
from the results of the scenario analysis. Its purpose is to simplify and explain the complex
behaviour of the system, by illustrating the chain of actions and feedbacks induced by different
shale gas economics, their magnitude, their relative importance, and the necessary conditions for
the global potential to be realised.
2.2.2.2 Uncertainties in the outlook for oil and gas

Oil and gas will play a central role in the global energy system for the foreseeable future.
However, uncertainty surrounds both the availability of and demand for these fuels, and as a
result, there are quite disparate viewpoints on the magnitude of this role. The aim of this thesis
(163, 179) is to identify, understand, quantify and, where possible, minimise the sources of this
uncertainty, and to investigate the implications that such uncertainties have on the future of oil
and gas. Two models are used for this purpose. The first is an existing energy systems model,
TIAM-UCL, which has been substantially modified to allow a more accurate characterisation of
long-term oil and gas production and consumption. The second is an oil-sector specific model that
has been developed named the ‘Bottom-Up Geological and Economic Oil field production model’
(BUEGO). This is capable of examining oil production potential to 2035 and is used to examine
shorter-term and more sector specific uncertainties.
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Scenarios
The first two scenarios explore the impact of breakthroughs in specific production technologies
(Table 85). These two scenarios therefore model separate situations in which these technologies
take the high values for resource availability and technology development rates with all other
technologies remaining at the central values. An exogenous learning rate reducing costs over time
relative to the costs in the reference case is also implemented: costs of shale gas in all regions
reduce by a compound 1.7%/year between 2015 − 2045 with a maximum of a 40% reduceon,
while kerogen oil has a 1%/year cost reduction between 2020−2070 again achieving a maximum
reduction of around 40%.
The next scenario assumes that carbon capture and sequestration (CCS) is not available. It may be
anticipated that removing CCS will have a larger effect on gas rather than oil consumption since
CCS is essentially unable to mitigate emissions from the consumption of oil directly, except in the
unlikely case of oil being used in the electricity sector. The absence of widespread availability of
CCS will however increase the cost of de-carbonisation (because of the 2°C temperature
constraint and the consequent required emission reductions) and give rise to a much higher CO2
shadow price: oil consumption will likely thus also be significantly affected.
The final scenario examines a situation where no changes are allowed in the energetic inputs to
the unconventional oils. This scenario will examine how the uptake of the unconventional oils
varies if such changes are not allowed i.e. if the energetic inputs are fixed at their current values.
Table 85. Scenarios and sensitivities examined in this work
Marker

Short title

CO2
emissions

Demand

Availability

Development

Cost

Scenarios
REF
Reference case
C
C
C
C
C
SHL-LCS
Shale gas breakthrough
L
C
SG-H
SG-H
SG-L
KER-LCS
Kerogen oil breakthrough L
C
KO-H
KO-H
KO-L
No-CCS-LCS
No CCS available
L
C
C
No CCS
C
FIXUCO-LCS
UCO inputs fixed
L
C
C
Inputs
C
Sensitivities
CPS
Current carbon policies
H
C
C
C
C
LCS
Low-carbon scenario
L
C
C
C
C
DB1
SRES B1 demand
H
C
C
C
DA2
SRES A2r demand
L
C
C
C
OAH
High oil resources
oil-H
C
C
OAL
Low oil resources
C
C
oil-L
C
C
GAH
High gas resources
C
C
gas-h
C
C
GAL
Low gas resources
C
C
gas-l
C
C
TDH
High technology dev
C
C
C
H
C
TDL
Low technology dev
C
C
C
L
C
HFFC
High fossil fuel costs
C
C
C
C
H
LFFC
Low fossil fuel costs
C
C
C
C
L
Notes: ‘CO2 emissions’ refers to the level of allowed CO2 emissions, ‘Availability’ the resource availability, and
‘Development’ the rate of unconventional technology development. ‘C’ stands for central case, with ‘H’ and ‘L’
indicating whether the ‘high’ or ‘low’ versions of the variable being examined are used, so for example high CO2
emissions will occur in CPS. ‘SG’ is shale gas, ‘KO’ kerogen oil, and ‘UCO’ unconventional oil.

Results
Oil production. Figure 252 provides the projections of oil production in REF first split by category
of oil. In this scenario total production never exhibits any peak: rising from 2010 production of 85
million barrels per day (mbbl/d) to 103 mbbl/d in 2030, 130 mbbl/d in 2050 and then reaching a
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plateau at around 140 mbbl/d after 2060. It can be seen that production from reserves terminally
declines throughout the model period although up to around 2045 reserve growth (which as
discussed previously includes both classic reserve growth and production from fallow fields)
almost entirely offsets this decline. Production of Arctic oil plays only a minor role, peaking in
2035 at 3.5 mbbl/d but falling below 2 mbbl/d in 2045.
Figure 252. Oil production in the reference scenario by category and classification

The major sources of growth in production after 2040 are unconventional oil and to a lesser
extent unconventional liquids. From 10 mbbl/d in 2035, global production of unconventional oil
grows at an average of nearly 1.5 mbbl/d year-on-year. The major sources of this growth are in
situ production of natural bitumen and extra heavy oil, most of which occurs in Canada and
Venezuela (following the distribution of resources), although the Former Soviet Union (‘FSU’) also
contributes around a quarter of total unconventional oil production. Total production of synthetic
crude oil (‘SCO’) from bitumen in Canada grows to around 2.5 mbbl/d in 2030 and then quite
rapidly to 11 mbbl/d in 2050 with production of extra-heavy oil in Venezuela growing to similar
levels. These 2050 production levels represent an eight-fold increase from current total bitumen
production rates in Canada, and a 25-fold increase in Venezuela. Both are evidently huge
increases.
CO2 sensitivities. Figure 253 demonstrates the changes in oil production between the reference
scenario (REF) with the ‘new policies scenario’ CO2 constraints and the two alternative CO2
scenarios developed - the ‘current policies scenario’ (CPS) and ‘low carbon scenario’ (LCS). Much
greater differences are apparent in LCS: in 2030 production is nearly 20 mbbl/d lower than REF (at
85 mbbl/d), and over 25 mbbl/d lower by 2050. Production between 2010 − 2040 remains on a
plateau, varying slightly between 81−89 mbbl/d but then grows to a new plateau at around 105
mbbl/d from 2050 onwards. Biofuels (Biomass-to-liquid) and light tight oil account for most of the
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growth in production after 2030, in contrast to REF where this occurred through increases in
unconventional oil production. Biofuels are produced using CCS and are assumed to have netnegative life-cycle emissions.
Production of unconventional oil is particularly affected by the increased CO2 constraints production of in situ bitumen remains at less than 1 mbbl/d until 2040, and in 2050 is less than 3
mbbl/d compared with almost 17 mbbl/d in REF. Extra-heavy oil production, which grows to 6.5
mbbl/d in 2050, is also reduced from the levels seen in REF but is less constrained than in situ
bitumen production because the 2050 regional emissions limits (1.5 tCO2/capita) are much more
restrictive for Canada than for Venezuela. Global production of unconventional oil nevertheless
still rises at an average of 7%/year from 2030, similar to the growth rate in REF albeit from a much
lower starting level.
Figure 253. Changes in oil production between the CO2 sensitivity cases and the reference case

Fixed unconventional oil energy inputs. This section next examines the implications of changes in
individual technologies or sets of technologies in a low-carbon scenario. These include: a
breakthrough in shale gas (SHL-LCS), a breakthrough in in situ kerogen oil (KER-LCS), the absence
of CCS (no-CCS-LCS), and fixed energetic inputs to the unconventional oil technologies (FIXUCOLCS). As indicated production of the unconventional oils rose in a low-carbon scenario. Most of
the rises occurred only in later periods (after 2040) but nevertheless production was relatively
constant prior to this. Both of these results are somewhat surprising given that the production of
the unconventional oils is currently more CO2 intensive than the conventional oils. Indeed it was
also quite surprising that unconventional oil production could rise to such large levels in REF given
that CO2 emissions were still constrained in that scenario.
Figure 254 demonstrates how this is possible. The left hand side of this figure shows the energy
inputs and CO2 intensity of synthetic crude oil (‘SCO’) production by in situ means in REF and the
right hand side similarly in LCS. The right hand axis in both cases shows the production emissions
given in kgCO2 per bbl of SCO. These are the emissions from extraction and upgrading but not
from refining or combustion. In both cases in 2010 the emissions intensity is around 105
kgCO2/bbl SCO.
In REF there is a slight increase in the emissions intensity between 2010 − 2020 as coal replaces
some use of gas. This is then followed by a steady de-carbonisation of the energy inputs. In LCS
there is a much more rapid de-carbonisation of energy inputs: within a 10 year time-frame the
emissions intensity drops from around +100 kgCO2/bbl SCO to −130CO2/bbl SCO. This is possible
through a complete switch to the use of biomass with CCS for heat and electricity generation and
the production of hydrogen from coal again with CCS. Throughout this time in situ bitumen
production continues but does not rise to any significant degree above 2010 levels. It is not until
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after 2040 that the production of bitumen begins to rise slowly as described above. This rise in
production is actually matched by a rise in the CO2 intensity of production although from 2055 it
remains on average just above +10 kgCO2/bbl SCO: still a significant fall from current levels. The
biomass that was used for heat production is required to de-carbonise other sectors and so heat
production shifts principally to coal, coke and to a lesser extent gas, all used with CCS.
Figure 254. Energy inputs and CO2 intensity of in situ production of bitumen

Rather than focussing only on the central projection, Figures 255 collate the differences in total oil
and gas production in 2030 and 2050 between each of the sensitivity cases and the reference
scenario. In nearly all cases the changes in oil production in 2050 simply extend the differences
seen in 2030. The one slight exception is technology development whereby there is effectively no
difference in the ‘high’
Indeed this sensitivity case has the least influence on total production, although as discussed
above, there are a number of changes underlying the global total. The most influential
sensitivities for oil are CO2 and demand, which have the largest negative and positive effects
respectively. Interestingly, despite the frequent emphasis placed upon resource availability when
discussing the outlook for oil production, whilst it is obviously important with almost a 20 mbbl/d
swing in production in 2050, it does not appear to be as influential as some of the other
sensitivities examined.
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Figure 255. Total oil production in 2030 (top) and 2050 (bottom) relative to the reference
scenario

To conclude this examination of the outlooks for oil and gas in the 21st century it was found that:
• when modelling the outlook for oil and gas, it is crucial not just to focus on a single
classification, or indeed single category, of oil and gas. There is a huge degree of
interconnection between conventional oil, unconventional oil and the unconventional
liquids, and conventional and unconventional gas. Modelling the outlook for one in
isolation will overlook the large potential for substitutability;
• the area of uncertainty to which outlooks for oil and gas are most sensitive vary. Despite
the frequent emphasis placed on resource availability, the most influential sensitivities for
total oil production were found to be CO2 constraints and demand variations, which had
the largest negative and positive effects respectively. For gas, cost and resource availability
assumptions had the largest influence on production levels.
2.2.2.3 Energy, economic and environmental implications of unconventional gas

This paper (183, 184, 185) investigates the energy, economic and environmental implications of
unconventional gas at a global level using the TIAM-UCL global energy system model.
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Scenarios
Two climate change mitigation scenarios have been developed for the analysis along with two
Reference Scenarios where no climate change mitigation policy is applied. The climate change
mitigation scenarios are developed to meet a 2°C target through a cumulative GHG emission
constraint, where the model can choose a least cost mitigation pathway to meet the cumulative
target. The model includes all major GHG emission sources including non-energy related
emissions and emission abatement is available across the main Kyoto greenhouse gases (CO2, N2O
and CH4). The specific scenarios developed are:
• Reference Scenario with low gas availability (REF-LGA): no climate policy is applied and the
availability of unconventional gases is limited;
• Reference Scenario with high gas availability (REF-HGA): no climate policy is applied.
Unconventional gas availability is increased and production costs of some gas types slightly
reduced with an exogenous learning rate;
• Low Carbon Scenario with low gas availability (LCS-LGA): a cumulative GHG emission
constraint is applied in order to restrict the global temperature increase to 2°C. All other
assumptions are same as in REF-LGA; and
• Low Carbon Scenario with high has availability (LCS-HGA): a cumulative GHG emission
constraint is applied in order to restrict the global temperature increase to 2°C.
Unconventional gas availability is increased and production costs of some gas types slightly
reduced. All other assumptions are same as in REF-HGA.

Results
Emissions. Total GHG emissions under the reference and low carbon scenarios with and without
wider availability of unconventional gas are presented in Table 86. The GHG emissions in TIAMUCL include energy and non-energy related CO2 (including process emissions), land-use and landuse change and forestry emissions (LULUCF), nitrogen oxide (N2O) and methane (CH4). In the REFHGA scenario, GHG emissions are slightly lower than those in the REF-LGA scenario throughout
the modelling period. This results from the larger consumption of gas, mainly displacing some
consumption of coal in a number of end-use sectors, as the wider availability of unconventional
gas increases gas resource availability and brings down gas prices. When the climate policy is
applied (through a cumulative GHG emission constraint), early mitigation is observed in the LCSHGA scenario.
Table 86. GHG emissions under different scenarios (Gt. of CO2 equivalent)
Scenario
REF-LGA
REF-HGA
LCS-LGA
LCS-HGA

2005
42.8
42.8
42.8
42.8

2010
44.3
43.6
43.6
43.6

2020
53.4
49.9
49.9
30.9

2030
65.8
60.3
60.3
30.3

2040
79.1
72.3
72.3
28.5

2050
93.1
84.3
84.3
26.5

2060
102.4
94.1
94.1
21.9

2070
107.5
99.6
99.6
17.6

2080
115.2
104.0
104.0
15.3

2090
119.7
106.8
106.8
13.6

2100
124.2
108.9
108.9
13.5

Primary energy. Coal and oil accounted for at least two thirds of the global primary energy
consumption in 2005. In the REF-LGA scenario, the share of coal in primary energy consumption
increases from 30% in 2005 to 50% in 2030 and its share remains at over 50% during 2030-2100.
The wider availability of unconventional gas in REF-HGA reduces the share of coal in primary
energy consumption to 34% in 2030 and it remains below 40%. The share of gas increases from
4% in the low gas availability scenario (REF-LGA) to 22% in the high gas availability scenario (REFHGA) in 2030. Biomass plays a key role under climate policy scenarios and all available resources
are fully utilised during the second half of the period. The wider availability of gas limits coal
consumption in the climate policy scenario throughout the period but has a more significant

244

effect in short and medium term (Figure 256). The availability of gas also slightly affects oil
demand in short and medium term.
Figure 256. Global primary energy production in climate policy scenarios

Unconventional gas plays a key role in short and medium term in end-use sector decarbonisation
especially in the transport and industry sectors in the LCS-HGA scenario. Gas replaces part of
gasoline and diesel demand in transport sector and coal demand in the industry sector. In 2030,
industry sector gas consumption increases to 94 EJ in the LCS-HGA scenario from 50 EJ in the LCSLGA scenario while transport sector gas consumption increases to 19 EJ from 7 EJ in the
respective scenarios. There is no significant difference in the residential sector gas consumption
between the two low carbon scenarios. Residential sector requires very deeper decarbonisation
to meet the tight climate target. It decarbonisation is mainly by switching to electricity in the
medium and long-term. Transport sector hydrogen consumption also increases in the medium
term under the LCS-HGA scenario, with at least a quarter of hydrogen is produced from gas in
2030 increasing to over a half in 2050.
Electricity generation. As expected, coal dominates electricity generation under no climate policy
scenarios. With the wider availability of unconventional gas there is increased gas based
generation, but its share in total electricity generation still remains much lower than that of the
coal generation (the gas share of electricity generation is below 20% throughout the period). Gas
based electricity generation is insignificant under the limited unconventional gas availability
scenarios, even with climate policies. The wider availability of unconventional gas impacts
electricity generation in medium and long-term, but it is relatively insignificant in short term. This
wider availability and cheaper costs of production, as well as the lower residual emissions of gas
power plants with Carbon Capture and Storage (‘CCS’) compared to coal plants with CCS, means
that gas displaces around 8EJ electricity produced from Coal-CCS plants. A larger impact is seen on
electricity production from renewable sources, and in particular wind power, however, which is
33EJ lower in LCS-HGA (Figure 257). This reduction is entirely met by increased Gas-CCS
production.
Costs. The limited availability of unconventional gas makes the energy system more expensive
and increases societal welfare cost. The societal welfare cost is USD 21 trillion (in 2005 prices and
discounted to base year 2005) more in the LCS-LGA scenario than that in the LCS-HGA scenario.
Somewhat counter-intuitively however, Table 87 shows that GHG prices are slightly higher under
LCS-HGA scenario compared to the LCS-LGA scenario throughout the period. This results from
higher GHG prices (a ‘GHG tax’) being necessary in order to meet the strict climate targets. The
higher GHG tax is required in order to displace the lower cost, and lower carbon intensive, natural
gas from the energy system to ensure that emissions targets are satisfied.
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Figure 257. Global electricity generation in LCS-HGA scenario

Table 87. Marginal GHG mitigation cost (2005$/tCO2e)
Scenario
LCS_LGA
LCS_HGA

2020
77
81

2030
108
114

2050
216
226

2060
304
319

2070
429
450

2080
605
634

2090
854
895

2100
1204
1262

Analysis shows that a limited availability of unconventional gas scenario increases energy system
and societal welfare costs but requires lower GHG taxes to meet climate targets as compared to
the wider unconventional gas availability scenario, where the overall energy system is cheaper.
2.2.2.4 What is the role of natural gas as a bridging fuel to a low-carbon global energy system?

The role of gas in a low-carbon energy system is analysed using a revised version of TIAM-UCL
(Box 6).
Box 6. The role of gas in a low-carbon energy system

Scenarios – limiting temperature rise
o
o
• Two scenarios achieving 2 C and 3 C
– No overshoot of temperature is permitted
– Emissions peak in 2015 and can decline at any rate thereafter.
– Prior to 2015 the model is constrained to the no-policies case
• Run both allowing (in 2025) and not allowing CCS

Source: 186
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2.2.3

Natural Gas

2.2.3.1 The future of the UK gas network

The UK has an extensive natural gas pipeline network supplying 84% of homes. Previous studies of
decarbonisation pathways using the UK MARKAL energy system model have concluded that the
low- pressure gas networks should be mostly abandoned by 2050, yet most of the iron pipes near
buildings are currently being replaced early for safety reasons. Our study (80) suggests that this
programme will not lock-in the use of gas in the long-term. We examine potential future uses of
the gas network in the UK energy system using an improved version of UK MARKAL that
introduces a number of decarbonisation options for the gas network including bio-methane,
hydrogen injection to the natural gas and conversion of the network to deliver hydrogen.

Scenarios
The IMRP is planned to continue until 2030. To test whether the programme has any effect on the
optimal gas network usage, we examined two scenarios:
• Replacement programme continues as planned. In this scenario, the gas infrastructure
residual is revised to include the effects of the mains replacement programme. As a result
of the mains replacement programme, new investment in gas infrastructure is locked-in
until 2032.
• Replacement programme is abandoned by 2014. In this scenario, the mains replacement
programme is assumed to cease in 2014. As a result, the model has the freedom to choose
whether to invest in new or replacement gas infrastructure from 2015 onwards.
Each of these scenarios was examined under a ‘no carbon constraint’ case, in which emissions of
CO2 are unconstrained, and a ‘with carbon constraint’ case, in which the model is required to
reduce CO2 emissions by 80% from 2050 relative to 1990.

Results
Gas consumption. Average annual residential and service (R&S) sector gas consumption over the
period 2050–2100 is shown in Figure 258 for the two gas infrastructure scenarios and climate
policy cases, and for the previous UKMARKAL assumptions on there si dual capacity of the
network. Ceasing the IMRP in 2014 instead of in 2032 causes a small reduction in R&S gas
consumption because the model responds to the gas net work becoming obsolete more quickly
by installing additional electrically powered air heatpumps. The overwhelming influence on R&S
gas consumption is not the extended life of gas infrastructure, but rather it is the level of
decarbonisation required to meet the carbon target. In the decarbonisation cases, the amount of
gas consumed by the R&S sectors is around 80% lower from 2050.
There is much uncertainty about the lifetime of pipes in the gas networks. We use a lifetime of 80
years in this paper but we tested this assumption with a sensitivity study using a 40-year lifetime
for all three types of pipe (transmission, mains distribution, service). Reducing the assumed
pipeline lifetime decreases gas consumption by 46PJ with a CO2 constraint buth as little impact
with no CO2 constraint in the period 2050–2100. Our results are robust to variations in the
average pipe lifetime because the high capital costs are spread over a long period so the
annualised costs do not changes ubstantially even for a lifetime of only 40 years. This finding
echoes the main finding that the IMRP does not lock in gas use, as it emphasises that
infrastructure costs and lifetime are not the major determining factors in the cost-effectiveness of
gas use for heating.
Conversion to hydrogen. As an alternative to blending hydrogen with natural gas, it may be
possible to convert the low-pressure natural gas distribution network to deliver hydrogen instead
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of natural gas. It maybe surprising that hydrogen plays a significant role in an energy system that
is not subject to a carbon constraint. This is explained by the efficiency gain enabled through the
deployment of micro- CHP fuelcells and the fact that the use of hydrogenenables the use of coal
as a resource for residential heating, which is assumed to be cheaper than natural gas in the longterm. We assume a micro- CHP fuel cell electrical efficiency of up to 45% in the model and an
installed cost after 2030 of £2200/kW electricity generation.
With a CO2 emissions constraint, all the distribution networks are converted to deliver hydrogen.
Although the annual consumption of energy from the gas network, 574PJ, is 50% lower than the
same case with no CO2 constraint, it is substantially higher than the 204PJ consumed in the no
conversion case. In this scenario, heat pumps dominate the heating market after 2050 in larger
buildings (Figure 259). Fuel cell micro-CHP deployment commences in 2030 in preference to
hydrogen-fuelled boilers, which are not adopted in any house types. Since micro-CHP generates
most electricity during winter days, when electricity demand and prices are highest, the impact of
installing micro-CHP is to depress the peak electricity price and the model responds by installing
electric boilers in some houses; further research is required to quantify the potential impact of
large-scale micro- CHP one lectricity prices and the subsequent impact on the electrification of
heat. All district heating is converted to use hydrogen. Hydrogen and electricity become the
dominant heating fuels, with hydrogen produced from coal gasification or gas SMR plants with
CCS.
The scenario described above assumes that air heatpump prices will reduce from £700/kW to
£525/kW and that the average COP of new installations will increase from 2.2 to 2.5 in 2030. We
tested the sensitivity of our results to this assumption by assuming that the cost of air heatpumps
will remain at current levels (£700/ kW) throughout the model horizon. Table4 shows that the
annual hydrogen supply increases by 79% to 1024PJ in this scenario. The model responds to the
higher heatpump cost by deploying more micro-CHP and by switching some houses from
heatpumps to electric boilers. We conclude that the potential economic benefits of converting
the gas network to hydrogen are sensitive to both the cost and technical feasibility of conversion,
and the relative costs and efficiencies of micro-CHP fuel cells and air heatpumps.
Figure 258. Residential and service heating demand fulfilment by technology for an 80% CO2
emission target with a zero cost conversion of the gas network to deliver hydrogen (base case)

‘District heating’ includes heat demand from all large service buildings.
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Figure 259. Residential and service fuel consumption for heating for an 80% CO2 emission target
with a zero cost conversion of the gas network to deliver hydrogen (base case)

We conclude that hydrogen conversion is the only gas decarbonisation option that might enable
the gas networks to continue supplying energy to most buildings in the long-term, from a costoptimal perspective. There is an opportunity for the government to adopt a long-term strategy for
the gas distribution networks that either curtails the iron mains replacement programme or alters
it to prepare the network for hydrogen conversion; both options could substantially reduce the
long-term cost of supplying heat to UK buildings.
2.2.3.2 The role of gas infrastructure in promoting UK energy security

This paper (100) considers whether commercially driven investment in gas infrastructure is
sufficient to provide security of gas supply or whether strategic investment encouraged by
government is desirable. The paper focuses on the UK in the wider EU context. A modelling
analysis of the impact of disruptions, lasting from days to months, at the UK’s largest piece of gas
infrastructure is at the heart of the paper. The disruptions are hypothesised to take place in the
mid-2020s, after the current wave of commercial investments in storage and LNG import facilities
has worked its way through.

Scenarios
The impacts of a major disruption to gas supplies in the UK (an ‘‘N-1 event’’) is investigated by
modelling the consequences of the loss of the Bacton gas terminal for various periods of time. The
consequences are modelled using the Combined Gas and Electricity Network (CGEN) model. The
model has been run in planning mode to project the development of gas infrastructure out to
2025 within the framework of background scenarios describing the UK energy system as a whole.
The model has been run in operational mode to assess the impact of shorter term disruptions on
gas and electricity supplies and energy system costs. We assume that the loss of the Bacton
facility occurs in 2025 which takes us beyond the current wave of gas infrastructure investment
and beyond the UK’s immediate energy security concerns.
Two contrasting background scenarios for the development of the UK energy system, both of
which set the UK on a path to meeting an 80% reduction in CO2 emissions by 2050, are used to
frame the analysis. The key assumptions underlying the LowCarbon and Low Carbon Resilient
scenarios are shownin Table 88.
Table 88. Key assumptions and constraints in the background scenarios
Indicator
Economic growth (% pa)
a
CO2 reduction by 2025 (%)
b
Oil prices 2025
b
Gas prices 2025
c
Final energy demand reduction
d
Maximum share of primary energy demand
d
Maximum share of electricity generation

Low carbon
2
35
$57.50/barrel, 4.71 euro/GJ
$7.32/MMBTU 3.66 euro/GJ
Unconstrained: model result 2.3%
Unconstrained: 44% (gas)
Unconstrained: 31% (gas)

Low carbon resilient
2
35
$57.50/barrel, 4.71 euro/GJ
$7.32/MMBTU 3.66 euro/GJ
3.2%
40%
40%
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a

relative to 1990.
In 2005 money.
c
Per cent per annum relative to GDP form 2010 onwards.
d
40% constraint applied from 2015 onwards.
b

The Low Carbon Resilient scenario is intended to reflect additional measures that are taken to
improve energy security. Specifically, final energy demand is forced to fall in absolute terms by
1.2%pa and 3.2%pa relative to GDP. The demand reduction is reflected strongly in reduced gas
use in all final demand sectors and hence in imports. In addition, to ensure diversity of supply, no
single energy source (e.g. natural gas) is allowed to gain more than a 40% share of primary energy
demand. The maximum share for any individual source of electricity generation is also set to 40%.
These assumptions are run through the well-known MARKAL- MED model of the UK energy
system.

Results
Table 5 compares key results for 2025 with the actual situation in 2010. CO2 emissions are
constrained to be 35% lower than 1990 levels in both scenarios. The Low Carbon scenario is
characterised by overall falls in both primary and final energy demand and a decline in gas
demand (Table 89). The latter is largely due to the reduced use of gas for electricity generation
and the expansion of low carbon generation (nuclear,renewables). However, residential gas
demand and electricity generation are at roughly the same level in 2025 as in 2010.
The main impact of the Low Carbon Resilient scenario comes from the constraint on final energy
demand. This causes both primary and final energy demand to fall more sharply and also causes
absolute declines in both residential energy demand and electricity generated. The overall impact
on gas demand in the LowCarbon Resilient scenario is striking. Demand in 2025 is 22% lower than
in the Low Carbon scenario and 34% lower than in 2010 as a result of three factors: a priceinduced decline in residential gas demand, a fall in the level of electricity generation and lower
market share for gas in electricity generation as a result of the diversity constraint. This falling as
demand, as will be discussed below, has implications for the vulnerability of the system to supply
shocks. This is attributable both to the overall lower level of gas demand and the fact that
demand be comes distributed more evenly throughout the year as residential gas demand,
whichh as a large swing from winter to summer, is reduced.
Table 89. Key indicators from the background scenarios
a

2010
Low carbon 2025
Low carbon resilient 2025
CO2 emissions (mt)
492
381
381
b
Primary energy demand (PJ)
8340
7470
6910
c
Final energy demand (PJ)
6390
6050
5180
Residential energy demand (PJ)
2029
1970
1560
Electricity supplied (TWh)
383
383
331
Gas demand
3829 PJ (97 bcm)
3260 PJ (82 bcm)
2540 PJ (64 bcm)
Gas share of primary energy demand (%)
46
44
39
Gas share of electricity generation (%)
39
31
32
Marginal cost of CO2 abatement
n/a
10 euro/tonne
5 euro/tonne
a
2010 figure are those modeled in the MARKAL runs. Difference between the three scenarios are negligible for 2010.
b
Primary demand excludes international aviation and shipping and is based on the “direct equivalent” method which
measures nuclear energy and non-bio renewables using electricity output.
c
Final energy demand excludes international aviation and shipping.

The CGEN model was used to determine the gas and electricity infrastructure capable of meeting
demand and power generation profiles derived from the Low Carbon and Low Carbon Resilient
background scenarios. The Low Carbon infrastructure expansion scenario is shown in Table 90.
CGEN did not select new gas interconnectors in either scenario but there was considerable
investment in LNG terminals to compensate for declining domestic gas supplies. The assumptions
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about the relative costs of continental pipeline gas and LNG, coupled with declining domestic
supplies, explain why CGEN continues to build new LNG capacity in spite of falling levels of annual
demand in both the Low Carbon and Low Carbon Resilient scenarios.
A full cost-benefit analysis would need a comprehensive assessment of a wide range of possible
shocks and the probabil- ities of these occurring. This is beyond the scope of this paper. However,
a simpler approach can be taken to get a handle on the attractiveness or otherwise of strategic
mitigating investments. For every given shock and mitigating investment, the benefits arising in
the event of a shock can be compared with the additional annualised cost of the mitigating
investment. The ratio of the benefit to the cost provides an indicator of how frequently the shock
would need to take place for each of the mitigating investments to pay off in the long run.

Table 90. CGEN low carbon gas infrastructure scenario

Gas supply capacity (bcm pa)
Domestic
Pipeline
LNG
Total gas supply capacity
Gas storage capacity (bcm)
Supply (bcm pa)
Domestic
Pipeline
LNG
Total supply
Demand (bcm pa)
Residential
Industrial/Commercial
Power sector
Other
Total

Existing/committed
2005
2010

CGEN expansion
2015
2020

2025

127
35
6
169
4.3

89
93
45
226
5.5

65
93
59
216
6.5

47
93
66
206
6.5

35
93
88
216
6.5

74.8
14.6
4.2
93.6

41.9
28.0
24.9
94.8

13.3
47.1
40.0
100.4

14.7
42.7
47.0
104.4

8.1
33.4
56.0
97.5

41.2
28.8
20.6
3.0
93.6

41.8
28.6
21.0
3.4
94.8

41.3
27.4
31.7
0.0
100.4

42.8
28.6
33.0
0.0
104.4

41.1
28.4
28.0
0.0
97.5

2.2.3.3 The future of the natural gas pipeline system in the UK

The UK has an extensive gas system but studies of decarbonisation pathways using the UK
MARKAL least-cost energy system optimisation model have concluded that the natural gas system
will be mostly abandoned by 2050 to achieve a 90% reduction in CO2 emissions in 2050 relative to
1990. In this study (197) we examine the possible future role of the gas system in the UK energy
system.

Scenarios
We test the old and new gas system representations in UK MARKAL using four scenarios (Table
91). We start with the most recent ‘standard’ version of the model, UK MARKAL v3-26-5, and then
progressively implement new technologies and constraints in subsequent scenarios. We perform
each scenario with the old and new gas system representations. For each of these eight cases we
produce a reference case (no decarbonisation) and an elastic demand case for a 90% emissions
reduction in 2050 relative to 1990. In total there are 16 simulations.
• BIOCCS scenario. One issue that we identify is that biomass CCS electricity generation
plants as represented in UK MARKAL 3-26-5 sequester only 41% of the total carbon content
of the biomass because they are assumed to use bio-methane produced using a process
from which carbon capture is not feasible. We believe this to be unrealistic so in this
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scenario we make a small change to the biomass CCS technologies to allow 85% of the
biomass carbon content to be sequestered, the same fraction as for other CCS technologies
in the model.
• HYIND scenario. In this scenario we increase the flexibility of the BIOCCS scenario model to
decarbonise other sectors of the economy, with a focus on biomass and hydrogen
processes and the industrial sector. A potentially important use of biomass that has not
previously been available in UK MARKAL is the production of hydrogen in a CCS plant. We
also add a flexible coal integrated gasification combined cycle (IGCC) technology and
update the electrolysis technologies.
• NOCCS scenario. The final scenario in our study is the NOCCS scenario. This scenario is used
for a sensitivity study to examine how the non-availability of CCS (perhaps through safety,
environmental or economic concerns) would affect the gas system. This scenario is based
on the HYIND scenario but with all CCS technologies disabled.
Table 91. UK MARKAL scenarios examined in this study
Scenario
DECC
BIOCCS
HYIND
NOCCS

Description
UK MARKAL v3-26-5 used for the DECC decarbonisation pathways study, with bio-methane production
technologies
The DECC scenario with revised biomass CCS electricity generation technologies
The BIOCCS scenario with a revised hydrogen production and delivery sector, including biomass CCS for
hydrogen generation, and the use of hydrogen in industrial processes
The HYIND scenario but with all CCS technologies disabled

Results
Gas consumption. As revising the gas system representation has little impact on the model results
in the four scenarios, the results in this section are presented only for the runs with the new gas
representation. Figure 260 shows the total UK gas consumption to 2050 for each scenario
covering large and small consumers. Gas consumption reduces in all decarbonisation runs, partly
as a result of moving to low-carbon fuels and partly due to reduced final demand. Deployment of
conservation measures and behavioural change reduce demand by 29–40% in 2050 in the four
scenarios relative to the reference cases. In the NOCCS scenario, gas is used primarily in the
industrial sector and for non-energy purposes as these demands cannot currently be satisfied
with any alternative fuel other than bio-methane in the model at present.
Figure 260. Total simulated UK gas consumption to 2050 using the new gas system
representation

We can better understand the gas system trends in each scenario by examining the electricity
generation mix in 2050 (Figure 261). Coal dominates generation in the reference scenarios
although some gas is also used in the HYIND & NOCCS REF case because coal replaces gas for
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hydrogen production (not shown). Nuclear power and renewables are the dominant generation
technologies in all four decarbonisation scenarios. In the DECC scenario, cofiring CCS and biomass
CCS are used to sequester small amounts of CO2 from the atmosphere. In the BIOCCS scenario,
where the biomass CCS technologies can sequester a much greater proportion of the biomass
carbon, the model invests heavily in biomass CCS up to the resource supply limit, which lead to
strong “negative emissions” in the electricity sector that reduce emission constraints in other
sectors and permit the continued use of gas for heating. Biomass CCS plants are available but are
not selected in the HYIND scenario, with coal CCS plants being deployed instead. This reflects the
influence of the new hydrogen scenario and the use of hydrogen in industry; biomass is more
efficiently used for hydrogen production than for electricity generation and the additional
hydrogen is used to decarbonise much of the industrial sector. Hydrogen production starts 15
years earlier and is four times higher in 2050 in the HYIND scenario than in the BIOCCS scenario.
Approximately 90% of this additional production is used in the industrial sector.
Figure 261. Electricity generation mix in 2050 in each model scenario

Costs. The energy system costs increase by 5%– 6% for all of the scenarios.
The marginal cost of CO2 removal from the energy system is shown for the four scenarios in Figure
262 for the elastic demand variant. Higher values indicate that the scenario is more constrained
by the emissions reduction. The DECC and NOCCS scenarios have high marginal CO2 costs by 2050
of £300–£500. Conversely, the other two scenarios have very similar and much lower marginal
costs of around £110 in 2050, despite having evolved having quite different energy systems by
then.
Figure 262. Marginal cost of reducing carbon emissions in each scenario (£/te)
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Bio-methane and hydrogen injection. Bio-methane injection is adopted in all four
decarbonisation scenarios after 2030 (Figure 263) but it only forms a substantial fraction of the
total gas supply in the NOCCS scenario (although the total gas supply is much lower in this
scenario as shown in Figure 6). In the BIOCCS and HYIND scenarios, biomass CCS is the preferred
destination of the limited bioenergy crop resource and bio-methane is only produced from
anaerobic digestion of waste.
Hydrogen injection is constrained in the model to 6% of the total supplied energy so has a more
minor role than bio-methane injection. The maximum amount of hydrogen injection is adopted by
the model from 2040 in the DECC scenario and 2050 in the NOCCS scenario. Only a small amount
is injected in the BIOCCS scenario and none at all is used in the HYIND scenario, where the
industrial sector is a lower-cost alternative.
Figure 263. Bio-methane content of the total UK gas supply in each model scenario

Both bio-methane and hydrogen injection contribute to gas system decarbonisation but are
insufficient alone to avoid the gas system being abandoned in the reference scenario. However,
the addition of biomass CCS to the model, for electricity generation or hydrogen production,
allows the model to remove CO2 from the atmosphere and relaxes emission cuts in other sectors
of the economy. The use of hydrogen to decarbonise industrial processes is also strongly favoured
by the model. With these technologies, the gas system continues to dominate space and water
heating demand to 2050; conversely, if CCS plants prove uneconomic then the gas system will
almost certainly have to be abandoned to achieve the UK emission targets.
2.2.4

Electricity Generation

2.2.4.1 Multi-regional evaluation of the US electricity sector under technology and policy
uncertainties

The study (5) does not intend to make predictions of the probability or direction of environmental
policy in the U.S. Rather, we examine a number of different scenarios and explore their possible
impacts on the future of energy system. We have examined the key regulations through analyzing
various assumptions using the MARKet ALlocation (MARKAL) model and the Environmental
Protection Agency’s Nine Region MARKAL Database (EPAUS9r).

Scenarios
We have examined the key regulation uncertainties through analyzing various assumptions using
the MARKAL model and created five scenarios (Table 92). We examine how command-and-control
regulations and other policies could change the mix of fuels used for electricity generation, the
amount of CO2 emissions, and the cost of electricity in different parts of the U.S.
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Table 92. Scenario definitions
Scenario
BASECASE

BASECES

CESCCS

BASECESC
CO2TAXT

Descriptions
Base case (resource supply and end-use demands are taken from AEO 2010)
Base CES scenario (80% of electricity from “clean” energy by 2035)
-Renewable power plants worth 1 credit
-Nuclear and hydro power plants are awarded 1 credit for new investments but not for generation
at existing plants.
-Natural gas power plants worth 0.5 credit
-Coal and natural gas power plants with CCS worth 0.9 credit.
CES with enhanced CCD scenario (cost and performance of CCS meet NETL/DOE goals)
-Renewable, hydro and nuclear power plants worth 1 credit
-Coal and natural gas power plants with CCS worth 1 credit
-Natural gas power plants are awarded 0.5 credit for new investments but not for generation at
existing power plants
CO2 cap (CO2 reduction level from CES, via CO2 cap in electricity generation)
CO2 tax (23$/t CO2 emissions tax in 2020, increasing at 5.8% annually)

To explore the effects of different CES policy designs and CO2 taxation, we model four policy
scenarios. The scenario defined as BASECES represents a CES policy that can be evaluated in
comparison with the baseline, or in comparison with other versions of a CES policy and
regulations. These other versions are defined by a set of deviations from the BASECES.

Results
Base case. Currently, only about 11% of U.S. electricity is produced from renewable sources of
energy, such as hydropower, wind, biomass and solar. The bulk of electricity is produced using
coal (45%), natural gas (24%), and nuclear power (19%). CO2 emissions are increased by 20% and
NOx, SO2 and PM10 emissions are 20-30% lower even without any new environmental
regulations by 2055. In BASECASE coal is expected to remain dominant and will decline only
slightly as a share of total electricity generation, to 43% by 2035 and 39% by 2055 because it is
abundant, relatively inexpensive, and well suited to the continuous operation of plants that
provide base-load generation (Figure 264). The share of electricity generation from renewables
slightly increases and is expected to reach 17% by 2035 and 19% by 2055.
Figure 264. BASECASE: national electricity generation by fuel/technology, 2005-2055

255

Tax scenario. We examined the option that the Task Force introduced through CO2TAXT scenario:
a tax of $23/t CO2 emissions in 2020, increasing at 5.8% annually. According to our modeling
results this option would have raised about $0.5 trillion (in undiscounted year 2000 dollars) in
cumulative revenue by 2030, while resulting in CO2 emissions of 10% below 2005 levels by 2035.
Thus, the MARKAL’s results are less optimistic than the BPC’s estimations. Total electricity
generation and generation by fuels in CO2TAXT are similar to the BASECESC scenario’ results. The
only difference is that can be observed is that CCS deployment started later - after 2040 (Figure
265). Primary energy mix in CO2TAXT is also comparable to BASECESC, though total primary
energy is a little bit lower under CO2 taxes. The reason is that CO2 taxes were applied to entire
energy system and CO2 caps were valid only in electricity generation sector. The national
emissions trends in CO2TAXT and in BASECESC are different. Though the emissions reductions are
similar in CO2TAXT and in BASECESC by 2055, a decade of delay can be observed in CO2 and SO2
emissions reduction under CO2 taxes. The modeling results for electricity generation by regions
in CO2TAXT in comparison with BASECASE show decreasing electricity production in nearly all
regions (excluding Pacific and West South Central) under CO2 taxes.
Figure 265. CO2TAXT scenario: national electricity generation by fuel/technology, 2005-2055

Costs. The steeper MAC curves in CO2TAXT are associated with higher costs of abatement (New
England and Pacific regions) because these regions already generate relatively “clean” electricity
and bulk of CO2 emissions in these regions came from transportation. Thus, each additional ton of
CO2 abatement is significantly more expensive than, for example, in East North Central region.
The regions that relay on coal in electricity generation generally can abate CO2 much cheaper.
Nevertheless, the total abatement costs are higher in regions with highest share of coal in
electricity mix (Figure 266).
One of the most important issues for environmental policy is the initial design since regulations
affect regions in different ways. Under CES regulation some technologies are excused from the
clean energy standard, so they would not face a hidden tax and high electricity prices. Under CO2
taxes all fossil fuels technologies will face CO2 tax and high electricity costs. Electricity marginal
costs in CO2TAXT are the highest across all scenarios observed.
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Figure 266. CO2TAXT: marginal abatement CO2 emissions cost curve, 2015-2055

According to our modeling results a CES is less efficient at reducing CO2 emissions than other
approaches that imposes a price on CO2 (Figure 267). One of the reasons is a CES fails to capture
variety in CO2 emissions rates within categories through categorizing generators by wide
technological and fuel types, so it will not enforce the efficient relative incentive levels within or
across categories. A price on CO2, in contrast, causes each individual generator to endure a cost
that is proportional to its CO2 emissions rate, and it consequently provides the motivation for
generators to lower their heat rates or take other steps to reduce CO2 emissions intensity to
reduce costs. In addition, the modeling results show that cumulative system costs are lower in
carbon taxes scenario over cap scenario.
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Figure 267. Cumulative CO2 emissions abatements by 2055: associated annual electricity costs
growth vs. cumulative system costs

The analyzed policies lead to 6e25% reduction in total CO2 emissions by 2035. The policies also
result in modest increases on electricity costs nationally, but this masks a wide variety of effects
across regions. The relationship between the policy’s effects on costs depends on the design of
the policy, regional resource endowments, and the existing generation mix of the region.
Generally, the regions with existing high electricity marginal costs would tend to see only minor
costs increases and the regions with low electricity marginal costs would see substantial costs
increases. Modeling results illustrate that different regions have different preferences in
environmental regulations policies and design.
2.2.4.2 Parametric sensitivity analysis for techno-economic parameters in Indian power sector

This paper (12) examines the variations in technical as well as economic parameters that can
mostly affect the energy policy of India. MARKAL energy simulation model has been used to
analyze the uncertainty in all techno-economic parameters.

Scenarios
Several parameters in the present approach are uncertain and sensitivity analyses are required to
address their influence.
• The discount rate used in the computation of the total system cost has a strong influence in
the technology choice of an energy optimization model because it affects the whole life
cycle cost of the energy system.
• Oil and gas prices are also shows fluctuations and considered as uncertain in international
market. The rise and fall in the prices of these fuels affects its utilization.
• The investment cost of nuclear power is also a very sensitive parameter because of various
treaties in the world. Some technologies have less installation cost but others have very
high. According to their suitable condition countries of the world adopt the different
technologies and as a result a large variations in the investment cost.
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• Another important parameter which is equally important is the efficiency of new
technologies. New technologies become more attractive options if they have higher
efficiencies.

Results
Discount rates. The results are shown in Figure 268. With the low discount rates of 6.5%, the
share of coal in the energy mix decreases from 283 GW in the base case (discount rate 8%) to 218
GW in the year 2045. Another major change in the energy mix is the proportion of small hydro
and other renewable. Other renewables share is 134 GW in the year 2045 in base case scenario.
However; these do not get allocations at all in 6.5% discount rate scenario. On the other hand the
small hydro gets negligible (1.9 GW) allocation in base case with a share of 123 GW with 6.5%
discount rate. The large hydro emerges as largest power supply option in this scenario while coal
is the largest power supply option in the base case. Thus the conventional coal based technology
is not able to overtake large hydro as the disadvantage of relatively high operation and
maintenance (O&M) cost due to fuel costs remains equally important all the times in the
projected period.
Figure 268. Resource wise installed capacity with various discount rate scenarios

(a) Resource wise installed capacity with 6.5% discount rate scenario. (b) Resource wise installed capacity with 10%
discount rate scenario. (c) Resource wise installed capacity with 12% discount rate scenario. (d) Resource wise installed
capacity with 15% discount rate scenario.

In case of high discount rates, the share of coal technology remains almost constant. This means
conventional coal power plants does not remain important for future points of time due to heavy
discounting. The large hydro was the most preferred electricity production technology in 6.5%
discount rate scenarios. But with higher discount rates this technology share gets reduced, i.e.,
58.2 GW in the all three (10%, 12% and 15%) scenarios for the year 2045. The small hydro which
requires higher initial investment as compared to large hydro does not get any allocation as its
advantage of low O&M cost during its life does not get importance due to large discounting. The
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other renewable (solar, biomass and waste to energy, etc.) becomes major component of the
energy mix from 2030 onwards in high discount rate scenarios. The contribution of other
renewable is 200 GW (27%) for 10% discount rate. The oil thermal was not getting any allocation
in base case becomes important in higher discount rate cases. The share of oil power production
technology increases with increasing the discount rate.
The results show that at lower discount rate coal is the least preferred technology and
correspondingly carbon emission reduction. With increased gas and nuclear fuel prices they
disappear from the allocations of energy mix.
2.2.4.3 Impacts of CO2 emission constraints on technology selection and energy resources for power
generation in Bangladesh

This paper (18) examines the impacts of CO2 emission reduction target and carbon tax on future
technologies selection and energy use in Bangladesh power sector during 2005–2035. The
analyses are based on a long-term energy system model of Bangladesh using the MARKAL
framework.

Scenarios
The introduction of the CO2 emission reduction target and carbon tax scenarios (the CO2
emission reduction and carbon tax of 10%, 20%, 1500 Taka/ton and 2500 Taka/ton are referred as
CO210, CO220, CT1500 and CT2500, respectively) directly affects the shift of technologies from
high carbon content fossil-based to low carbon content fossil-based and clean renewable energybased technologies.

Results
Electricity generation. Under the base scenario, the total generation capacity is expected to
increase from 5.56 GW in 2005 to 53.82 GW in 2035, i.e., at an average growth rate of 7.88%. It is
observed that coal is the dominant electricity generation technology in base scenario followed by
natural gas. In Wind and hydro-capacities reach their allowed upper limit in the base scenario.
As a result of emission constraints, power generation based on solar PV is introduced and its
generation capacity gradually increases during 2010–2035, except in the CT1500 scenario. The
CT1500 scenario follows almost the same as base scenario technology choices and resources
selection as the low tax has no more impact on power supply. Compared to the base scenario,
14.43, 33.66 and 38.49 GW solar PV-based generation capacities are additionally selected in 2035
in the CO210, CO220 and CT2500 scenarios, respectively. Solar PV generation starts with a
capacity of 0.02, 0.05 and 0.06 GW in 2010 in the CO210, CO220 and CT2500 scenarios,
respectively, and grows at a rate of 29.5% per year. The total generation capacity is expected to
increase from 5.56 GW in 2005 to 68.5 GW, 88.28 GW and 92.31 GW in 2035 in the CO210, CO220
and CT2500 scenarios, respectively (Figure 269). The generation capacity is relatively higher in the
CO2 emission constraint scenarios than in the base scenario due to implementa- tion of a higher
solar PV capacity, which generates electricity only during the day with a limited utilization factor.
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Figure 269. Technology capacity level in all CO2 constraint scenarios

Primary energy. To summarize the extensive results generated for each of the CO2 emission
reduction target and carbon tax scenarios by the MARKAL-Bangladesh model, the primary energy
mix in 2035 is selected as the principal metric (Fig. 3). This provides a good indication of the types
of choices made by the model to meet the various CO2 emission constraints applied. The colored
bars (except yellow in the middle) in the Figure 270 provide the breakdown of primary energy use
for the base scenario in 2005 and all scenarios in 2035. The numbers above each bar indicate the
total and percentage of the cumulative imported coal and the total cumulative and percentage of
CO2 emission reduction compared to the base scenario during the study period. Oil is not
indicated, as it is not selected for power generation during the study period. The center yellow
bar in the four scenarios on the right in this figure shows the change in cumulative total system
cost relative to the base scenario. Due to the large uncertainties in this kind of analysis, the
percentage change in system cost between the various scenarios as the measure of the cost
impact of the changes imposed by each scenario is applied. The system cost for the base scenario
is the reference cost in all cost comparisons.
Energy security. CO2 emission constraints have positive impacts on the energy security of the
country. The energy security issue is analyzed in terms of changes in net energy import
dependency (amount of fuel imported to generate electricity) and diversification of energy
resources resulting from the selected CO2 emission reduction targets and carbon taxes. The
CO210 scenario allowed a reduction in imported coal use of about 35% contributing an only
4.85% increase in system cost during 2005–2035. Import dependency reduces by 61%, and 63% in
CO220 and CT2500 scenarios, respectively, compared to the base scenario during the study
period, but led to an increase in the total system cost of 10.82% and 12.23%. Alternatively, import
dependency based on the base scenario value 100%, drops to 65%, 39%, and 37% in the CO210,
CO220 and CT2500 scenarios, respectively (Figure 270).
Emissions. A reduction in the total primary energy requirement is another co-benefit of the CO2
emission constraints. The analysis results reveal that a cumulative CO2 emission in the entire
energy system in the base scenario is approximately 2407 million tons between 2005 and 2035
(Figure 270). It reaches 11.37 million tons in 2005 and is expected to increase to 161 million tons
in 2035. The cumulative CO2 emission reduces by 10%, 20%, 2% and 22% between 2005 and 2035
in the CO210, CO220, CT1500 and CT2500 scenarios, respectively.
Costs. These costs (Figure 270) are much lower than those in developed countries, as the
renewable-energy- based power generation is relatively much cheaper in Bangladesh. It could
thus be attractive for developed countries (so-called Annex 1 countries in the UNFCCC) to invest
in renewable energy technologies specifically solar PV in Bangladesh to reduce their committed
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CO2 emissions defined in the Kyoto Protocol through the ‘‘clean development mechanism
(CDM)’’.
Figure 270. Primary energy mix in 2035 in all scenarios and percentage change in cumulative
(2005–2035) system cost

Note: Also indicated are the energy mix in 2005, the cumulative total and percentage imported coal, and the total CO2
emission reduction.(For interpretation of the references to color in this figure, the reader is referred to the web version
of this article.)

The analysis shows that Bangladesh will not be able to meet the future energy demand without
importing energy. However, alternative policies on CO2 emission constraints reduce the burden of
imported fuel, improve energy security and reduce environmental impacts. The results show that
the introduction of the CO2 emission reduction targets and carbon taxes directly affect the shift of
technologies from high carbon content fossil-based to low carbon content fossil-based and clean
renewable energy-based technologies compared to the base scenario. With the cumulative CO2
emission reduction target of 10–20% and carbon tax of 2500Taka/ton, the cumulative net energy
imports during 2005–2035 would be reduced in the range of 39–65% and 37%, respectively,
compared to the base scenario emission level. The total primary energy requirement would be
reduced in the range of 4.5–22.3% in the CO2 emission reduction targets and carbon tax
2500Taka/ton scenarios and the primary energy supply system would be diversified compared to
the base scenario.
2.2.4.4 Electricity and heating system in Kazakhstan: Exploring energy efficiency improvement paths

After reviewing the technology chains of electricity and heat generation, transmission and
distribution and their organisation, this paper (76, 241, 242) presents scenario studies on the
possible evolutions of these sub-systems to 2030. It describes the representation of the heat and
electricity chains in the MARKAL–TIMES-Kazakhstan model, with focus on the residential and
commercial sectors, and some key input data assumptions.

Scenarios
This case study considers two scenario drivers, each one related to issues of relevance in the
domestic policy debate: the reduction of energy losses in the electricity/heat sectors, and the
reduction of CO2 emissions. The model is driven to higher efficiency by assuming that each PJ of
electricity or heat losses reduced get an incentive of 3USD′2000 in 2020, increased to 6 in 2030.
The model is driven to lower emissions by assuming incentives of 10–20 USD′2000 in 2020 and
twice as much in 2030. Six scenarios were run in this study (Table9), combining:
• 2 levels of incentive to energy efficiency improvement, zero or 3 USD′2000/GJ, and
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• 3 levels of incentive to GHG emission reduction, 0or 10or 20 USD′2000t CO2eq reduced.
The base case does not include any incentive.
In the results only four extreme scenarios are reported: the lowest(0) and the highest incentive to
the GHG emission reduction in2020 (20$/tCO2eq) were combined with the low (0) and the high
(3$/GJin2020) incentive to energy efficiency improvements.

Results
Electricity sector. – BaU scenario – the amount of electricity consumed to satisfy the demand in
the period 2009–2030 grows at 1.8%pa, the consumption of heat grows at 1.45%pa. In the base
case the peak price of public electricity at the plant gate remains almost constant at about
25USD′2000/MWh (Figure 272). The fossil fuel input to produce electricity and heat increases
much less, below 1%pa, due to increased efficiency of the new plants—power plants, heating
plants and CHP17 (Figure 271, left). Due to country specific circumstances coal continues to
dominate. In the sectors where the energy efficiency improvement options have been modelled
explicitly, some options are cost competitive even in the base case, namely in the transmission of
electricity and heat, for a total of 10Pj electric and 11Pj thermal in 2030. In the base case GHG
emissions from the energy system as a whole grow at 3.9% pa (Ismagulova et al., 2012a), while
the emissions from the power system alone, which accounts for about one fourth of the total,
grow at 1.9%pa (Figure 272).
In the scenario that aims to increase the efficiency of the electricity and heat transmission and
distribution chains – EE scenario – losses reduce by 47Pj in 2030, two third in the heat sector
(Figure 271, right). The consumption of electricity and heat grows slightly more than in the
basecase at 2.0%pa and 1.7%pa, respectively. This is due to the shift in the residential and
commercial end uses from the direct use of fossil fuels to the use of electricity and heat, where
there is more room for reducing losses. The extra electricity and heat is produced by increasing
the use ofcoal (Figure 271, left). Since coal plants remain the marginal technology, the marginalp
rice of electricity is almost constant (Figure 272, right). GHG emissions from the energy system as
a whole reduce very little compared to the basecase, just 1.3% in 2030 (Figure 272, left). The
increase of emissions from the power sector is partly compensated by a decrease of emissions
from the residential and commercial end uses.
Figure 271. Input to the production of electricity and heat (left) and reduction of losses

Note: (EEI¼Energy efficiency improvement; EEIE¼ Energy efficiency improvement in the Electricity sector; EEIH¼ Energy
efficiency improvement in the Heat sector; EEIE2,EEIE5,EEIEG,EEIEP refer to the avoided electricity losses in the 500kV
and 220kV transmission network, the distribution and the consumption by the population phases; EEIHT,EEIHD and
EEIHP refer to avoided heat losses in the transmission, distribution and consumption by the population phases. Actually
the EEI index is an approximate measure of efficiency improvement due to the chain of commodities and technologies
before and after the system point where each measure applies:in terms of primary energy supply equivalent,
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theamount of avoided losses is much greater than TOTELC +TOTHET, in terms of final energy consumption it is slightly
lower).

Costs. The total discounted system cost of this scenario increases by about $0.5B compared to the
basecase, an amount corresponding to an average price of avoided losses of less than 2$′2000/GJ
after 2020. But this extra cost is more than compensated by the value of avoided losses and
emissions that can be calculated on top of the model: at 4$′2000/GJ, which is the average price of
district heat now, the heat losses avoided in 15 years are worth $0.8B; at an average price of
12$′2000/GJ, the avoided losses of electricity are worth about $1.0B; at an average price of
emission permits of 15 $/tCO2, the avoided GHG emissions are worth about $0.1B. In the scenario
that aims to reduce GHG emissions by implementing all energy options that have a mitigation cost
lower than 20 $′2000/tCO2 avoided – scenario GHG – the total discounted system cost increases
by about 10%. The GHG cumulatively emitted by the energy system from 2010 to 2030 are about
630 MtCO2 lower than in the basecase.
Figure 272. GHG emissions from the energy system (left) and price of electricity

The model results point to the possibility of achieving cost effective energy efficiency
improvement of more than 2% per annum and it would entail a net economic advantage to the
country.
2.2.4.5 Impact of power plant retirement policies in Kazakhstan

Most studies of the Kazakh energy sector focus on energy resources and future export potential;
this research focuses on the domestic energy system. Building upon the same statistical sources
and other global technology databases, the entire energy system was represented in the new
TIMES-Kazakhstan model (132). Long term scenarios were built with this technical economic
model. Using some scenario results, this paper evaluates the technical and economic impact of
different power and combined heat and power plants retirement policies with and without CO2
emission reduction targets.

Scenarios
This case study considers two scenario drivers, each one related to issues of relevance in the
domestic policy debate: the retirement profile of existing power and combined heat and power
plants (PP, CHP) and the profile to 2030 of CO2 emissions from the Kazakh energy system. The
remaining lifetime of each plant was calculated. Three retirement profiles are proposed: standard
lifetime, lifetime extension of thirty thousand hours, and lifetime extension of one hundred
thousand hours.
The second drivers relates to the Kazakh mitigation policy. In November 2009, it was decided by a
Government Resolution to adopt voluntary quantitative commitments to reduce the domestic
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GHG emissions by 15% in 2020 and by 25% in 2050 compared to the base level of 1990, as
announced in December 2009 at the Conference of the Parties to the Conference of the Parties
held in Copenhagen.The two drivers were combined in the six scenarios listed in Table 93. Except
for the values related to the two drivers, the six scenarios are based upon exactly the same
assumptions and model database.
Table 93. Scenarios run in this case study

CO2 emissions

Free
Government

Lifetime extension of plants
Max
Medium
None
BaU
BaU-Md
BaU-No
CO2
CO2-Md
CO2-No

Results
In the base cases without mitigation policies, different retirement profiles have the direct effect of
slightly changing the mix of plants that satisfy the demand for power (Figure 273) and electricity.
If the oldest plants can be timely replaced by new plants (scenario BAU-No), the capacity of coal
plants increases from 12.35 GW to 13.67 GW in 2030, and the capacity of natural gas plants
decreases from 2.35 to 1.46 in 2030, with the assumption of taking into account all the plants
under-construction, mainly coal-fired. As expected the cost of the electric sector depends on the
retirement policy. If the retirement of old plant is delayed, in the decade 2020-30 the cost in the
plant sector reduces from 1.15 to 0.81 US$’2000 Billion yearly. Although the mix is not particularly
different from the base year, a significant increase in the average efficiency of the thermoelectric
stock (around 10% in 20 years in the base scenarios, slightly more in the CO2 scenarios) leads to a
steady level of input for electricity generation, with a production raising from 57 to 79 TWh in
2030 (+38% compared to the base year)
Figure 273. Electricity input, production, capacity and peak prices in the base cases
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Reducing CO2 emissions from the value of about 325 MtCO2 in 2030 in the unconstraint case to
the governmental reduction goal of about 224 MtCO2 increases the total discounted system cost
by less than 2%. In the period 2020-2030, the annual extra cost ranges around 1 USD’2000 billion
and has three main components: about 80% of the cost increase is due to more investments,
mainly in the power sector, another 40% is due to maintenance, partly offset (-20%) by the cost of
fuel. In the CO2 reduction scenarios the marginal cost of CO2 ranges from about 15
USD’2000/tCO2eq in 2020 to about 40 USD’2000/tCO2eq in 2030. The average cost is between
1/3 and 1/2 of the marginal price. In the CO2 constrained cases the total discounted system cost
increase as a result of several changes. The most important one for this case study relates to the
investment in more efficient technologies in the end use sectors, as reflected by a 10% reduction
of electricity consumptions, mainly in the residential and commercial end use sectors. This is
reflected in the model by the price of electricity, which more than doubles in 2030 from the base
to the CO2 constrained cases (Figure 274).
The fuel mix used for generation changes considerably from the base cases to the CO2 constraint
cases. The comparison of the electricity generated with the capacities in place is surprising.
Although the generation in the CO2 constrained cases is lower than in the base case, the capacity
in place is larger, even more so in the case with maximum lifetime extension. The model uses the
existing (lifetime extended) plants in a selective way: it takes advantage of the least inefficient gas
fired CHP plants and runs them as long as possible to reduce investments, but it leaves idle the
more inefficient coal fired electric plants in the private auto-producers’ sectors (for almost 5 GW)
and substitutes them with new highly efficient coal plants.
Figure 274. Electricity input, production, capacity and peak prices in the GHG constraint cases

The CO2 reduction plan of the government looks reasonable, maybe conservative, since after
2020, if a global climate change mitigation agreement enters into force, the international price of
GHG emission permits could become higher than the marginal cost calculated in this case study. It
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seems interesting to remark that the governmental emission reduction policy maintains the
Kazakh GHG emissions well below the Kyoto reference value of 320 MtCO2eq in 1992, instead of
going over that threshold in 2030 in the BaU cases. Since the international price of permits will be
most probably above the average mitigation cost in Kazakhstan, the country will have the
possibility to sell with profit emission permits for almost 90 MtCOeq.
2.2.5

Nuclear Power

2.2.5.1 Cost of ad-hoc nuclear policy uncertainties in the evolution of the Swiss electricity system

About one-third of the Swiss nuclear capacity is due to be retired in the next ten years, creating a
short- term supply gap. In addition, the Swiss Federal Council has decided to phase out nuclear
power over the longer term by not replacing existing nuclear power plants after retirement. We
(56, 248) have analysed possible electricity supply options for responding to these two
developments under different conditions using the Swiss TIMES electricity sector model—a leastcost optimization framework. The Swiss TIMES electricity Model (STEM-E) is a single-region
model, covering the entire Swiss electricity system from resource supply to enduse. STEM-Eh as a
century-longtime horizon (2000– 2110) in 14 unequal time periods with an hourly diurnal
resolution.

Scenarios
We analysed one ‘base’ or ‘business as usual’ scenario and three ad-hoc non-nuclear scenarios to
explore the impact of some of the key uncertainties associated with decisions on new nuclear
investment and alternatives.
• The base scenario (Base) is generated by applying the following two constraints to the
calibrated model: 1. New investment in coal-fired plant is restricted. 2. To reflect selfsufficiency in electricity supply or supply security, a constraint is introduced from 2015
requiring that net electricity trade is roughly in balance over the year.
• No nuclear scenario (B_NoNuc). Considering the political uncertainties and social
acceptability of new investment in nuclear reactors, a no-nuclear scenario is analysed by
restricting completely the new investment in nuclear plants. Operation of the existing
nuclear plants can continue until the end of their 50-year lifetimes.
• Renewable scenario (B_RNW). In this scenario, both nuclear and gas-fired power plants
(including gasCHP) are restricted. Thus, only renewables and imported electricity remain as
options for electricity supply. Since Swiss renewable resources are not fully adequate to
meet the domestic demand, the self-sufficiency constraint in the Base scenario is relaxed so
that net imports can account for up to 35% of the electricity supply.
• Carbon stabilization scenario (CO2_S). The carbon stabilization scenario (CO2_S) seeks to
restrict the average CO2 emission intensity (CO2/kWh) of Swiss electricity supply to the
level in the year 2010. In addition, nuclear investment is completely restricted, but gas with
and without CCS remains available. The self-sufficiency constraint is also relaxed in this
scenario, in particular to enable the shorter-term supply gap to be covered without
increasing the average CO2 emissions intensity.

Results
Electricity generation. The electricity generation mix and installed capacity from the four
scenarios for three selected periods (2020, 2050 and 2080) are shown in Figure 275. When new
investment in nuclear plant is restricted, gas-fired generation plays a large role. In addition to the
2Gw new gas plants in the short-term as in the Base scenario, the model invests in another 5Gw
of gas combined-cycle plants between 2030 and 2055. The market share of gas generation
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increases to 50% by 2050, with hydro and renewables (mainly waste) accounting for the
remainder. However, in the subsequent periods the share of gas begins to decline (though is still
40% by 2080) as renewables become cost competitive (due to assumed learning and increasing
gas prices). When both the nuclear and natural gas-based generation are fully restricted more
renewables, particularly geothermal and woody biomass be come attractive in the medium and
longer term. However, in the short term, the supply gap is met solely with imported electricity
(20% by 2020). Renewables contributes to only 3% of the domestic supply in 2020 and 9% by
2035.Thus the 2030 renewable electricity target 14 of 10% is not fully met. By 2050,solar and
hydro resources are fully exploited and their market share sreach 11% and 71% of domestic
generation, respectively. The rest is supplied by other renewables like wind, biomass and
geothermal. Still, imported electricity supplied 35% of demand.
In the CO2_S scenario, the near-term (through to 2025) demand is met with gas generation and
renewables as in the Base scenario, but the market share of the latter is higher (7% vs. o2% in the
Base in 2025). Still 4% of the demand is met from net imports of electricity. When CCS is available
from 2030, gas with CCS is chosen for the medium and long time horizon. By 2050, the system
builds about 2.8Gw gas CCS, which generates 30% of the supply while renewables (18%) and
hydro (52%) account for the rest. In the later periods (by 2080), a small amount (3%) of gas
generation without CCS reappears, since it is possible to still meet the CO2 emission intensity
target with the small CO2 emissions from gas plant as well as the residual emissions from gas CCS.
In the long run, the renewable uptake is more or less similar to the renewable scenario (B_RNW).
Some of the expensive biomass (and imported electricity) in the B_RNW scenario are now
replaced with gas CCS. This leads to higher emissions than the B_RNW scenario, although the
emission intensity in the CO2_S scenario is maintained at today’s level ensuring that emissions are
much lower than in the B_NoNuc scenario.
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Figure 275. Electricity generation mix and installed capacity

Load curve. A primary feature of STEM-E is its hourly load curve depiction. The following
subsections provide a snap shot on electricity generation schedule for a weekday in summer and
winter (Figure 276) for the period 2050. In contrast to the export-driven summer electricity
system, winter demand is supplied to a greater extent with imported electricity, as shown in the
generation schedule for winter week-days (WIN-WK-). This is because generation from hydro (and
solar) is lower in winter (due to seasonal factors), while demand levels are substantially higher
(peaking around 2 GW higher than in summer). In the Base and B_NoNuc scenarios, the model
deploys the full capacities of the gas plants to meet the higher winter demands while the gas
plants are not used to their full capacity in other seasons. Thus, the seasonal flexibility of gas
plants is advantageous over the nuclear plant, even though the levelised cost of nuclear is lower
than that of gas-based generation. The winter system is optimised such that imports occur during
periods of low prices (night time), with domestic supply scheduled during high-price periods
(corresponding to the midday and evening peaks). In all scenarios, dam hydro is scheduled at
these intervals. Another feature worth noting is that there is some export of electricity in winter
during morning and evening peaks by scheduling dam hydro, which is to exploit high peak prices.
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Figure 276. Electricity generation schedule on a winter week day (2050)

Costs. Figure 277 shows annual undiscounted electricity system costs.The trade balance (shown in
gray shades) refers to the net profits (if negative) or cost (if positive) from the electricity trade. In
the Base and B_NoNuc scenarios, there is a net profit from trade even though total electricity
trade volume is balanced. A decision to restrict new investment in nuclear (B_NoNuc) increases
the system cost. The incremental (undiscounted) annual cost is about CHF3.5 billion by 2050 and
increases to CHF4.5 billion by 2080. The renewable-based electricity system (B_RNW) would also
cost annually CHF3.5 billion more by 2050 when compared to the Base scenario (but only CHF67
million more than the B_NoNuc scenario). Despite the availability of CCS, the CO2_S scenario
exhibits a higher system cost than the B_RNW scenario (higher by about CHF170 million in 2020
and CHF1.5 billion by 2050). However, demand in this scenario is met almost fully with domestic
supply (except till 2030) compared to heavy dependence on imported electricity in the B_RNW
scenario.
Short-term demand can be cost-effectively met with new investment in gas-fired generation
capacity. However, meeting the government’s CO2 emission and renewable electricity targets
requires an accelerated investment in renewable generation and/or increased reliance on
imported electricity. In the medium and longer term, nuclear represents the most cost-effective
option. The alternatives to nuclear lead to increased dependence on imported natural gas,
seasonal renewables and imported electricity. All non-nuclear supply options increase the cost of
electricity supply by between 50 and 150%, and create a range of tradeoffs between supply
security and climate change mitigation goal. However, it is expected that an accelerated uptake of
end-use efficiency measures and demand side management would reduce future electricity
demand, thus reducing the need for some expensive supply options.
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Figure 277. Undiscounted electricity system costs

2.2.5.2 Nuclear energy option for energy security and sustainable development in India

The nuclear energy is a sustainable solution in this context to overcome the environmental
problem due to fossil fuel electricity generation. This paper (8) examines the implications of
penetration of nuclear energy in Indian power sector. Four scenarios, including base case
scenario, have been developed using MARKAL energy modeling software for Indian power sector.

Scenarios
All of the conventional and advanced nuclear technologies with their techno-economic
parameters have been used as input for the MARKAL and the run of the software gives very useful
results for the future resource allocation of energy sources. The CO2 can also be reduced
marginally with the application of new technologies. Detailed analyses of results are given below.
• BAU scenario. The base case results presented in this section are generated running the
base case scenario from 2005 to 2045 (Figure 278).
• Advanced nuclear scenarios. In the alternative scenarios of advanced nuclear technology
very interesting results have been observed. Addition of advanced technology extensively
to the power generation systems gives a slight reduction in coal power installed capacity as
compared to BAU scenario. Coal capacity in BAU scenario was 283 GW which reduces to
248 GW in the advanced nuclear scenario in the year 2045. All other resources remains
almost same as BAU scenario.

Results
When the advanced nuclear technology integrated with 10% energy savings potential there is
more reduction of coal component in the energy mix. But on the other hand a slight reduction of
large hydro and other renewable are also observed. This is because the high cost of renewable
and ultimate reduction in total demand.
The very interesting situation occurs when the advanced nuclear integrated with full exploitation
of energy conservation potential (Figure 279) exist in the Indian economic sectors. In this case the
total electricity demand reduces to 458 GW as compared to 752 GW in the BAU scenario. Coal
share in the energy mix also reduces significantly. The nuclear alone shares 50% of the total
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installed power. Unlike other scenarios the total energy curve becomes almost flat. Coal installed
capacity remains 148 GW and shares only 32% of total installed capacity.
Figure 278. MARKAL energy resource allocations for BAU scenario for India

Figure 279. Resource wise installed capacity in advanced nuclear scenario + conservation
potential scenario

The least-cost solution of energy mix has been measured. The result shows that more than 50% of
the electricity market will be captured by nuclear energy in the year 2045. This ambitious goal can
be expected to be achieved due to Indo-US nuclear deal. The advanced nuclear energy with
conservation potential scenario shows that huge amounts of CO2 can be reduced in the year 2045
with respect to the business as usual scenario.
2.2.6

Renewables Power

2.2.6.1 High-resolution modeling framework for planning electricity systems with high penetration of
renewables

This paper (97, 136) presents a modeling framework that is able to optimize the investment in
new renewable generation capacity on the long-term while taking into account the hourly
dynamics of electricity supply and demand. The framework combines two of the most used
energy planning tools, each able to account for one of the aspects of the modeling of energy
systems. The framework was applied to continental Portugal for the time period of 2005–2050, in
order to identify optimal investment plans in new renewable and fossil generation capacity with
the goal of achieving significant CO2 emissions reduction, under different scenarios.
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Methodology
In this work, a framework using two of the most used models for energy planning is presented:
TIMES as a long-term model for the optimization of investment in electricity generation capacity
and EnergyPLAN as a short-term model for optimizing the operation of the system. The
framework, as shown in Figure 280, consists of the use of both models in an iterative cycle, in
which the investment optimization model is used to optimize the investment in new generation
capacity over a large time period, and the operation optimization model is used to calculate the
energy balances over 1 year with higher time resolution (hourly or less). The investment
optimization model provides to the operation optimization model the installed capacities of each
energy source that it has to consider for the simulation of each year; while the operation
optimization model updates the investment optimization model constraints parameters regarding
the amount of new installed capacity that the system can handle for that year.
Figure 280. Modeling framework proposed in this work

Scenarios
Two different scenarios were therefore considered in this work based on the capacity to pump
water to reservoirs. As stated before, the expected capacity is 4302MW by 2020 due to the
installation of several reversible turbines in future investments of large hydro systems. This
situation is compared to the current 1036MW of installed capacity, in which no new reversible
system is installed in the future. A CO2 constraint was included in the model in order to take into
account the environmental responsibility being shown by Portugal and the European Union. As
such, a target of 30% of the emissions that occurred in 2005 was set for the year 2050, with the
CO2 cap reducing linearly every year until reaching the proposed target.

Results
Electricity capacity. The results obtained for before and after the iterative process are very
different in what concerns the investment in generation capacity using renewable energy sources,
as shown in Figure 281, with the model deciding to install less generation capacity using
renewable energy sources after the iterative process. From 2040 onward, the amount of installed
capacity after the iterative process is around 5500MW lower than before the iterative process,
which is a reduction of around 18.4%. The investment in each energy source also changes
considerably as after the iterative process the model decides to invest 5 years sooner in solar
energy and 13 years sooner in wave energy. This early investment in new technologies is
accompanied by a reduction of the investment in onshore and offshore wind energies. The
differences in the results are due to the model understanding that high capacity factors can be
achieved from using different resources with complementary variability and the constraint
introduced in the methodology that guarantees that all installed capacity from renewable energy
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sources is used efficiently, thereby reducing the investment in generation capacity that would
have low capacity factors.
Figure 281. Installed capacity from renewable energy sources (a) before the first iteration (b)
after the last iteration

Electricity generation. The yearly penetration of renewable energy sources is higher in the
4302MW scenario when compared to the first and last iteration of the 1036MW scenario, as
shown in Figure 282, and reaches a share of around 87% by 2050. The results from the scenario of
1036MW of storage capacity before the application of the proposed methodology have a slightly
lower share of renewable energy sources than the 4302MW (84% by 2050) because, although
they have the same installed generation capacity, the 1036MW scenario has a lower installed
storage capacity which lowers the amount of energy that can be effectively stored in periods in
which there is an excess of renewable energy. Due to the lower installed generation capacity after
the application of the proposed methodology to the 1036MW of storage capacity, the share of
renewable energy sources in the electricity mix reaches only a share of around 72% by 2050. After
using the proposed methodology, the results for the 1036MW storage capacity show a higher
diversification of the resources and technologies used, with more expensive technologies such as
solar and wave energy having a larger role earlier on than what happens when only the TIMES
model is used.
The excess of electricity from renewable energy sources in the different scenarios is shown in
Figure 283a when considering all renewable energy sources and in Figure 283b when considering
only solar, wind offshore and wave, which are less mature technologies and generally more
expensive when compared to wind onshore and hydro. In what concerns the scenario with
4302MW of storage, the high storage capacity enables the system to have low excess of electricity
from renewable energy sources, which guarantees the cost-effectiveness of the installed capacity.
However, the higher electricity production from renewable energy sources in the scenario of
1036MW of storage before using the methodology leads to higher values of excess electricity,
with several years having an excess of more than 5% of the total possible production from
renewable energy sources. This is particularly important for the investment in new generation
capacity of more expensive technologies such as solar, wind offshore and wave energies, with the
excess production from these sources reaching over 15% of the production in some years, which
can compromise the cost-effectiveness of some of the installed capacity of these technologies. On
the other hand, the proposed methodology is able to minimize the amount of electricity that is
not used, with the yearly values obtained for the 1036MW storage capacity after the proposed
methodology being always below 1% when considering all renewable energies and stabilizing at
around 2% when considering only solar, wind offshore and wave. The comparison of the results of
the 1036MW scenario before and after applying the proposed methodology, for the years 2005–
2050, showed that its application resulted in an overall decrease of 109 TWh of electricity
generated from renewable energy sources (reduction of 6% of the amount obtained before
applying the methodology) but an overall decrease of 55 TWh of the amount of electricity that
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would not be used (reduction of 85% of the amount obtained before applying the methodology).
This means that the changes in the installed generation capacity allowed avoiding the installation
of capacity that would produce at a suboptimal level.
Figure 282. Electricity mix in the different scenarios (a) in the 4302 MW scenario (b) in the
1036MW scenario, iteration 1 (c) in the 1036MW scenario, last iteration (d) share of renewables

Figure 283. Percentage of excess electricity from renewable energy sources in the different
scenarios (a) for all renewable energy sources and (b) considering only solar, wind offshore and
wave energies

The results show that the inclusion of dynamics in the modeling methodology can help avoid over
investment and reduce the excess of electricity from renewable energy sources that cannot be
used by the system. These results can have a significant impact on the design of a sustainable
electricity system and may lead to a diversification of the energy sources used.
2.2.6.2 Impacts of CO2 emission constraints on penetration of solar PV in the Bangladesh power
sector

This paper (20) examines the impacts of CO2 emission reduction targets and carbon tax on future
technologies selection especially solar PV and energy use in Bangladesh power sector during
2005-2035. It also examines the co-benefits of energy security of the country. The analyses are
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based on a long-term energy system optimization model of Bangladesh using the MARKAL
framework.

Scenarios
The introduction of the CO2 emission reduction targets and carbon tax scenarios (the CO2
emission reduction of 10%, 20% and carbon tax 2500 Taka/ton are referred to hereafter as
CO210, CO220 and CT2500, respectively).

Results
Under the base scenario, the total generation capacity is expected to increase from 5.56 GW in
2005 to 50.85 GW in 2035, i.e., at an average growth rate of 7.6%. At the same time, the
generation structure changes significantly. The share of gas-fired power plants reduces from 86%
(4.83 GW) in 2005 to 37.4% (19.04 GW) in 2035 in total capacity, whereas the increase in the
capacity of coal-based power plants 0.25 GW in 2010 to 30.75 GW in 2035 (60.4% of total
capacity) is extremely high. The switch from gas- to coal-based power plants leads to a strong
increase in coal consumption (178 PJ in 2015 to 1913 PJ in 2035), i.e., at an average growth rate of
26%. This rate is higher than the domestic availability. Thus, the country would need to import
energy resources such as coal from 2025 onwards to meet the required demand.
The introduction of the CO2 emission reduction targets and carbon tax scenarios directly affects
the shift of technologies from high carbon content fossil-based to low carbon content fossilbased
and clean renewable energy-based solar PV technologies. As a result of emission constraints,
power generation based on solar PV is introduced and its generation capacity gradually increases
during 2010-2035. Compared to the base scenario, 15.12 GW, 34.92 GW and 40.62 GWsolar PVbased generation capacities are additionally selected in 2035 in the CO210, CO220 and CT2500
scenarios, respectively. Solar PV generation starts with a capacity of 0.02 GW, 0.05 GW and 0.06
GW in 2010 in the CO210, CO220 and CT2500 scenarios, respectively and grows at a rate of 29.5%
per year. The total generation capacity is expected to increase from 5.56 GW in 2005 to 65.72
GW, 86.15 GW and 91.23 GW in 2035 in the CO210, CO220 and CT2500 scenarios, respectively
(Figure 284).
Costs. urthermore, the results show that the increase in total system cost for reduction of
cumulative CO2 emissions over the study period is around 543 Taka/ton, 603 Taka/ton and 615
Taka/ton in the CO210, CO220 and CT2500 scenarios, respectively. These costs are much lower
than those in developed countries, as the solar PV-based power generation is relatively much
cheaper in Bangladesh.
Figure 284. Technology capacity level in all CO2 constraint scenarios

The results of the study show that on a simple cost base, power generated from solar PV is not yet
competitive with that of fossil fuelbased power plants. Alternative policies on CO2 emission
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constraints reduce the burden of imported fuel, improve energy security and reduce
environmental impacts. The results show that the introduction of the CO2 emission reduction
targets and carbon tax directly affect the shift of technologies from high carbon content fossilbased to low carbon content fossil-based and clean solar PV technologies compared to the base
scenario. The cumulative net energy imports during 2005-2035 would be reduced in the range of
33-61% compared to the base scenario. The total primary energy requirement would be reduced
in the range of 4.5-22.37% and the primary energy supply system would be diversified. Solar PV
plays an important role in achieving reasonable energy security.
2.2.6.3 Impacts of photovoltaics and electromobility on the Singaporean energy sector

This paper (38) discusses the possibility to produce substantial amounts of electricity by solar
photovoltaics (PV). In addition, the integration of electromobility in Singapore is analysed. Using
PV and electric vehicles (EV), the future primary energy demand and CO2 emissions in Singapore
could be reduced significantly. The paper will describe the TIMES (The Integrated MARKAL
(Market Allocation) EFOM (Energy Flow Optimisation Model) System) model for Singapore which
is developed within the project TUM CREATE (Technische Universität München Campus for
Research Excellence and Technological Enterprise).

Scenarios
In order to discuss the future composition of Singapore’s grid mix by implementing PV, it is
necessary to define a baseline scenario which is based on past and current developments. It is
assumed that the future electricity demand in Singapore will grow with an annual rate of 3.2 %.

Results
Electricity generation. According to Figure 285a, Singapore’s electric energy consumption will be
fully covered by gas fired power plants as from the year 2020. The existing oil power plants will
only be used until their decommissioning. Thus, the percentage of electricity generation by oil is
projected to decrease to zero until 2020 due to higher overall costs in comparison to gas plants.
The electricity generation of the second modelled PV scenario is shown in Figure 285b. It is
predicted that a significant share of power generation is based on photovoltaics. Its power feed
will start in 2020 with 2.5 TWh and could rise up to 40 TWh in 2050. Consistent with this, 28 % of
total electricity generation is covered by photovoltaics in the year 2050. According to the TIMES
calculations, an installed PV capacity of approximately 32 GW would be necessary to meet
Singapore’s domestic electricity demand in 2050. However, photovoltaic systems are not capable
of substituting conventional generation capacity. This fact is due to PV’s high dependence on
weather conditions and the absence of adequate storage systems for electricity.
Figure 285. Electricity generation (a) in the baseline scenario and (b) in the PV scenario

(a) Baseline scenario: Singapore’s future electricity demand will be solely covered by gas fired power plants as of 2020.
The existing oil power plants will be phased out. (b) PV scenario: A substantial amount of electricity will be generated by
photovoltaics starting in 2020. In the year 2050 about 28 % of total electricity generation is based on solar
photovoltaics.
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Final demand. A short overview about the passenger transport sector and its future development
is given first. Figure 286 shows the simulated final energy demand of passenger transport in
Singapore both for the baseline and the EV scenario. Total energy consumption consisting of fossil
fuels and electricity has been rising from 13.4 TWh in 2000 to 14.7 TWh in 2010 for the baseline
scenario in Figure 286a. Since then, there is a decline to 12.5 TWh in the year 2050 due to the
higher efficiency of combustion engines and a relatively small growth of motorised vehicles. In
contrary, the final energy demand for the mass rapid transport (MRT) system shows a strong
increase. Especially in the model period from 2010 to 2020 a sharp rise of energy consumption
from 2.0 TWh to 3.2 TWh can be observed. As shown in Figure 286b, the integration of electric
vehicles is an effective approach to lower the final energy demand of the passenger
transportation sector in Singapore considerably. Consumptions dropped from 14.7 TWh in 2010
to 11.1 TWh in 2050. This is caused by a higher level of energy efficiency in electric drive trains.
While MRT and buses are based on the same technology as predicted in the baseline scenario,
taxis, scooters and private cars are substituted step by step by electric vehicles. Singapore’s Taxi
and scooter fleets are expected to be fully electrically driven in 2050, whereas the share of
combustion engine driven private cars is still only about 25 %. While the final energy demand for
passenger transportation drops over the model horizon, the overall electricity demand is rising.
Without electromobility the electricity demand in 2050 amounts to 142 TWh, whereas the
electricity consumption with electromobility integration amounts to approximately 147 TWh.
Summing up, there is nearly no difference in electricity generation detectable in the year 2050.
The primary energy demand for the electricity generation and the passenger transportation
together is about 178 TWh both for the modelled PV and EV scenario in the year 2050.
Figure 286. Final energy demand of passenger transport (a) in the baseline scenario and (b) in
the PV scenario

(a) In the baseline scenario: Because of the higher efficiency of internal combustion engines and a weak growth of
motor vehicles, there is a continuous decline until 2050. (b) In the EV scenario: By integrating electric vehicles, the final
energy demand can be reduced significantly. The reasons for this are higher levels of energy efficiency in electric drive
trains.

The integration of electromobility in Singapore causes on the one hand a reduction of local
emissions through less fuel consumption and on the other hand more emissions in the electricity
generation through higher power demand. There is a small overall reduction in CO2 emissions in
all model periods. However, the major reduction accounts for 0.39 Mt (1.2%) in 2040. In the year
2050 there is only a decline of 0.23 Mt (0.6%). The lower overall reduction is caused by higher
efficiency factors of combustion engine vehicles in 2050 compared to 2040 and similar specific
emissions of the grid mix.
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2.2.6.4 Accelerating the development of marine energy: Exploring the prospects, benefits and
challenges

Energy system scenarios and modelling exercises may under-represent the learning potential of
emerging technologies such as marine energy. The research described here was devised to
represent this potential, and thereby explore the possible role of marine energy in future energy
systems. The paper (82) describes a scenario for the accelerated development of marine energy
technology, and the incorporation of this scenario into wider scenarios of UK energy system
decarbonisation from now to 2050.

Scenarios
Different combinations of these technology acceleration scenarios were then assembled together
at the system level, and scenarios of UK energy system development from now to 2050 were
generated using an energy systems model, the UK Markal MED model. These UK energy system
scenarios are constrained to follow an overall emissions trajectory consistent with either 60 or
80% CO2 reductions by 2050 (relative to 1990 levels) (Table 94).
The Marine scenario provides one possible development pathway, assuming high but plausible
levels of technological progress. Detailed ‘bottom-up’ engineering analysis carried out by the
Carbon Trust has suggested that long term learning rates could be up to 15% for wave energy and
10% for tidal energy. Using plausible niche deployment figures from 2010 to 2015, and learning
rates and initial capital cost figures derived from the Carbon Trust, ‘accelerated’ learning curves
for wave and tidal were produced for the present study.
Table 94. Marine energy accelerated development scenarios
Scenario name
(% CO2 emission reduction by
2050 shown in brackets)
Low Carbon (60 and 80)
Marine (60)
Renew (80)
Acctech (80)

Description
Low carbon baseline scenario, with no technologies accelerated
Marine energy acceleration scenario; no other technologies accelerated
Four renewable energy technologies are accelerated in parallel (bioenergy, wind,
marine and solar pv)
Seven supply technologies are accelerated in parallel (bioenergy, wind, marine,
solar pv, nuclear power, carbon capture and storage and hydrogen and fuel cells)

Results
Low Carbon scenario. A Low Carbon scenario of UK energy system development was devised to
follow a decarbonisation pathway from now to 2050, but without any assumptions of accelerated
technology development. In the Low Carbon 80 scenario (with 80% CO2 reduction by 2050),
marine energy only plays a marginal role in electricity generation, with 5 GW deployed by 2050.
Clearly, this scenario falls far short of UK and Scottish policy ambitions for marine energy
deployment, and marine roadmaps produced by the marine development community.
Accelerated development scenarios. In the Marine scenario, with marine energy accelerated
alone (and all other technologies under non-accelerated assumptions), marine energy becomes a
significant contributor to UK electricity generation, with first deployments seen shortly after 2010,
and over 20 GW of marine technology installed by 2050 (Figure 287). By 2050, marine energy
supplies 67 TWh annually, almost 15% of all electricity generated in the UK. Clearly, this suggests
that technology acceleration could make a major difference to the prospects for marine energy
technology in the UK. The overall pattern in the Marine scenario is of a gradual increase in
deployment up to 2030, and then a step-change increase after 2030. Initial technology
deployment in the Marine scenario is predominantly from tidal current devices, but wave energy
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(which has a larger resource base in the UK) comes to dominate the marine energy contribution
after 2030.
In Renew and Acctech scenarios, which have multiple energy supply technologies accelerated in
parallel, marine energy makes a much greater contribution to the supply mix than in the Low
Carbon non-accelerated equivalent scenario (Figure 288). In the Acctech scenario, marine
deployment undergoes rapid expansion after 2030, with over 20 GW of installed capacity
achieved by 2050, similar to that seen in the Marine scenario. However, there is a slightly later
pattern of marine deployment compared to the single technology Marine scenario. By 2050, any
further deployment of marine technologies is restricted by assumed resource constraints. Other
system-level scenario variants were also generated to consider the possibility of particular
technologies failing to commercialise or be deployed. In the Acctech (no CCS) scenario, carbon
capture and storage technology – a technology which plays a major role in UK energy system
decarbonisation after 2020 in the Low Carbon scenario – is assumed to be unavailable. As a result,
marine technology deployment is significantly expanded in the 2030s – with almost 15 GW
installed by 2035 – suggesting marine acceleration could offer a potentially important source of
UK energy supply diversity in the context of technological uncertainty regarding CCS.
Figure 287. Installed capacity in Marine scenario

Note: fossil fuels category consists of gas, oil, coal and coal CCS

Figure 288. Installed capacity in Acctech scenario

Note: fossil fuels category consists of gas, oil, coal and coal CCS

The scenarios suggest that the accelerated development of marine energy could contribute
significantly to the decarbonisation of energy supply in the UK, especially over the medium to long
term. However, this is predicated on sustained innovation, learning and cost reduction over time.
Encouragingly, a number of recently established policy support programmes are now beginning to
stimulate the development of marine energy in Scotland, the UK and beyond. As the paper
discusses, building on these initiatives, and ‘realising’ the accelerated development of marine
energy, present a number of challenges, and will increasingly require international efforts.
However, the potential rewards are very substantial.
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2.2.6.5 The impact of future energy demand on renewable energy production - Case of Norway

The development of energy demand is a key driver of the future energy system. This paper (75)
presents long-term projections of the Norwegian energy demand as a two-step methodology of
first using activities and intensities to calculate a demand of energy services, and secondly use this
as input to the energy system model TIMES-Norway to optimize the Norwegian energy system.
Long-term energy demand projections are uncertain and the purpose of this paper is to illustrate
the impact of different projections on the energy system.

Scenarios
Base scenario of this study includes active measures of today such as the green certificate market
and present policy measures of Enova such as investment grants for renewable heat production.
Investments through the GCM are possible from 2012 to 2020, with a cost of certificates until
2035. The future of the Enova measures is uncertain and here it is assumed that the support is
valid from 2006 to 2020. The CO2 market price is included as a CO2 tax in the analyses. The
energy taxes are kept constant at the 2010 level. By 2020, the new market mechanism GCM is
expected to generate 26.4 TWh electricity annually, where Sweden and Norway are financing 13.2
TWh each. A simplified version of the GCM market is implemented in the TIMES-Norway model.
Here, the production technology of renewable electricity receive a subsidy of 250 NOK/MWh until
2035, simulating a certificate price, whereas the electricity consumers have an additional tax of
20-42 NOK/ MWh in the period 2012-2035.
Scenario 1 - high population growth. The Base scenario is based on the middle scenario of
population growth of Statistics Norway. The high population growth is applied to one of the
scenarios with the TIMES-Norway model in order to analyse the effects of a much higher demand
of energy.
Scenario 2 - low energy demand in the industry. To illustrate the effects of a major decrease in
energy demand, this scenario is based on a significantly reduced activity in energy intensive
industries. In 2050 it is assumed that only three of the seven aluminium plants of today are in
operation. In addition some of the plants producing ferroalloys are closed down, as well as many
of the pulp and paper plants. The energy demand of the chemical industry is also reduced to some
extent and electricity to petroleum activities is reduced in 2050. In total the energy demand is
reduced by 22 TWh in 2050 (15 TWh electricity) and more than half of this is in the West region.
Scenario 3 - electricity from onshore to offshore mining. A measure to decrease the national
CO2-emissions of petroleum mining is to replace the use of some gas turbines at offshore
platforms by electricity from renewable sources onshore. The electricity use from onshore to
offshore mining of today (on going and agreed new) is included in the Base scenario and all other
scenarios. This is modelled as a demand of approximately 4.5 TWh in 2015 and 6.5 TWh in 2020.
With the possible expansions in scenario 3, the total annual demand of electricity in 2020 is
modelled as 10.5 TWh and in 2030-2050 as 12.5 TWh.
Scenario 4 - high energy demand in one region. The Middle region was selected to study the
effects of a strong growth in one region. An increased demand is simulated as the introduction of
one new aluminium plant, one new basic chemical plant, electrification of an offshore area and a
population growth in accordance with the high population growth of this region.
The effect of the part of the building regulations restricting the use of electricity for heating is
analysed by allowing direct electric heating technologies to be used throughout the period. The
prices of electricity export are exogenously given to the model, and the export volumes are very
sensitive to these prices. To illustrate the effect, analyses with in average 25% higher electricity
prices are carried out. Finally, the effect of a target of 80% renewable energy in 2050, increasing
from the Norwegian target of 67.5% in 2020, is analysed (RES80% in the figures).
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Results
The analyses show that electricity will be produced by hydro and wind power and that the
electricity production mix will be totally renewable. Increased energy demand results in increased
investments in wind power and reduced net export of electricity, while decreased energy demand
gives the opposite effect. Electricity is both exported and imported at different times in all
scenarios and only the net export values are presented here. New hydropower capacity produce
22 TWh electricity in all scenarios, while the investments in wind power increases with increased
energy demand, see Figure 289. With a decreased demand of energy as in scenario S2, there will
be no new investments in wind power. Increased electricity export prices increase the wind
power investments and the export of electricity, particularly in the case with decreased energy
demand where no new wind power investments were done with the export prices of the Base
scenario.
A target of 80% renewables and no restrictions of the use of electricity for heating will also
increase the future wind power production as shown in Figure 290. The wind power production is
consequently highest with a high renewable target and high population growth. The wind power
in 2050 is mainly offshore and in the Base scenario the investments come in regions West and
South due to good wind conditions and vicinity to the electricity export market, see Fig. 11. With
an increased demand as in scenario S1, half of the increase in wind power will come in region
North. Increased demand in selected regions as in S3 and S4 do not increase the wind power
production in the same region as the demand increase, but comes in the region with lowest cost
despite necessary investment in grid improvements.
The renewable fraction calculated in accordance with the EU Directive will increase in all scenarios
as shown in Figure 291. A decreased energy demand as in scenario S2 will result in a higher
renewable fraction mainly due to the fact that exports of renewable electricity increases at the
same time as the Norwegian energy use decreases. An increased energy demand as in scenarios
S1 and S4 results in a lower renewable fraction in 2020 but the effect on a longer term is less. The
renewable fraction of S2 is decreased, if electricity for heating is allowed, due to increased
domestic electricity use, while the effect in the other scenarios is less. The energy demand of
buildings and transportation increase, even in the low energy demand scenario S2, resulting in a
lower renewable fraction in the long-term. The reason for this is that most of the investments in
new power plants take place mid-term, while the energy use continuous to increase. This clearly
demonstrates the need for additional measures after 2030 in order to maintain a high renewable
share. The energy service demand of buildings is 100 TWh in 2050 in the Base scenario and 124
TWh in scenario S1. Increasing demand of energy services results in a higher share of biomass and
energy efficiency measures, as shown in Figure 292 (the Main case, based on the original
assumptions of each scenario). Increased export electricity prices results in less electricity for
heating and more use of biomass, particularly in the high population scenario S1. If the current
building regulation prohibiting direct electric heating is not applied in the future, the use of
district heating and biomass will decrease as the electricity for heating increases.
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Figure 289. New electricity production in 2030 and 2050 in the scenarios Base and S1-S4

Figure 290. Sensitivities of electricity production and use in 2050 compared to the Base scenario

Figure 291. Renewable fractions of all the scenarios
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Figure 292. Energy service demand, energy carriers and energy technologies of buildings in 2050
of the scenarios Base and S1

With main assumptions (Main) and sensitivities of export electricity prices (Elc. Priceþ25%) and allowing new electric
heating (Elc. Heating)

The results of the analyses show that decreased energy demand results in a higher renewable
fraction compared to an increased demand, and the renewable energy production increases with
increased energy demand. The most profitable solution to cover increased demand is to increase
the use of bio energy and to implement energy efficiency measures. To increase the wind power
production, an increased renewable target or higher electricity export prices have to be fulfilled,
in combination with more electricity export.
2.2.6.6 Modelling policy instruments in energy system models: analysis of the interactions between
emission trading and promotion of renewable electricity in Germany

This paper (142, 215, 216) analyses the interaction between the European Emissions Trading
System (EU ETS) and the national fixed feed-in tariff (FIT) system for renewable electricity in
Germany in the scope of the national energy system model TIMES-D. It is shown how both policy
instruments can be represented in a flexible manner in the model, such that their impacts and all
interactions within the energy system of Germany can be evaluated endogenously.

Scenarios
With the help of these modelling techniques, all types of direct and indirect policy interactions
between the EU ETS and the German FIT scheme in the energy system can be evaluated within
the model. Against the background of the optimization approach, both the cost efficient emission
reduction path and the optimal amount of renewable electricity generation will be determined as
a function of the policy instruments in place. In order to analyse the impacts of both instruments
and the interactions between them, a scenario tableau is used with varying assumptions on the
emission cap and the inclusion of the FIT system (Table 95).
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Table 95. Overview on the scenario settings
Scenario
ETS21+FIT
ETS21
ETS34+FIT
ETS34
FIT_only

ETS target
Reduction of 21% until 2020 compared to 2005; 1.74% p.a. afterwards
Reduction of 34% until 2020 compared to 2005; 1.74% p.a. afterwards
-

FIT
YES
NO
YES
NO
YES

Results
The impact of introducing a promotional instrument for renewable electricity on the emission
trading system becomes clearly visible in the emission reduction in Germany under the different
scenario assumptions (Figure 293). Both for the 21 %- and the 34 %-ETS reduction target, overall
CO2 emissions in Germany are lower for those cases in which the FIT system is in place. The
additional emission reduction can be attributed to the electricity sector, where generation based
on fossil fuels is substituted by renewable energies. In the scenario analysis at hand, no indirect
effect of the FIT system on the German industry sectors participating in emission trading is
discernible. Even though less ETS allowances are needed in electricity generation in Germany,
these are not absorbed by the German ETS industry sectors, such that emissions from these
sectors are nearly the same in the comparable scenarios with our without FIT system. In addition
to the supranational emission reduction objective of 21 % (or 34 %) compared to 2005 for the ETS
sector, national targets have been fixed for the Non-ETS sectors, in order to fulfil the overall goal
for 2020 of an emission reduction of 20 % (or 30 %) compared to 1990. The scenario analysis
takes into account the current measures of the German climate policy in the Non-ETS sector. This
leads to a decrease of CO2 emissions in these sectors in all scenarios with the ETS in place of
about 13 % compared to 2005, thus falling slightly short of the established national target value of
14 %. This also shows that in the case of a tightening of the overall mitigation objective to 30 %,
additional measures would have to be introduced in the Non-ETS sectors in Germany.
Figure 293. CO2 emissions in Germany and ETS certificate prices in the scenario analysis

Furthermore, the national support scheme for renewable electricity in Germany also influences
the burden sharing within the ETS system (Figure 294). Germany’s contribution to the fulfillment
of the overall ETS cap rises when renewable electricity generation receives further support. In the
case of a reduction target of 21 % for 2020 compared to 2005, Germany falls, with a mitigation of
about 19 %, below the overall cap in the scenario ETS21, while with the FIT system in place
(scenario ETS21+FIT) CO2 emissions in the German ETS sector decline by almost 26 %. With the
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more ambitious target of -34 % for 2020, ETS emission reduction in Germany exceeds the overall
cap in both cases amounting to 37 % in the scenario ETS34 and to 41 % in the scenario ETS34+FIT.
Total emissions in the ETS system are, as it was expected, not affected by the German FIT system.
Figure 294. Burden sharing in the EU ETS in 2020 in the scenario analysis

The differences between the scenarios with and without FIT system also manifest themselves in
the energy system costs for Germany (Table 96). Even though the FIT system has a dampening
effect on ETS certificate prices, the additional cost burden of this support scheme leads to a rise in
energy system costs in Germany with a cumulated difference for the time period of 2015 to 2030
of 7.3 billion €2000/a in the case of an emission reduction target of 21 % and of 5.4 billion
€2000/a for a mitigation level of 34 %.
Table 96. Annual undiscounted energy system costs for Germany in the scenario analysis
Bn € (2000)/a
Energy system costs in 2015
Energy system costs in 2020
Energy system costs in 2030
Cumulated energy system costs 2015-2030

ETS21+FIT
Compared to ETS21
4.7
1.9
0.1
7.3

ETS34+FIT
Compared to ETS34
3.8
1.0
0.2
5.4

The analysis at hand has shown that if countries are joined through an emission trading system,
national policy tools can have an impact on all participating countries. This is especially the case
for national measures in larger countries, as for example Germany that accounts for nearly a
quarter of total emissions in the EU ETS. Scenario results suggest that the German support
scheme for renewable electricity can facilitate compliance with the ETS reduction targets as it
entails a dampening effect on certificate prices. At the same time, however, emission reduction
becomes less cost efficient given the fact that the expansion of renewable electricity generation in
Germany constitutes a comparatively expensive abatement option.
2.2.6.7

How to integrate feed-in tariffs in energy system models – the case of Germany

Fixed feed-in tariff systems are one of the most important instruments for the promotion of
renewable energies in electricity production. As these instruments have a major impact on the
power sector, they should be taken into consideration when conducting energy system analyses.
In this paper (145), the effects of the German feed-in tariff system for renewable electricity on the
German energy system are assessed within the scope of the energy system model TIMESD. The
approach is to endogenously model the tariff system by integrating the tariffs directly into the
model (to account for the impacts on the generation side) and by assigning the corresponding
levy to the end-use electricity prices (to account for the impacts on the demand side).
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Scenarios
A number of scenarios are analysed in this paper in order to evaluate the impact of the German
feed-in tariff system on the energy system (Table 97). The scenarios differ in terms of the
consideration of the EEG and the EU Emissions Trading System (ETS). Apart from that, the effect
of different lifetimes of the German nuclear power plants on the expansion of the renewable
electricity production is explored. An additional scenario includes a quota system for the
promotion of the renewable electricity generation, which results in the same shares of renewable
energy in total gross electricity consumption in the respective model periods as in the scenario
including the EEG and the EU ETS.
Table 97. Overview of scenarios

EEG+ETS
EEG_only
ETS_only
No_instrument
EEG_NUC44
EEG_NUC60
RE_quota

Promotion system for
renewable electricity
EEG
EEG
None
None
EEG
EEG
Quota system

Integration
of
the
EU
Emissions Trading System (ETS)
YES
NO
YES
NO
YES
YES
YES

Lifetime of the nuclear
power plants
Phase out until 2022
Phase out until 2022
Phase out until 2022
Phase out until 2022
44 years*
60 years
Phase out until 2022

*According to the Energy Concept of the German government from September 2010 (BMU, BMWi 2010).

Results
The two most important climate policy measures that affect the German power sector are the
feed-in tariff system for renewable energies and the EU Emissions Trading System. In the
following, a number of scenarios are presented that analyze the interaction between these two
policy instruments (Figure 295). If both the EEG and the ETS are taken into consideration (scenario
EEG+ETS), the renewable electricity generation in Germany rises substantially throughout the
whole projected period. In 2020, renewable energies contribute with 236 TWh or 39 % to gross
electricity consumption, in 2030 with 259 TWh or 44 %. Thus, compared to 2009 renewable
electricity production is almost tripled until 2030. The targets of the German government are
therefore exceeded in 2020, but missed by 6 percentage points in 2030. Despite the considerable
expansion of renewable energies, the share of fossil fuels in the German electricity generation
only decreases from 62 % in 2009 to 53 % in 2030, due to the simultaneous phasing out of nuclear
energy. Wind power plays a dominant role in the expansion of the renewable electricity
production in Germany. In 2030, wind energy accounts for more than half of the total renewable
generation in the scenario EEG+ETS.
A significant increase in the renewable electricity production can also be achieved if only the EEG
without the ETS is implemented, but in the longterm the expansion is considerably lower than in
the scenario EEG+ETS, as the competitiveness of the renewable generation technologies is
affected by lower generation costs in fossil fuel plants. Without the impact of these two policy
measures, the renewable electricity generation is not expanded any further after 2010 such that it
drops to 46 TWh or 8 % of gross electricity consumption until 2030. Here, more than three
quarters of electricity consumption are covered by hard coal and lignite. When comparing this
scenario with the one that includes only the EU Emissions Trading System (scenario ETS_only), it
becomes apparent that the ETS alone already has a positive effect on the renewable electricity
production in Germany. The increase in generation from onshore wind and hydro power in the
scenario ETS_only can be attributed to a rise in fossil fuel generation costs due to the pricing of
CO2 emissions.
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Figure 295. Net electricity generation in Germany in four scenarios

As an alterative to the feed-in tariff system, the implementation of a fixed quota system could be
considered for the promotion of renewable energies in electricity generation. Technologies with
higher generation costs (especially photovoltaics and certain types of biomass), that receive
higher EEG tariffs and are therefore expanded in the scenario EEG+ETS, are now replaced with
less costly technologies (here primarily offshore wind) (Figure 296). This leads to a reduction of
the heterogeneity of electricity generation from renewable sources: in 2030, wind energy
contributes with 62 % to the total renewable electricity production in the scenario RE_quota,
compared to 51 % in the scenario EEG+ETS. It also show that total electricity consumption, and
consequently also electricity generation, is substantially lower with a quota system than with the
feed-in tariff scheme. This is due to a higher electricity price level in the scenario RE_quota:
residential electricity prices exceed those in the scenario EEG+ETS by 2.5 €-cents2007/kWh in
2020 and 1.4 €-cents2007/kWh in 2030.
The results of the scenario analyses show that with the help of the feed-in tariff system the use of
renewable energies in electricity generation rises substantially in Germany reaching a share of 44
% in gross electricity consumption in 2030 (when additional accounting for the EU Emissions
Trading System). The impact of the feed-in tariff system on power demand turns out to be
comparatively small. The expansion of the renewable electricity production is, however, not the
most cost efficient CO2 abatement strategy for Germany. According to the model results,
extended operation times of nuclear energy in Germany do not hamper the development of the
renewable electricity generation significantly. Implementing a fixed quota system for renewable
energy instead of feed-in tariffs leads to a less heterogeneous structure of the renewable
electricity production, slightly lower energy system costs, but considerably higher electricity
prices.

288

Figure 296. Net electricity generation in Germany in two scenarios

2.2.6.8 Impact of policy measures in the direction of a decentralized energy system in Europe

The Pan-European model (TIMES PanEU) was used to study the impact of policy measures in the
direction of a decentralized energy system in Europe (Box 7).
Box 7. The impact of policy measures in the direction of a decentralized energy system in
Europe
Decarbonisation Scenarios: GHG-Red.
25% in 2020; 80% in 2050 EU Roadmap
2050
C80 • Increasing reliance on RES, 60%
share in gross final energy and 65%share
in electricity consumption 2050
Decentralized electricity system in
Europe DEZ_EU
• No more fossil or nuclear power plants
over 20 MWel

● Decentralized System is not equal with
a lot of small CHP (e.q. internal
combustions engines) because of the
given overall Greenhousgas reduction
target.
● CCS is no opeon under such a policy.
● Decentralized Electricity system have
impact to the electricity prices and the
economic competition.

Source: 267
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2.2.6.9 Assessing the long-term impacts of demand-side integration

We (270, 271, 272 ) evaluate the impacts of DR in future electricity systems and to what extent
they can facilitate the spread of high shares of renewable energy while maintaining a given level
of reliability. We propose an approach based on longterm planning models, the MARKAL/TIMES
models and our analysis is demonstrated by the case of Reunion Island, which aims to produce
electricity using 100% renewable energy sources by 2030.

Results
The TIMES-Reunion model is used in order to assess long-term scenarios so as to achieve the
100% renewable energy sources target in 2030. The future electricity production mix obtained
strongly relies on intermittent sources, mostly based on photovoltaic and wind energy as shown
in Figure 297.
Figure 297. 100 % Renewable in 2030 : a scenario assessed with TIMES-Reunion model

This large share of intermittent sources questions reliability of power supply. Referring to the
stored level of kinetic and magnetic energies according to the power plant’s type and capacity in
the power mix, the future electricity system cannot maintain the reliability indicators during a
typical day of 2030 (Figure 298a) at their reference level given in 2008 (denoted REF2008 therein).
These results confirm that magnetic and kinetic reserves are critical issues for production mixes
that include high shares of intermittent sources (nearly 60% here).
Figure 298. (a) first Daily variations of Hkin in the summer 2030 in the Reunion Island. (b)
Electricity generation by source with the reliability constrained scenario with Demand Response
for an average day in 2030 during the summer

Note: (a) The figure presents the impact of a high penetration of intermittent renewable energy sources without (w/o
DR) and with (w/ DR) demand response. Both scenarios are compared to the 2008-Hkin indicator level;

The implementation of Demand Response solutions does not raise the indicators and may even
worsen them during some time-slices (Figure 298a) but it enables a 16.7% decrease in the total
installed capacity. This is why, in order to handle these reliability issues, the French government
set, in 2008, a legal limit of 30% of instantaneous electricity production from intermittent sources
for its overseas territories, including Reunion Island. In the sequel, we investigate the share of
intermittency (over 30%) that can be achieved when the supply of a given level of reliability is
mandatory. To that end, the future 100% renewable is assessed with a constraint put on the
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reliability (2008 level): we demonstrate that a need for new capacities (9,4%) is required when
Demand Response is unavailable in comparison with the 100 % reference scenario. In this case,
the power mix that fulfills the reliability constraint (only for the kinetic indicator) relies strongly on
intermittent sources (up to 60% as shown in Figure 298b).
The study showed that a huge implementation of intermittent sources may dramatically decrease
both kinetic and magnetic reserves, thus weakening the reliability of the electricity system.
However, we have shown that by constraining the reliability level, the power mix can rely on a
significant share of intermittent sources, even though the total installed capacity increases. Total
installed capacity can be maintained by combining renewable sources and Demand Response
solutions while constraining the reliability level.
2.2.7

Energy Storage

2.2.7.1 Analyzing effects of BESS (Battery Energy Storage System) in Korea's electricity sector

Over the past 10 years, domestic electricity demand and peak power have steadily increased. The
government have examined several measures to raise the reserve power supply or to manage the
peak demand. Among the several measures, BESS is considered efficient, especially in the peak
demand management. It is expected that BESS capacity will be increased in electricity sector and
this change will affect to generation mix and electricity price. So, it is necessary to analyze effects
of BESS in electricity sector (239, 240).

Scenarios
Five scenarios were analyzed to answer the following questions (Table 98):
•

Can BESS replace the pumped hydro storage?

•

A fall in Battery cell price would prompt deployment of BESS? - According to government
document, battery cell price(2010) would fall 80% and 90% by 2020, 2030 - Change of
price is applied to scenario

•

Using BESS as a frequency controller instead of coal fire plant would raise the system
cost? - Power authorities require that coal fire power plant should hold 5% of their full
output for frequency control - KEPCO is planning to install BESS as a frequency controller Raising 5% of coal fire power plant availability is applied to scenario

Table 98. Scenario definition
Scenario
1

BASE

2

BESS

3

COST

5

POLICY

6

POLICY + COST

Detail
- A least cost Korea electricity system
- BESS is not available technology.
- BESS is available technology.
- BESS cost is not change.
- Not using BESS as a frequency controller
- BESS is available technology.
- BESS cost is not change.
- Not using BESS as a frequency controller
- BESS is available technology.
- BESS cost is not change.
- Using BESS as a frequency controller
- BESS is available technology.
- BESS cost is change.
- Using BESS as a frequency controller
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Results
Capacity of nuclear and coal power plant in POLICY scenario are lower 1GW (max) and 1.5GW
(max) respectively than base scenario (Figure 299). Capacity of power plant in POLICY scenario is
decreased because of 5% increase of coal power plant availability.
BESS is unable to replace pumped hydro storage, without a price decrease of battery cell.
Government subsidy policy would be needed to activate dissemination of BESS in the beginning.
When BESS is used as a frequency controller instead of coal fire plants, electricity price would not
be raised and necessary capacity of power plant in the future will be decreased -> The installation
of BESS for frequency control would be considered proper policy.
Figure 299. Capacity of power plant in BASE and POLICY scenarios
BASE scenario

2.2.8

POLICY scenario

Combined Heat and Power (CHP)

2.2.8.1 Assessing the development of combined heat and power generation in the EU

This paper (255) aims to quantify the potentials for the development of combined heat and power
(CHP) in Europe. To this end, it uses the TIMES-EU energy-economic model and assesses the
impact of key policy options and targets in the area of CO2 emissions reduction, renewable
energies and energy efficiency improvements. TIMES-EU model covers EU27 + Iceland, Norway
and Switzerland.

Scenarios
Baseline scenario: existing support mechanisms to renewable energy and CHP, CO2 emissions
reduction in ETS system, and energy efficiency measures.
ETSREN scenario: as in Baseline scenario, plus Renewable (20% in primary energy consumption)
and Biofuels targets (10% of transport fuel is from renewable source) in 2020
CO2REN scenario: as in Baseline and ETSREN scenarios except ETS, rather overall economy CO2
emissions reduction target is assumed (25% reduction in 2020, and 40% in 2030)

Results
The energy wide emission reduction target in CO2REN scenario strongly increases the CHP output;
• 50% more TWh in 2020 compared to 2008 (Eurostat);
• 15% more TWh in 2020 compared to the results of Baseline and ETSREN;
• besides the increase in CHP electricity output, an increase in electricity produced by wind (167TWh or
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10%) and noticeable decreases in electricity produced from coal (207TWh or 48%) and gas (357TWh or
12%) also take place. The similarities between Baseline and ETSREN scenarios tend to indicate that that
the continuation of existing policies present in both scenarios (EU-ETS, feed-in tariffs for renewables, etc)
meets the 2020 renewable target with no or little additional effortenergy

The paper shows that CHP output could be more than doubled and that important CHP
penetration potential exists in expanding the European district heating systems. This result is even
more pronounced with the far-reaching CO2 emissions reduction necessary in order to meet a
long-term 2 degree target. Nevertheless, the paper also shows that strong CO2 emission
reductions in the energy sector might limit the CHP potential due to increased competition for
biomass with the transport sector.
2.2.9

Bio-energies

2.2.9.1 Implications of sustainability constraints on UK bioenergy development: Assessing optimistic
and precautionary approaches

This paper (2) uses UK MARKAL to examine the implications of adopting a precautionary approach
to bioenergy development in the UK. The paper reports a detailed review of UK bioenergy
resources and sustainability constraints, and develops precautionary and optimistic resource
scenarios. UK MARKAL includes a detailed representation of the entire UK energy system.

Scenarios
The main scenarios examined in this paper are as follows:
• Reference scenario(REF). In this scenario, energy service demands are met atleast cost, with
no carbon constraint. The model is also required to satisfy existing policy measures (such as
the Renewables Obligation and Renewable Transport Fuel Obligation).
• Low carbon scenario (LCS). In this scenario, the model is required to meet the UK’s 2050
carbon target,that is, an 80% reduction in carbon emissions from 1990 levels,with an
intermediate target of 29% in 2020.
• Sustainable bioenergy scenario (SUS). This scenario requires the model to meet the 2050
carbon target, and take a precautionary approach to bioenergy development.
This paper therefore also reports on the sensitivity of the results to some key uncertainties
highlighted during the analysis. First, the sensitivity of findings to UK land availability is tested,
and the LCS is run with four possible constraints on UK land use. The four scenarios are as follows,
each applied to the LCS: 2.3 million hectares (Mha) available, equivalent to 50% of arable land,
1.58 Mha available, 1.08 Mha, 0.35 Mha. Second, the sensitivity of findings to the availability of
CCS for biomass and co-firing is tested. In this sensitivity run, the LCS is run without the possibility
of biomass or co-firing with CCS.
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Results
Reference Scenario (REF). Bioenergy plays a significant role even in the Reference Scenario (REF),
in which energy service demands are met at the least economic cost, without carbon constraints
being applied, although some of this uptake is driven by the representation of existing policy
instruments, such as the Renewables Obligation to 2015 and the Renewable Transport Fuel
Obligation. In particular, in the reference case, wastes and woody energy crops are used in
heating, and in the power sector.
Low carbon scenario (LCS). The low carbon scenario (LCS) sees a very significant increase in the
contribution of bioenergy to the UK’s energy demands over the next forty years. The LCS scenario
sees considerable uptake of bioenergy in the power sector, with co-firing with CCS a key
technology in enabling decarbonisation. As a result, net emissions from the power sector are
negative from 2040 onwards. Figure 300 shows the use of bioenergy in the LCS. The rapid growth
between 2035 and 2040 reflects both increased use of primary bioenergy, and a shift towards
using bioenergy feedstocks (particularly woodchips) as a final energy fuel, rather than as a
feedstock for the production of other fuels such as electricity or biofuels.
Figure 300. Bioenergy use, by final fuel

Sustainable Bioenergy Scenario (SUS). Despite the very significant changes to the treatment of
bioenergy in the precautionary Sustainable Bioenergy Scenario (SUS), the model follows an overall
pathway to 2050 that is similar to the optimistic scenario. Bioenergy is largely used in the power
sector, with CCS as a key technology, and in residential and service sector heating, both in
biomass boilers and in district heating. Rather than significantly alter the shape of the optimal
energy system, the model responds to the precautionary constraints by reducing energy
demands. One notable difference is a fall in the proportion of bioenergy used as a final fuel for
residential and service sector heating (Figure 301). The precautionary approach in the SUS
scenario reduces the availability of low-cost biomass, thus raising the cost of meeting energy
service demands. In response to higher costs, the model selects further demand reductions to
meet the carbon target. These demand reductions have real costs, albeit non-monetary costs.
Costs. When compared to the total surplus of the energy system (i.e.,total consumer plus
producer surplus), the effect appears small, with a decrease in discounted total surplus against
the reference case of 1.9%, compared to 1.4% in the LCS). However, when expressed as a cost
increase relative to the least- cost decarbonisation pathway (LCS), the costs of precaution appear
higher (Figure 302). The precautionary case necessarily increases the costs of decarbonisation in
the MARKAL framework, because the scenario adds costs and constraints to the model. This does
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not mean that the precautionary approach is more costly to society overall, because the benefits
associated with the precautionary approach are not valued within MARKAL.
Figure 301. Bioenergy use by final fuel in the SUS scenario

Figure 302. Increase in cost of LCS and SUS compared to the reference scenario

Where LCS is the least cost path to meeting carbon targets, and SUS meets targets while taking a precautionary
approach to bioenergy development.

A particular sustainability concern is the area of land that might be given over to bioenergy
production. Figure 303 shows the relationship between land availability for bioenergy and the
overall discounted cost of meeting the 2050 carbon target (i.e., the additional costs as a result of
forcing the model to meet carbon targets, for the entire period 2000–2050). Limiting the amount
of land available for energy crops increases the overall cost of decarbonisation, but not
dramatically. The additional costs of constraining the area of UK land made available to energy
crops should be weighed against the alternative, which envisages up to 50% of the UK arable land
area could be planted with perennial energy crops. The impacts associated with such a change
would be significant, though not all would be negative, and would encompass impacts on food
and land prices, biodiversity, rural employment, and other environ- mental and social impacts.
Given the very significant difference in terms of the UK’s rural landscape between the scenarios, it
is perhaps surprising that the overall difference in cost between the most and least restrictive
scenario is only 16%.
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Figure 303. Relationship of land availability and total discounted welfare cost of meeting the
2050 carbon target

The paper examines the implications of these scenarios finding that a precautionary approach
adds to the cost of decarbonisation, but does not significantly alter the optimal technology mix. In
particular, biomass and co-firing CCS emerge as optimal technologies across scenarios. The
question of UK land availability for bioenergy production is highlighted within the paper. With less
land available for bioenergy production, the costs of decarbonisation will rise; whereas if more
land is available for bioenergy, then less land is available for either food production or ecosystem
conservation. This paper quantifies one side of this trade-off, by estimating the additional costs
incurred when UK land availability for bioenergy production is constrained.
2.2.9.2 A modelling assessment of gas infrastructural options in a regional energy system

The current utilisation of biogas from anaerobic digestion is low compared to the technical
potential. This study (24, 243, 244, 245) investigates requirements for policy support to overcome
techno-economic barriers of biogas utilisation and effects of different biogas distribution
strategies. Two potential sectors for biogas use are covered: the transport sector and the district
heating sector. A quantitative, optimising, energy system modelling approach is applied and the
region of Västra Götaland, Sweden, is studied. The model has a high geographical resolution and
locations of both biogas feedstock and potential markets are taken into account.

Scenarios
As a reference to which effects of increasing biogas subsidy levels and of different gas distribution
strategies can be contrasted (e.g., regarding incremental system costs, effects in fuel supply, CO2
abatement levels), a model case in which no-biogas is utilised is established. In this “no-biogas
reference case”, biogas is not included as an option and no expansion in the current natural gas
grid is assumed.
Thus, in addition to the base assumptions presented in previous sections, five alternative energy
market set-ups are analysed:
• Low potential demand for vehicle gas - “Low Transport”: The upper limit for vehicle gas
sales is, in each municipality, lowered to one-third of the level assumed in the base
assumptions. Thus, in model year 2019, vehicle gas can account for a maximum of 3.3% of
the transport fuel market, and in model year 2029, 6.7%.
• Vehicle gas markets accessible for natural gas - “NG Transport”: The assumed potential
vehicle gas demand is not dedicated to biogas but biogas and natural gas are competitors
of the same transport fuel market share. Natural gas can be sold as vehicle gas at the same
price as biogas, i.e. 80% of the petrol price.
• Low natural gas price - “NG Lo”: The natural gas price (excluding distribution cost and CO2
penalty) is 25% lower than with the base assumptions.
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• Low natural gas price and coal condensing power as marginal electricity production e “NG
Lo/Coal Marginal”: The natural gas price (excluding distribution cost and CO2 penalty) is
25% lower compared to the base assumptions and the electricity price is disconnected from
the natural gas price by the assumption that coal condensing power is the marginal
production in the electricity system.
• High biomass price - “Bio Hi”: The biomass price is increased with 25% compared to the
base assumptions.

Results
Biogas uses. For the conditions applied in the present study, the cost-optimised biogas utilisation
levels are illustrated in Figure 304a and Figure 304b for model years 2019 and 2029. As expected,
the biogas utilisation levels are higher in model year 2029 than in model year 2019. This depends
on better conditions for biogas due to rising prices on competing energy options (in particular
higher petrol and diesel prices in the transport sector), rising CO2 penalties and larger potential
markets for vehicle gas. The introduction of a biogas subsidy has significant effects on the costeffective biogas utilisation level, which increases sharply with increasing subsidy levels in the
lower subsidy range. For model year 2029, basically the full technical biogas potential of the
region (about 1.6 TWh/year) is reached from a subsidy level of 50 EUR/MWh for all but scenario
“Local”, for which the restrictions in gas distribution restrain the cost-effective biogas utilisation
around 1.4 TWh/year. In the model results, biogas is to high degree utilised as transport fuel, to a
somewhat smaller degree for CHP generation, and only in a very small amount for heat-only
generation. For a subsidy level of 60 EUR/MWh, the biogas share of the total transport fuel
market equals 5%, 6%, 7% in 2019, and 9% and 6%, 8%, 7%, and 9% in 2029, for scenarios “Local”,
“Regional”, “Truck”, and “NG Gridþ”, respectively.
Figure 304. Biogas utilisation for different biogas subsidy levels (0e60 EUR/MWhbiogas) and gas
distribution scenarios for model year 2019 (a) and 2029 (b)
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Fuel supply. Figure 305 illustrates the effects on fuel supply and electricity generation in the
sector due to increased biogas utilisation. In the figures, the results are presented as annual
averages for the latter part of the studied period, 2014-2029. As previously noted, the biogas use
in the DH sector generally increases with higher biogas subsidies but in many cases decreases
with better inter-municipal distribution possibilities as larger shares of the produced biogas then
are allocated to the transport sector. The effects on the DH fuel supply show for scenarios “Local”,
“Regional”, and “Truck” several similarities. As more biogas is utilised in CHP with higher biogas
subsidies, HPs and biomass are displaced. The expanded grid leads to that biogas, for the higher
range subsidy levels, replaces natural gas, instead of biomass and HPs as in the other scenarios.
Thus, under conditions advantageous for biogas (high subsidy levels), the expanded natural gas
grid does not lead to an increased use of natural gas in the DH sector but to a decreased use,
while under conditions less advantageous for biogas (low subsidy levels), no difference in natural
gas use is seen. Since no increase in the power-to-heat ratios of CHP plants are obtained when
biogas replaces natural gas, there is almost no increase in electricity generation in the scenario.
Figure 305. Change in fuel supply and in electricity generation in the DH sector as a function of
biogas subsidy levels in the range 0e60 EUR/MWh

Note: Heat pumps are represented as heat produced. Values are for model period 2014-2029 expressed as annual
averages [TWh].

Costs. Figure 306 presents the total incremental system costs excluding taxes and subsidies (i.e.
excluding biogas subsidies and CO2 penalties) and the total biogas subsidies for the entire studied
time period expressed as discounted present values. By definition, the situation without biogas
subsidy gives the lowest total techno-economic costs. For these conditions, the total system cost
(excluding taxes and subsidies) is about 50 MEUR lower than for the reference case without
biogas for all distribution scenarios. Also with a biogas subsidy level of 10 EUR/MWh, negative
incremental system costs are observed (-30 to- 35 MEUR). At the same time, the total subsidies
given to the biogas systems account to between 45 and 70 MEUR (varying depending on biogas
utilisation level in each respective gas distribution scenario). With higher biogas subsidy levels and
thus higher biogas utilisation levels, the total system costs (excluding taxes and subsidies) as well
as the total biogas subsidies increase.
The results show that a small part of the technical biogas potential can be cost-effectively utilised
without biogas subsidies or larger infrastructural investments. Comparably low subsidies give
significant increases in cost-effective biogas utilisation levels, but utilisation close to the full
technical potential is linked to high subsidies. From a techno-economic perspective, biogas is best
used as vehicle gas. Since local vehicle gas markets are limited, enhanced biogas distribution
conditions not only imply larger total cost-effective biogas utilisation, but also a larger share of
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biogas as vehicle gas. Compared to distribution strategies based on truck transports and regional
biogas grids, an expanded natural gas grid presents possibilities but also risks.
Figure 306. Total incremental system cost and total biogas subsidy

2.2.9.3 Cost efficient utilisation of biomass in the German energy system in the context of energy and
environmental policies

The aim of the presented study (59) is to assess the different biomass options against the
background of energy and environmental political targets based on a system analytical approach
for the future German energy sector. The methodological approach is based on a scenario analysis
within the energy system model TIMES Germany.

Scenarios
The contents of the following five scenarios are:
• Business as usual (BAU): The current state of the incentive programs and the legislative
measures for an enhancement of renewable technologies is maintained and extrapolated
till the year 2030.
• BAU+GHG: Based on the frame conditions in BAU an ambitious target for reduction of
energy related GHG emissions (50% compared to the year 1990) till the year 2030 was set
as exogenous constraint.
• Biomass in competition (BIC): By the year 2010 all incentive programs and the legislative
measures for the enhancement of renewable technologies are cut off. This means the
restrictions for a minimum utilisation of biomass and other renewable energy sources were
erased from the model setup. Sub-scenario BIC moderate is based on a moderate
development of crude oil, natural gas and coal prices like in the scenario BAU. In the sub
scenario BIC high a level of 90 US$2007/bbl will be reached by 2030.
• BIC+GHG: Based on frame conditions in BIC moderate an ambitious target for reduction of
energy related GHG emissions (50% compared to the year 1990) till the year 2030 was set
as exogenous constraint.
Table 99 shows the scenario settings regarding the political targets for the share of bioenergy in
end energy consumption and for the GHG emission reduction as well as for the price level of fossil
energy carriers.
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Table 99. Scenario settings regarding the consideration of minimum targets and the price level
for fossil energy carriers

BAU
BAU+GHG
BIC
Moderate
High
BIC + GHG

Consideration of minimum targets for
GHG
emission
Shares of bioenergy
reduction
X
X
X

Price level of fossil energy carriers
Moderate

High

X
X
X
X

X

X

Results
Biomass uses. The results for biomass used vary strongly (Figure 307). In the BAU scenario the
biomass use increases from 528 PJ/a in 2005 to 1350 PJ/a in 2030. In the scenario BAU+GHG the
use of biomass increases to 1712 PJ/a in 2030. When legislative measures for the enhancement of
biomass use are cut off, the biomass use shows only a slight increase to 650 PJ/a (BIC moderate)
and 660 PJ/a (BIC high) till 2030. Woody biomass as well as manure and organic waste build the
raw material base in the BIC scenarios. The cultivation and use of energy crops is not considered
because of relatively high production cost of rapeseed, maize and grain. In contrast to that the
increase in the scenario BIC+GHG up to 1728 PJ/a in 2030 is considerable and comparable to
biomass use in the BAU+GHG scenario. Instead of energy crops and forestry wood in the BIC+GHG
scenario wood from SRC plantations is used to a considerable extent. This is due to lower
production costs of SRC compared to, e.g. rapeseed or maize (less fertilizer, less pesticides, less
machinery use). Although the amount of biomass used in the BAU+GHG and BIC+GHG scenario in
2030 are almost the same, overall end energy yield (as asumof heat, power and transport fuel) in
the case of BIC+GHG in comparison to BAU+GHG is considerably higher. This is due to a lower
share of less efficient biofuel production and the high shares of highly efficient heat and CHP
generation in the BIC+GHG scenario. Wood is the most important energy carrier in all scenarios.
Figure 307. Utilisation of biomass for energy production in the five scenarios till 2030

Note: without landfill gas and gas from sewage sludge

Emissions. Development of energy related GHG emissions (CO2 equivalent from CO2, N2O and
CH4) in the five scenarios is shown in Figure 308. The results show that biomass utilisation could
contribute considerably to emission reduction targets. Against the back- ground of a strict pursuit
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of ambitious reduction targets, an increase in biomass utilisation especially in heat and CHP
produc- tion offers a cost effective possibility to meet these targets.
Figure 308. Development of GHG emissions in the five analysed scenario still 2030

Costs. The development of overall costs in the energy system in the five scenarios is shown in
Figure 309. Results show that costs decrease about 17.7 Bill. EUR/a in the year 2030 when
biomass utilisation is reduced (BIC moderate) and energy prices are comparable to BAU scenario.
When prices for fossil fuels increase (BIC high) overall costs rise to additional 7.2 Bill. EUR/a in
2030. Costs increase about only 0.9 Bill. EUR/a in comparison to the BAU scenario in 2030 when
considerably more biomass is used (+378 PJ/a) but less biofuels are produced and more heat and
power is generated (BIC+GHG). Costs increase considerably when high shares of biofuels in overall
transport fuel consumption are accomplished and targets for GHG reduction are met (BAU+GHG).
Figure 309. Development of overall additional and reduced costs of the energy provision and
utilisation of the five scenarios till 2030

The results show that heat generation and to a lower extent combined heat and power (CHP)
production from solid biomass like wood and straw are the most cost effective ways to contribute
to the emission reduction targets. The use of energy crops in fermentation biogas plants (maize)
and for production of 1st generation transportation fuels, like biodiesel from rapeseed and
ethanol from grain or sugar beet, are less favourable. Optimisation potentials lie in a switch to the
production of 2nd generation biofuels and the enhanced use of either biomass residues or low
production intensive energy crops.
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2.2.9.4 Sub-national TIMES model for analyzing future regional use of biomass and biofuels in
Sweden and France

The objective of this study (70, 201) is to improve evaluations of the future use of biomass
sources in Sweden and France by representing the high spatial variations of the supply and cost of
biomass sources in energy system models. The proposed methodology considers a high spatial
disaggregation of biomass supply sources, as well as detailed biomass cost-supply curves, and is
thereby able to account for spatial differences in heterogeneous land qualities, management
strategies, and possible adaptation rates. A TIMES energy system model was used to evaluate
bioenergy production potential for France and Sweden based on domestic biomass sources and
under the assumption that bioenergy production should not be at the expense of domestic food
and forestry supply.

Scenarios
The Business as usual (BAU) scenario assumes constant gradual development in line with recent
trends and this was used to formulate three demand scenarios for the bioenergy sector until
2050. After 2030 the scenarios differentiate the development of the bioenergy sector to reflect
the bandwidth within which the end-use demands of bioenergy may evolve (Table 100). Demand
scenarios for France were developed in a similar manner. Three scenarios were created based on
the objectives set in the “Grenelle de l’environnement”, which set precise bioenergy target for
2020 in the heating, electricity and biofuel sectors. After 2020 the demand scenarios differentiate
in the development of the bioenergy sector.
Table 100. Construction of demand scenarios for Sweden and France
Sweden
DS1
DS2
DS3

The BAU scenario until 2030, after which bioenergy demands level out and no longer increase.
Bau scenario until 2030, after which each individual demand continues to grow in a linear fashion
according to half the average growth rate between 2005 and 2030.
BAU scenario until 2030, after which each individual demand continues to grow in a linear fashion
according to the average growth rate between 2005 and 2030

France
DF1
DF2
DF3

The “Grenelle de l’environnement” scenario until 2020, after which bioenergy demands level out and no
longer increase.
The “Grenelle de l’environnement” scenario until 2020, after which each individual demand continues
to grow in a linear fashion according to half the average growth rate between 2005 and 2020.
The “Grenelle de l’environnement” scenario until 2020, after which each individual demand continues
to grow in a linear fashion according to the average growth rate between 2005 and 2020.

Results
Biofuel production. The results (Figure 310) show that for both countries 1st generation biofuels
will continue to play an important role in the national biofuel mix and contribute to a major share
of the total biofuel production level. For Sweden, only a small amount of 2nd generation
bioethanol will be produced from lignocellulosic woody material during some specific time
periods. In terms of 1st generation biofuels, the growth rate of 1st generation bioethanol was in
all scenarios higher than the growth rate of 1st generation biodiesel. The 1st generation
bioethanol share of the total production level of biofuels thus increases over time and will
contribute to a major share of the total future biofuel mix. For France, biodiesel from oil crops is
currently an important source of biofuel and the results show a continued increase over time.
However, the share of biodiesel in total biofuel production decreases slowly over time in DF1, and
rapidly in DF2 and DF3 in particular. In terms of 2nd generation biofuel production, the scenarios
show that the production levels and type vary significantly. For DF1, a small amount of 2nd
generation bioethanol is produced from straw while for demand levels DF2 and DF3, the BTL
conversion technology from woody and straw materials is used instead.
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Figure 310. Cumulative production and import of biofuels in Sweden and France by technology
and feedstock

Note: FT is Fischer-Tropsch process, and Lig.Eth is 2nd generation bioethanol.

Biomass uses. The results show that for both Sweden and France, when short rotation coppices
(SRC) are available, they are utilized, reducing the level of forestry products employed for energy
purposes (see Fig. 7). However, the use of SRC was found to be dependent on the bioenergy
demand level. While usage of SRC in Sweden was found to decrease as demand for bioenergy
increased, the use of SRC in France was found to increase as demand for bioenergy increased.
Costs. As the potential of agricultural and woody biomass sources was defined individually for
each region, spatial differences in harvesting levels could be studied. For Sweden, some
differences in regions’ harvest levels of forestry residues could be observed as the marginal cost
of forestry residues decreased (Figure 311). Three regions stood out as having lower percentage
outputs of forest residue: Norrbotten, Västerbotten, and Jämtland. The TIMES model assumes
that forest residue is only harvested from areas with a harvesting cost lower than the marginal
cost of forest residues. Thus, the portion of a region’s forestry residue costesupply curve that is
above the marginal cost will not be harvested. As the coste supply curves for those regions have
larger portions above the marginal cost of forestry residues, their harvesting rate of forestry
residues was lower.
Results show that by 2050, the biomass sources considered could provide as much as 250 PJ of
bioenergy in Sweden, and 1470 PJ of bioenergy in France. Results further showed that 1st
generation biofuels are likely to continue to play a substantial role in the biofuel mix. While 2nd
generation biofuel production in Sweden is likely to be low, larger amounts of 2nd generation
biofuels could be produced in France. However, the amount and type of 2nd generation biofuel
produced in France was found to be highly dependent on the bioenergy demand level. For
Sweden, the demand scenarios were developed based on the 2008 long-term energy projection
by the Swedish Energy Agency (SEA) [79]. The SEA long-term forecast projects the development of
the Swedish energy system and end-use energy demand up to 2030.
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Figure 311. Development of marginal cost (MC) of forest residue in Sweden over the planning
horizon in comparison to the cost-supply curves of forestry residuesin demand scenario DS1

2.2.9.5 Importance of bioenergy markets for the development of the global energy system

The main aim of this study (138) is to evaluate the importance and wide implication of the
developing international bioenergy markets on the long-term development of the global energy
system. We evaluate the importance of bioenergy trade for reaching international climate targets,
future bioenergy trade patterns, as well as the impact and future use of pre-treatment
technologies. For evaluating the significance of bioenergy market and trade of bioenergy
commodities, the global and multiregional TIAM-FR energy system model was used.

Scenarios
Scenario analysis was performed to evaluate the impact of key factors on the bioenergy trade
levels and development of the global energy system. Along with the BAU scenario, alternative
scenarios were developed according to variation in key factors such as:
•

Availability of biomass sources.

•

Trade possibilities between regions.

•

Regional and global climate targets.

•

Techno-economic characterization of pre-treatment technologies.

Results
The analysis allowed us to discuss the importance of developing global bioenergy commodity
markets for the development of low-carbon economies. Also, it indicates how the growth of
international bioenergy trade may impact other options of reducing CO2 emissions carbon and use
of renewable energy sources and CCS technologies.
International trade of bioenergy has grown exponentially during the last decade. Given the
current high level of investments in production facilities, the high number of nations with
governmental incentives to stimulate biomass use, and the fact that climate constraints are
expected to become more stringent over time, it is clear that international bioenergy trade will
continue to grow over time. In this context, this study speaks to the favorably influence of
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bioenergy commodity markets and bioenergy trade for the development of low-carbon
economies.
As shown by this study, the development of global bioenergy markets is likely to influence future
investments in technologies that are currently in pre-industrial development stages. While it will
take time before some of these thermal pre-treatment technologies will be fully commercialized,
their potential impact on the global energy system speaks to the importance of the ongoing
development projects. For this, it is vital that investments in the development projects are
continued, that further demonstration plants are constructed, and that barriers for market
introduction of these technologies are removed.
2.2.10 Hydrogen
2.2.10.1 Spatial development of hydrogen economy in a low-carbon UK energy system

This paper (11) presents a framework where a spatially explicit hydrogen module is embedded in
the UK MARKAL Energy System model to explore energy system trade-offs for the production,
delivery and use of hydrogen at the sub-national level.

Scenarios
From an energy system modelling perspective, there are five key factors that would affect optimal
configuration of a spatial hydrogen network:
• emissions reduction target and/or any associated taxes;
• fossil fuel price assumptions;
• costs and efficiency characteristics of hydrogen infrastructure and related technologies;
• cost and efficiency characteristics of competing technologies and
• energy service demands.
In this study, we analyse the effects of the first three factors on the development of a UK
hydrogen network through some illustrative scenarios. Following the Climate Change Act, the
aim of 80% CO2 reduction goals from 1990 levels by 2050 with an interim target of 34%
reduction by 2020 characterizes our reference scenario. We also assume that international air
transport emissions are part of the UK reduction goal. The set of illustrative scenarios runs is
summarized in Table 101.
Table 101. Summary of scenario runs
Scenario name
Scenario description
REFER
34% emissions reduction by 2020 to reach 80% reduction by 2050
Emissions trajectory scenarios
SLT
Straight line trajectory of emissions from 2010 onwards to deliver 80% reduction by 2050
CUMUL
Cumulative target to reach CO2 reduction target by 2050
Fossil fuel price
If price of fossil fuels were increased from the REFER levels, what would it imply for the UK
HFOSSIL
hydrogen network?
Hydrogen supply and costs
H2P2
Price of imported hydrogen is doubled from the REFER level
Due to a radical hydrogen production technology, hydrogen import costs were halved by REFER
H2PO5
levels

Results
Hydrogen demand. Delivery of 80% emissions reductions by 2050 indicates the hardest
reductions be achieved in residential, industrial, services and transport sectors (96%, 79%, 78%
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and 74%, respectively). From our point of view, we will focus on how a spatial hydrogen network
might develop in a decarbonized UK energy system. In the transport sector, starting from 2020,
petrol and diesel are replaced by hydrogen. By 2050, of nearly 570PJ hydrogen imported at the
Isle of Grain, 75PJ is evaporated and delivered by pipelines to London (Region H) and the South
Coast (I). 24PJ of hydrogen is imported at Milford Haven and is delivered by trucks to Severn (G).
Of 500PJ hydrogen imported at Teesside, 22% is evaporated and delivered by an extensive
pipeline network. While 12PJ and 11PJ of gaseous hydrogen is used in South Scotland (A) and
North East (B), respectively, the remaining is delivered to Yorkshire (D: 18PJ), Lancashire (E: 26PJ),
Midland (F: 30PJ) and Severn (G: 11PJ). These results are presented in Figure 312.
Figure 312. The evolution of the UK hydrogen economy (REFER scenario)

Hydrogen supply. The last set of scenario runs relates to changes in the cost of imported
hydrogen. Two reverse cases have been analysed: i) doubling of liquefied hydrogen prices due to
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global competition (H2P2), and ii) halving of hydrogen import costs due to a radical technical
innovation in hydrogen production technology (H2P05); both from the REFER levels. In the H2P05
scenario, this is reversed where significantly cheaper imported hydrogen is used for power
generation, in services and transport sectors, lowering overall electricity generation by 5% (from
the REFER levels). The limited biomass and CCS capacity paves the way for a switch to renewable
resources for electricity generation in all the scenarios. With the doubling of the import price of
liquid hydrogen and high liquefaction costs the model strongly turns to the domestic production
of hydrogen and its delivery via an extensive pipeline network, meeting 62% of hydrogen demand
by 2050. Under such high costs, only 42% of transport demand is met from hydrogen by 2050.
A significant portion of domestic hydrogen production, (77% by 2050), takes place in North West
Scotland from renewables. An extensive pipeline network emerges, as presented in Figure 313, to
carry this hydrogen down to the Midlands. However, due to higher energy density in liquid form
and the long distances from Scotland down to the Midlands, 68% of Scottish hydrogen is shipped
by tube trailers around the country. Of this a significant amount is used in rural and other urban
areas. At the Isle of Grain both electrolysis and steam methane reforming are used to produce
hydrogen. Given its proximity to the highest demand region, all of this is fed to the pipeline
network serving London and other adjacent regions; Midlands, Severn and the South Coast.
Overall, other than the regions at the fringes of the pipeline network (South Scotland, Lancashire
and the South Coast) at least 60% of regional transport demand is met by gaseous hydrogen. This
confirms intuitively that connection to the grid at the fringes will be costlier than more central
locations and the structure of the model takes into account these trade-offs.
Figure 313. Spatial hydrogen network by 2050 (H2P2 and H2P05 scenarios)

A set of illustrative scenarios highlight the competitiveness of hydrogen related infrastructures
and technologies as well as imported liquid hydrogen against a stringent emissions reduction
target; the effect of emissions reduction trajectory on the development of hydrogen network; the
intense resource competition between low carbon hydrogen production and electricity
generation, and the importance of economies of scale in hydrogen supply and distribution.
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2.2.10.2 Possible hydrogen transitions in the UK: critical uncertainties and possible decision points

System dynamics and agent-based models, and studies of historical alternative fuel transitions,
have furthered our understanding of possible transition dynamics, but these types of analysis
exclude broader systemic issues concerning energy system evolution (e.g. supplies and prices of
low-carbon energy) and the politics of transitions. This paper (32) presents a hybrid approach to
assessing hydrogen transitions in the UK, by linking qualitative scenarios with quantitative energy
systems modelling using the UK MARKAL model.

Scenarios
Three possible transition pathways are explored, each exploring different uncertainties and
possible decision points, with modelling used to inform and test key elements of each scenario.
• ‘Car of the future’ Conservative consumers lead to a failure of battery electric cars;
automaker sand governments align to drive the adoption of FCVs, with significant uptake by
mid-century.
• ‘Horses for courses’ Successful introduction of BEVs into small vehicle segment results ins
hift in usage patterns,and goes hand in hand with new business models and social practices,
with car clubs and multi user ownership becoming more common. Hydrogen vehicles
penetrate vehicle markets more slowly, and only in certain vehicle segments, so that by
2050 a portfolio of different vehicle types is on the road.
• ‘Hybrid fuels’ In this scenario, hydrogen vehicles make poor progress in the 2020s, with
weak market adoption and slow infrastructure development. At the same time, changes
within the broader energy system open up opportunities for hydrogen. The penetration
of wind and nuclear results in a grid balancing problem, especially as attempts to
improve energy efficiency are less successful than had been hoped. Hydrogen finds a
role as a means of decarbonising natural gas, and avoiding curtailment of wind during
demand troughs. By the late 2040s, interest in hydrogen as a vehicle fuel has
resurfaced, as pressure to decarbonize switches to the transport sector.

Results
‘Car of the future’. Under technologically optimistic assumptions, hydrogen becomes cost
effective and plays a significant role in road transport; However, achieving significant
penetration (> 20% of the fleet) by 2050 implies very optimistic transition rates when
compared with historical precedents.
‘Horses for courses’. Adapting the model to examine the assumption that technologies compete
in different segments of the vehicle market does lead to changes in the models’ technology
choice. i.e. initial model results are sensitive to assumptions about social practices in vehicle
markets.
‘Hybrid fuels’. We tested elements of this scenario by revising the models’ representation of
the gas network, and introducing the option of injecting hydrogen into the gas grid. The
modelling suggested that this could be a cost effective option, which highlights this as an
issue worthy of further research and attention.
In combining these uncertainties and possibilities into three possible pathways, we have
highlighted several issues neglected in the wider literature. First, we have highlighted the
potential for social innovation to disrupt existing market paradigms, and noted that models of
vehicle markets and energy systems generally do not account for this source of uncertainty.
Second, we have highlighted the role of wider changes in the energy system to create
opportunities for hydrogen outside the transport sector. Finally, we note that transitions to
alternative fuelled vehicles are typically slow.
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2.2.10.3 Emissions of anthropogenic hydrogen to the atmosphere during the potential transition to an
increasingly H2-intensive economy

In this study (58), current and future anthropogenic hydrogen (H2) emissions to the atmosphere
from technological processes are assessed. Current emissions are dominated by the direct
exhaust gas of road-based motor vehicles and losses during the industrial production of H2 from
fossil-fuels. The Global Multi-regional MARKAL model (GMM) is a technology- oriented, bottomup, least-cost optimization model that uses perfect foresight. Vehicle fleet scenarios were
assessed to account for the inherent variability of H2 exhaust emissions according to vehicle
technology and world region over time. Results were drawn from two separate models: the GMM
and the Sustainable Mobility Project transport model (SMP).

Scenarios
Although a baseline (business-as-usual) scenario is illustrative to analyse trade-offs between
vehicle fleet compositions, H2 production strategies, and consequent H2 emissions to the
atmosphere throughout the 21st century, we have ultimately chosen to consider here only results
from the 450 ppm CO2 climate policy scenario, which is at the same time the scenario with the
most significant utilization of hydrogen in the global energy system.

Results
Vehicle kilometres. Results for global vehicle kilometres by technology are provided in Table 102.
LDV kilometres travelled are from the GMM; results for the other categories are from the SMP. In
2010, LDVs comprise ~70% of global road-based kilometres travelled, with conventional gasoline
and diesel vehicles accounting for the most significant share of LDV kilometres. Two-wheelers
account for ~20% of total kilometres travelled, while medium-sized trucks, large buses, and minibuses combine for ~10% of the total. In 2050, 2-wheelers account for the largest share of global
kilometres driven of any single technology. LDV kilometres are balanced between conventional
gasoline and diesel vehicles, and other technologies such as natural gas ICEVs, biofuels ICEVs, and
many hybrid technologies. H2 hybrids and plug-in hybrids also begin to account for a larger share
of total kilometres. FCVs account for ~8% of LDV kilometres and ~6% of total kilometres driven in
2050. In 2100, the shift away from conventional gasoline and diesel LDVs is marked by an increase
in hybrid technologies and a significant increase in FCV kilometres.
Table 102. Model results from the GMM and SMP for global vehicle kilometres travelled (in 109
km) according to vehicle technology
Vehicle technology
LDVs
Oil products and synfuels ICEV
Natural gas ICEV
Biofuels ICEV
Oil products and synfuels hybrids
Natural gas hybrids
Biofuels hybrids
H2 hybrids
Plug-in hybrids
H2 fuel cell
Total LDVs
2-wheelers
Medium-sized trucks
Large buses
Mini-buses
Total

2010
10060
720
190
90
0
0
0
0
0
11 060
3053
968
308
303
15 692

2020
10790
1870
550
400
150
150
20
70
60
14 060
4397
1211
317
320
20 405

2050
3980
3690
3280
3750
3900
3540
370
870
2120
25 500
8168
2673
348
379
37 067

2100
520
840
750
1230
2270
1670
80
200
27 530
35 090
14 779
6211
406
499
56 985
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Emissions. Table 103 provides globally upscaled H2 emissions from road based transportation. In
2050, we apply 2 different scenarios using assumed low and high-end FCV EH2, which allows us to
provide a range of H2 emissions from transportation. In the first scenario, we apply an FCV EH2 of
26.5 mg km-1, which corresponds to the mean EH2 from conventional gasoline Euro-4
automobiles. In this scenario, H2 emissions from transportation are estimated at 1.1 Tg, a factor
of 4 lower than current H2 emissions (4.5 Tg). Considering a second scenario with a mean FCV EH2
an order of magnitude higher at 265 mg km-1, H2 emissions from transportation would be ~1.6
Tg. This value is ~0.5 Tg higher than expected emissions with an FCV EH2 of 26.5 mg km-1, but still
a factor of ~2.8 lower than 2010 levels. Under this scenario, FCVs would account for ~35% of total
emissions from road-based transportation. In 2100, we also apply 2 different scenarios (FCV EH2
of 26.5mg km-1 and 265 mg km-1). With an EH2 of 26.5 mg km-1 in 2100, H2 emissions to the
atmosphere would be on the order of 1.5 Tg. FCVs would account for ~50% of H2 emissions from
all road-based transportation combined. In the second scenario with a mean FCV EH2 of 265 mg
km-1, H2 emissions from transportation would be ~8.1 Tg, a factor of ~5.4 higher than emissions
in 2100 with an FCV EH2 of 26.5 mg km-1 (1.5 Tg). FCVs would account for w90% of H2 emissions
from all road-based transportation combined.
Table 103. Globally projected H2 emissions (in Tg) from road-based transportation
Vehicle Technology
2010
2020
LDVs
Oil products and synfuels ICEV
1.242
0.411
Natural gas ICEV
0.042
0.098
Biofuels ICEV
0.002
0.005
Oil products and synfuels hybrids
0.002
0.007
Natural gas hybrids
0
0.006
Biofuels hybrids
0
0.001
H2 hybrids
0
0.0005
Plug-in hybrids
0
0.0007
c
H2 fuel cell
0
0
Total LDVs
1.288
0.529
2-wheelers
2.383
1.297
Medium-sized trucks
0.476
0.333
Large buses
0.082
0.040
Mini-buses
0.277
0.127
Total
4.506
2.325
-1
a FCV EH2 of 26.5 mg km
-1
b FCV EH2 of 265 mg km
c Scenarios for FCV emissions not applied in 2020.

2050

2100

0.084
0.271
0.044
0.087
0.229
0.038
0.012
0.013
a

0.011
0.062
0.010
0.028
0.134
0.018
0.003
0.003
b

0.056
a
0.834

0.562
b
1.340

a

0.216
0.043
0.002
0.006
1.102

a

b

0.730
a
0.998

7.295
b
7.564
0.392
0.099
0.003
0.008

1.607

b

a

1.499

8.065

Figure 314 displays road-based H2 emissions for 2010 and 2020, along with 2050 and 2100
conditions based on FCV EH2 of 26.5 mg km-1 and 265 mg km-1.
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Figure 314. Global road-based H2 emissions for 2010 and 2020, along with 2050 and 2100
conditions based on an FCV EH2 of 265 mg km-1 (2050a, 2100a) and 26.5 mg km-1 (2050b,
2100b)

The first column for each of 2050 and 2100 (a) represents total emissions based on an FCV EH2 of
265 mg km-1. The second column (b) represents total emissions based on an FCV EH2 of 26.5 mg
km-1. Total emissions in 2050 would remain well below 2010 and 2020 conditions with both FCV
EH2. In 2100 with an FCV EH2 of 265 mgkm-1, road-based emissions would be higher than in 2010
and 2020 by factors ofw1.8 and 3.5, respectively. With an FCVEH2 of 26.5 mgkm-1, however, H2
emissions would be approximately one third and two thirds of those in 2010 and 2020,
respectively.
2.2.10.4 Conversion of the UK gas system to transport hydrogen

One option to decarbonise residential heat in the UK is to convert the existing natural gas
networks to deliver hydrogen. We (16) review the technical feasibility of this option using
semistructured interviews underpinned by a literature review and we assess the potential
economic benefits using the UK MARKAL energy systems model.

Scenarios
Our implementation enables UK MARKAL to convert any proportion of the gas networks to
hydrogen at any time, to continue using the networks to deliver gas or to abandon the networks
altogether, with the choice depending solely on the cost-optimal strategy. Our base conversion
case assumes: 1. The government develops a long-term strategy to convert the network to
hydrogen and legislates to require all gas appliances to be hydrogen-ready well in advance of
conversion. New meters and sensors must still be fitted to every property during conversion. 2.
No changes are required to the low-pressure gas networks for them to transport hydrogen. 3. The
high-pressure gas networks cannot safely transport hydrogen so it is necessary to construct new
national hydrogen transmission and high-pressure distribution networks.
We test the first assumption with a case where no proactive action is taken by the government so
the full household conversion costs are incurred. We test the second assumption by examining
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four cases in which low-pressure network conversion costs 25%, 50%, 75% and 100% of the cost
of building a new hydrogen low-pressure network.
In this study, we use an 80% target for consistency with UK policy and we do not include the UK
share of international aviation and shipping emissions in any scenarios. Since the reduction in CO2
emissions might need to be higher than 80%, we have tested the robustness of our results for
emission cuts of up to 90% relative to 1990.

Results
Gas system conversion. The amount of hydrogen delivered by the low-pressure gas networks in
2050 following conversion is shown in Figure 315 as a function of the gas distribution network
conversion costs. In the base conversion case (denoted “0%”), 499 PJ hydrogen are consumed in
the residential sector with an 80% reduction in CO2 emissions. For comparison, UK residential
natural gas consumption in the years 2005-2010 averaged 1310 PJ. Hydrogen consumption
reduces steadily to 317 PJ as the conversion costs for the gas distribution networks are increased.
Interestingly, if CO2 emissions are not constrained then converting a small part of the network to
hydrogen is still the cost-optimal strategy; this is viable because the hydrogen is produced by coal
gasification and coal is a much cheaper (although more polluting) fuel than natural gas.
Figure 315. Hydrogen delivered by the low-pressure gas networks to the residential sector in
2050 as a function of the conversion cost

Note: In the “No cost” case, there are no costs to convert the networks to deliver hydrogen. In the other cases,
household conversion costs are incurred to fit hydrogen meters and sensors, and the % refers to the pipeline
conversion costs which are expressed as a fraction of the cost of building a new low-pressure hydrogen pipeline
network. See Section 3 for a full breakdown of the costs.

Heat technologies. The heat technologies used for residential heat provision in the base
conversion case are shown in Figure 316. Between 2020 and 2040, the primary heating fuel
changes from gas to electricity as heat pumps are installed where possible. Hydrogen is used
exclusively in fuel cell micro-CHP boilers. Although hydrogen is only used in 20% of buildings, the
consumption per building is higher than at present because substantial amounts of zerocarbon
electricity are also generated. Micro-CHP generation coincides with periods of high heat demand,
and hence high electricity demand, and therefore tends to depress peak electricity prices and
enable the use of electric boilers in some homes (natural gas boilers are not used after 2040).
Figure 317 demonstrates the impact of hydrogen-fuelled micro- CHP by comparing residential
heat provision in 2050 for the base conversion case and no-conversion case (the equivalent case
but with conversion prohibited). Only electricity and hydrogen are used in the conversion case. In
the noconversion case, micro-CHP is not deployed but natural gas boilers are still in operation in
houses that cannot use heat pumps. Heat pump utilisation is unchanged and some district heating
is used to replace micro-CHP and electric boilers in smaller houses and flats.
Costs. The annual investment in natural gas and hydrogen technologies (boilers, micro-CHP,
conversion costs and hydrogen pipelines) is shown in Figure 318. Investment in the early years is
dominated by natural gas. The new hydrogen high-pressure networks are constructed from 2030
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and expenditure from 2035 represents the conversion program and new hydrogen appliances.
Hydrogen pipeline costs are a small part of the total expenditure, which is dominated by
investment in heat technologies. After 2040, investment reduces to a much lower level as
hydrogen provides a much smaller fraction of residential heat than natural gas at present. The
model instead invests in heat pumps, which are not shown on this graph. The investment peak
after 2050 occurs due to the model replacing the first generation of fuel cell micro-CHP devices,
which have lifetimes of 18 years.
Figure 316. Residential end-use heat appliances in the base conversion case, for an 80%
reduction in CO2 emissions in the year 2050

Figure 317. Residential heat technologies in 2050 for the cases with and without hydrogen
conversion

Figure 318. Annual investment in natural gas and hydrogen residential heat technologies in the
base conversion case for an 80% reduction in CO2 emissions in 2050

Note: Each point represents the average annual investment over a 5-year period. Costs are £bn in the year 2010.

Sensitivity analysis. In this section we examine the impacts of (i) heat pump capital costs
remaining unchanged from the present instead of reducing by 25% by 2025 through technology
learning; and, (ii) micro-CHP capital costs per kW reduce by 25% rather than by 50% in 2030.
Residential sector hydrogen consumption in 2050 for the conversion case and the two sensitivity
cases is shown in Figure 319. Residential heat is provided using only electricity and hydrogen in all
cases. With no heat pump learning, residential micro-CHP fuel cells are more competitive than
heat pumps at low conversion costs and heat provision in 2050 is dominated by micro-CHP and
electric boilers, leading to hydrogen consumption at levels similar to natural gas today. The cost
advantage of hydrogen erodes as the conversion costs increase until there is little difference
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between the three cases when the low-pressure network conversion cost reaches 75% of the cost
of building new networks. The difference between the high micro-CHP case and the base case is
much less pronounced; hydrogen consumption reduces by 53 PJ in the 0% conversion cost case
and is unchanged at high conversion costs. Given the small differences in costs between
technologies, it is likely that a range of economic factors (e.g. market structure, government
subsidies and taxes) and non-economic factors (e.g. the size, safety and operating characteristics
of each technology) will determine the most suitable choice of heat technology for each home.
Figure 319. Hydrogen delivered by the low-pressure gas networks to the residential sector in
2050 for an 80% reduction in CO2 emissions in 2050

We conclude that hydrogen can be transported safely in the low-pressure pipes but we identify
concerns over the reduced capacity of the system and the much lower linepack storage compared
to natural gas. New hydrogen meters and sensors would have to be fitted to every building in a
hydrogen conversion program and appliances would have to be converted unless the government
was to legislate to make them hydrogen-ready in advance. Converting the gas networks to
hydrogen is a lower-cost residential decarbonisation pathway for the UK than those identified
previously. The cost-optimal share of hydrogen is sensitive to the conversion cost and to
variations in the capital costs of heat pumps and micro-CHP fuel cells. With such small cost
differentials between technologies, the decision to convert the networks will also depend on noneconomic factors including the relative performance of technologies and the willingness of the
government to organise a conversion program.
2.2.10.5 Renewable and low carbon hydrogen for California - Modeling the long term evolution of fuel
infrastructure using a quasi-spatial TIMES model

This paper (44) describes the development and use of a hydrogen infrastructure optimization
model using the TIMES modeling framework, H2TIMES, to analyze hydrogen development in
California to 2050. H2TIMES is a quasi-spatial model that develops the infrastructure to supply
hydrogen fuel in order to meet demand in eight separate California regions in a least cost manner
subject to various resource, technology and policy constraints.

Scenarios
A number of scenario inputs/constraints are varied to understand how policy constraints and
other input assumptions can influence the modeling results. These include carbon intensity
constraints, whether CCS technology is available, whether coal is allowed in state with or without
CCS, the quantity of biomass supply available for hydrogen production, the demand trajectory,
carbon taxes, and renewable hydrogen mandate (Table 104).
Table 104. List of scenarios
Scenario name
Unconstrained
Base

Key scenario assumptions
No policies, 33% biomass availability for H2 production, CCS and coal are available
33% biomass availability, 70% CI constraint (i.e. 30% reduction in regulated CI from gasoline),
33% renewable H2 mandate, no coal without CCS
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UC+70CI
Base+NCCS
Base+20CI
Base+10CI
Base+B10
LowDemand
SyrForesight
3Cluster

Same as Unconstrained case but addition of 70% CI constraint
Same as Base case but CCS is not available
Same as Base case but more stringent 20% CI constraint
Same as Base case but more stringent 10% CI constraint
Same as Base case but biomass availability is reduced to 10% of instate supply
Same as Base case but H2 demand is reduced by half
Same as Base case but model is run with limited 5 year foresight instead of perfect foresight
Same as Base case but model is run with three superregional clusters instead of eight

Results
Hydrogen production. The Base case incorporates hydrogen regulations in effect in California.
These include constraints imposed by SB1505, which requires that hydrogen achieve a 30%
reduction in well-to-wheels (WTW) greenhouse gas emissions relative to gasoline (i.e. 30%
reduction in EER-adjusted hydrogen (i.e. regulated) CI compared to gasoline) and also requires
that 33% of hydrogen production come from renewable resources9 (i.e. renewable mandate). The
Base case also does not allow for the use of coal without CCS. Figure 320 shows that statewide by
2050, the majority of hydrogen production comes from coal gasification with CCS. Initially,
hydrogen production comes exclusively from on site natural gas reformers. Then in 2020, biomass
gasification becomes the least-cost central production option and is generally built until the
available resource is completely utilized by 2030. Since demand continues to grow, the next
option is coal gasification with CCS (since coal gasification without CCS is prohibited in this
scenario). It makes up the vast majority of additional generation after 2030. In 2050, coal with CCS
makes up 60%of total hydrogen production, while biomass makes up 15%. Pipelines are
responsible for 100% of delivered hydrogen statewide in 2050 and 80% of total hydrogen (with
onsite production making up the remaining 20%).
Figure 320. Hydrogen production by production pathway for eight regional clusters and
statewide for Base case scenario
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Sensitivity analysis. Figure 321 shows a comparison of the hydrogen pathway choices between
the policy Base case and several sensitivity scenarios that vary policy measures and technology
options. First we compare the Base case to the Unconstrained case with no renewable hydrogen
or carbon intensity policies and where coal without CCS is allowed. There are two major
differences in the Unconstrained case: (1) there is no renewable electrolysis, since it is an
expensive option that is only chosen to satisfy the Base case renewable mandate and (2) coal
without CCS is used because it is less expensive than coal with CCS. If the Unconstrained case is
modified to include a 30% reduction in regulated CI below gasoline CI (UCþ70CI scenario), this
does not change the hydrogen pathway mix as compared to the Unconstrained case. This is
because even with the large quantity of coal-based hydrogen, the average hydrogen EERadjusted
CI still just meets the 30% reduction threshold. Finally, if CCS in not allowed (BaseþNCCS scenario),
comparing to the policy Base case, production from coal is merely replaced by central natural gas
reforming.
Figure 321. Comparison of hydrogen production pathways for several scenarios

Costs. In Figure 322, we compare the cost of hydrogen under different scenarios. After 2035,
costs start to diverge and the two scenarios with the lowest costs of hydrogen ($3.37/kg in 2050)
are the Unconstrained and the 70% CI policy case (UC+70CI ) scenarios, which have the identical
pathway mix. These two cases have nearly 90% of hydrogen production coming from the two
least expensive production options, coal gasification (without CCS) and biomass gasification. The
inclusion of a 33% renewable hydrogen mandate and prohibition on coal without CCS in the Base
case raises the cost of hydrogen significantly ($4.20/ kg in 2050) due to the addition of renewable
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electrolysis and additional costs associated with CCS for coal gasification. Further restrictions on
pathway choice occurs when no CCS is allowed and central coal with CCS is replaced with natural
gas reforming (Base+NCCS ), and hydrogen costs increase to $4.36/kg in 2050. The Base case with
an additional 20% CI policy (Base+20CI ) has the same cost as the Base case because of the low CI
associated with the Base case. Finally, increasing the CI stringency 10% CI (Base+10CI ) increases
hydrogen costs in 2050 to $5.22/kg.
Figure 322. Hydrogen levelized cost for several scenarios

Note: the curves for the Unconstrained and UCþ70CI scenarios overlap and the curves for Base and Baseþ20CI scenarios
are also overlapping.

A Base case, with a suite of hydrogen policies now in effect or proposed in California (renewable
hydrogen mandate, fuel carbon intensity constraint and prohibition on using coal without carbon
capture and sequestration) leads to hydrogen fuel with significant reductions in carbon intensity
(85% below gasoline on an efficiency-adjusted basis, 75% below on a raw energy basis) and
competitive hydrogen costs (~$4.00/kg in 2025-2050). A number of sensitivity scenarios
investigate the cost and emissions implications of altering policy constraints, technology and
resource availability, and modeling decisions. The availability of biomass for hydrogen production
and carbon capture and sequestration are two critical factors for achieving low-cost and lowemission hydrogen.
2.2.10.6 Decarbonising road transport with hydrogen and electricity: Long term global technology
learning scenarios

This paper (41, 252, 268) develops long-term scenarios by implementing global technology
learning endogenously in the TIAM-UCL global energy system model to analyse the role of
hydrogen and electricity to decarbonise the transport sector. The analysis uses a multi-cluster
global technology learning approach where key components (fuel cell, electric battery and electric
drive train), to which learning is applied, are shared across different vehicle technologies such as
hybrid, plug-in hybrid, fuel cell and battery operated vehicles in cars, light goods vehicles and
buses.

Scenarios
There are five groups of scenarios. A cumulative total of 1980 GtCO2e can be emitted during
2010-2100, as exceeding this cumulative total emissions budget will result in a greater than 50%
likelihood of global mean temperatures rising more than 2 oC above pre-industrial levels.
• Static technological development. This scenario examines the responses of the model to a
scenario in which the transport sector undergoes no learning, and transport technology
costs remain the same across the model time horizon.
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• ETL base case scenario. This scenario applies ETL in a scenario in which there is no major
roll-out of hydrogen vehicles until they are cost effective, taking into account the costs of
expensive early deployments required to induce learning.
• ETL Early hydrogen deployment scenarios: This set of scenarios explores cases in which
countries foster the deployment of hydrogen vehicles before they are part of a cost-optimal
carbon abatement solution. There are several scenario variants included:
• Three scenarios examine differing levels of early deployment of fuel cell cars. These
scenarios represent efforts made by countries to launch fuel cell vehicles domestically in
order to capture first-mover advantages in this technology. The first of these scenarios
envisages Germany and Japan each deploying 15,000 vehicles in 2020. The importance of
early ‘learning’ investment is further tested by running scenarios with twice this
deployment, and then with four times this early deployment.
• An additional early deployment scenario examines early deployment of fuel cell buses. In
this scenario, a portion of global cities, especially in Asia, Europe and the US, forces uptake
of fuel cell buses for air quality reasons (for full assumptions underpinning this scenario, see
[22]).
• ETL No CCS scenario. This scenario removes the ability of the model to deploy carbon
capture and storage (CCS) technologies. This scenario thus tests the robustness of findings
to assumptions about CCS, a key decarbonisation technology.
• ETL Late action scenario. In this scenario, it is assumed that global action to reduce
emissions is not forthcoming before 2020. No emissions reductions against the base case
are therefore possible before 2020 in this scenario, and as a result the model has to abate
faster and deeper during the rest of the century.

Results
Static technology scenario. In a scenario in which fuel cell and EV component technologies do not
improve from their current costs and performance, the role of hydrogen is negligible in the
transport sector, even under the stringent carbon targets required to meet a 2 oC target. When
climate policy is applied in the static technology scenario, hydrogen buses become cost effective
from 2075, but overall hydrogen consumption is very limited, accounting for less than a
percentage of the road transport energy consumption.
Endogenous technology learning base scenario (ETL). When the model is allowed to benefit from
the learning and cost reductions that are associated with deployment and industry scale-up,
hydrogen and electricity both plays a substantial role in decarbonising the global transportation
sector. Applying ETL brings down the cost of fuel cells and electric vehicle components, enabling
hydrogen and electricity to become cost-effective fuels. Transport sector energy consumption by
fuel is presented in Figure 323. Natural gas and diesel also play significant roles, particularly in
heavy goods vehicles. Hydrogen becomes cost effective first in buses and LGVs, and in 2030
hydrogen accounts for around 3% of global transport energy consumption, rising to over 20% in
2050 following deployment of hydrogen in passenger cars. Electricity also plays a major role as a
transport fuel in this scenario, used in both plug-in hybrid vehicles and battery electric vehicles.
Biofuels play a minor role, as bioenergy is prioritised for use in the power sector, where it is used
in combination with CCS technology.
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Figure 323. Global transport fuel demand for all vehicle modes in the ETL base case scenario

Later action scenario. The later action scenario, in which no abatement activity is possible before
2020, results in increased transport sector hydrogen consumption in the medium and long-term.
Part of the increased role for hydrogen results from a slight decline in the share of electricity as a
fuel compared to the ETL base case scenario, but principally the increase in hydrogen
consumption arises from the accelerated replacement of traditional liquid fuels with hydrogen.
Combined consumption of electricity and hydrogen in the transport sector substantially exceeds
that in the ETL base case scenario (Figure 324). This is because the model is unable to reduce
emissions before 2020, and must therefore ‘work harder’ to reduce emissions after this date
through the deployment of zero carbon technologies to remain within the cumulative carbon
emissions budget required to keep global atmospheric temperatures within 2 oC of pre-industrial
levels.
Figure 324. Global transport fuel demand in the later action scenario

There is also a sequence in terms of the timing of deployment of low-carbon technologies across
vehicle types. Fuel cells are deployed first in buses and light goods vehicles, which have higher
average annual mileage than cars, and which therefore prioritise lower running costs (and hence
higher efficiency) more highly than cars. This sequential pattern of hydrogen consumption by
buses, LGVs and then cars under selected scenarios is presented in Figure 325. Note that results
of the early deployment scenarios are not presented here as hydrogen consumption in those
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scenarios are very similar to the ETL scenario. In LGVs, the model first deploys hydrogen, and
ultimately transitions to electric vehicles after 2075 in many scenarios. This is likely to be because
the efficiency of electric vehicles is higher than that of hydrogen, but so is the capital cost. It is
only later in the period, when carbon abatement costs have become very high, that the model
prefers the greater efficiency of battery electric vehicles.
Costs. Cumulative investment brings down the costs of key technologies (fuel cell, electric battery
and electric drive) in all scenarios in which ETL is applied. Since the learning rate for fuel cells
(18%) is relatively high compared to that of electric batteries (7%) and electric drive-trains (10%),
the cost of fuel cells decreases more rapidly over the years. The cost of fuel cells in 2050 is
reduced to less than a twentieth of the 2015 cost. The investment (discounted to base year 2005)
over the 35 years from 2015 to 2050 that achieves these cost reductions in fuel cells is a
cumulative global total of $1,200bn (5513) (i.e. the cumulative total investment in fuel cell
technologies globally). However, this cost is offset by the avoided investments in the conventional
technology: petrol and diesel engines. As a result, the additional ‘learning investments’ required
to bring down fuel cell cost are rather small, around $33bn (discounted to base year 2005) for the
15 years.
Figure 325. Consumption of hydrogen in different scenarios and vehicle modes
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As noted above, it is larger vehicles with higher annual mileage that are deployed first, rather than
cars. Nevertheless, the costs of fuel cell cars is reduced significantly in 2030 (Figure 326), despite
having had no deployment of fuel cells in cars by that date. Instead, roll-out of fuel cell buses and
lightgoods vehicles has driven down the costs of fuel cells and other EV components, reducing the
capital costs of fuel cell vehicles. Even so, fuel cell vehicles remain too expensive in the near term
to compete with conventional hybrids, which are deployed globally resulting in a significant
reduction in global transport CO2 emissions. Only from 2050 onwards, as emissions constraints
bite further, does the transition to hydrogen passenger mobility begin. The early deployment
scenarios demonstrate a clear effect on near term costs, with early deployment of fuel cell
technologies in cars or buses driving down costs. However, despite these accelerated cost
reductions in the near term, the early deployment scenarios do not have a sufficiently large
impact on costs to accelerate adoption. Given the presence of other, cheaper abatement
opportunities throughout the energy system, the model prefers to deploy hydrogen vehicles later,
as carbon abatement costs rise.
Figure 326. Capital cost of a hybrid fuel cell vehicle under different early deployment scenarios

The analysis shows that hydrogen and electricity can play a critical role to decarbonise the
transport sector. They emerge as complementary transport fuels, rather than as strict
competitors, in the short and medium term, with both deployed as fuels in all scenarios. However,
in the very long-term when the transport sector has been almost completely decarbonised,
technology competition between hydrogen and electricity does arise, in the sense that scenarios
using more hydrogen in the transport sector use less electricity and vice versa.
2.3
2.3.1

The Role of Carbon Capture and Sequestration (CCS)
Role in mitigation scenarios

2.3.1.1 Fukushima's impact on the European power sector: The key role of CCS technologies

The accident in Fukushima, Japan, in March 2011 has reactivated the discussion on how to meet
ambitious climate mitigation objectives as some European countries reconsider the contribution
of nuclear power in their energy mix. This study (47, 209) evaluates the impact of nuclear power
reduction in Europe on the electricity mix under carbon emission reduction scenarios while
considering the availability of carbon capture and storage technological options (CCS). The
potential cost of carbon reduction is also addressed using the bottom-up optimization model
TIAM-FR.

Scenarios
• BAU scenario: A baseline business-as-usual scenario without any emission constraint is
calculated first.
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• EU_preFuku: This scenario discusses the changes induced by a combination of a stringent
environmental and nuclear policy, as announced in its roadmap. In this scenario, European
CO2 emissions must decrease by 20% by 2020 and 80% by 2050 compared to 1990 levels,
and nuclear energy is exogenously fixed to represent 26.5% of electricity generation in
2050. Moreover, global CO2 emissions are reduced by 50% in 2050 compared with 2005
levels in order to be consistent with the 2 °C objective.
• EU_postFuku: The environmental constraint is the same as in the previous scenario
(EU_preFuku). In line with the post-Fukushima scenario developed in the European
Roadmap 2050, nuclear energy is exogenously fixed to represent 20.5% of electricity
generation in 2030 and 2050, instead of 26.5% in the pre-Fukushima scenario.
• EU_NoNuclear: The environmental objective is the same as in EU_postFuku and
EU_preFuku. However, a nuclear electricity slowdown in Europe is studied. According to the
panorama on nuclear power in Europe (presented in Section 1), we assume that
investments in new nuclear power plants are not allowed during the time period. The
lifespan of nuclear power plants is 40 years, so existing nuclear power plants close at the
end of their lifetime.
• EU_NoCCS: Due to the substantial uncertainties regarding the future deployment of CCS,
we also consider a case where carbon capture and storage is not available throughout the
time horizon. Climate constraints, however, are those expressed in the pre- and postFukushima scenarios and nuclear policy is the same as in EU_postFuku.

Results
Electricity mix. Figure 327 shows the evolution of the electricity mix in the different scenarios.
The climate constraint induces a significant change in the structure of the electricity mix in 2050
to move to a low-carbon society. By 2050, 38% of European electricity is produced by fossil and
biopower plants with a capture technology in EU_preFuku and 43% in EU_postFuku, as the
nuclear share is constrained to be reduced in the new nuclear policy. The low carbon constraint
also induces a significant development of renewable energy. This represents 26% of the European
power mix in 2050 in EU_preFuku and EU_postFuku scenarios compared to 1% in the BAU
scenario. CCS technologies appear to be a potential substitute for nuclear power when a stringent
carbon constraint is applied, and more so than renewable energies.
Indeed, the share of European electricity produced by plants with CCS reaches 57% in 2050 in
EU_NoNuclear. A focus on power plants with carbon capture shows that despite the potential of
negative emissions induced by BECCS, fossil plants remain dominant in Europe (Figure 328). Gas
represents 26% and 34% of power plants with CCS in 2050 in EU_preFuku and EU_postFuku
respectively, and reaches 46% in EU_NoNuclear. Coal is also largely solicited but associated with
biomass energies in co-firing IGCC plants with CCS. These represent 47% and 41% respectively in
pre- and post-Fukushima scenarios and 35% in the scenario expressing a progressive phase-out of
nuclear in Europe. Moreover, it is interesting to note that the less nuclear energy deployed, the
more gas solicited to generate electricity. This situation is accentuated in EU_NoNuclear, where
electricity from gas plants with CCS represents 46% of the plants with CCS in 2050.
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Figure 327. European power generation by scenarios (TWh)

Costs. Table 105 shows the variation (in %) of the total energy system cost for Europe (WEU +
EEU) compared to the BAU under the different scenarios, for the years 2020 and 2050. The
climate constraint induces a significant increase of the energy system cost in 2050 compared to
the BAU (EU_preFuku). The effect of a progressive nuclear electricity phase-out in Europe
combine with a stringent environmental policy in 2050 is a rise of 14.5% of the energy system cost
compared to the BAU. The results show that CCS technologies have a key role to play to decrease
the cost of reaching stringent climate targets while constraints on nuclear power are set up.
Figure 328. European power generation by plants with carbon capture (TWh)

Table 105. Variation of the total energy system cost compare to the BAU (%)
Scenarios
EU_NoCCS
EU_NoNuclear
EU_preFuku
EU_post Fuku

Date
2020
2050
2020
2050
2020
2050
2020
2050

Cost increase (%)
1.03
22.8
1.2
14.5
0.7
13.0
0.8
13.6

The results suggest that CCS technologies constitute an interesting option in a case of stringent
climate targets and limited nuclear electricity. However, the unavailability of CCS technologies
induces a significant increase in carbon marginal cost and energy system cost to achieve the
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climate policy. The electricity mix of European emission reduction targets, nuclear policy
recommendations formulated in the latest EU roadmap 2050, and possible nuclear phase-out.
2.3.1.2 The potential role of CCS to mitigate carbon emissions in future China

This paper (10) presents the results of an energy systems analysis exercise using the China
MARKAL model under the support of NZEC (China-UK Near Zero Emissions Coal) Initiative, to
provide a perspective on the energy technologies that may be deployed in China to 2050 to meet
its energy needs.

Scenarios
A reference scenario with consideration of existing and planned policies to mitigate carbon
emissions is firstly generated with application of the China MARKAL model. The model also
examines the cost and impact of deploying CCS in China by simulating several carbon emission
constraint scenarios.

Results
Primary energy. By 2050, primary energy consumption is expected to increase to 6883 Mtce with
coal sharing around 40% in the total. The corresponding carbon emissions are expected to
increase to 34.4 MtC (126 MtCO2) by 2050. Cumulative carbon emissions during 2005 to 2050 in
the reference scenario are 125 GtC. Four carbon constrain scenarios are designed, namely C110,
C100, C90 and C80, in which cumulative carbon emissions during 2005 to 2050 is constrained to
110 GtC, 100 GtC, 90 GtC and 80 GtC respectively.
Electricity capacity. Figure 329 compares power capacity by mix for different scenarios. Total
capacity for C80 is higher than the reference scenario, i.e., 4%, 7% and 39% higher for the year
2020, 2030 and 2050 respectively, while electricity output for C80 is 1%, 5% and 37% higher than
the reference. There are two main reasons for this. The first is that the stringent carbon reduction
target requires a significant change in the final energy consumption mix to increase the share of
electricity while reducing the share of coal. For C80, electricity consumption is expected to
increase 0.5%, 3.2% and 30% respectively for the year 2020, 2030 and 2050. The second is that
466 GW of coal-fired power plant with CCS will need to be developed by 2050 in C80 in order to
achieve the reduction target while CCS deployment (both in power sector and coal liquefaction)
would increase the energy demand for power generation. Hydro power is a relatively cheap
technology to achieve carbon emission reductions. In all scenarios, hydro power is expected to be
around 300 GW in 2020, 343GW in 2030 and 378 GW in 2050.
Figure 329. Comparisons of power capacity and its mix for different scenarios

Carbon sequestration. Considering not all oil fields are suitable for EOR and some small oil fields
are suitable but their storage capacity might not be able to host at least 10 years worth of
emissions, we use 2 GtCO2 EOR storage capacity potential and 800 Mt CO2 enhanced oil recovery
potential in the model. CO2 EOR provides additional revenue from enhanced oil production.
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Therefore, for all carbon constraint scenarios, all the available CO2EOR potential is assumed to be
used to store the CO2 captured from both the power sector and coal liquefaction. This equates to
2 GtCO2, as shown in Figure 330. For C80, an additional 26 GtCO2 will need to be sequestrated in
aquifers since EOR is not able to provide enough capacity for the total CO2 captured.
Figure 330. Total CO2 sequestrated during 2005 to 2050 in different scenarios

Costs. With 50US$/C (14US$/tCO2), it is possible to constrain carbon emissions by 2050 at twice
the 2005 emissions level (C110). To cut the carbon emissions by 2050 at 1.7 and 1.4 times the
2005 level, marginal abatement cost would go up to 160US$/tC (44 US$/tCO2) and 630 US$/tC
(172 US$/tCO2) respectively. For C80, reduction requirement for 2050 is higher, so the marginal
abatement cost would rise to 1700US$/tC (463 US$/tCO2). Due to China’s coal-dominated energy
resource characteristic and limited renewable energy resource, carbon emission reductions will
rely heavily on the development of nuclear power, in particular if more stringent reductions are
required. CCS technologies would provide another solution for future carbon emissions
abatement, in particular, for the more stringent reduction targets.
2.3.1.3 Energy policy scenarios of CCS implementation in the Greek electricity sector

This work (39) presents a roadmap with the modeling of the main technologies associated to the
CCS and its implementation into the Greek energy system considering existing National and
International Strategic energy plans under different scenarios. For this purpose, TIMES (The
Integrated MARKAL/EFOM System) has been chosen as the principal tool for building a
technoeconomic model of the Greek energy system and its possible evaluation over time (2040).

Scenarios
The BAU scenario assumes no CO2 taxation of any order as well as no price and no limits for CO2
emission. Within this work, two main scenarios (A and B) are examined implementing CCS
technologies and policy measures to the new power plans licensed to be constructed:
• Scenario A: The lignite/hard coal power plants that are already licensed to be built, are
assumed to have CCS.
• Scenario B: CCS will be available for the power plants in Scenario A plus on all the power
plants from 2015 and onwards that are approved and that use Lignite/hard coal/Mazut
fuel.
The power plants without license and without a defined year for starting will be considered not
having CCS.

Results
Electricity generation. In scenario A for SC1, 2, 3 the common characteristic is that as a function
of the CO2 price (tax), the energy mix presents an early disappearance of the lignite/hard coal
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while in SC 2,3 the power tower plants are progressing rapidly and are generating almost half of
the required energy. Additionally, the energy imports are only eliminated after the year 2040. The
corresponding cost of these energy mixture technologies under the referred scenario is 50.8, 53.4
and 53.5 (B€) respectively. In Figure 331 scenario SC1 of Scenario B suggests the use of natural gas
after the elimination of imports by 2031. Comparing SC1 with SC2,3 we can observe differences in
imports and the use of lignite that is eliminated by 2025 in SC2,3 but in SC1 it continues until the
end of the time horizon. The costs now for generating electricity as a function of the carbon price
under this mixture of technologies that have been involved within the model for 2030 and of SC1,
2, 3 are 53.8, 55.5 and 55.8 (B€) respectively.
Figure 331. Electricity generation by technology groups in scenarios A (left) and B (right)

The implementation of CCS technologies would have a large influence on the national electrical
power production, having the responsibility for large shares of the emissions reduction that can
potentially achieved in this sector.
2.3.1.4 Assessment of carbon capture and storage opportunities: Portuguese case study

Applying TIMES model tool, this paper (64) examines different scenarios regarding the price levels
of CO2 taxes and trading under the Emissions Trading System in Europe and consider the
perspectives of using carbon capture and storage (CCS) technologies to mitigate the greenhouse
gas (GHG) emissions.

Scenarios
The Business As Usual (BAU) scenario considers above mentioned limits based on the Portuguese
National Allocation Plan I and II. It allows the possibility to buy CO2 credits when the 7.1
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MtonnesCO2/year limit is exceed for a price of 20€/tonne of CO2 and does not consider any CCS
technology. Next scenarios were created assuming implemented CCS technologies. Three
scenarios (SC1, SC2, SC3) implementing CCS technologies have been created distinguishing
different evolutions of price for CO2 allowance permits and taxes for emitted emissions. In Table
106 are summarized all four scenarios.
Table 106. Price evolution for taxes and permits
(€/tonnesCO2)
Implementation of CCS*
2005-2007*

BAU
SC1
SC2
SC3
No
Yes
Yes
Yes
Tax
0
0
0
0
Permits
n.a.
n.a.
n.a.
n.a.
2008-2012**
Tax
0
0
0
0
Permits
20
20
20
20
2013-2019**
Tax
20
20
20
20
Permits
20
20
20
20
2020-2029**
Tax
20
20
50
50
Permits
20
20
50
50
2030-2050**
Tax
20
20
50
80
Permits
20
20
50
80
* Maximum allowed CO2 emission up to 22.5 Mtonnes/year.
** Maximum allowed CO2 emissions up to 15.4 Mtonnes/year.

Results
Electricity generation. Figure 332 shows that under the first scenario (SC1) it is economically
unfeasible to build any new power plant with a carbon capture unit in the Portuguese electricity
system. The energy mix is identical to the BAU scenario for all years. However this result
dramatically changes with the increase of taxes and also the cost for purchasing CO2 permits. As
the price is higher the optimized cost of the system becomes more favorable to capture
technologies. In SC2 and SC3 about 30% of overall produced electricity is generated by IGCC
power plants with CCS from 2030. In 2050 it becomes the only technology combusting fossil fuels
with the exception of a very small share of fuel oil used in cogeneration stations. The higher costs
for CO2 emissions from scenario SC3 do not change the optimal technological options when
compared with scenario SC2, although the final price for electricity production will be increased as
taxations and permits for CO2 emissions are more expensive.
Figure 332. Share of electricity generation by technology groups in each scenario

Electricity prices. Figure 333 provides plot of the cost for generated electricity as a function of
carbon price for several technologies that have been involved within the model. The comparison
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is provided for the costs in 2030. The technology with the lowest costs for production of
electricity in our energy system are thermal power plants using coal and hydro power plants,
however further expansion of hydro power plants is limited in the mainland Portugal. The less
costly technology with CCS is IGCC, and therefore it is this technology that covers most of the
electricity demand in the SC2 and SC3. The cross over price for coal technologies is around
40€/tonnes of CO2 and this explains in SC1 the power plants with capture technology are not an
option for electricity generation. Also, from 2020 the demand decreases and the required
demand can be met by the already existing coal power plants without CCS. When the carbon price
equals to 50€/tonnes of CO2 (SC2) the difference in cost between the coal power plants without
CCS and the IGCC with CCS is high enough to make the capture technologies become the main
optimal solution for the system rather than acquiring the necessary permits and pay the taxes.
Wind is playing particular role demonstrating higher costs for electricity production in comparison
with IGCC and PC when both use capture unit Electricity generated by NGCC with CCS is still very
costly to conquer a position at any of the presented scenarios.
In the scenario where the emissions licenses for CO2 credits are obtained for a price of 20
€/tonne of CO2 emitted, the natural gas combined cycle (NGCC) power plant will be the main
thermal power plants in next three decades. After that period, the installed capacity of coal power
plants will increase significantly from 2040 on and NGCC will almost vanish. In the scenarios
where CCS was an option, the most significant conclusion is that above 50<€/tonne of CO2
emitted are the CCS technologies economically feasible, maintaining the predictions for electricity
demand that show a slowly decrease after the year 2020.
Figure 333. Electricity price as a function of price for CO2 permits under EU – ETS in 2030

2.3.1.5 Global and regional potential for bioelectricity with carbon capture and storage

Among technological options to mitigate greenhouse gas (GHG) emissions, biomass energy with
carbon capture and storage technology (BECCS) is gaining increasing attention. This key issue will
strongly depend on regions’ biomass resources and possession of storage sites. The aim of this
study (45) is to assess the global and regional potential of BECCS up to 2050 in power generation.
This analysis is conducted using the multiregional TIAM-FR optimization model.

Scenarios
A baseline business as usual (BAU) scenario with no emission constraint is calculated first. To
analyze possible alternative development paths of the system we investigates two climate
scenarios according to different assumptions of carbon mitigation in different regions of the world
or at a global level over the period 2005–2050.
• The first of these, S1 scenario, is a regional scenario that considers the Copenhagen pledges
for 2020 and assumes new targets for 2050. This scenario only involves industrialized and
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fast developing countries (India and China). Table 107 presents these regional
commitments and the maximal level of CO2 emissions by region resulting from the
mitigation targets.
• The second scenario, S2 scenario, is a coupled regional and global scenario. It takes into
account disparities between regions expressed with the 2020 targets and adds a global
constraint that consists in reducing CO2 emissions by 50% in 2050 compared to the year
2000, in line with the consensual 2oC objective. For 2050, all regions are concerned by this
global target.
To analyze possible alternative development paths of the system, we investigated these
environmental scenarios with distinct constraints on the use of CCS and BECCS technologies.
Table 107. Regional CO2 mitigation targets for 2020 and 2050
Regions

Europe (WEU+EEU)
Japan
Australia
United States
Canada
Chine
India

Reference

1990
1990
2000
2005
2005
2005
2005

2020 mitigation

2050 mitigation

Type

(%)

Emission level
Emission level
Emission level
Emission level
Emission level
Carbon Intensity
Carbon Intensity

20
25
5
17
17
40
20

Emi. Max
(Gt CO2)
3.54
0.79
0.37
4.74
0.47
6.45
2.16

Type

(%)

Emission level
Emission level
Emission level
Emission level
Emission level
Emission level
Emission level

80
80
80
83
83
10
10

Emi. Max
(Gt CO2)
0.89
0.21
0.08
0.97
0.1
4.12
0.98

Results
Emissions. Efforts to reduce emissions in both climate scenarios, such as induced changes in the
atmospheric concentration of CO2, are reported in Figure 334. In the BAU scenario, the latter
reaches 455ppm in 2050; while beyond 400 ppm CO2, it will not be possible to stabilize global
warming below 2–2.4 1C (IPCC, 2007). In S1, atmospheric CO2 concentration pursues its growth,
even though it slows down and reaches 425ppm in 2050. Meanwhile, the global constraint that
consists in reducing CO2 emissions by 50% in 2050 compared to the year 2000, expressed in S2,
allows a stabilization of the atmospheric concentration at 405 ppm, thus close to the consensual
global objective proposed to UNFCCC. To respect climate targets, global CO2 emissions should
decrease by 1.3Gt and 5.3Gt by 2020, respectively in S1 and S2, and by 21 Gt and 30Gt by 2050
compared to the BAU pathways.
Figure 334. Global carbon emissions and the resulting CO2 concentrations. (a) Emissions
(GtCO2) and(b) Atmospheric concentration (ppmCO2)

Primary energy. Global primary energy consumption in the BAU scenario increases by 1.6% per
year between 2005 and 2050, reaching 816 EJ in 2050. Renewable energies are developed.
However, fossil fuels remain the dominant source of primary energy worldwide (70%) in 2050.
Coal, oil and gas account for 25%, 24% and 21% of global consumption. The contribution of low
carbon-emitting sources is 30% of primary energy demand with a share of renewable energies,
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nuclear energy and biomass accounting, respectively for 13%, 9% and 8%. The environmental
scenarios S1 and S2 have a real impact on the primary energy mix. Demand for biomass and
renewable energies increases significantly compared to the BAU while demand for coal and oil
decreases sharply.
Electricity generation. Figure 335 describes the electricity mix evolution between 2020 and 2050
in view of the climate scenarios investigated. Power generation increases from 61.7 EJ in 2005 to
126.5 EJ in 2050 in the BAU scenario. In 2050, the electricity mix is composed of 43% from coal,
20% from nuclear, 15.9% from gas and oil, 11% from hydro, 10% from renewables, and 0.1% from
biomass. The implementation of an environmental policy constraint (S2) induces the integration
of carbon capture and storage technologies into this sector from 2020. This development
intensifies from 2030. In 2050, electricity from plants with carbon capture represents 23% and
30%, respectively in S1 and S2 of the power mix. Almost all coal and gas plants are equipped with
CCS technology in S2. This explains the low contribution of coal and gas without CCS (0.2% for coal
and 2% for gas in S2, in 2050).
In 2050, when CCS technology is not available (Figure 336), the environmental objective is
achieved by the rapid deployment of renewable energy. In scenario S2-NoCCS, the share of
renewable energy increases by 58% compared to scenario S2 and inS1-NoCCS it increases by 47%
compared to scenarioS1. When BECCS technology is not developed is not developed (No BECCS
scenario), the share of fossil-CCS grows slightly in scenario S1-NoBECCS (þ3%). In scenario S2,
however, renewable energy is used to compensate the absence of negative emissions. CCS
technologies enter the market in 2020. Scenario S2 leads to faster deployment of CCS and BECCS
from 2030. In 2050, 30 EJ of electricity is produced with CCS technology in S1 and 39 EJ in S2. The
share of BECCS in this total is significant, 44% of total usage will come from bioelectricity in S1 and
69% in S2. This means that in 2050 BECCS ‘‘generates’’ about 10% of the electricity in S1 and 20%
in S2.
Figure 335. Electricity mix(EJ)
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Figure 336. Electricity mix in 2050 (%) by scenario with or without BECCS or CCS

Carbon capture and storage. Capture technologies are mainly used on direct biomass combustion
power plants to induce large amounts of negative emissions. Thus, co-firing power plants
(biomass and coal), which we have incorporated in the model, are not used because they allow
lessCO2 emissions gains than bioplants with CCS. The coal power plants that dominate the market
are based on integrated gasification technology with combined cycle (IGCC). Emissions are
captured using pre-combustion technology. When the policy is more ambitious and constrains
developing countries (S2), CCS is developed on natural gas combined cycle plants (NGCC) in
particular within the Former Soviet Union (FSU) and the Middle East (MEA). This explains the
higher share of electricity generated by gas plant with CCS in S2 than in S1 Figure 337.
Figure 337. CCS deployment in the power sector (EJ)

The climate policy scenarios investigated lead to a considerable expansion of renewable energy
and CCS and BECCS technologies in the power sector. CCS from fossil fuel is mainly deployed in
fast developing countries (India and China) and BECCS is highly distributed in developing
countries, even though biomass resources are widely available in all regions.
2.3.1.6 Prospects for application of CCS in Finland

In this paper (50), the possibilities and conditions for CCS applications in Finland are assessed. The
study includes an overview of Finland’s current climate and energy policy framework, mapping of
large CO2 emission point sources and identification of possible CO2 transportation and storage
alternatives. The future role of CCS in the Finnish energy system is further assessed with energy
and emission scenarios created with a comprehensive model called TIMES-Nordic.
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Results
Figure 338 shows an example of the scenario results showing a long term potential of CCS for
Finland with different CO2 emission allowance prices. The allowance price increases linearly from
20 €/t CO2 in 2010 to 50-90 €/t CO2 in 2040. The calculations were performed both with and
without bio-CCS (i.e. assuming existing ETS or extended ETS with new calculation rules for
biogenic CO2 emissions). The results show that if we assume that bio- CCS is included in the
emissions trading system, the CCS potential rises up to 18 Mt/a CO2 by 2050. Without bio- CCS
the CCS potential is less than 10 Mt/a CO2 by 2050.
Figure 338. The impact of CO2 allowance prices on the potential for CCS deployment in Finland

Note: The allowance price is set to increase linearly from 20 €/t CO2 in 2010 to 50, 70 or 90 €/t CO2 in 2040. The arrows
show the CCS potential decrease when excluding bio-CCS from the emission trading system in the model.

There are several large CO2 emission sources in Finland that could be potential candidates for
CCS, including steel works, power and heat generating plants, as well as oil refineries. In 2008, the
12 largest facilities in the Finnish emission trading registry accounted for 30% of the total CO2
emissions in Finland. Since the Finnish bedrock is not suitable for large-scale geological storage of
CO2, captured CO2 would most likely have to be transported to the North Sea or Barents Sea for
long-term storage. Most of the largest CO2 emitting facilities are located on the coast line of
Finland, which facilitates transportation of CO2 by ship.
2.3.1.7 Main findings from China-UK Near Zero Emissions Coal (NZEC) Initiative

The China-UK Near Zero Emissions Coal (NZEC) Initiative examined options for carbon (CO2)
capture, transport and geological storage in China (92). It was developed under the 2005 EU-China
NZEC Agreement which aims to demonstrate CCS in China and the EU. In order to provide some
insight into the energy technologies that may be deployed in China between now and 2050, the
Chinese energy system has been analysed using the “China MARKAL” model.

Scenarios
The model is then asked to meet the same energy service demands under specific constraints on
CO2 emissions.

Results
China’s CO2 emissions in 2006 were estimated to be 5,650 million tonnes, of which coal-fired
power generation accounted for 2,760 million tonnes. With continuing economic development
and improvement in living standards, the baseline projection from the NZEC analysis, shown in
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Figure 339, estimates growth in CO2 emissions of 2% per year in future, which is lower than the
recent rate of growth. This change reflects improvement in energy efficiency and development of
new and renewable energy systems. Emissions are expected to reach 9,500 million tonnes of CO2
per year by 2030 and 12,600 million tonnes of CO2 per year by 2050.
The carbon constrained scenarios in the model showed that for China’s coal-dominated economy,
with limited availability of renewable energy and no CCS, achievements of emission reductions
would depend on deployment of nuclear power. For the deeper reduction scenarios, the model
constructs up to 1000GWe of nuclear power. Such large scale deployment of nuclear power may
be constrained by other factors such as site selection, public acceptance, investment, safety, and
waste disposal which are not represented in the model. CCS technologies have also been
examined using MARKAL as part of an alternative approach to meeting the more stringent
emission targets; this showed that more than 400GWe of coal-fired power plants with CCS would
be needed by 2050 as part of a portfolio of measures to achieve the lowest of the emission
scenarios with a 36% reduction in cumulative emissions for the period 2005-2050 relative to the
business as usual scenario.
Figure 339. Energy Use and Energy Related Carbon Dioxide Emissions in China to 2050

Note: A scenario with consideration of existing and planned carbon mitigation policy options.

2.3.1.8 Potential impact of post Fukushima nuclear policy on the future role of CCS in climate
mitigation scenarios in Switzerland

The aim of this work (127) is to analyze how the recently decided nuclear phase out in Switzerland
could influence the energy system under climate constraints and identify conditions under which
CCS could be an attractive solution for CO2 mitigation. In order to analyse these questions we
developed a set of scenarios reflecting uncertainty related to nuclear power and CCS. These
scenarios are then quantified and analysed with the application of the Swiss MARKAL energy
system model.
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Scenarios
In order to analyze the impact of a nuclear phase out on the Swiss energy system under a climate
constraint we define two scenarios: one assuming that nuclear capacity can be replaced after
reaching the end of its lifetime; and a second where investments in new nuclear power plants are
not allowed (reflecting current policy). Due to the abovementioned high uncertainty regarding the
future deployment of CCS, for each of the two nuclear scenarios, we also consider the case where
carbon capture and storage gas power plants are available after the year 2030, or not available at
all over the time horizon to 2050. In order to account for Swiss climate policy, we assume in the
four scenarios that Switzerland has to reduce its total domestic CO2 emissions by 20% by 2020
and by 60% by 2050 relative to the reference year 1990. The four scenarios analyzed in this work
are summarized in Table 108.
Table 108. Scenario overview
Scenario
NucReplClim
NucReplClimCCS
NoNucClim
NoNucClimCCS

Scenario description
Nuclear Replacement w/o CCS + climate target
Nuclear Replacement w/ CCS + climate target
No Nuclear replacement (nuclear phase out) without CCS + climate target
No Nuclear replacement (nuclear phase out) with CCS + climate target

Results
In scenarios where nuclear plants can be rebuilt (with or without CCS being available), total
primary energy consumption stays on a rather constant level over the whole time horizon (Figure
340). However, the fuel mix in this scenario changes significantly over the time horizon. While
nuclear energy output is more or less maintained at current levels, and hydro energy continues to
be used up to the assumed potential over the observation period, we observe a strong shift from
fossil fuels (i.e. oil and gas) to new renewables (i.e. solar, wind and biomass). This shift in fuel mix
is mainly driven by the climate target, which becomes increasingly stringent over the time
horizon, and the increasing attractiveness of new renewables due to significant cost reductions
expected for these technologies. When CCS is available, natural gas with CCS is taken up only
marginally in the last period and helps support a slightly increased total electricity demand,
without significant changes to the rest of the energy system. That is, the availability of nuclear
throughout the time horizon, and the uptake of solar PV, wind and biomass, reduces the need for
additional low-carbon electricity from CCS.
Figure 340. Primary energy consumption and electricity generation

When natural gas combined cycle plants with CCS are available from 2030 in a nuclear phase-out
scenario, we observe that this technology is strongly deployed. The uptake of NGA combined
cycle technologies with CCS allows for a slight decarbonization of the power sector compared to
the case without CCS and an increase in electricity demand in absolute terms and relative to the
nuclear replacement scenario without CCS. Since the deployment of CCS technologies reduces
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CO2 emissions in the electricity sector, less effort is needed in other sectors to meet the climate
target.
While CCS technologies could play a major role in nuclear phase-out scenarios, capturing CO2
seems to be far less attractive when nuclear plants can be replaced after reaching the end of their
lifetime. This finding is emphasized when looking at incremental undiscounted total energy
system costs over the 40 years of CCS scenarios in both the nuclear replacement and the nuclear
phase case. While the availability of CCS can reduce undiscounted total system costs by only
0.01% in a scenario where nuclear plants are replaced, the savings in system costs are around
1.97% in the nuclear phase-out scenario. This result shows the potential attractiveness of low
carbon electricity generation technologies such as CCS in realizing stringent climate policies.
2.3.1.9 Power system and carbon capture under climate policy: A water impact analysis with TIAMFR

The aim of this study (130, 220) is to analyze alternative development paths of the energy system
investigating different constraints on the use of CCS and BECCS, under climate policy context. This
analysis is conducted using the global multiregional TIAM-FR optimization model. We also analyze
the increase pressure by the development of carbon capture technologies on the water resources
and discuss the plausibility of technological choices in terms of water availability.

Scenarios
So, to analyze possible alternative development paths of the future energy system we
investigated alternative scenarios according to different assumptions concerning:
• Climate policy, regarding to regional et/or global CO2 emissions mitigation targets;
• Cumulated carbon storage capacities;
• Development of BECCS technologies;
• Water availability.

Results
The use of fossil and biomass emerges as a response to carbon constraint, especially for fast
developing countries and developing countries. The capture and storage of CO2 offers the
potential for near-zero CO2 emissions from fossil-based power plants and negative CO2 emissions
from biomass-based power plants. A major issue related to the deployment of CCS and BECCS is
their economic viability. If they are to become significant, economic incentives will be required.
The role of CCS and BECCS in mitigating climate change partly depends on their ability to reduce
costs and, by consequence, their commercialization on an industrial scale in the marketplace
(technology learning), as well as sustained Research, Development & Demonstration. Concerning
biomass energy, being directly tied to forests, food and other ecosystems, its use induce
environmental and social impacts, both positive and negative. That the reason why biomass has
to be sustainably produced. The potential for fossil and biomass exists but regulatory barriers
have to be discussed and removed as knowledge gaps are filled. The increasing need to limit CO2
emissions and the current limits of alternative technologies constitute assets in this sense. For
example, renewable options should in no way be excluded from the debate, but they need to be
thought out in terms of the structural costs of investments in the power network required to
integrate intermittent energies. Therefore, a complete and complex chain of processes and
procedures has to be thought through and determined in the design of future energy policies.
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2.3.1.10 Towards a shared optimum for water and energy resources: a focus on the Middle East using
the TIAM-FR model

The implementation of water allocation in the TIAM-FR model and its application to the Middle
east region was the topic of a presentation (Box 8).
Box 8. A shared optimum for water and energy resources in the Middle east

Source: 205

2.3.1.11 The role of CCS under different climate targets in Europe

The aim of this analysis (135) is to assess the role of CCS power plants in the European electricity
market under different EU climate targets, taking regional aspects like different potentials for CO2
transport and storage as well as the availability of alternative electricity generation options into
account. Moreover the analysis intends to consider electricity demand side effects, which are
driven by increasing GHG reduction obligations for all sectors of the European energy system. The
pan-European energy system model (short TIMES PanEU) contains all countries of the EU-27 plus
Switzerland, Norway, and Iceland (EU-27+3).

Scenarios
To reflect ambiguous long-term climate policy regimes for Europe a range of GHG reduction
pathways is analysed in this study. The range is bordered by a path with modest climate goals,
reaching a GHG reduction in the EU-27 compared to 1990 of 20% until 2020 and 50% until 2050.
The most ambitious pathway of the analysed range is represented by a GHG reduction of 30%
until 2020 and 90% until 2050 compared to 1990.

Results
The results show a significant impact of the GHG reduction obligation on the total electricity
consumption and consequently on the total electricity supply. In 2030 about 100TWh (3 %) less
electricity is consumed in the EU-27 in the pathway with the most ambitious GHG reduction
target compared to the pathway with the modest climate targets (Figure 341). Thereby the
industry sector is responsible for half of the reduction and the commercial and the residential
sectors of about 25% each. Electricity is mainly substituted by biomass and in the commercial and
residential sector additionally by district heat. The driver behind this is the increasing electricity
price2, which grows by maximum 50% in 2030 at increasing GHG reduction targets.
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Figure 341. Total electricity supply in the EU-27 under two GHG reduction pathways

Depending on the climate target, CCS power plants can reach a share of total electricity
generation in the EU-27 between 1% and 8% in 2030 and 3% and 21% in 2050. The related effects
that occur in the electricity sector can be classified into four phases (Figure 342). A GHG reduction
target higher than 85% in 2050 compared to 1990 (Phase IV) requires an almost complete
decarbonisation of the electricity generation and thus the market share of CCS power plants
declines due to the remaining CO2 emissions after the capture process. Consequently CCS power
plants have only limited opportunities to contribute to electricity supply. Their electricity
production reduces drastically in phase IV to less than 200TWh in 2050 (4% market share) in the
most ambitious GHG reduction pathway (-90% in 2050 compared to 1990). CCS technologies are
required to have high capture rates and a high fuel conversion efficiency. This can be reached by
the combined electricity and heat/steam production. Under the strongest climate policy pathway
almost all CCS power plant technologies are operated with combined heat and power production.
In phase IV CCS technologies compete against electricity technologies using renewable energies.
At tightening the GHG reduction target from 85% to 90% in 2050 compared to 1990, the EU-27
electricity generation from solar energy increases by 270TWh in 2050, the production from wind
energy by 470TWh (onshore 140TWh and offshore 330TWh) as well as from geothermal and wave
energy (in total 90TWh). Additional 90TWh solar electricity are imported from North Africa to
Europe.
Figure 342. Electricity generation in the EU-27 and share of CCS power plants in 2050 depending
on the EU climate targets
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This analysis shows the role of CCS power plants under different climate policy pathways in
Europe by the use of an energy system model, which incorporates intra and extra sectoral
competition among GHG reduction measures. The results indicate a high influence of the level of
the GHG reduction obligation for Europe until 2050 on the market perspectives of CCS power
plants.
2.3.1.12 Biomass and CCS in the EFDA-TIMES model

The development and use of the EFDA-TIMES model as an important part of the programme
Socio-Economic Research for Fusion continued under the EU 7th Framework Programme (149,
166, 169 181). EFDA-TIMES contains a full dataset for biomass and CCS. These technologies are
highly controversial, and key parameters such as potentials and costs are very uncertain. The task
for EFDA-TIMES in WP 2009 has been to identify the combination of assumptions that will allow
biomass and CCS to play a significant role by 2050 and after.

Scenarios
In the Base Scenario, a carbon price, representative of a moderate concern about climate change,
has been included; the scenario contains no incentives for CO2 reduction at 2010 and a carbon
price differentiated between OECD and non OECD regions for the following periods. The carbon
price gradually increases from 10 $/t CO2 in 2020 to 25 $/t CO2 in 2100 in non OECD regions and
from 20 $/T CO2 to 50 in 2100 in OECD regions.
Thus, some kind of limit for nuclear fission will be necessary to reach results with a balanced mix
of technologies for electricity generation. A conservative assumption will be that nuclear fission
should not increase above 25 % of electricity generation each region during the rest of the
century. In few regions (JPN, SKO and WEU) the share of fission was higher than 25 % in 2000 and
maximum values are set in for 2010 in the Base Scenario, which is higher than generation in 2000.
However, with increased demand for electricity, nuclear fission may increase in all regions after
2050, in absolute terms from 8.8 EJ (2,435 TWh) in 2000 to 45.5 EJ (12,645 TWh) in 2100.
Two additional scenarios were also reported:
• Eplus scenario – (representative of a growing concern about climate change): No incentives
at 2010 in all region but WEU (10$/t CO2) and a undifferentiated carbon price increasing
from 50$/t CO2 in 2020 to 200$/t CO2 in 2100.
• Demand20 scenario in which the demand forecasts in the Base Scenario are reduced by 1 %
every five years from 2000 to 2100. Thus, the demand forecasts are reduced by 10 % for
2050 and 20 % for 2100.

Results
Costs. The scenarios selected to illustrate the role of biomass and CCS are summarised in Table
109, which also shows the variation of the objective value. The combination of the NucReg25
scenario and emission constraints leading to CO2 concentration in the atmosphere at 550 ppm
(Emi550) was chosen as the starting point for further sensitivity analyses.
Table 109. Scenarios selected for analysis of CCS
Selected Scenarios
Base
NucReg25
Biomass_High, CCSminus
Eplus
Demand20

Objective value
Base
Emi550
186895
187031
188627
188540
209085
174053

Emi450
193604

Core scenario=100
Base
Emi550
Emi450
99,1
99.2
100.0
102.6
100.0
110.8
92.3
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The difference in objective value between the Core Scenario at 550 ppm and the nuclear fission
constraint is less than 1 %. The variants higher biomass potentials, and “CCSminus”, assuming that
investment costs for CCS technologies are 20% lower than in the base case, will reduce the
objective value by less than 0.1 %. In contrast, the more severe constraint on CO2 emissions
leading to CO2 concentration in the atmosphere at 450 ppm (Emi450) gives the objective value
that is 2.6 % higher than the Core Scenario.
Electricity generation. Consistent with many energy scenario models, a strong increase in
electricity and primary energy demand but with no limits on CO2 emissions is expected to rely on
coal to supply a large fraction of the primary energy in 2100. Nuclear fission is also expected to
play an important role in the electricity sector see Figure 343. Total power generation will
increase from 52 EJ (14,000 TWh) in 2000 to 184 EJ (53,000 TWh) in 2050 and 383 EJ (106,000
TWh) in 2100. Figure 344 shows the global electricity production in a carbon constrained scenario
equivalent to restricting the atmospheric CO2 concentration to 550 ppm (equivalent), which is
chosen as the Core Scenario for further sensitivity analysis. In the period before fusion is able for
take-off, CCS can play a significant role – up to 11 % of the global power generation in 2060-2070
– as a contribution to bridge the gap between a fossil dominated energy system and a large
contribution from fusion.
The first variant to the Core Scenario is the stricter constraint on emissions equivalent to
restricting the atmospheric CO2 concentration to 450 ppm. The most significant change compared
to the 550 ppm scenario is that electricity generation increases from 451 EJ in the Core Scenario
to 479 EJ. This is explained by a substitution from direct use of fossil fuels to electricity, which is
more suitable for emission reduction. The most significant change in the technology mix is before
2050 – with much less fossil fuels and more biomass, geothermal and CCS. In both scenarios wind
power and nuclear fission become very important in the second half of the century, but starts
earlier in the 450 ppm scenario. Also fusion will have a larger share in the 450 ppm scenario,
Figure 345.
Higher biomass resources and lower CCS investment cost will lead to a slightly higher share of
biomass by the end of the century and a higher – but still modest – share of CCS in the midcentury. In the ”Eplus” scenario with carbon price 200 $/t CO2 in 2100 the overall picture is nearly
the same.
Figure 343. Power generation, Base Scenario
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Figure 344. Power generation, Core Scenario: Emission reduction 550 ppm

Figure 345. Power generation, Core Scenario variant: Emission reduction 450 ppm

By the end of the model period fusion may replace fossil fuel with CCS, which still emit some CO2,
or energy crops, which may compete with food production.
2.3.1.13 Long-term modelling of CCS, nuclear fusion, and large-scale district heating

Among the technologies for mitigating greenhouse gasses, carbon capture and storage (CCS) and
nuclear fusion are interesting in the long term. If fusion will replace fossil fuel power plants with
CCS in the second half of the century, the same infrastructure for heat distribution can be used
which will support the penetration of both technologies. This paper (167) will address the issue of
infrastructure development and the use of CCS and fusion technologies using the EFDA-TIMES
model.

Scenarios
In addition to the Base Scenario, an scenario combining constraints on the share of nuclear fission
(maximum 25% of electricity generation in each region) and the global limit of CO2 emissions to
450 ppm. The latter constraint is applied for numerous scenario analyses.

Results
In the latest work programmes of EFDA-TIMES the work has focused on sensitivity analyses. One
of these analyses was aimed at identifying combinations of assumptions that will allow biomass
and CCS to play a significant role by 2050 and later (Grohnheit, 2011). Figure 346 shows selected
results from this analysis. The presentation is limited to Europe, which is the sum of the EFDATIMES regions WEU and EEU.
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An additional scenario is added introducing a technology that represents the heat transmission
and distribution infrastructure using a very aggregate parameter for investment costs at 25 $/GJ
annual flow. Without further modification of the model the results for the electricity supply shows
the option for large scale heat supply by has little impact on the mix of electricity supply.
However, there is a measurable increase in fossil generation with CCS. In contrast, the impact on
the mix of heat supply technologies is more significant. Large-scale district heating enters into the
solution from about 2020. Geothermal heat becomes the dominant technology for heat supply in
the model results when CO2 is constrained to 450 ppm. However, this technology is very
dependent on infrastructure matching geothermal resources and the market for heat at 100-200
°C. So far, this infrastructure has not been considered in the model development.
Figure 346. EFDA-TIMES results for electricity and heat supply in Europe 2000-2100

Globally, the increase in energy demand is much higher than for Europe, which will allow fusion to
play a larger role by the end of the century, if left unconstrained. The global results are highly
influenced by the huge growth in the large developing regions, China and India. These results
show clearly that much more elaborate constraints are needed to reflect the physical structure
and possible infrastructure development. This issue also applies for the TIAM model.
2.3.1.14 The role of biomass and CCS in China in a climate mitigation perspective

To analyze the importance of biomass and carbon capture and storage (CCS) availability in China,
varying levels of these parameters are created and then global climate scenarios are simulated
using TIAM (TIMES Integrated Assessment Model) (168). We analyze the potential for using
biomass, CCS, and bioenergy CCS (BECCS) in China under the constraint of meeting a climate
stabilization target such that dangerous climate change (as defined by the Copenhagen Accord) is
avoided.
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Scenarios
In a hypothetical climate policy scenario, we assume that the world society has agreed on
preventing the increase in global mean temperature from exceeding 2°C. This is reflected in the
integrated assessment model by following the GHG emission trajectory from Intergovernmental
Panel on Climate Change (IPCC) RCP3-PD emission scenario. In the RCP3-PD scenario the CO2
concentration peaks just after 2050 and decreases then to 421 ppm in the year 2100. In this
paper, seven scenarios are created representing different combinations of assumptions (Table
110). Scenario one is the default case whereas scenarios two and three have respectively more
pessimistic and optimistic assumptions about biomass availability, CO2 capture efficiency, and CO2
storage capacity. These three scenarios are run without a climate constraint in “a” (reference) and
with a RCP3-PD climate constraint for CO2 in “b”. Scenario 1c is similar to 1b but with CCS
excluded from the list of mitigation options available.
Table 110. Outline of scenarios tested in TIAM
Global
climate Biomass resource in Efficiency loss due CO2
Storage
constraint
China
to CO2 capture
capacity
1a - Reference
Reference (None)
Default (100%)
Default
Default (100%)
1b – Mitigation Default
RCP3-PD (CO2 only)
Default (100%)
Default
Default (100%)
1c – Mitigation No CCS
RCP3-PD (CO2 only)
Default (100%)
NA
0%
2a* - Reference Pessimistic Reference (None)
75%
50% higher
50%
2b – Mitigation pessimistic RCP3-PD (CO2 only)
75%
50% higher
50%
3a* - Reference optimistic
RCP3-PD (CO2 only)
125%
50% lower
200%
3b – Mitigation optimistic
RCP3-PD (CO2 only)
125%
50% lower
200%
* Scenarios 2a and 3a are run as reference cases only in order to have starting points for the energy prices and elastic
demands for 2b and 3b. The results of 2a and 3a are similar to those of 1a, and these scenarios are thus not displayed in
this paper.
Scenario

Results
Emissions. This section presents results from model runs of the scenarios and discusses the
various scenarios for China concerning biomass and the role of CCS in a CO2 emissions constrained
world. Figure 347 shows China’s share of global emissions and global emission mitigation efforts
in the various scenarios. China’s share of global emissions is much higher in the stabilization
scenarios than in the reference scenario. China’s share of the global mitigation effort is similar in
all scenarios, apart from around 2030-2050, where China takes a slightly larger share of emissions
reductions in 1c (Mitigation No CCS) than in the other mitigation scenarios.
Figure 347. China’s share of global CO2 emissions and reductions

Table 111 shows the relative cost increase of different mitigation scenarios, i.e., increases in total
discounted costs. In scenario 1b (Mitigation Default) and 3b (Mitigation Optimistic), China’s total
discounted costs rise at approximately the same rate as the total global costs. With a low biomass
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potential (2b), or exclusion of CCS (1c), however, China’s costs increase relatively more than the
global cost. When CCS is excluded as a mitigation option (1b versus 1c), China’s mitigation costs
rise approximately 171%. In comparison, the corresponding global mitigation costs increase only
118%.
Table 111. Relative cost increase of different mitigation scenarios

China
World

Mitigation
Default:
1a vs. 1b
5%
5%

Mitigation
CCS:
1a vs. 1c
15%
10%

No

Mitigation
increase
1b vs. 1c
171%
118%

cost

Mitigation
pessimistic:
2a vs. 2b
7%
5%

Mitigation
Optimistic:
3a vs. 3b
4%
4%

Electricity generation. When CCS is allowed as a mitigation option, a large share of power
generation is projected to come from power plants equipped with CCS, particularly in China.
Figure 348 shows the share of the total power production both as world average and for China
separately for the three mitigation scenarios that allow investments in power plants with CCS
technology. The graphs also distinguish between the shares on fossil CCS and BECCS.
Figure 348. Power plants with CCS share of total power production in the world and in China

Because the emissions constraint is tight and drives up the carbon price, CCS is projected to
expand quickly in a cost optimized world. Fossil CCS is utilized on nearly all new non-nuclear
thermal power plants beyond 2020 in China, while less so globally. Fossil fuel combustion with
CCS is projected to produce around 50% of total global electricity in 2100. However, by mid
century, over 70% of the electricity in China is produced from power plants with CCS; and in the
optimistic scenario, this increases to over 80% by the end of the century. Under an emissions
constraint, CCS is incentivized on new power plants. On the other hand, BECCS power plants only
cover 1-2% of electricity production in China while the global average is around 10%. Much of the
biomass in China is instead used in the transportation sector, to be discussed below. In the
pessimistic scenario (2b), the CCS share drops from 2080 to 2090, heavily in China, and more
moderately for the whole world.
Biomass potential. Figure 349 shows how much of the biomass potential is utilized. In China, the
model’s mitigation options are constrained by the available biomass resources already by mid
century. Even in the reference scenario (1a), the model uses 90% of the available biomass at the
end of the century in China. Taking the world as a whole, mitigation options are not constrained
by limited biomass availability. However, a large share of the global potential for biomass is
consumed; even without an emissions constraint, more than 70% of the global annual biomass
potential is used at the end of the century. Again, it is assumed within TIAM that biomass is
consumed domestically and not traded across regions.
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Figure 349. Share of biomass potential utilized: World (left) and China (right)

When considering hypothetical scenarios where GHG emissions are constrained, China consumes
all available domestic biomass as a relatively inexpensive fuel source. However, while BECCS does
have a small role to play, in general it is cheaper to use biomass for the transportation sector and
CCS with fossil fuel in order to meet both the energy demand and emissions reduction goals in the
cheapest way possible. Therefore, we find that while both utilization of biomass and CCS are
essential options for reducing emissions in China, BECCS is not the most cost effective option in
China. CCS is nevertheless an important option for China; in the climate mitigation scenarios
modeled, by 2050, China is projected to employ CCS on at least 70% of fossil energy electricity
generation. When CCS is excluded, the cost of mitigation is more than doubled compared to the
scenarios where CCS is included as a mitigation option.
2.3.1.15 CCS in industry: the case for an undervalued mitigation option

Using a bottom-up energy system model with cost optimisation running to 2100, as well as a
short-term engineering cost review, this paper (298) investigates the case for CCS in industrial
sectors, including in developing countries. The TIAM-ECN model was used for our research in
order to investigate the role of CCS for reaching the UNFCCC-agreed long-term climate target of
global mean temperature increase by 2°C.

Scenarios
In order to assess the importance of the availability of CCS technologies for the power sector and
industry sector, we expand the scenarios in the previous section (allCCS and noCCS) with a
scenario CCS (IND) in which CCS is exclusively available in the industry sector and the scenario
CCS(PUB) in which CCS is only available for public electricity generation (Table 112).
Table 112. Scenario matrix: availability of CCS options in different energy sectors
Energy sector

CCS-all

CCS (IND)

CCS (PUB)

No CCS

Industrial production and
upstream fuel conversion
Public electricity and heat
production

CCS available

CCS available

CCS not available

CCS not available

CCS available

CCS not available

CCS available

CCS not available

Results
Unpacking the numbers for CCS deployment reveals that 42% of the 930 GtCO2 captured and
stored underground in 2100 originates from the power sector, and 58% from industrial sectors
(left panel in Figure 350). Of CCS in industry, 55% is captured in the fuel processing industry
(refineries, synthetic fuel and hydrogen production) and 45% in industrial production processes
(iron and steel, cement and chemical feedstock industry) (right panel).
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Unpacking the CCS deployment further, and comparing the scenarios CCS(IND) and CCS(PUB) in
which CCS is only available in either industry or power and heat, to the scenario in which the
availability of all CCS options is assumed (allCCS) a reduction of the total cumulative capture
quantity by 2100 by about 15% to 750 – 780 GtCO2 results.
Figure 351 shows the four scenarios for CCS availability in terms of fuel consumption and energy
use in industry, illustrating vast shifts in fuel use. In the electricity sector, the availability of CCS for
that sector but not in industry (CCS(PUB)) leads to, first, much higher electricity demand and,
second, more use of gas and coal in electricity (left panel). If CCS is available in industry, gas and
coal remain dominant energy sources in this sector, while when CCS is not available, energy use in
industry is dominated by electricity (middle panel). In the fuel transformation sectors, the
availability of CCS in industry but not in the power sector (CCS(IND)) leads to a large share of
biomass and CCS in the fuel consumption pattern (right panel).
If CCS is exclusively applied in the industry sector, global cumulative carbon captured for
hydrogen and synthetic fuel production increases until 2100 to 430 GtCO2 and for industrial
production processes to 320 GtCO2. Global hydrogen and synthetic fuel production increases by
25% in 2100, whereas less coal and more biomass are used compared to the case that all CCS
options are available. Consequently cumulative carbon captured for hydrogen and synthetic fuel
production based on biomass increases until 2100 to 210 GtCO2 and decreases for natural gas and
coal to 220 GtCO2. For industrial production processes both the cumulative capture quantities
from natural gas (180 Gt CO2 until 2100 in CCS (IND)) and coal (130 Gt CO2 until 2100 in CCS (IND))
increase compared to scenario all CCS.
Figure 350. Cumulative carbon captured worldwide from 2020 to 2100 in the case of full
availability of CCS (left) and until 2100 at unavailability of certain CCS options (right)

Figure 351. Global fuel consumption in 2100 for the main CCS relevant sectors in four scenarios
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There are various technical pathways for CCS to play a critical role in mitigation strategies and
that CCS in industry has more advantages than CCS in the electricity sector. CO2 capture costs are,
in many cases, lower in industry than in the power sector. Excluding CCS in the power sector from
the portfolio of mitigation options increases total cumulative climate policy costs of a 2°C
temperature stabilisation scenario by USD 34 trillion until 2100 (some 10 % increase compared to
the case in which CCS is availability for all sectors). Even higher costs occur if CCS technologies are
excluded from the mitigation portfolio of the industry sector. In this case, cumulative climate
policy costs increase by USD 175 trillion until 2100, corresponding to additional 50 % of the policy
costs of the scenario with full availability of CCS and five times more than the additional policy
costs of the case that CCS is excluded from the electricity sector mitigation portfolio. CCS also
seems to be more acceptable to social and environmental advocates if applied in industry, as
opposed to the power sector where it may have an impact on renewable energy deployment.
2.3.2

The Utsira formation project

2.3.2.1 A Comparison of national CCS strategies for Northwest Europe, with a focus on the potential
of common CO2 storage at the Utsira formation

This article (33) shows key results of a research project aiming to assess the potentials and costs
of storing CO2 in the Utsira formation for the time period 2015-2050. Countries included in the
analysis are Denmark, Germany, Norway, the Netherlands and the United Kingdom. The starting
point of the analysis are the national MARKAL and TIMES models developed for each country
together with the 27 region Pan European TIMES model (PET).

Scenarios
Finally, in this project two core policy scenarios have been assumed. This entails a 20% reduction
(from 1990 levels) in 2020, which follows the EU mitigation target. This target is either maintained
(C-20 scenario), or a linear reduction of 80% by 2050 is imposed (C-80 scenario) based on the
estimated CO2 reduction required for developed countries to keep global temperature rise below
2 oC. Sensitivity scenarios include the following:
• No CCS scenario.
• High Utsira capacity, with a maximum injection rate at 500 Mt CO2 per year and a total
storage capacity at 100 Gt CO2.
• No storage onshore. For the Danish, German and Dutch models.

Results
Results from the national models highlight large differences on the role that CCS and Utsira can
play in the national portfolios of CO2 mitigation. A brief overview of the results by country for
2050 for the C 80 scenario follows (Figure 352). Unless otherwise specified, the results presented
are for energy prices from WEO 2008. The results showed here focus on the development of the
power generation sector.
The results indicate that with stringent climate targets, CCS appears as a key mitigation option in
the national portfolio of measures. Within the CCS portfolio, storage of CO2 in the Utsira
formation can indeed be a cost effective option for North Europe and it represents a valuable CO2
storage option at the regional level. For instance, the United Kingdom will profit from the
comparably short transport distance to Utsira while the Netherlands utilise the Utsira formation
due to limited domestic low cost storage fields and the use of the country as a regional hub for
CO2. In Germany and Denmark, the competitiveness of CO2 storage in Utsira is determined by the
availability of domestic onshore saline aquifers. If these aquifers are not used, Utsira gains as
competitive storage option. The main limitation for the common use of the Utsira formation
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appears, from a modeling point of view, to be the maximum annual injection rate for CO2 that has
been assumed in the project (150 Mt CO2/yr).
Figure 352. Electricity generation mix in 2050 for the C-80 scenario

2.3.2.2 CCS in the North Sea region: A comparison on the cost-effectiveness of storing CO2 in the
Utsira formation at regional and national scales

The potential scale of carbon dioxide capture and storage (CCS) under long-term decarbonisation
scenarios means that analysis on the contribution of large international CO2 storage reservoirs is
critical. This paper (42) compares the potentially key role of CCS within cost-optimizing energy
systems modelling at the national level, and the regional level. These two core CO2 scenarios are
based on reduction at the EU27+ level (EU, plus Switzerland, Iceland and Norway). CO2 reduction
targets are then applied to the national models by using outcomes of the TIMES PanEU model,
with expected difference in effort (and costs) of CO2 reductions compared to targets set at the
individual country level.

Scenarios
This study focuses on two core policy scenarios using standard fossil fuel price assumptions (HP):
• C-20 scenario: a 20% reduction (from 1990 levels) in 2020 (which follows the EU mitigation
target), this target is then maintained through 2050. It is considered to represent a lenient
climate policy.
• C-80 scenario: a 20% reduction (from 1990 levels) in 2020, then a linear reduction to −80%
by 2050. This is considered to represent a stringent climate policy.
Finally, a set of sensitivity scenarios were conducted to assess the robustness of the results:
• LP: Lower fossil fuel prices (WEO, 2007). Only for the national models.
• No CCS scenario. Only for the national models.
• High Utsira capacity, with a maximum injection rate at 500 MtCO2 per year and a total
storage capacity of 100 GtCO2 (Table 6). Only for the national models.
• No storage onshore. For the Danish, German and regional models.
• Alternate North Sea CCS network layouts. Only for the regional TIMES PanEU model.

Results
Electricity generation. Figure 353 focuses on generation from CCS plant. Total electricity
generated in the North Sea region is projected to increase by 21% from 4431 PJ in 2010 to 5350 PJ
in 2050. The share of fossil fuel generating plants (coal and natural gas) decreases from 55% in
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2010 to 44% in 2050, especially seen in the sharp decline of overall generation from natural gas
fired plants. In the C-80 scenario, electricity generation is projected to increase from 4408 PJ in
2010 to 6946 PJ in 2050 (national models). n both the national model projections and the TIMES
PanEU model projections, the share of carbon mitigation technologies for electricity generation
increases to meet the 80% reduction target. The share of renewables increases from 24% in 2010
to 49% (national models) and 53% (TIMES PanEU model) in 2050. The share of fossil fuel
generating plants decreases from about 57% in 2010 to 34% (national models) and 41% (TIMES
PanEU model) in 2050. 95% of the fossil fuel generating plants are equipped with CO2 capture
and in both the national and TIMES PanEU model projections, coal fired power plants without CCS
are phased out in 2050 due to the strict climate policies assumed.
Figure 353. Electricity generation from CCS power plants (PJ)

CO2 capture, transport and storage. Figure 354 presents the amount of CO2 captured and stored
in the C-20 and C-80 scenarios of the national and regional TIMES PanEU model for the countries
of the North Sea region. Export of CO2 from/to neighbouring countries was also considered in the
TIMES PanEU model used for the regional projections and the national projections of Germany
and Denmark.
The almost 100 MtCO2 difference between the amount of CO2 captured in the national models
and the TIMES PanEU model are partly explained by the policy assumptions on nuclear power in
the UK, and partly on difference in the type of plant (coal vs. gas) where CCS is deployed, and the
resultant amount of CO2 captured per unit of electricity. The sensitivity of the results of the
regional TIMES PanEU model for alternative North Sea CO2 transport networks to the Utsira
formation are depicted in Figure 355. Alternate assumptions on Utsira appear to make little
difference in the total amount of CCS or make-up of electricity portfolios, but can switch the
ordering of CCS reservoirs, and hence the network configuration – this is seen in the TIMES PanEU
model’s sensitivity on Denmark and Germany’s lack of access to domestic aquifers– and also in
the UK MARKAL sensitivity under large Utsira capacity.
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Figure 354. Total CO2 captured, imported and stored per storage type.

Figure 355. CO2 storage in the Utsira formation by country of origin for the C-80 scenario with
different CO2 transport network structures and high and low capacity cases

A robust finding is that low carbon electricity is a primary decarbonisation pathway and that CCS
plays a key role (32–40%) within this portfolio. This paper confirms that the overall driver of the
amount of CCS utilized is the climate policy, with by 2050 a total of 475–570 MtCO2 captured and
stored (of which 110–120 MtCO2 is stored in Utsira) under an 80% CO2 reduction target.
Modelled country differences are much larger due to specific national policies and to regional
(EU) commodity trading. From 2030 onwards, Utsira plays a key role within the CO2 storage cost
curve, with the Netherlands and the UK being the largest contributors, followed by transboundary
flows of CO2 from other countries. However, overall regional CCS flows may be larger (for
example under low fossil fuel prices) than the estimated (and uncertain) maximum annual
injection rates into Utsira which could potentially represent a significant constraint.
2.3.3

The COMET project

2.3.3.1 Integrated infrastructure for CO2 transport and storage in the west Mediterranean

COMET - Integrated infrastructure for CO2 transport and storage in the west Mediterranean- is a
join research Project cofinanced by the European Seventh Framework Programme (FP7), which
started on January 2010 (73). COMET is a three year project (2010-2013) aiming to identify and
assess the most cost effective CO2 transport and storage infrastructure able to serve the West
Mediterranean area, namely Portugal, Spain and Morocco. The overall strategy of COMET
comprises four fundamental tasks, subdivided in seven work packages: 1. Harmonized inventory
of present and future CO2 sources and storage capacities in the region. 2. Least cost modelling of
national and regional energy systems. 3. In-depth assessment of selected transport networks. 4.
Dissemination of information.

Methodology
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This task will involve the Geographic Information Systems (GIS) integration of all the information
and elements of a CO2 transmission network. Routing models in GIS will be used to find the best
route(s), and associated costs, between source and sink based on the land use maps and on the
existing roadways, main ship routes, train lines and pipeline corridors; MARKAL/TIMES will find
the most cost effective source-sink combination between the three countries, taking into account
the possible future development of the whole energy sector in Morocco and in the Iberian
Peninsula. The information on CO2 sources, storage capacities and CO2 transportation routes will
be implemented into the MARKAL/TIMES models for Spain, Portugal and Morocco. The
geographical constraints affecting CCS will be modelled as national cost curves for CO2 capture,
transport and storage in each of these countries. For this, several sub-tasks will be carried out:
• Development for each country of “business as usual” (BAU) scenarios for energy and
materials demand projections and policy constraints (namely CO2 caps and prices);
• Preparation and test of a MARKAL/TIMES model for Morocco, compatible with the existing
Portuguese and Spanish models,
• Design of the inter-country trades and interfaces among the three models (regarding
electricity and CO2 trade, among others) with the aim of linking the three national models,
• Improvement of the existing information on CCS in the Portuguese and Spanish TIMES
models and its implementation in the Moroccan model, considering the modeling of CO2
capture in power and industrial sectors, transport pipelines and storage facilities and
including possible spatial disaggregation of national CO2 sources;
• Identification of the cost-effective CCS potential and the most cost effective source-sink
combination between the three countries in several scenarios.
2.3.3.1

Region specific challenges of a CO2 pipeline infrastructure in the West Mediterranean area

This paper (77) presents results of potential CCS infrastructures in the West Mediterranean region
including trajectories for CO2 pipelines. The preliminary results are generated with a combination
of geographical (GIS) and partial equilibrium optimization modelling (MARKAL/TIMES-COMET).
The methodology to select viable CO2 transport routes in the West Mediterranean region
consisted of 5 main steps: i) creation of a model in a Geographical Information System (GIS) based
on factors constraining pipeline building in the region and specific relative costs assessed through
stakeholder questionnaires; ii) calculation of potential CO2 transport routes between source and
sink clusters based on least-cost algorithms in the GIS model); iii) identification of cost-effective
trajectories with the help of the TIMES-COMET model, an energy system model of the study
region; iv) consultation of stakeholders in workshops Morocco, Portugal, and Spain; v) update of
input data and scenario input parameters based on the stakeholder consultations.
With the source and sink matching procedure defined and CO2 flow between sources completed,
the GIS was again used to generate the actual pipeline routes representing the CO2 flows
retrieved by TIMES COMET. During the workshops stakeholders were invited to evaluate whether
the routings calculated with least cost routing and selected by TIMES-COMET, are feasible to
construct. Two stakeholder comments proved particularly important for the re-calculation of the
transport networks in step v: difficulty in crossing hard rock terrains and the reasonability of
trying to replicate the existing natural gas network.
2.3.3.2 Planning CCS Development in the west Mediterranean

This paper (102) provides the main highlights of the work conducted within COMET. COMET
identified transport modes and least-cost networks and defined taking into account the expected
evolution of the energy demands and energy markets in the West Mediterranean from today until
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2050 under different scenarios and constrains, using the optimization model MARKAL/TIMES. The
MARKAL/TIMES models in COMET represent the energy systems of Morocco, Portugal and Spain
and their possible long term developments (2005-2050).

Results
CO2 routes. TIMES COMET show the most cost effective source-sink combinations between the
three countries, taking into account the possible future development of the whole energy sector
in Morocco and in the Iberian Peninsula. Moreover, they were coupled with a geographical
representation of capture and storage in order to allow a detailed representation of CO2 routes
from capture to storage (Figure 356).
Figure 356. CO2 fluxes in Morocco, Portugal and Spain in 2040

Note: Assuming a high development of the demand for energy services, 40% emission reduction in 2050 and the need
to follow the existing natural gas pipeline network.

Transport networks. In order to assess the viability of the modeling results, national workshops
were organized, in Morocco, Portugal, and Spain with the main objective to get detailed feedback
from national stakeholders. Based on the preliminary results of the TIMES-COMET model, the
stakeholders advised on the data gathered, scenarios, energy system modeling results, and CO2
transport networks. All comments from the stakeholders were evaluated on whether they could
be implemented in the GIS least cost-routing or the TIMES-COMET energy model activities. The
necessary adaptations were made, and new least cost trajectories were calculated and TIMESCOMET selected specific CO2 trajectories (where, when, how much CO2 transported). Multiple
scenarios were studied among others distinguished by level of CO2 emission reduction, and the
option to cross boundaries or not. The resulting development of CO2 infrastructure could then be
further analysed and visualised in maps. Figure 357 presents one example of the results obtained
for one of the scenarios studied at COMET.
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Figure 357. Possible CO2 transport infrastructure

2.3.3.3 CCS infrastructure development scenarios for the integrated Iberian Peninsula and Morocco
energy system

This paper (68) briefly illustrates a method to represent national energy systems and the
geographical details of CCS infrastructures in the same technical-economic model. In the
MARKAL-TIMES modeling framework a model of Morocco, Portugal and Spain with both spatial
and temporal details has been implemented. As a function of assumptions on the development to
2050 of mitigation levels, economic growth and CO2 capture-transport storage characteristics,
dozens of scenarios were prepared with the TIMES-COMET model.

Scenarios
In order to assess the main CCS related policy questions outlined in the introduction, the following
scenario drivers have been chosen and are varied:
• In general aspects (set 1): Economic growth, National mitigation level, CCS availability, and
• In CO2 transport and storage infrastructure aspects (set 2): Storage capacities, National
CO2 pipeline networks, and Possibility to transport across country borders.
Two economic developments have been assumed for Portugal and Spain.
• The high GDP growth (HD) assumes that the economy grows in forty years in Spain by 158%
(2.4%pa) and in Portugal by 123% (2.0%pa).
• The low GDP growth (LD) assumes that the economy grows in forty years in Spain by 58 %
(1.1%pa) and in Portugal by 43% (0.9%pa).
• Only one GDP growth has been assumed for Morocco, namely 314% in the period 20102050 (3.6%pa).
Compared to the 2005 CO2 emissions from energy systems and industrial processes namely 460
Mt CO2 in Portugal and Spain together three emission reduction levels to 2050 where analyzed:
• -20%, meaning that the emissions are kept constant after 2020, at the level prescribed by
the EU,
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• -40% (linearly interpolated), and
• -80% (linearly interpolated), the target of rich countries if the temperature increase is kept
below 3ºC [3].
In some scenarios CCS is not available (NO CCS), in all the others it is. About half of the 72 drivers
combinations have been run with the TIMES-COMET model. The study concentrated on a central
scenario (CONSERVATIVE CCS) and 6 variant scenarios: they illustrate the effect of changing with
respect to the central scenario a single driver two in the low economic growth case for having
comparable CCS contributions (Table 113).
Table 113. Scenarios definition
Descriptive name

Code

Set 1: Emission side
Conservative CCS
HD.40-GAS.NAT.LS
High mitigation
HD.80-GAS.NAT.LS
No-CCS
HD.40-No.CCS
Low economic growth and
LD.80-GAS.NAT.LS
high mitigation
Set 2: Transport and storage infrastructure side
Conservative CCS
HD.40-GAS.NAT.LS
Cross-frontier pipelines
HD.40-GAS.REG.LS
Free routes
HD.40-FREE.NAT.LS
Optimistic storage
HD.40-GAS.NAT.HS

GDP
growth

Mitigation
level

Storage
potential

National
routes

CrossFrontier

HIGH
HIGH
HIGH

40%
80%
40% NO CCS

LOW
LOW
-

GAS
GAS
-

NAT
NAT
-

LOW

80%

LOW

GAS

NAT

HIGH
HIGH
HIGH
HIGH

40%
40%
40%
40%

LOW
LOW
LOW
HIGH

GAS
GAS
FREE
GAS

NAT
REG
NAT
NAT

Results
Emissions. When available, CCS contributes considerably to mitigation. In 2050 in the
CONSERVATIVE CCS scenario it captures about 30% and avoids 25% of the emissions in Portugal
and Spain, 33% and 28% respectively in the High Mitigation scenario (Figure 358). More than 90%
of the CO2 emitted by concentrated sources is captured. Furthermore CCS can contribute
considerably to lower the cost of mitigation, if in the future the EC decides to reduce emissions
more than 20% after 2020. According to the TIMES-COMET model in the high demand scenarios,
reducing CO2 emissions in Portugal and Spain in 2050 by 40% increases the total discounted
system cost by 0.5% compared to the base level of -20%; the cost increase is 3.0% if emissions are
reduced by 80%. If CCS is not available, the cost of mitigation increases to 1.1% and 4.5%
respectively. In the CONSERVATIVE CCS scenario in 2050, CCS avoids 103 Mt CO2 in Spain, 14 Mt
CO2 in Portugal. Summing the emissions produced by the capture processes, 133 Mt CO2 are
captured in Spain and 17 in Portugal.
CCS transport network. The non-availability of cross-boundary pipelines, representing a political
preference mentioned by several stakeholders, results in more domestic storage in the
Portuguese and the Mediterranean sea for Morocco. No impact on the energy system and
mitigation options implemented in Spain is observed. In other words, cross-boundary pipelines
may make a difference in terms of the interests and priority given to exploration and research
related to storage potentials in the countries, especially in Spain. In the FREE ROUTES scenario
many more routes are possible to transport CO2 from sources to sinks. In fact, as shown in Figure
359, the theoretical optimum suggests to use many more pipelines. But the advantage over the
more realistic scenario that forces the CO2 pipeline to run parallel to existing gas pipelines, is
negligible in terms of both amount stored (<2%) and total system cost (<<0.1%).
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Figure 358. CO2 emissions of Spain, Portugal and Morocco by scenario

Figure 359. Optimal development of the CCS transport network by scenario and year
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Costs. A good indicator of the difficulty to reduce CO2 emissions is the marginal price of CO2
(Figure 360). When CCS is available and contributes to the mitigation the marginal price of CO2 is
lower. When CCS is not available, the Iberian Peninsula bubble cannot achieve the target with
domestic options only, and emission permits are imported from the RoW in 2050 at the cost
indicated by the corresponding marginal price of CO2 (values are slightly lower than the cost of
purchasing permits due to terminal discounting conditions in the model).
Figure 360. Marginal price of CO2 by emission reduction target in 2050

Note: With reference to 2005 emissions)

CCS is generally competitive and exploited to its maximum technical potential under wide
assumptions about storage potentials and cost, transport routes and costs, capture technologies
emissions and costs, cost of the main other mitigation technologies. CCS can play a significant role
in the Iberian Peninsula under intermediate and strong mitigation scenarios. With low economic
growth assumptions CCS remains competitive but the market is reduced. Capture potential and
pipeline network constraints appear stronger determinants of deployment levels compared to
engineering costs and storage potentials. When the mitigation target becomes more stringent,
CCS does not reduce enough; countries are obliged to reduce emissions at the source, and the
market for CCS reduces. If CCS is not available, less CO2 emissions are generated using other more
expensive mitigation options and buying expensive permits. Since the cost difference between
the scenarios with free routes and the scenarios with routes following natural gas pipelines is
negligible in terms of cost and cumulative storage, it seems that there is room for negotiating
socially acceptable infrastructures.
2.3.3.4 Prospective scenarios for the adoption of CCS technologies in the Iberian Peninsula

Using the TIMES_IBERIA optimization model, this paper (28) investigates the contribution of
several factors (i.e. climate policy, RES and CCS cost curves, and gas prices) that might promote or
constrain the adoption of CCS technologies as part of a portfolio for reducing CO2 emissions from
the power generation and industrial sector, in the medium–long term (2020–2050), within the
Iberian Peninsula energy system.

Scenarios
In this work, the adoption of CCS technologies in the power and industry sector is assessed
through a set of nine scenarios, addressing different expected conditions (Table 114), namely: (i)
climate policy targets, (ii) development of non-mature renewable technologies like solar, waves
and wind offshore, (iii) deployment of CO2 capture technologies, and (iv) trends of gas prices. This
set of conditions allows a better understanding of the factors that will shape the future Iberian
energy system choices in terms of energy technology options, fuels, CO2 reduction strategies and
costs, following a cost-effectiveness criterion.
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Table 114. Conditions and scenarios to be assessed with TIMES_IBERIA
Conditions
Current EU climate
policy

Ambitious EU climate
policy
Renewables power
-technologies (RES)
-optimistic (OPT) and
-pessimistic (PES)

CCS deployment (CCS)
-optimistic (OPT) and
-pessimistic (PES)

Natural gas price

Scenario name and Description
(REF): 20% of CO2 emissions reductions in 2020 and stated
constant until 2050 compared to 1990 levels. The effort sharing
targets in non-ETS sectors for Portugal and Spain is included as a
minimum condition.
(C50): 50% reduction of CO2 emissions in 2050 over 1990
emissions. All technologies costs curves are equal to REF. The
effort sharing targets in non-ETS sectors for Portugal and Spain is
included as a minimum condition.
(C50-RES OPT): Climate target as C50. Investment and O&M costs
of solar, wind offshore and waves power techs are 30% lower
compared to the costs curves stated in C50, from 2020 onwards.
(C50-RES PES): Climate target as C50. Investment and O&M costs
of solar, wind offshore and waves power techs are 30% higher
compared to the costs curves stated in C50, from 2020 onwards.
(C50-CCS OPT10; C50-CCS OPT30; C50-CCS OPT30; C50-CCS
PES30):
Climate target as C50. Investment and O&M costs of CO2 capture
techs are stated 10%, 30%, 50% lower and 30% higher when
compared to the costs curve stated in C50, from 2020 onwards
(C50-GAS LOW): Climate target as C50. Gas price with a decrease
of about 20% (as in WEO 450 ppmscenario)

Objective
Assess the adoption of CCS
under current climate policies
Assess the adoption of CCS
under ambitious climate
change target
Assess the adoption of CCS
against the uncertainty on
future costs of RES power
immature
technologies,
under an ambitious climate
change target
Assess the adoption of CCS
against the uncertainty on its
future deployment, under an
ambitious climate change
target
Assess the adoption of CCS
against the expectation on
natural gas falling prices,
under an ambitious climate
change target

Results
The impacts on investment costs; CO2 captured amounts and sink usage due to CCS technologies
adoption in the Iberian energy system are summarized in Table 115. Main highlights include: (i)
mitigation role played by CCS even in the REF scenario; (ii) earlier penetration and high
contribution to mitigation in scenarios with an ambitious long term mitigation target, namely 50%
CO2 reduction in each country with respect to 1990 emissions level; (iii) no change in CCS
penetration with lower costs of RES power technologies, but earlier penetration in the case of
higher costs of RES power technologies; (iv) no change in CCS penetration from a 10% cost
reduction of CO2 capture technologies, but important variations in CCS adoption in the mid-term
with costs variations of -30% and +30%; (v) higher penetration of CO2 capture in early years if gas
price is lower.
Compared with the implementation of an ambitious mitigation policy alone, an optimistic
perspective (+30%) of the evolution of RES costs represents the most important factor influencing
CCS adoption, followed by an optimistic evolution of CCS costs. This means that, in the case of the
Iberian Peninsula, the adoption of CCS technologies depends greatly on the cost evolution of both
RES and CCS technologies.
Table 115. Impact assessment of the CCS penetration in the Iberian energy system
Scenarios
REF

C50

CO2 Captured (Mt CO2 |
% of total emissions)

Cumulative
Storage
sinks capacity used (%)

2030: 6 Mt | 1%
2040: 45 Mt | 11%
2050: 105 Mt | 22%
2030: 26 Mt | 8%
2040: 58 Mt | 21%

3%

4%

Annualized Investments on
CO2 capture technologies
(change from C50)
2030: 230
2040: 1813
2050: 5064
2030: 1302
2040: 4200
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Annualized Investments on
CO2 capture technologies
(change from C50)
2050: 80 Mt | 37%
2050: 5625
C50-RES OPT
2030: 25 Mt | 8%
4%
2030: -11%
2040: 54 Mt | 20%
2040: -4%
2050: 79 Mt | 37%
2050: 0%
C50-RES PES
2030: 45 Mt | 3%
5%
2030: 33%
2040: 65 Mt | 23 %
2040: 4%
2050: 91 Mt | 40%
2050: 9%
C50-CCS OPT10
2030: 29 Mt | 9%
4%
2030: -4%
2040: 59 Mt | 22%
2040: -7%
2050: 80 Mt | 37%
2050: -9%
C50-CCS OPT30
2030: 45 Mt | 13%
5%
2030: 7%
2040: 68 Mt | 24%
2040: -22%
2050: 82 Mt | 38%
2050: -28%
C50-CCS OPT50
2030: 60 Mt | 17%
6%
2030: 5%
2040: 83 Mt | 28%
2040: -38%
2050: 86 Mt | 39%
2050: -45%
C50-CSS PES30
2030: 7 Mt | 2%
3%
2030: -45%
2040: 50 Mt | 19%
2040: 21%
2050: 78 Mt | 37%
2050: 26%
C50-GAS LOW
2030: 30 Mt | 9%
5%
2030: 6%
2040: 64 Mt | 23%
2040: 5%
2050: 83 Mt | 38%
2050: 2%
Note: Annualized investment costs for the REF and C50 are absolute values (M €2010)
Scenarios

CO2 Captured (Mt CO2 |
% of total emissions)

Cumulative
Storage
sinks capacity used (%)

CCS becomes cost effective only after mature renewables, namely wind onshore and hydropower,
are fully exploited up to their technical-economic potential. An ambitious long term climate target
(50% reduction in 2050 over 1990) contributes to an early penetration of CCS (in 2025). It
penetrates more in the power sector (60% of captured emissions) than in industry (40%), and
most of it is implemented in Spain (95%), not in Portugal. CCS penetration appears very sensitive
to the costs of CCS technologies, while much less sensitive to the costs of renewable technologies.
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2.3.3.5 Other presentations in relation with the COMET project

Box 9. Joint optimisation of regional energy and CCS infrastructure systems of Morocco,
Portugal and Spain
Block diagram of the TIMES-CCS model

The problem: Linking 3 energy country models to a model with hundreds of regions inside the three country
models.
Step 1: the national CO2 emissions from the sectors that are part of the localised emissions are set to zero
in the national models, by setting to zero the value of parameters FLO_EMIS of the four fossil fuel groups.
This results in reducing the country model emissions of the amounts that are emitted by geographically
localised emission sources.
Step 2: for the five fuel groups the same emission parameters FLO_EMIS are defined on the commodities
directed to the emission regions. This step includes sending the CO2 generated during the cement
production processes to the emission regions instead of the country regions. The CO2 emissions directed to
the emission regions develop over time differently in each scenario, depending on the developments by
sector, fuel and technology in each country model.
Step 3: the emissions produced in each country are allocated to the emission regions located in each
country. The information by cluster and sector is available in the base years (2005-10); in the time horizon
to 2050 it has been assumed that most clusters develop at the same pace. In other words it is assumed that
by sector the share of emissions in each cluster remains the same as it was in the calibration years, within
the limits imposed by a user defined relaxation factor.
The first two steps are implemented in the country models, the last one in the TIMES-CCS model. The three
models – TIMES-Iberia, TIMES-Morocco, and TIMES-CCS, each one modified as explained above – are
compiled separately and hard-linked at run time. This produces a unique model matrix.
Source: 175
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Box 10. The COMET methodology to analyse the most cost effective CO2 transport and storage
infrastructure in TIMES
The proposed methodological framework uses a multi-regional model built with TIMES including: ES, PT,
MA and COMET transport model (Cluster Regions model) to produce the most cost effective CO2
transport and storage infrastructure from 2005-2050, based on different scenarios. The COMET model
represents all the information including localization, costs, efficiency, extra energy consumption etc.
related to CCS, in other words: emission sources (by cluster), capture, purification, transport (satellite
lines and trunk lines), sinks.
Each emission cluster or storage site (itself possibly a cluster of storage sites) is a “region”. Spain,
Portugal and Morocco regions (3-Country Model) exchange energy with clusters and/or sinks in the
COMET model. In the COMET model is possible to deliver CO2 from cluster to cluster or from cluster to
sink. The 3-country model is generating CO2 commodities depending on sector and fuel. This commodity
is captured in the COMET module, purified through technologies that combines the 35 emission streams
into a few concentrations suitable for transportation and storage
The 3-Country model + COMET module are running altogether producing the most effective CO2
transport and storage infrastructure.

Source: 175
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Box 11. Opportunity for CCS in Portugal, under low carbon pathways
Using the TIMES-PT-ES-MO model
A.GDP & POP: High vs. Low demand
B.CCS: Available vs. No available
C.Mitigation targets:
• Base: CO2 emissions with no restrictions
• -20%: CO2 emissions target in 2020 [EU policy] kept until 2050.
• -40%: emissions linearly decrese to -40% in 2050 from 2020.
• -80%: emissions linearly decrese to -40% in 2050 from 2020.
Moderate CO2 reduction targets: it is
cheaper to import elect from Spain than
invest in power with CCS;
•High CO2 targets:
•RES-E will dominate, even with CCS
•CCS will apply on CCGT (Coal is never costeffective);
•No CCS available: power sector still
accommodates high CO2 reduction, with
imports and RES_E, PV and CSP will be
important (6GW in2050), and wind offshore
will anticipate.
•Low demand: no opportunity for CCS
•Hydro and wind are major technologies
CCS is an option for:
•cement before 2030 (57% CO2 captured);
for other sectors, after 2040 (Iron & steel
74%)
•power sector after 2040 (85% CO2
captured)
•2050: CCS captures more than 80% of CO2
emissions produced in sectors where the
tech can be adopted (industry, refinery and
power); represents a 45% of total national
CO2 emissions.
Source: 171
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Box 12. Joint optimisation of regional energy and CCS infrastructure systems of Morocco,
Portugal and Spain

Assumption
•Morocco has no CO2 mitigation target.
•Spain and Portugal can purchase up to 20% of their required reduction target in Morocco
(CDM)
Mitigation in Morocco is motivated by CDM only
Main insights
•CDM opportunities offered by Morocco are used by ES and PT.
•Reduction by CCS represent up to 70% of the emission credits (CDM) sold to ES+PT in the
more severe case.
•If CCS is not available, credits sold to ES and PT are slightly reduced. Mitigation for CDM relies
only on energy substitution and efficiency.
Source: 173, 175

Box 13. TIMES-Spain and scenarios
Economic Growth: Low demand (LD) and High
demand (HD) CO2 capture and storage: available
(CCS) and not available (NCCS) CO2 mitigation
objectives: 20%, 40% and 80% CO2 reduction by
2050

CCS is an option in all the scenarios except in a low demand growth (20%)
The main sector for capture is the power sector followed by the cement sector
Electricity production is higher in the scenarios with CCS, mainly due to an increase in the electrification
of the other sectors
Renewables mean 50% or more of the share in the electricity production in all the scenarios
The possibility of CCS does not affect the power generation with renewables technologies
Source: 174
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3.

METHDOLOGY DEVELOPMENTS

3.1
3.1.1

Soft/Hard linking with…
Power system models

3.1.1.1 Soft-linking of a power systems model to an energy systems model

In this paper (83) we present a soft-linking methodology that employs detailed simulation outputs
from a dedicated power systems model to gain insights and understanding of the generation
electricity plant portfolio results for the electricity sector from a separate energy systems model.
The motivation for this soft-linking is to provide a transfer of information from the power systems
model strong points to the energy systems model and use this information to improve and
develop understanding of energy systems model results. To demonstrate the soft-linking
methodology as outlined above, we applied soft-linking in Ireland to an energy systems model,
Irish TIMES and an equivalent power systems model.

Methodology
A methodology is presented that employs detailed modeling of the unit commitment and
dispatch of the electrical power system, derived from an energy systems model, in a dedicated
power systems model to provide insight and feedback to the energy systems model. The softlinking methodology is described using a number of steps listed below and illustrated in Figure
361. Note that before the soft-linking approach can be correctly employed it is important that
both models share certain common inputs. These particular inputs are electricity profile shape
and renewable generation profiles.
Figure 361. Flow chart of soft-linking methodology
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Scenarios
To assess the methodology a series of yearly model runs (scenarios) were undertaken in the
power systems model with added degrees of technical complexity. This was done to assess and
quantify the added benefit of each of these parameters to the modeling process.
• The first of these scenarios (Scenario Simple) was a simple unit commitment and dispatch
simulation with no technical constraints other than maximum generation capacity of each
individual plant.
• A second scenario (Scenario Start Costs) added the start costs of each plant to the problem
formulation.
• A third model scenario (Scenario MSG) also added minimum stable generation, a fourth
added ramp rates (Scenario Ramp Rates) for each plant while a final scenario (Scenario
Reserve) added full modeling of upward reserve requirement.
This final scenario can be interpreted as the most complete model of the power system and the
one that provides the most realistic results in terms of power system operation. These scenarios
are summarized in Table 116.
Table 116. Summary of individual model scenarios for power systems model simulations
Scenario “Simple”

Scenario
costs”

“Start

Simple case with only
maximum capacity of
generators

Added start costs
for each plant

Scenario “MSG”

Scenario
rates”

“Ramp

Added
minimum
stable
generation
for each plant

Added ramp rates
limits for each plant

Scenario “Reserve”
Added spinning and
replacement reserve
requirements

Results
Unit commitment and dispatch. Table 117 details the annual capacity factors for both model runs
and each scenario simulation. The result presented here are for the ‘typical’ wind year and not
the low wind year. Looking firstly at the results from the energy systems model and the ‘Simple’
scenario from the power systems model, it can be seen that results are broadly similar. However
as more technical detail is added to the power systems model the results for certain plant diverge
indicating the significance and importance of technical portrayal in modeling the electrical power
system. Results of the detailed unit commitment and dispatch show that the power systems
model commits more of the less efficient CCGT units (CC-00) than the energy systems model
across all technical scenarios examined. This is because these units come online when the newer
CCGT units (CC-01) are out for maintenance or forced outages and are an important source of
flexibility for the system. The energy model exploits the coal powered plant to its full capacity
whereas in the power systems model these units are used less particularly with the inclusion of
more technical parameters as the start cost gets incorporated into the objective function and coal
generation is a ‘pulled back’ to allow gas and other generation to come online and run above their
minimum stable level. The distillate fuelled plants, while having a low capacity factor in the
energy systems model run are shown to provide an import peaking ability and this value is only
seen when higher levels of technical detail are modeled in the power systems model.
Emissions. Table 118 shows the annual CO2 emissions for both model runs and each scenario
simulation. Looking at the power system scenario with full technical and reserve requirements
(scenario ‘Reserve’) it is seen that the Irish TIMES model has a greater estimation of total annual
emissions. This is because it has a higher level of coal and peat generation compared to the power
systems model. The power systems model has higher emissions from gas plant but is offset by
higher reduction in emissions from the coal and peat plant. In the absence of technical constraints
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the power systems model produces higher emissions as the baseload peat and coal plants are
allowed to run longer.
Table 117. Annual capacity factors (%) for target year (2020) for both models and each scenario
Fuel
type/description

Gas-CC
Gas-new
Gas-turbine
Coal
Peat
Distillate
Biogas
Waste
Wind
Hydro
Hydro-ROR
Storage

Irish TIMES
results

0%
55%
0%
87%
87%
0%
57%
60%
32%
26%
26%
0%

PLEXOS results
Scenario
“Simple”
16%
54%
1%
84%
87%
2%
57%
60%
28%
23%
26%
0%

Scenario
“Start costs”
15%
57%
1%
73%
83%
16%
57%
60%
28%
23%
26%
4%

Scenario
“MSG”
16%
58%
1%
69%
81%
17%
57%
60%
28%
23%
26%
7%

Scenario
“Ramp rates”
16%
59%
1%
69%
81%
17%
57%
60%
28%
23%
26%
7%

Scenario
“Reserve”
21%
58%
1%
67%
75%
12%
57%
60%
27%
23%
26%
10%

Table 118. Annual CO2 emissions (Mt) for target year for both models and each scenario
Fuel type

Gas-CC
GAS-new
Gas-turbine
Distillate
Coal
Peat
Waste
Total

Irish TIMES model

0.01
2.95
0.00
0.00
5.77
2.48
0.14
11.35

PLEXOS power systems model
Scenario
Scenario
“Simple”
“Start costs”
0.83
0.80
2.88
3.05
0.01
0.01
0.06
0.48
5.36
4.74
2.54
2.42
0.14
0.14
11.81
11.63

Scenario
“MSG”
0.87
3.13
0.01
0.51
4.46
2.37
0.14
11.47

Scenario
“Ramp rates”
0.86
3.13
0.01
0.52
4.46
2.36
0.14
11.47

Scenario
“Reserve”
1.10
3.12
0.01
0.38
4.35
2.20
0.14
11.29

Results presented here show that in the absence of key technical constraints, an energy systems
model can potentially undervalue flexible resources, underestimate wind curtailment and
overestimate the use of baseload plant.
3.1.1.2 Modelling electricity generation - Comparing results from a power systems model and an
energy systems model

The focus of this work (203) is to investigate the added value of the inclusion of extra technical
detail of the electrical power generation system in an energy system model with high levels of
variable renewable generation sources. The high resolution dedicated power systems model,
PLEXOS for Power Systems, is used to build up and model a detailed portrayal of an electrical
power system from the TIMES (The Integrated MARKAL-EFOM System) energy systems model.
The motivation for the work is to ascertain whether the modelling of the electrical power system
within the energy system model is capable of correctly capturing and including the effects of
variability, in particular wind power variability, on the power system.

Scenarios
To generate outputs Irish TIMES have been set to meet by 2020 Directive 2009/28/EC target that
for Ireland is set to achieve at least 16% of gross final consumption from renewable sources. Two
main energy system configurations are discussed:
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• REN16 scenario: Least cost optimal pathway delivers the energy system demands meeting
Directive 2009/28/EC target in the absence of specific minimum shares of renewables share
in the power system.
• RES40 scenario: This scenario energy system is required to meet the future energy service
demands meeting Directive 2009/28/EC target by 2020 subject to at least 40% of
renewable electricity production (RES-E).

Results
Moving to simulation results, Figure 362 compares optimal annual production yields on REN16
scenario for each power plant according to soft-linked PLEXOS_Ireland and Irish TIMES models,
while Figure 363 shows plant capacity factors (CF). Gray bar shows the theoretical maximum
capacity factor for each plant according to the input technical characteristics.
Moving to the energy system delivering the 40% of renewable electricity generation (RES40
scenario). Comparing the reference model runs in PLEXOS and TIMES some fundamental
differences can been seen. PLEXOS runs the baseload coal and peat plants to their maximum
availability throughout the year. EUICBGS00 and EUGTOIL01 remains outside the merit order due
to its higher short run marginal cost and does not come online at all in the PLEXOS simulations.
EUGTGAS01 is bought online on brief occasions when wind speeds are very low or it there are
large plant out for maintenance. Levels of wind production are lower in the PLEXOS simulations as
the model enforces a 70% maximum penetration level on wind and thus more wind is curtailed.
The TIMES model with it limited timeslice definition is unable to capture this. Figure 364 shows
that in PLEXOS the impact of higher shares of variable load generation as wind energy implies
about 0.65% of lower electricity production from wind than in TIMES due to curtailment. Most of
curtailments during winter and autumn night time, when high wind productions face low
electricity demands. This scenario shows that the optimal share of renewable production is 35.1%.
Pumped storage does not appear to be used in TIMES whereas it comes online very briefly in the
PLEXOS simulations. Pumped storage can provide flexibility to the power system, however in the
reference modelling case in the absence of technical limitations on other plant such
Figure 362. Comparing Phase 1 generation in REN16 scenario
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Figure 363. Comparing Phase 1 generation portfolio CF in REN16 scenario

Figure 364. Comparing Phase 1 generation in RES40 scenario

The initial results from this paper suggest that the development of a soft linking between energy
system models and power system models could represent an important added value in terms of
improving electricity generation modeling. Most of energy modeling activities indicates, for the
next years, increasing levels of high variability power generation, due to high shares of wind
energy or hydro power; and electrification within transport and residential sectors. The
development of methodologies to validate those future energy scenarios will be of primary
importance to inform future power generation assessments and energy policies.
3.1.1.3 Modelling power system energy security by soft-linking TIMES with PLEXOS

The same methodology was applied with the MONET model (Box 14).
Box 14. Modelling power system energy security by soft-linking TIMES with PLEXOS
Two Scenarios were simulated for the
Aggregate (TIMES_IT) and Disaggregate
Case (MONET)
–Scenario 1-No Carbon tax
–Scenario 2-High Carbon Tax €250
Insight: Better representation of
flexibility of system and
cycling/operation of plant with
Disaggregated Plant information.
Source: 204
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3.1.2

Agricultural system models

3.1.2.1 Integration of agricultural and energy system models for biofuel assessment

This paper (79) presents a coupled modeling framework to capture the dynamic linkages between
agricultural and energy markets that have been enhanced through the expansion of biofuel
production, as well as the environmental impacts resulting from this expansion. The framework
incorporates the interactions between agricultural and energy markets at the macro-level, and an
assessment of production practices and environmental impacts at the micro (field)-level. For
macro-level analysis, we use two existing modeling frameworks: the CARD U.S. agricultural
markets model and the MARKAL energy systems model. The integrated modeling of agricultural
and energy markets will be useful in analyzing a range of scenarios regarding the role of biomass
feedstocks from the agricultural sector in an expanding market for biomass-based fuels and
energy.

Methodology
Linking the CARD and MARKAL models. Linking the CARD and MARKAL models in order to allow
feedback between the agricultural and energy sectors includes harmonizing data inputs and
assumptions in both modeling systems and iteratively updating the models to achieve
convergence on ethanol and biodiesel production. Specifically, variables that MARKAL treats as
exogenous inputs are endogenous variables to the CARD model. These include corn and soybean
production; agricultural costs of production for crops; fertilizer prices; corn, soybean oil, HFCS,
DDG, gluten feed, gluten meal, and corn oil prices. Variables that MARKAL treats as endogenous
are exogenous inputs to the CARD model. These include production costs for corn ethanol
market; energy prices (natural gas, electricity, refiner’s crude oil acquisition, gasoline, and diesel).
The linking of the two modeling systems allows for the endogenizing of variables that would
otherwise be exogenous in each model. At the same time, variables such as ethanol and biodiesel
production are endogenous in both models and remain so during iteration.
Linking macro level models with a micro level model. To assess the micro-level land-use
implications of the changes in the agricultural and energy markets, we used the output from the
linked CARD and MARKAL models in another existing model at the field-level. The micro-level
model operates on spatially explicit 30-square-meter grids originating from the U.S. Department
of Agriculture National Agricultural Statistical Service remote sensing crop cover maps. To develop
the macro- to micro-level model linkages, we expanded the original micro-model to include
multiple rather than one year choices.

Results
The integration of the agricultural and energy systems through data exchanges between the CARD
and MARKAL models provide different baseline results than what each model provided
separately. The process of convergence on corn ethanol production is illustrated in Figure 365,
where version 1a represents the starting point in the process. In the next iteration, MARKAL
passes back to CARD lower corn ethanol demand and production than in the previous iteration.
This exchange continues until corn-based ethanol production in both models reach similar levels
in 2020 and settles at a level that is above what the CARD model projected initially and below
what MARKAL projected initially. We chose the year 2020 for convergence since the CARD model
projects out annually only to 2024 (2024/25 in marketing years), while MARKAL projects out to
2050 for every 5 years. Therefore, the year 2025 does not exist in CARD.
To illustrate what happens in a complete loop (or through a full circle of exchanges), starting in
version 2a, the gap in corn ethanol production between the CARD model and MARKAL is much
smaller relative to the initial exchange. At this point, MARKAL corn-based ethanol production is
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lower than what is projected in the CARD model. When the lower MARKAL ethanol demand
projections are incorporated into the CARD model, this lowers corn-based ethanol production and
therefore corn prices in the CARD model (version 2b). As MARKAL takes the lower corn prices
from the CARD model, ethanol production in MARKAL increases to higher levels due to lower cost
of production, which reduces the total system cost, and so reaches levels closer to the CARD
model levels (version 2c). The CARD model inputs the higher ethanol demand from MARKAL, but
this demand is not as high as before. Thus, the change in the CARD model from this exchange is
lower compared to the previous exchange (the increments get smaller and smaller as the
exchanges continue). This process continues until (a) the gap between the two models in terms of
corn ethanol production is very small (i.e., about two percent difference. See versions 3a and 3b),
and (b) corn price projections from the CARD model stop moving between the iterations, or more
accurately, the change in price is negligible between iterations.
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Figure 365. Convergence of CARD and MARKAL models for corn ethanol

Table 119 summarizes the starting point in MARKAL after the coordination (version 1a), and the
post-linkage MARKAL results after convergence (version 3b), for some key outputs. As is the case
for the CARD model, this comparison is done only to demonstrate how the model results have
evolved through the linkage process. We do not treat the starting point as a meaningful baseline.
Several key differences emerge from the starting point and postlinkage comparison, which
illustrate the dynamics of the model iteration process. Given the higher corn prices in the
postlinkage results ($4.28/bushel compared to $3.92/bushel at the starting point), corn-based
ethanol production and the use of corn for ethanol falls substantially, from nearly 21 million
gallons to under 18 million gallons. Cellulosic ethanol production changes relatively little,
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however, and falls by 1.7%, meaning that despite the fact that the MARKAL model still has
cellulosic feedstock available, it is either not used at all, or is utilized in other energy sectors such
as electric power production.
Table 119. Pre- and post-linkage results in the MARKAL energy system model for calendar 2020

Feedstock consumption
Corn for ethanol (million bushels)
Cellulosic feedstocks (million tons)

Column A
(Coordinated) starting Point
(Fig. 4, version 1a)
Feedstocks

Column B
Post-linkage (integrated)
(Fig. 4, version 3b)
Feedstocks

7201
206
(Coordinated) Starting Point
Fuels

6164
203
Post-linkage Baseline
Fuels

Production (million gallons)
Ethanol from corn
20 997
17 975
Ethanol for cellulosic feedstocks
10
10 419
Domestic consumption (million gallons)
Crude oil (barrels)
5580
5567
Gasoline (before blending)
112 728
111 534
Denatured ethanol (before blending)
33 943
35 478
Ethanol used in E10
9564
9415
Ethanol used in E85
24 370
26063
a
Net imports (million gallons)
Ethanol
2343
7083
a
The difference in net import numbers between Tables 4 and 5 reflects marketing versus calendar year.

3.1.3

Macroeconomic models

3.1.3.1 Introducing technology learning for energy technologies in a national CGE model through soft
links to global and national energy models

This paper (93, 206) describes a method to model the influence by global policy scenarios,
particularly spillover of technology learning, on the energy service demand of the non-energy
sectors of the national economy. It is exemplified by Norway. Spillover is obtained from the
technology-rich global Energy Technology Perspective model operated by the International
Energy Agency. It is provided to a national hybrid model where a national bottom-up Markal
model carries forward spillover into a national top down CGE1 model at a disaggregated demand
category level.

Methodology
In this study three models are linked. The ETP model provides boundary conditions for both the
national models, though most important for this study is spillover of TL input to the Markal
model. In the hybrid model Markal Norway is given control of the energy system including export
and import of electricity. The national models are solved iteratively using a disaggregated demand
configuration. The models and the principal set-up are shown in Figure 366.
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Figure 366. Initial set-up of the hybrid model

Note: Consisting of the national macroeconomic model MSG6 and the national energy system model Markal with the
global energy system model Energy Technology Perspectives providing boundary conditions. Modified from Martinsen
(2010).

The calibration procedure is initiated by MSG6 calculating the gross energy carrier demand and
transferring it to Markal. The models are not yet linked. Electricity generation is endogenously
determined by both models and therefore used as CMP. That is, to have Markal Norway to
reproduce the electricity generation estimated by MSG6. Several model runs were made with
both models. The electricity generation calculated by the MSG6 and Markal in the initial runs and
in the final run is shown in Figure 367. MSG6 defines the reference demands while Markal sets
the price for electricity. It indicates that Markal may overestimate the cost-efficient potential for
early energy-efficient measures but this does not influence conclusions.
Figure 367. Electricity generation estimated by MSG6 and Markal in the initial and final runs

In the third step the constraints on new technologies are removed, the spillover of technology
learning and energy efficiency measures in Markal Norway are included and the model is opened
for export and import of electricity. Export and import of electricity in MSG6 remains blocked. In
this step Markal Norway controls the energy system including export and import. An iterative
procedure is activated where Markal Norway receives demand for energy and provides electricity
cost. The marginal cost of electricity generation, over and above the cost of existing and new
hydropower is input to MSG6. Markal Norway provides the cost of electricity at the power plant
gate in MSG6. Markal Norway is then run with the different boundary conditions, e.g., spillover
and iterated with MSG6, respectively. The data flow in the calibration mode is also shown in
Figure 368.
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Figure 368. The hybrid model in the calibration and simulation step

Note: As Markal is given control of the energy system in the simulation step, the electricity production cost is
transferred to MSG6 and the demand for energy carriers recalculated by MSG6 in an iterative procedure. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Results
To check that the models are linked the value of a common measurement point (CMP) is
compared. The long term marginal electricity price estimated by MSG6 is compared with the
annual average electricity cost from Markal Norway. Before iteration the cost of electricity
estimated by Markal Norway is higher, see Figure 369. Markal is now given control of electricity
generation in the hybrid model. While the electricity cost and generating capacity of existing and
new hydropower is equal in the two models, the electricity production cost of the backstop
technology in MSG6 is replaced by a time series generated by Markal. A new demand is then
estimated by MSG 6. The iteration procedure is repeated until the value of the CMP converges,
see Figure 370. The hybrid model is now calibrated for the ETP REF scenario. The electricity price
peaks around 2035 and is subsequently slightly reduced. This is mainly because domestic demand
increases and thus the influence of import are reduced. The electricity price consequently moves
towards the marginal production cost.
Figure 369. Cost of electricity estimated as annual average from Markal REF scenario and
longterm marginal cost by MSG6 before the link is established (before simulation step).
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Figure 370. Cost of electricity estimated as annual average from Markal REF scenario and
longterm marginal cost by MSG6 after the link is established (in simulation step).

As noted in the calibration section, several constraints were introduced in both models. During
the subsequent simulation step the individual effect of new technologies and spillover is
investigated by removing the constraints on new technologies and introducing spillover
consecutively. Allowing new technolo- gies and energy efficiency measures in Markal, reduces the
electricity demand projection by about 11–18Twh over the analysis period, see Figure 371a. This
is equal to an average decrease of about 11% in addition to TFPP and TFPC while the energy
service demand remains unchanged. The CO2 emissions a real so reduced, up to 3.5Mton or
about 10% when allowing energy efficiency and new technologies, see Figure 371b.
Figure 371. Electricity generation and CO2 emissions for the reference scenario while removing
the constraints in two steps as calculated by Markal

Note: With no export of electricity or technology learning but removing the constraint on energy efficiency measures
and new technologies the electricity generation is the lowest. Note that the scales start at 100Twh and 40Mton,
respectively.

The soft-linked national Markal- MSG6 hybrid model exhibits significant differences in the electricity price in response to the influence of spillover between the different global scenarios. The
approach facilitates transparency in the effect chain, from the assumptions in the global model
through the national energy systems model to the national macroeconomic model.
3.1.3.2 Impact of international climate policies on CO2 capture and storage deployment Illustrated in
the Dutch energy system

A greenhouse gas emission trading system is considered an important policy measure for the
deployment of CCS at large scale. However, more insights are needed whether such a trading
system leads to a sufficient high CO2 price and stable investment environment for CCS
deployment. To gain more insights, we (55, 78) combined WorldScan, an applied general
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equilibrium model for global policy analysis, and MARKAL-NL-UU, a techno-economic energy
bottom-up model of the Dutch power generation sector and CO2 intensive industry.

Scenarios
The results of the four different WorldScan scenarios were translated to four analogue scenarios
in MARKAL-NL-UU: BASELINE, GRAND COALITION, IMPASSE, and IMPASSE—NO CDM. As As
WorldScan generated results for the development of the Dutch electricity demand, the CO2 price,
and the energy prices, these were used as input in MARKAL-NL-UU. The CO2 price was
implemented as a tax on CO2 emissions originating from electricity generation from fossil fuels in
MARKAL-NL-UU. Consequently, all mitigation measures with lower cost than this tax will be
implemented in a model run. Also the contribution of the Netherlands to achieve the renewable
20% EU-target in 2020 was taken from WorldScan. This contribution was set as a lower bound in
MARKAL-NL-UU for the period 2020–2050.
Furthermore, in order to investigate the cost-effectiveness of renewable energy versus CCS, we
investigated a fifth scenario GRAND COALITION-RENEWABLE+. Given the deep emission cuts and
the consequently high CO2 prices towards 2050, renewable energy use increases substantially in
the WorldScan scenario. In the GRAND COALITION-RENEWABLE+ scenario, we took over this high
share (on top of the 20% EU renewable target) into MARKAL-NL-Uu for the whole period 2020–
2050.

Results
Electricity generation. Figure 372 summarises the electricity generating capacity for all scenarios.
In general it can be observed that while in the BASELINE, coal- fired power plants play a dominant
role over the whole analysis period, this role is less in all CO2 emission reduction scenarios. The
short term strategy is to switch from coal to natural gas and wind energy, the long term strategy is
to introduce CCS at large scale in all reduction scenarios except for the IMPASSE scenario. In this
latter scenario with a CO2 price remaining around 30 h/tCO2, the main strategy is to switch from
coal to natural gas. Specifically about the deployment of CCS,it is found that:
• In the short term, CCS plays a role in the electricity generation sector in the IMPASSE—NO
CDM scenario only.
• From 2030, CCS takes off, leading to an IGCC-CCS capacity between 5.9 and 7.1Gw in 2040.
Additionally, in the IMPAS-SE—NO CDM and GRAND COALITION scenarios 9.5 and 9.0GW of
NGCC–CCS has been constructed in 2040, respectively.
• Retrofitting with CO2 capture units remains limited, considering that 3.6 GW of new PCs
will be built around 2015. Besides the 2.6 Gw retrofitted in the IMPASSE—NO CDM
scenario, retrofitting remains below 0.9Gw in the other scenarios.
Emissions. Figure 373 presents the amount of CO2 stored over time per scenario. Around 2030,
the use of CCS in the GRAND COALITION scenarios catchup with the IMPASSE—NO CDM scenario.
The amount of CO2 storage in the normal GRAND COALITION becomes even higher. However,
from 2045 again most CO2 is stored in IMPASSE—NO CDM. In this scenario plants retrofitted with
CCS are still operating for which relatively a lot CO2 needs to be stored, while in GRAND
COALITION it is cost-effective to invest in new (more efficient) power plants for which less CO2
needs to be stored. Given that CCS is the main CO2 mitigation measure in both scenarios, storage
continues to grow to around 90MtCO2/yr in 2050. Intheend, 1.8–2.0GtCO2 is stored of which 0.5–
0.6GtCO2 in the Utsira formation. A prerequisite for such a scenario to continue is that a huge
CO2 storage reservoir remains available. From 2040 in GRAND COALITION-RENEWABLE+ the role
of CCS diminishes in favour of wind energy. In IMPASSE CO2 storage remains lower over the
whole period, reflecting the lower targets and CO2 prices.
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Figure 372. Total installed electricity generating capacity in the Netherlands in 2020 and 2040
for five scenarios

Figure 373. Annual amount of CO2 stored in the period 2010–2050 per scenario

Figure 374 summarises the cumulative amount of CO2 emissions in the Dutch power sector and
the CO2 intensive industry over the period 2009–2050 in the different scenarios. In this period,
the cumulative CO2 emissions for the electricity sector and the CO2 intensive industry is 5.7GtCO2
in the BASELINE, 3.2GtCO2 in the IMPASSE, and around 2GtCO2 in the other scenarios. In the
reduction scenarios between 2.5 and 3.8 GtCO2 is avoided to which CCS contributes the most
with 27–47%. The use of biomass contributes with 10–15% to the CO2 avoidance, and this mostly
takes place in power plants with CCS. Only in the GRAND COALITION-RENEWABLE+ scenario, part
of the CO2 avoidance by biomass is realised in CHP units. The total undiscounted additional
energy system costs due to the CO2 reduction over the period 2009–2050 are presented.
Sensitivity analysis. In the sensitivity analysis, also a number of MARKAL-NL-UU runs were
undertaken. Figure 375 illustrates the variation in these runs resulting from changes in key
parameters regarding the development of energy prices, competing technologies, or the
availability of CO2 storage. In the variants without any CCS the cumulative CO2 emissions in the
period 2009–2050 are substantially higher (0.8–1.3 GtCO2 higher). In almost all other variants CCS
plays an important role avoiding between 0.9 and 1.6 GtCO2 in the period investigated. The
contribution of CCS is the least in the variant with limited CO2 storage (0.9 GtCO2 avoided), and
limited biomass availability (1.3 GtCO2 avoided). In the limited biomass variant,CCS becomes less
attractive,because less biomass is available for co-firing in the CCS power plants. Finally, in the
variant with NGCC–CCS operating as baseload and the one with unrestricted nuclear power,
1.4GtCO2 is avoided by CCS compared to 1.6GtCO2 in GRAND COALITION.
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Figure 374. Contribution of abatement measures to CO2 emission reduction in the Dutch
electricity and heat generation sector over the period 2009–2050

Figure 375. Contribution of abatement measures to the CO2 reduction in the Dutch electricity
and heat generation sector over the period 2009–2050 for different variants

WorldScan results show that in 2020, CO2 prices may vary between 20 h/tCO2 in a GRAND
COALITION scenario, in which all countries accept greenhouse gas targets from 2020, to47 h/tCO2
in an IMPASSE scenario, in which EU-27 continues its one-sided emission trading system without
the possibility to use the Clean Development Mechanism. MARKAL-NL-UU model results show
that an emission trading system in combination with uncertainty does not advance the application
of CCS in an early stage, the rates at which different CO2 abatement technologies (including CCS)
develop are less crucial for introduction of CCS than the CO2 price development, and the
combination of biomass (co-) firing and CCS seems an important option to realise deep CO2
emission reductions.
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3.1.3.3 Top-down and bottom-up modelling to support low-carbon scenarios: climate policy
implications

Some studies have shown that the GHG mitigation options provided by economic top-down and
technological bottom-up models tend to vary. One reason for this is that these models tend to use
different baseline scenarios. The bottom-up TIMES_PT and the top-down computable general
equilibrium GEM-E3_PT models are examined using a common baseline scenario to calibrate
them, and the extent of their different mitigation options and its relevant to domestic policy
making are assessed (152).

Methodology
To guarantee that both models are benchmarked to a common baseline scenario, and before
considering particular climate mitigation targets, a calibration process was developed based on a
soft link between the two models. The link follows an approach such that prices and quantity
variables (e.g. energy, emissions) are exchanged between the models, which are iteratively solved
until similar results (i.e. less than a 10% difference) are reached. The overall calibration
framework is depicted in Figure 376.
Figure 376. GEM-E3_PT and TIMES_PT calibration framework

Notes: The dotted grey lines represent the BS assumptions (e.g. economic and population growth, fossil fuel import
prices), or calibration parameters (e.g. real interest rate, emission factors). The black lines represent the iteration
process: full black lines are direct inputs/outputs and the black-dashed lines represent indirect inputs.

Scenarios
Three low-carbon scenarios, which differ from the BS only in the level of the GHG emissions cap
assumed up to 2050, were run in GEM-E3_PT and TIMES_PT:
• a scenario with a 27% increase in energy-related emissions, relative to 1990 levels (+27S),
which corresponds to Portugal maintaining its commitment under the Kyoto Protocol until
2050;
• a 20% reduction in emissions (relative 1990 levels)(220S); and
• a 60% reduction in emissions relative to 1990 levels (260S), with a constant annual
decrease rate from 2015 onwards for the two latter scenarios (Figure 377).
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Figure 377. Low-carbon scenarios ( +27S, 220S, 260S)

Note: High variability of historical GHG emissions data is due to the variability of the hydrologic year. The modelling
results assume an average hydrologic year.

Results
Emissions. High convergence was achieved in the baseline scenarios of both models regarding the
consumption of energy and GHG emissions. From 2005 to 2050, the final energy consumption in
the BS increased by more than 20%. For both models, energy supply (power sector and refinery)
was the leading emitter, followed by transport and industry. The main GHG emissions reduction
from 2005 to 2050 occurred in buildings (a reduction of 14%), and the main increase took place in
transport (an increase of 22% and 27% for the GEM-E3_PT and TIMES_PT models, respectively).
The two models indicate that energy supply will have the highest GHG abatement potential
(Figure 378). Compared to BS, GEM-E3_PT reduced GHG emissions from 24% (by 2020 for +27S)
to 90% (by 2050 for 260S), while TIMES_PT reduced emissions from 35% to 82% (for the same
years and low-carbon scenarios). In both models, energy supply contributed most to total
abatement. However, as the stringency of the cap increased over time and scenario, its relative
importance for total abatement decreased, as higher abatement was required from all other
sectors. For 260S in 2050, TIMES_PT allocated the biggest abatement to transport (43% of total
abatement) due to a shift to biofuels and electricity-based technologies.
Figure 378. GHG emissions reductions for the low-carbon scenarios relative to the BS

Notes: Numbers inside the bars correspond to percentage of reduction; the slight differences in the total GHG
emissions abated from the models are a result of the small divergences identified in the BS).
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To illustrate the policy significance of the differences between the model results regarding GHG
reduction, the abatement effort was presented using the EU climate and energy package metrics
by comparing 2020 results with the 2005 emissions included in the EU Emissions Trading Scheme
(EU ETS), and the energy component of the Effort Sharing Decision, which covers non-ETS sectors
(Table 120). For all scenarios, TIMES_PT achieved a reduction effort for the EU ETS higher than
that of GEM-E3_PT (by five to seven percentage points), while the latter model defined a higher
abatement for non-ETS emissions (by three to five percentage points) compared to the former.
Both models suggest that decarbonization will occur primarily in the EU ETS sectors, as energy
supply and energy-intensive industry have the cheapest abatement options.
Table 120. Percentage of GHG emissions reduction in 2020 compared to 2005
Scenario
+27S

Sector
GEM-E3_PT
EU ETS
-32
Non-EU ETS
-6
-20S
EU ETS
-41
Non-EU ETS
-8
-60S
EU ETS
-50
Non-EU ETS
-12
Note: Figures are disaggregated in the EU
excluding renewable energy.

TIMES_PT
-37
-3
-48
-3
-57
-8
ETS and non-EU ETS for the low-carbon scenarios. BS 1⁄4 100 over eme,

Costs. To plot the MAC curve for 2050 from the results of both models (Figure 379), several
scenarios for various additional GHG caps were run, representing a linear GHG emissions pathway
from 2015 to 2050: 0% (0S), 40% reduction (240S), and 50% reduction (250S) of GHG emissions
relative to 1990 levels.
The increase in the carbon reduction target from a 27% increase to a 60% decrease led to a
corresponding increase in the carbon price from EUE200554 to E20052915/tCO2e in GEM-E3_PT, and
from E200534 to E20051075/tCO2e in TIMES_PT. For higher GHG abatement levels, the relative
difference between the MACs was higher, which can be explained by different reduction
strategies and sector potential.
Figure 379. MAC curve for the year 2050

Both models suggest close mitigation options and locate the largest mitigation potential to energy
supply. However, the models suggest different mitigation options for the end-use sectors: GEME3_PT focuses more on energy efficiency, while TIMES_PT relies on decrease carbon intensity due
to a shift to electricity. Although a common baseline scenario cannot be ignored, the models’
inherent characteristics are the main factor for the different outcomes, thereby highlighting
different mitigation options.
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3.1.3.4 HYBTEP hybryd technological economic platform

The description of HYBTEP (HYBrid Technological Economic Platform), supported by a soft-link
between the bottom-up model, TIMES_PT and the top-down GEM-E3_PT, was the topic of a
presentation (Box 15).
Box 15. HYBTEP hybryd technological economic platform

Goal:
• Obtain a modelling platform with the detailed technological information of TIMES_PT;
• Explicit representation of economy and its factors (production, consumption, labour) from GEME3_PT.
Approach
• Fuel substitution and energy prices are driven by technological decisions within the framework of the
TIMES-PT model.
• GEM-E3_PT model receives energy demand and the resulting changes in economic output growth are
used as adjusted exogenous drivers to the TIMES-PT model.
Scenarios
Reference scenario: no energy/climate policy
Policy scenario: CO2 tax to induce a GHG emissions reduction in line with EU goal (EU Energy Roadmap:
2020: 25€7ton, 2030: 52€/ton, 2050: >265€/ton )
Policy Scenario – Final Energy

In 2050, TIMES-ELAS reduces more the final energy consumption than HybTEP. The fossil fuels
consumption between TIMES-ELAS and HybTEP is almost the same justifying the close GHG emissions.

Source: 180
3.1.3.5 Challenges in soft-linking: The case of EMEC and TIMES-Sweden

The aim of this study (221, 222, 223 ) is to develop a method for how to soft-link a Computable
General Equilibrium (CGE) model with a energy system model. The paper describes this
development in detail, and presents and discusses the results of the soft-linking methodology
applied to a climate scenario. Important similarities and differences between two Swedish
models, i.e. EMEC (a CGE model) and TIMES Sweden (an energy system model), are identified.
These findings are used to develop a robust and transparent method to translate simulation
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results between the two models, resulting in intermediate ‘translation models’ between EMEC
and TIMES-Sweden.

Methodology
EMEC provides demand input to TIMES, while TIMES provides feedback on the energy efficiency
parameters, the energy mix, and the prices of electricity and heat. These ‘translations’ can also be
used stand-alone to feed into other energy system models. The iteration between the two models
is described in Figure 380.
Figure 380. Iteration scheme between EMEC and TIMES-Sweden

Note: The first letter indicates the set of scenario assumption used, i.e. reference scenario or climate scenario. The
second letter indicates the model (EMEC or TIMES-Sweden), followed by the number of iterations (xi is iteration No. x).
NL indicates No Linking, whereas SL indicates Soft-Linking. Hexagon boxes illustrate translation models.

Scenarios
Specifically, we compare the outcomes of a reference scenario with a climate policy scenario in
which higher prices of carbon dioxide have been implemented, with and without the soft-linking
method. In the climate scenario, the CO2 tax is assumed to increase by fifty percent and the CO2
price within EU ETS is increased from 16 to 30 €/ tonne CO2 in 2020 and stays at this level to the
end of the modelling period (in 2035).

Results
Figure 381 shows how the resulting energy demand in 2035 for the energy-intensive industrial
sectors changes with the soft-linking iterations for both the reference scenario and the climate
scenario. In general, the first iteration resulted in a significant change in the structure of the
economy, which in turn affected the energy use. The models adapt to each other already in the
second reference iteration (R-2 iteration), and thereafter only smaller changes are made, and the
models converge. However, full convergence could not be achieved. The lower demand in energyintensive industries, after the iteration process, can be explained by: i) a higher electricity price
from the TIMES-Sweden model compared with running the EMEC model alone, together with ii)
TIMES-Sweden assuming fewer technology options in the energy-intensive industries to reduce
their energy demand compared with EMEC, which assumes changes in energy demand based on
substitution elasticities.
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The climate scenario is analysed based on three different starting points: a non-linked reference
scenario (Climate NL-Ref), a non-linked climate scenario (Climate NL-Climate) and a soft-linked
scenario (C-* iteration). In the latter case, when the soft-linked reference scenario is the starting
point of the climate scenario iterations, the number of iterations does not affect the production
level from EMEC to any greater extent. Hence, the differences between C-1 and C-3, are small
compared with the difference seen between R-1 and R-2.
Figure 381. Energy demand input to TIMES-Sweden for the energy intensive industry

Note: Yearly demand in 2035 of six different energy-intensive goods is presented in Mtonne (y-axis), as input to TIMESSweden, for each iteration and with two different scenarios (reference versus climate policy scenario). As a comparison,
the demand in 2005 is included.

In order to test if the changes in the results from introducing the soft-linking process had a policy
impact, we looked at the resulting CO2 emissions from TIMES-Sweden in 2035 (Figure 382). The
results clearly show that the amount of CO2 is significantly lower in the scenarios with soft-linking
than in the scenario without soft-linking (Ref NL vs. Ref SL, Climate NL vs. Climate SL). This is partly
a result of lower demand for energy services in the soft-linked scenario. The relative change in
CO2 emissions between the reference scenario and the climate scenarios, black mark, is almost
the same with and without linking when starting from a non-linked climate scenario in EMEC –
‘Climate NL-climate’ compared with ‘SL-Climate’ – while the absolute difference is greater without
linking. If demand instead is based on EMEC's reference scenario, the relative difference is greater
– ‘climate NL-ref’ compared with the ‘climate SL’ – while the absolute difference is almost the
same. If the sectors included in the EU-ETS (ETSCO2) are analysed separately from the sectors not
included (NETSCO2), the results indicate a greater variation between the different methodologies.
If the scenario would involve the consequences of introducing a CO2 cap, the differences between
introducing the soft-linking method is likely to be greater since the absolute CO2 level is
significantly lower when soft-linking the models.
When comparing the results, the soft-linking methodology showed a new picture of the
economy's energy use compared with the model results without soft-linking. The first iteration
resulted in a significant change in the structure of the economy, which in turn affects the energy
use. The subsequent iterations only resulted in minor changes; hence the results of the two
models converged. When running TIMES-Sweden stand-alone, the demand assumptions are
generally taken from a variety of official sources for which the underlying assumptions are usually
difficult to assess. By instead using the economic output from EMEC directly into the translation
model, the process becomes more transparent and consistent.
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Figure 382. Carbon emissions in (1000 tonnes) in 2035

3.1.4

Lifecycle analysis

3.1.4.1 Implications of energy policy on a product system’s dynamic life-cycle environmental impact

Successfully developing and manufacturing industrial products requires considering the
economic- and environmental-factors that span multiple spatial- and temporal-scales. Here (14),
we propose an integrated approach combining an energy-economic model with a life-cycle
assessment to analyze the impacts of energy policies on the dynamic changes in the various
environmental impacts of a product system. We employ the Market Allocation (MARKAL)
framework to foresee the changes in several economic- and technological-parameters over
specific periods for different energy policies. Furthermore, we create a dynamic life-cycle
inventory database to assess the changes in the future life-cycle environmental impact of a
current product/process system.

Methodology
Figure 383 illustrates the general framework of the Multiscale Predictive (MP) LCA and
summarizes the steps. First, various carbon mitigation policies are considered in the energyeconomy model—MARKAL. The focus of the LCA side is to create the dynamic LCI for a
product/process system. After forming the static LCI for a system is formed, the average
electricity used for each stage of the product’s life cycle therein is disaggregated with respect to
the information on percentage electricity-generation mix gathered from MARKAL for each period
and policy. Thereafter, the change in emission intensities for fossil-fuel-based electricity
generation over this time is considered to create a dynamic LCI database for a product’s life cycle.
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Figure 383. Framework for MP-LCA for a production system

Scenarios
BNL’s Multi-Region U.S. MARKAL model (U.S. MRM) is a 10- region model of the U.S. energy
system designed using the MARKAL framework. The U.S. MRM reference case includes federaland state-energy policies and regulations currently enacted by law. Beside this, three different
carbon-policies are analyzed: The Clean Energy Standard (CES), which is a requirement that a
certain share of the electricity sold comes from energy sources, such as renewable-, nuclear-and
CCS-(carbon capture and sequestration) ones; Cap and Trade (CO2CAP); and, a $100/tCO2
CarbonTax (C100).

Results
Electricity generation. Figure 384 is MARKAL output of the electricity-generation mix by running
four policy cases. The percentage mix of each generation technology for each period is used for
disaggregating the aggregated average electricity consumed throughout the lifecycle of PV. In the
base-case scenario (reference), the United States continues to rely on the relatively cheap fossilfuel-fired electricity-generation technologies, since there are no carbon-reduction policies.
Therefore, in our reference case, about 65% of electricity still is expected to be derived from
these traditional technologies in the year 2050 in our reference case. For all other cases of carbon
mitigation-policy, it is evident that using fossil fuels for producing electricity will decrease
significantly and will be replaced by nuclear- and renewable-sources. For the C100 case, the use of
natural gas for generating electricity keeps increasing through 2030, even with a tax of $100 per
ton of carbon. Growth constrains on installing new nuclear- and renewable-generation capacity
leads to a rise production by existing gas-fired generation systems, so to replace more carbonintensive coal-fired generation. By 2030, sufficient new nuclear- and renewable-generation
capacity could be installed and the usage of gas-fired generation start to fall.
From the LCA side, we considered the cradle-to-gate LCA of a crystalline silicon photovoltaic.
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Figure 384. Electricity generation from different input resource for four different cases

Environmental impacts. Figure 385 illustrates the change of various environmental impacts per
module production for four different policies. As shown in Figure 385a, each of the three policy
cases predicts a drop in acidification for the PV life-cycle. Although the model’s sensitivity to each
policy scenario differs, the retirement of coal-fired generation plants contribute to the declining
profiles of acidification. Furthermore, much of the remaining coal-fired generation is IGCC with
CCS. This effect is strongest for the carbon-tax scenario (C100). Figure 385b illustrates the change
of Global Warming Potential (GWP) that follows a similar trend as acidification. We also see an
increase in smog-forming emissions under these alternate carbon policies. A key contributor to
the smog is NOx emissions from biomass- and fossil fuel-electric generation. Although the former
rises over time in all cases, the three carbon-mitigation policy scenarios predict have higher
growth in biomass generation than does the reference case. Therefore, the carbon mitigation
scenarios have higher NOx emissions, along with the resulting increase in smog formation. Figure
385d shows the changes in smog over the years.
Figure 385. Environmental impacts of PV for four different policy scenarios: (a) Acidification,(b)
GWP,(c) Ozone depletion,(d) Smog,(d) Respiratory effect and (f) Carcinogenics
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3.1.5

Geographical information systems

3.1.5.1 Analysis on the design of Japan FIT after Fukushima disaster using GIS and TIMES integrated
model

This study (146, 147, 236) aims to illustrate the Japanese electricity supply system after the
earthquake with consideration of Japanese uniqueness including its 10 separate grids with weak
connections between them and the geographical gap between renewable potential and electricity
consumptions using GIS data for a TIMES model. We take FIT (feed-in-tariff) as a policy measure
to promote renewables.

Scenarios
In this study, we have tried to identify the relationship between FIT price and amount of
electricity generated by renewables under four budget constraints. Electricity generated by PV is
costly compared to other renewable sources, and hence FIT price for PV is set at twice that of
other renewables. Maximum FIT prices for PV and other renewables are assumed to be 40
cents/kWh and 20 cents/kWh, respectively, and we have done sensitivity analysis on FIT prices
from 10% of maximum price to maximum price under four annual budgets constraints: 5, 10, 15
and 20 billion USD.

Results
In all budget constraints except 5 billion USD, electricity generation by renewables peaks at 20%
of maximum FIT price and sees a sharp drop afterward. With the 5 billion USD budget constraint,
the amount of electricity generated by renewables decreases as the FIT price increases. Under a
fixed FIT budget, there is no linear relationship between FIT price and electricity generation by
renewables. There is no guarantee that a higher FIT price leads to more electricity generation by
renewables. 20% of FIT maximum price under a 10 billion USD budget is expected to generate
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more electricity from renewable sources than 50% of FIT maximum price under 20 billion USD
budget (in Figure 386).
Figure 386. Electricity generated by renewables under four FIT budget constraints

Under FIT budget constraint, we allow grid expansion. More renewables are to be introduced,
which means grid expansion make possible to access to cheap renewable potentials. Allowing grid
expansion makes it possible to access to cheap on-shore wind potential in Hokkaido. Japan has 10
electricity grids with poor inter-connectivity. The demands and renewable resource potentials in
each grid region are shown here. Regions with high wind potential are located far from regions
with high demand. Solar is better distributed but the potential is small (Figure 387).
Figure 387. Electricity demand and wind potential

High FIT prices do not guarantee more introductions of renewables. High FIT prices make the huge
potential of renewables commercially viable, but at the same time, they limit the maximum
introduction of renewables. In addition, a high FIT budget does not guarantee more renewable
introduction. Twenty percent of FIT maximum price under a 10 billion USD budget is expected to
generate more electricity from renewable sources than 50% of FIT maximum price under a 20
billion USD budget. In designing FIT, we need to use a detailed disaggregated model, like the
model we used for this study, as an evaluation tool and do sensitivity analysis of the combinations
of FIT price and budget to discover the cost effectiveness of different combinations.
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3.2

Dealing with …

3.2.1

Uncertainties

3.2.1.1 A robust optimization approach to design a robust European energy supply

Energy supply routes to a given region are subject to random events, resulting in partial or total
closure of a route (corridor). The purpose of this article (54) is to formulate a simplified version of
the above issue that mainly addresses long-term uncertainties. The formulation is done via a
version of the TIAM-WORLD Integrated Model, modified to implement the approach of robust
optimization. In our case, the approach can be interpreted as a revival of chance-constrained
programming under the name of distributionally robust, or ambiguous, chanceconstrained
programming. We apply the approach to improve the security of supply to the European Energy
system.

Scenarios
In the TIAM-WORLD model, 67 energy channels are available to import gas, coal, and oil products
into EU, from several regions in the ROW. We made eight runs of the model by combining two
alternative values for the μk and four values for the guaranteed probability of satisfying the
random capacity constraint. We call this probability the reliability of energy supply. The two
selected μk values are 0.4 and 0.2. The four reliability levels are: 0 (reference scenario), 0.72, 0.90,
and 0.95. In what follows, we present only the results for μk =0.4 since this value presents a larger
challenge to the security of energy supply (in the sense of less reliable channels).

Results
Cost-Reliability Trade-offs. The first and most important result is shown in Figure 388 depicting
the trade-off between system cost for EU and the overall reliability of the EU energy supply,
defined above as the probability that random constraint is satisfied. The extra costs for improving
reliability range from 175 B$ to 230 B$, i.e., from 0.52% to 0.68% of the total EU energy system
cost. A more naive way to improve reliability—such as an across-the-board increase of all channel
capacities, would have resulted in larger costs for the same level of reliability.
Figure 388. Cost-reliability trade-off for four runs

Energy Imports. Another useful and interesting result concerns the impact of increasing reliability
on the total amounts of energy imported by the EU, shown in Figure 389. We observe that energy
imports slightly increase in 2025 and decrease significantly at later periods when reliability
increases. The decrease ranges from 30% in 2030 to about 20% in 2055. This is an important
result showing the resilience of the EU energy system in the medium and long terms.
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Figure 389. EU energy imports (PJ/year)

Robustness. We use four indexes of concentration and evaluate the impact of the robust
solutions on these indexes: 1) The first and simplest (perhaps simplistic) index is the maximum
flow carried by the 67 channels. When theMax flow is reduced, flows tend to equalize and market
dominance is reduced. 2) The second index is the observed coefficient of variation (ratio of
standard deviation over mean) of the 67 flows. 3) The third index is the Hirschmann–Herfindahl
index which is the sum of squares of the channels’ market shares. 4) The fourth index is the
Shannon–Wiener index.
These four indexes are affected in very much the same way when the reliability of inequality
increases: in 2025, not much impact is observed, due to the system’s inertia. As time goes on, the
four indexes show dramatic decreases compared with the Reference. We complete these
observations on the alternative measures of concentration by showing the trade-offs between EU
extra cost and the last two indexes (Figure 390). The H-H index decreases almost linearly when
the EU cost increases, whereas the S-W index decreases at first slowly, and then more rapidly as
cost increases. In view of the small additional cost of guaranteeing a 95% reliability of supply
(compared with a 90% reliability), it seems recommendable to adopt the higher value since the
95% case is vastly superior in terms of reliability.
Figure 390. Trade-offs between EU cost and two indexes of concentration

The results obtained for the case study exhibit several interesting features regarding the security
of EU energy supply and supporting the priorities mentioned in official statements regarding the
European energy policies.
• First, under the limited scope of the modeled situation, it appears that the supply of EU
energy can be guaranteed with a known probability, under a very mild assumption on the
mean of the random availability factors.
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• Second, such reliability is achieved at what may be considered moderate an extra cost, not
exceeding 0.7% of the total EU energy cost.
• Another useful observation is that the bulk of investments needed to insure the reliability
of the supply, occur as soon as the mildest reliability is enforced; the investments in
capacity required for the additional improvements of the reliability are relatively smaller.
• The significant reduction of energy imports by Europe observed when the reliability of the
system is improved also corresponds to a long-term strategic objective of the EU.
• Furthermore, the systems approach used in this research insures that the two objectives
(diversifying supply and reducing the energy imports) are achieved jointly rather than by
tackling each objective separately.
• Finally, the decisions taken to increase the reliability of the energy system contribute very
significantly to reduce the concentration of supply sources, a feature that is desirable in
itself.
3.2.1.2 Critical mid-term uncertainties in long-term decarbonisation pathways

Over the next decade, large energy investments are required in the UK to meet growing energy
service demands and legally binding emission targets under a pioneering policy agenda. These are
necessary despite deep mid-term (2025–2030) uncertainties over which national policy makers
have little control. We (40) investigate the effect of two critical mid-term uncertainties on optimal
near-term investment decisions using a two-stage stochastic energy system model.

Scenarios
We investigated two uncertainties, fossil fuel price and biomass import availability. Table 121 lists
the related model runs analysed in this paper. For each uncertainty, we ran the energy system
model in both deterministic and stochastic modes. In deterministic mode, it is necessary to run
the model once for each price (4)/availability (2) scenarios. In stochastic mode, the model is run
once and produces as many sets of results as there are price (4)/availability (2) scenarios.
Table 121. Uncertainty model runs
Uncertainty
Reference scenario

2050 energy CO2 target
None

Fossil fuel prices (low,
central, high, very high)

80%

Fossil fuel prices (low,
central, high, very high) with
novel mitigation options

80%

Biomass availability

90%

Deterministic
REF
D-CUM-FF-L
D-CUM-FF-C
D-CUM-FF-H
D-CUM-FF-HH
D-FF-L-FLEX
D-FF-C-FLEX
D-FF-H-FLEX
D-FF-HH-FLEX
D-BIO-C-YES
D-BIO-C-NO

Stochastic
N/A
S-CUM-FF-L
S-CUM-FF-C
S-CUM-FF-H
S-CUM-FF-HH
S-FF-L-FLEX
S-FF-C-FLEX
S-FF-H-FLEX
S-FF-HH-FLEX
S-BI-C-YES
S-BI-C-NO

Results
Final energy. There are both similarities and differences across the stochastic and deterministic
models. One similarity is the response of energy service demands to price increases. Under a low
FF SOW with a carbon constraint, it is cheaper to deliver energy services than under a high FF
SOW. This results in a higher final energy demand, less demand reduction and less conservation
and efficiency improvements. Under a high FF scenario, we see the opposite behaviour; with
consequently greater demand-reduction and lower final energy (Figure 391).
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Given that changes in FF price do not occur until 2030, the model is able to anticipate the change
to a different fossil fuel price scenario and optimise investments in the early period to
compensate. This results in near-term differences between deterministic fossil fuel price
scenarios. As fossil fuel prices increase across scenarios, the proportion of primary natural gas
decreases while theproportion of primary crude oil and coal increases, coal CCS capacity
increases, displacing co-firing CCS capacity. Nuclear, hydro and electricity imports are unaffected
by changes in fossil fuel price. Final consumption of heat, through residential district heating,
increases as fossil fuel prices increase—more efficient consumption of natural gas via
cogeneration is stimulated as fossil fuel prices increase.
Figure 391. Final energy of stochastic and deterministic equivalent fossil fuel price scenarios

Carbon capture and storage. Under a cumulative emissions target, the model has freedom to
choose the period in which it can mitigate emissions. The FF price SOWs demonstrate that higher
fossil fuel prices are associated with later and steeper decarbonisation, primarily because co-firing
CCS becomes less economically viable in comparison to coal CCS at higher FF prices. In the low FF
price scenario, investments in coal CCS and co- firing CCS in 2020 (Figure 392) displace unabated
coal generation, resulting in much lower CO2 emissions that other scenarios. Part of this
reduction in CO2 emissions is a price response to the more expensive electricity in 2020–2025.
However, this early investment in more expensive low-carbon technology pays off in 2030, when
for the remainder of the model horizon CCS technology is very cheap to run due to the low FF
price. In this way, a small early sacrifice results in a large future benefit (note that the model uses
a low social discount rate of 3.5% and that a higher discount rate would alter this behaviour to
favour near-term financial savings).
Figure 392 shows the effect of the hedging strategy on co-firing CCS capacity in 2030 and 2050. In
the deterministic SOW D-CUM-FF-HH, co-firing CCS capacity from 2020 to 2050 is nil. However, in
the stochastic scenario, the hedging strategy of ~7 GW capacity results in this capacity remaining
through to 2050 (see S-CUM-FF-C, -H, -HH in Fig. 4b). Under the low FF price SOW (S-CUM-FF-L),
investment in co-firing CCS can continue to the same level of ~26 GW by 2050 as in the
deterministic low FF price scenario (D-CUM-FF-L). Again, the different investments made in the
stochastic hedging strategy have altered the structure of the energy system, which influences a
different pattern of optimal future investment under the four recourse strategies than in the
deterministic SOWs.
Costs. Table 122 shows a summary of the costs for each deterministic scenario and stochastic
state of the world, together with the expected cost and Expected Value of Perfect Information
(EVPI). The EVPI indicates that in an energy system with fewer mitigation options, the value of
perfect information regarding fossil fuel prices is valued at £20.5billion. However, when more
flexible mitigation options are included the EVPI is lower—£11.8 billion, as the system is better
able to respond to changing fossil fuel prices.
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Figure 392. (a) and (b) show the installed capacity of co-firing CCS

Table 122. Different indiscounted cumulative welfare (2000£B) from the reference scenario
Fewer mitigation options
Deterministic
Stochastic
More mitigation options
Deterministic
Stochastic

Low

Central

High

Very high

Expected

EVPI

3.2
23.7

67.0
86.8

109.8
130.0

149.3
170.8

82.3
102.8

20.5

-45.3
-5.6

58.9
59.0

104.1
102.3

133.4
142.8

62.8
74.6

11.8

Under low FF prices, a very large (£45 billion) welfare benefit is apparent, through importing
cheap fossil fuels and avoiding expensive domestic extraction. Least-cost decarbonisation is
assisted by the very large early investment in co-firing CCS for low-carbon electricity generation.
The stochastic low FF price SOW (S-FF-L-FLEX) is more expensive (£5.6 billion benefit) partly
because early investment in CCS technology is lower as shown by the black column in Figure 393a.
By 2030, as in Figure 393b, capacity is unable to increase as much as in the deterministic low FF
price SOW (D-FF-FLEX-L) due to investment growth constraints, but by 2050, the capacities are
almost identical.
Figure 393. (a) and(b) show capacity of CCS in the scenario with more mitigation options

The results show that where future fossil fuel prices are uncertain: (i) the near term hedging
strategy to 2030 differs from any one deterministic fuel price scenario and is structurally
dissimilar to a simple ‘average’ of the deterministic scenarios, and (ii) multiple recourse strategies
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from 2030 are perturbed by path dependencies caused by hedging investments. Evaluating the
uncertainty under a decarbonisation agenda shows that fossil fuel price uncertainty is very
expensive at around £20 billion. The addition of novel mitigation options reduces the value of
fossil fuel price uncertainty to £11 billion. Uncertain biomass import availability shows a much
lower value of uncertainty at £300 million. This paper reveals the complex relationship between
the flexibility of the energy system and mitigating the costs of uncertainty due to the pathdependencies caused by the long-life times of both infrastructures and generation technologies.
3.2.1.3 Climate mitigation under an uncertain technology future

This paper (61, 208) explores the impacts of long-term technology and climate uncertainties on
the optimal evolution of the World energy system. Stochastic programming with the TIAM-World
model is used for a parametric analysis of hedging strategies, varying the probabilities associated
to each of two contrasted technology outlooks. The parametric analysis constitutes an original
supplement to the computation of hedging strategies by identifying technologies that are robust
under a broad range of probabilities of the two technology outlooks.

Scenarios
Two scenario dimensions are explored with TIAM-World in this research, inspired by the scenarios
proposed by AME and by the Sub- Group 24 of the Energy Modelling Forum.
• The first dimension considers two contrasted sets of assumptions on the future energy
system of the World. The two contrasted states of the World, noted SOWs, are centered on
Renewable energy/efficiency, and on Conventional/nuclear, respectively: a) The first state
of the World, noted RES (Renewable Energy Sources), is focused on renewable energy and
improvement of the energy intensity of the economy. CCS and nuclear power (NUC) are
assumed not to play an important role, perhaps due to low acceptability or technical
difficulties; b) The alternative state of the World, noted CONV (Conventional), is centered
on fossil and nuclear energy, where renewable energy is expected to be more expensive,
biomass potentials and improvements of the energy intensity lower. CCS and NUC do not
face penetration difficulties. The corresponding event tree has two branches (Figure 394).
• The second dimension considers three alternate long-term climate targets, defined by the
total atmospheric radiative forcing at the end of the 21st century. We use three alternate
forcing targets, two of them being the core targets recommended by the AME (3.7 W/m2
and 2.6 W/m2, equivalent to 550 and 450 ppm CO2 − equivalent, respecevely), to which we
have added a third, intermediate target of 3.0 W/m2, corresponding to the forcing
obtained in the AME core scenario “CO2 Price $30–5% p.a” (CO2 price increasing by 5% per
year, 30$/tCO2 in 2020—Calvin, 2012-this issue). For each of the three climate targets, we
did 21 stochastic programming model runs, each with the two SOWs as described above,
and with probabilities of the second state of the World ranging from 0 to 1, in 0.05
increments. The two runs where the probability is equal to 0 or to 1, correspond to perfect
foresight of the future technology outlook. The climate dimension is treated as three
separate non-probabilistic scenarios.
The scenarios are named according to the following convention:
• PF_RES (resp. PF_CONV) represents the “Perfect Foresight Renewable” (resp. “Perfect
Foresight Conventional”) scenario;
• X_CONV represents a scenario with a probability of X% associated to the Conventional
branch;
• X_RES represents a scenario with a probability of X% associated to the Renewable branch;
• 50–50 represents the scenario with the probability of 50% associated to both branches.
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Figure 394. Uncertainty tree

Results
Mitigation options. Figure 395 presents a summary of the mitigation actions under the three
climate targets, along with the sensitivity of each action to the technology outlook.
Figure 395. Mitigation actions under climate targets, with sensitivity to technology uncertainty
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Only actions in the end-use and electricity generation sectors are shown, and two types of
information are represented. First, each cell number represents the change in final energy or
electricity production over the Reference case, averaged over the 21 hedging strategies. Secondly,
the cell color indicates the degree of variability of individual hedging strategies around this
average number, measured by the coefficient of variation (CoV, i.e. the ratio of standard deviation
to the average). Thus, it identifies the energy decisions considered relevant either because of
their absolute contribution to the mitigation policies or because of their robustness.
Carbon prices reflect the dynamics characterizing the mitigation actions. They are much higher in
the severe climate targets than in the moderate targets, and they are highly sensitive to the
probabilities of the technology outlooks, being lower when the probability of the renewable
technology outlook increases and therefore, the pressure on the energy system is reduced. The
ranges of carbon prices obtained in 2030 are respectively 19–41 US$2005/tCO2 (3.7 W/m2), 88–
125 US$2005/tCO2 (3.0 W/m2) and 215–307 US$2005/tCO2 (2.6 W/m2).
Super-hedging strategies. Some of the hedging mitigation options appear to be “super-hedging”
actions (Figure 396), which means that they penetrate more in the hedging strategy than in any of
the perfect forecast strategies. Such a situation shows that the stochastic analysis of future
climate strategies gives insights that are beyond any interpolation of the deterministic strategies.
The penetration of gas, either for electricity generation or final energy use, especially in industry,
is one of the most significant super-hedging options in several regions and in the three climate
cases.
Figure 396. Super-hedging energy decisions in 2020 or 2030

Note: Super-hedging energy decisions are actions that penetrate more in the Hedging strategy than in the two perfect
foresight scenarios.

Gas combines two characteristics that make it a good “install-now” strategy, which in turn, allows
"wait-and-see" for other options. First, gas produces mild GHG emissions per unit of energy,
compared to other fossil fuels. Secondly, gas technologies have low capital costs relative to other
low-emission technologies, both when used for direct combustion and for electricity generation.
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Therefore, gas constitutes an appealing solution in an uncertainty context. By implementing gas,
the policy maker keeps a middle-of-the-road position that does not emit too much GHG and that
can be modified without too much “regret” in terms of economic losses, when uncertainty is
resolved on themore effective options. On the other hand, under perfect knowledge of the future,
more effective options exist and may be implemented without risk; however, gas may still play a
role in the mid-term until other mitigation options become available and cost-effective.
3.2.1.4 Technology learning in a small open economy

This paper (30) reviews the characteristics of technology learning and discusses its application in
energy system modelling in a global-local perspective. Its influence on the national energy system,
exemplified by Norway, is investigated using a global and national Markal model. The dynamic
nature of the learning system boundary and coupling between the national energy system and
the global development and manufacturing system is elaborated.

Scenarios
The scenarios RT1, AT3 and BT12 are the national responses to the global scenarios REF, ACT Map
and BLUE Map. They are analysed in the first case study. Moreover, while the RT1 is the national
reference scenario, comparison with the AT3 and BT12 is more useful as reference when
investigating the sensitivity of the national energy system to spillover. First the sensitivity to an
increased CO2 tax only is considered – to the level of the ACTMap and BLUEMap scenarios,
respectively – while spillover is retained at REF level in the RT3 and RT12 scenarios. Second, the
CO2 tax is retained and spillover is forced to zero in the AN3 scenario. The reduction in fossil fuel
import prices, because of increase in share of renewable energy technologies in the global energy
system, is then less likely to happen and the fossil fuel prices are set at the REF level. In the
second case study, with a national niche market for OFW and spillover according to the ACT Map
scenario, a LR for OFW of 9% and 20%, respectively, is evaluated in the scenarios AE3-09 and AE320.

Results
The national energy system response to spillover under the global policy scenarios, ACT Map and
BLUE Map is notable. Both CO2 emissions and discounted total system cost net of taxes and
subsidies (hereafter called system cost) are decreasing. The reason is two-fold: spillover reduces
the electricity generation cost to a level where increased export is optimal and the system cost
includes the income from export of electricity. The shadow cost of the export constraint indicates
potential for additional export. Spillover of global TL thus creates potential value for a small open
economy with renewable energy sources.
Costs. The reduced system cost is not entirely ‘‘a free lunch’’. The investment in energy
technologies increases in order to meet both the domestic demand for electricity and utilisation
of the cable capacity for export, see Figure 397. The undiscounted investments increase steadily
from 2025 in BT12, while they are in level in RT1.
Figure 397. Undiscounted investment cost in supply technologies

Note: The series are smoothed using a sliding average.
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Emissions. The CO2 emissions are slowly reduced until 2020 and 2030, respectively, in the AT3and BT12 scenarios. In 2050 CO2 emissions have increased slightly again but are still about 11%
and 25% lower than the 2005 level. Compared to 1990 however, the emissions of CO2 in the AT3
scenario are higher. Even the ambitious BT12 scenario exhibits a minimum merely 30% less than
1990 around 2040, or about 40% below today’s level. For industrial countries like Norway a long
term agreement under the UNFCCC consistent with the BLUE Map scenario may imply a future
commitment closer to 70% or 80% reduction. While spillover creates potential value for a small
open economy like Norway, the combined effect of spillover and CO2 tax is not sufficient to meet
such a commitment.
Technology options. Consistent with the reduced CO2 emissions we can observe a shift in the
technology composition from the RT1 to the AT3 scenario, where OFW and some NGCC with CCS
are introduced into the national energy system. In the BT12 scenario, with higher global
deployment of renewable energy technologies spillover reduces the investment cost for nascent
technologies further. The small amount of NGCC with post-combustion CCS is then displaced by
onshore wind power. This is because the CCS benefitting from technology learning is only a small
part of the investment compared with the NGCC power plant and the high CO2 taxon the
remaining emissions from NGCC with CCS. While electricity generation is more or less
decarbonised in both the AT3 and BT12 scenarios, the substantial difference in CO2 emissions is
caused by the difference in LDV fuel, see Figure 398. LDV temporarily uses biodiesel in the AT3
scenario until the improvement in efficiency of the gasoline internal combustion engine (ICE)
together with the shift towards lower fossil fuel prices after 2035 reinstates it. The reduced cost
and improved performance of electric LDV under the global BLUE EV Success technology path are
not sufficient to make electric LDV cost effective in the BT12 scenario.
Figure 398. LDV propulsion technology compositions in the Norwegian car fleet

Note: The RT1, AT3 and BT12 scenarios are the standard technology paths under the scenarios REF, ACTMap and
BLUEMap, respectively. For the RT3 and the RT12 scenarios the technology learning remains at the level of the REF
scenario.

Sensitivity analysis. To explore the sensitivity to the CO2 incentive and spillover, respectively, the
scenario variants, RT3, RT12 and AN3 are investigated. Retaining spillover at the REF scenario
level and merely increasing the CO2 incentive, the RT3 scenario exhibits reduced CO2 emissions
from 2035 though above those in the AT3 scenario, see Figure 399. Increasing the CO2 incentive
further, in the RT12 scenario, the CO2 emissions are above those in the BT12 scenario until 2035
where the two curves converge. In the RT12 scenario gasoline is used as fuel for LDV in the early
periods causing higher CO2 emissions. In the later periods the LDV exhibits a gradual shift to E85
hybrid. The emission reduction, cost efficient at 1200 NOK/ton, is thus not very sensitive to
spillover.
The technology composition in the RT3 and RT12 scenarios in the later periods is very different
than the AT3 and BT12 scenarios. While the use of NGCC is reduced because of the CO2 tax, the
technologies selected for electricity generation are the most mature renewables rather than
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OFW. Spillover may thus significantly influence the optimal technology composition of a small
open economy.
Figure 399. Sensitivity to TL and CO2 incentive: CO2 emissions and the technology compositions

The technology composition, CO2 emissions and system cost in Norway up to 2050 exhibit
sensitivity to spillover. Moreover, spillover may reduce both CO2 emissions and total system cost.
National energy system analysis of low carbon society should therefore consider technology
development paths in global policy scenarios. Without the spillover from international
deployment a domestic technology relies only on endogenous national learning. However, with
high but realistic learning rates offshore floating wind may become cost-efficient even if initially
deployed only in Norwegian niche markets.
3.2.1.5 The new SPINES methodology

The new modelling option SPINE was illustrated to account for uncertainty (Box 16) and (Box 17).
Box 16. Modelling wind availability with SPINES
Short-term uncertainty in TIMES – unpredictable
renewables
•Traditionally modelled by Peaking Reserve Constraint
•New modelling option: SPINES
SPINES
•Stochastic representation of short-term uncertainty
•Short-term uncertainty = Operational uncertainty
•Objective function
• Investment cost + expected operational costs
• Possible future realisations represented in a scenario
tree
SPINES
•Stage 1: Uncertain parameters are unknown
Investment decisions are set
•Stage 2: Uncertain parameters are revealed
Operational decisions are set

Electric capacity 2050
Short-term uncertainty
•Stochastic parameters: Wind power availability &
electricity trade price
•Two-stage stochastic model
•90 scenarios
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Competiveness of wind power depend on the method
used to model the unpredictable characteristics of
wind power
•The model results vary if electricity trade prices are
modelled stochastic or deterministic
•Using the peaking reserve constraint can
•Overestimate the competiveness of wind power
•Give infeasible or more costly solutions
•Stochastic modelling of short-term uncertainty
•Requires stochastic scenario generation
•Return cost effective investment decisions
Source: 227, 228

Box 17. Coping with recurring uncertainties: how determining is the chosen methodology?
Include a hedging strategy for uncertainty within TIMES
The objective is to compare model results of deterministic/portfolio/operational recourse/full recourse
models by including the ability to change operation or both operation and investment over time.
• already in the TIMES code: SPINES as a variant of STOCHASTIC
Belgian TIMES model with stochastic AF for PV and Wind as from 2010 (startyear 2005)
• two stages, 4 States Of the World (variation during the year and somewhat lower PV available ~ 20%)
• Target of 100% renewable in 2050

SPINES has a higher expected cost than classical STOCHASTIC
• Capacities differ and go in the direction of more robust
• A more robust deterministic model (via increasing timeslices, including bounds for reserve,…) gives
smaller differences when stochastic approaches are included
• …but it guarantees the solution is “variation-proof”.
Using stochastic approaches is easy within TIMES when one starts from an example (building a good
model takes much longer). The methodology matters. Approaches that cover uncertainty can quantify
the impact of the uncertainty have an impact on choices, although often within the ranges of the
deterministic runs guarantee that the system can cover all situations SPINES gives a result that differs
from running worst case.
Source: 229, 256, 257
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3.2.2

Energy security

3.2.2.1 An assessment of Taiwan’s energy policy using multi-dimensional energy security indicators

Facing the challenges of global warming, energy scarcity and energy price fluctuations, many
countries consider energy security to be a major part of their energy policy and have started to
develop relevant strategies. This study (85) applies multi-dimensional energy security indicators
to review the performance of Taiwan’s energy security related measures and to analyze the
impacts of the current energy policy on Taiwan’s energy security.

Methodology
We construct the energy security indicators (Table 123) while considering the characteristics of
Taiwan’s energy supply and demand, and energy security issues. The indicators are divided into
four dimensions: dependence, vulnerability, affordability and acceptability.
Table 123. Structure of the multi-dimensional energy security indicators
Dimension
Dependence Vulnerability
Affordability
Acceptability

Content
Dependence on energy source and type
Impact on the instability of the energy and
power system
Impact of energy costs on industry and
household
Impact of energy use on the environment

Indicators
-Dependence on imported energy
-Concentration of energy supply
-Energy intensity
-Value of energy imports/GDP
-Per capita energy imports
-CO2 emission per unit of
consumed

energy

Scenarios
This study further uses the MARKAL engineering model to simulate Taiwan’s energy supply and
demand in 2025 under the energy security policy settings, including the following: the renewable
energy development targets, the expansion of natural gas utilization, the nuclear energy
development plan, the development of clean coal and carbon capture and storage technology,
the improvement of power generation efficiency, the development of cogeneration, and the
improvement of energy efficiency.

Results
According to the simulation, this study calculates the previously mentioned energy security
indicators (Table 124) and analyzes the effectiveness of Taiwan’s energy security policy through
observing the changes in the trends of these indicators. The main observations are as follows:
• Due to the acceleration of renewable energy development and the expansion of the target
for installed capacity, the dependence on imported energy will decrease but will continue
to be over 98%.
• Along with the decommission of existing nuclear power plants, the share of nuclear power
in the energy supply will decrease and the share of coal and natural gas will increase for
coal-fired and gas-fired units; therefore, natural gas will be used to substitute nuclear
power.
• One goal of the energy policy is to create improvements in energy intensity. Therefore, the
result of the simulation also shows the trend of the policy objectives.
• The effect of improved energy efficiency benefits the performance of the energy
imports/GDP indicator values.
• The CO2 emissions per unit of energy consumed do not significantly change under the
effects of the decrease of nuclear power, the increase of fossil fuels, and the expansion of
renewable energy.
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Table 124. Results of Taiwan’s energy security indicators
Dimension
Dependence
Vulnerability
Affordability
Acceptability

Indicator
Dependence on imported energy
Concentration of energy supply
Energy intensity
Value of energy imports/GDP
Per capita energy imports
CO2 emission per unit of energy consumed

2010
99.30
1.180
8.47
11.74
69 317
2.11

2015
99.33
1.228
7.61
9.28
71 146
2.06

2020
99.10
1.243
6.88
9.06
84 756
2.07

2025
98.70
1.200
6.21
8.66
93 747
2.12

2030
98.37
1.259
5.60
7.88
96 477
2.03

According to the multi-dimensional energy security indicators developed in this study, Taiwan’s
energy security policy can effectively reduce the nation’s dependence on imported energy and
improve the diversification of the energy supply.
3.2.2.2 Modelling EU-GCC energy systems and trade corridors

This article is based on the REACCESS research project (119, 120, 195, 196), sponsored by the
European Commission, with the objectives of evaluating the technical, economic, and
environmental aspects of present and future energy corridors between the European countries
(EU27) and their main energy suppliers. A single energy model was built by hard-linking the TIMES
integrated assessment model (TIAM-World), the Pan European TIMES model (PET), and the
RECOR model (REaccess CORridors), including more than 1,000 possible energy corridors
supplying the European countries. Another major methodology advance was to create a hybrid
objective function, combining the usual cost objective and a metric representing the supply risk
incurred by EU27. The risk component was constructed via a novel approach that aggregates the
elemental risk parameters of each corridor using a Min-Max function.

Methodology
This methodology was demonstrated in a large project with the help of a huge linear economic
model, the TIMES-REACCESS model. The implementation presented several practical challenges.
• The energy corridors database. The initial challenge of the research was the collection of
data about energy resources by region as well as trade flows by name/country, and the
compilation of a geo-referenced, comprehensive, detailed and consistent database.
• The energy corridors model.The REaccess CORridors model, named RECOR, represents one
by one all the existing and proposed pipelines, sea routes and high voltage direct current
lines that transport natural gas, oil, coal, biomass and electricity to Europe (Table 125).
• The TIMES-REACCESS model. The REACCESS model is the integrated TIMES model which
results from hard-linking at run time the 15-region global TIMES integrated assessment
model (TIAM_World), the 30-region Pan European TIMES model (PET) and the RECOR
model, which connects the two models with the geo-referenced information on the energy
trade links.
When RECOR is combined with PET and TIAM, there is the additional choice to reduce the overall
requirement of some fuels by substituting them with alternate resources, typically local or from
less risky sources. One main function of the detailed components PET and TIAM is to reflect the
impact of risk on fuel demand itself. Another crucial role is to represent the competition between
EU and the rest of the world for securing energy from supplying regions.
Table 125. Number of energy corridors in the REACCESS DB
Corridors
Crude oil pipelines

Description
Two main corridors (with six feeders and up to 16 segments), with multiple origin-destination
connections; from Russia and Central Asia and Caucasian regions (CAC)

401

Corridors
Crude oil shipping
routes

Refined petroleum
products
shipping
routes
Natural gas pipelines

LNG shipping routes

Coal tanker routes

Uranium
shipping
routes
Biomass
shipping
routes
High voltage direct
current
(HVDC)
electric lines
Hydrogen routes

Description
World: 537 open sea connections from 33 exporting countries/regions to 30 importing
countries; EU: 337 open sea connections from 24 exporting countries/regions to 14 EU
importing countries; ME to EU27: from Iran (Awhaz representative fields), Iraq (ArRumaylah),
Syria (Suwaidiyah), Kuwait (Greater Burgan), Saudi Arabia (Ghawar), UAE (Upper Zakum),
Qatar (Dhukan)
World: 237 open sea connections from 35 exporting countries/regions to 25 importing
countries; EU: 159 open sea connections from 12 exporting countries/regions to 13 EU
importing countries; ME to EU27: from the oil ports which host – or are next to, refineries:
Mina Al-Ahmadi in Kuwait, Fujairah in UAE, RasTanura and Yanbu in Saudi Arabia
17 corridors (with one to 20 segments each), with multiple origin – destination connections;
from North Africa, Russia and CAC; two corridors from Iran: IGA2 from South Pars via South
Caucasus Pipeline, then connected to Nabucco to supply the rest of Europe via existing
infrastructure or via future links (Turkey-Greece interconnector, IGI, TAP); one corridor from
Khangiran fields in the north of Iran to Kord- Kui and then to Turkey and the rest of Europe;
one corridor from Iraq: from Kirkuk fields area, then connected to Nabucco in Erzurum
World: 109 open sea connections from 14 exporting countries/regions to 16 importing
countries; EU: 34 open sea connections from ten exporting countries/regions to seven EU
importing countries; ME: from Qatar (North Field), UAE (Khuff), Oman (Kauther)
World: 182 open sea connections from ten producing countries/regions to 27 importing
countries; EU: 145 open sea connections from ten producing countries/regions to 17 EU
importing countries; none from ME
Six open sea connections; none from ME
25 for open sea connections, from nine producing countries/regions; none from ME
44 connections from seven MENA producing countries/regions to 16 EU Countries; two
corridors from CSPO plant to the EU27: one starts in Saudi Arabia (HalitAmmar) and one in
Jordan (El Mudawwara). (source: DESERTEC project)
12 corridors (five pipelines and seven open sea connections); none from ME

Scenarios
Table 126 presents the four main scenarios that have been built and analysed.
• The reference scenario (REF) describes in quantitative terms a development of the global
and European energy systems which corresponds to simple exogenous assumptions.
• The risk avert scenario (RISK) accepts 0.2 per cent extra total global discounted system
surplus compared to REF (i.e. the pure economic equilibrium is perturbed) while minimising
the EU27 risk indicator. This scenario reconfigures the system in order to reduce the
maximum flow across all supplying countries (open sea) or across all pipelines.
• The climate change mitigation scenario (CLIM) assumes an idealized G8 target: the target is
a 50 per cent reduction of global emissions (CO2 equivalent emissions, including all Kyoto
gases in 2050) relative to 1990.
• The fourth compound scenario (CLIM-RISK) is built in such a way that global CO2 emissions
remain the same as in the CLIM case, while increasing the European energy system security
at a level comparable with the RISK scenario. The total global system cost is permitted to
increase by 0.2 per cent above that of the CLIM scenario.
Figure 400 approximately illustrates the position of the four scenarios in the space of the three
main drivers. The figure represents the two cost-risk curves, one without mitigation (in front, to
the left), the other with total CO2 emissions in 2050 reduced to 50 per cent of the 1990 emissions.
The points in the curves represent intermediate auxiliary results with a risk reduction limited to
three times the minimum risk, twice, 1.5 times and 1.2 times. In order to simplify the comparison
of the scenarios, the axes are given in percentage.
Table 126. The four main scenarios
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Code name
REF

Optimisations
1

REF-RISK

2

CLIM

1

CLIM-RISK

1

Additional constraints
None
Cost = (1 + alpha)*COSTr
RI=(1+Beta)*Rik
CO2 emissions
CO2 emissions
RI = (1 + B)*RIk

Objective function
Min(COST) = COSTr
1: min(RI) = RIk
2: min(COST)
Min(COST) = COSTc
Min(COST) = COSTck

Figure 400. The four main scenarios (green) in the space of emission-cost-risk axes (light blue)

Results
Costs. The REACCESS modelling tool is used to evaluate the preferable insurance fee in order to
reduce energy system security risks by means of risk-cost trade off analysis. Reducing the risk
indicator by a factor of three from 62 to about 20 increases the global energy system cost by
about 0.5 per cent, which in the 2020-2030 decade implies extra energy system costs of almost 1
per cent for EU27 itself. Higher risk reduction factors become comparatively more expensive, with
cost increasing steadily and almost linearly by another 0.5 per cent for each 4 million point risk
reduction. The shape of the two trade-off curves suggests that the best compromise point
between cost and risk is at a risk reduction level of between three, without climate change
mitigation, and four, in the more probable case of strong climate change mitigation efforts. This
additional cost would be used mainly in improving the efficiency of end-use sectors (Figure 401)
and harnessing more domestic resources – renewable and unconventional fossil.
Figure 401. Cost-risk trade off curve
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In the REFerence scenario, the total primary energy supply (TPES) grows globally to 20.6 Btoe in
2040, 80 per cent higher than in 2005, with an average increase of 1.7 per cent per annum (pa),
1.1 percentage points below the assumed GDP growth. The shares change over the years, mainly
coal increasing from 24 to 27 per cent, and oil decreasing from 33 to 25 per cent. Oil and gas trade
develops more than energy consumption (Figure 402). The global trade of crude oil and RPP more
than doubles, natural gas and liquefied natural gas (LNG) triples in 2040 with reference to 2005.
The EU27 crude oil and RPP import stabilises around 600-650 Mtoe, and in 2040 could be supplied
entirely by GCC countries. In 2040 the EU27 natural gas and LNG import could almost double to
700 Mtoe, and be mainly supplied by the Middle East.
When governments decide to associate mitigation to economic growth objectives, the global
energy system is projected to develop differently. In the assumptions of this research exercise,
CO2 emissions of non-EU regions are less than 14 GtCO2 in 2040, with a peak around 2020 at 29.5
GtCO2 (Figure 403). Electricity generation is almost CO2-free. Developing countries, and amongst
them China, continue dominating future emissions. Geological and biological sinks represent 20
and 6 per cent, respectively, of the reduction of emissions in 2040. While forestry can capture any
kind of CO2 from any sector, geological sequestration – CO2 Capture and Sequestration, CCS – is
dependent on captured CO2 at power plants, fossil fuel extraction, hydrogen generation plants or
bio-refineries. In the CLIM scenario, CCS at power plants/fossil fuel extraction and CCS at biorefineries contribute the same amount to the total reduction (slightly less than 10 per cent each).
Figure 402. Global trade (above): oil (left) and natural gas þ LNG (right)

The international CO2 price remains low until 2020 (27$2,000/tCO2) and increases to about 450
$2,000/tCO2 in 2040. The total discounted cost of the system (NPV) in the CLIM scenario is 5 per
cent higher than the cost of the REF scenario. Around year 2040, when the international pressure
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to reduce global GHG emissions becomes stronger, investments in energy technology are about 8
per cent higher than in the reference case, absorbing about 1.3 per cent of the global GDP.
Figure 403. REF scenario: non-EU emissions

Increasing energy security in the EU27. Increasing the energy security of EU27 has little impact on
the world TPES and fuel shares. The impact on export flows from the Middle East countries is
much more important (Figure 404), since the need to diversify tends to reduce the quantity
flowing through each corridor. Based on techno-economic factors, as represented in the model,
the share of GCC countries would increase from 54 per cent in 2005 to 89 per cent in 2040 in the
REF scenario, but it could reduce down to 29 per cent in the RISK scenario, when energy security
concerns are considered by the EU. An interesting observation is that adding security objectives to
the climate target (scenario CLIM-RISK) makes the extra cost of reducing the risk lower than in the
absence of this climate objective, thanks to synergies between both objectives. Like energy
system security, climate change mitigation has the effect of reducing the EU27 dependence on
total final energy consumption in most sectors and fuels, and therefore reducing fossil import.
Low risk import of electricity from MENA countries is also observed in this case.
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Figure 404. Export from the ME to EU27 of oil (above), natural gas (left) and LNG (right)

Among the many results, it appears that a large reduction of the supply risk may be achieved at a
very modest increase of the total energy system cost for EU27. Cross-effects of climate mitigation
and security objectives are also observed. Due to the diversification requirement, the contribution
of GCC countries to EU energy imports increases under risk scenario. Sensitivity analyses show
that the European energy system seems unable to reduce the market shares of fossil fuels import
from MENA countries, including GCC countries, much below the reference case, proving the
strong dependency of EU27 energy system from these countries. However, total fossil fuels
imports, as well as total energy consumed, are decreased under the risk adverse scenarios.
3.2.2.3 Developing and assessing economic, energy and climate security and investment options for
the US

This paper (133) focuses on two important co-objectives of GHG mitigation. First are the potential
gains to the economy from investment in efficient, low polluting and sustainable technologies and
practices. These gains stem from the fact that many associated mitigation options, such as energy
efficiency and many related to land-use, can generate a net investment stimulus by achieving net
cost savings that frees up revenue for reinvestment, or changes spending on infrastructure
toward approaches with higher economic growth returns. Second are the national security
benefits stemming from reduced dependence on energy in general and fossil fuels in particular, or
in diversification of energy supplies toward more indigenous, reliable and affordable supplies with
lower environmental costs. Under certain conditions, these gains can include more secure
supplies and decreased energy price volatility, as well as a stimulus to the macro economy while
easing the strain on the balance of payments.
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Methodology
The Security and Investment Project would not have been possible without the development of
the Integrated Security Metrics (ISM) system. The ISM is broad and comprehensive in nature,
combining the strengths of the MARKAL/TIMES least-cost energy system modeling platform, with
detailed assessment of the Agriculture, Forestry, and Waste Management sectors, and linkage
with the econometrics embodied in a reduced form Macroeconomic Screening Tool based on the
REMI PI+ Macroeconomic Model. The individual policy measures identified from previous statelevel CCS work as the most promising were coupled with a few national measures and input to the
US MARKAL/TIMES model where they were assessed individually and in integrated clusters to
identify the security, investment, and environmental benefits. The results of the analysis of the
energy system response were then fed to the Macroeconomic Screening Tool to get the
preliminary assessment on the jobs and GDP impact of each policy. A snapshot of the framework
is shown in Figure 405.
Figure 405. Comprehensive ISM analytical framework

Results
Based on our most recent analysis, the Center for Climate Strategies offers these preliminary
conclusions. Twenty-five selected measures to promote the three primary goals, summarized
here and in Figure 406 and Figure 407 below, when applied by all 50 states could provide the
following benefits:
• Increase US employment by 1.11 million net new full-time jobs by 2020;
• Grow GDP by $84 billion in 2020 and cumulatively by $1 trillion (in net present value)
between now and 2030;
• Provide a net societal savings of over $1.2 trillion between now and 2030;
• Reduce US oil imports by 87 million barrels in 2020 and cumulatively by 3.9 billion barrels
between now and 2030;
• Increase US fuel diversity, reduce summer peak demand for electricity, generate direct
societal cost savings and reduce US energy intensity (energy use per unit GDP);
• Reduce GHG emissions by about 420 million metric tons of CO2 equivalent in 2020, and
cumulatively by about 12.7 billion metric tons of CO2 equivalent between now and 2030.
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These improvements are not large in comparison to the total size of US economic and energy
systems, but underscore the modest merits of past and potential future actions that are well
designed and targeted. They are directionally correct and stage setting for new market and policy
developments that will be important.
Figure 406. CO2 emission reductions from measures

Figure 407. GHG impacts from sector based actions

In summary, the results of this preliminary analysis make a very strong case for both the fact that
state and federal actions over the past few years are already in the process of impacting the
future US GHG emission profile, and the documentation that there are significant opportunities
for continued success through cost-effective measures that simultaneously bring about enhanced
economic and energy security for the country.
3.2.3

Ancillary benefits

3.2.3.1 Ancillary benefits of climate policy in a small open economy: The case of Sweden

It is increasingly recognised that GHG reduction policies can have important ancillary benefits in
the form of positive local and regional environmental impacts. The purpose of this paper (65) is to
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estimate the domestic ancillary pollution benefits of climate policy in Sweden, and investigate
how these are affected by different climate policy designs. The latter differ primarily in terms of
how the country chooses to meet a specific target and where the necessary emission reductions
take place. The analysis relies on simulations within the energy system optimisation model TIMESSweden, and focuses on four non-GHG pollutants: Nitrogen Oxides(NOX), NonMethane Volatile
Organic Compounds (NMVOC), inhalable particles (PM2.5), and Sulphur dioxide (SO2).

Scenarios
In accordance with the Kyoto Protocol and the EU Burden Sharing Agreement, Sweden is
committed to an Assigned Amount Unit (AAU) for the compliance period 2008–2012
corresponding to an increase by 4% compared to the 1990 emission level. Still, in 2002 the
Swedish government decided on a national emission target stating that during this five-year
period the country’s greenhouse gas emission level must not exceed five times 96% of the 1990
level.
In this section we define three main climate policy scenarios, which all involve a stricter climate
policy compared to the baseline scenario. For all three policy scenarios the cap in EU ETS is
tightened, resulting in increasing prices of TEP. The assumed prices are22EUR2000 per tonne of CO2
in the period 2010–2014 and 44EUR2000 per tonne of CO2 from the year 2015 and onwards. In
addition three scenarios, each describing a given climate policy target at the country level, are
employed:
• The Country-Cap scenario represents a scenario in which the entire 40% reduction target
must be achieved through domestic reductions. Thus, in this scenario we have a national
cap on emissions, which in addition to the existing cost of emitting CO2 (either through
permit trading or a tax) creates a uniform shadow price on CO2 emissions.
• The EU scenario is a scenario in which the domestic policies remain the same as in the
baseline scenario, and in which all sectors of the Swedish freely can trade permits at a prespecified EU ETS price level. The marginal abate-ment cost is thus equalized across all
sources at the level of this exogenous price.
• In the Sector-Cap scenario the trading sector can engage in permit trading within EU ETS
but (unlike the EU scenario) the 40% target must be achieved exclusive of traded permits.
Thus, an important implication of this national emission target is that if a firm in the trading
sector chooses to buy permits, a corresponding reduction has to be made in the nontrading sector (e.g., through adjustments in the carbon tax). In this way the EU ETS
participants can ‘‘involuntarily’’ transfer emissions reductions to the non-trading sector.
Table 127 summarises the modelled restrictions on CO2 emis-sions in the respective scenarios,
while Table 128 also outlines the respective national targets (in million tonnes) for the years 2010
and 2020.
Table 127. Modelled CO2 restrictions in each policy scenario
Baseline
Trading
sector
Non-trading
sector

No

Country-cap
Not applicable

No

Not applicable

Emitted CO2 in the non-trading sector
≤ national target - emitted CO2 in the
trading sector

Emitted CO2 ≤
national target

Emitted CO2 in the trading sector +
emitted CO2 in the non-trading sector ≤
national target

No

Total
No

Sector-Cap

EU
No
No

Emitted CO2 in both
sectors – net purchase
of TEP≤ national target
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Table 128. National targets for each policy scenario, 2010 and 2020
Country-cap
2010
2020

49.2 (96%)
30.8 (60%)

Sector-CapA
49.2 (96%)
37.6 (73%)

Sector-CapB
49.2 (96%)
30.8 (60%)

EU
-

a National emissions presented in million tonnes of CO2 and in the brackets the ratios (in percentage) of the resulting
CO2 emissions in the baseline scenario (equalling 48.5 million tonnes of CO2 in the year 2000) and the emission level in
the year 1990 are outlined.

Results
Emissions. In order to meet the Swedish climate target of 40% emissions reduction by 2020 solely
through domestic measures (i.e., the Country-Cap and Sector-CapB scenarios, respectively), the
reduction from the baseline path needs to be 24.5%. The Sector-CapB scenario has equal overall
domestic reductions to that in the Country-Cap scenario, but with different policies for the trading
and non-trading sectors, respectively. This difference across the two policy scenarios has some
interesting implications for the estimated ancillary benefits. The price of permits provides the
main incentive for carbon reduction in the trading sector, and any additional domestic reductions
needed to reach the 40% national target must be met by the strengthening of existing domestic
policy instruments.
Costs. Figure 408 shows –for each policy scenario–the estimates of the changes (from the
baseline) in:(a) total annual system costs excluding any ancillary benefits (DASC); (b)the annual
ancillary benefits given three different estimates of the external costs (DADC); and(c) the total
annual system costs including the ancillary benefits (DASCþDADC). The results are presented for
the year 2020 and indicate that total system costs (excluding any ancillary benefits) are typically
lower in the two scenarios that permit Sweden to make use of emissions trading to comply with
the climate policy target. It can also benoted that imposing a uniform additional price on CO2 in
Sweden (Country-Cap) would represent a more cost-effective policy than the one represented by
the Sector-CapB scenario in which the trading and the non-trading sectors face different
additional CO2 prices.
Figure 408. Estimated change in system cost and ancillary effects compared to the baseline
scenario

Ancillary benefits. Figure 409 presents the total ancillary benefits by pollutant. It can be noted
that for all four types of pollutants, there is a positive benefit in terms of reduced environmental
costs. Thus, in none of the cases we witness a net emissions increase as a result of the different
climate policies. However, the relative contribution of the different pollutants to the total
ancillary benefits differs, and this is in part contingent on the choice of source for the external
cost estimates. For instance, the ExternE-based estimates indicate an important role for the
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reduction of particles, while the CAFE-estimates instead display a more significant contribution
from reduced nitrogen emissions. Still, overall all pollutants – with the notable exception of
NMVOC – contribute significantly to reduced system costs following the implementation of more
stringent climate policies.
Figure 409. Ancillary benefits by pollutant in all policy scenarios for the year 2020

Sensitivity analyses. Figure 410 shows the estimated ancillary benefits by pollutant for 2020 in
the Country-Cap scenario, and compares these to the corresponding impacts in the case of a
lower and a higher reduction target, respectively. The base (national) case assumes a 40%
reduction in CO2 emissions compared to the 1990 level, while the ‘‘low’’ and ‘‘high’’ cases build
on the assumption of 20% and 53% emission reductions, respectively. The simulation results
indicate that the absolute sizes of the estimated ancillary benefits are sensitive to the assumed
CO2 reduction targets. For instance, the ancillary benefits increase by a factor of 1.5 as we
increase the emission reduction target from 40% to 53%. This result is fairly independent of the
source used for the external cost estimates.
Figure 410. Ancillary benefits in 2020 by pollutant: country-cap scenario under various CO2reduction targets

The results indicate that the ancillary benefits constitute a far from insignificant share of total
system costs, and this share appears to be highest in the scenarios that entail the largest emission
reductions domestically. This result reflects the fact that carbon dioxide emission reductions
abroad also implies a lost opportunity of achieving substantial domestic welfare gain from the
reductions of regional and local environmental pollutants.
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3.3
3.3.1

Other methodological aspects
Time slicing

3.3.1.1 The development and application of a temporal MARKAL energy system model using flexible
time slicing

This paper (1) reports on a methodology for temporal disaggregation in the widely applied energy
service driven, technology rich, cost optimizing, linear programming MARKAL energy system
model. A flexible time slicing feature is developed to enhance representation of diurnal and
seasonal electricity demand curves through disaggregation of resource availability and energy
service demands. In a first application of a temporal UK MARKAL model, a range of runs
investigate the role of electricity storage at supply and demand sides.

Methodology
The UK temporal MARKAL model has 20 annual timeslices compared to six in most standard
MARKAL databases. The temporal model has been updated with additional supply and demand
side energy storage options via plug-in hybrid vehicles, hydrogen storage, etc. Such an approach is
a significant step in investigating electricity and heat generation, capacity and storage, whilst
retaining broader trade-offs sectors, technology pathways and timing of investments.
The newly developed flexible time slicing features partially redress the limitation on
approximation of electricity demand curve by allowing the user to enumerate the elements of
the diurnal and seasonal splits, but to do so without otherwise changing the basic depiction and
operation of the power sector (electricity and heat) in the model. That is the basic parameters,
equations and variables of the model are not be changed, but rather just expanded in terms of
the number of timeslice instances handled.

Scenarios
A business as usual Base case, and 60% CO2 reduction scenario have been analysed to investigate
the role of electricity storage at demand and supply sides. For this paper, five variants are
presented. Table 129 describes these scenarios and the parametric variants.
Table 129. Scenarios and parametric variants
Scenario names

Description of scenarios
A business as usual (Base) scenario includes most of the legislated policy measures as of 2005, including
the projected uptake of conservation measures through 2020, climate change levy, renewable electricity
Base
and transport fuel obligations. However no new future policies or measures would be enacted to reduce
energy use or CO2 emissions
Achieving a 60% CO2 reduction from 2000 level by 2050 with a 30% reduction in 2030
CO2
but no constraint prior to 2030. From 2030 constraint is linearly interpolated to 60%
reduction level in 2050
Parametric variant
Electricity storage variants
Demand side storages
Supply side storages
Storage
Plug-in hybrid vehicle
Pumped hydro
Hydrogen-based storage
heaters
Base/CO2
✓
✓
✓
✓
Base-1/CO2-1
X
X
X
✓
Base-2/CO2-2
X
X
X
✓
Base-3/CO2-3
X
X
X
X
Base-4/CO2-4
X
X
X
X
Base-5/CO2-5
X
X
X
✓
1 – no plug-in hybrids, 2 – no storage heaters, 3 – no demand side (plug-in hybrids or night storage heaters) storage, 4 –
no storage, 5 – only hydrogen-based storage
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Results
Electricity storage. In general electricity storage heaters and a small amount of pumped hydro
storage are continued from the base year 2000 level in both the Base and CO2 scenarios as shown
in Figure 411. The short term increase in storage heater is due to an increase in electric heating
driven by combination of phasing out of coal/oil heating, and growing ESD from new build houses.
Once the existing capacity of pumped hydro storage is phased out then the energy system does
not invest in pumped hydro instead cheap demand-side electricity storages are taken up. The
uptake of plug-in hybrid vehicle is driven by electricity storage to optimize base-load plants, and
its cost-effectiveness due to high efficiency of hybrid vehicles. In the CO2 cases, plug-in hybrid
also enables easier decarbonisation of the transport sector as electricity is highly decarbonised via
carbon capture and storage (CCS) and nuclear. Electricity storage accounts for about 10% of the
total electricity demand. The level of electricity storage highly influences the operation of power
plants.
Figure 411. Electricity storage in both the base and CO2 scenarios

A first application of a range of parametric model runs investigated the role of demand- and
supply side electricity storage options. Storage has a profound effect on the electricity sector
which is driven by both generation and capacity requirements. Even though the 20 timeslices are
still an approximation of electric demand curves, the energy system chooses between 7% and
10% of energy demand as storage. Often demand side storage is preferred due to their lower
incremental capital costs.
In the absence of demand-side electricity storage, supply-side storage (pumped hydro) is chosen
but restricted to only about 4% of total electricity demand. This is partly due to higher capital and
O&M costs of pumped hydro storage. Hydrogen-based electricity storage is chosen only if no
other electricity storage option is available. However, the stored-hydrogen is potentially used in
the transport sector, rather than as a buffer for the electricity network. Storage allows base-load
plant to be better utilized (up to 80% under the base case and 65% under the CO2 constrained
case).
In the CO2 constrained case, the electricity portfolio also has a significant CHP capacity. The
inclusion of plug-in hybrid vehicles entails night-time electricity loads are highest, as large
volumes of power are delivered to charge these vehicles. Without plug-in hybrids vehicles, a more
conventional electric demand curve is seen although with a higher final energy demand from a
less well optimized overall energy system. In general, the car fleet moves to a significant share of
plug-in hybrid vehicles because: (1) they act as a cost effective demand side storage option; (2)
their efficiency advantages versus conventional IC engines or hybrid vehicles; and (3)
decarbonising the transport sector via zero-carbon electricity. Overall the transport sector under a
CO2 constrained scenario realises a 35–40% hydrogen share, in bus, HGV and car fleets. This
hydrogen is sourced from coal supplemented by electrolysis in the base runs, while coal CCS and
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increasing imports of hydrogen are preferred in the CO2 case. If plug-in hybrids are restricted and
there is less demand for electricity, more carbon sinks are freed up for hydrogen production.
3.3.1.2 Modeling hourly electricity dynamics for policy making in long-term scenarios

This paper (63) presents an extension of the TIMES energy planning tool for investment decisions
in electricity production that considers seasonal, daily and hourly supply and demand dynamics.
The inclusion of these dynamics enables the model to produce more accurate results in what
concerns the impact of introducing energy efficiency policies and the increased use of renewable
energies. The model was validated in São Miguel (Azores, Portugal) for the years 2006–2009,
where a comparison with real data showed that the model can simulate the supply and demand
dynamics.

Methodology
In this section, the model is validated and its accuracy in determining the evolution of electricity
supply and demand for the years 2006–2009 is assessed. To determine the accuracy, the outputs
from TIMES for the years 2006–2009 in what concerns electricity production and consumption
were compared to real data provided by EDA on a yearly basis. Furthermore, the total hourly
electricity production curves estimated by the model are compared with real production data
from EDA, for the 12 days that are considered in each year. The relative error and the absolute
relative error obtained when comparing the real data (EDA) and the model (TIMES) are quantified.
The relative error is the difference between the output from the TIMES model and the real value
from the EDA data, divided by the real value from the EDA data.
Figure 412 shows the average of all seasons of each type of day, for the years 2006–2009. From
the figure it is possible to see that there is a clear overestimation for the time period 8:00 until
16:00 during the weekdays, whereas there is an underestimation from 0:00 until 3:00 and from
22:00 until 24:00 during Sundays. The results suggest that the distribution of Industry and
Commerce and services in the different hours and types of days was not the most appropriate as
there is an overestimation of the electricity con- sumption during the 8:00 to 16:00 period on
weekdays (when the consumption from these sectors is high) and an underestimation on the 0:00
to 3:00 and 22:00 to 24:00 periods on Sundays (when these sectors were considered to have low
demand).
Figure 412. Average relative error for each hour of each type of day for the year 2006–2009

Scenarios
414

One of the main energy efficiency measures that can be applied in the residential sector is the
elimination of standby power. For this study, the domestic subsectors which could help eliminate
the standby power are assumed to be Entertainment, Personal computers and Others. Since the
overall savings of the domestic sector is about 5.2% and these subsectors represent roughly
30.0% of the domestic electricity, each subsector was reduced by 15.0% in the scenarios in which
the elimination of standby power is considered. Three different situations were tested:
• No efficiencyscenarioinwhichnostandbypoweris eliminated.
• Low detailscenarioinwhicheachsubsectorwasreducedby 15.0% everyhour.
• High detail scenario in which the reductions are considered to take place mostly in the night
period (1:00–7:00) and during the working period (7:00–17:00), with no significant gains
occurring during peak hours.

Results
Load curve. The total domestic load curve for the three cases is shown in Figure 413. It should be
noted that the total reduction of electricity demand is the same in both scenarios, with the High
detail scenario having higher reductions in the hours which were considered to have potential for
the elimination of standby power.
Wind power. Due to the different levels of electricity demand in each scenario, the amount of
wind energy generation capacity that is economically feasible according to the optimization
algorithm is significantly different, as shown in Figure 414. The results show that the amount of
wind capacity suggested by the model to be installed in the High detail scenario is much smaller
than the one in the Low detail scenario for most of the time period considered (around 50% in
2020). The installation of 5 MW of wind energy occurs in 2015 for the No efficiency scenario, in
2016 for the Low detail scenario and only in 2018 for the High detail scenario. However, by 2025
there is not much difference between all the scenarios, with the total amount of installed capacity
being similar. This is due to two effects: increase in overall electricity demand and increase in
fossil fuel prices through the years, which benefits the installation of wind energy even if they
cannot always be used at full capacity factor. The lower values on the High detail scenario are
justified by a large decrease in consumption during the night period which reduces the amount of
wind energy that is absorbed by the electricity grid and therefore lowers the cost-effectiveness of
part of the installed capacity.
Figure 415 shows the fraction of available wind energy that is on average absorbed in each hour
of the day for the year 2020. The analysis shows that the fraction of available wind energy that is
absorbed by the system is smaller during the night period, when the demand is lower. Although
the High detail scenario has less installed capacity than the others, the percentage of potential
wind energy that is consumed during the night hours is only close to around 20%, whereas in the
other scenarios the values are close to 35%. This is due to the larger decrease in electricity
demand in the night period in the High detail scenario.
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Figure 413. Domestic load curve profiles, for spring weekday in 2020, for three different
scenarios

Figure 414. Wind energy generation capacity for the different scenarios

Figure 415. Average fraction of the total wind energy available in each hour that is absorbed in
2020

The long-term analysis shows that the inclusion of these dynamics contributes to a better
assessment of the renewable energy potential, suggests the postponement of investments in new
generation capacity, and demonstrates that using fine time resolution modeling is very valuable
for the design of effective policy measures under high renewable penetration energy systems.
3.3.1.3 Comparison of Swiss TIMES electricity models with aggregated and hourly intra annual
timeslices

A new Swiss TIMES (The Integrated MARKAL–EFOM System) electricity model with an hourly
representation of inter-temporal detail and a century-long model horizon has been developed to
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explore the TIMES framework’s suitability as a long-term electricity dispatch model (262, 263). To
understand the incremental insights from this hourly model, it is compared to an aggregated
model with only two diurnal timeslices like in most MARKAL/TIMES models. STEM-E is a singleregion model, covering the entire Swiss electricity system from resource supply to end use.

Scenarios
A range of Swiss electricity policy scenario analyses have been undertaken with STEM-E. For this
paper, however, the objective is to illustrate the differences between the solutions of the two
models, rather than Swiss policy implication or potential uncertainties in input parameters and
assumptions.
• Base Scenario. The base scenario (Base) represents a least-cost Swiss electricity system
based on conventional and historical trends. A constraint is introduced requiring that net
electricity trade is roughly in balance over the year. The timing of electricity trade is left
unconstrained, but annual exports and imports are required to be roughly in balance.
• Hyp Scenario. We also considered a hypothetical scenario (Hyp), constructed to test
potential strengths (and shortcomings) of the hourly model over the aggregated model. In
this scenario new investment in dam hydro and electricity trade is prohibited, although
existing capacities remain available to avoid the need for a recalibration. Clearly, Hyp is also
not intended to represent a realistic technology scenario for Switzerland.
The Base and Hyp scenarios are analysed in both the models. The scenario from the aggregated
model is denoted with suffix A (i.e. Base-A and Hyp-A).

Results
Figure 416 shows electricity schedule from the Hyp and Hyp- A scenarios in 2050 for summer and
winter seasons. Like in the Base scenario, the hourly model deploys a large capacity of flexible gas
plant, whereas the aggregated model chooses a large deployment of base-load gas generation.
The total capacity of base-load plants in 2050 is 10.8 GW in the hourly model compared to 14 GW
in the aggregated model. The installed capacity of base-load run-of-river hydro plant in the
aggregated model is marginally higher than in the hourly model (1.23 GW in the Hyp scenario vs.
1.57 in Hyp-A scenario). The dynamic load curve in the hourly model is managed with some of the
existing dam hydro and new investments in dispatchable gas combined cycle plant, whereas the
aggregated model can easily supply the smaller variation in demand with base-load gas plant and
existing dam hydro plants. In winter, the large variation in demands is managed in the hourly
model with flexible dam and gas power plants. The flexible gas plants are scheduled only during
winter weekdays and therefore have a low utilisation rate. This in turn incurs a high system cost.
Figure 416. Electricity generation schedule in Hyp and Hyp-A scenarios in 2050

Figure 417 shows the generation schedule in 2080 for the Hyp scenario from both models.
Electricity generation from solar PV begins at 5 am, coinciding with an increase in demand. The
combined supplies from the base-load and solar PV plants exceed the demand and the excess
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electricity is stored via pumped hydro facilities. The stored electricity is discharged in the evening
when the solar PV output begins to decline. Since the supply is more than demand, and there is
no option for export, the marginal cost declines drastically during daytime compared to the night
time. A similar trend is also seen in winter despite the high demand and relatively low output
from solar PV. The large investment in solar PV in the hourly model can be attributed to its bellshaped daytime output pattern, which coincides with daytime demands (and high export prices in
the Base scenario). On weekends, however, the solar PV is not used because outputs from the
base-load are fully adequate to meet the demands. As the result, overall capacity factor
(utilisation) of solar PV is low. Nonetheless, solar PV is still costeffective because its daytime
weekday output in both summer and winter is very valuable. Enabling more pumped hydro
potential (or a higher availability assumption for pumped hydro) could enhance the utilisation of
solar PV on weekends too. Any short-term intermittency of solar PV could be manageable in the
Hyp scenario through shifting the timing of flexible dam hydro or gas generation, assuming the
average total output from solar PVover the season is maintained.
Figure 417. Electricity generation schedule in Hyp and Hyp-A scenarios in 2080

Costs. Annual undiscounted electricity system costs and average electricity costs from both
models are shown in Figure 418. As seen before, the electricity trade volume in the hourly model
(Base scenario) is high and therefore there is a large positive trade balance (profits) in the Base
scenario. Because of this trade profit, the average cost of electricity is slightly lower in the hourly
model compared to the aggregated model (Base-A scenario). The overall difference in annual
undiscounted system cost between the two scenarios is less than 5 %. In the Hyp scenarios, the
cost differs significantly between the two models. In 2050, the undiscounted system cost is 8 %
higher in the hourly model compared to the aggregated model, and the difference increases to 22
% in 2080.
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Figure 418. Undiscounted system costs and unit cost of electricity

Despite the computational and data intensity of this model, the results of a number of scenario
analyses demonstrated that hourly resolution leads to a far better solution than an equivalent
aggregated inter-temporal model. Therefore, there are considerable benefits in investing in data
collection and exploiting developments in computational and solver power. There is no rule of
thumb for inter-temporal timeslicing. The ideal number of timeslices to represent in a model
depends on energy system characteristics, the research question to be answered and, most
importantly, the availability of data at the timeslice level. Some approaches suggested in the
discussion could be considered while developing new modelling tools. Insofar as an hourly TIMES
model can represent some of the features of electricity dispatch, it cannot fully replace an
electricity dispatch model because the TIMES framework does not account for reliability and
stochastic characteristic of technologies. However, the TIMES framework’s integrated system
approach and long model horizon are complementary to dispatch modelling.
3.3.2

Renewable integration

3.3.2.1 The relevance of the energy resource dynamics in the mid/long-term energy planning models

This work (86) analyzes different modeling methodologies for balancing the electricity supply
sources and the electricity demand in systems with high penetration of intermittent renewable
energy sources, such as wind and run-of-river hydro. These are illustrated for the Flores island
(Azores) case study which has already achieved a share of 50% of renewable energies in electricity
production in 2009. This paper proposes to study the incorporation of dynamic renewable
resources in the mid- and long-term modeling tools with three of the more used planning tools,
LEAP, MARKAL/ TIMES and EnergyPLAN.

Methodology
Integral method. The integral balance method, as it is called here, is often used to balance
electricity demand and supply in mid/long-term planning tools. In this work, LEAP was used to
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perform the calculations representing the integral balance method. This method consists in
representing the electricity demand in a load duration curve (LDC) and matching the needs
represented by the curve with the available supply options, following a dispatch rule.
Semi-dynamic method. The semi-dynamic balance method used in this work was designed to try
to capture some of the electricity supply and demand dynamics by using only selected typical days
to represent the power variations along the year instead of using all days in a year (as used for the
dynamic method). The idea behind this method is a compromise between having some dynamics
and at the same time being less data and processing intensive for the mid/ long-term planning
tools. In this work, TIMES was used to perform the calculations using the semi-dynamic balance
method.
Dynamic. The dynamic balance method, as it is named here, is mostly adopted to balance the
electricity needs with the available supply options in short-term planning tools. These tools
usually consider one year or less to do the balance, such as HOMER or EnergyPLAN, instead of a
sequence of years (an evolution from the base year to the final projected year). This method
consists in representing the electricity demand in an hourly load curve for a period, which can
range from a day to a few years, where all the hours, or a smaller time-step, must be represented
in the same sequence as they happen (e.g., every full hour of a specific day).

Scenarios
The models were built in each tool based on the information available regarding electricity
demand and production from renewable energies and a scenario approach was used to test the
balancing methods for several technically achievable installed capacity levels for renewable
energies.
To test the results of different balancing methods with different renewable energy levels, four
alternative scenarios were considered for Flores Island for the year 2020, as seen in Table 130. To
balance the hourly load, the available supply options (for each scenario) were dispatched using a
merit order as follows: 1) hydro; 2) wind; and 3) diesel (thermal power plants). According to the
trends observed using a linear regression in the historical data from the electricity demand at
Flores, the demand for electricity is projected for the year 2020 (21 GWh) as approximately 1.7
times greater than in 2008 (12 GWh). The observed valley and peak in 2008 (810 kW and 1921 kW
respectively) are linearly projected to 2020 (1385 kW and 3283 kW) using the same trends.
Table 130. Flores Island, installed electrical capacity (kW) in 2008 and in scenarios for 2020
Resource/technology
installed
Diesel
Hydro
Wind
Total

Existing
2008
2700
1480
600
4780

Scenario A
2020
2700
1480
1100
5280

Scenario B
2020
2700
2080
1600
6380

Scenario C
2020
2700
2680
2100
7480

Scenario D
2020
2700
2680
2800
8180

The demand is the same in all four scenarios and methods. The scenarios vary in terms of supply,
specifically in terms of the installed capacity of renewables, and were built based on an evaluation
of the possibility to integrate renewables in the electrical networks in Flores.

Results
The outputs of each model consisted on the amount of electricity produced from each source
(hydro, wind and thermal) in each of the scenarios that were considered. Table 131 shows the
results obtained for the semi-dynamic method in TIMES. While the amount of electricity produced
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using hydro power shows almost no difference between the three methods, the amount of
electricity produced by wind has significant changes in scenarios C and D.
Table 131. Flores Island, electricity dispatched in MWh in 2020 for all scenarios
Scenario
A
B
C
D

Hydro
3770
5299
6828
6828

Wind
3254
4733
6010
7858

Thermal
13624
10617
7720
5963

Table 132 shows the penetration of renewable energy achieved in each scenario by each method.
It is possible to observe that in situations where the installed capacity from renewables is similar
to the demand peak, or in other perspective is similar to three times the demand valley (scenarios
A and B), there is no relevant difference between the results of the different balance methods.
However, as the intermittent renewables increase, differences start to appear, namely on the
energy supplied by each resource, which could have a significant impact in reaching (or not) a
preset target. Table 133 shows the effects from the balance methods on CO2 emissions from the
electricity sector, where 0.25 kg CO2/kWh was considered as the emission factor for diesel
engines. Having the results in terms of CO2 emissions makes the issue of reaching a target by
increasing renewables more clear. In scenario D, the dynamic method shows 34% more emissions
(around 470 tCO2) than with the integral method, pointing out that renewables are an alternative
to reduce emissions, but difference between methods could be very relevant when the
penetration of intermittent renewables become very high.
Table 132. Flores Island, renewables results using integral, semi-dynamic and dynamic balance
methods
Scenario

A
B
C
D

Renewables installed
Demand
Demand valley
peak
1.86
0.79
2.66
1.12
3.45
1.46
3.96
1.67

Share of renewable electricity
Integral
Semi-Dynamic
Dynamic
33.9%
48.6%
63.0%
72.9%

34.0%
48.6%
62.6%
71.1%

33.9%
48.0%
58.9%
63.9%

Table 133. Flores Island, estimated CO2 emissions using integral, semi-dynamic and dynamic
balance methods
Scenario
A
B
C
D

Emissions tCO2
Integral
Semi-Dynamic
3406
3411
2654
2661
1930
1911
1491
1397

Dynamic
3411
2685
2119
1866

Comparison with integral
Semi-Dynamic
Dynamic
-0.13%
0.00%
-0.25%
0.90%
1.00%
10.89%
6.68%
33.53%

Analyzing the results from all scenarios computed by the three different electricity demand and
supply balance methods (i.e., integral, semi-dynamic and dynamic methods), it becomes clear that
important differences appear depending on the method that is used. In the case analyzed in this
paper, these differences could lead to a significant overestimation of the quantity of renewable
energy incorporated in the system. This overestimation could amount to the equivalent of 9% of
the total electricity demanded. This would result in an underestimation of the installed generation
capacity from renewable energies needed to reach targets, and also in a significant
underestimation of the amount of CO2 emitted by the system.
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3.3.2.1

High-resolution modeling framework for planning electricity systems with high penetration of
renewables

This paper (137) presents a modeling framework that is able to optimize the investment in new
renewable generation capacity on the long-term while taking into account the hourly dynamics of
electricity supply and demand. The framework combines two of the most used energy planning
tools, each being able to account for one of the aspects of the modeling of renewable energy
sources.
In this work, a framework using a long-term model for the optimization of investment in
electricity generation capacity and a short-term model for the optimization of the operation of
the system is proposed using two of the most used models for energy planning have been used:
TIMES as the investment optimization model and EnergyPLAN as the operation optimization
model.
The framework was applied to continental Portugal for the time period of 2005-2050, in order to
identify optimal investment plans in new renewable and fossil generation capacity with the goal
of achieving significant CO2 emissions reduction, under different scenarios. The framework
consists of the use of both models in an iterative cycle, in which the investment optimization
model is used to optimize the investment in new generation capacity over a large time period and
the operation optimization model is used to calculate the energy balances over one year with
higher time resolution (hourly or less). The investment optimization model provides to the
operation optimization model the installed capacities of each energy source.
The results show that the inclusion of dynamics in the modeling methodology can help avoid
overinvestment and reduce the excess of electricity from renewable energy sources that cannot
be used by the system. These results can have a significant impact on the design of a sustainable
electricity system and may lead to a diversification of the energy sources used.
3.3.2.2 Generation expansion planning under wide-scale RES energy penetration

A number of issues arise in the context of developing new generation expansion planning
methodologies, under a large scale penetration of renewable energy. The necessary storage and
reserve capacity have to be calculated and incorporated in the costs of different scenarios related
to expansion planning or operation simulation. In addition, grid costs mainly related to the
Transmission System Expansion have to be calculated since they are related to the penetration of
areas with high RES potential. In the present paper (191, 192, 193, 194) an attempt is made to
incorporate such costs in the TIMES model in order to have a more accurate approach of
generation expansion scenarios, incorporating storage, reserve plants and Transmission System
expansion in the cost of RES technologies. Using the results as an input, a more detailed
probabilistic approach is used to calculate the relevant production costs under a wide-scale
penetration of RES. Methodologies presented here are based on the so called residual load
duration curves approach.

Scenarios
Three scenarios related to a roadmap towards the year 2050 are presented on Table 134 and
Figure 419 through calculations of pumped storage capacity required. The Base scenario is a
Business as Usual Scenario where RES installations capacity growth rate is remaining equal to the
current levels. In scenario REN-p60 the level of penetration of Renewable Electricity is
approaching 90-95 % for the year 2050 of which variable renewables are at the level of 55 % and
the remaining units are biomass, CSP and Geothermal plants replacing base load conventional
units. Finally, GHG-p60 scenario incorporates the least cost penetration of RES generation into the
Greek Generation System for achieving the environmental targets.
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Table 134. Pumped storage capacity required for three scenarios
2020
Base-new
GHG-p60
REN-p60

1600
1600
1600

2025
1618
1600
1608

Pumping Storage Capacity (MW)
2030
2035
2040
1858
1858
1858
2232
2232
2902
3583
4139
4412

2045
1858
2902
4412

2050
2138
3196
5143

Figure 419. Pumped storage capacity required in the Greek generation system
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Results
Table 135 and Figure 420 are presenting the pumping required for restricting the energy
curtailement at a level of 5% and Table 136 and Figure 421 are presenting the remaining energy
curtailement after the use of the pumping capacity selected. After deriving the RLDC from TIMES
and calculating pumped storage capacity, pumping required and remaining energy curtailment,
this information is used to correct the solution of TIMES by incorporating pumped storage plants
back in TIMES. Generation from pumped storage plants is also calculated and incorporated in
TIMES which then computes a second solution.
Table 135. Pumping required to minimize energy curtailment
2020
Base-new
GHG-p60
REN-p60

875,835
1120,548
1120,548

2025
1315,306
1541,701
1613,095

2030
1583,914
2589,067
6013,327

Pumping (GWh)
2035
1180,632
2209,35
6513,032

2040
1231,315
3244,958
6517,124

2045
1201,403
2543,646
6690,293

2050
1631,208
3265,435
7625,006

Figure 420. Pumping required to minimize energy curtailment in the Greek generation system

Table 136. Energy Curtailment in the Greek Generation System
2020
Base-new
GHG-p60
REN-p60

80,35207
129,4365
379,1192

2025
182,8493
241,8589
252,3341

Energy Curtailment (GWh)
2030
2035
2040
174,823
120,7889
175,1433
337,9753
364,8847
498,6121
390,4794
502,2403
548,7968

2045
253,7246
407,4515
601,3383

2050
339,1494
574,04
608,4288

Figure 421. Energy Curtailment in the Greek generation system after the use of pumped storage
plants
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3.3.3

Marginal abatement curves

3.3.3.1 Intertemporal issues and marginal abatement costs in the UK transport sector

An energy system model, UK MARKAL, is combined with decomposition analysis and sensitivity
analysis to derive mitigation costs and emissions reduction potentials in the UK transport sector.
The paper (53) tests the robustness of a marginal abatement cost curve for the year 2030 for two
parameters: path dependency and discount rate.

Scenarios
Six scenarios are considered to test the robustness of the MAC curve: one reference scenario,
three path dependency scenarios, and two discount rate scenarios (Table 137).
Table 137. Overview of scenarios
Scenario
REF
ZERO-BEFORE
ZERO-AFTER
HIGH-BEFORE
PDR10
SDR

Category
Reference case
Path dependency
Path dependency
Path dependency
Discount rate
Discount rate

Description
Carbon tax increases by 5% p.a. from 2010
Carbon tax is zero before 2030
Carbon tax is zero after 2030
Carbon tax is kept constant on the 2030 level from the BASE scenario for the period
2015–2030
Hurdle rates introduced for all technologies at 10%, previously existing rates were
doubled
Discount rate lowered to 3.5%, all hurdle rates, taxes and subsidies removed

To illustrate the path dependency scenarios, Figure 422 presents the CO2 tax pathways for an
exemplary model run (£113/t CO2 in 2030), where the scenario ZERO-AFTER considers a pathway
after 2030, and two regard pathways before 2030, ZERO-BEFORE, HIGH-BEFORE. To generate a
MAC curve for a scenario, 46 model runs with model-wide CO2 tax levels are generated. In the
REF scenario, the CO2 tax increases over time from 2010 to 2050 at a discount rate inherent to
the model of 5% p.a. As an example, a CO2 tax of £98/t CO2 in 2030 corresponds to £50/t CO2 in
2020, £160/t CO2 in 2040, and £260/t CO2 in 2050. In the 46 model runs, the CO2 tax is varied
between £0 per ton CO2 to £294 per ton CO2 in the year 2030. All the 46 model runs with
different CO2 taxes are calculated and consolidated into one MAC curve for one scenario. All costs
are given in 2010 prices.
Figure 422. CO2 tax trajectory for path dependency scenarios for a model run with a CO2 tax of
£113/t CO2 in 2030

Results
Emissions. For analysis, emissions have been attributed from an end-use perspective, i.e.
emissions resulting from the generation of electricity that is consumed in the transport sector are
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assigned to the sector. Thus, this analysis comprises direct, as well as indirect emissions in the
transport sector. According to the model results, transport emissions from an end-use perspective
are 130 Mt CO2 in 2030 in a £0/t CO2 tax run, which compares to 134 Mt CO2 in 1990. An
emissions curve for the transport sector from an end-use perspective in the REF scenario is
displayed in Figure 423. At a price of £70/t CO2, the UK government’s central carbon price
projection for 2030, emissions are reduced by 37 Mt CO2 to a level of 93 Mt CO2 and from then
on more gradually to 65 Mt CO2.
Figure 424 shows that structural shifts and the decarbonisation of fuels are responsible for the
majority of emissions reductions in the REF scenario. In addition, one can distinguish two major
trends in the MAC curve. First, the predominant trend in the transport sector is the electrification
of most of the transport modes. The cheapest option to reduce transport emissions is the switch
from conventional petrol cars towards petrol hybrid cars as they are more efficient and consume
less fuel. Mainly in a range from £40/t CO2 and £80/t CO2, battery cars become cost-efficient and
make up 43% of all cars. This trend is accompanied by a decarbonisation of electricity. A second
trend concerns cars and LGVs consuming diesel. Diesel begins to be slightly decarbonised by 5%
around £125/t CO2 due to a higher share of imported first generation biodiesel in the diesel mix.
Figure 423. End-use emission curve for the reference scenario and path dependency scenarios

Figure 424. MAC curve for the REF scenario in 2030

MAC curves. In order to quantify how sensitive the MAC curve reacts to CO2 tax trajectories, the
CO2 tax path of an annual 5% increase has been altered in three scenarios. Although all four
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scenarios have the same CO2 tax in 2030, they result in different MAC curves, especially for higher
abatement costs. Those scenarios with a higher CO2 tax compared with the REF scenario, INCRAFTER and HIGH-BEFORE show for the same carbon price a slightly higher abatement level. The
emissions curves for both scenarios look similar to the REF emissions curve, where, for a given
CO2 tax, the largest difference in the abatement potential is 9%. The picture looks different for
the scenarios where the CO2 tax is kept at zero before or after 2030, which significantly increases
the marginal abatement costs.
Figure 425 reveals that the ZERO-AFTER scenario is up to £50/t CO2 more expensive for a given
level of emissions reduction compared with the REF scenario. The MAC curve indicates that
mitigation technologies, such as petrol and diesel hybrid cars and battery cars are introduced to
the market at higher marginal abatement costs. The entire MAC curve only includes technological
mitigation measures relating to cars and buses, i.e. technological switches within LGVs become
much more expensive. In anticipation of the CO2 tax disappearing after 2030, the model does not
choose petrol plug-in LGVs. At £225/t CO2 diesel plug-in cars are introduced in 2030 as a
consequence of the situation that no other low-carbon technologies are needed after 2030. In
contrast to the REF scenario, there is no CO2 tax before 2030 in the ZERO-BEFORE scenario so that
no incentive exists to shift to any low-carbon technologies before 2030. However the model
anticipates a higher CO2 tax in later years. This is important since road vehicles have a lifetime of
7–15 years, while aircrafts, ships and trains have a lifetime of up to 40 years.
Figure 425. MAC curve for the ZERO-AFTER scenario in 2030

The MAC curve for the PDR10 scenario (Figure 426) shows that technological alternatives are very
expensive. Hence, demand reduction plays an important role especially up to £250/t CO2. Its
contribution to emissions reduction is 13 Mt CO2, about 90% higher compared with the REF
scenario. Taking a look at technological shifts reveals that increasing the hurdle rate for electric
cars from 7.5% to 15% raises the marginal abatement cost of battery cars by almost £200/t CO2.
While petrol hybrid cars are cost-effective at £0/t CO2 in the REF scenario, they are only costeffective at a tax of £284/t CO2. Diesel hybrid HGVs are cost-optimal at £0/t CO2 in the REF
scenario but not in the PDR10 scenario. The marginal abatement cost for this technology is
increased from £85/t CO2 to £166/t CO2. This highlights the sensitivity of abatement costs for
hybrid vehicles to the underlying assumptions.
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Figure 426. MAC curve for the PDR10 scenario in 2030

Path dependency is found to be a significant, yet not substantial, influencing factor on the shape
and the structure of the marginal abatement cost curve. Doubling the technology-specific hurdle
rates shows that abatement costs increase significantly. The results suggest that policy makers
should be aware of the underlying carbon tax pathway and whether results are based on society’s
view or a private perspective.
3.3.3.2 Costs and potentials of reducing CO2 emissions in the UK domestic stock from a systems
perspective

This paper (52) addresses the issue of abatement costs and potentials in the housing stock from a
systems perspective in order to capture interactions and interdependencies with the wider energy
sys-tem. Marginal abatement cost (MAC) curves for the UK residential sector are derived based
on the energy systems model UK MARKAL in combination with decomposition analysis.

Scenarios
This paper does not only present the results for one central reference case but varies key
assumption in five scenarios in order to assess the influence on the shape and structure of a MAC
curve covering all end-use residential CO2 emissions (Table 138). Two scenarios concern the level
of fossil fuel prices. In the GAS scenario the gas price is reduced by 50%, while all fossil fuel prices
are increased by 200% in the FF+ scenario. The IEP scenario studies the impact of higher electricity
costs, while the BIOMASS scenario analyses the consequences of limiting the availability of
biomass. Finally, the HEAT PUMP scenario relaxes the conservative assump-tions on the
deployment potential of heat pumps.
Table 138. Scenario overview
Scenario
REF
FF+
GAS
IEP

Category
Reference case
Fossil fuel price
Fossil fuel price
Technology issues

BIOMASS
HEAT PUMP

Technology issues
Technology issues

Description
Carbon tax increases by 5% p.a. from 2010
Costs for coal, coking coal, oil, refined products and natural gas increased by 200%
Costs for natural gas decreased by 50%
Investment costs increased by 200% for all CCS technologies, biomass, nuclear, tidal,
wind, wave
No biomass/biofuel imports allowed, domestic biomass production reduced by 50%
Upper limit for heat pumps increased from 39 PJ/year to 117 PJ/year
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In order to generate a MAC curve, one scenario consists of 46 model runs with different modelwide CO2 tax levels, while scenario changes apply to all 46 runs. In the model runs, the CO2 tax is
varied between £2010 0/t CO2 to £2010 294/t CO2 for the year 2030. The CO2 tax increases in all
model runs over time from 2010 to 2050 with the model inherent discount rate of 5% p.a. All
costs are given in £ of the year 2010.

Results
MAC curves for residential sector. Emissions in the residential sector have been attributed from
an end-user perspective, i.e. emissions resulting from electricity and heat generation are assigned
to the residential sector according to the amounts consumed. The model results indicate that
end-use emissions from the residential sector are 114 Mt CO2 in the REF scenario in 2030 (Figure
427), which compares to 157 Mt CO2 in 1990 and 140 Mt CO2 in 2009. This large drop in
emissions is the result of basically all solid-fuel heating being phased out and the use of oil-fired
boilers reduced by about 50% from current levels. Furthermore considerable efficiency gains, the
implementation of conservation measures and a shift from gas as a heating fuel towards biomass
and district heat explain the drop in emissions. At a price of £50/t CO2 emissions are reduced by
68 Mt CO2 to a level of 46 Mt CO2 and from then on more gradually to 31 Mt CO2. So even at
considerable CO2 tax levels, there remain residual emissions in the residential sector.
Figure 427. MAC curve for end-use CO2 emissions in the residential sector in the UK in 2030

In the base case without any carbon policies the contribution of electricity decarbonisation is
dominant up to £110/t CO2 (Figure 428). Except for water and space heating, the other energy
service demands rely almost entirely on electricity. Furthermore, at £0/t CO2, a significant share
of hot water and space heating is provided via district heat. Up to £80/t CO2, a reduction in the
CO2 intensity of heat equally contributes to emissions mitigation. This mainly happens through
the phasing out of CHP plants based on solid fossil fuels, which are replaced by solid biomass.
The MAC curve for the two fossil fuel price scenarios reveals that the difference between the
scenarios is rather limited with an exception in the range from £60/t CO2 to £130/t CO2, where
the abatement potential varies a little more.
MAC curves. Figure 429 contrasts MAC curves for the IEP, HEAT PUMP, and BIOMASS scenario
with the REF scenario. Up to £70/t CO2, the emissions in the IEP scenario are significantly above
the REF scenario with on average 16 Mt CO2 for a given carbon tax mainly due to the higher CO2
intensity of electricity. The emissions gap between both scenarios is closed at £176/t CO2, while
emissions are even below the REF scenario from £200/t CO2 to £260/t CO2. The reason is rather
that district heat contributes 25% towards space and water heating in the IEP scenario, while it is
8% in the REF scenario at that tax level. District heating is less carbon intensive than heat-ing with
natural gas because it is based on natural gas and biomass CHP plants. However, at higher carbon
tax levels it is no longer cost-optimal to use natural gas CHP plants as the electricity sector shifts
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to low-carbon alternatives. This has consequences for district heat, which is reduced at higher
carbon tax levels and replaced by natural gas for space heating and hot water.
Figure 428. Residential MAC curve for the REF scenario in 2030

The MAC curve for the HEAT PUMP scenario looks exactly the same up to £137/t CO2 as in the
REF scenario, but once heat pumps become cost-effective the market share of heat pumps
increases more in the HEAT PUMP scenario than in the REF scenario displac-ing mainly gas-fired
boilers. Subsequently, emissions are lower by roughly 4 Mt CO2 at carbon tax levels above £137/t
CO2 in the HEAT PUMP scenario. Emissions in the BIOMASS scenario are substantially above the
REF scenario as almost no biomass is used for heating pur-poses in the residential sector and
substantially less biomass is used in the power sector leading to an increase in the carbon
intensity of electricity. On average CO2 emissions are almost 15 Mt CO2 above the emissions in
the REF scenario for a given CO2 tax level. This substantial increase is due to a very lim-ited
availability of biomass that limits the use of biomass-fired boilers in the residential sector and
increases the carbon inten-sity of district heat and electricity since less biomass is available for
biomass CHP plants and as a co-firing fuel in coal power stations.
Figure 429. MAC curve for the BIOMASS, IEP, and HEAT PUMP scenario in 2030

The results indicate that it is cost-effective to implement conservation measures, as well as
increase the share of district heat and biomass for space and water heating. The decarbonisation
of electricity and heat dominates the lower part of the residential sector MAC curve up to £50/t
CO2. The MAC curve is found to be robust to fos-sil fuel prices, while more expensive electricity
and limited availability of biomass significantly reduce the abatement potential. The results
underline the need to assess emissions reduction from a systems perspective to capture systemwide interactions.
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3.3.3.3 What are the key drivers of MAC curves? A partial-equilibrium modelling approach for the UK

This paper (51) addresses the influence of several key parameters on MAC curves for the United
Kingdom and the year 2030. A technology-rich energy system model, UK MARKAL, is used to
derive the MAC curves.

Scenarios
In order to study the influence of assumptions underlying the generation of MAC curves, 16
scenarios were run, which have been divided into six categories (Table 139). The consideration of
uncertainty in the form of sensitivity analysis can help to draw conclusions about the robustness
of a MAC curve. All costs are given in 2010 prices.
In order to generate a MAC curve, one scenario consists of 46 model runs with different modelwide CO2 tax levels resulting in different emissions levels, while changes in input assumptions
apply to all 46 runs. Up to 2010, climate policies, such as the EU ETS price and the UK renewables
obligation, are incorporated in the model. The CO2 tax increases in the REF scenario over time
from 2010 to 2050 with the model inherent discount rate of 5% p.a. so that it represents the same
cost in the model optimisation throughout the entire model horizon. In the model runs, the CO2
tax isvaried between £2010 0 pertonCO2 to £2010 294 per ton CO2 for the year 2030, which
corresponds to £779/tCO2 in 2050.Due to the release of CO2 when burning fossil fuels, the price
of coal, oil and gas when burnt increases with a rising CO2 tax (Table 2). A CO2 tax of £100/tCO2
corresponds to an increase of about £47 for a barrel of crude oil.
Table 139. Overview of scenarios
Scenario
REF
ZERO-BEFORE
CONST-AFTER
INCR-AFTER
ZERO-AFTER
HIGH-BEFORE
PDR10

Category
Reference case
Path dependency
Path dependency
Path dependency
Path dependency
Path dependency
Discount rate

SDR
FF+
FF++
GAS
NO-NUC-CCS
NO-BIOMASS
IEP

Discount rate
Fossil fuel price
Fossil fuel price
Fossil fuel price
Technology issues
Technology issues

DEM+
DEM-

Demand level
Demand level

Technology issues

Description
Carbon tax increases by 5% p.a. from 2010
Carbon tax is zero before 2030
Carbon tax is constant after 2030
Carbon tax increases by 10% p.a. from 2030
Carbon tax is zero after 2030
Carbon tax is kept constant on the 2030 level from the BASE scenario for the period
2015–2030
Hurdle rates introduced for all technologies at 10%, previously existing rates were
doubled
Discount rate lowered to 3.5%, all hurdle rates, taxes and subsidies removed
Costs for coal, coking coal, oil, refined products and natural gas increased by 100%
Costs for coal, coking coal, oil, refined products and natural gas increased by 200%
Costs for natural gas decreased by 50%
No investments are allowed into nuclear power plants and CCS technologies
No biomass/biofuel imports allowed, domestic biomass production reduced by 50%
Investment costs increased by 200% for all CCS technologies, biomass, nuclear, tidal,
wind, wave
All energy service demands increased by 20%
All energy service demands decreased by 20%

Results
Figure 430 presents the different CO2 tax pathways for one model run (£113/tCO2 in 2030),
where three consider different pathways after 2030, CONST-AFTER, ZERO-AFTER, INCR-AFTER,
and two regard different pathways before 2030, ZERO-BEFORE, HIGH-BEFORE.
MAC curves. Although all six scenarios have the same CO2 tax in 2030, they result indifferent
MAC curves, especially for higher abatement costs (Figure 431). Those scenarios with a higher
CO2 tax compared with the REF scenario, i.e. INCR-AFTER and HIGH-BEFORE generally show a
slightly higher abatement level for the same carbon tax. This is on average 3MtCO2 for the INCR431

AFTER scenario and 4MtCO2 for the HIGH-BEFORE scenario (both less than a percent in terms of
baseline emissions). The only exception is around £10/tCO2 for the INCR-AFTER scenario, where
the difference to the REF scenario is up to 28 MtCO2.
The CONST-AFTER scenario, which keeps the CO2 tax constant after 2030, is similar to the REF
scenario except for a range from £10/t CO2 to £100/tCO2, where abatement is less. This can be
explained with the fact that the model no longer expects the CO2 tax level to rise, so that the
incentive is smaller to invest in low-carbon technologies. The abatement potential is significantly
lower for a given CO2 tax in the whole tax range in the ZERO-AFTER scenario, in particular up to
£70/tCO2. This is the inverse case for the ZERO- BEFORE scenario where the abatement potential
is especially less between £10/tCO2 and £50/tCO2. In the ZERO-AFTER scenario the model has a
smaller incentive to switch to low-carbon technologies because these will be stranded assets,
when the carbon tax drops back to zero. In the ZERO-BEFORE scenario the model has no incentive
to invest in low-carbon technologies prior to 2030, which increases marginal costs especially at
low emission targets. In this case the model still needs to invest into low-carbon technologies
before 2030 due to the technology lifetimes of up to several decades and anticipated increasing
CO2 tax levels. Thus, the MAC curve looks different particularly for the scenario where the CO2
tax is kept at zero after 2030, which increases the marginal abatement costs. The ZERO-BEFORE
and CONST-AFTER scenario increase the abatement costs slightly for a given abatement level,
while the scenarios that have a higher tax level before or after 2030 show marginally lower
marginal abatement costs.
Figure 430. CO2 tax trajectory for different path dependency scenarios for an exemplary model
run with a CO2 tax of £113/tCO2 in 2030

Figure 431. MAC curve for different path dependency scenarios

Discount rate. Figure 432 indicates that the MAC curve in the SDR scenario is very similar to the
REF scenario, while the PDR10 MAC curve is significantly different in that substantially fewer
emissions are abated forthe same given CO2 tax. The picture looks very different for the PDR10
432

scenario where abatement is substantially more expensive compared with the REF scenario. For
the envisaged 60% CO2 emissions reduction in 2030 compared with 1990, marginal abatement
costs are £185/t CO2 higher in the PDR10 scenario than in the REF scenario, while this difference
is only around £80/tCO2 for a 50% reduction. The higher hurdle rates put a higher weight on the
investment costs that are in general significantly higher for low-carbon technologies, such as
battery cars or energy-efficiency measures in the residential sector.
Figure 432. MAC curve for different discount rate scenarios

The results of this study show that MAC curves are robust even to extreme fossil fuel price
changes, while uncertainty around the choice of the discount rate, the availability of key
abatement technologies and the demand level were singled out as the most important influencing
factors. By using a different model type and studying a wider range of influencing factors, this
paper contributes to the debate on the sensitivity of MAC curves.
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4.

ANALYTICAL FRAMEWORK DEVELOPMENTS

4.1

New modeling frameworks

4.1.1

OSeMOSYS: The Open Source Energy Modeling System

4.1.1.1 An introduction to its ethos, structure and development

This paper (103) discusses the design and development of the Open Source Energy Modeling
System (OSeMOSYS). A key feature of the OSeMOSYS implementation is that it is contained in less
than five pages of documented, easily accessible code. Other existing energy system models that
do not have this emphasis on compactness and openness makes the barrier to entry by new users
much higher, as well as making the addition of innovative new functionality very difficult. The
current preliminary implementation of the model is then demonstrated for a discrete example.

Case study
An example application is now made to explain selected functional aspects of the model and the
philosophy behind OSeMOSYS representation. The example energy system presented is called
‘UTOPIA’. It was taken from a standard demonstration application used in MARKAL.
In the UTOPIA application, a single region is represented has having three demands: lighting,
heating, and transport. The lighting and heating demand fluctuate: more lighting is required at
night and more heating is required in winter. Lighting is met by the stock of light bulbs (RL1);
heating by either electrical (RHE) or oil heaters (RHO); and transport by three different types of
vehicles: electric (TXE), diesel (TXD) or gasoline (TXG). To generate electricity, five different power
stations are available: coal (E01), nuclear (E21), hydro (E31), pumped-storage (E51) and diesel
(E70). Diesel and gasoline are imported (IMPDSL1 and IMPGSL1, respectively) and/or produced by
a refinery (SRE) that converts imported crude oil (IMPOIL1). Used only for electricity generation,
uranium and coal are also imported (via technologies IMPURN1 and IMPHCO1, respectively).

Results
The time horizon is from 1990 to 2010. When both models are simulated with the UTOPIA input
data, key results are very similar. Figure 433 shows the results for the total installed capacity of
the power plants modeled. There is a higher investment in coal fired power plants in MARKAL,
most likely due to the storage representation and minor adjustments in input data. In 2000 and
2010, the difference is roughly 1% and 5% of the total installed capacity in the electricity supply
system represented. This is offset by a higher investment in storage capacity in OSeMOSYS.
Investments in hydro and oil power plants are identical.
Figure 433. UTOPIA power plant capacities in MARKAL and OSeMOSYS
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The total objective function reported in MARKAL was $37billion and $36billion was reported in
OSeMOSYS, representing a differ- ence of less than 2%.
4.1.1.2 Modelling elements of smart grids - Enhancing the OSeMOSYS code

This paper (104) expands on the Open Source Energy Modelling System (OSeMOSYS). It describes
how ‘blocks of functionality’ may be added to represent variability in electricity generation, a
prioritisation of demand types, shifting demand, and storage options. It may therefore serve as a
useful test-bed for new functionality in tools with wide-spread use and larger applications, such as
MESSAGE, TIMES, MARKAL, or LEAP. Given its open source nature, OSeMOSYS provides the
flexibility to recode the model to represent specific Smart Grid options.

Case study
For the purpose of illustration, we assess the electricity system of a fictitious town with the
following characteristics. The local utility is assumed to purchase most of its electricity from the
larger national grid at different prices for base and peak load supply. A small share of the supply is
provided by the town’s own PV installations. The town is assumed to have a constant overall
demand, with the same daily load profile being applied throughout the modelling period. The
highest demand occurs during the morning and evening hours, with a lower demand during night
time. The local utility would like to explore options to reduce its dependence on the national grid
in a cost-effective manner by minimising expensive imports of peak generation.
The demand profile is assumed to remain constant over the modelling period 2011-2030 with a
peak of 100 MW. The town purchases up to 75MW of base load at a levelised cost of 62.0 USD/
MWh and whatever peak load is required at 85.8 USD/MWh.29 Additionally, 20 MW of PV are
available constantly from 8:00 to 20:00 at running costs of 30.0 USD/MWh30 and with a yearly
capacity factor of 20%.

Results
In order to enable a prioritisation of demand types, a ‘flexible demand’ was introduced to the
model. It was assumed that up to 10 MW of this demand may remain unmet throughout the day
at an associated penalty to the local utility of 70 USD/MWh. All other demand is considered to be
of higher value and thus priority, and has to be met at the time it is demanded throughout the
day.
Figure 434 shows the results calculated by OSeMOSYS when adding this code block. The demand
which may remain unmet is shown in light blue in Figure 434a, with the continuous line indicating
which demand is actually met by the model. The dashed line shows the original demand that was
entered in the model. In Figure 434b, the provision of expensive peak electricity as indicated in
red is significantly reduced between the hours 10:00-13:00 and 17:00-22:00. The base load grid
supply as illustrated in dark green is dispatched as in the reference scenario. Overall, 96% of all
demand is met, while the need for peak supply is reduced by 72% compared to the reference
scenario.
Figure 434. Prioritising demand types e results for 2020 (a) Demand; (b) Production
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The flexible technology definition of the core code of OSeMOSYS allows going far beyond this
specific set up. A range of additional Smart Grid options and practises can be modelled and may
compete against each other to minimise the cost for society under various constraints and
realities. Further work will include a detailed appraisal of an array of Smart Grid technology
options, based on this energy modelling methodology as well as potential future code
improvements. A specific area of interest is to model how Smart Grid advances may contribute to
the accelerated provision of key energy services for the poor.
Temoa: Tools for Energy Model Optimization and Analysis

4.1.2

4.1.2.1 Modeling for insight using Tools for Energy Model Optimization and Analysis (Temoa)

This paper (105) introduces Tools for Energy Model Optimization and Analysis (Temoa), an open
source framework for conducting energy system analysis. The core component of Temoa is an
energy economy optimization (EEO) model, which minimizes the system-wide cost of energy
supply by optimizing the deployment and utilization of energy technologies over a user-specified
time horizon. We present the algebraic formulation of Temoa and conduct a verification exercise
by implementing a simple test system in both Temoa and MARKAL.
We utilized ‘Utopia’, a simple test energy system. Utopia can deploy 17 technologies across three
model time periods (1990, 2000, 2010) to meet 3 end-use demands: residential lighting (RL),
residential space heating (RH), and automobile transportation (TX).

Results
Running the model produced the technology capacity results shown below in Figure 435. The
objective function value, representing the present cost of energy supply, is $36.5 billion in Temoa,
and $32.7 billion in MARKAL, which represents a 12% difference. It indicates a discrepancy in the
choice of space heating technology. The combined RHO and RHE capacity in Temoa is 62 and 93
PJ/year in 2000 and 2010. In MARKAL, the combined RHO and RHE capacity is 37.8 and 56.7
PJ/year in 2000 and 2010, respectively. Temoa is choosing to build more capacity than MARKAL
because Eq. (2), which defines the relationship between activity and capacity, requires it.
To illustrate the difference, Table 140 presents the demand in each time slice as well as the length
of each time slice, expressed as the fraction of a year (SEG). The bottom portion represents the
resultant demand device capacity required by MARKAL and Temoa. The MARKAL demand device
capacity required to meet a given enduse demand is equal to the sum of demand device activity.
By contrast, Eq. (2) in Temoa requires that the product of demand device capacity and the time
slice length (SEG) be greater than or equal to its activity.
Table 140. Utopia demand data and MARKAL and Temoa results
Time slice
Intermediate-Day

SEGs,d
0.167

RL
2000
1.26

RH
2010
1.89

2000
4.54

TX
2010
6.80

2000
1.30

2010
1.95
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Intermediate-Night
Summer-Day
Summer-Night
Winter-Day
Winter-Night
MARKAL capacity
Temoa capacity

0.083
0.167
0.083
0.333
0.167

0.42
1.26
0.42
4.20
0.84
8.40
12.60

0.63
1.89
0.63
6.30
1.26
12.60
18.90

2.27
0
0
20.7
10.3
37.8
62.0

3.40
0
0
31.0
15.5
56.7
93.0

0.65
1.30
0.65
2.60
1.30
7.80
7.80

0.97
1.95
0.97
3.90
1.95
11.69
11.69

As a result, the total demand device capacity required to meet a given end-use demand is higher
in Temoa than MARKAL. We assert that our approach is more accurate: To ensure that supply
meets demand, the total rate of commodity production must equal the total rate of commodity
demand. In turn, the rate of commodity demand – end-use demand per unit time – is given by the
demand level in each timeslice divided by the duration of each timeslice. The underinvestment in
MARKAL explains the discrepancy in the values of the Temoa and MARKAL objective functions.
Figure 435. Technology capacity for both MARKAL and Temoa using the ‘Utopia’ test system

Note: Black and white represent MARKAL and Temoa results, respectively. Names above each set of black–white bars
indicate the technology name. Note that Temoa requires higher capacities for demand devices serving end-use
demands that vary by season and time-of-day. The difference in the required capacity for demand devices drives the
discrepancies in results between MARKAL and Temoa.

4.1.2.2 Multi-stage stochastic optimization of a simple energy system

We (139) utilize a newly developed framework called Tools for Energy Model Optimization and
Analysis (Temoa) to perform multi-stage stochastic optimization of a simple energy system. The
system consists of 27 technologies used to supply primary energy resources, refine petroleum
products, generate electricity, and serve end use demands. The model considers stochastic crude
oil and natural gas prices over 4 time periods, resulting in a total of 256 scenarios.

Scenarios
In order to test the functionality of the Temoa framework, we have chosen to model a simple test
system developed for this purpose, which we call Temoa_Island.
PySP is used to perform a stochastic optimization of the Temoa_Island system. The stochastic
model run incorporates uncertainty in two parameters: natural gas price and crude oil price. At
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each stochastic stage (2020, 2025, 2030, 2035), both the crude oil and natural gas prices can
increase or decrease, leading to 4 branches per node as shown in Figure 436. Results from the
non-anticipative periods (2010, 2015) constitute a hedging strategy, which 7 provides a single
course of action based in part on the expected value of later, uncertain time stages.
The growth rates for both stochastic parameters are determined by the average historical growth
rate in each category. Table 141 below provides the growth rates and probabilities used in the
model.

Figure 436. Event tree showing the resolution of natural gas and crude oil price uncertainty
beginning in 2020

Note: Since there are 4 time periods with modeled uncertainty and each node has 4 branches, there are a total of 256
(44) scenarios. The up arrow (↑) indicates a price increase and the down arrow (↓) represents a price decrease.

Table 141. Subjective probabilities and parameter-specific growth rates for each possible
outcome
Category

Natural Gas ↑, Oil ↑
Natural Gas ↑, Oil ↓
Natural Gas ↓, Oil ↑
Natural Gas ↓, Oil ↓

Subjective
Probability
(%)
38.10
19.05
19.05
23.81

Parameter

Natural Gas
Crude Oil
Natural Gas
Crude Oil
Natural Gas
Crude Oil
Natural Gas
Crude Oil

Growth
Rate
0.075
0.25
0.088
-0.095
-0.050
0.17
-0.060
-0.18

In order to solve the stochastic form of the model with PySP, it is necessary to specify the baseline
version of the Temoa model and the event tree information provided in Table 1 above.
During the non-anticipative stages, fuel prices remain constant at current market values and
demand increases at the business-as-usual rate of 0.86%. The result is a hedging strategy for the
non-anticipative stages (2010, 2015) with recourse actions beginning in 2020 as uncertainty is
resolved.

Results
The effect of stochastic fuel prices on total system cost is shown below in Figure 437. The figures
show the price of natural gas and crude oil in 2035, the last model time period. The vertical
spread in total cost when plotted versus natural gas price (left panel) is due to the effect of oil
prices, which are varying at the same time as natural gas prices. The right panel suggests a strong
correlation between crude oil price and total system cost. For example, it is possible to have a low
system cost with a high natural gas price in 2035, but not a low system cost with a high crude oil
price in 2035.
The results shown in Figure 438 demonstrate that the simple modeled system is relatively robust
with regard to future uncertainty in crude oil and natural gas prices. In the first decade, the model
chooses to build coal, hydroelectric, and combined-cycle natural gas capacity in order to meet
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electric demand. In the scenario where natural gas prices decrease monotonically over time
beginning in 2020, the model chooses to meet growing demand with simple-cycle natural gas
turbines, which are less efficient but have a lower capital cost compared to combined-cycle. The
results for demand technologies show little change across the two scenarios, suggesting that the
technology options selected in the base case are robust to changes in fuel price. In the high fuel
price scenario, the modest deployment of ethanol-power cars in 2035 (0.4 billion vehicle miles)
suggests that the model is close to a tipping point that could favor ethanol over gasoline.
Figure 437. The effect of stochastic natural gas prices (left) and crude oil prices (right) on the
objective function value

Note: The results suggest that crude oil price has a larger effect on total system cost than natural gas price. Note the
suppressed zero in both plots.
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Figure 438. Capacity results from the two most extreme scenarios

Note: Fuel prices rise monotonically from 2020 to 2035 (top row), and fuel prices decrease monotonically from 2020 to
2035 (bottom row).

Model results indicate that future changes in oil price may have a larger effect on system cost
than natural gas prices, but overall the system configuration requires little recourse as fuel price
uncertainty is revealed over time. This analysis represents an early step towards our goal of
applying stochastic optimization in a high performance computing environment to develop
robust, near-term hedging strategies for energy system management.
4.2

New database developments

Several presentations have been dedicated to the presentation of new MARKAL/TIMES models or
sector database developments, with preliminary results, including:
• The TIMES DK model for Denmark (276) with premilinary results on renewable energy
target scenarios.
• The TIMES-Canada model (277) with recent development on the unconventional oil sector.
• The TIMES-US (278) to analyze system-wide response to energy and environmental policy
with a focus on rigorous treatment of uncertainty.
• The North European TIMES model (279) to analyse the future Norwegian Energy System in
a European context.
• The IMRT India multi-region TIMES model (280) with detailed structure dans data in the
power sector.
• Another application of the TIAM model (281) to study natural exports from Russia.
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• The RU-TIMES model (282) with results on GHG reduction scenarios.
• A 18 region TIAM model (283, 284) for better analysing future energy system pathways of
East, Central and West China in a global context.
• The transition to TIMES from MARKAL of the future of Korean energy system model (285) at
the Korean Institute of Energy Research (KIER).
• A SG TIMES model for Singapore’s Electricity Sector (286).
• An ETSAP-TIAM model with the regionalization of the electricity sector in Africa (287).
• The TIAM-Macro model (288, 289) for studying economic impacts of carbon mitigation
policies.
• A TIMES-NEPLAN coupling framework (290) for electricity grid expansion analysis.
• General updates on the TIAM-WORLD TIMES Integrated Assessment Model of the World
(291, 292).
• Supply cost curves for renewable energy in Ireland (293), Germany (294), Portugal (177)
and Italy (295).
4.3
4.3.1

Multi model comparison
Energy modeling forum (EMF)

4.3.1.1 Beyond 2020—Strategies and costs for transforming the European energy system

The Energy Modeling Forum 28 (EMF28) study systematically explores the energy system
transition required to meet the European goal of reducing greenhouse gas (GHG) emissions by
80% by 2050. The 80% scenario is compared to a reference case that aims to achieve a 40% GHG
reduction target. The paper (117, 247) investigates mitigation strategies beyond 2020 and the
interplay between different decarbonization options.

Scenarios
Table 142 summarizes the main characteristics of the EMF28 scenarios. The no-policy baseline
scenario (BASE) describes a counter-factual baseline that does not include any target for 2020 or
2050. The Reference scenarios achieve a 40% reduction of GHG emissions by 2050. The Mitigation
1 scenarios assume that the EU takes leadership of the global climate policy regime by committing
unilaterally to an emissions reduction target of 80%, while the rest of the world continues with
moderate targets. Furthermore, in these scenarios, only Europe has an established carbon market
where carbon offsets can be exchanged. Mitigation 2 and 3 scenarios explore the role of
international trade in carbon offset. The Reference scenarios and the Mitigation 1, 2, and 3
scenarios consider technology variations in five main technology storylines.
Table 142. Definitions of scenarios in the EMF28 modeling comparison exercise
Technology dimension

CCS
Nuclear energy
Energy efficiency
Renewable energies
Policy dimension
Europe
Baseline: no policy
Reference:
40%
reduction by 2050

Default
w CCS
on
ref
ref
ref

GHG

Rest of the World
No policy
BASE
WeakPol
40%DEF
(Luderer et al.,

Default
w/o CCS
off
ref
ref
ref

Pessimistic

Efficiency

Green

off
low
ref
ref

on
ref
high
ref

off
low
high
opt

40%noCCS

40%PESS

40%EFF

40%GREEN
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Mitigation 1: 80% GHG
reduction by 2050 (with cap
and trade within the EU only.
1 carbon market in the EU
Mitigation 2: 80% GHG
reduction by 2050 (with cap
and trade within the rest of
the world and the EU, 2
separate carbon markets)
Mitigation 3. Global 480
ppme target with full cap and
trade, 1 global carbon market

forthcoming)
WeakPol
(Luderer et al.,
forthcoming)

80%DEF

80%noCCS

80%PESS

80%EFF

Image2.9
scenario (van
Vuuren et al,
2007)

80%FRAG

80%FRAG_EFF

Image2.9
scenario (van
Vuuren et al,
2007)

80%GLOB

80%GLOB_EFF

80%GREEN

This paper identifies robust model results for the transformation of the European energy system
(EU27) by focusing on the differences between the core scenarios (40% DEF and 80%DEF) while
taking into account different technological developments.

Results
Figure 439 shows the CO2 emissions for the baseline (BASE), the default reference case (40%DEF),
and the default mitigation case (80%DEF). One model is not able to reach the 80% reduction
target. Model-specific BASE scenarios show a high degree of variation in terms of CO2 emissions.
The differences between the default reference and the default mitigation case stand out clearly
from 2025 onwards. In several models, the default mitigation scenario (80% DEF) leads to far
more substantial reductions in 2020 than that achieved in the default reference scenario
(40%DEF). The fact that some models go below the cap by 2020 suggests that the cost of rapid
reductions needed to achieve the 2050 target are exceedingly high and, therefore, mitigation
begins earlier. The mean annual CO2 reduction rates for the default reference case are
approximately 1% per year for 2010–2030 and 2030–2050.
Figure 439. CO2 emissions (excluding land-use) for all models

Note: Historical emissions based on EEA (2012).

In this section, we give a detailed analysis of the decarbonization. First we concentrate on the
scenarios BASE, 40%DEF and 80%DEF (Figure 440). Most models follow a similar decarbonization
strategy up to 2030 which reflects the robustness of the model results. Divergences become
prominent after 2030, particularly concerning the use of bioenergy outside the electricity sector.
While for 40%DEF a mixture of energy efficiency and reduction of carbon intensity is sufficient, a
substantial additional effort in reducing carbon intensity by phasing out fossil fuels is required in
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most of the models to achieve the mitigation target of 80%DEF. As the use of fossil fuels
decreases, a simultaneous transformation towards low carbon technologies is observed. Taken
together, renewables (including bioenergy and NBR) make up 38% [36–45%] (model median and
25–75% quartiles)9 of primary energy use by 2050 for 80%DEF. They make up 24% [21–26%] and
12% [7–19%] in the 40% and the baseline case, respectively.
Figure 440. Percentage share of different technologies in primary energy for 2050

Note: The dotted line is the median, the box contains the 50% interval, the whiskers mark the 90% interval, and the
dots mark the extreme values. NCCS: without CCS. Non-Bio Ren: non-biomass renewables. For renewable energies and
nuclear energy the direct equivalent method is used.

Figure 441 presents the GDP reduction in the reference scenario (40%DEF) compared to the nopolicy baseline (BASE) and of the mitigation scenario (80%DEF) compared to the reference
scenario (40%DEF). In the reference scenario, GDP reductions are 0.9% [0.4–1.8%] by 2050, and
the picture resembles the carbon prices discussed in Sec. 2.4: GDP reductions are moderate and
below 0.7% until 2030 and below 2.3% for 2040. However, after 2040, several models show steep,
nonlinear increases in costs up to 10% (model median 3.7%). It is important to note that 80% DEF
is the scenario that is most restricted in terms of global participation and costs can be decreased
considerably if global climate action and international emission trading is assumed. In general, the
strong increase in costs for the period 2040–2050 is an indication that the models might miss
innovation possibilities in the energy sector, especially in the demand side, that could occur with
high energy prices.
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Figure 441. GDP reduction as a percentage of the reference scenario (40%DEF) relative to the
no-policy baseline (BASE; left) and of the default mitigation scenario (80%DEF) relative to the
default reference scenario (40%DEF; right)

Figure 442 presents the impacts of technology assumptions on mitigation costs. The GDP
reduction for 80%DEF is compared to the costs of the different technology scenarios. For each
scenario, the GDP reduction is compared to its associated reference scenario (e.g., 80%EFF
relative to 40%EFF; 80%PESS relative to 40%PESS, etc). Technology variation influences mitigation
costs, but the overall effect is not very large. Costs tend to increase without CCS availability
(80%noCCS), particularly in the most pessimistic scenario where nuclear is also phased out (80%
PESS). Optimistic assumptions on energy efficiency (80%EFF) cause costs to decrease as high
energy efficiency is not available in the DEF scenario, and therefore reduces costs. This effect is
also important in the green scenario (80%GREEN), where the cost increase due to pessimistic
assumptions about CCS and nuclear availability can be partly counter balanced by more optimistic
assumptions about higher energy efficiency and a more rapid technology development for
renewable energy. In general, the differences across the models tend to be larger than the
influence of different technological variations on the costs.
The analysis compares the current 2020 policies to a pathway that aims to reduce GHG emissions
by 80% by 2050 and determines the level of emission reduction required for 2030. The GHG
emission reduction targets for 2020 are given as a minimum constraint in all the models (see Sec.
1.2). Since GHG emissions are not reported in all the models, we focus here on CO2 emissions.
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Figure 442. GDP losses for the 80%DEF scenario and 80% technology scenarios (relative to their
respective reference cases) in 2030 (left) and 2050 (right)

Note: Losses are given in that specific year, not aggregated over time. Note the different scales.

Despite the differences across the models, common features concerning the relevance of certain
mitigation options leading to the achievement of the 80% GHG reduction target exist:
• Reduction of energy intensity plays a key role in the mitigation strategies;
• Biomass use shows a greater than three-fold increase from 2010–2050; nonbiomassrenewables also increase considerably; all renewable energies together make up nearly
50% of electricity generation (model mean); among nonbiomass-renewables, wind is the
most important with a seven-fold increase by 2050, ultimately reaching a similar
deployment level as nuclear, while solar PV represents a limited share;
• Nuclear is constant or moderately increases over time, but continues to make an
important contribution in the electricity sector;
• While CCS plays also an important role in the default EMF28 scenarios, the al- ternative
technology scenarios show that CCS is not necessarily required to meet the mitigation
target;
• Intermittent renewables such as wind and solar PV contribute 27% of the future electricity
mix by 2050 (model median). Therefore, new balancing power options are required, like the
development of long-term and medium-term energy storage options and/or the expansion
of the European electricity grid and the increase of interconnectors between Member
States and demand-side measures.
4.3.1.2 Effectiveness and efficiency of climate change mitigation in a technologically uncertain World

Following a multi-scenario framework based on the technology assumptions proposed by the
27th Energy Modeling Forum (EMF-27), our analysis (115) focuses on analyzing the impacts of key
technology assumptions on climate policies, including the interdependencies of different
technological options. The TIMES Integrated Assessment Model (TIAM-WORLD) is a global
technology-rich model of the entire energy/emission system of the World.

Scenarios
Our focus is on the roles played by five key technology groups (End-use energy intensity, CCS,
Biomass, Nuclear, and Solar-Wind electricity) in the strategies to abate GHG emissions to attain
the 450 ppmv. Each technology group may take two alternative values, as described in Table 143.
This paper discusses eight baseline scenarios (G1 to G8) and nine climate scenarios with the 450
ppmv concentration target (G9 to G16, plus G30), all of them as defined by EMF-27. For each
alternative assumption on the five technology groups, we define one baseline scenario and one
climate scenario both with the same technological conditions. Scenario AllTech is taken as a
Reference scenario to which other scenarios are compared.
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Table 143. Main characteristics of the technological scenario dimensions
Technology group

Group 1: Enduse energy
intensity

Group 2: CO2
Capture and
storage
Group 3:
Nuclear energy
Group 4: Solar
and Wind
electricity

RefEI: All end-use devices have efficiencies
as in the standard TIAM-World databse.
This results in end-use energy intensity
decreasing on average by 1.1% per year for
developed countries and by 1.6% per year
in developing and emerging economies.

LowEI: End-use devices have higher efficiencies than
in the RefEI case, resulting in total final energy
intensity globally about 30% lower on average over
the 2010-2100 period. This translates into average
annual EI decrease rates of 1.3% for developed
countries, and of 1.8% for developing and emerging
countries. The improved efficiency is assumed to
occur exogenously, at no extra cost.

CCSOn: CCS available in electricity and fuel
production, plus industrial processes.

No CCS: CCS is unavailable.

NucOn: As
database.

NucOff: New nuclear power unavailable.

in

TIAM-World

standard

Limited SW: Costs of Solar and Wind are higher, and
the share of solar and wind electricity is limited to
20% of total electricity.
Low: Total global biomass supply from purpose
Group 5:
High: As in the standard TIAM-World grown bio-energy crops, residues and municipal
Biomass
databse, based on Smeets et al. (2007)
waste, is limited to 100 EJ/year. Biomass from forest
potential
products is not restricted.
Remark: as noted by the referees, the low Energy Intensity assumption has a privileged position in the array of
technological assumptions, since the improved end-use efficiency defined by EMF-27 is an exogenous assumption that
implies no extra cost, contrary to the other assumptions
Advanced SW: Costs and potentials as in
the TIAM-World standard database

Results
Costs. We examine global costs in two ways. The first part of Table 144 shows the net present
value of each climate scenario relative to that scenario’s baseline. It is immediately apparent from
these results that the two scenarios with low energy intensity (G10 and G16) carry the two lowest
climate costs of attaining the climate target. Scenario G10 (the most optimistic) has a cost that is
considerably lower than any other in the experiment. Interestingly enough, G16 (Low EI, but No
CCS and Nuclear Off) is the next cheaper scenario, in spite of having unfavourable limits on CCS
and Nuclear energy. This points out at the crucial advantage conferred by the low energy intensity
assumption.
In the group of scenarios with Reference EI, scenario G9 (all favourable except EI) is the least
costly one, as expected. Then come G12 (NucOff) and G13 (LimSW), with climate costs only 7 %
higher than G9. The next cluster of climate costs are those of scenarios G14 (LimBio) and G11
(NoCCS), with climate costs more than 40 % higher than the cost of G9. Scenario G15 (Conv,
meaning constrained Wind and Solar and Low biomass potential) carries a higher cost still, since it
combines the two disadvantages of scenarios G13 and G14.
Table 144. Net discounted present values of the eight climate scenarios, relative to their
baseline costs and to scenario G9 (B$2010)
AllTech
(Ref)
Cost relative
to
each
baseline

G9-G1

Cost relative
to scenario
G9

26 397
(G10G2)(G9-G1)
0

LowEI

NoCCS

NucOff

LimSW

LimBio

Conv

EERE

G10-G2

G11-G1

G12-G3

G13-G4

G14-G5

G15-G6

G16-G7

16 260

34 872

28 446

28 730

33 466

39 899

24 589

(G10-G2)(G9-G1)

(G11-G1)(G9-G1)

(G12-G3)(G9-G1)

G13-G4)(G9-G1)

(G14-G5)(G9-G1)

(G15-G6)(G9-G1)

(G16-G7)(G9-G1)

-10 137

8474

2048

2332

7068

13 502

-1808
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Mitigation strategies. we examine the penetrations of the five technology groups, to which we
add one more variable that plays a key role in climate mitigation strategies: the amount of
electricity produced globally, as endogenously determined by TIAM-WORLD in each scenario. In
order to streamline the presentation, we provide in Table 145 the cumulative values of these 6
variables, over the 90 years from 2011 to 2100, expressed in their own units. We examine these
results in two ways. First across each row — in order to analyze the behaviour of each technology
group across all scenarios, and then by individual column — in order to observe how each
scenario achieves the target.
Table 145. Cumulative penetration levels of each key technology group over the 2010–2100
period
G9
G10
G11
G12
G13
G14
AllTech
LowEI
BoCCS
NucOff
LimSW
LimBio
EI
%
-20%
-35%
-22%
-20%
-22%
-22%
CCS
Mt
711 288
506 854
0
870 797
1 464 177
565 399
Nuclear
EJ
3790
3229
3953
227
4084
4002
NBP
EJ
16 125
9385
21998
18 225
9981
22 363
Biomass
EJ
22 071
21 470
22143
22 158
22 243
11 860
Electricity EJ
23 733
15 165
25960
23 694
23 705
30 251
NBR results include all non-biomass renewable energy, not just solar and wind electricity
Italicized data are those where the corresponding technology group is constrained

G15
Conv
-27%
1 626 117
4101
12 585
11 882
27 708

G16
EERE
-37%
0
227
15 699
21 880
16 505

How does each scenario achieve the climate target? When EI is low (scenarios G10,G16), the
target is more easily reached, and most abatement options have rather low penetration, except
biomass which is fully used whenever available, and nuclear which is fully used in G16, and almost
fully in G10. When EI is high, the picture is more complex:
• Scenario G9 (All Tech, high EI): Both nuclear and biomass potentials are close to fully used,
and the scenario uses a balanced mix of the other abatement options.
• Scenario G11 (No CCS): again, Biomass and Nuclear are close to fully used, and the scenario
compensates the absence of CCS by simultaneously increasing the total amount of
electricity and the amount of solar and wind power (and other non biomass renewable)
• Scenario G12 (NucOff) is close to scenario G9; simply the lack of nuclear energy is
compensated by increasing somewhat the amount of CCS.
• Scenario G13 (LimWS): Biomass and Nuclear are fully used, and the scenario compensates
the lowWind and Solar potentials by considerably increasing CCS.
• Scenario G14 (LimBIO): Nuclear is fully used, and the scenario compensates the low
biomass potential by maximizing electricity production from NBR sources, but not by
increasing CCS, since CCS is most preferred when used on biomass fuelled technologies.
• Scenario G15 (LimSW, LimBio): Nuclear is fully used, and the scenario, being doubly
penalized by low Biomass, Solar, and Wind potentials, increases end-use efficiency, and
considerably increases CCS.
Uses of biomass. Figure 443 shows the amounts of the various usages of biomass for four
milestone years: 2010, 2040, 2070, and 2100. Initially, biomass (including traditional biomass) is
mostly used for direct combustion in end-use devices, but later it is increasingly used for
electricity production, and to a lesser extent, to produce biofuels, except in scenarios G11 and
G16 where biofuels production dominates; in these two scenarios, CCS is forbidden, reducing the
interest of using biomass for electricity production; as a consequence, in G11, wind and solar
electricity is preferred; in G16, the low EI assumption makes it unnecessary to produce large
amounts of electricity — also produced largely from wind and solar, given the CCS constraint. We
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also note that when Solar-Wind power is restricted, the amount of biomass used to produce
electricity is maximum (scenario G13). Thus, using biomass for electricity generation is generally
preferred to converting it to biofuels for end-uses, except when CCS is forbidden. Hydrogen
production from biomass stays low in all scenarios.
Figure 443. Breakdown of biomass uses (units: EJ/yr)

The main insights obtained from the assessment show the prominent role of bioenergy as a
means to abate greenhouse gas emissions, irrespective of other technological developments,
while the role of the other technologies (wind and solar, carbon capture and sequestration,
nuclear) are more dependent of one another. It appears that CCS may play a sort of “backstop”
role: it compensates for a lower contribution of solar and wind, or of nuclear. This means that an
increased social acceptability of one (or all) of these three sets of technology should be at the
heart of future climate policies. The costs caused by the adaptation of electricity networks to
accommodate a high fraction of intermittent sources would deserve more attention in future
research.
4.3.2

Asia modeling exercise (AME)

4.3.2.1 How effectively low carbon society development models contribute to climate change
mitigation and adaptation action plans in Asia

This paper (106) spotlights these quantitative models and tools which are used to achieve
backcasting benchmarks. These models are critically reviewed for their functioning and real
possibilities on ground levels and suggestions have been made to improve practical
implementation in developing Asia.

Results
While these models are broadly accepted, according to our analysis and observation there are a
few advantages and disadvantages of these models which make them different from each other
and significant as well. Table 146 explains the different types of models and their strengths and
weaknesses.
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Table 146. Diverse pros and cons of the models and tools
Specifications
CO2 emissions targets
Country specific EF*
Data requirements
Factor analysis
Land use change/CO2 sink estimations
Tailor-made estimations
Cost estimation
Service demand built-in
Free availability
Tax/Subsidies regulation classification
Emissions from waste, food, future packaging
* Emission factors

AIM
enduse

AIM energy
snapshot

x

x

Medium

Medium
X

x
X

ExSS

Bilan Carbon

MARKAL

x
x
High

x
x
High

x
x
High

x
x

x

X
x

X
x

According to observations and based on personal experiences from different researchers and
practitioners, it is found that ExSS, MARKAL, and Bilan Carbone have high potential to envisage
changes because their acceptance rate is higher in Asia among the researcher community. (Figure
444) shows the popularity graph of these frequently used models and it is obvious to analyze that
the models with more options are openly acceptable to the users as compared to those with
limited options.
Figure 444. Usage frequency graph of selected models/tools in Asian countries

Source: The data for this graph collected from the previous literature published in Web of Science database, using
simple frequency approach and compiled by authors.

The study found that all these models are highly acceptable and applicable in Asian countries but
actual applications are rare, with Japan as the leading country in implementing such applications,
followed by Malaysia. Estimation of CO2 sinks, open availability, and energy service demands
(built-in option) are major weaknesses of the models. We also concluded that these computerbased quantitative models are helpful for almost all of the countries of the Asia-Pacific region
facing such issues as data limitation, fewer resources, and lack of government participation.
4.3.2.2 The role of Asia in mitigating climate change

This paper (107) explores the role of Asia in mitigating climate change, by comparing the results of
23 energy-economy and integrated assessment models. We focus our analysis on seven key areas:
base year data, future energy use and emissions absent climate policy, the effect of urban and
rural development on future energy use and emissions, the role of technology in emissions
mitigation, regional emissions mitigation, and national climate policies. Twenty-three models
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participated in the Asia Modeling Exercise. These models include both global models and Asiaspecific models.

Scenarios
AME includes six coordinated scenarios, including one baseline scenario and five climate policy
scenarios (Table 147). In the baseline scenario, the world evolves without any explicit energy or
climate policies beyond what are either already enacted or what are likely to be enacted. Three of
the climate policy scenarios specify a globally harmonized carbon price, beginning in 2013. The
final two scenarios set climate targets, specified in terms of total radiative forcing. Like the carbon
price scenarios, the climate target scenarios assume global cooperation on climate policy
beginning in 2013.
Table 147. Coordinated scenarios
Scenario
Reference

Type
Baseline

CO2 price $10
(5% p.a.)
CO2 price $30
(5% p.a.)
CO2 price $50
(5% p.a.)
3.7 W/m2 NTE
2.6 W/m2 OS

Carbon price
Carbon price
Carbon price
Climate target
Climate target

Key design charaterictics
The specification of the baseline is left to the individual modeling teams. It
may or may not implicitly or explicitly include policies, climate or otherwise,
that would influence emissions; that is, it does not necessarily have to be
explicitly a no-policy scenario.
Global economy-wide carbon price, starting in 2013, with a 2020 price of
$10/tCO2, rising at 5% per year
Global economy-wide carbon price, starting in 2013, with a 2020 price of
$30/tCO2, rising at 5% per year
Global economy-wide carbon price, starting in 2013, with a 2020 price of
$50/tCO2, rising at 5% per year
All regions implement coordinated climate policy beginning in 2013, total
radiative forcing is not-to-exceed (NTE) 3.7 W/m2
All regions implement coordinated climate policy beginning in 2013, total
radiative forcing is limited to 2.6 W/m2 in 2100, Overshoot (OS) is allowed

Results
Figure 445 shows the resulting MACs on the global level, and for China, India and Japan. It can be
seen that the ordering of emissions reduction effort relative to baseline (Japan World China India)
is reflected in the MACs. At the same time, there is a large spread of MACs across models. The
model spread is larger for China and India (and developing countries in general) than for Japan
(and industrialized countries in general), which reflects the greater uncertainty about both the
baseline development and the mitigation potential of these rapidly developing economies.
In addition to examining the technologies deployed under a set of stylized climate policy
scenarios, we also compare the effects of these climate policy scenarios to policies that are
currently being discussed or implemented around the world. In some cases, these policies are
legally binding, while in other cases, these policies are merely pledges. In particular, we compare
the emissions mitigation achieved in four scenarios (one without any explicit carbon price, and
three with global, economy-wide carbon prices at various levels) with the mitigation pledged as
part of the Copenhagen Accord. This comparison gives a general sense of the stringency of the
proposed polices in various countries and regions. For some regions, models generally agree on
the degree of stringency. For example, all models require at least a $30/tCO2 carbon price in 2020
to meet the pledges made by both the United States (17% reduction in emissions in 2020 with
respect to 2005) and the European Union (20–30% reduction in emissions in 2020 with respect to
1990). Most models require a carbon price above $50/tCO2 in 2020 in these two regions.
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Figure 445. Intertemporally aggregated marginal abatement cost curves for World

In mitigation scenarios, we find that emissions vary significantly across models and regions. For
example, Japan and Korea tend to reduce emissions much less than the global average for a given
carbon price. Energy technology deployment also varies across models, and to a lesser extent
across regions. However, only a few very simple trends emerge when looking across models. For
example, most models find a large portion of low-carbon technology deployed in Asia in
mitigation scenarios and a small amount of CCS in regions with limited reservoir capacity (e.g.,
Japan and Korea). Instead, models tend to have dominant technologies, which are deployed
across all regions within an individual model. Finally, we discuss climate policy, both comparing
the AME scenarios to policies considered in various countries and regions of the world and
discussing local policies needed to achieve the global targets set in the AME scenarios. Here, we
find that the stringency of the Copenhagen pledges varies across regions, and to a lesser extent
across models. In terms of implementing climate policy targets, such as the 2 °C target, we find
that local strategies vary across regions.
4.3.2.3 Comparing model results to national climate policy goals

In this paper (108), we discuss a few key policies and how they are included in a set of 23 energy
and integrated assessment models that participated in the Asia Modeling Exercise. We also
compare results from these models for a small set of stylized scenarios to the pledges made as
part of the Copenhagen Accord and the goals stated by the Major Economies Forum.

Scenarios
In this section, we highlight the pledges (Table 148) submitted as part of the Copenhagen Accord
by a few key Asian (China, India, Japan, Korea) and world regions (USA, EU).
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Table 148. Copenhagen pledges
Country
Level
United States
European Union
Japan
Korea
India
China

-17%
-20% to -30%
-25%
-30%
-20% to -25%
-40% to -45%

Emissions reduction pledge
Type
Absolute Emissions
Absolute Emissions
Absolute Emissions
Absolute Emissions
Emissions Intensity

Other pledges
Reference year

2005
1990
1990
2020 BAU levels
2005

Emissions Intensity

15% of primary energy
from non-fossil sources.
Increase forest cover by
40 million hectares

2005

Results
In this section, we compare the Copenhagen pledges and the MEF goals to the results from the
AME models. The Asia Modeling Exercise analyzes the role of Asia in mitigating climate change.
This exercise includes 23 models, from a variety of regions and institutions (Table 149). For this
analysis, we focus on four AME scenarios, a reference and three policy scenarios. The three policy
scenarios impose a global, economy-wide carbon tax beginning in 2013. The carbon price rises
exponentially from 2013 to 2100. The scenarios are labeled according to their 2020 carbon prices
($10/tCO2, $30/tCO2, or $50/tCO2). While individual countries may choose other policies and
measures to reach these pledges, we compare the pledges to economy-wide carbon price
scenarios in an effort to investigate the stringency of the commitments. An economy-wide carbon
price is the most efficient, i.e., cheapest, method of reaching a particular emissions reduction
goal. Thus, meeting a particular Copenhagen target or the MEF goal will cost at least as much as
an equivalent emissions reduction in an economy-wide carbon price scenario.
Table 149. Peak year for global GHG emissions (simplified)
Model
AIM-CGE
AIM-ENDUSE
DNE21+
EPPA
GCAM
GEM-E3
GRAPE
GTEM
IMAGE
KEI-Linkages
MARIA-23
MERGE
MESSAGE
PHOENIX
POLES-IPTS
ReMIND
TIAM-WORLD
TIMES-VTT
WITCH

Institution
NIES
NIES
RITE
MIT
PNNL/JGCRI
IPTS
IAE
ABARE
PBL
KEI
Tokyo U. of Science
EPRI
IIASA
PSU, BU
IPTS
PIK
Kanlo-KanORS
VTT
FEEM

$0/tCO2
2100
2050*
2050*
2090
2100
2050*
2100
2100
2100
2050*
2100
2100
2080
2070****
2050*
2070
2100
2100
2100

$10/tCO2
2031-2049
2031-2049
2031-2049
2041-2059
2031-2049
2041-2050*
2031-2049
2031-2049
2021-2039
2031-2049
2011-2029
2031-2049
2031-2049
2051-2069
2031-2049
2021-2039
2041-2059
2021-2039
2041-2059

$30/tCO2
2011-2029
2010-2019
2021-2039
2031-2049
2010-2019
2010-2019
2021-2039
2021-2039
2011-2029
2031-2049
2010-2019
2011-2029
2011-2029
2010-2019
2021-2039
2011-2029
2021-2039
2010-2019
2021-2039

$50/tCO2
2010-2019
2010-2019
2010-2019
2010-2019
2010-2019
2010-2019
2011-2029
2010-2019
2011-2029
2010-2019
2010-2019
2010-2019
2010-2019
2010-2019
2011-2029
2010-2019
2011-2029
2010-2019
2010-2019

* These models only provide results through 2050.
** These models are not global in scope.
*** This model has a representation of all regions of the world, but only provides results for India.
**** Ths model only provide results through 2070.
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China's Copenhagen pledge included an emissions intensity target (Figure 446), a non-fossil
energy target (Figure 447), and a forestry target. For roughly half of the models with a China
region, the emissions intensity target is reached even absent a climate policy. With the imposition
of a $10/tCO2 carbon price, the target is still only met by approximately half of the models.
However, once the CO2 price is increased to $30/ tCO2 all models can limit emissions intensity to
the low goal (40% reduction from 2005) and 15 models can meet the more stringent target of
45% reduction in emissions intensity. The goal of 15% share of non-fossil energy is met by 12 of 19
models in the reference scenario. For three models, achieving this target requires a rather high
carbon price of $50/tCO2. The nonfossil energy pledge, however, is particularly sensitive to
accounting assumptions.
Figure 446. CO2 emissions intensity reductions in China in 2020, relative to 2005

Figure 447. Share of non-fossil energy in China in 2020, including biomass and using primary
equivalent

We find that the targets outlined by the United States, the European Union, Japan, and Korea
require significant policy action in most of the models analyzed. For most of the models in the
study, however, the goals outlined by India are met without any climate policy. The stringency of
climate policy required to meet China's Copenhagen pledges varies across models and accounting
methodologies.
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4.3.2.4 Framing and modeling of a low carbon society

Asian Modeling Exercise (AME) studies show feasible GHG emissions pathways consistent with the
2 degrees centigrade global stabilization target. The aim of the low carbon society subgroup is to
propose frameworks, modeling methodologies, and workable roadmaps that will transform in-situ
socioeconomic development to a sustainable low carbon society. This paper (109) overviews LCS
modeling studies and presents the LCS modeling frameworks and approaches used by the country
modeling teams from Japan, China, India, Korea, and Nepal.

Scenarios
The aim of LCS modeling is to find pathways to limit global warming to below the 2 degrees
centigrade target and analyze effective policy measures to follow these pathways. The AME
studies examine global GHG emissions pathways with the 2.6 W/m2 OS target.

Results
Most of these modeling exercises estimate that CO2 emissions will increase and peak around
2020 and then decline. Up to 2020, energy intensity improves much more rapidly than carbon
intensity. Figure 448 shows changes in the energy intensity of GDP across regions and models
from 2005 to 2020 and from 2005 to 2050 in the 2.6 W/m2 OS scenario. It is noted that the region
Asia includes most Asian countries with the exception of the Middle East, Japan and Former
Soviet Union states. The energy intensity of GDP will improve from 44% to 58% in China and from
38% to 57% in India during the period 2005–2020, and from 74% to 84% in China and from 67% to
82% in India during the period 2005–2050.
Figure 449 shows changes in the CO2 intensity of energy across regions and models from 2005 to
2020 and from 2005 to 2050 in the 2.6 W/m2 OS scenario. The CO2 intensity of energy will
improve from −10% to 17% in China and from −11% to 12% in India during the period 2005–2020,
and from 40% to 82% in China and from 32% to 95% in India during the period 2005–2050 in the
2.6 W/m2 OS scenario. In some Asian countries, CO2 intensity from 2005 to 2020 will increase
even in stabilization scenarios. This is mainly because noncommercial biomass will be replaced by
electricity in rural areas. The declining CO2 intensity in developing countries does not necessarily
mean that they will use new energy. In developed countries, however, negative CO2 intensity
changes represent changes in the energy mix from CO2-intensive energy to less CO2-intensive
energy such as renewable energy and gas. The 2.6 W/m2 OS target requires a large reduction of
CO2. The improvement of CO2 intensity comes from the deployment of carbon capture and
storage (CCS) and new energy sources such as commercial biomass, solar power, and wind power
generation.
The energy intensity of GDP shows a much greater improvement than the CO2 intensity of energy
prior to 2020, while the CO2 intensity improves at a much higher rate beyond 2020.
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Figure 448. Changes in energy intensity of GDP across regions and models from 2005 to 2020
(left) and from 2005 to 2050 (right).

Figure 449. Changes in CO2 intensity of energy across regions and models from 2005 to 2020
(left) and from 2005 to 2050 (right)

The AME studies show the technological feasibility of limiting global warming to below the 2
degrees centigrade target under the assumption of complete and immediate participation.
However, these pathways need to be linked to national and international policies in order to be
realized. Key policies and measures to achieve a low carbon society have been discussed in the
LCS sessions in AME with consideration given to co-benefits.
4.3.3

The LIMITS project

A series of papers have been produced withing the project "Low climate IMpact scenarios and the
Implications of required Tight emission control Strategies (LIMITS)".
4.3.3.1 Global Long-Term Technology Diffusion under a 2˚C Climate Change Control Target

This article (300) investigates the long-term global energy technology diffusion patterns required
to reach a stringent climate change target with a maximum average atmospheric temperature
increase of 2˚C.
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Scenarios
We perform our analysis around three main scenarios, shortly described below. A climate
stabilisation plan with a radiative forcing target of 2.8 W/m2 in 2100 corresponds to a GHG
concentration of approximately 450 ppmv in that year.
• Base: Baseline involving no climate policies and a large-scale continuation of fossil fuel
usage for all main energy services.
• StrPol: Stringent regional climate and energy policies with enhanced Copenhagen Accord
(‘plus’) pledges during the 21st century.
• RefPol-450: Reference regional climate policies (Copenhagen pledges) until 2020 and global
coordinated action to 2.8 W/m2 from 2020.
While we introduce several more scenarios later in this article, we focus mostly on scenarios
StrPol and RefPol-450 and the deployment of low-carbon energy in their GHG mitigation
pathways. StrPol involves a set of stringent regional climate and energy policies that represent
enforcements and extensions of the (conditional plus unconditional) political pledges delivered in
association with the UNFCCC Copenhagen Accord (2009) and apply to the entire 21st century. We
find that this scenario implies GHG emission reductions that are far from ambitious enough to
reach a 2˚C maximum global atmospheric temperature increase: it generates a rise of around 3˚C
with median probability by the end of the century (and more thereafter). RefPol-450 simulates
until 2020 a set of relatively weak climate policies corresponding to the (unconditional)
Copenhagen pledges, and from 2020 implies global GHG emission reductions deep enough so as
to reach, with a 70% probability, a stabilised climate with a temperature increase of at most 2oC.
In RefPol-450, overshoot in terms of radiative forcing is allowed: in this scenario during several
decades values of over 3.0 W/m2 pertain before stabilization occurs at 2.8 W/m2.

Results
From the left plot in Figure 450 we see that a scenario with stringent regional climate policies
(StrPol) leads to similar global CO2 emission paths for three of the six models (GCAM, IMAGE and
TIAM-ECN): the current increasing trend continues until emissions reach a maximum around
2020-2030, after which they decrease to amount in 2100 to a level about half of that today. The
other three models (MESSAGE, REMIND and WITCH) foresee significantly higher emissions under
the same stringent global climate policy, at least part of which can be explained by the relatively
optimistic GDP growth assumptions in these models (some of the reductions targets included in
the set of stringent climate policies are not absolute but expressed in terms of economic growth).
We observe that for MESSAGE and REMIND CO2 emissions start to decrease only after 2050 and
that REMIND is the only model that by the end of the century yields emissions only slightly (a few
%) below their level today.
The variety in modelling outcomes is less large in the right plot depicting CO2 emission profiles
matching a long-term global anthropogenic radiative forcing maximum of 2.8 W/m2. CO2
emissions in 2020 are higher than in the stringent climate policy case (left plot), since until this
year only weak climate policies apply. All models need to rapidly decrease emissions from 2020:
these reductions have to be much deeper than in the stringent climate policy scenario in order to
reach the 2.8 W/m2 forcing target. For all models CO2 emissions need to become negative during
the second half of the century. This can be reached, for example, by using biomass as feedstock
for the production of electricity, hydrogen or other synthetic fuels, and complementing these
processes with CCS.
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Figure 450. Global CO2 emissions in scenarios StrPol (left) and RefPol-450 (right)

Figure 451, depicting the production of three main secondary energy carriers (electricity,
hydrogen and synfuels) in combination with CCS technology, shows in a complementary fashion
that the usage of CCS differs strongly among models, especially in the long term. MESSAGE and
REMIND rely in 2100 (not in 2050) relatively little on CCS as climate mitigation option for fossilbased electricity production, probably because these models find large roles for renewables in the
power sector. Consequently, these two models can reserve global geological CO2 storage capacity
to large extents for other applications, such as CCS in combination with hydrogen and (liquid
fossil) synfuel production. A difference between the two climate action cases is that in the
medium term (2050) in most cases CCS for fossil options (notably natural gas) increases
significantly when tightening CO2 emission abatement efforts (compare Figure 451a with b), while
in the long term (2100) the reverse holds for coal (but not necessarily for all models for natural
gas). CCS in combination with oil for power production is essentially negligible: climate mitigation
and the availability of CCS technology are not sufficient drivers for oil to re-emerge in the power
sector (to which it contributed substantially in the 1970s), the reason for which is that limited oil
resources remain largely reserved for usage in transportation. Electricity generation from biomass
with CCS increases, for all models, both in time and when taking more stringent climate control
action. In 2100, under the 2.8 W/m2 forcing target scenario, GCAM and IMAGE attain the highest
usage of CCS aggregated over all applications.
One of our main findings in this cross-model energy system integrated assessment exercise is that
many different technology deployment pathways exist to reach such ambitious climate change
control. If the anthropogenic atmospheric temperature increase is to be limited to at most 2˚C,
total CO2 emissions have to be reduced massively, so as to reach substantial negative values
during the second half of the century. Particularly power sector CO2 emissions should become
deeply negative from around 2050 onwards in order to compensate for GHG emissions in other
sectors where abatement is more costly. The annual additional capacity deployment intensity
(expressed in GW/yr) for solar and wind energy until 2030 needs to be around that recently
observed for coal-based power plants, and will have to be several times higher in the period 20302050. In all energy transformation pathways, CCS constitutes a significant part of the climate
mitigation technology mix, but applies, according to different models, to varying forms of primary
energy (coal, gas and biomass) and types of energy carrier production (electricity, hydrogen and
liquid fuels). Uncertainty abounds regarding both type and extent of low-carbon technology
deployment, as well as concerning individual technology costs, but relatively high agreement
exists in terms of the aggregated total low-carbon energy system cost requirements on the supply

457

side until 2050, amounting to about 50 trillion US$ (that is, well over 1 trillion US$/yr) in order to
stay within the limits of 2˚C temperature increase.
Figure 451. Production of electricity, hydrogen and synfuels in combination with CCS in
scenarios StrPol (a) and RefPol-450 (b)

4.3.3.2 Energy security of China, India, the E.U. and the U.S. under long‐ term scenarios

This paper (299) assesses energy security in three long-term energy scenarios as modeled in six
integrated assessment models: GCAM, IMAGE, MESSAGE, ReMIND, TIAM-ECN and WITCH. We
systematically evaluate potential long-term vulnerabilities of vital energy systems of four major
economies: China, the European Union, India and the U.S., as expressed by several characteristics
of energy trade, resource extraction, and diversity of energy options.

Scenarios
Our analysis is structured to look at three different types of climate policies using the scenarios
developed in the LIMITS project. The scenarios, which are referred to throughout the paper are
described here.
• The first scenario has no climate policies where the present trends of energy systems
evolution continue for the rest of the 21st century. It is referred to as the ‘Baseline
scenario’ (Baseline).
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• The second scenario projects the most ambitious interpretation of Copenhagen emission
reduction pledges over the 21st century. It is referred to as the ‘StrPol scenario’ (StrPol).
This scenario is similar to the IEA’s “New Policy Scenario”.
• The last scenario is identical to the stringent policy scenario until 2020, but introduces a
global carbon tax to reach a 450 ppm CO2-eq greenhouse gas concentration in 2100. It is
referred to as the ‘450 scenario’ (450).
The StrPol and the 450 scenarios are jointly referred to as the ‘climate policy scenarios’. It should
be noted, however, that they lead to very different climate results. While the latter most likely
leads to an increase of global mean temperature of less than 2oC, the former is more likely to
reach a temperature increase of around 3oC by the end of the century.

Results
Figure 452 displays global energy trade differentiated by fuel and carrier for 2010, 2050, and
2100. It shows that the trade in the Baseline scenario is projected to significantly grow as
compared to the 2010 level. All models show that climate policies decrease the total energy trade
as well as the trade in each fossil fuel. In IMAGE, MESSAGE and TIAM-ECN oil remains the most
important traded fuel through 2050. By 2100, however, most models project coal as the
dominantly traded fuel in the Baseline scenario. Coal trade is especially high in ReMIND and
WITCH in 2050 and in ReMIND, MESSAGE and IMAGE in 2100 due to these models assumptions of
regional endowments of coal and the demand dynamics. With the 450 scenario, all models show a
drop in coal trade due to the decrease in coal use. Only in IMAGE does coal trade stay above 50 EJ
per year due to a higher penetration of coal-based CCS.
For oil (including oil products), there is a small decrease in trade in all models by 2050 between
the Baseline and 450 scenario and a larger decrease by 2100. With oil phased out in climate
scenarios, most models show a shift to domestic energy carriers (electricity, hydrogen, and
domestically-produced biofuels) in the transport sector where most of today’s oil is used. The
exception is TIAM-ECN where the transport sector only starts to transform after 2050 when
hydrogen comes in to replace oil.
Figure 453 shows the global diversity of primary energy sources in the first half of the century.
The diversity of TPES in the Baseline scenario through 2050 varies between 1.4 and 1.6 staying
close to the current level of about 1.5. In contrast, under climate policies the diversity of PES rises
to between 1.7 and 1.9 by 2050 in the case of the 450 scenario or 1.6-1.7 in the case of StrPol.
This occurs because low-carbon technologies are rapidly introduced in energy systems and start
balancing out the dominant fossil fuel ones. This pattern is even more pronounced in the diversity
of electricity systems. Figure 453 also shows the diversity of energy used in the transportation
sector. Under climate policies, oil trade is likely to decline and the diversity of transport energy
sources rises but models differ in their depiction of when and how this will happen and in how
different the diversity is between the Baseline and the climate policy scenarios. No models show a
significant difference in transportation diversity between the Baseline and climate policies by
2020. Starting in 2030, the transportation diversity in the Baseline and climate policy scenarios
diverges in MESSAGE and IMAGE but in GCAM, ReMIND and TIAM-ECN the diversity of energy
options in transport rise at a similar rate in this period.
In sum, two of the five models (IMAGE and MESSAGE) depict diversity gains in the transportation
sector by 2050 resulting from climate policies. The other three models (GCAM, ReMIND and
TIAM-ECN) depict almost no difference between the diversity trajectory under the Baseline and
those under climate policies. This is despite the fact that, the energy mix in the transportation
sector in two of these three models (ReMIND and TIAM-ECN) is drastically different between the
Baseline and climate policy scenarios in 2050.
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Figure 452. Global energy trade in five models and three scenarios in 2050 and 2100

Note: Global trade for the year 2010 is taken from MESSAGE since this model trades the most fuels and carriers which
are relevant to current data.

Figure 453. Global diversity of primary energy sources in 2010-2050

Notes: Diversity is calculated using Shannon Wiener diversity index. As described in the Supplementary material, the
diversity represents diversity between the following sources: coal, oil, gas, bioenergy, nuclear energy, hydropower,
wind, solar, and geothermal. The transport diversity excludes WITCH.

Our results show that climate policies are likely to lead to significantly lower global energy trade
and reduce energy imports of major economies, decrease the rate of resource depletion, and
increase the diversity of energy options, particularly in the especially vulnerable transportation
sector. China, India and the E.U. will derive particularly strong benefits from climate policies,
whereas the U.S. may forego some opportunities to export fossil fuels in the second half of the
century.
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4.3.3.3 A multi-model analysis of post-2020 mitigation efforts of five major economies

This paper (301) looks into the regional mitigation strategies of five major economies (China, EU,
India, Japan and USA) in the context of the 2°C target, using a multi-model comparison. In order
to stay in line with the 2°C target, a tripling or quadrupling of mitigation ambitions is required in
all regions by 2050, employing vigorous decarbonization of the energy supply system and
achieving negative emissions during the second half of the century.

Scenarios
The scenarios that are used in this paper are based on different policy assumptions for long-term
international climate policy and have been developed as part of the LIMITS project.
• The baseline (Base) scenario addresses the future energy system and emission
developments in the absence of climate policy.
• The fragmented policy scenario (RefPol) is based on formulated 2020 national energy and
climate targets reflecting the unconditional Copenhagen pledges. The scenario is extended
after 2020 by assuming a similar national effort in the subsequent decades.
• Finally, the delayed global cooperation scenario (RefPol-450) mimics the RefPol scenario
until 2020, and thereafter all regions adopt the long-term 2.8 W/m2 radiative forcing
target, consistent with a high likelihood (>70%) of staying within 2oC temperature increase,
as a binding commitment for joint mitigation action. Implementation of the target is
achieved via a global (harmonized) carbon tax. This scenario can be used to obtain
information on attractive strategies at the regional level. The 2020 targets in the RefPol and
RefPol-450 scenarios include capacity and renewable energy share targets as well as
greenhouse gas (GHG) emission reduction and intensity targets.

Results
Figure 454 shows the regional emission projections for all three scenarios. Baseline CO2 emissions
are generally projected to gradually increase for all regions and most models show either a peak
or stabilization in the second half of the century. Only the WITCH and TIAM-ECN models depict
constant growth throughout the century in nearly all regions. The short term targets included in
the RefPol scenario (reflecting the Copenhagen pledges) lead to emission reductions compared to
the baseline scenario in all regions. The level of emission reduction differs strongly across regions.
While in India and China the 2020 commitments lead to noteworthy reductions compared to
baseline, emissions are still projected to increase and reach a peak near 2050 in China, and later
in India. This is in contrast to the EU, Japan and the USA, for which the Copenhagen commitments
are projected to lead to immediate decreasing emission pathways. In fact, the difference between
the EU ambition level in the RefPol scenario and in the RefPol- 450 scenario is small, implying that
the assumed policies for the EU in the RefPol scenario aim for emission reductions that seem to
be in line with the 2°C target (Clapp et al., 2009). It should be noted that for China and India the
RefPol-450 emission trajectory peaks immediately after 2020. For the high income regions the
RefPol-450 emissions need to be more than halved by 2050 compared to 2005 levels. All
economies and models show that negative emissions are needed near the end of the century to
reach the 2°C stabilization target.
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Figure 454. Total CO2 emission paths of the no policy baseline (red), RefPol (green), Refpol-450
(blue) scenarios over the 2005-2100 period

In all regions looked at, decarbonization of energy supply (and in particular power generation) is
more important than reducing energy demand. Some differences in abatement strategies across
the regions are projected: In India and the USA the emphasis is on prolonging fossil fuel use by
coupling conventional technologies with carbon storage, whereas the other main strategy depicts
a shift to carbon-neutral technologies with mostly renewables (China, EU) or nuclear power
(Japan). Regions with access to large amounts of biomass, such as the USA, China and the EU, can
make a trade-off between energy related emissions and land related emissions, as the use of
bioenergy can lead to a net increase in land use emissions. After supply-side changes, the most
important abatement strategy focuses on enduse efficiency improvements, leading to
considerable emission reductions in both the industry and transport sectors across all regions.
Abatement strategies for non-CO2 emissions and land use emissions are found to have a smaller
potential. Inherent model, as well as collective, biases have been observed affecting the regional
response strategy or the available reduction potential in specific (end-use) sectors.
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4.3.3.4 Energy investments under climate policy: a comparison of global models

The levels of investment needed to mobilize an energy system transformation and mitigate
climate change are not known with certainty. This paper (302) aims to inform the ongoing
dialogue and in so doing to guide public policy and strategic corporate decision making. Within
the framework of the LIMITS integrated assessment model comparison exercise, we analyze a
multi-IAM ensemble of long-term energy and greenhouse gas emissions scenarios. Our study
provides insight into several critical but uncertain areas related to the future investment
environment, for example in terms of where capital expenditures may need to flow regionally,
into which sectors they might be concentrated, and what policies could be helpful in spurring
these financial resources.

Scenarios
Brief descriptions of the subset of LIMITS scenarios used in this study.
• Base: Scenario with no climate change mitigation policies of any kind. This “no-policy
baseline” is used for comparative purposes in the paper.
• RefPol: Scenario with present and planned climate-related policies and regulations
implemented in those regions where they exist. Examples include greenhouse gas (GHG)
emissions reduction targets, GHG intensity reduction targets, and nuclear power and
renewable energy targets (see supplementary material for specific targets by region).
Policies with a time horizon to 2020 are extended to 2100 assuming efforts continue at a
similar level of stringency. This “reference policy scenario” is considered a more
representative baseline than the Base scenario and is therefore used primarily as the
reference case for comparison in this analysis. See Kriegler et al. (this issue) and Tavoni et
al. (this issue) for further information on the policies assumed in this scenario.
• RefPol-450: Climate change mitigation scenario that leads to radiative forcing of 2.8 W/m2
in 2100 (overshoot allowed in the interim), not including direct forcing from land use
albedo changes, mineral dust aerosols, and nitrate aerosols. Such a forcing target would
yield a ‘likely to very likely’ (>70%) chance of staying below the 2°C target over the century.
Mitigation commences immediately after 2020; the RefPol reference policy pathway is
followed up until that point. Mitigation occurs where and when (after 2020) it is most costoptimal (thus, globally-harmonized carbon prices). No burden-sharing regimes are

Results
In addition to the need to scale up total supply- and demand-side investments in both the
developing and industrialized world if the 2°C target is to be successfully achieved, the LIMITS
models also collectively suggest that major changes will be needed in the structure of the energy
investment portfolio (Figure 455). In particular, the energy transformation will require
pronounced shifts away from upstream investments in the fossil fuel sector (e.g., coal, oil, and gas
extraction; oil refining) and more toward downstream investments in electricity generation
(especially renewable and nuclear electricity) and transmission, distribution, and storage. This
tendency is amplified by the increasing electrification of the end-use sectors (buildings, industry,
and transport), which the models foresee to be a robust, cost-effective strategy for achieving
deep cuts in greenhouse gas emissions (van der Zwaan et al. this issue). The models do tend to
disagree somewhat considerably, however, about future investment requirements for certain
categories, such as nuclear power. As mentioned previously, this results directly from the varying
energysupply mixes foreseen by the models, which are themselves a function of the models’
varying assumptions and structures.
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Figure 455. Global annual energy investments (both supply- and demand-side) in 2010 and
average annual investments from 2010 to 2050 by energy sector

We find that stringent climate policies consistent with a 2°C climate change target would require a
considerable upscaling of investments into low-carbon energy and energy efficiency, reaching
approximately $45 trillion (range: $30-75 trillion) cumulative between 2010 and 2050, or about
$1.1 trillion annually. This represents an increase of some $30 trillion ($10-55 trillion), or $0.8
trillion per year, beyond what investments might otherwise be in a reference scenario that
assumes the continuation of present and planned emissions-reducing policies throughout the
world. In other words, a substantial “clean-energy investment gap” of some $800 billion/yr exists
– notably on the same order of magnitude as present-day subsidies for fossil energy and
electricity worldwide ($523 billion). Unless the gap is filled rather quickly, the 2°C target could
potentially become out of reach.
4.3.3.5 A multi-model analysis of the regional and sectoral roles of bioenergy

This paper (303) examines the near- and the long-term contribution of regional and sectoral
bioenergy use in response to both regionally diverse near-term policies and longer-term global
climate change mitigation policies. The use of several models provides a source of heterogeneity
in terms of incorporating uncertain assumptions about future socioeconomics and technology, as
well as different paradigms for how different regions and major economies of the world may
respond to climate policies.

Scenarios
We focus on four of the twelve LIMITS scenarios for this bioenergy analysis. We use the first three
scenarios (Base, 450, and 500) to explore the effect of climate policy, in the form of a globally
harmonized carbon price), on bioenergy production and consumption. The final scenario (StrPol500) includes regional emissions and renewable energy policies in the near-term, and a transition
to a globally harmonized carbon price in the long-term. In this scenario, the long-term climate
target is the same as the 500 ppm scenario. Thus, we use this scenario to explore the effect of
near-term policy on bioenergy consumption in the near-and long-term.

Results
In this section, we present results for 2050 – far enough into the future for the global climate
policy to be established yet near enough that there may be effects from the 2020 policies. Looking
at global bioenergy results across the scenarios in the year 2050 (Figure 456), we observe
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differences in 2050 bioenergy consumption in most models (WITCH is an exception). Most of the
regional differences between the 500 and StrPol-500 scenarios are relatively small, with a couple
of exceptions. Though IMAGE has slightly less bioenergy in North America, it has noticeably more
bioenergy in China+ and India+, with most of the increase coming from use for bioelectricity. In
REMIND, bioenergy deployment is slightly higher in all regions in the scenario with near-term
policy, in line with the higher carbon price from that scenario. Finally, bioenergy must be
considered and understood not alone but in the context of the entire energy system. In 2050,
bioenergy is an important but not dominant source of energy in each of the scenarios for each of
the models. Furthermore, although bioenergy is a major component of the energy system in
several of the models, it still accounts for less than 25% of global total primary energy in the
IMAGE results, the model with the highest use of bioenergy in 2050. Additional emissions
reductions are achieved by use of CCS on coal and gas, other renewables, and increased use of
nuclear power in some models (see van der Zwaan, this volume).
Figure 456. Regional bioenergy production and consumption, in 2050

The results highlight the heterogeneity and versatility of bioenergy itself, with different types of
resources and applications in several energy sectors. In large part due to this versatility, the
contribution of bioenergy to climate mitigation is a robust response across all models. Regional
differences in bioenergy consumption, however, highlight the importance of assumptions about
trade in bioenergy feedstocks and the influence of energy and climate policies. When global trade
in bioenergy is possible, regional patterns of bioenergy use follow global patterns. When trade is
assumed not to be feasible, regions with high bioenergy supply potential tend to consume more
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bioenergy than other regions. Energy and climate policies, such as renewable energy targets, can
incentivize bioenergy use, but specifics of the policies will dictate the degree to which this is true.
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