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Highlights
This report presents the main results of collaborative, national and group activities of ETSAP partners and others using
the ETSAP tools during the period 2005-2008, with special focus on scenario studies and policy evaluations, and the
advancement of the methods employed. Those who would be interested in the accomplishments of ETSAP include:

♦ The IEA CERT representatives, particularly from representing countries currently participating in ETSAP,
along with those who have expressed interest in joining ETSAP;

♦ The government sponsors of the various institutions involved directly in ETSAP, and those trying to become
ETSAP institutions;

♦ Individuals engaged in the review and consideration of methodologies involved in the IPCC process,
particularly those of Working Group 3;

♦ Parties to other IEA Implementing Agreements;
♦ The wider energy and Global Climate Change (GCC) policy community;
♦ MARKAL/TIMES modellers around the world;
♦ Other (GCC) researchers and modellers, and
♦ University professors and their students interested in growing programs that may employ the ETSAP Tools to
groom the new generation of experts.
During the course of this Annex the Implementing Agreement for a Programme of Energy Technology Systems
Analysis of the International Energy Agency demonstrated the relevant nature of the analyses carried out by the
Partners and community of users of the ETSAP Tools, while evolving in several important directions.
(a) (a) Use of the MARKAL-TIMES model enabled expert groups conducting integrated energy systems to reach new
targets in quality, scope and numbers. United States, Germany, the United Kingdom, the Netherlands, Belgium,
Sweden, Finland, Italy, Switzerland, and India, have issued major studies that have helped shape policy in their
countries. New groups have formed in countries that are considering joining ETSAP (e.g. France, Portugal, Spain,
Austria, and Norway). In addition, extremely competent teams have been established and expanded in the leading
Plus-5 developing countries (South Africa, China, and India), while key countries such as Russia have also turned
to the ETSAP Tools. As a result of ongoing training and internationally financed capacity building activities new
groups are being established in other countries, such as Kazakhstan, the Balkan countries, and various ASEAN
countries.
(b) In response to the G8 Gleneagles Plan of Action, the IEA developed the global MARKAL model, which was used
to support analysis for the Energy Technology Perspectives (ETP) project in 2006/8. ETP focuses on the
identification of technology pathways for achieving common IEA goals related to energy security, promotion of
clean energy, and climate change.
(c) The original tools developed by ETSAP continue to improve. The Integrated MARKAL EFOM System (the
TIMES model generator), an advanced successor to MARKAL, is now mature and in full production use. Two
users’ interface (VEDA) and (ANSWER) fully support both models generators (MARKAL and TIMES),
overseeing all aspects of working with the models. The underlying strength of the technical-economic partial
equilibrium paradigm, complimented by the ease-of-use of the interfaces, are the primary reasons for the
heightened interest and thereby growing user community.
(d) Dozens of energy models have been built with ETSAP tools, at the global, regional, national and local scale. Some
are huge multi-regional global models, such as the IEA-ETP MARKAL model and the TIMES Integrated
Assessment Model (ETSAP-TIAM), others are even larger regional models such as the thirty region Pan European
TIMES model (27 member states plus Norway, Switzerland and Iceland) and the US multi-regional MARKAL
model. However, single-country energy and environmental analysis remains the predominant use of the model.
This allows for sufficient detail to fully represent the particulars of one particular underlying energy system.
(e) The models are being used to examine various aspects of the energy, economy, and environment nexus. The IEA
studies the potential role that new technologies must play if we are to change the present energy systems in order
to create climate benign, economically sustainable and secure energy systems by 2050. Important EC funded
research projects make use of ETSAP tools, gather multi-national teams, build multi-regional models and analyse
energy related policies, as exemplified by the New Energy Externalities Development for Sustainability (NEEDS)
undertaking. The Energy Modelling Forum researchers are examining robust transition policies towards climate
sustainable systems after 2100 using ETSAP-TIAM. Several groups use global, multi-regional and national models
to explore the impact of different post-Kyoto regimes. Pan European and member states’ models are used to
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identify the least expensive combination of measures that satisfy the demanding EC targets for 2020. And the more
local models are also being used to study linkages been effective GCC and local pollution reduction strategies.
Synergies achieved as a result of advanced methodology, tools and applications have raised the importance of ETSAP
and its mission. The IEA ETP2006+2008 publications have a wide diffusion (more than 2,000 copies) and advise the
decision-makers of the G8 on climate change mitigation issues. The results of ETSAP-TIAM studies are being included
among the groups that assess climate mitigation policies through EMF and IPCC. The expert groups using the ETSAP
Tools that work for the Ministries in various countries are informing decision-makers on the merits and impacts of
different measures for achieving the increasingly essential objectives of the energy security, climate change mitigation,
and economic affordability in response to national policies and measures.
The cooperation activities of ETSAP are financed by the contracting parties (shown in blue in Figure H-1) at a level of
about two hundred thousand euros per annum. This has been used mainly to leverage from international and national
research institutions and collaboration to reach the [much higher] funding level needed to carry out the activities
illustrated in what follows.
By the end of the Annex X there are more than 230 MARKAL-TIMES licensed institutions, of which nearly 180 are
active in 69 countries (see figure H-1). Interest in ETSAP was reflected by participation in the biannual workshops
where the number of attendees ranged between fifty and one hundred experts, giving between twenty and fifty
presentations per workshop. Another indication of the relevance of ETSAP community is reflected by the number of
articles that appeared in the scientific literature which increased from 6 during the 1998-2002 period to an average of 14
papers per year during the 2002-2007 period.
The full report illustrates all aspects of this growth by referencing the original reports, studies, papers and presentations
where more details can be found.
This report underscores the increasingly dynamic and important contribution of the ETSAP community in providing
state-of-the-art analytical tools and studies, leading to a greater understanding of the possibilities for meeting the critical
energy and environmental challenges of this century.

Figure H-1: ETSAP Partners and the Dissemination and Use of the ETSAP Tools1
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Only those countries with at least one MARKAL/TIMES modeliling team active during the Annex are “painted.”
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1. Summary of Annex Activities
1.1 Objectives and Strategy
The Contracting Parties of this Implementing Agreement carry out a Programme consisting of co-operative Energy
Technology Systems Analysis (ETSAP) 2. The objective of ETSAP is to assist decision-makers in the assessment of
new energy technologies and policies in meeting the challenges of energy needs and economic development,
environmental concerns and technology development.
ETSAP’s strategy in achieving the objectives is twofold3. Through a common research programme, ETSAP established,
maintains and enhances the flexibility of consistent multi-country energy/economy/environment analytical tools and
capability (the MARKAL/TIMES family of models). ETSAP members also assist and support government officials and
decision-makers by applying these tools for energy technology assessment and analyses of a wide range of energy and
environment related policy issues.
In the period 2005-8 under Annex X “Global Energy Systems and Common Analyses”4 the main objective was
(a) to carry out common global analysis
(b) to implement a global / national modelling framework
(c) to maintain and enhance the existing capabilities and tools
(d) to expand the framework for ETSAP expertise and tools.
As illustrated by this report, numerous activities have been undertaken aimed at achieving these objectives. This report
presents the main advancements, applications, and accomplishments of collaborative, national and group activities of
ETSAP in the period 2005-8, with special focus on energy models, scenario studies and policy evaluations.

1.2 Participation and Coordination to Other Bodies
The following contracting parties5 (countries) have actively participated in Annex X: VITO and Uni-Leuven (Belgium),
NRCan and GERAD (Canada), Risoe (Denmark), IPTS (DG RTD, Energy Office, European Commission), TEKES and
VTT (Finland), Uni-Stuttgart IER (Germany), CRES (Greece), CNR/IMAA (Italy), JAERI (MEXT Japan), KEMCO
(Korea), Uni-Chalmers (Sweden), PSI (Switzerland), BERR-AEAT (UK), BNL and EIA (US).
Towards the end of the Annex X IFE (Norway) and ECN (Netherlands) rejoined ETSAP and France joined for the first
time. With the support of the IEA Networks of Expertise in Energy Technology (IEA/NEET) the Operating Agent of
ETSAP has approached several other organizations in Austria, Brazil, China, India, Russia, South Africa, Spain, and
Turkey. Some of them have also expressed keen interest in participating in ETSAP and have been invited to join by the
Executive Committee.
ETSAP members work closely with users of its analytical tools6. Benefits are mutual. New model users learn to
understand the capability of the model in addressing issues related to energy, the environment, innovative technologies
and the economy. ETSAP experts learn from new model users wider energy and environmental issues that need to be
addressed in a way that is tractable analytically. ETSAP members have been working with the following organizations
over the past three years:

♦ the International Energy Agency (IEA), for its Energy Technology Perspective (ETP) project:
♦ the U.S. Energy Information Administration (EIA), for the development and use of the System for Analysis of
Global Energy Markets (SAGE) and its publication “International Energy Outlook;”

♦ the European Commission, where several contracting parties participate to various research and policy studies,
including CASCADE MINTS, NEEDS, RES2020, TOCSIN, REACCESS;

♦ The European Fusion Development Association (EFDA) and some EURATOM associates for the assessment
of new power plant concepts;

♦ the Energy Research Institute of National Development and Reform Commission of China, the Tsinghua
University and other Institutes for the development of China energy models with ETSAP tools;
2

A short summary of ETSAP is presented in Appendix A.

3

The Objectives and the full text of the ETSAP implementing agreement is reproduced in Appendix B; it is downloadable from www.etsap.org.

4

The text of Annex X is reproduced in Appendix C.

5

The full list of contracting parties and delegates to ETSAP is reported in Appendix D.1.

6

The full list of licensed ETSAP tools users is reproduced in Appendix D.2.
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♦ the Indian Institute of Management, Ahmedabad (Prof. Shukla) for the development of long-term Indian
energy models with ETSAP tools;

♦ the Brazilian Ministry of Mines and Energy (MME), Centro de Pesquisas de Energia Elétrica (CEPEL), and
Empresa de Pesquisa Energética (EPE) for evaluating the use of ETSAP tools and building a multi-region
Brazilian model;

♦ the South African National Energy Research Institute (SANERI) and the University of Cape Town for
analyses related to long term energy scenarios for Africa;

♦ user’s groups in South East Asia (Indonesia, Malaysia, Philippines, Thailand and Vietnam), supported by the
Australian Agency for International Development [AusAID], and in South East Europe (Albania, BIH,
Bulgaria, Croatia, Kosovo, Macedonia, Montenegro, Romania and Serbia), supported by USAID, for multiyear capability building undertaking in energy modelling and policy assessment, and

♦ the International Energy Workshop (IEW), formerly linked to the Institute for Applied Systems Analysis
(IIASA, Vienna) and now coordinated by Stanford University/Electric Power Research Institute (EPRI) and
Resources For the Future (RFF).
The cooperation activities of ETSAP are financed by the contracting parties at a level of about two hundred thousand
euros per annum. This has been used mainly to leverage from international and national research institutions and
collaboration to reach the [much higher] funding level needed to carry out the activities illustrated in what follows.

1.3 Major achievements: Global Modelling Milestones using the ETSAP Tools
The full report illustrates fifty or more models, studies and analyses carried out with ETSAP tools. Among the many
accomplishments achieved during Annex X two global model development undertakings stand out and deserve special
accolades, as they have brought the state-of-the-art for comprehensive energy system analysis to new heights. These are
the global applications associated with the publication of the IEA Energy Technology Perspective (ETP) in 2006/2008,
and the assessment of possible routes to climate stabilization using ETSAP TIMES Integrated Assessment Model
(TIAM). Each of these high-profile successes have established their relevance and are quickly becoming an integral part
of international discussions on energy policy and pressing concerns arise from global Climate Change. An overview of
each of these is provided here, and expanded upon in the body of the Report.
1.3.1 Energy Technology Perspectives 20087
Secure, reliable and affordable energy resources are fundamental to economic stability and growth. The erosion of
energy security, rising energy costs, the threat of disruptive climate change and the growing energy needs of the
developing world - all pose major challenges to energy decision makers. What visions of the future that could address
these issues are technically feasible and available? Where do we need to focus? And who needs to act and when?
The IEA publication Energy Technology Perspectives (ETP) 2008 (launched June 6,, 2008) tackles these challenges and
questions. Innovation in energy technologies and a better use of existing technologies will be fundamental to achieving
important policy goals. The book provides an analysis of the status and future prospects of key energy technologies, and
shows how they can contribute to a more sustainable, secure and least-cost energy system. It outlines the barriers to the
implementation of change and the measures that would be needed to overcome these barriers. It explores how
technology can change our energy future.
New Energy Technology Perspectives Insights

The Energy Technology Perspectives 2008 study builds on the ETP2006 and on the World Energy Outlook 2007 and
expands the analysis considerably. For the first time the IEA has published scenarios that aim for a halving of energy
related CO2 emissions by 2050.
The goal of the analysis is to provide a technology perspective on the feasibility and costs of deep emission reductions;
the book includes various scenarios, amongst them an extremely ambitious one, showing how CO2 emissions could be
reduced to 50% below current levels by 2050. The analysis does not deal with the political feasibility of such targets.
However, the results make clear that all countries need to act in the next few years if the goal of halving emissions is to
remain affordable. In fact the analysis suggests that such action could also greatly enhance the supply security.
This is the first time that supply and demand side financing needs for technology deployment and commercial
investments are elaborated in detail. This study contains roadmaps for all technologies that play a key role in the
emissions halving scenario. Also energy related methane emissions and their reduction are discussed. The data for key
technology areas have been updated, and the scope of the technology discussion has been broadened.
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The Baseline energy demand and emission projections has been revised upward, compared to ETP2006. The average
growth rate is 3.3% per year.8 From 2005 to 2050, GDP quadruples from around USD 50 trillion per year to around
USD 200 trillion per year. This growth is essential to lifting millions in developing countries out of poverty, and the
same economic growth rate has been applied in all scenarios.
The book contains three major sections:
Part I: Technology and the Global Energy Economy to 2050
This section presents a set of scenarios to 2050. These scenarios analyse the role energy technologies and best practices
aimed at reducing energy demand and emissions and diversifying energy sources can play. While the Baseline scenario
is descriptive (policies in place to date, consistent with the IEA World Energy Outlook 2007 Reference Scenario), the
ACT and BLUE scenarios assume new, ambitious policy targets (emission stabilization and halving, respectively).
To meet the most ambitious IPCC scenario aimed at keeping global average temperature increase below 2.4°C, global
CO2 emissions would need to be halved by 2050 compared to their current levels. G8 leaders at the Heiligendamm
summit in 2007 agreed to seriously consider a 50% reduction target. The ETP BLUE scenarios explore this target and
its energy technology consequences. The goal is challenging, requiring dramatic changes in the way we produce and use
energy, with action required globally in the next few years. Oil demand in the BLUE scenarios is below today’s level.
This is the first time that the IEA releases energy scenarios where oil demand declines.
Part II: The Transition from the Present to 2050
These chapters examine strategies that use energy technologies to help the world move towards a more sustainable
energy future and offers technology roadmaps that can achieve this objective. This section also explores the roles of
RD&D (research, development and demonstration), deployment and investment (the three steps in the technology
lifecycle) in supporting policy outcomes.
Part III: Energy Technology: Status and Outlook
The final section provides a detailed review of the status and prospects of key energy technologies in power and heat
generation, road transport, industry, and buildings. It highlights the potential of technologies in these sectors and their
costs, and discusses the barriers that each technology must overcome before its full potential can be harvested.
A 15-region MARKAL model of the world energy supply and demand is the analytical backbone. For the ETP2008,
this has been complemented with spreadsheet models for the three end-use sectors: transportation, industry and
buildings. These end-use sector models are detailed at the level of G8+5 countries and world regions.
The BLUE Scenarios and the Role of Energy Technologies

The ACT and BLUE scenarios represent sets of optimal pathways to reduce energy-related greenhouse gas emissions,
to the scenario goal, while at the same time, also enhancing the security of supply. The demand for energy services is
the same in all scenarios – that is to say, no change in lifestyles is assumed - but the technology mix is radically
different.
The family of ACT scenarios describe least-cost pathways to return energy CO2 emissions back to 2005 levels by 2050.
There are five ACT scenarios. In addition to the ACT MAP scenario, there are variants with different assumptions for
key technology options for power supply (nuclear, CO2 capture and storage, renewables) and end-use efficiency. The
ACT Map scenario is the central variant with relatively optimistic assumptions for all technologies.
The BLUE scenarios describe least-cost pathways to reach a 50% reduction of CO2 emissions by 2050 compared to the
level of 2005. For the power sector the same five areas of uncertainty as for ACT have been covered through the same
five sets of assumptions, but it also contains four sets of assumptions for the transport sector. This gives a total of
twenty BLUE scenario variants. The BLUE Map scenario is the central variant.
The study concludes that end-use efficiency and a virtually CO2-free power sector can yield emissions stabilisation in
2050 at today’s level (the accelerated technology scenario ACT). However, halving emissions would also require
significant fuel switching, CO2 capture and storage in end-use sectors and steps to ensure that rapidly growing
emissions from transport are not just slowed, but reduced. The BLUE scenarios are therefore more challenging, require
earlier and stronger action, and they will be much more costly.
The scenarios require a broad portfolio of technologies to be used. End-use efficiency accounts for 36% of all savings in
the BLUE Map scenario, renewables for 21%, and CO2 capture and storage 19%. The remaining 24% is accounted for
by nuclear, fossil fuel switching and efficiency in power generation (Figure 1-1).
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Figure 1-1: Contribution of emissions reductions options in the BLUE Map Scenario of ETP 2008,
between 2005 and 2050

The average annual investments between 2010 and 2050 needed to achieve a virtual decarbonisation of the power
sector, include, among others: 55 fossil-fuelled power plants with CCS, 32 nuclear plants, 17 750 large wind turbines,
and 215 million square metres of solar panels (Figure 1-2). Although such rates of new technology adoption may seem
daunting the historical rate of nuclear addition and that of current onshore wind additions suggest that they are
achievable. Investments in CO2-free power generation need to increase six- to sevenfold, from around 50 GW per year
today to 330 GW per year in the period 2035-2050.
The BLUE scenario also requires widespread adoption of very energy-efficient buildings, with near zero emissions;
and, on one set of assumptions, deployment of nearly a billion electric or hydrogen fuel cell vehicles. Sales of
conventional vehicles with internal combustion engines would be all but phased out in 2050.
Compared to previous IEA scenarios, the outlook is considerably more optimistic for renewables and for nuclear
energy. The electricity mix in BLUE Map consists of nearly half renewables, a quarter nuclear and a quarter fossil fuels
with CO2 capture and storage. In the scenario which halves CO2 emissions, renewables account for up to 46% of total
power generation. Hydro, wind and solar each provide around 5000 TWh in 2050.
In the transport sector, plug-in hybrid electric vehicles and battery electric vehicles have emerged as a promising
strategy and are now a key part of some of the more ambitious scenarios.
While energy efficient equipment is available today, more ambitious standards and regulations are needed to ensure its
rapid uptake. Significant cost reductions will also be needed in some cases in order to lower the cost of abatement in
difficult market segments. The average energy efficiency in 2050 needs to be twice the level of today, a significant
acceleration compared to the developments in the last 25 years.
The Baseline scenario would require a massive expansion of fossil fuel production, to an extent that calls into question
supply availability. For example oil production would have to rise from today’s level or around 85 million barrel per
day to around 135 million barrels a day in 2050. Even if such an expansion was feasible, it would require a massive
production of oil from unconventional resources.

Figure 1-2: Annual investment in the electricity sector in the ACT Map and Blue Map scenarios, 20102050
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In contrast, oil demand in BLUE Map in 2050 is 27% below the level of 2005. Such a development would certainly
ease the supply challenge. However even this level of production will require massive investments in new supply in the
coming years and decades as oil fields are depleted. Total fossil fuel demand in the extreme BLUE Map scenario in
2050 is still at the same level as today. So in any case fossil fuels will continue to be a key pillar of our energy supply in
the coming decades.
To meet the BLUE scenarios, we need to urgently develop and implement new far-reaching policies to a degree
unknown in the energy sector and to substantially decarbonise power generation. A significant discrepancy exists
between current trends and the BLUE scenario targets. We will need to launch in the coming decade a global revolution
in the way we produce and use energy, with a dramatic shift in government policies and unprecedented co-operation
amongst all major economies.
The Financing Needs

The marginal cost and financing required to achieve these scenarios represent an important outcome of the study. The
ACT Map scenario requires options with a marginal cost up to USD 50/t CO2. This figure is double that reported in
ETP2006. There are a number of reasons: higher economic growth projections, rising materials and engineering costs,
new technology insights and the declining value of the United States dollar (all costs have been evaluated in US
dollars).
The BLUE Map scenario requires options with a marginal cost up to USD 200/t CO2.9 These marginal cost estimates
are based on reasonably optimistic assumptions about significant technology cost reductions. Assuming less optimistic
cost reductions, notably in the transport sector, would result in the marginal cost for BLUE rising to up to USD 500/t
CO2. A key insight is that the cost uncertainty increases for more ambitious targets, as technologies are needed that are
not yet mature and whose future cost are therefore highly uncertain. The average emissions reduction costs in BLUE
Map are about a fifth of the marginal cost, and range from USD 38/t CO2 to USD 117/t CO2.
The options can be grouped into distinct categories, indicated in Figure 1-3. This suggests that a generic pricing
approach may not be the best way to achieve substantial emissions reductions.
Increased energy technology R&D will be essential. Current technology RD&D investments by IEA governments
amount to around USD 10 billion per year, and industry spends around USD 40 billion per year.10 Efficiency, reallocation and increased spending can all help to achieve the rate of RD&D change that is needed. Consequently, the
actual level of additional funding that is needed is unclear. Literature suggests a range of USD 10 to 100 billion a year.
Given the current total level of spending the higher end of this range seems more likely.

Figure 1-3: Marginal abatement cost curve, 2050

9

USD 200/t CO2 translates into additional cost of USD 80/bbl of oil.
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This is a preliminary estimate. The share of energy spending in total private sector RD&D needs to be analysed in greater detail.
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Apart from RD&D, significant deployment investments are needed in order to achieve the necessary learning effects
that reduce the cost of achieving the ACT and BLUE scenarios. Total learning investments – on top of Baseline
investments – amount to USD 1.75 trillion between 2010 and 2030, and USD 5.25 trillion between 2030 and 2050 in
the BLUE scenario.
The total investment needs in ACT Map for the period 2010-2050 are USD 17 trillion higher than in Baseline, and this
rises to USD 45 trillion in BLUE Map. These are the optimistic cost estimates with substantial technology learning and
least-cost investments. Investment needs would be higher in the event of less technology learning progress. The
investment figures include the investment to achieve massive gains in end-use efficiency, which in turn reduce
investment needs in power generation and fuel processing. Clearly the activation of this efficiency potential through
standards and regulation will be an important challenge.
The pattern that emerges is one where additional investments amount to USD 100-200 billion per year in the coming
years; this needs to increase to USD 1-2 trillion by 2030 and USD 2-5 trillion per year in 2050. The range reflects the
uncertainty of future technology cost. Although these figures seem large, they should not be viewed in isolation. The
additional investments represent a huge sum, but to put it into perspective 2 trillion equals 1% of world GDP in 2050.
The additional investment needs are balanced by lower fossil fuel expenses (an undiscounted amount of USD 51
trillion, if valued at market prices). The net outcome depends on the discount rate for future fuel savings and the value
used for fuel prices (market prices or production cost). However, in the BLUE Map scenario the additional investment
needs exceed fuel savings by USD 0.8 trillion (assuming 3% discount rate and market fuel prices).
An important issue is the uneven distribution of burden across countries. Energy exporting countries would face a GDP
reduction of 10%, while major developing countries such as China and India would face a reduction of around 5%. The
cost would be relatively modest for OECD countries (OECD, 2008). Therefore burden sharing across regions and
sectors will be an important theme in the negotiations about a post-Kyoto framework.
The technology mix is another key outcome of the study. The rate of change that is needed is unprecedented. The
analogy is not that we need an Apollo project or other grand undertaking, but more like we need an energy technology
revolution. While the necessary technologies are ready or being tested on a pilot scale, their mass application is in many
areas still far away, while for many, costs must also come down. The rate of technological change in many areas is in
the order of decades. Important issues are the rapid build-up of mass production capacity required, as well as the barrier
to rapid change that the life-span of existing capital stock, planning procedures and public acceptance represent.
An important insight is that the future energy system will be determined by decisions taken in the next few coming
years and that not acting now with policies to achieve the ambitious long–term goal implied by the BLUE scenario will
impose higher costs in the future. Clear long-term targets are needed to convince decision makers in industry to make
the capital investments needed to dramatically change our energy system. Technology learning investments are needed
to achieve the necessary cost reductions for more sustainable technologies. Energy RD&D levels must be raised and
restructured in order to accelerate the development of new energy technologies with superior characteristics.
Next Steps

The report contains roadmaps for 17 groups of technologies that cover over four fifths of the total emissions reduction
(Table 1-1). These roadmaps describe the role of technologies in the ACT Map and BLUE Map scenarios, and give
RD&D and implementation targets and policy needs for the period between now and 2050 that must be met in order to
be consistent with the desired 2050 outcome – so-called transition paths. These roadmaps need further development in
the coming months and years, and building an international implementation framework supported by the public and
private sector will be essential. Closer international cooperation will be needed. Indicators must be elaborated and used
to track progress on the roadmaps. These roadmaps should not be straightjackets but signposts that guide the
developments and accelerate the change towards a more sustainable energy future. The IEA and its Implementing
Agreements are ready to support the major economies in the roadmap progress.
Table 1-1: ETP Roadmaps
Supply Side
• CCS fossil-fuel power generation
• Nuclear power plants
• Onshore and offshore wind
• Biomass IGCC & co-combustion
• Photovoltaic systems
• Concentrating solar power
• Coal: integrated-gasification combined cycle
• Coal: ultra-supercritical
• 2nd generation biofuels

Demand Side
• Energy efficiency in buildings and appliances
• Heat pumps
• Solar space and water heating
• Energy efficiency in transport
• Electric and plug-in vehicles
• H2 fuel cell vehicles
• CCS industry, H2 and fuel transformation
• Industrial motor systems
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1.3.2 The ETSAP TIMES Integrated Assessment Model (TIAM)
The ETSAP-TIAM11 (TIMES Integrated Assessment Model) is a detailed, technology-rich global TIMES model. It is
the synthesis of the experience and technical excellence embodied in ETSAP and its tools. The results of ETSAP-TIAM
studies have wide diffusion among the groups that assess climate mitigation policies through EMF and IPCC, and said
team has been invited to continue to contribute in both prestigious undertakings. Here an analysis examining Hedging
Strategies for Climate Stabilization12 is presented to illustrate the application of the model, while in Section 2 of the
main report an overview of the ETSAP-TIAM model structure and features is given along with addition application
examples.
Introduction

The Energy Modeling Forum (EMF) is a long standing international forum based at Stanford University, which brings
together the leading global energy modellers to look at the pressing energy and environmental issues. Over the last three
decades, EMF has defined and organized 23 work programs, each on a specific theme. The current pertinent exercise,
EMF-22, is about long term climate stabilization and policies to achieve such. It has four Work Groups, each tackling
one aspect of the central theme:

♦ WG1: Hedging Strategies for long term climate stabilization;
♦ WG2: Transition Policies in the context of Climate Stabilization;
♦ WG3: Black Carbon / Organic Carbon, and their effect on radiative forcing, and
♦ WG4: Land-use changes and their effect on emissions.
ETSAP participated in WG1 from 2004 to 2006 (with additional tail activities in 2007) and is participating in WG2
since 2006 (but delays occurred within WG2; which could prolong it till 2009).
Base assumptions

The following main guiding assumptions – an alternate experiment assumes a more gradual resolution of uncertainty,
but was not being treated with TIAM – were defined by WG1, to be followed by all modellers in that WG are stated
here.

♦ Horizon length left to the choice of each modelling team, but recommended to be as long as possible. For
TIAM: horizon extends to 2100.

♦ GDP growth reference scenario is chosen by each modelling team. For TIAM, we chose a reference GDP
scenario close to the B2 storyline proposed by the Intergovernmental Panel on Climate Change (IPCC), i.e.
moderate economic growth of GDP, and world population almost stagnating after 2050. The base case GHG
emission trajectory as well as the atmospheric GHG concentration reached in 2090 are fairly close to the B2
Emission Scenario of the IPCC-SRES. CO2 remains the most important GHG (around 79%), followed by
CH4 (around 19%) and N2O (less than 2%).

♦ Economic development (represented by GDP growth rate) is assumed known until 2040 and uncertain after
2040, with two equally probable values, namely: i) GDP = 2/3 * GDPref with probability 0.5, and ii) GDP = 4/3
* GDPref with probability 0.5. In 2040, GDP rate is revealed for all years of the horizon

♦ Uncertainty of the Climate Sensitivity parameter (Cs) is assumed. The Climate Sensitivity (Cs) can have
values 1.5 ºC, 3 ºC, 5 ºC, 8 ºC with probabilities 0.25, 0.45, 0.15 and 0.15 respectively. Uncertainty prevails
until 2040, and is fully resolved in 2040.

♦ Stabilization of global temperature to 2oC or 3oC
The above scenario was implemented in TIAM via Stochastic Programming in extensive form13. For a given
temperature target, the uncertain parameters are (as illustrated by the event tree of Figure 1-4): i) the climate sensitivity
Cs (four possible values), and ii) the vector of energy service demands resulting from the future economic growth (two
possible values), with the uncertainties resolved in 2040.

11

Contact: maryse.labriet@ciemat.es.

12

In Summer 2004, ETSAP mandated Richard Loulou (KANLO) and his team (Amit Kanudia, Maryse Labriet) to participate in the Energy Modeling Forum (EMF-22)
on behalf of ETSAP, and to use ETSAP’s TIAM (TIMES Integrated Assessment Model) to provide inputs into the EMF-22 process. Contact:
maryse.labriet@ciemat.es.

13

This feature was developed by Richard Loulou, Antti Lettila and Amit Kanudia in view of the application to EMF-22, and was especially adapted and coded by Antti
Lettila (VTT, Finland). In particular, the TIMES code was modified to allow Cs and several other parameters to be uncertain (for details, refer to the documentation
of the Stochastic feature on ETSAP web site).
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Figure 1-4: Event Tree Implemented in ETSAP-TIAM for EMF-22.

Main findings: impact of the uncertainties and expected value of perfect information

After conducting stochastic optimizations with the 8 States of the World (SOW), it was observed that the impact of
economic uncertainty on the hedging strategy before 2040 was negligible. In other words, the hedging decisions taken
before 2040 are quite insensitive to the values of economic demands (and therefore the emission levels) after 2040
(there is no anticipation effect).
On the contrary, the impact of climate uncertainty is huge. As shown in Figure 1-5, if the climate sensitivity happens to
be 1.5 ºC achieving stabilization at 2.5-2.7 ºC temperature targets is not demanding; the contrary is true if the climate
sensitivity is as high as 8 ºC.

Figure 1-5: Global Emissions for a Hedging Strategy
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Table 1-2: Loss of Surplus and Expected Value of Perfect Information
Loss of
Surplus
(NPV5% in B$)

Strategy
Base

Probability

Expected Loss
(NPV in B$ and annuity in
B$/year)

EVPI
(NPV in B$ and annuity in
B$/year)

0

1

-

-

0

0.25

-

-

PF Cs=3 C

43

0.45

-

-

PF Cs=5oC

580

0.15

-

-

3353

0.15

-

-

610 (31)

-

820 (41)

210 (11)

o

PF Cs=1.5 C
o

o

PF Cs=8 C

Total PF
Hedging

820

The overall net present value (NPV) of the surplus attached to a climate strategy represents a compact measure of the
social welfare associated with that strategy. Table 1-2 shows the expected loss of total surplus of the hedging strategy
and of the perfect forecast strategy, relative to that of Base taken as reference. The loss of surplus when following
Hedging is 35% higher than the expected loss for the perfect information strategy. This difference represents the
expected value of perfect information (210 B$ in NPV).
Main findings: implications of six alternative stabilization targets

As shown in Table 1-3, six long range temperature change targets were attempted, ranging from 2.1 to 3.3 oC. Targets
2.1oC and 2.3oC are very expensive to attain, and target 3.3oC is quite easy to attain.
Amongst the most noticeable results of the hedging strategies, the model reveals that the smallest achievable
temperature increase is close to 1.9ºC, albeit at a very large cost, by a combination of energy switching, capture and
storage of CO2, CO2 sequestration by forests and non-CO2 emission reduction options. This means that more severe
temperature targets would require additional GHG abatement potential that is currently not yet seen as realistic.
Moreover, the impact of uncertainty of the climate sensitivity parameter Cs is major, requiring the implementation of
early actions (before 2040) in order to reach the temperature target. Therefore a “wait and see” approach is not
recommended.
Robust abatement options include: substitution of coal power plants by hydroelectricity, sequestration by forests, CH4
and N2O reduction. Nuclear power plants, electricity production with CCS, and end-use fuel substitution do not belong
to early actions. Among them, several options appear also to be super-hedging actions i.e. they penetrate more in the
hedging strategy than in any of the perfect forecast strategies (e.g. hydroelectricity, CH4 reduction), proving that
stochastic analysis of future climate strategies might give insights that are beyond any combination of the deterministic
strategies. In contrast, the uncertainty of the GDP growth rates has very little impact on pre-2040 decisions. This
insensitivity is a pleasant surprise, as it shows that a hedging strategy for only one random parameter (Cs) is also a
quasi-optimal strategy when the two types of uncertainty are present.
As for sector emissions in the base case, the electricity and transportation sectors are the highest GHG contributors in
2000 (more than 40% of total GHGs), and the electricity and industry sectors become the highest contributors at the end
of the horizon (more than 48% of total GHG). The situation is radically different under the 2.5ºC temperature
constraint, where both the electricity and industry sectors are able to reduce to almost zero (less than 3% of total GHG)
their emissions in the most stringent branch, mainly thanks to CCS in the electricity sector, and switching to electricity
in the industrial sector. In this most stringent branch, transport and agriculture are the highest remaining GHG
contributors (30% and 41% of total GHG)14.
Table 1-3: Net Present Value of total cost for six alternative stabilization targets (hedging)
'T2090

'Tmax (long term)

Cost (G$2000)

1.4 °C

Annuity (G$2000)

Infeasible

1.5 °C

2.1 °C

12253

617

1.6 °C

2.3 °C

4398

221

1.8 °C

2.7 °C

820

41

2.0 °C

3.3 °C

121

6

2.3 °C

4.6 °C

Base Case

14

No such drastic decrease of CH4 emissions is possible because some non-energy agriculture-related sources have no abatement options in the model.
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Conclusion: the advantage of hedging strategies

Target 2.7oC was investigated in more detail. In addition to the hedging strategy, we also computed four (deterministic)
perfect forecast strategies (noted PF), each assuming that the value of Cs is known as early as the first period. The
theoretical interpretation of the four PF strategies is that of an optimal strategy if one assumes that the uncertainty is
resolved at the beginning of the horizon.
The NPV of overall expected cost is equal to 820 G$ (to be precise, the cost is to be understood as loss of total surplus).
Main hedging actions before 2040 are:

♦ replacement of coal power plants by wind, hydro, and gas plants;
♦ biological CO2 sequestration by forestry measures;
♦ many targeted CH4 and N2O abatement actions;
♦ slightly more nuclear power plants, and
♦ note that CCS actions and hydrogen are not part of the hedging strategy prior to 2040.
The comparison of hedging with perfect forecast strategies shows that a deterministic strategy with Cs=5ºC is closest to
the hedging strategy. However, the two differ in several key aspects, and this confirms the relevance of using stochastic
programming in order to analyze preferred climate policies in an uncertain world where the correct climate response is
known only far into the future. In particular, the perfect forecast strategy provides a poor approximation of the optimal
electricity production mix, of the price of carbon, and of the penetration of several sequestration options.
This exercise has shown that hedging is a useful concept when facing climate uncertainty, and Stochastic programming
a powerful way to compute hedging strategies. The alternative approach of using alternate scenarios is not an effective
way to resolve the dilemma facing policy makers when confronted to an uncertain.
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1.4 Snapshot of ETSAP Participant Activities
The various ETSAP Partners have been involved in numerous model development, outreach and application undertakings. A snapshot of these is provided in Table 1-4, and,
elaborated upon in the full report.
Table 1-4: Overview of Annex X Activities and Accomplishment
Conducted by

Title/Group

Key Activities/Findings

International Applications Using Global Models
IEA Energy
Technology
Perspectives

ETSAP

Publication of ETP 2006:
Scenarios and Strategies to
2050 - The Outlook to 2050
and the Role of Energy
Technology

“Secure, reliable and affordable energy supplies are fundamental to economic stability and development. The threat of disruptive
climate change, the erosion of energy security and the growing energy needs of the developing world all pose major challenges
for energy decision makers. They can only be met through innovation, the adoption of new cost-effective technologies, and a
better use of existing energy-efficient technologies. Energy Technology Perspectives presents the status and prospects for key
energy technologies and assesses their potential to make a difference by 2050. It also outlines the barriers to implementing
these technologies and the measures that can overcome such barriers.”

Publication of ETP 2008:
Scenarios and Strategies to
2050 - Scenarios and the Role
of Energy Technologies

“The IEA analysis demonstrates that a more sustainable energy future is within our reach, and that technology is the key.
Increased energy efficiency, CO2 capture and storage, renewables, and nuclear power will all be important.” End-use efficiency
and a virtually CO2-free power sector power sector can hold 2050 emissions at today’s levels; the marginal cost of abatement
varies widely for different assumptions for technology advancement. Roadmaps are provided for 17 groups of technologies that
cover four fifths of total emissions reductions.

ETP2006 Target Analysis Prospects for CO2 Capture
and Storage (CCS)

CCS has the potential to reduce emissions between 5.5 and 19.2Gt in 2050. With an emission penalty of 50 USD/t, without CCS
emissions would be higher by 25%.

ETP2006 Target Analysis Prospects for Hydrogen and
Fuel Cells

With aggressive policy actions and favourable technology developments, 30% of global vehicles could be powered by hydrogen
fuel cells by 2050 – about 700 million vehicles – displacing 15 million barrels/day of oil [13%] of global oil demand.

ETP2006 Target Analysis Industrial Energy Use

In a business-as-usual scenario, industrial CO2 emissions would almost double by 2050. Emissions could be stabilized by
policies that promote the rapid adoption of existing and new technologies.

Hedging Strategies for Climate
Stabilization with ETSAPTIAM

Six long range temperature change targets from 2.1 to 3.3 oC were analyzed [Reference increase 4.6 oC; smallest achievable
increase 1.9 oC at very high cost.] Targets 2.1 and 2.3 oC are difficult and very expensive to attain, while 3.3 oC is quite easy.

Technological Mitigation
Under Capital Rationing: The
Role of Nuclear Energy in
Long-Term Climate Scenarios

Analysis of future investments in electricity producing technologies in large developing countries such as China and India under
various conditions of capital rationing and carbon pricing.

Studies with the Global
MARKAL Models of the Paul
Scherrer Institute

Effects of different levels of subsidies for renewable energy and implications of a “nuclear breakthrough” in combination with
carbon taxes.
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Conducted by

Title/Group

Key Activities/Findings

USDOE/Energy
Information
Administration

System for the Analysis of
Global Energy markets
(SAGE)

Integrating framework supporting the production of EIA’s comprehensive International Energy Outlook 2007.

European Union

The Global TIMES Model of
the European Fusion
Development Agreement

Assessment of market potential for fusion to 2100.

Finnish Ministry
of Environment/
VTT Energy
Systems

Global Energy and Emissions
Scenarios for Effective Climate
Change Mitigation

Evaluation of achievement of the EU 2 oC stabilization target; the highest marginal costs occur around 2090, when the global
price of emission permits reaches 150 Euros/t CO2 equivalent.

UK-Japan Low
Carbon Society
Project

A Global Perspective to
Achieve a Low Carbon Society

Without any reduction obligation, global CO2 emissions in the base scenario more than double from 2000 to 2050 driven by
economic growth in developing countries. Recommendations are provided to reverse this path,

Regional Applications
European Union

The New Energy Externalities
Development for Sustainability
(EC-NEEDS) Project

Evaluation of the full costs and benefits of energy policies and of future energy systems for the “enlarged EU” (EU27 plus
Iceland, Norway, and Switzerland) and for individual countries within this group. Follow-on EC funded projects will build on
NEEDS.

Studies with the EU30 TIMESElectricity and Gas supply
model

The role of combined heat and power and district heat in Europe, and the role of technology progress on investment decisions in
the European electricity market.

Europe - South East Asian
Energy System Modelling and
Policy Analysis (ESMOPO)
Project

Possible future energy solutions for Vietnam, Indonesia, and the Philippines, with focus on renewable and advanced fossil power
generation.

Technology-Oriented
Cooperation and Strategies in
India and China (EC-TOCSIN)
Project

30 month program initiated in 2007 to improve the depiction of India and China energy systems, and regions in global models.
Results limited so far.

AusAID-EPSAP

The Energy Policy and
Systems Analysis Project

A variety of policy studies of the region and individual countries indicates that LNG will play a major role in the region’s future,
renewables will likely require subsidy, and that there are clear benefits to regional [as opposed to national] strategies.

US Agency for
International
Development
(USAID)

South East Europe Regional
Energy Demand Planning
(SEE-REDP): Future Energy
Scenarios in Southeast
Europe and the Potential for
Energy Efficiency

Major capacity building undertaking involving 8 SEE countries. Established national models and examined increased
investments in more efficient end-use technologies, highlighting that these costs are more than offset by significant reductions in
fuel expenditures and modest reductions in the level of new investment in the power sector.
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Conducted by

Title/Group

Key Activities/Findings

ETSAP Partner Country Studies
Belgium

Analysis of Post Kyoto
Mitigation Options with
MARKAL-TIMES

Definition of the carbon reduction level for Belgium that is realistically achievable and under what conditions. A two-fold decrease
seems achievable with a marginal cost not exceeding two-three hundred euros per ton CO2 if: the electricity generation sector
compensates a slight reduction of nuclear with wind farms and biomass power plants; the transport sector halves its emission by
increasing the use of biofuels, hybrid and CNG vehicles; civil sectors can reach a three-fold reduction; and the industrial sector
halves its emissions by substituting electricity for other fuels, mainly natural gas.

Finland

The Impact of the Emissions
Trading on Energy Sector and
Steel Industry

Examination of how the emissions trading system affects the Finnish energy and steel sector companies and their
competitiveness, when production volumes and the use of energy are increased in the open markets.

France

MARKAL/TIMES CO2
Emission Reduction Scenarios

Analysis to date indicates that it is possible to achieve very stringent CO2 reductions, although at significant cost in the more
extreme cases.

Germany

Investments in the German
Electricity Generation Sector:
Technology Perspectives and
Climate Protection

Scenario analyses have shown that the significant CO2-emission reductions can be reached without taking a strong burden on
the energy system. First it has to be made sure, that the political framework for the deployment of clean coal technologies with
carbon capture and storage for electricity generation will be developed. Second it has been shown, that especially nuclear-based
electricity generation can contribute to the emission reduction targets at low costs.

Italy

The MARKAL-MACRO-Italy
model for evaluating national
energy environment policies

Identification of the potential contribution of different technological options to reach the EU 20-20-20 targets and impact for Italy
of different implementation measures.

The Italian Electricity Sector: A
Regional and Multi-Grid
TIMES Model

A very detailed: 5 sectors, 32 energy services and 150 end-use technologies in the demand side and about 450 power plant
units in the supply side; 20 Regions, 5 electricity commodities spread over 4 types of grid for transport, transformation and
distribution is modelled. Inter-regional exchange technologies are described with costs, installed capacity and efficiency of
transportation. The paper presents a selection of results concerning scenarios with different role of electricity import, renewable
sources, emission permit developments and “end-uses technologies.”

The Netherlands

The ECN MARKAL-Europe
Model - Planning for a
Domestic Electricity Sector
with CO2 Capture and Storage

Emission reduction: If hydrogen is introduced into the energy system, the costs to reduce one unit of CO2 decreases by 4% in
2030 and 15% in 2050, implying that hydrogen is a cost-effective reduction option given the input assumptions. How a trajectory
towards an electricity sector with CO2capture and storage (CCS) can be achieved.

Norway

Reducing Domestic
Greenhouse Gas Emissions
By 75 % by 2050

Institute for Energy Technology (IFE) has been involved in the work of the Norwegian Commission on Low Emissions to carry
out technological assessments and to use the Norwegian MARKAL model to study alternative options to reduce greenhouse gas
emission. In total, IFE has described measures, which can give more than a 75 percent reduction in Norwegian emissions by
2050.

Sweden

Recent MARKAL-TIMES
Modelling and Analysis
Activities at Chalmers
University of Technology

At Chalmers University of Technology MARKAL/TIMES have been involved in a study on CO2 reduction in Sweden comparing
cost-efficiency in the stationary energy and transport sectors using the MARKAL_Nordic model, a regional modelling analysis of
biomass use under different energy policies with particular focus on biomass gasification, the Europe - South East Asian Energy
System Modelling and Policy Analysis Project (ESMOPO), and the development of the TIMES Sweden and Norway models.

Switzerland

The Vision of a 2000-Watt
Society

Partial but significant success in meeting the vision of 2000-Watts is obtained. The results suggest that the 2000-Watt society
should be seen as a long-term goal.
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Conducted by

Title/Group

Key Activities/Findings

United Kingdom

MARKAL- Macro Analysis of
Long Run Costs of Mitigation
Targets in the UK

Marginal abatement costs increase significantly as emission reduction targets are increased. For a 60% reduction, costs were
approximately £65/tCO2 (£240/tC). These increase to £145/tCO2 (£530/tC) under a 70% constraint and £215/tCO2 (£790/tC)
under an 80% constraint.

UK Energy Research Centre
(ERC) Energy Systems
Modelling

From 2005-2007, UKERC-ESM has built comprehensive UK capacity in E4 (energy-economic-engineering-environment)
modelling, including full and updated versions of the technology focused energy systems MARKAL and MARKAL-Macro models.
This model has been used to address a range of UK energy policy issues including quantifying long-term carbon reductions
targets, and the development of hydrogen infrastructures. International activities include the Japan-UK Low Carbon Societies
research project.

Brookhaven National
Laboratory, U.S. Department
of Energy

Application of the family of MARKAL models in a wide variety of areas. Most notably, to assess the merits of government R&D
programs for various DOE offices including Energy Efficiency and Renewable Energy, Fossil, and Nuclear. Other applications
include a local model of the New York City electric/heat sector, and the development of a multi-region US MARKAL model.

U.S. Environmental Protection
Agency [Office of Research
and Development]

Development of a Regional U.S. MARKAL Database for Energy and Emissions Modeling under the auspices of the U.S. Climate
Change Science Program (CCSP) (a collaborative effort among thirteen agencies of the U.S. federal government). From the
CCSP’s 2003 strategic plan, its mission is to “facilitate the creation and application of knowledge of the Earth’s global
environment through research, observations, decision support, and communication.”

The Northeast MARKAL (NEMARKAL) Model: A Regional
Energy/Economic Framework
for the Northeast US

An integrated assessment framework has been developed around a 12-region MARKAL model tailored to represent 11
Northeast U.S. states and the District of Columbia. The model is being used to promote regional approaches to common issues,
and examine specific policies of interest to individual states.

Biomass Resources for
Energy in Ohio

Analysis of the use of biomass energy for Ohio under different policy scenarios and presentation of the economic and
environmental impacts with potential limitations that the state may face in the future.

United States
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2. International Studies using Global Models
2.1 The IEA Energy Technology Perspective Project15
The Energy Technology Office of the International Energy Agency has developed a global multi-regional MARKAL
model in order to assess the effectiveness of R&D policies, and new technologies in general, in promoting the
development of sustainable energy systems. The model was first used to provide the analytical rigor behind the initial
publication of the Energy Technology Perspective in 2006. The initial ETP publication was in response to specific
requests to the IEA arising from the G8 Gleneagles meetings, and an integral as part of the IEA’s G8 Plan of Action.
Owing to its success the IEA is to publish a comprehensive technology policy oriented assessment bi-annually, as
reflected by the ETP 2008 discussed in the Summary section, as well as apply the modelling framework to analyze
pressing issues as the need arises. To this end, four notable IEA studies that were conducted using this ETP2006 model
are presented here:
1.

CO2 Capture and Storage (IEA, CCS, December 2004),

2.

Prospects for Hydrogen and Fuel Cells (IEA, HFC, November 2005),

3.

Energy Technology Perspectives: Scenarios & Strategies to 2050 (IEA, ETP, June 2006)16;

4.

Industrial Energy Use (Gielen, et al. 2007), and

Here only summaries are provided; the reader will find the full texts very instructive.
2.1.1 Energy Technology Perspectives 2008
Publication of ETP2008: Scenarios and Strategies to 2050, focusing on the Role of Energy Technologies, is the 2nd
instalment of the ETP. An overview of the ETP2008 is provided in the Summary section of the report. To obtain a copy
of ETP2008, or ETP2006 refer to the publications section of the IEA website
2.1.2 Structure and characteristics of the IEA Energy Technology Perspectives model17
Overview

The ETP framework is a 15-region global model that embodies many of the key characteristics of energy systems that
are of importance for better informed mid-to-long-term energy and environmental decision-making.
The 15 world regions are Africa, Australia and New Zealand, Canada, China, Central and South America (CSA),
Eastern Europe, the Former Soviet Union (FSU), India, Japan, Mexico, Middle East, Other Developing Asia (ODA),
South Korea, the US, and Western Europe. The regions have been selected based on geography, political ties and
energy relevance. Special attention is paid to IEA member countries. The world regions trade energy and material
commodities. The regional split allows an accurate representation of the specific characteristics of the energy system at
a regional or country level, e.g. the availability of primary energy sources, the acceptance of nuclear, the regional
availability of capital, etc.
The model has the following key characteristics.

♦ The base year (2000) is calibrated to the IEA energy statistics.
♦ The model optimises the energy system in 5-year steps for the period 2000–2050. Such a long term
perspective is needed in order to properly assess energy investment decisions with long time horizons.

♦ GDP growth and energy demand are calibrated to the Reference Scenario of the World Energy Outlook 2004
(IEA, 2004a), which is in turn calibrated with IMF GDP projections.

♦ The model takes into account carbon leakage (e.g. industry relocation) and the effects on the energy system
due to regional differences in CO2 policies.

♦ The least-cost systems configuration is calculated incorporating greenhouse gas (GHG) policies. In the present
model the costs associated with CO2 emissions have been endogenised at a price of US$ 25/t CO2.

♦ The model is based on a fixed demand path for energy and product services out of the planning horizon. For
example, the possibility of modal shift from cars to bicycles has not been considered in the scenarios analysed,
similarly holidays at home instead of long-distance flights have not been considered, nor has the possibility of
raising thermostats to reduce the cooling demand. The growth in building surface is constant in all model runs,
15

For more information, contact: GIELEN Dolf, IEA/ETO [Dolf.GIELEN@iea.org].
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Results of the ETP 2006 are not presented here because main findings and conclusions of the ETP 2008 update and improve those of the previous study.
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Excerpt from [Gielen, et al. 2007]. A more detailed description is given in Appendix A of [IEA, HFC, 2005]
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so there is no feedback of energy and CO2 policies on building materials demand, nor improvements in the
building shells themselves (though physical options such as increased insulation are available).

♦ The model accounts for competing emission reduction strategies in certain sectors. For example, CO2 capture
and storage competes with electrification and energy efficiency to identify least-cost emissions reduction
strategies.

♦ The model uses a perfect foresight which optimises over all periods at once. The model “knows” future
demand, fuel prices and environmental policies; and takes them into consideration when making investment
decisions in earlier years. However, real-world decision-making is not based on perfect foresight, so in order
to mimic real-world uncertainty, relatively high discount rates have been used for certain new technologies. As
a consequence, long-term (in the real-world, uncertain) effects are given a relatively low weight.

♦ Where appropriate technologies are differentiated regionally in terms of costs, performance and initial
availability timing.

♦ The industrial sector is characterised by about 250 technologies, including industrial combined heat and power
generation (CHP) options.

♦ The model explicitly takes into account capital stock turnover, which is critical in assessing the real rate at
which new technologies can penetrate the energy system.

♦ The materials demand projection is constant in all model runs, unless the model user changes the input
parameters. However, the model can choose to recycle more waste, use other feedstocks or invest in energy
efficient equipment in materials production. This is modelled as a large number of discrete decisions, there are
no elasticities.

♦ Emerging technologies are explicitly modelled. The representation of technologies in the model is based on
data drawn from engineering studies and scientific literature. This detailed technology description enables the
identification of technology research, development and demonstration (RD&D) opportunities.

♦ The model includes a detailed representation of electricity supply and demand, accounting for the difference
between base-load and peak demand, and the need for different plants to service the load curve.
The characteristics of the model allow a very detailed analysis of competing energy options, given the large database of
current and emerging technologies. This means that the future energy system can evolve based on the economics of
emerging technologies. This is of vital importance to the analysis if significant changes in the energy system are
anticipated, such as might occur if CO2 policies are strengthened. This is one advantage of the ETP model over
econometric top-down models with very aggregate representations of technology, as the latter does not allow
assessments of technology development prospects and the identification of RD&D opportunities. Moreover, the use of
past responses to predict future behaviour, a stalwart of the top-down models, can be questioned, particularly if the
energy framework is likely to be radically different in the future.
As ETP is a global model, it covers trade in energy and industrial commodities. The direction and the quantity of traded
goods depend on the supply curve of the regions and the regional demand. This approach explicitly allows for the
possibility of tracking carbon leakage due to policy impacts affecting the pattern of global commodity trade.
2.1.3 Prospects for CO2 Capture and Storage 18
The ETP has been used by IEA to examine several key global issues related to the role of technology in shaping the
planet’s energy footprint over the coming 50 years. This study shows that CO2 capture and storage (CCS) is a
promising emission reduction option with potentially important environmental, economic and energy supply security
benefits. This study compares CCS and other emission mitigation options and assesses its prospects. It describes the
challenges that must be overcome for a CCS strategy to reach market introduction by 2015 and achieve its full potential
over the next 30-50 years. It identifies the major issues and uncertainties that should be considered when deploying
CCS as part of an emission mitigation strategy.
The ETP model was augmented to include the various steps and associated costs of implementing CCS, the leading
options for CCS, and a representation of the regional potential for CCS.
CCS Potential

CO2 capture and storage (CCS) could potentially allow for the continued use of fossil fuels while at the same time
achieving significant reductions in CO2 emissions. Indeed, the results of IEA analysis show that CCS could even play a
key role in a scenario where global CO2 emissions are roughly stabilized at 2000 level by 2050. This would require
significant policy action, however, equivalent to a CO2 penalty level of 50 USD per tonne of CO2. This scenario would
18
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halve emissions by 2050 compared to a scenario where no additional policy action was taken. CCS technologies
contribute about half of the reductions achieved by 2050 in this analysis.
By 2050, 80% of the captured CO2 would come from electricity production, particularly coal-fired generation. At a
penalty level of 50$/t CO2, power plants with CO2 capture would represent 22% of total global installed generation
capacity by 2050 and produce 39% of all electricity. Within the electricity sector, coal-fired IGCCs fitted with CCS that
co-generate hydrogen and other transportation fuels would play an important role. Capture from coal-fired processes
would represent 65% of the total CO2 captured by 2050, the remainder coming from gas, oil- and biomass-fired
processes, and from cement kilns.
Up to 2025, CCS would mainly be applied in industrialized countries. By 2050, almost half of total capture activity
could be rolled out in developing countries, mostly China and India. Technology transfer from industrialized countries
(particularly of efficient power-generation plants) could help to realize the full potential of CCS in developing
countries. If CO2 policies were limited to industrialized countries, the role of CCS would be significantly reduced. This
finding emphasizes the importance of international co-operation.
Economic and environmental benefits of CCS

The potential benefits of CCS can be further illustrated by considering a scenario without CCS but with the same
emission penalty level (50 USD/t CO2). In this case, emission levels in 2050 would increase by over a quarter
compared to the scenario in which CCS was included. Additional scenarios were analysed that combine various key
uncertainties such as the policy ambition level, the extent of international co-operation to mitigate emissions and the
prospects for technological change. These scenarios suggest CCS potentials are between 3 Gt and 7.6 Gt CO2 in 2030,
and between 5.5 Gt and 19.2 Gt CO2 in 2050. This compares to 38 Gt CO2 emissions by 2030 under the WEO
Reference Scenario. The fact that all scenarios show a potential on a Gt scale suggests that CCS is an important
mitigation option that needs to be part of a robust emissions reduction strategy globally.
In additionally, without CCS, the CO2 penalty imposed would need to be doubled before the same reductions could be
achieved, with an incremental cost required to achieve the level of emission reduction obtain with the 50 USD/t CO2
penalty running higher over the 50year planning horizon.
Such results are sensitive to assumptions about future technology development, not only for CCS, but also for other
mitigation options such as renewables and nuclear. More optimistic assumptions for the future cost reduction of
renewables and the potential for expanding nuclear could considerably reduce the future role of CCS.
One important finding of this analysis is that renewables, nuclear and CCS technologies can coexist as part of a costeffective portfolio of options for reducing CO2 emissions from energy production. However, the relative role of each
would vary from region to region. It would also depend on policy efforts and cost developments for all technologies, the
extent to which promising technology options actually work, institutional and legal barriers, and public acceptance
(relevant for all three technology options). But investing in CCS RD&D would clearly be part of a good ‘insurance
policy’ for the future. Such a hedging approach would reduce the risk of failure.
2.1.4 Prospects for Hydrogen and Fuel Cells19
The study was conceived in the framework of the IEA Hydrogen Co-ordination Group, established in 2003, and utilises
the IEA’s Energy Technology Perspectives model. The analysis draws on the IEA’s extensive international network of
national and private sector experts in the field, including key industry associations.
Hydrogen and fuel cells may have a major role in the future energy market if current targets for reducing technology
costs can be met and if Governments give high priorities both to reducing CO2 emissions and to improved energy
security. The analysis suggests that if favourable conditions are met then 30% of the global stock of vehicles could be
powered by hydrogen fuel cells by 2050—about 700 million vehicles. The oil consumption of the same number of
petrol engine vehicles would have been some 15 million barrels per day, equivalent to around 13% of global oil demand
(or 5% of the global primary energy demand) in the reference scenario at this time. It is important to recognise,
however, that, in the absence of hydrogen, other low carbon technologies such as biofuels and synfuels from coal and
gas might also save much oil as well. Because the efficiency of the hydrogen fuel cell vehicles (e.g. using Proton
Exchange Membrane fuel cells) is more than twice that of conventional engines the total energy content of hydrogen
used would be much less than this—less than 3% of the global primary energy demand.
If hydrogen used for energy applications is added to hydrogen used in refinery and chemical industry then, in this most
favourable scenario, the total amount of hydrogen used in 2050 could be some 180 million tonnes of hydrogen per year,
equivalent to more than a 4-fold increase in comparison with today’s hydrogen use.
However, hydrogen and fuel cell vehicles will only play a significant role under these favourable assumptions. If less
optimistic assumptions are considered for technology development and policy measures, hydrogen and fuel cell vehicles

19

Excerpt from the summary of [IEA, HFC, 2005]

23

are unlikely to reach the critical mass that is needed for mass market uptake. Competing fuels with lower infrastructure
costs, such as biofuels and synthetic fuels derived from coal and gas, would play a larger part instead.
Stationary fuel cells are a more robust technology option that is much less sensitive to energy policies and competing
technology options. Stationary Solid Oxide Fuel Cells (SOFC) and Molten Carbonate Fuel Cells (MCFC)—mostly
fuelled by natural gas—can contribute to meeting the demand for distributed combined heat and power with some 200300 Gigawatts, equal to 2-3% of global generating capacity in 2050.
This analysis does not take account of the possibility of major breakthroughs in some high-risk/high-potential
technologies that are presently in their infancy. Nevertheless, it serves to illustrate that if conditions are conducive
hydrogen could be poised to make an important contribute in shaping the future global energy systems.
2.1.5 Industrial Energy Use20
This analysis is based upon the results of the ETP 2006 study, which presents six new energy scenarios for the period
2005–2050; five Accelerated Technology scenarios (ACTs) and a TECH Plus scenario (IEA, ETP 2006).
The ACT scenarios demonstrate that by employing technologies that already exist or are under development, the world
could be brought onto a much more sustainable energy path. The scenarios differ due to different assumptions regarding
the rate of improvement in certain technologies or the effectiveness of certain polices. The scenarios show how growing
energy related CO2 emissions can be returned to their current levels by 2050 and how the growth of oil demand can be
halved. The ACT Map scenario is relatively optimistic in terms of cost reductions across all technologies. In the other
ACT scenarios, the technology areas where different assumptions are made are (1) the progress in cost reductions for
renewable power generation technologies; (2) constraints on the development of nuclear power plants; (3) the risk that
CO2 capture and storage (CCS) technologies will not be commercialised by 2050, and (4) the effectiveness of policies
to increase the adoption of energy efficient end-use technologies. The total emissions reduction below the Baseline
Scenario in 2050 in these scenarios ranges from 27 to 37 Gt CO2 in 2050, (IEA, 2006a), resulting in emissions in 2050
between 27% higher than in 2003 and 16% lower than in 2003. The following discussion focuses only on the results for
industry in the ACT Map scenario.
The ACT scenarios demonstrate how the demand for energy services in industry can be met more cost-effectively and
with lower CO2 emissions through the implementation of a wide range of policies including increased research,
development and demonstration (RD&D) efforts, deployment programmes and energy efficiency programmes; as well
implementing the economic incentive of US$ 25/t CO2 to advance the uptake of low-carbon technologies.
Apart from energy efficiency measures based on existing technology, a large number of potential options for mitigating
CO2 emissions from industry have been considered in the ACT scenarios. They include energy and feedstock
substitution, materials and product use efficiency, CO2 capture and storage, process innovation, energy and materials
production efficiency, and the use of more combined heat and power generation.
The net effect of the ACT Map scenario is to reduce industrial energy use in 2050 to 139.8 EJ (163 EJ including blast
furnaces and coke ovens), or 19% (20%) lower than in the Baseline Scenario. However, this is still 44% higher (54%
including blast furnaces and coke ovens) than the level of industrial energy demand in 2003. In the ACT Map scenario
in 2050, global industrial energy demand (including coke ovens and blast furnaces) is 37.4 EJ lower than in the Baseline
Scenario. Almost half of the energy reduction occurs in developing countries and two-fifths in OECD countries. The
highest percentage reduction is for oil, at 37% below the Baseline Scenario in 2050, followed by coal and electricity,
both at 29% lower.
Efficiency improvements in the iron and steel industry in Russia, China and Brazil are roughly of the same magnitude
as in the OECD. In India, 25% less energy will be required to produce 1 tonne of steel than is the case in the Baseline
Scenario in 2050. Most of the reduction in coal demand in other industrial sub-sectors is due to less coal use in boilers,
notably in China and India. More efficient boilers, better coal quality due to washing and better operation and
maintenance of the boilers all play an important role. More natural gas is substituted for coal, notably in small-scale
boilers in urban environments. This development is often driven more by local air pollution concerns than GHG
policies.
The chemical industry (including its motor systems and steam supply systems) contributes 45% to the total reduction in
demand for fossil fuels and electricity in the industrial sector. Important efficiency gains are also achieved in sectors
such as iron and steel (18% of total savings), non-metallic minerals (11%), and paper and pulp production (13%). The
“other” industry sub-sector category accounts for 12% of the total reduction in energy use in industry. In China, the
efficiency of the production of non-metallic minerals, especially cement, increases considerably. This sub-sector
provides more than a third of the country’s total savings in industrial energy use.
In the Baseline Scenario, industrial CO2 emissions, including the upstream emissions from electricity and heat
generation, and coal use in coke ovens and blast furnaces increase by 82% between 2003 and 2050, reaching 17.2 Gt
CO2 in 2050. In the ACT Map scenario, emissions are 33% less than in the Baseline Scenario in 2050, reaching 11.5 Gt
20
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CO2 in 2050. However, this still represents a 21% increase compared to the 2003 level. The 5.7 Gt CO2 reductions
represent 18% of total global emissions reduction in 2050 in the ACT Map scenario.
Of the 5.7 Gt emissions reductions, energy efficiency based on existing technology and process innovation accounts for
50% of the savings in the ACT Map scenario compared to the Baseline Scenario, and CO2 capture and storage for 27%.
CO2 capture and storage is an important mitigation option in ammonia plants, for certain petrochemical processes, in
iron and steel production (blast furnaces and direct reduced iron production facilities), in cement kilns and in some other
large industrial applications, mostly large furnaces. Changes in the energy fuel mix and feedstock substitution account
for 18% of all CO2 emission reductions in industry and include switching to less carbon intensive energy sources and
feedstocks. About 5% of the total savings can be attributed to the more efficient use of basic materials (product
efficiency), which reduces the need for primary materials production. T
Important CO2 emission reductions are achievable in power generation due to industrial energy efficiency measures,
accounting for around half of total savings. Within this category efficient motor systems have been identified as a key
option, where a 25% to 30% efficiency improvement potential has been identified for motor systems (IEA, 2006b). A
second key option across all industry sectors is CO2 capture and storage, potentially accounting for 1.5 Gt CO2 in 2050.
The role of fuel and feedstock substitution is more limited.
Figure 2-1 shows the breakdown of CO2 emission reductions in the OECD and the rest of the world by source of the
reduction. By 2050, more than half the reduction is in non-OECD countries, as the potential for energy efficiency is
more significant in developing countries and transition economies.
Carbon leakage was analysed in a separate set of model runs where only OECD countries introduced a CO2 reduction
incentive. Incentive levels of US$ 25 and US$ 50/t CO2 were analysed. The results indicate a leakage rate rise from
30% in the US$ 25 incentive scenario to 45% in the $50 incentive scenario during the next 3 decades. It is worth noting
that the leakage in the industry sector is much more substantial than the leakage for the economy as a whole.
In a business-as-usual scenario, industrial CO2 emissions, including upstream emissions in the electricity generation
sector, would almost double by 2050. However, this need not be the case. Industrial CO2 emissions can be stabilised by
2050, provided new policies are put in place that result in the rapid uptake of existing and new industrial technologies
that will be commercialised in the next 10 to 20 years. A mix of R&D and deployment programmes, as well as financial
and regulatory instruments will be needed to achieve this. Moreover, international cooperation is needed, especially to
overcome the potential problem of carbon leakage.

Figure 2-1: CO2 Emissions Reduction in the ACT Map Scenario in the OECD and Non-OECD, 2050
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2.2 The ETSAP TIMES Integrated Assessment Model (TIAM)
As was mentioned in the Summary, the ETSAP-TIAM is the synthesis of the experience and technical excellence
embodied in ETSAP and its tools. The results of ETSAP-TIAM studies have wide diffusion among the groups that
assess climate mitigation policies through EMF and IPCC, and the ETSAP-TIAM team has been invited to continue to
contribute in both prestigious undertakings. In the Summary section the Hedging Strategies for Climate Stabilization
analysis illustrating the use of the model is summarized. Here an overview of the ETSAP-TIAM model structure and
features are presented, along with several additional examples of the application of the global model.
2.2.1 Description of the Model
The ETSAP-TIAM (TIMES Integrated Assessment Model) is a detailed, technology-rich global TIMES model. It is a
multi-region partial equilibrium model of the energy systems of 15 regions covering the entire World. The 15 regional
models are: Africa, Australia-New Zealand, Canada, Central and South America, China, Eastern Europe, Former Soviet
Union, India, Japan, Mexico, Middle-East, Other Developing Asia, South Korea, United States, and Western Europe. In
addition, the upstream and energy trade sectors in each country are split into OPEC/Non-OPEC. The regional modules
are linked by trade variables of the main energy forms (coal, oil, gas) and of emission permits. Thus, impacts on trade
(terms of trade) of environmental policies are taken into account. TIAM’s planning horizon extends from 2000 to 2100,
divided into 7 periods of varying lengths, suitably chosen. At the sub-annual level, the model includes three seasons
(winter, intermediate, and summer season), and all seasons are further divided into daytime and night-time hours in
order to take into account the day-night variations in the demand for electricity and heat. Consequently, in total there are
six so-called ‘time slices’ within each model year.
TIAM is a global instance of the TIMES model generator (full documentation in www.etsap.org/documentation.asp),
where a bottom-up, detailed technological representation of each economic sector is combined with key linkages to the
macro-economy. TIMES has evolved from its MARKAL forebear and has benefited from many improvements
sponsored by ETSAP and individual Contracting Parties over the last 8 years.
In TIMES, an inter-temporal dynamic partial equilibrium on energy markets is computed, where demands for energy
services are exogenously specified (only in the reference case), and are sensitive to price changes via a set of own-price
elasticities at each period. The equilibrium is driven by the maximization (via linear programming) of the total surplus
(sum of producers and suppliers surpluses) which acts as a proxy for welfare in each region of the model. Although
TIMES does not encompass all macroeconomic variables beyond the energy sector, accounting for price elasticity of
demands captures a major element of feedback effects between the energy system and the economy. The maximization
is subject to many constraints, such as: supply bounds (in the form of supply curves) for the primary resources,
technical constraints governing the deployment, operation, and abandonment of each technology, balance constraints
for all energy forms and emissions, timing of investment payments and other cash flows, and the satisfaction of a set of
demands for energy services in all sectors of the economy.
The construction of the Base case demands for energy services is done via the global General Equilibrium model GEME3 (http://www.gem-e3.net/), which provides a set of coherent drivers for each region and for the World as a whole,
such as population, households, GDP, sectors outputs, and technical progress. These drivers are then transformed into
growth rates for each of the 42 demands for energy services, by setting each demand rate equal to the driver rate
multiplied by an appropriate decoupling factor. The decoupling factors account for phenomena such as saturation
(factor is then less than 1) and suppressed markets (factor is then larger than 1), and are in part empirically based. Most
demands have economic growth as their driver. Note also that the demands of TIAM are user-specified only for the
reference scenario, and are subject to endogenous changes in every alternate scenario, in response to endogenously
changing prices. Elasticities of demands to their own price range from 0 to -0.6, with a majority in the range -0.2 to 0.3.
TIAM comprises several thousand technologies in all sectors of the energy system (Figure 2-2). A technology may
represent any process that produces, transforms, conveys, and/or consumes energy and/or emissions (and some
materials). It is characterized by several technical and economic parameters and by emission coefficients for the three
main GHG’s: CO2, CH4, and N2O. The model constructs a coherent image of the future energy system by choosing a
mix of technologies to invest in and operate at each future period, with the objective of maximizing total surplus, while
respecting the many constraints of the model.
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Figure 2-2: TIAM Reference Energy System

The primary supply of energy is described in the form of supply cost curves and trade links. Indigenous supply is
further divided into the production of fossil and nuclear fuels (MIN) and renewable energy sources (RNW). While the
fossil and nuclear fuel resources are usually described as in terms of cumulative potentials, resources of renewable
energy are described as annual production potentials. The primary energy sources for combustible renewables include
solid biomass, energy crops, industrial and municipal wastes, landfill gas, as well as liquids from biomass. Other
renewables include potentials for hydro, wind and tidal power, geothermal energy and solar energy.
The global ETSAP/TIAM model is a partial equilibrium bottom-up energy system model with a detailed description of
different energy forms, resources, processing technologies and end-uses, while taking projections for the rest of the
economic system as external projections. Commodity prices and consumption are calculated through demand-price
elasticities throughout the energy chain, providing a market equilibrium solution for the energy sector. The model is
thus very suitable for assessing the effect of the energy system alone on for example greenhouse gas emissions or
industry development, holding other factors constant.
Given the input data on technological development, resource availability and different end-use demand projections, the
model calculates the resulting scenario as a minimum of global system cost, including plant investment, commodity and
process activity costs, but also the cost of lost demand due to price hikes of commodities. This can also be interpreted as
representing the maximization of consumer and producer surplus under the efficient market hypothesis. The model also
assumes centralized decision making and unlimited foresight throughout the time horizon. Thus the model does not
account game theoretic setups such as competition or conflicts of interests. In this respect the scenarios might not be
necessarily sound and reliable predictions for reality, but rather optimal trajectories how decisions should be made in
order to acquire the least cost solution while satisfying all the demand projections and other constraints.
The starting version of the model was developed by the Canadian team while working at GERAD (1999-2000). The
seed of TIAM was embodied in the initial version of the global models developed by US-EIA (SAGE), IEA (ETP) and
EFDA. The model is presently run by the Canadian group, at the Institute of Energy Economics and the Rational Use of
Energy (IER) of the University of Stuttgart, and at VTT (Finland). IER and VTT in particular improved several
structural and data aspects of the model. Special versions of the model, where a country as been subtracted from its
region and added as a separate 16th region are run by some ETSAP Contracting Parties and associated research centres.
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2.2.2 Global Energy and Emissions Scenarios for Effective climate Change Mitigation 21
Introduction

VTT Energy Systems prepared a scenario study on global climate policy and greenhouse gas mitigation scenarios for the
Finnish Ministry of Environment to support the international climate negotiations during the Finnish EU presidency in
2006. The modelling work concentrated on modelling the achievement of the 2 ºC stabilization target of the EU. The
global energy and greenhouse gas emissions scenarios studied in this work have been compiled with the global multiregional ETSAP-TIAM energy system model. The scenario studies compiled here have been presented to representatives
of various Finnish ministries and EU experts in different phases of the work for getting comments and feedback.
Several enhancements and improvements to the original model have been made at VTT. These include the accounting
of all non-energy sources of greenhouse gases and a module calculating the concentrations and radiative forcing from
each of the main gases, leading to changes in average global temperature, as well as a full review of the database for all
power and heat generation technologies. In the VTT version an additional region for Finland has also been tentatively
implemented, and another new region for the other Nordic countries is under preparation.
Resource estimates

In long-term future scenario studies, the estimates of primary energy sources used can have a large influence on the
scenario outcome. In demanding mitigation scenarios, many of the currently known energy resources may be used to
their presently known resource limits.
Bio-energy
Estimates of future bio-energy potentials available globally and regionally for energy production in the long-term future
are scarce and contain considerable uncertainties. The recent estimates cited by the IPCC are mainly based on
(Hoogwijk 2004). Especially the higher end estimates reported by the IPCC, however, can be overly optimistic. Bioenergy production competes in land-use with e.g. food production. In the estimates, the scenarios in principle take into
account the future population growth, the land area needed for food production and the future availability of land for
energy crops. However, a major expansion of food crops for energy uses (e.g. transport biofuel production) may in
practise cause severe price shocks of food crops. This would have large adverse impacts especially on poor countries’
ability to feed their population. VTT has estimated potentials of the main energy crops (mainly based on FAO statistical
databases). These estimates sum up to about 80 EJ (see below, Table 2-2), which is considerably lower than the range
given by the IPCC.
Wind energy
Concerning regional wind power potentials, recent VTT estimates have been used. These are somewhat higher than some
earlier used assumptions. This is partly due to the recent developments in wind power technology, as the unit power and
unit height have increased considerably. Based on a country-by-country analysis of population density, wind resources and
main geographical features, it was estimated that almost 300 GW of wind generation capacity could be built in an
acceptable way in Western Europe: using only windy areas and in those areas not exceeding the present density of wind
turbines in Denmark, northern Germany or the Netherlands. As a rule of thumb, 10 km2 of land area can have up to 80 –
100 MW of wind generation capacity. It is probable that in 2030 also the onshore turbines will have an average size of at
least 3 MW. With a rotor diameter of about 100 m these turbines in a wind farm would be located about 600 – 1000 m
apart from each other leaving most of the land area free for other use. Offshore turbines may well have an average rated
power of 6 – 8 MW in 2030. With a rotor diameter of about 150 m and average turbine spacing of 1,0 – 1,5 km in large
offshore wind farms, a 1000 MW offshore wind farm would occupy an area of about 150 km2 (roughly 12 x 12 km). In
North America (USA, Canada) the bulk of the wind resources are located in Central plains but there is already now a
tendency to develop wind generation in areas closer to load centres in Eastern coast and Western coast to reduce cost of
grid connection and management. The offshore development in the eastern coast of USA is driven also by this.
Carbon capture and storage (CCS) estimates
The regional data on geological and ocean carbon storage potentials and costs used in the modelling work have been
collected from many different sources of (IEA-ETP project, EMF-22, US-EPA, IPCC, other literature). Of course, there
are many significant uncertainties related to these data (e.g. reservoir inventories and biological processes, risk of
leakage, permanence). Summary of the assumed total potentials is presented in Table 2-1. The global total potentials
have been calibrated according to literature estimates (Kauppi and Sedjo, 2001; Herzog et al., 1997). Note that the
category with by far the largest potential is deep saline aquifers, for which the uncertainties are particularly large.
Therefore, the costs for this option have been assumed so high that it represents basically only a backstop option.
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Table 2-1: Assumed Carbon Storage Potentials by Main Category
and by Main Geographical Area (in GtC)
Category

Africa

Asia

America

21

10

Europe
1

FSU
8

Oceania

Total

Enhanced Oil Recovery

1

0

42

Depleted oil fields (onshore)

1

35

12

1

12

0

62

Depleted gas fields (onshore)

6

94

26

6

92

0

224

Depleted oil fields (offshore)

1

5

6

2

0

0

14

Depleted gas fields (offshore)

2

29

11

12

0

3

57

Enhanced Coalbed Methane <1000m

1

33

23

10

20

10

98

Enhanced Coalbed Methane >1000m

1

33

23

10

20

10

98

Storage in the deep ocean

0

37

36

20

0

20

114

Deep saline aquifers

409

1029

1193

205

409

205

3449

Total

423

1315

1340

268

562

250

4157

Hydropower resources
Hydropower estimates used in this study are based on WEC estimates (WEC 2004). In the first stage, all of the
estimated technical potentials and 25% of the additional theoretical potential were included for each region. However,
during the work it became apparent that the resulting potentials for additional hydro power expansion were too
optimistic, as they resulted in a many-fold increase in the hydro power capacity, particularly in developing countries.
Therefore, the potentials were subsequently cut by about 30% in each region. These more conservative estimates thus
correspond roughly to the total technical potentials as estimated by WEC.
Uranium reserves and nuclear energy technologies considered
Uranium reserves are primarily based on estimates made by OECD Nuclear Energy Agency (the so-called Red Book,
OECD 2005). However, concerning unconventional resources, somewhat more conservative estimates have been
adopted. The unconventional resources are mainly associated with uranium in phosphates, seawater and black shale, in
which uranium exists at very low grades or can only be recovered as a minor and very expensive by-product. The total
conventional resources were assumed to be about 15 million tonnes, but the unconventional resources only about 3
million tonnes. For future fission reactors three models were defined: 3rd generation Light Water Reactor (LWR), a 4th
generation Supercritical LWR (SCWR) and a Pebble-Bed Modular Reactor (PBMR). Assumed technical specifications,
costs and introductory years were taken from literature, and cost projections were formed using the learning curve model with new capacity estimates from IAEA (US DoE 2002, Koster et al 2003, Wallace et al 2006). SCWR was
chosen as representative 4th generation reactor due to that numerous fossil fuel boilers already use supercritical
technology. All of the chosen reactor designs use conventional nuclear fuel, and breeder reactors were deemed too
speculative to be included in the model. This assumption causes that the known uranium reserves may start to exhaust
in the end of the modelling period.
Key assumptions related to non-fossil power generation
As the electricity generation sector represents perhaps the most important sector with respect to CO2 emission
reductions, the assumptions concerning non-fossil energy resources relevant for power generation and the assumed
market constraints for new electricity generation technologies are of significant importance to the overall results. Table
2-2 summarizes the main assumptions concerning the resources and market constraints.
Scenario specifications

The following scenarios were studied in this work:
Achievement of the 2 ºC stabilization target:

♦ Annex I reduction target –30 % from 2000 level by 2030 (–34% by 2020 from 1990)
♦ Additionally, Annex I reduction target –50 % from 2000 level by 2050 (–53% by 2050 from 1990)
♦ From 2050, global emissions trading is allowed. Before that, only trading within Annex I countries is allowed.
♦ VTT estimates of technology development and penetration
♦ Optimization of CO2, CH4 and N2O emissions
♦ The 2 ºC warming target was set to be achieved in 2100. In practise this target setting means that the
temperature would continue to slowly increase up to about 2,5 ºC after 2100 before reaching equilibrium.
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Table 2-2: Key Assumptions Related to Power Generation from Non-Fossil Energy Sources
Energy
Source

Assumed Resource Base
Limitations

Uranium
(fission
power)

Category

1000 t

EJ

RAR

3300

1450

EAR-1

1500

660

EAR-2

2500

1100

Speculative

7500

3300

Unconventional

3200

1400

Total

18000

7900

Constraints on Capacity

Constraints on Market
Penetration

Regional limits (global total
≤ 3,500 GW)

Endogenous within capacity
limits

Lithium
(fusion power)

Translated to annual capacity
expansion constraints

Global and regional limits on
annual new installations

Endogenous within annual
growth limits

Wind power

None assumed

Large regional potentials
(global total ≤ 12,000 GW)

Max. 35% of market by season
(Canada: 50%)

Solar power

None assumed

Large regional potentials

Max. 20–30% of market by
season

Biofuels
(all energy)

Regional max. annual yields
Global total potentials:
Crops ~200 EJ/a
Residues
~60 EJ/a
Total
~260 EJ/a

No definite constraints

Endogenous

In addition, sensitivity runs were made where the global resources of wind power, CCS, hydropower, crops and
uranium were reduced one at a time:

♦ The available crop reserves were reduced by 50%.
♦ The other resources were reduced by 20%, except for uranium.
♦ For uranium, the unconventional reserves were assumed not to be available.
Results

Figure 2-3 summarizes globally the main technology groups concerning CO2 mitigation. The largest single technologies
in the scenarios are Carbon Capture and Storage (CCS) and large-scale afforestation measures. The largest wedge
(between red and blue lines) includes all other individual measures in the energy system, e.g. fuel switch, efficiency
improvements, renewable energy, nuclear power, etc.
Figure 2-3: Main Technology Groups in CO2 Mitigation*

*This shows the results for CO2. The optimization run includes also CH4 and N2O emissions.
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Figure 2-4: Development of Atmospheric CO2 and N2O Concentrations in the
Baseline and 2ºC Mitigation Scenarios*

*It can be seen that CO2 concentrations peak in 2050-2060 at about 430 ppm

The atmospheric concentrations of the main greenhouse gases, CO2, CH4 and N2O, respond quite differently to the
imposed emission reduction measures. This is due to their different atmospheric lifetimes. Figure 2-4 shows the
development of CO2 and N2O concentrations in the atmosphere in the scenario runs. It can be seen that CO2
concentrations peak in 2050-2060 at about 430-435 ppmv.
Figure 2-5 shows the development of atmospheric methane concentration in the scenarios. It can be seen that due to its
shorter atmospheric lifetime, methane concentrations respond rather rapidly to the control measures. Due to the
availability on cost-efficient emission reduction possibilities, methane concentration in the 2 ºC mitigation scenario
develops considerably lower than in the Baseline scenario.
Figure 2-5: Development of Atmospheric Methane Concentrations
in the Baseline and 2ºC Mitigation Scenarios
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Table 2-3: Annualized Emission Reduction Costs as a Percentage of GDP
in Annex 1 Countries by Region
AUS

2030

2050

2080

2100

0.2%

1.2%

0.7%

0.2%

CAN

0.8%

0.0%

0.0%

0.0%

EEU

0.5%

0.7%

0.9%

0.7%

FSU

0.8%

0.8%

0.5%

2.2%

JPN

0.1%

0.4%

0.9%

1.2%

USA

0.1%

0.7%

0.8%

0.3%

WEU

0.3%

0.8%

1.0%

0.5%

Note: Costs of traded commodities are allocated to the producers.

The global emission reduction costs are 0.1 … 0.4 % of GDP in the scenarios calculated here, with costs increasing
after 2050. For Annex 1 countries, the reduction costs are 0.3 … 0.8 % of Annex I GDP, with costs increasing after
2050 (see Table 2-3).
The development of the marginal emission reduction costs is shown in Figure 2-6. The constraints on the emissions of
Annex I countries between 2020 and 2050 increase the marginal costs in these countries up to the level of 120 €/tCO2eq
by the year 2050. However, the global emission trade assumed after 2050 reduces the marginal abatement costs
temporarily back to about 60 €/tCO2eq. The highest marginal costs occur around 2090, when the global price of
emission permits reaches 150 €/tCO2eq.
The emission abatement costs estimated in this study are comparable to the results in the recent work by the EU
Commission (EU Commission 2007). In the POLES projections for the EU Commission, the global carbon price per
tonne of CO2 reached € 37 by 2020 and € 64 by 2030. Costs, as a result of investments in low carbon technologies, were
estimated at less than 0.5 % of global annual GDP up to 2030. These figures, however, are not directly comparable due
to the different assumptions on emission trading between Annex I and developing regions and the somewhat different
emission reduction targets. The global carbon price estimates (with global emissions trading) are very similar in both
studies.
Figure 2-6: Development of Marginal Emission Abatement Costs
in the 2ºC Mitigation Scenario*

*The shape of Annex I marginal costs is due to the emissions trading limitations and emissions reductions imposed
until 2050.
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2.2.3 A global Perspective to Achieve a Low Carbon Society 22
Introduction and scenario definition

Within the UK-Japan Low Carbon Society project, the global ETSAP-TIAM model (TIMES Integrated Analysis
Model) is used to analyze the achievement of deep emission reductions from a global perspective. Particular strength of
this modelling framework are the technology-rich depiction of the energy system taking into account the
interconnections between the different sectors of the system, which allows a coherent identification of cost-effective
mitigation strategies in the 15 different world regions depicted in the model.
With the TIAM model three scenarios have been analyzed, as commonly defined in the LCS project:

♦ a base scenario without any explicit CO2 mitigation measures (BASE),
♦ a CO2 price scenario with CO2 price rising from 10 $/t CO2 in 2013 to 100 $/t CO2 in 2050 (C10) and
♦ a so-called carbon-plus scenario stipulating a 50 % reduction of CO2 emission in 2050 compared to 2000
(CPLUS).

The BASE scenario describes a development, where no initiatives are undertaken to avoid CO2. It serves in the scenario
analysis as a benchmark to measure the impacts in terms of energy use, technology choice, emissions and costs in the
two CO2 abatement scenarios C10 and CPLUS. The CO2 price in the C10 scenario has not necessarily to be
implemented as a carbon tax, but could represent a bundle of different policies, as voluntary programmes, subsidies,
etc., that make low-carbon technologies with abatement costs of up to 100 $/t CO2 in 2050 cost competitive. The actual
policy instruments to foster the different low-carbon options may be different between fuels, technologies or sectors.
While the C10 scenario analyses the CO2 reduction that can be achieved by mitigation measures having avoidance costs
of up to 100 $/t CO2, the CPLUS scenario requires in line with the proposal at the G8 summit in Germany in June 2007
a CO2 reduction of 50 % in 2050 relative to the emission level of 23.5 Gt CO2 in 2000. In the CPLUS scenario, this
reduction target has been formulated as a global target, i.e., depending on the mitigation costs and potentials some
regions can mitigate more than the required quota of 50 % and sell their emission reductions to other regions to fulfil
their obligations. This resembles a cap-and-trade scheme on a global level with emission reductions being realised
where they can be achieved in the most cost-effective manner.
Scenario results: CO2 emissions

In the BASE scenario, the global CO2 emissions will more than double from 23 Gt CO2 in 2000 to 48 Gt in 2050
(Figure 2-7). Compared to the year 2000, the scenario C10 with a CO2 price of 100 $/t in 2050 results in an emission
reduction of only 16%, however, relative to the BASE scenario emissions in 2050 are 60 % lower. 10.5 Gt of this
Figure 2-7: Global CO2 Emissions in the BASE, C10 and CPLUS Scenario
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Excerpt from the paper Remme, U. Blesl, M.: A global perspective to achieve a low-carbon society (LCS): scenario analysis with the ETSAP-TIAM model, Climate
Policy 8 (Supplement), 2008, pp. 60-75. Corresponding author: ur@ier.uni-stuttgart.de.
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reduction are achieved by capturing CO2 at coal power (9 Gt) and synfuel production plants (1.5 Gt mainly at FischerTropsch (FT) fuel and hydrogen plants based on coal) and storing the CO2 in deep saline aquifers, coal seams, depleted
oil and gas fields or to enhance production in operating oil fields. The required CO2 mitigation of 50 % in the CPLUS
scenario in 2050 translates into a 72 % reduction compared to the BASE CO2 emissions. Overall captured CO2
emissions in the CPLUS scenario are with 10 Gt despite the more stringent CO2 reduction slightly lower than in the C10
scenario, which is explained by the fact that in contrast to the C10 scenario, the majority of CO2 capturing takes place at
gas and not coal power plants. Because of the lower carbon content of natural gas compared to coal, this results in lower
storage quantities.
Power generation is with a global fuel demand of 173 EJ in 2004 a major energy consumer being responsible for 37%
of the total primary energy consumption in 2004. CO2 emissions from electricity and heat generation amounted to 10.6
Gt or 41 % of global energy related CO2 emissions. In the BASE scenario electricity generation nearly doubles between
2004 and 2050 (Figure 2-8). In 2050, more than 50 % of the electricity are produced and consumed in developing
countries compared to 33 % in 2004. Lower fuel prices compared to natural gas and missing CO2 mitigation policies
strengthen the position of coal in the BASE scenario as the major fuel for electricity generation: 62 % or 28,950 TWh of
electricity are produced in coal plants in 2050. Nuclear power plants would be with electricity generation cost range of
21-69 $/MWh competitive with coal plants with a range of 16-69 $/MWh (as reported in NEA/IEA, 2005 for different
countries and discount rates), but as discussed before because of lack in public acceptance, open storage questions and
proliferation fears, their generation has been limited to 8,400 TWh in the scenarios.
Electricity generation in the C10 scenario is characterised on the one side by a reduction in the overall production of
8,240 TWh from 46,910 TWh in the BASE scenario due to efficiency and saving efforts in the end-use sectors and on
the other side by an increased generation from wind and biomass and until 2040 also by a higher generation from
natural gas. Coal is in 2050 still responsible for 32 % of the electricity generation, but the coal is burnt in power plants
with capturing and subsequent underground storage of the CO2. That way 9 Gt from coal generation are stored in 2050
in the C10 scenario mainly in deep saline aquifers or being used at lower quantities for improving the recovery factor
from oil fields. In the CPLUS scenario, increased usage of electricity, being produced with no or low CO2 emissions
and replacing the use of fossil fuels in the end-use sectors, is one of the measures to achieve the 50 % CO2 reduction
target. Furthermore, part of the coal plants with CO2 capture are replaced by natural gas plants with CO2 capture, which
results in a further reduction of the CO2 emissions from power generation. This mitigation strategy to switch from coal
to gas fired power plants is, as the C10 scenario shows, only economic viable at CO2 prices beyond 100 $/t CO2 or in
other words for the achievement of very low carbon intensities in power generation. In addition to the CO2 price or
mitigation target, the gas price is a sensitive factor influencing the choice between coal and gas capture plants in power
generation: a higher gas price might offset the CO2 cost benefits associated with the lower CO2 intensity of the gas
plant, so that higher gas prices despite higher specific CO2 emissions the cost advantage might turn the tide in favour of
the coal capture plant.
Figure 2-8: Electricity Generation by Fuel in the BASE, C10 and CPLUS Scenario
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Scenario results: end-use sectors

In the BASE scenario, the total final energy demand for the agriculture, residential, commercial, industry and transport
end-use sectors grows by 73 % between 2004 and 2050 (Figure 2-9). The industry and the transport sector being
responsible for 39 % and 27 %, respectively, of the total final energy use in 2050 are with an increase of 117 % and 67
% the main contributors to the final energy demand. Electricity becomes with a consumption of 149 EJ (29 %) in 2050
the most important final energy carrier. Nearly half of the electricity is consumed in the industry sector for heating and
machine-drive services. The majority of the petroleum demand of 139 EJ in 2050 is consumed in the transport sector,
where it covers 92 % of the transport sector’s energy demand. Despite the absolute increase of total final energy
consumption in the BASE scenario, the overall energy efficiency of the end-use sectors, defined here as total final
energy use per GDP, is decreasing at an annual average rate of 1.5 %.
In the C10 scenario, the CO2 penalty triggers efficiency and fuel switching measures in the end-use sectors leading to an
11 % reduction of final energy demand compared to the BASE scenario in 2050 or an annual efficiency improvement of
1.8 %. Responsible for this reduction are particularly efficiency improvements and savings in the industry sector
through more efficient motors and boilers, switch to cogeneration of process heat/steam and electricity in industrial
combined heat and power plants (CHP) as well as in the residential and commercial sector through better building
insulation, higher penetration of efficient electric appliances, growing share of district heat from CHP and efficiency
gains for room heating, cooling and warm water preparation, e.g. by the use of dual-mode heat pumps.
The fuel mix in the C10 scenario is characterised by a switch to biomass, driven by a substitution of petroleum by
ethanol or DME in the transport sector. In the residential and commercial sector, compression heat pumps for room
heating or cooling and warm water preparation are becoming more popular reaching a coefficient of performance
(COP) of up to 5 for heating and 6-7 for cooling, whereas in the transport sector plug-in electric hybrid vehicles
(PHEV) are gaining market shares in the car segment. This trend towards electricity continues in the CPLUS scenario,
where electricity consumption in 2050 is 6 % higher than in the C10 scenario. While natural gas consumption was in the
C10 scenario even increasing (+13 %) compared to the BASE case to substitute coal, in the CPLUS scenario it is
drastically reduced by 50 % or 49 EJ, particularly through heat pumps and industrial biomass CHP plants covering the
steam and process heat demand. These saved gas amounts are nearly equivalent to the increased use of gas in power
generation in the CPLUS scenario, so that the total primary consumption of natural gas in the C10 and CPLUS is quite
similar. In addition, in the CPLUS scenario hard coal is used to produce at plants with CO2 capture hydrogen for the
transport sector. Thus, hydrogen fuel cell cars reach in 2050 a share of 5% in transport fuel demand. Overall final
energy consumption in the CPLUS scenario is in 2050 20% lower than in the BASE scenario corresponding to an
efficiency improvement of 2.1 %/yr. The CO2 intensity of final energy use falls from 28 kg CO2/GJ in the BASE to 19
kg CO2/GJ in the CPLUS scenario in 20503. Responsible for this intensity decrease are mainly the substitution of fossil
fuels by biomass, district heat and electricity.

Figure 2-9: Final Energy Consumption by Fuel
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Table 2-4: Cost Indicators for Reduction Scenarios C10 and CPLUS
Scenario
Indicator

Unit

C10

CPLUS

2030

2050

2030

2500

Bill. $2000

13

641

126

1633

Marginal abatement costs

$2000/t CO2

29

100

63

330

Average abatement costs

$2000/t CO2

2

21

10

44

Difference annual energy system costs relative to
base scenario

Scenario results: cost effects

The cost implications of the mitigation scenarios are summarised in Table 2-4. The difference of the annual energy
system costs displayed for the years 2030 and 2050 describe the additional global costs of the energy system in the
mitigation scenarios C10 and CPLUS in real terms relative to the BASE scenario in the same year. It has to be pointed
out that this cost assessment only covers the energy sector, impacts on other industry sectors affecting the development
of the entire economy in form of GDP or employment rate are not captured in these cost figures, which tends to
underestimate the costs related to CO2 mitigation policies compared to macro-economic models. In the C10 scenario,
the stabilization of global CO2 emissions in 2030 on levels comparable to the one in 2000, yields additional annual costs
of 13 Bill. $. In later years the tripling of the CO2 price from 29 to 100 $/t CO2 in 2050 is reflected by a drastic increase
of the annual costs cumulating in difference costs of $641 Billions in 2050 to reduce CO2 emissions by 23 %. To realize
the 50 % reduction target (roughly a doubling of the reduction efforts relative to C10) in the CPLUS scenario, the
additional annual costs in 2050 of $1633 Billions are nearly three times higher compared to the cost difference of the
C10 scenario. These additional costs are equivalent to 1.3 % of the assumed global GDP of $126 Trillions in 2050.
In the C10 scenario, all CO2 abatement options are realised with marginal mitigation costs being less or equal to 100 $/t
CO2. To achieve the stipulated CO2 reduction of 50 % in the CPLUS scenario, additional abatement measures with
higher costs have to be utilised leading to marginal abatement costs for the 50 % reduction target of 330 $/t CO2. The
marginal abatement costs are only an indicator for the mitigation costs of the last ton of CO2, which has to be avoided,
in order to achieve the reduction target. Although these marginal costs can be quite high, the average mitigation costs,
which are calculated by dividing the cost differences to the BASE scenario shown in Table 1 by the corresponding CO2
reductions, are typically much lower, since also low-cost abatement measures, being realised earlier on the reduction
path, are being considered in this cost indicator. In the C10 scenario, average mitigation costs in 2050 are 21 $/t CO2,
while in the CPLUS scenario average mitigation costs are with 44 $/t CO2 ca. twice as high.
Technology and policy implications

Without explicit policies in place to avoid carbon emissions as in the BASE scenario, the development of the global
energy system is characterised by an increased reliance on fossil fuels, especially coal in power generation and for the
production of synthetic fuels. Despite no-regret efficiency improvements in the conversion and end-use sectors, this
trend to carbon intensive fuels leads to a doubling of global CO2 emissions from 2000 to 2050.
The introduction of a CO2 price of up to 100 $/t CO2 in the C10 scenario promotes abatement measures having marginal
avoidance costs up to this level. The CO2 price serves in the scenario only as cost benchmark to identify the
corresponding measures, the policy instruments in praxis can be quite different ranging from research, demonstration,
deployment programmes over information campaigns or standards to investment incentives.
The power sector is the main contributor to emission reduction in the C10 scenario with carbon capture and storage
(CSS) from power plants being responsible for emission reduction of up to 9 Gt in 2050. The choice of the applied
capture technology (post-combustion, pre-combustion or oxy-fuelling) is, however, very dependent on the CO2
incentive. Initially, up to the year 2040 being equivalent to a CO2 price of 50 $/t CO2, coal IGCC plants with precombustion capture are chosen, while at higher CO2 prices the lower specific CO2 emissions turn the cost advantage in
favour of oxy-fuelled coal steam cycle plants. At prices above 100 $/t CO2, as observed in the last decade of the CPLUS
scenario, also natural gas combined cycle (NGCC) plants with post-combustion capture and oxy-fuelling are built. At
higher CO2 prices or very ambitious reduction targets, natural gas and not coal plants with capture are needed to
decarbonise power generation. These results are very dependent on the technology characterisation (assumed future
investment costs, efficiencies, capture rates), which are today difficult to predict, since so far only few pilot (only
IGCC) and no commercial coal or gas capture plants have been built. More research, development and deployment
(RD&D) is needed in this area so that these technologies can contribute in the future to CO2 reductions. Also regulatory
questions regarding the storage of CO2 in terms of licensing, liability, leakage have to be resolved.
Cogeneration of heat and electricity is due to its high overall efficiency a further option on the supply side with
potential for emission reductions. For industry, financial support schemes to compensate for the higher initial
investments costs compared to separate generation and also regulatory reforms to overcome unfavourable conditions for
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grid access could foster the use of industrial CHP. In some areas, district heat/cooling supply from industrial or
commercial CHP plants to residential consumers can represent a low-cost CO2 reduction option. Studies for identifying
these potentials, best-practice examples and investment support schemes might help to raise the awareness among
planners and to explore these synergies in the future. Renewable electricity options as wind converters, biomass CHPs
or geothermal plants are generally not yet cost-competitive today, but start to gain market shares at CO2 prices of 10- 20
$/t CO2 (2020 in C10 scenario). Deployment support, already existing in some countries today, can help to reduce the
initial investment risks and stimulate technology learning to further bring down the costs. Another CO2 free electricity
generation source, nuclear power, is operating successfully and already cost competitive today but faces acceptance
problems in many countries. As the sensitivity analysis shows it reduces the capacity needs for power generation plants
with capture and thus the overall mitigation costs.
Due to comparably low reduction costs and high abatement potential, the power sector is an important element in both
reduction scenarios. But with increasing CO2 price (or reduction goal) also mitigation efforts in the end-use sectors
become more important. Reduction efforts being effective in the industry sector are in the C10 scenario efficiency and
saving measures, e.g. by better process integration to recover heat. In the building sector, efficiency standards to reduce
the heat and cooling demand of new and existing buildings already exist today in many countries and have been proven
effective. Tightening the regulation in combination with standards, e.g. for insulation for walls and windows and labels,
seem to be suitable measures for the future. In the transport sector, bio-ethanol is introduced at CO2 prices of 20- 30 $/t
CO2 in the C10 scenario. Penetration of ethanol on a larger scale requires more research and development for ethanol
production from lignocellulosic biomass, codes for fuel qualities and build-up of a distribution infrastructure. The
introduction of hydrogen for fuel cell being observed in the CPLUS scenario after 2040 requires also support in the
evolution of the hydrogen infrastructure and standards for the distribution system (e.g. fuel cells).
At CO2 prices above 60$/t, as in the CPLUS scenario, the initial trend from coal to natural gas is altered by substituting,
where possible, natural gas by electricity, e.g. compression heat pumps in the residential sector or PHEVs in the
transport sector. Prerequisite for this electricity strategy in order to reduce the overall emissions of the energy system
are very low specific emissions of electricity generation, which is realised in the CPLUS scenario after 2040 by the
construction of natural gas plants with CO2 capture and coal-fired oxy-fuel capture plants. Consumer awareness for the
efficient use of electricity for lighting and in various electric appliances (e.g. home entertainment but also heat pumps
for heating and air-conditioning) can be stimulated by labels, information campaigns and standards, as already being
implemented today in many countries for some devices.
The majority of the CO2 will be emitted in 2050 in developing countries, as indicated in the BASE scenario.
Cooperation between developed and developing countries in terms of technology and cost transfer becomes essential to
significantly reduce global emissions. As the comparison of the regional mitigations costs in the C10 and CPLUS
scenario show the average mitigation costs can be up to 50 % lower in the developing countries compared to the OECD
region.
Conclusions

With the global ETSAP-TIAM model scenarios to achieve deep emission reductions up to a level of 50 % as proposed
by the G8 in Heiligendamm 2007 have been analyzed. Without any reduction obligation global CO2 emissions in the
here considered base scenario more than double globally between 2000 and 2050 driven by economic growth in
developing countries. Strategies to reverse this unsustainable pathway have been studied in two mitigation scenarios.
The C10 scenario, stipulating a common CO2 price in all world regions from 10 $/t CO2 in 2013 to 100 $/t in 2050,
yields a global reduction of 23 % in 2050 relative to the year 2000. A doubling of these mitigation efforts in order to
reach the target of a 50 % reduction has been analyzed in a second abatement scenario (CPLUS). In the conversion
sector, the use of coal or gas power plants with CO2 capture and the increased use of renewable energy carriers, namely
wind, biomass and geothermal, have been identified as central elements of reduction strategies. In the end-use sectors,
efficiency improvements in industry (motor, boilers) as well as the building sector (heating, warm water boilers), use of
biofuels in transport are common elements in both mitigation scenarios. The role of natural gas as final energy carrier is
sensitive to the CO2 price or reduction target: moderate reduction efforts as in the C10 scenario favour the switch from
coal to natural gas, especially in industry, whereas for deeper emission reductions, as in CPLUS, natural gas is replaced
by electricity being produced with low specific emissions in the power sector, which requires also further reduction
efforts in the power sector by switching from coal-fired to gas-fired power plants. Since no experience with capturing of
CO2 at commercial power plants exist today, it is difficult to identify a winning technology configuration. Further
research and especially deployment of large scale plants are needed. As the sensitivity analysis shows nuclear power
can be a cost-effective option reducing the need for carbon capture and storage, if public acceptance and the nuclear
waste storage question can be resolved.
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2.2.4 Technological Mitigation under Capital Rationing23
This study examined the impact of capital rationing on the adoption by developing countries of energy technologies that
contribute to the mitigation of Greenhouse Gas emission reductions in the medium term. The analysis uses the global
ETSAP-TIAM model (TIMES Integrated Assessment Model) to simulate the future investments in electricity producing
technologies in large developing countries such as China and India under various conditions of capital rationing and
carbon pricing.
The analysis was conducted assuming that capital destined to the electric power generation (EPG) sector is rationed,
with varying degree of severity, in developing countries. The runs without carbon pricing examine the degree to which
the adoption of GHG-friendly technologies would occur even in the absence of a carbon reduction commitments or
emission-rights markets. The runs with carbon pricing evaluate the potential intensification and acceleration of GHGfriendly technological adoption when developing countries do participate in a global emission trading scheme.
For this analysis a new type of TIAM constraint was developed, namely a constraint that stipulates an upper limit on
annual payments for investment costs. The constraint may be imposed for any subset of investments and in any set of
years. In the present case, we apply the capital rationing constraint to all investments in the EPG sector, in all years
from years 2000 to 2100.
More precisely, the following scenarios are built:

♦ Reference run: Capital availability is a Business-as-Usual (BAU)one, without climate mitigation objectives;
♦ Climate run with no capital rationing: a climate stabilization target is imposed, namely the atmospheric GHG
concentration must not exceed 480 ppm at any time in the 21st century, and the capital available to DC’s is
unlimited, and

♦ Four Climate runs with Capital rationing: the same climate stabilization target is imposed, and the capital
available to developing countries is somewhere between the capital expenditures observed in the Reference
run and the Climate run with no rationing (Figure 2-10).
The runs show that:

♦ Developing countries’ EPG sector capital requirements are much larger under climate stabilization than in
Reference case;
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Figure 2-10: Annual Bounds on Investments in the Electric Power Generation Sector in DC’s

♦ In developing countries, capital rationing has a strong impact on


Electricity penetration



EPG technological mix under climate constraint

–

Hydro, Solar and Wind decrease and are only partially replaced by Biomass

–

Gas and Coal + CCS, Nuclear, continue to play a role;

♦ Global burden is significantly increased by rationing (loss of surplus by up to 30%, CO2 price by 50%) (Figure
2-11), and

♦ Cross impacts on other sectors are moderate.
2.2.5 The Role of Nuclear Energy in Long-Term Climate Scenarios24
There is a revival in the nuclear debate observed in the literature. Several analyses have shown that nuclear technologies
may represent very attractive options for greenhouse gas (GHG) emission reductions, especially in developing countries
with high growth projections for energy demand. This study analyzes the role of nuclear energy in long-term climate
scenarios using the global multi-regional TIMES Integrated Assessment Model (ETSAP-TIAM).

Figure 2-11: Global Loss of Surplus Relative to Base Case
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The (ETSAP-TIAM) database used for the analysis includes about 1,300 technologies used for energy production and
consumption This figure comprises of over 50 centralized and decentralized electricity power plants, including
conventional fossil fuel plants (conventional pulverized coal, integrated gas combined cycle (IGCC), combined cycle
gas turbine (CCGT), internal combustion, etc.), nuclear power plants, hydroelectricity, biomass and other renewable
power plants such as geothermal, solar, wind and tidal. Biomass includes energy derived from wood, crops, biogas and
waste. More specifically, the database includes five types of nuclear power plants, based on the following different
types of reactors:

♦ Light Water Reactor (LWR): This type of second-generation reactors, represents 90% of the reactors currently
in use worldwide (NEA, 2005). LWRs include Pressurized Water Reactors (PWR) and Boiling Water
Reactors (BWR). They were first developed in the USA, as well as in the FSU (OECD, 2001). This
technology has been available from the first period of the model (2000). Presently, nuclear power is produced
in all regions, except in the Middle East and Australia. After their useful time life, LWRs are replaced by more
advanced types of reactors.

♦ Advanced Light Water Reactor (A-LWR): This is the advanced version of the LWR characterized, amongst
other things, by lower investment and operational costs, a higher availability factor, longer lifetime, etc. This
category includes third generation reactors, available in this decade (Hamacher and Sheffield, 2004). This is
the most common technology available to replace the existing LWR in the short term. Indeed, A-LWRs
represent 80% of the reactors currently under construction (NEA, 2005).

♦ Pressurized Heavy Water Reactor (PHWR): This type of reactors, less common than LWR, represents 5% of
the reactors currently in use and 15% of the reactors under construction. It includes amongst others the
CANDU (Canada Deuterium Uranium) reactors, designed by Atomic Energy of Canada. At this time, they
have been built in five countries other than Canada: Argentina, China, India, Romania, and South Korea and
other reactors are under construction in India and Romania (EIA, 2006).

♦ High Temperature Gas-Cooled Reactor: The availability of these fourth generation reactors on the market is
planned for around 2030. Developed in the UK, there are presently projects in several countries using this type
of technology, such as the Pebble Bed Modular Reactor (PBMR) planned for construction in South Africa
(OECD, 2001). These reactors use helium as the coolant rather than water.

♦ Fusion power reactors (few reactors are being studied): Nuclear fusion is currently under development through
the ITER project (with a tokamak type reactor). The availability of this technology for commercial uses is
planned for 2050, according to the average estimate (Fiore, 2006; Hamacher and Sheffield, 2004).
While the first four types of reactors are based on nuclear fission, using uranium, the last type of reactors is based on
nuclear fusion, using tritium produced from lithium. The uranium reserves are modelled using a four-step supply curve,
while the lithium reserves are considered unlimited. Indeed, reserves of lithium will be available for a thousand years
(Fiore, 2006). The costs of fission and fusion technologies described above are based on the literature (NEA, 2005;
OECD, 2001). Costs of all power plants are regionalized.
The minimal level of nuclear production is fixed exogenously at the level obtained in the IPCC B2 marker scenario,
since decisions to invest in nuclear power plants in non- intervention scenarios (without a constraint on the global GHG
concentration), are based on various factors other than economics. As for the renewable energies, their potentials come
from the literature. The regional potentials for hydroelectricity in 2050 reflect the potentials technically exploitable as
given by the World Energy Council, and their values increase between the potentials technically and theoretically
exploitable in 2100.
The climate scenarios are obtained by imposing a constraint on the atmospheric global GHG concentration, to limit its
level at 450 ppmv and at 550 ppmv by 2100 (however, only CO2 emission results are discussed in this article).
In the base case, the GHG concentration reaches 584 ppmv in 2100. Consequently, the 550 ppmv scenario represents a
relatively modest constraint on the CO2 concentration level, compared to the 450 ppmv scenario, reflecting a less
stringent environmental constraint, but involving higher climate adaptation costs in addition to the technological costs
(only mitigation costs are included in this version of the model). In other words, any climate policy based on a higher
concentration means accepting to pay for higher adaptation costs and lower mitigation costs.
Large fuel substitutions occur in the electricity production sector. Figure 2-12 illustrates electricity production by
energy type in 2050 for the three scenarios (the fuels are presented in the same order in the graph as in the legend). The
total electricity production increases from 41 EJ in 2000 to 118 EJ (base and 550 ppmv) and 112 EJ (450 ppmv) in
2050. In the base case, the global electricity production is mainly satisfied by oil and gas plants (45%) and coal plants
(25%), while nuclear and renewable plants represent respectively 18% and 12%. In the 550 ppmv scenario, fuel
substitutions remain minor in 2050 and the proportion of nuclear remains at 18%. In the 450 ppmv scenario, larger
changes are already occurring in 2050, where nuclear energy increases to 22% of the total electricity production. At the
same time, one observes an important increase of renewable energy (mainly hydroelectricity), to the detriment of coal.
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Figure 2-12: Electricity Production by Energy Type in 2050

Electricity production by natural gas power plants remains important since competitive CO2 capture CCGT
technologies are replacing conventional CCGT.
In 2100, the total electricity production reaches respectively 252 EJ (base case), 249 EJ (550 ppmv) and 258 EJ (450
ppmv). Although fuel substitutions are occurring later in the 550 ppmv scenario (after in 2050) than in the 450 ppmv
scenario (already large in 2030), all scenarios suggest a major transition to nuclear energy in 2100, to respectively 50%,
51% and 68% of the total electricity production. Renewable sources benefit also from this situation with a relative
increase of 102% compared to the base case in the 450 ppmv scenario. On the other hand, fossil fuels experience a
significant decrease of about 50%. Although coal increases slightly after 2060, since clean coal technologies with
capture of CO2 are available at competitive costs, even if nuclear energy is dominant and renewables have more than
doubled.
In the base case, the size of the nuclear market represents about 127 EJ of electricity production in 2100. The market is
dominated by advanced LWRs (121 EJ in 2100), which gradually replace current LWRs, while PHWRs penetrate only
in regions where such projects are already planned: Canada, China, Central-South America, Eastern Europe, India and
South Korea.
Under the 450 ppmv scenario, the nuclear market size is particularly large in 2100, consisting in an annual production
of approximately 175 EJ of electricity, a 20-fold increase over 100 years. This means more than 6 000 GW of new
nuclear installed capacity by 2100, starting mainly from 2050 (Figure 2-13). Advanced LWRs will still dominate the
Figure 2-13: Evolution of the Nuclear Capacity under the 450 ppmv Scenario
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market, but their total capacity will not increase compared to the base case (4500 GW in 2100). This stagnation, in
absolute value, results in a significant decrease in their market share in 2100, i.e. from 95% to 69%. Even if nuclear
production from PHWRs doubles compared to the base case and if these reactors penetrate the markets in the regions
where projects are already planned, they would still be of only marginal importance on the global market in 2100, with
an 8% share.
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2.3 Studies with the Global MARKAL Modes of the Paul Scherrer Institute25
PSI contributed to all tasks of the EU Cascade-Mints (CM) project part II, using the Global MARKAL Model (GMM)
while the ECN publications (Uyterlinde et al., 2004, 2005, 2006a, 2006b, 2007a, 2007b) include a detailed reference to
the work accomplished.
GMM is a bottom-up, partial equilibrium energy-systems model developed at PSI that provides a relatively detailed
representation of energy supply technologies and a stylized representation of end-use devices. It addresses technology
dynamics in the energy system by indigenizing learning-by-doing for selected electric and synthetic fuel technologies.
Also, demands for energy are self-adjusted to increased marginal cost of energy services induced from the imposition of
policy constraints.
The GMM model is successfully implemented in different EU and Swiss projects studying policies aiming to help
advanced technologies to follow their learning curves and contribute to the breakthrough and diffusion in the market
place (Rafaj and Kypreos, 2007). The model has been extended to include other than CO2 greenhouse gases Rafaj et al.
(2006) and considers also an extended concept of endogenous learning with technological spill over (clusters), Barreto
and Kypreos (2006). These changes allow now to consider explicit constraints on GHGs concentrations and study
second best policy options in the carbon mitigation debate.
PSI plans to extend the model towards a more detailed regional representation where regions like China would be
explicitly considered. Also other potential extension would be NLP formulation of the two factor learning and with
neoclassical macroeconomic production functions together with a simple climate model to define climate forcing and
temperature change. With all the above enhancements realized, GMM will be transferred to a model that allows to
perform cost/benefit analyses becoming an integrate assessment tool. The comparative advantages of GMM would be
the explicit treatment of rich technological options, its links to macroeconomic driving forces for endogenous growth
and the endogenous consideration of technological change.
In the following some results are shown and general conclusions are formulated based on the analyses performed with
GMM.
Renewable technologies

Three levels of subsidies for renewables are introduced in GMM and a sensitivity analysis is performed assuming
learning-by-doing (LBD) for power generation systems and all renewable options including biomass and geothermal
energy. Also, a “cap-and- trade” policy constraint forcing the penetration of given market shares of renewable
electricity in the global level together with trade of green-certificates was imposed to compare findings and evaluate the
merits of market based instruments versus ad-hoc policies supporting renewables.
As summarized in Figure 2-14, different shares of renewable power generation can be achieved at different subsidy
levels, depending on the policy set-up. The subsidy scheme is provided equally to each renewable source (with an
exception for hydropower). But, in the case of a forced global share of renewable electricity (with the flexibility to trade
green-certificates across world regions), the model finds the global “supply curve” for electricity out of renewables. The
latter case is identifying a better optimum as it has the freedom to select the “best technological options” across the
world in meeting the goal.
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S. Kypreos and T. F. Schulz, Swiss contribution with the Global MARKAL-MACRO model to CASCADE MINTS, A Multi-Modelling Project if the EU.
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Figure 2-14: Marginal Cost of “Green Certificates” and the Subsidy Level are Shown in Bars while the
Corresponding Attained (or Imposed) Market Share of Renewables in Total Power Generation is
Given by Lines and in (%)*
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*The 35% “cap-and-trade” target by 2050 never goes above 5.5 cents per kWh at the end of the time horizon while it
is always below the price paid for the subsidy policy in the early years. Also estimating as scenario indicator the
average cost of subsidies (i.e., total payments for subsidies per extra cumulative renewable electricity production
induced by the subsidy), in relation to the same indicator for the “cap-and-trade” policy we get a better economic
efficiency by some factors for the latter.

Optimization under “cap -and- trade” scenario provides us with marginal cost of achieving given share targets, an
equivalent of the needed tax differential (i.e., needed to be imposed on the top to the electricity production cost) to meet
the penetration target. This tax then can be compared with the exogenous policy subsidy assumed in CM. Results of our
study indicate that 1) a 35% global cap-and-trade on renewables with trade of green-certificates is a more efficient
policy (but difficult to be accepted and introduced on the global level) and 2) the subsidy scheme that assumes a gradual
elimination of the supporting level of subsidies over time, in the long run might not be able to assure the continuous
growth in the renewables-share for some sensitive technologies like SPV, although in the case of LBD some growth is
obtained.
The key conclusion is that subsidies should be designed taking the regional resource-potential and technology specific
conditions into account and help to avoid lock-out of sensitive systems like solar PV or to avoid supporting of systems
that are already competitive, i.e., potential under- and over-subsidizing. A detailed description of this study is given in
the PhD Thesis of Peter Rafaj, (Rafaj, 2005).
More sophisticated policies than those reported herein are needed to design efficient subsidy measures, and should be
further investigated and identified. This could have been, for example, the recycling of a small charge on greencertificate transfers needed for a penetration target of renewables (or a carbon control target), in order to support
learning investments, and/or subsidies for renewable technologies. This kind of analyses will identify the needed level
of technology support as endogenous control variable for the renewable target that policy aims to be achieved,
(Kypreos, 2007).
Nuclear Technologies

The study on nuclear technologies has quantified different scenarios related to a “nuclear breakthrough” in combination
with carbon taxes. The main conclusion is that nuclear energy is an important component of the portfolio for carbon
mitigation strategies and the security of supplies and needs to be supported by policies in favour of cost and
performance improvements, as reflected in Figure 2-15.

43

Figure 2-15: Penetration of Fossil Fuels, Nuclear Energy and Renewables for Europe and the World
Investigated with MARKAL-EU (ECN) and GMM (PSI)

Source: Uyterlinde et al. (2006, a).

Needed technology improvements for a nuclear breakthrough include: introduction of inherent safe reactor systems;
standardization and modularity in plant construction; better utilisation of fissile materials in advanced fuel cycles;
reduction of the amount of nuclear wastes for final disposal; reduction of proliferation risk by adopting appropriate fuel
cycles. Most of these options are generation IV reactor designs.
All these options require a detailed technology assessment model based on a radical improvement of the present version
of GMM in order to represent specific nuclear fuel cycles and resource use and eventually a dedicated software
development for the representation of the generation IV reactor concepts defining costs and detailed nuclear fuel
balances and equilibrium cycles, prior to their introduction in GMM. The PSI contribution in assessing the role of
nuclear energy in post-Kyoto carbon mitigation regimes is also described in a peer review publication by Rafaj and
Kypreos, (2007).
Carbon Capture and Sequestration (CCS)

CCS scenarios analyzed include “CCS standards,” a carbon constraint without standards and a carbon constraint with
subsidies are presented in Figure 2-16 and compared with the results of MESSAGE.

Figure 2-16: Results of GMM (PSI) showing the Contribution of CCS
and Comparison with MESSAGE (IIASA)

Source: Uyterlinde et al. (2006, b).
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CCS standards for fossil-based power generation might be potentially a powerful policy instrument to reduce
substantially CO2 emissions but, technologies should first become matured, while a gradual adoption of such standards
is needed to reduce the associated cost penalty. This smooth penetration will be better obtained if supporting policies
are defined following market oriented principles instead of CCS standards. What is also required to improve the
analyses with GMM is the representation of regional supply potentials and costs for sequestration in geological sinks
together with an assessment of the leakage rate of CO2 into the atmosphere.
Enhance Technological Progress

The synthesis study on Energy Technology Progress (ETP) concluded as follows:

♦ Hydrogen production is mainly based on biomass and gas as a primary source of energy at low gas prices and
follows the regional resource availability. Hydrogen production based on biomass gets its maximum level
when high oil and gas prices together with an active climate policy take place and is mainly used to substitute
for oil in private transportation and less for decentralized power generation. More sophisticated modelling
work for the Hydrogen economy is done in Cascade-Mints, Part I.

♦ The combination of objectives related to climate policy and security of supplies, as obtained under the ETP
and Carbon policies, shows advantages. In that case, we realize not only a better response of consumers to
price changes but also a technology portfolio consisting of renewables, nuclear and coal with CCS systems
(while the captured CO2 is disposed to geological sinks) together with biomass farming for the production of
hydrogen to displace oil in the transport sector.

♦ Enhanced R&D should be always a function of the policy objective we are aiming for. Our analyses indicate
that an enhanced benefit for each € spent on R&D could be obtained if the targets of climate policy and the
security of supplies are simultaneously followed.
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2.4 System for the Analysis of Global Energy Markets (SAGE)26
Projections of world energy consumption and supply in IEO2007 were generated using EIA’s SAGE model. SAGE is
used to project energy use in detail at the end-use sector level. It is an integrated set of regional models that provide a
technology-rich basis for estimating regional energy consumption. For each region, reference case estimates of 42 enduse energy service demands (e.g., car, commercial truck, and heavy truck road travel; residential lighting; steam heat
requirements in the paper industry) are developed on the basis of economic and demographic projections. Projections of
energy consumption to meet the energy demands are estimated on the basis of each region’s existing energy use
patterns, the existing stock of energy-using equipment, and the characteristics of available new technologies, as well as
new sources of primary energy supply.
Period-by-period market simulations aim to provide each region’s energy services at minimum cost by simultaneously
making end-use equipment and primary energy supply decisions. For example, in SAGE, if there is an increase in
residential lighting energy service, either existing generation equipment must be used more intensively or new
equipment must be installed. The choice of generation equipment (type and fuel) incorporates analysis of both the
characteristics of alternative generation technologies and the economics of primary energy supply.
SAGE produces projections for 16 regions or countries of the world, including OECD North America as a whole and
the United States, Canada, and Mexico individually; OECD Europe; OECD Asia and the countries of Japan, South
Korea, and Australia/New Zealand individually; non-OECD Europe and Eurasia as a whole and Russia individually;
non-OECD Asia and China and India individually; and Central and South America as a whole and Brazil individually.
Projections of world oil prices over the projection horizon are provided to the IEO2007 from EIA’s AEO2007. All U.S.
projections are taken from AEO2007.
IEO2007 provides projections of total world marketed energy consumption, as well as projections of energy
consumption by primary energy type (liquids, natural gas, coal, nuclear, and hydroelectric and other renewable
resources) and projections of net electricity consumption. Projections of carbon dioxide emissions resulting from fossil
fuel use are also provided.
A new addition to this year’s report is the inclusion of world oil price scenarios. The World Energy Projections Plus
(WEPS+) model is an enhancement to the SAGE modelling system that was used to generate the high and low world oil
price cases that appear in IEO2007, as well as the high and low macroeconomic growth cases. WEPS+ is a
microeconomic model, used primarily to provide alternative energy projections under different assumptions about GDP
growth and fossil fuel prices. It serves as a repository for reference case output generated from complex models that
focus on specific supply or demand series. The reference case reflects output from those models and incorporates
analysts’ judgment on the potential for demand by end-use sector and fuel type on a regional basis. Carbon dioxide
emissions, electricity generation, and installed electricity generation capacity also are projected within the WEPS+
system.
After the reference case is established, WEPS+ is used to calculate coefficients for the response surface and save them
into a database. The reference case output tables reflect the same information that is embedded in the input tables.
Alternative cases reflect changes in assumptions about future economic growth (as measured in GDP) and prices. When
an alternative case is run, the model uses the previously calculated coefficients to produce new projections relative to
changes in GDP and energy prices and produces output tables that reflect the changes.
The projections for world liquids production in IEO2007 reflect an expanded assessment of world oil supply, using
assumptions about additions to proved reserves, the relationship between proved reserves and production, geopolitical
constraints, and prices to generate conventional crude oil production cases. Projections of conventional liquids
production for 2009 through 2015 are based on analysis of investment and development trends around the globe.
Projections of unconventional liquids production are based on exogenous analysis.
Nine major streams of liquids production are tracked on a volume basis: (1) crude oil and lease condensates, (2) natural
gas plant liquids, (3) refinery gains, (4) Canadian oil sands, (5) ultra-heavy oils, (6) coal-to-liquids, (7) gas-to-liquids,
(8) shale oils, and (9) biofuels (tracked on both a volume basis and an oil equivalent basis). Biofuels are reported in
terms of barrels of oil equivalent, unless otherwise stated.
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The SAGE global multi-regional model was built with MARKAL, in its myopic version that includes several other
special features. This version of the MARKAL model generator is fully documented at
(http://www.etsap.org/MRKLDOC-III_SAGE.pdf). A full description of the SAGE model is available in a two-volume
set. The first volume provides a general understanding of the model’s design, theoretical basis, necessary user-defined
assumptions, and output. It also lists the software necessary to develop and analyze the results of SAGE-based policy
and energy market scenarios. In addition, Volume I includes a Reference Guide, which explains each equation in detail.
The second volume serves as a User’s Guide for those actively developing SAGE-based scenario analyses. The
documentation is available on EIA’s web site in the model documentation section of “Current Publications”
(http://tonto.eia.doe.gov/reports/reports_kindD.asp?type=model%20documentation).

2.5 The Global TIMES Model of the European Fusion Development Agreement27
In its research effort to develop fusion as an energy source, the European Commission carries out a program of SocioEconomic Research in Fusion since 1997. In this framework the European Fusion Development Agreement (EFDA) has
developed a technology rich global multi-regional TIMES model for the evaluation of the market potential of fusion to
2100, an energy option that is seldom considered in existing long-term energy scenarios (e.g. IIASA-WEC, IPCC
SRES).
The model is coordinated by the EFDA Support Unit of Garching by Munich (Germany) with the support of the
Technical University of Graz (Austria). Several working groups of EURATOM associates cooperate to review, extend,
calibrate and improve of the EFDA-TIMES model:

♦ CIEMAT, Spain;
♦ ENEA, Italy;
♦ iSpace, Austrian Research Studios, Austria;
♦ Max Planck Institute for Plasma Physics (IPP), Germany;
♦ Politecnico di Torino (POLITO), Italy;
♦ Risoe National Laboratory, Denmark;
♦ UKAEA Culham, United Kingdom (ECN, AEAT as subcontractors);
♦ University of Technology Graz (TUG), Austria, and
♦ VTT-TEKES, Finland.
The groups carried out the following activities:

♦ Compilation of alternative economic growth assumptions and revised driver elasticities (ENEA);
♦ Improvements of data related to the electric technologies, non-GHG pollutants, and external costs (CIEMAT);
♦ Review and improvement of the upstream sectors (PoliTo);
♦ Methodology for assessing external versus mitigation costs of fusion in long-term energy scenarios
(CIEMAT);

♦ Implementation of a basic nuclear fuel cycle for Uranium (fission) and Lithium (fusion) (UKAEA);
♦ Review and improvements of the residential sector (IPP);
♦ Review and improvement of the industrial sector (Risoe), and
♦ Impacts of Endogenous Technological Learning (ETL) and development of other learning approaches, e.g.
ATL, Knowledge-Based-Learning (TUG).
The difficult task of working simultaneously on the same huge model without interference is managed by close
cooperation and ad hoc procedures (see Figure 2-17).
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www.cfn.ist.utl.pt/Wsefn/doc/presentation_3.ppt, 21 July 2007, Lisbon, Portugal. Contact: christian.eherer@efda.org.
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Figure 2-17: Management Structure of the EFDA-TIMES Global Multi-Regional Model
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3. Projects using Multi-Regional Models
3.1 The New Energy Externalities Development for Sustainability (EC-NEEDS) Project28
Introduction and Modelling approach

The ultimate objective of the NEEDS project is to evaluate the full costs and benefits (i.e. direct + external) of energy
policies and of future energy systems, both at the level of individual countries as well as for the enlarged EU as a whole.
It is structured in 8 Research Stream (RS), grouped in three main “blocks:” i) enhancements in energy externalities, ii)
development of long term strategies, and iii) input to policy making and dissemination. With regard to the development
of long term strategies, the research stream RS2a “Modelling Pan European Energy Scenarios” is aimed to the
generation of comprehensive models of the energy systems of the EU countries, linked by energy and emissions trades
into a multiregional Pan European model (PEM). These models are obtained using The Integrated MARKAL-EFOM
System (TIMES) models generator of IEA-ETSAP.
The geographical coverage includes 30 European countries (EU27 plus Iceland, Norway and Switzerland) for which the
national energy system modelling is carried out by several teams of experts, most of which are also members of ETSAP
and expert developers and users of the TIMES methodology.
The TIMES based models, developed in the NEEDS project, have a 50-year time horizon (2000-2050 by 5-year steps,
except for a first 1-year period and a second 2-year one) whereas it was agreed to using a 4% discount rate for costs
actualization to the base year. In the NEEDS/TIMES models, the following sectors and demand categories were
implemented in the Reference Energy Systems (RES):

♦ Transportation includes road and rail for passengers and freight, navigation and aviation. In road transport,
there are five demand categories for passenger travel (cars – short distance, cars -long distance, buses – urban,
buses - intercity, two and three-wheelers/off road), and one for freight (trucks). In rail transport, there are three
demand categories (passengers – light trains (metros), passengers - heavy trains and rail freight). The aviation
and navigation sectors are modelled using a single generic technology each and a single generic demand each
that reproduces the energy consumption.

♦ In Residential there are 11 end-uses (Space heating, Space Cooling, Water heating Cooking, Lighting,
Refrigeration, Cloth washing, Cloth drying, Dish Washing, Other electric, Other energy), and the first three
are differentiated by building categories (Single Family house – rural, Single Family house - urban, Multi
Family Apartment). Similarly, the RES structure of the Commercial and Tertiary sector has nine end-uses
(Space heating, Space Cooling, Water heating, Cooking, Refrigeration, Lighting, Public Lighting, Other
electric, Other Energy Uses), with the first three being differentiated by building categories (Small / Large).
Agriculture is modelled as a single generic technology with a mix of fuels as input and an aggregated useful
energy demand as output.

♦ Industry is divided into two different sets: energy intensive industries and other industries. For the energy
intensive industries, a process-oriented RES was adopted, whereas for other industries a standard structure
consisting in a mix of five main energy uses (Steam, Process heat, Machine drive, Electrochemical, Others
processes) was chosen. The energy intensive sectors were further separated into sub-sectors (steel production,
cement production, aluminium, etc). In order to start moving in the direction of LCA/I and ExternE, the
material demands for some sectors (as for example steel or limestone) were explicitly modelled.

♦ Electricity and Heat production: this sector regroups public power plants, auto production of electricity and
CHP. In the RES, three types of electricity (High voltage, Medium voltage, and Low voltage) and two
separated (not connected) grids for long distance (high temperature) and short distance (low temperature) heat
are distinguished.

♦ Supply: Each primary resource (Crude Oil, Natural Gas, Hard coal, Lignite) is modelled by a supply curve
with several cost steps. There are three categories of sources: located reserves (or producing pools), reserves
growth (or enhanced recovery), and new discovery. In addition, five types of biomass are modelled: wood
products, biogas, municipal waste, industrial waste-sludge, and bio fuels.
Energy carriers were chosen starting from those reported in the EUROSTAT energy balances and then aggregating
some of them to adapt the list to the modelling objectives of the project. Regarding materials, it was decided to
explicitly model only those whose production requires much more energy or which are important for the production
processes modelled (e.g. scrap steel). Other materials are implicitly modelled as part of the variable costs and their
related emissions are accounted for in the process emissions.
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The air emissions modelled are Carbon Dioxide (CO2), Carbon Monoxide (CO), Methane (CH4), Sulphur dioxide
(SO2), Nitrogen Oxides (NOx), Nitrous Oxide (NO), Particulate (PM 2.5 and PM 10), Volatile Organic Compounds
(VOC), Sulphur hexafluoride (SF6) and Fluorocarbons (CxFy).
An innovative aspect regards the integration of externalities in combination to LCA data in the Pan-European modelling
platform for analysing their long-term impacts on results, as described in the following.
The multi-region NEEDS TIMES Pan-European model

The integration of the NEEDS country energy models into the multi-region PEM is implemented by adding trading of
energy commodities: electricity (ELC), refined petroleum products (RPP), natural gas (NGA), Liquefied Natural Gas
(LNG), coal (COA), and solid biomass (SLB). Since endogenous trades of commodities among the countries is
permitted as well as constraints at the European level that “coordinate” policies across borders, the Pan-European
TIMES model is more than the sum of the national models.
As concerns the exogenous socio-economic assumptions adopted in this work, in brief, the construction of the reference
useful energy demand projections is based on the general equilibrium model GEM-E3 (EU22 countries) which produces
a consistent set of drivers (GDP and GDP per capita growth rates, Private consumption, Sectoral production growth)
needed for the different country models. Though not specifically a projection tool, GEM-E3 insures a global
consistency in the macroeconomic development of countries and sectors that is used to derive the demands for energy
services. The demand projections based on the GEM-E3 results are computed by A GAMS program that reports
specific assumptions on elasticities, sectoral energy intensities and base year calibration data. These demands are input
to TIMES for the construction of the reference scenario to which the policy scenarios are compared.
The NEEDS policy scenarios

Three policy scenarios are being analyzed at the Pan EU level, based on the following key issues:

♦ A Post-Kyoto climate policy scenario with a target for the EU compatible with the recent EU Communication
(2007)2 “Limiting Global Change to 2 C° - The way ahead for 2020 beyond” and with a 450 ppmv target. The
percentage of CO2 emissions reduction for Europe is being derived from the global target using the results of a
study carried out by IPTS and KUL for DGENV with POLES and GEM-E3 (which will be soon available).

♦ Enhancement of endogenous energy resources: it is aimed to reduce import dependence on oil and gas by
introducing constraints on imports as fraction of primary energy use. This will increase the use of renewables,
energy efficiency and conservation, biomass for bio-fuels and eventually hydrogen production advanced
nuclear for those countries they want to keep this option. For EU the importance of “Strategic partnerships”
for oil and gas imports will be identified and policy options for “Strategic reserves” proposed.

♦ Air Quality Policies. It will deal with the improvement of air quality by internalizing local externalities costs
by country (that are being provided by RS1b) and then find out what level of emission reduction that implies
and where the reduction will take place.
Moreover, two scenario variants are investigated:

♦ A crisis scenario under moderate economic growth and pessimistic technological change assumptions to check
for robust but conservative technological options.

♦ A case of improved environmental quality by endogenizing externalities related to local air pollution and
global externalities to assess synergies between these policies.
Integration issues

An innovative aspect of the NEEDS project is related to the integration of LCA data and externalities into the design
and the evaluation of energy and environmental policies with the TIMES model. The integration is carried out into the
Pan European Model and occurs at different levels (Figure 3-1). A first issue regarded data harmonization (concerning
individual technologies and/or individual emissions) and has resulted in the constitution of a common technology
database for the electricity generation sector that includes all techno-economic data as well as data concerning LCA and
externalities. Using the common technology database and the scenario information produced by RS2a, the TIMES PanEU model will be used to define the optimal technology and fuel pathways corresponding to each scenario (one
pathway per scenario) and providing the results of these simulations to the other Research Streams.
The TIMES model possesses the required features to represent the consumption (or release) of energy and materials
during the entire life cycle of each technology and fuel, as well as the atmospheric emissions produced at each stage
(construction, operation and dismantling). These data are provided by the NEEDS group RS1a “LCA of new energy
technologies” using Ecoinvent. In order to avoid double counting of energy and emissions, the energy and materials
produced or released at construction and dismantling time of a technology are replaced by the total integrated
“emissions” resulting from the production and use of these materials/energy forms (being the emissions related to the
operation phase already taken into account).
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Figure 3-1: Integration among Disciplines

Source: Rolf Frischknecht et al., 14th SETAC LCA Case Studies Symposium

In TIMES, external costs take into account the damages related to the main health and environmental effects due to the
release of substances emitted into the atmosphere from energy systems. Externalities are computed with regard to global
(CO2, CH4, N2O) and local pollutants (SO2, NOx, NMVOC, PM10 and PM2.5) by another stream of the NEEDS project
(RS1b “New and improved methods to estimate the external costs of energy conversion”), according to the ExternE
impact pathway approach. In operating terms, into the Pan-EU model the damage costs induced by each pollutant
emitted in each country are represented, in the form of a damage cost coefficient (e.g. the damage cost due to one ton of
SO2 emitted in France).
Scenario Comparison with the NEEDS TIMES Pan European Model

To date, two different scenarios have been analysed in the NEEDS project: the “Business As Usual” (BAU) scenario,
representing the reference for all other policy analysis scenarios, and, here exemplarily, a climate change mitigation
scenario (CO2). In the BAU scenario no climate policy is implemented in the member states of the European Union.
The scenario includes a minimum of energy generated from renewable energy carriers, depicting current renewable
schemes in the states of the EU-27. Contrary to the BAU scenario, the CO2 scenario reflects a strong climate policy in
the EU-27, aiming the stabilisation of the CO2 concentration in the atmosphere at 450 ppm (see communication of the
European Commission SEC (2007) 2). For the CO2 scenario this target means an EU-27 wide reduction of CO2
emissions by 70% in 2050 compared to 1990. The BAU scenario as well as the CO2 scenario, contains the decisions on
the nuclear phase out in the corresponding member states (e.g. Germany, Sweden, Spain, The Netherlands and
Belgium). Moreover, commissioning of new power plants in the model is unexceptionally allowed in countries, which
still have nuclear power plants in the base year (2000).
On the entire time horizon, the primary energy consumption in the BAU and in CO2 scenarios increases respectively
about 29% and 22%, as shown in Figure 3-2.
In the BAU scenario natural gas and oil are the predominant energy sources (accounting for about 50% of primary fuel
consumption) and their use increases respectively 33% and 5% on the full time horizon. Coal use (its share being about
14% in year 2000) represents still a main source in 2050 with a share of 21%, increasing 86% on overall. At the same
time, nuclear, whose share at primary energy consumption is about 15% in the year 2000, increases by 11%, with an
almost constant share (13%).
In the CO2 scenario, oil consumption decreases sharply (-39%) whereas natural gas consumption increases +49%. Coal
use is also increasing but its share in 2050 is slightly lower than in year 2000 (12%).
In agreement with the modelling assumptions, renewable use increases in both scenarios, more remarkably in the CO2
scenario (hydro, wind and photovoltaic are more than doubled and other renewable use rises from 1913 PJ in the base
year to 12838 PJ in 2050, representing the 14% of primary energy consumption in 2050).
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Figure 3-2: Total Primary Energy Consumption in the EU27 (2000 – 2050)
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Driven by the growing energy demand over the forthcoming decades, the total electricity production in the BAU
scenario in the EU-27 increases from 2843 TWh in 2000 to 4569 TWh in 2050 (Figure 3-3). The share of electricity
generated from fossil fuels grows by 7.9 % to 55.6 % at total generation, whereas coal and lignite dominate fossil
energy production. Electricity production from hard coal increases considerably by factor 2.5 to 1213 TWh in 2050.
The share of natural gas in the BAU scenario (16.3 % in the base year) remains nearly constant, although absolute
quantities almost double to 853 TWh in 2050. Electricity generated in nuclear power plants increases slightly by 100
TWh to 1011 TWh in 2050. In the BAU scenario the use of renewable energies develops according to national policy
schemes. Hereby wind power plants (onshore and especially in the second half of the model time offshore) as well as
biomass and biogas fuelled power plants gain more and more importance among renewable energy producers.
Figure 3-3: Electricity Production in the EU-27 (2000 – 2050)
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As Figure 3-3 depicts, the electricity generation structure in Europe changes considerably under the impact of a climate
change policy. The total generation increases in the CO2 scenario to 6177 TWh at the end of the time horizon.
Compared to the BAU scenario this means additional 1608 TWh annually in 2050. Under a climate policy a switch in
the demand sectors from the use of fossils to electricity can be observed, since the demand sectors only have limited
economical and technological possibilities for reducing CO2 emissions. The energy savings applied in the residential,
commercial and industrial sectors lead to a reduced electricity consumption in the middle periods of the model time.
Especially in the periods 2020 and 2030 the electricity production in the CO2 scenario falls below BAU production
level. But in the later periods the hard climate target with its emission reductions are realized in the energy production
sector. Here the CO2 scenario shows an increased use of natural gas in the power sector, contributing to 42 % (2592
TWh) at the total electricity production in 2050. Compared to the BAU scenario electricity from natural gas tripled in
the CO2 scenario. The opposite is the development of coal / lignite electricity generation, which declines drastically to
355 TWh in 2050. Under this climate constraint nearly no lignite is used after 2030. Nuclear power plants contribution
at electricity generation increases in the CO2 scenario compared to the BAU scenario and reaches a total production
volume of 1488 TWh in 2050. Furthermore, renewable energies share is expected to grow under climate condition to 28
% (1731 TWh) in 2050. Hydro energy potentials are almost depleted, meaning so significant energy quantities from
hydro. Main renewable energy comes from biomass (609 TWh) and wind (427 TWh) and to a minor share from solar
energy (59 TWh).
As stated before, the CO2 scenario shows towards the BAU scenario an increased electricity consumption of 1608 TWh
in 2050. This implicates additional 400 GW installed capacity in 2050 (Figure 3-4). The majority of the fossil generated
electricity is produced in power plants with carbon capture and storage (CCS) technology, of which 360 GW gas
combined cycle and 116 GW IGCC are installed in 2050. Among natural gas technologies a trend towards
commissioning of combined cycle units without CCS can be observed for less restrictive climate targets (here indicative
the middle periods of the CO2 scenario). Due to their high efficiency accompanied with low carbon emissions at a
moderate natural gas price (6.80 €/GJ in 2050) they fulfil the climate target cost efficiently. However under very hard
emission limitations only combined cycle units are not sufficient to reach the target. Concerning the assumed nuclear
phase out in the corresponding member states, CCS technologies gain competitive and represent a low carbon
production opportunity. Figure 6 also depicts significant capacity commissioned by renewable units. Since these power
plants are characterised by a lower annual availability, higher capacity is necessary to gain the corresponding output
quantities.
In the BAU scenario CO2 emissions increase by 34% from 2000 to 2050 (Figure 3-5). The highest increase could be
observed in Industry (+87%) and conversion and production (+31%). Residential, commercial and agriculture increase
by 12% in total and the CO2 emissions in transport by 5%. In 2050 industry and conversion represent the main
contributors to the CO2 emissions accounting each one for 32% of the estimated CO2 emissions whereas the
contribution of transport is about 20%.
Figure 3-4: Electricity Capacities by Technologies in the EU-27 (2000 – 2050)
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Figure 3-5: CO2 Emissions by Sector in the EU27 Pan European Model
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In the CO2 scenario, CO2 emissions from Industry decrease by 71%, Residential, Commercial and Agriculture by 70%
and Transport by 60%. The sectors which give the highest contribution in 2050 are Transport (31%) and Conversion
and Production (27%), followed by Residential, Commercial and Agriculture (22% on overall) and Industry (20%).

3.2 The Energy Policy and Systems Analysis Project (AusAID-EPSAP)29
The Energy Policy and Systems Analysis Project (EPSAP), sponsored by Australian Agency for International
Development (AusAID, the Australian government overseas aid organization) was concerned with capacity building in
energy analysis and policy formulation with particular emphasis on use of the MARKAL energy model. Its primary aim
was to:
“enhance the capacity of ASEAN energy policy makers and planners to assess the impacts and cost
effectiveness of alternative energy policy options that could assist countries to formulate policies and
programs to help meet the demand for energy at least cost.”
The project took place over the period February 2002 to August 2005 divided into three annual cycles. Specific
objectives were to:

♦ Provide training and assistance to build National teams into proficient MARKAL users;
♦ Establish MARKAL databases both nationally and for the ASEAN region;
♦ Have energy systems analysis accepted as a viable tool to assist policy making;
♦ Conduct National policy studies and produce reports each of the three years, and
♦ Conduct a Regional policy study and produce a report each of the three years.
Project Details

The project was managed by an Australian Managing Contractor, a consortium of two firms – SMEC International and
Intelligent Energy Systems
The project was provided with overall direction by a Project Coordinating Committee (PCC), which met bi-annually,
with one member from each participating country. AusAID also appointed an independent Technical Advisory Group to
monitor quality control of operations and policy studies. All policy reports were reviewed externally by ABARE
(Australian Bureau of Agricultural and Resource Economics).

29

Contact details: Intelligent Energy Systems. Contact person: Ken Stocks (kstocks@iesys.com.au) or check the web site
http://www.aseanenergy.org/projects/epsap/epsap.htm
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Another important component in the project structure was the appointment of Host Organizations to provide focal
points for policy studies and training. These roles were filled by Intelligent Energy Systems that acted as the Australian
Host Organization (AHO), and the ASEAN Centre for Energy (ACE) in Jakarta that acted as the Regional Host
Organization. The role of the AHO was to:

♦ Receive two analysts from each country for a period of two weeks each year and provide training and
preparation for the national policy study, and

♦ Maintain ongoing collaboration after project end.
ACE’s role was to:

♦ Co-ordinate the regional policy studies, and
♦ Accommodate two analysts from each country each year to participate in the regional policy study.
The countries participating in EPSAP were Indonesia, Malaysia, Philippines, Thailand and Vietnam. Three other
countries – Cambodia, Laos and Myanmar – were also able to participate for a limited time under a separate but closely
related project also financed by AusAID. Each participating country was required to:

♦ Provide National guidance by establishing a National Co-ordinating Committee (NCC);
♦ Nominate a member to the PCC exercising overall project control;
♦ Establish a National project team of analysts to develop the MARKAL database and perform policy studies,
and

♦ Send analysts to AHO and ACE for training and participation in policy studies.
A technical meeting was held each six months, usually in conjunction with PCC meetings, under the guidance of
AAMRUG (ASEAN Australian MARKAL Regional Users Group). The meetings involved the discussion of technical
issues and presentation of results of National policy studies.
The variety of policy studies undertaken can be gauged from the following list (Table 3-1), with topics chosen by the
country’s NCC.
Table 3-1: Variety of Policy Studies by Country
Country

First

Second

Third

Cambodia

National Energy Policy Analysis of Options

Indonesia

Gas utilization: national gas
pipelines, alternative fuel mix
for power plants and demand
sectors

The future demand for natural
gas in Indonesia

Future technologies for power
plants in particular to the use of
renewable energy and small scale
coal steam plant

Laos

Energy Security and Diversity

Malaysia

diversification: economic
environment impact of
alternative fuel mix targets

Cost and environmental impact
of renewable energy in
Malaysia

GHG mitigation options with
emphasis on energy efficiency &
renewable energy strategies

Myanmar

Energy Self-Sufficiency Options and Strategies

Philippines

Impact of natural gas market
expansion

Promoting renewable energy in
a restructured electricity market

Increasing renewable energy
utilization by full cost accounting of
electric supply

Thailand

Removing the subsidy on
LPG and implementing a
policy to increase the use of
LNG in transport

Fuel options for power
generation in Thailand

Renewable energy in Thailand

Vietnam

The strategy orientation for
electricity supply

Power plant development
strategies in compliance with
environmental and energy
security issues

Energy pricing and its implication
for energy efficiency and
environment

Regional

Trans-ASEAN energy network

ASEAN energy market
integration

Policies and strategies towards
energy trade and sustainable
development in ASEAN
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Regional Database

A Regional database was constructed by consolidating individual country databases into a single database plus the
addition of elements to accommodate interregional trade in pipeline gas and electricity. Later inter-ASEAN trade in
LNG was also included. The resulting database is rather large:

♦ 22 regions;
♦ 20 cross-border gas pipelines;
♦ 14 cross-border electricity links, and
♦ Approximately 40,000 variables; 37,000 equations; 270,000 non-zero coefficients.
The main issue was synchronizing time divisions to handle electricity trade. Because load curves in ASEAN tend to be
relatively flat throughout the year and the importance of wet and dry seasons for hydro generation, the year was divided
into wet/dry and peak/shoulder/off-peak time divisions.
Figures 3-6 and 3-7 illustrate the extent of cross-border links between the countries.
Regional Policy Studies

The regional policy studies have focused on energy trade and sustainable development in ASEAN. They follow on from
previous work by the TAGP (Trans-ASEAN Gas Pipeline) and AIMS (ASEAN Interconnection Master Plan Study)
groups. But these earlier studies analysed pipeline and transmission link strategies separately so the integrated
MARKAL studies add value by examining the total energy system. This is highlighted by the observation that the
separate TAGP and AIMS plans have inconsistent fuel strategies in the power sector.
MARKAL results indicate a saving of around US$4 billion for the EPSAP optimized plan compared to TAGP/AIMS
plans. In the latter, some proposed interconnections appear over-ambitious. This shows the necessity to consider the
integrated system – both gas and electricity – and the importance of optimized planning to extract maximum benefit
from cross-border investment in infrastructure and trade. Another important result was that improving power plant
performance and lifetime in the power sector to world’s best practice could potentially be worth on the order of US$9
billion.

Figure 3-6: Potential Electricity Transmission Links
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Figure 3-7: Major Gas Pipelines in MARKAL
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The EPSAP studies indicate that LNG is likely to play a major role in energy strategies for ASEAN for trade both
within ASEAN and with the outside world. Already two countries – Indonesia and Malaysia – are among the largest
exporters of LNG in the world. Notwithstanding the development of gas pipelines in ASEAN, LNG would allow
currently isolated gas fields to be exploited. Natural gas is used mainly for electricity generation in ASEAN but
opportunities exist to extend this to industry, transport and the commercial/residential sectors. MARKAL enables the
gas resources to be valued at their opportunity value and hence optimally utilized.
Sustainable development is of great concern in ASEAN and many of the countries have significant renewable resources,
particularly hydro and bagasse and other biomass fuels. These can be used in electricity generation or heat production as
well as in the production of biodiesel or ethanol for transport fuels. A number of the countries have examined the latter
as part of their national policy studies but have found subsidies of some kind would be required. However, these studies
were undertaken when the “conventional” wisdom was that oil would be around $30 per barrel so may now need
repeating with the upward pressure on oil prices.
Finally, the recently completed third policy study has clearly demonstrated the benefits of adopting a regional rather
than national approach if green house gas mitigation becomes a priority in ASEAN, either from International obligation
or by policy decision in ASEAN. As an illustration, to implement an annual 10% cut in emissions could cost around
US$3 billion less in discounted terms over 35 years if a regional rather than national approach were taken.
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3.3 Studies with the EU30 TIMES-Electricity and Gas supply model
3.3.1 Description of the Model TIMES-EG
The European Electricity and Gas Supply model TIMES-EG is a technically oriented model which illustrates in detail
the electricity supply industry of the member states of the EU-30 for the period from 2000 to 2030. Furthermore, CHP
plants are also considered within the model. The different basic conditions of the different regions are seized through
regionally differentiated parameters such as fuel prices, data for the potential of renewable energy sources and region
characteristic load curves for different customer groups (residential, commercial, energy-intensive and energy-extensive
industry, traffic). Not only the energy flows but also the energy-related greenhouse gas emissions are modelled. Thus,
the model allows to analyse the opportunities of an emission trading scheme.
When assuming a complete competition within the European electricity market the total costs for the entire investigated
region are to be minimised. Restricted by the technical parameters of the plants, the enterprises’ decisions are based on
economic factors. By coupling different regions an interregional competition structure arises. This leads to an electricity
exchange within the system whenever the difference of the marginal load costs of a certain load segment at a certain
time between regions is larger than the total costs for transmission and transmission losses. For the electricity market
reflected by the model, intra- and interregional competition relations result. The limiting factors for interregional
electricity exchange are the maximum interconnection capacities. Besides existing transfer capacities TIMES-EG
includes major planned electricity grid extensions between the European countries (see Figure 3-8). In addition to the
two analyses presented in the following, the TIMES-EG model has been used in various studies to assess future
challenges in the European electricity and gas sector, for example in the EU-EUSUSTEL project (/IER, ICCS 2007/).
3.3.2 The Role of Combined Heat and Power and District Heat in Europe30
Introduction

The future development of the European electricity market in the EU 30 is characterised by the process of liberalisation
and the goal of climate change protection. Several measures have been initiated on European or national levels to
combat climate change, e.g. emission trading, promotion of renewables or national quotas or targets for electricity
production from coupled heat and power plants (CHP). In the context of these measures a large number of power plants
in Europe have to be replaced within the next two decades. The chance of building new and additional CHP capacity
depends on the national situation and on potential in the local heat market. This might be influenced by insulation
requirements and the opportunity to build additional local and district heating systems, respectively.
Figure 3-8: Regional Coverage of TIMES EG
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Contact person: Dr.-Ing. Markus Blesl (mb@ier.uni-stuttgart.de).
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The objective of the DIRECTIVE ON PROMOTION OF COGENERATION BASED ON A USEFUL HEAT
DEMAND IN THE INTERNAL ENERGY MARKET (2004/8/EC) is to increase energy efficiency and improve
security of supply by creating a framework for promotion and development of high efficiency cogeneration of heat and
power (CHP) based on useful heat demand and primary energy savings in the internal energy market, taking into
account specific national circumstances, especially concerning climatic and economic conditions. In the short term the
intention of the Directive is to support existing CHP installations and create a level playing field in the market. The
Directive provides harmonisation of definitions of CHP, efficiencies, micro/small scale CHP etc. and it establishes a
framework in order to issue guarantees of origin for electricity coming from (or generated by) CHP.
On May 31, 2002 the European Union ratified the Kyoto protocol to the United Nations Framework Convention on
Climate Change (UNFCCC) as another step forward in coming into force. Within the first period of commitment
between 2008 and 2012 the European Union has to fulfil the obligation to reduce total emissions of greenhouse gases
(GHGs) by 8 % relative to the reference year (i.e. 1990). This obligation was allocated among the member states of the
European Union according to their respective capabilities in a burden sharing agreement.
The guideline of the European Union for emission certifications trading offers a novel approach for further emission
reductions. This guideline passed the European Parliament on a second reading on July 2, 2003 and planned on
introducing two trading steps for the periods of 2005 to 2007 and/or of 2008 to 2012. In this context, the European
Union has already begun trading emission allowances for greenhouse gases in 2005. In some countries (for example in
Austria and Germany) additional emission permit have been taken for CHP plants. Without any heat credits especially
CHP plants with a size greater than 20 MWel have disadvantages under an emission trading regime.
The promotion of renewable energy projects is an avowed target of national governments and the European Union.
With the EU Renewable Directive 2001/77/EC the National indicative targets of the gross electricity consumption from
renewable energy sources in the year 2010 are given. There are no distinctions between energy carrier and technology
in this Directive.
At the moment, the different directives’ influence on the future development of CHP is not clear. Therefore, the long
term development of the European electricity market and public heat supply is subject of a closer investigation with the
regionalised EU 30 Electricity and Gas Supply model TIMES-EG.
Scenario analysis of the European Public Power and heat Supply

In order to analyse the role of CHP and district heat (DH) within the European electricity market the reference scenario
is compared with two scenarios aiming for a reduction target and one scenario aiming for a renewable target.
In the reference scenario (REF) the assumption is that national policies will be continued in the future. These policies
include the promotion of CHP, renewable technologies or the decision about the national future of nuclear power. In the
reference scenario it is assumed that the national phase out agreements are valid and that other European countries
which still support the use of nuclear power today can also build up plants in the future.
In two CO2 reduction scenarios (RED_ELEC and FLEX) it is assumed that the Kyoto target is assigned to the electricity
and heat production sector in the same share as for the whole energy system. Beyond the Kyoto target, in the period
between 2010 and 2030, it is assumed that an additional 9 % of the CO2 emissions must be reduced for the whole EU25.
At the moment the emission trading system more or less has not foreseen the possibility of CO2 reduction by CHP
plants in the residential sector. To analyse this effect, in the scenario ELEC_RED the emission targets have to be met
without any contribution of the residential sector in contrast to scenario FLEX, where CO2-reductions based on CHP
plants in the residential sector are taken into account to fulfil the reduction target.
In case of the renewable sources scenario the national targets of the individual countries are translated in a common
EU25 target, in which a certain portion of the electricity production from renewable energies is reached (EU_RES) for
the entire EU. To make a projection until the year 2030 the renewable targets of the European Union is updated with the
same growth rate as between the year 1995 and the target value of the year 2010. In this case, the implicit assumption of
an open and well functioning market for green certificates is made, and the portion reached in each country is not a
default but a distinct result of the scenario calculation. For this scenario the policy assumption is that the total amount of
subsidies for renewable electricity generation (feed-in tariffs, investment contributions, and reduced interest rates) is at
the same level as in the reference scenario. The additional share of renewables will be achieved by a quota which
triggers a EU25 certificate system.
The results of this scenario analysis are shown in Figure 3-9. Based on the increasing electricity demand, electricity
generation grows by 26.8 % until the year 2010 or by approx. 56.8% until the year 2030 compared with the year 2000.
The electricity generation in the reference scenario is mainly based on coal (hard coal and lignite) with a share of 47 %
in the year 2030. In the case of CO2 emission targets the electricity generation by coal power plants decreases to around
31 % in the scenarios RED_ELEC and FLEX.
In the scenario with CO2 emission targets (RED_ELEC and FLEX) the role of electricity generation based on natural
gas will grow until the year 2030. The share of total net electricity generation in 2030 based on gas will then reach a
level of approximately 20 % compared to 10 % in the reference scenario (REF).
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Figure 3-9: Net Electricity Generation in the EU-25 by Energy Carriers and Cases
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With the portion of renewable energies at approximately 19.6 % in the year 2010, the EU-25 will miss its ambitious
target of 21 % without using special additional political measures in the reference scenario (REF). This target is still not
expected to be achieved in the reference scenario by the year 2020. Then portions of the potential will be economical
for electricity production from biomass, since at the same time the prices of fossil fuels will reach a relative peak.
The electricity production from renewable energy sources rises in the reference scenario (REF) from 17.3 % in the year
2000 to 22.6 % in 2030. Thus, the absolute contribution grows from 430 TWh to 848 TWh. Their portion increases as
expected with the default ratios for the contribution of renewable energy to electricity production (EU_RES). Thereby
the absolute portion of fossil and nuclear electricity production reduces in equal parts. On the European level the
development of renewable energy takes place substantially via the intensified electricity production from wind energy
and bio-energies (categorised as ‘others’). In the scenario EU_RES the uniform green certificate price in every period is
approximately on the level of 48 €/MWh.
The net generation capacity (see Figure 3-10) development follows the increased electricity production quantities. Since
the availabilities of the renewable energies (especially those of wind energy and photovoltaics) are smaller than those of
fossil electricity production techniques, a far higher installed capacity is necessary for equivalent power production.
This rise in capacity in the reference scenario (REF) is determined by the future development of the electricity demand.
In the scenarios with a target for renewable energies (EU_RES) 21 GW wind capacity are installed by 2030. The
installed capacity of photovoltaics amounts to 21.5 GW by 2030. Accordingly the total power station capacity installed
in the European Union is significantly higher in these scenarios. On the other hand, biomass from energy crops or forest
wood will be used in these countries and additionally in Finland, UK, Ireland, Greece, Germany, the Netherlands, Spain
and Sweden to fulfil the quote.
In particular the use of geothermal energy in Organic Rankine Cycle (ORC) power plants in Italy, Germany and
Belgium will increase until 2030 in the EU_RES scenario compared to the other scenarios.
The electricity generation of CHP plants in the EU25 increases by 14 % from about 316 TWh in the year 2000 to
365 TWh by the year 2010 in the reference scenario (see Figure 3-11). The extension of the electricity generation of
CHP plants is essentially supported by gas-fired and biomass based CHP plants. Additionally, existing public CHP
plants with an extraction condensing turbine are substituted by CHP plants with higher power-to-heat ratios. There is
also an extension of industrial CHP plants which are often used in cooperation of communal facilities. Until the year
2030 the electricity production by CHP plants in the reference scenario keeps approximately constant with the level of
the year 2010.
In the case of the CO2 reduction scenario the development of electricity by CHP plants turns out to be different. Based
on the lower specific emissions of natural gas compared to coal the electricity generation by gas increases.
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Figure 3-10: Installed Net Capacity in the EU-25 by Energy Carriers in Different Cases
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The renewable scenario (EU_RES) does not show any influence on the total amount of electricity generation by CHP
plants until the year 2030. The electricity generation based on biomass CHP plants is around 24 TWh higher in 2030 as
in the reference scenario. Based on the higher heat to power ratio from biomass CHP compared to gas and coal CHP,
the district heat generation is higher in scenarios with renewable targets than in the reference case.

Figure 3-11: Net CHP Electricity Generation in the EU-25 by Energy Carriers and Case
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In the reference scenario the district heat generation increases from approximately 2010 PJ in the year 2000 to 2270 PJ
in the year 2030. The extension of district heat happens independently of an increasing efficiency in the distribution and
operation system and the extension of energy saving measures in the residential sector. In the case of reduction targets
for public electricity and heat generation the increase in the year 2030 will be 250 PJ higher. An additional potential
(490 PJ) could be identified if the CO2-reduction was not only restricted to the public electricity generation sector and
the energy intensive industry but also to the residential and commercial sector (FLEX). According to the lower powerto-heat ratio of biomass power plants the district heat production in the CO2 reduction scenario and the renewable
scenario EU_RES is higher than in the reference scenario.
The development of DH generation in the different regions within the EU 25 during the past and in the future was and
will be different based on varying economic and social starting points (see Figure 3-12).
The declining development of district heat generation in Germany between the year 1990 and the year 2000 is primarily
according to the decreasing demand of district heat of the New Federal States. The reduction of heating demand of
existing buildings is particularly caused by refurbishment and urban development. This trend is enforced by the project
“urban reconstruction east” of the New Federal States in which the inventory of multi-family houses built between 1949
and 1990 is reduced by about 30 %. These buildings are especially supplied by district heat. Thus, the share of district
heat supplying households in the new Federal States will be reduced from 17 % today to 12 % until 2010. Again, an
additional potential could be identified if the CO2-reduction was not only restricted to the public electricity generation
sector and the energy intensive industry but also to the residential and commercial sector.
In the Scandinavian countries (Sweden, Finland and Denmark) during the last years the share of district heat in the heat
market has been increasing. Today, the contribution of district heat at the heat market in Sweden is 50 %. The situation
in Finland and Denmark is nearly similar. In the future the growth of district heat will be slower because the main parts
of the economic district heat areas are still connected.
The UK has the widest range of CHP plants operating from 1 kW residential micro-CHP units to the largest CHP plant
in Europe with an output of 740 MW (ConocoPhillips CHP plant). During the last 10 years the utilisation of CHP has
been remaining at 7% of total electricity supply. Today, the total capacity of CHP for district heat is lower than 100
MWel. The future increase of DH generation is represented by gas fired CHP plants and will be even higher under the
CO2 reduction scenarios than in the reference or renewable scenario.
The generation of DH in Austria has been increasing within the last years. The amount of installed capacity is mainly
represented by CHP with a size lower 20 MWel. In the future there still exists a potential of 7.5 GWel to extend and
build up new public district heating systems. Depending on the particular scenario a part of this potential will be based
on biomass CHP plants.
Figure 3-12: District Heat Generation in the EU-25 by Aggregated Regions
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The DH production has been decreasing significantly in several of the EU10 countries between 1990 and 2000 due to
the reduction of heat consumption both, in industrial and residential sectors. High district heating prices, energy savings
on the demand side especially in the residential sector, modernisation and refurbishment of the DH schemes are one
reason for this reduction of demand. A second important point is that a lot of dwellings’ heating was switched from
district heat to gas because of the cross-subsidies between large and small gas customers and the political interference in
tariffs. However, in relative terms the DH share in the residential market in the EU10 (2004) maintained its level of the
year 2000 which means that a certain stability was registered in these last four years in this segment.
Some particularities should also be mentioned: in the Czech Republic, one of the countries with the largest DH
production and share in the residential heat market, there is a tendency towards increasing the DH share in large urban
areas. In Slovakia the trend was similar to the Czech Republic. The increase compared to the Czech Republic was lower
because temporary cross-subsidies of gas simultaneously promoted the use of gas in the residential sector. In the future,
both countries have an additional district heat potential which will be partly used.
In Hungary, the decrease in the residential sector is to a certain extent compensated by an increase of DH supply to the
tertiary sector (services). In the future the prevention of subsidies for natural gas and the obstructions for households to
turn away from the DH system will lead to a growing share of CHP in Heat Production and hence, reverse the current
trend of declining DH. From the operational point of view, DH schemes in the EU10 countries were characterised by
considerable heat losses in the range of 12-20 % corresponding to high operational costs. It is assumed for the model
calculation that the improvements of the last years were successful and the losses and the operational costs are now
comparable with the average in the EU15.
The base value of the CO2 emissions for 1990 for the EU25 has been determined by means of model calculations and an
alignment with available statistics of the fuel inventory and amounts to 1335 Mt for the modelled range of the electricity
and district heating production. The regarding CO2 emissions from electricity and district heating production for the
reference scenario (REF) sum up to 1336 Mt in the year 2010. This is around 2.3 % higher than in the year 1990 (see
Figure 3-13). Therefore, the considered Kyoto reduction target for the year 2010 (-9.4 %) is not reached in the reference
scenario. In the scenario RED_ELEC and FLEX the Kyoto target and its continuation will be achieved automatically
due to the scenario’s boundary conditions. The marginal cost of CO2-reduction is expected to be in the range of 22
Euro/tCO2 in the year 2010, 30 Euro/tCO2 in the year 2030. These figures are comparable to the CO2 certificate prices
on the Leipzig European Energy Exchange (EEX) of today.
In the scenario EU_RES, the indicative targets for the electricity consumption from renewable energies in 2010 are
achieved and hence, the CO2 emissions in the EU-25 in the year 2010 are lower by approximately 65 Mio. t in
comparison to the reference scenario. The emissions stay in a range between 1300 and 1260 Mt until 2030 in the
renewable scenario. This leads to an increase of 80 to 115 Mio. t above the Kyoto target assigned to the electricity and
district heating production.
Figure 3-13: CO2-Emission from Electricity and Heat Generation in EU–15
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Conclusions

District heating generation offers an economic potential for extension in the future. Depending on the regions or
countries the development will be different because the starting point is of economical growth, national existing laws or
cross-subsidies for competitor’s energy carriers. In addition, it is necessary to take into account that the climate
conditions within Europe differ substantially.
Moreover, the additional co-generated electric power is produced tendentiously from natural gas and biomass. The
scenarios show that the power-to-heat ratio of CHP plants increases and that the share of district heat from CHP plants
gradually at the expense of heating plants.
A more thorough analysis of the arrangement of the EU system of emission trading certificates shows some crucial
deficits of the system which could counteract the aim to reduce greenhouse gas emissions at the most reasonable and
lowest costs. Essentially, these deficits are:

♦ The restriction of the certificate trading system to only facilities of the energy generation sector and of the
energy-intensive industry; hence, only the smaller part of the total CO2 emissions is covered by the emission
trading system.

♦ The restriction to the emissions for single facilities; for this reason the extension of the certificate trading
system to the multitude of small sources both in the sector of private households and in the sector of
commerce and transportation is excluded from the system a priori.
If all sectors were included efficiently, the whole system would be improved. DH systems have equal competitive
conditions in the heat and electricity market.
The target for a given national or EU25 quota of 33 % of renewable electricity generation in 2020 will only be reached
if it is possible to double the wind power generation and the use of biomass. In order to achieve this significant increase
the wind offshore technology will have to accomplish its technical maturity concerning the supply system and its
integration into the electrical grid. On the other hand, technologies for biomass and biogas power plants are already
established on the market but the utilisation of large amounts of biomass will require an advanced supply chain.
Finally, the scenario analyses have shown that the progression of district heat crucially depends on the costs of opening
up new district heating supply areas in the future. Only provided that the costs of the extension of supply areas and the
costs of starting losses reduce significantly, new district heating supply areas can be opened up economically.
3.3.3 Role of Technology Progress on Investment Decisions in the European Electricity Market31
Introduction

The future development of the European electricity market is characterised by the process of liberalisation and the goal
of climate change protection. Several measures have been initiated on European or national levels to combat climate
change, e.g. emission trading or promotion of renewables. In this context a large number of power plants in Europe
have to be replaced within the next two decades.
Scenario analysis of the European Public Power and Heat Supply

Scenario construction
The main focus of this scenario analysis is the assessment of the influence of technology progress. For this analysis the
technology progress is modelled with exogenous cost projections and increasing improvement of technical plant
parameters. The costs of electricity generation technologies are decreased by an additional 50 % compared to the
implemented cost reduction in the baseline scenario for each of the technologies of interest. For technologies which are
currently modelled with constant cost assumptions this procedure means no cost changes for future periods.
The impact of enhanced technological progress is analysed on the basis of various comparative scenarios. Besides the
single technology progress scenario (TP), a climate policy scenario (CV), a combination of both and two further carbon
capture and storage scenarios (CCS and CCS sub) have been constructed (see Table 3-2). In the case of climate policy
(CV) it is assumed that the price of CO2-certificates will rise from 10 €/tCO2 in the year 2010 linear to a level of 100
€/tCO2 in the year 2030.
In order to analyse the influence of carbon capture and storage (CCS) within the energy systems the two CCS focused
scenarios were calculated. In the scenario CCS standards all fossil based electricity generation technologies with a
capacity larger than 10 MW will have a CCS –technology included after 2015. In the scenario CCS subsidies,
additionally to the given CO2-constraint, the investment cost of the electricity generation units are subsidised by 35 % in
2015. The subsidy will be reduced linearly by 1 %-unit per year to achieve a subsidy level of 20 % in 2030.
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Table 3-2: List of Scenarios
Scenario name

Short name

Baseline

REF

Enhanced technological progress

TP

Climate policy

CV

Enhanced technological progress & Climate policy

TP-CV

CCS standards all fossil based electricity generation technologies with a capacity larger 10 MW

CCS

CCS subsidies, additionally to a given CO2-constraint (equal CCS emission level), the investment
cost of the electricity generation units are subsidised by 35 %

CCS sub.

In the baseline scenario, in the scenario with only climate policy and in both CCS scenarios the decision of nuclear
phase out in some European countries like Germany, the Netherlands and Sweden is assumed to take place. In
comparison to this in all technology progress scenarios the commissioning of new nuclear power plant capacities is
possible. Therefore it is assumed that one unit of a nuclear power plant per year (1.5 GW/a) and per country could be
built up.
Technical Progress leads to a decrease of the investment costs and the operation and maintenance costs and to technical
improvement of technologies. Especially for fossil electricity generation technologies efficiency improvement, the
speed up of load change velocity, the increase of availability and the shortening of the duration between cold start and
full net capacity are permanent development targets.
Efficiency increase of fossil and nuclear power plants is correlated to the increase of steam pressure and temperature
parameters. For achieving these improvements it is necessary to use innovative materials for the steam turbine and the
boiler. Efficiency improvements with steady specific investment costs can only be achieved if the cost reduction of
standard components is reduced or the cost for the innovative part of the power plant is similar to those of the replaced
part.
Biomass power plants or CHP are limited on a level up to 20 MWel per plant. Bioenergy plants differ from one to
another and have to be investigated individually. Due to this reason and based on higher environmental standards for the
future, no cost reduction for the total plant is assumed in the reference case.
TIMES-EG is focusing on the European electricity market. Meanwhile technology learning occurs on a worldwide level
and therefore it is included as an exogenous input for the scenario analysis, represented by technology specific cost
reduction paths. In the reference scenario cost reductions are only foreseen for the electricity generation from
geothermal, nuclear, PV and wind offshore and onshore (see Table 3-3).
Net electricity generation in the different scenarios
In the reference scenario (REF) the electricity generation based on hard coal increases from approx 700 TWh in the year
2000, to 850 TWh in the year 2010 and 1800 TWh in the year 2030 (see Figure 3-14). Thus the REF scenario represents
the most coal intensive generation mix. Except the two scenarios which include climate policy, electricity generation
from coal increases over the time horizon in all scenarios. The contribution of natural gas at European electricity
production reduces in the REF scenario to 9 % in 2030 (390 TWh). Despite the high price for oil, this energy carrier
will also be used in the future especially in some European countries like Italy. But the role of oil remains negligible
compared to other fossil fuels.
Table 3-3: Comparison of the Specific Investment Cost in the Baseline Scenario and the Scenario with
Technology Progress in [€/kW]

REF

TP

2010

2015

2020

2025

2030

Geothermal

5000

4300

3850

3400

3400

Nuclear

1550

1335

1335

1335

1335

PV

2950

2750

2625

2500

2250

Offshore wind

1650

1570

1555

1540

1455

Onshore wind

1000

980

975

970

960

Geothermal

5000

3600

2773

1999

1999

Nuclear

1550

1120

1120

1120

1120

PV

2950

2550

2309

2074

1617

Offshore wind

1650

1490

1461

1432

1268

Onshore wind

1000

960

950

940

921
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Figure 3-14: Net Electricity Generation in the EU-25 by Energy Carrier in Different Cases
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Mainly due to high CO2-prices the electricity generation in 2030 based on coal (hard coal and lignite) decreases from a
level of around 50% in the reference case to 16% in the scenario with technological progress and CO2-prices (TPCV).
In the CV scenario the role of electricity generation based on natural gas will grow rapidly until the year 2020 and
increases moderately afterwards. The share of natural gas within total net electricity generation in 2030 will reach a
level of approx 32 % in the CO2-prices scenario, and 9% in the REF scenario and the TP scenario.
The role of nuclear energy in electricity generation in the EU-30 depends on the revision of the nuclear phase out
decision of some member countries. The technical progress scenario shows significant energy quantities produced from
nuclear technologies, caused by the assumed investment cost reductions. Moreover, the combination of technological
progress and climate policies leads to the strongest market penetration of nuclear. In the reference scenarios less
investment decisions are made in favour of nuclear technologies.
Until 2030 in both CCS scenarios the role of electricity generation based on natural gas and nuclear energy will grow
stronger than in the reference case. In the CCS standard case the electricity generation from fossil fuel power plants will
be 470 TWh lower and in the CCS subsidy scenario respectively about 350 TWh lower than in the reference scenario.
In 2030 the electricity generation from renewable in the EU-25 will be approximately 380 TWh higher on the CCS
scenario, than in the reference case.
Starting in 2012 the electricity generation structure of the CCS scenarios differs compared to the reference scenario.
Due to the perfect foresight inside the model the availability of the CCS standard starting or the CO2 constraint after
2015 will already influence the building capacity decision in the year 2010. The development of renewable electricity
generation among the different scenarios is shown in Figure 3-15. In the technological progress scenario renewables
contribution to total electricity generation is only few above the reference values. In TP scenario increase of nuclear
determines further extension of renewable usage. Until 2030 the electricity generation based on biomass power plants32
will be higher in the scenarios with climate policy and CCS standards. Due to higher electricity generating cost from
coal, biomass electricity quantities of about 450 TWh are reached. The comparison of CCS scenario and CV scenario
shows that the assumed CO2 certificate policy leads to an increased medium term production from renewables, but in
the long term, the CCS standard leads to a slight higher electricity amount, esp. from wind 40 TWh).
Net electricity generation capacity in the different scenarios
The net generation capacity development follows the increase of electricity production quantities. In the reference case
the total installed capacity grows from 760 GW in the year 2000 to 950 GW in 2030 (see Figure 3-16). The capacity in
2030 in the REF scenario is characterised by almost 60 % conventional fossil power plants, out of which 45 % are hard
coal fuelled. Since the availabilities of renewable energies (especially those of PV and wind energy) are smaller than
those of fossil electricity production techniques, a larger amount of extensive installed capacity is necessary.
32

Biomass is included in the category “Others” together with waste
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Figure 3-15: Net Electricity Generation in the EU-25 by Renewable Source in Different Cases
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The differences of the total installed capacities among the scenarios are due to the various policy measures, which cause
different utilization of interregional electricity trade and pump storage facilities. In the scenarios with climate policy,
intensive investments are undertaken for gas technologies in the periods 2020 and 2030. This leads to a reduced
availability for existing coal technologies and contributes to higher total installed capacities for the climate policy
scenarios.
Figure 3-16: Installed Net Capacity in the EU-30 by Energy Carrier in Different Cases
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Figure 3-17: Commissioning of Net Capacity in the EU-25 by Energy Carrier in Different Cases
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Renewable capacities develop from 197 GW in 2000 to a minimum level of 270 in 2030 in the REF and TP scenarios
and up to maximum 386 GW in the CCS scenario. In the CCS case a major increase of renewable generation units is
covered by biomass power plants. They reach a maximum of 129 GW in 2030. Since biomass plants contribute to base
load electricity supply more than other renewable technologies, they replace conventional capacity in the CCS scenario.
Depending on the different scenario policies the commissioning of power plants varies significantly (depicted in Figure
3-17). The commissioning of power plants is determined by the replacements of old power plants and by the increase of
the electricity demand. Independently of the assumed policy the commissioning of nuclear power plants will increase
after 2010. This reflects the results of the liberalisation of the electricity market where capital intensive investments are
postponed. Based on the higher carbon values coal power plants with CCS technologies will be mainly installed in the
years 2020 and 2030 in the two CV scenarios. In the single CV scenario additional capacities of gas power plants
(combined cycle) will be installed until 2030 due to the low CO2-mightigation cost in comparison to other conventional
fossil power plants. New gas and coal CCS technologies are commissioned in both CCS scenarios, whereas the total
installed capacity of CCS plants remains below CV scenario level.
The comparison of newly installed net electricity generation capacities between the REF scenario and the CCS scenario
(see Figure 3-17) shows that depending on the CCS standard starting in 2015 35 GW of additional gas power plants will
be built up in the CCS scenario between 2010 and 2015. They remain unused until 2015. This will be cost efficient
because of the lower investment costs of gas plants and the avoided additional investment costs for the CCS technology
in power plants starting after 2015. This is a principal effect which happens in the case of policy measures which are
well-known before and with the possibility to circumvent them. This is one reason why the share of electricity
generation based on natural gas is higher in the CCS scenarios compared to the reference case. In terms of electricity
generation (as shown in Figure 3-14) until the year 2030 the installed new capacities of gas and nuclear power plants
will be higher than in the REF scenario.
Furthermore, these results demonstrate that subsidies of 35 % of the investment costs of CCS technologies are not
sufficient to promote CCS. In terms of technological progress, this means gas and coal CCS plants research and
development has to lead to more than 35 % reduction of investment costs or an increase of efficiency, which can
compensate the disadvantaging high share of discounted assets at electricity generating costs. A CO2 certificate scheme
with relatively high carbon prices will have more influence on the market penetration of CCS technologies than the
other regarded mechanisms.
CO2 emissions in the different scenarios
The CO2 emissions from electricity and district heating production for the REF scenario sum up to 1581 Mt in the year
2010, which is around 18% higher than in the year 1990 (see Figure 3-18). Therefore, the considered Kyoto reduction
target for the year 2010 (-9.4%) is not reached in the REF scenario. In the future the CO2 emissions from electricity
production will increase in the REF scenario up to 1890 Mt CO2. In the year 2010, for the case of technology progress
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Figure 3-18: CO2 Emissions of the Electricity Production in Different Cases
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the CO2 emissions are approx. 30 Mton CO2 lower than in the reference case, due to the increased use of nuclear. This
difference will increase to a maximum of 425 Mton CO2, whereas emissions of the TP scenario decline slightly until
2030.
The emissions in both CCS scenarios develop equally and drop to about 1140 Mton CO2 in 2030, representing 15 %
reduction compared to 1990. In case of climate policy as part of the scenario assumption the CO2 emissions will
decrease in the future. The lowest emission level of about 580 Mton CO2 will be achieved in the year 2030 in the
scenarios with the combination of technical progress and climate policy.
Based on the high CO2 price in all scenarios with climate policy (CV) CO2 capture and storage will be an option after
2020. In the scenario CV the total amount of stored CO2 will be 13 Mton in the EU-25 in the year 2020. It will increase
until 2030 to a level of 320 Mton CO2. In 2030 most of the CO2 will be stored in Poland, followed by Germany and the
UK.
In both CCS scenarios the total amount of CO2-emissions reduction will be approx. 750 Mton CO2 in the year 2030,
compared to the reference case (see Figure 3-19). In the CCS scenario only approximately 28 % of the CO2 reductions
are caused by CO2 sequestration. The other part of the CO2-reductions is based on the fuel shift and the change of the
structure of the electricity generation system.
In the scenario CCS the total amount of stored CO2 will be 41 Mton in the year 2020 in the EU-30. It will increase until
2030 to a level of 208 Mton CO2. In the year 2030 most of the CO2 will be stored in Poland (62 Mton CO2) and
Germany (56 Mton CO2) and the UK (28 Mton CO2).
Important CO2 storages in Europe are gas and oil fields and aquifers. As studies for several European countries state,
show gas fields the highest potential for northern and western European countries, with an approximate volume of 30
Gton CO2 /GESTCO 2004/. Thus the storage potential does not represent a limiting factor for investment in CCS
technologies in medium term.
Conclusion

A liberalised electricity market with the option of free choice regarding the electricity generation technologies is a basic
request for a cost efficient electricity market. If GHG reduction is a target of energy policy, renewable quotas, standards or
subsidies for CCS technologies are less cost efficient than absolute GHG reduction targets or CO2-certifcate prices. A
common European solution for the electricity market without a one-sided focusing on a single technology group appears
more favourably compared to national targets thanks to achieving similar CO2 emissions reductions with lower costs.
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Figure 3-19: CO2-Sequestration in the EU-25 by Country
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The role of nuclear power does not only depend on technology progress, but also on the acceptance and possibility of
investment. Until 2010 the nuclear phase out will not have a big influence on the CO2 emissions from the European
electricity generation. In case of a CO2 price development with a linear path from 10 €/tCO2 in the year 2010 to 100
€/tCO2 in 2030 combined with a nuclear phase out, the total amount of natural gas consumption in all sectors (including
the end use sectors) will increase by 80 % compared to 2000. This is 20 % point higher than in the scenario with the
steady use of nuclear.
In general technology progress has less influence on GHG-emission reduction in the future than policy measures. If no
substantial cost reduction of the technology for electricity production from renewable energies will be realised, it would
result into a significant increase of costs for the final consumers and/or the entire electricity production.
CCS technologies, mainly combined with coal fired power plants, only enter the market under the conditions of high
carbon value prices or if CCS standard or Subsidies for CCS will be given as a policy measure. Until 2030 the CO2storage capacity of all EU25 countries is not the limiting restriction for CCS.
Additional sensitivity analyses have shown that a combination between higher oil and gas prices and climate policy
promotes the share of bio energy plants and CHP within the total electricity generation. The effects of high oil and gas
prices do not automatically lead to a GHG-emission reduction, due to a shift to coal-based power generation. The share
of coal fired power plants already increases without additional policy measures.
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3.4 Europe - South East Asian Energy System Modelling and Policy Analysis (ESMOPO)
Project33
Chalmers University coordinated an EC-funded project in which MARKAL models covering Vietnam, Indonesia and
the Philippines were used as part of the so-called ESMOPO (Europe - South East Asian Energy System Modelling and
Policy Analysis) project. The aim of the project was to analyse possible consequences for the EU of different energy
system developments and policy strategies in South-east Asian countries.
33
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This project considers possible future energy solutions of the three ASEAN countries Indonesia, Philippines and
Vietnam. The countries are among the largest of the South-east Asian economies. Their current per capita energy
consumption is still very low compared to most industrialised countries. However, due to strong economic growth, their
energy demand potential and, in particular, the electricity demand potential is very high. For example, the electricity
demand in Vietnam has in last few years grown at the rate of 13-15% per annum and this strong increase is expected to
continue in future.
The countries are also in the process of rapidly developing their energy infrastructure. In spite of different conditions
and resource availability a common feature is the possibility for options which might enhance energy security and at the
same time contribute to improved environmental sustainability locally as well as globally. Selection of appropriate
technologies and resources are one of the key components of such development. Therefore, design of appropriate
policies and strategies to foster selection of appropriate technologies and resources becomes crucial.
Given the high capital intensity and long life of energy infrastructure, any less well chosen technology may result in
economic disadvantages and/or severe environmental impacts for years to come. There is a high risk of so-called lockin situations since so much capital is bound in energy infrastructures.
In this project, the possible role of appropriate technologies for improved energy security, economic development and
reduced environment impact is assessed. Using the MARKAL model, the project examines and quantifies the role of
clean and advanced energy technologies in efficient local resource exploitation. Consequences for energy security and
environmental conditions are also analysed.
The main focus is on renewable and advanced fossil technologies for power generation. The project aims at developing
country specific modelling frameworks in order to identify country appropriate technology choices and to quantify their
implications in terms of energy savings, fuel substitution, investments needed and pollutions avoided. The project also
looks to contribute to the development of the institutional and policy framework needed for enhanced use of advanced
energy technologies in the countries under consideration for techno-economic cooperation between EU and ASEAN
regions. Target groups include country-specific energy policy and decision-making institutions, ASEAN, ASEAN
energy industries, European Union, European energy industries and donor and lending organisations.
Methodology

Under the Australian AID sponsored ASEAN Energy Policy System Analysis Project (EPASP), MARKAL models
were developed for a number of ASEAN country’s energy systems, including all those involved in this project. These
existing models served as the starting point, without which this task could not have been accomplished. The existing
models were considerably upgraded according to the needs defined by the objectives of the present project.
The entire energy systems, comprising both supply and demand sides, of these countries have been modelled in the
MARKAL framework. However, common to all countries, the demand side is not very elaborate primarily due to the
shortage of reliable data, but also since this was not the focus of the present work. In contrast, the electricity system in
all countries has been modelled in greater details. The modelling framework is used for scenario analysis. As the first
step, a Business-as-Usual (BAU) Scenario is established that examines the consequences of continuation of the current
trends with respect to population, economy, technology and human behaviour. In the next section, a detailed description
of the BAU scenario is presented.
The development of a Technology Scenario is a central part of the project that expanded the technology options for
power generation in each country model. For the Technology Scenarios, a database was developed that includes
potential renewable and advanced fossil technologies for power generation that are currently available, or are likely to
be available, from European energy industries, within the time frame of analysis (2000-2030).
The Technology database together with a number of local conditions was introduced to the country models. Under the
Technology Scenarios, the model is used to examine the role of technologies (measured in terms of the incremental
quantitative effects relative to the BAU Scenario), of 1) efficient local resource exploitation 2) energy security issues,
and 3) environment impact.
Results obtained from each of the scenarios are compared with the BAU Scenario results in order to quantify the impact in
terms of fuel savings, fuel substitution, country-specific technology choices, energy supply costs, investment requirement,
and emissions. Detailed descriptions of the Technology Scenarios are presented in the report. The scenarios are also used
to identify the country specific best technology choices and their diffusion patterns in terms of penetration amount and
schedule to meet different policy goals such as energy security, environmental target. At the next step, barriers and
deficiencies for the diffusion of these technologies that currently exist in the energy sectors were identified. Institutional
and policy frameworks at local and regional level necessary for technology diffusion were discussed.
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3.5 Technology-Oriented Cooperation and Strategies in India and China (EC-TOCSIN)
Project34
This research aims at evaluating climate change mitigation options in China and India and the conditions for a strategic
cooperation on RD&D and technology transfer with EU. This project wants to identify and assess technology options that
might significantly reduce greenhouse gases (GHG) emissions in China and India in key sectors (i.e. power generation,
transport, agriculture, and heavy industry). It defines also the necessary institutional and organizational architecture that
would stimulate technological cooperation. The research emphasizes the strategic dimension of RD&D cooperation, and
the key role of creating incentives for the participation of developing countries (DCs) in post-2012 GHG emissions
reduction strategies and technological cooperation. Finally it will evaluate how the Clean Development Mechanism
(CDM) and international emission trading (IET) might improve the attractiveness of new energy technology options for
DCs, and thus contribute to stimulate RD&D cooperation and technology transfers toward China and India.
The research team is composed by:

♦ Ecole Polytechnique Fédérale de Lausanne, EPFL, Switzerland
♦ Tsinghua University, 3E Institute, UTSIN, China
♦ Hong Kong Baptist University, UKBU, China
♦ KANLO Consultants, France
♦ Indian Institute of Management, IIMVA, India
♦ Fondazione Eni Enrico Mattei, FEEM, Italy
♦ ORDECSYS/CORDEE, Switzerland
♦ University of Cambridge, UCAMB, UK
The Project is funded by the EC, 6th Framework Program, in the research line “scientific support to policy;” it started in
January 2007, with duration of 30 months.
The research is structured around the use of an ensemble of models that will be coupled together via advanced large
scale mathematical programming techniques:
1.

World and regional (i.e. China and India) MARKAL/TIMES bottom-up techno-economic models permitting a
global assessment of technology options in different regions of the world;

2.

a CGE multi-country and multi-region model of the world economy (GEMINI-E3) that includes a
representation of developing countries’ economies (i.e. China and India) permitting an assessment of welfare,
terms of trade and emissions trading effects;

3.

a multi-regional integrated model (WITCH) representing the effect on economic growth of technology
competition in a global climate change mitigation context;

4.

a game theoretic framework that will be implemented to analyze self-enforcing agreements (i.e. agreements
that the signatories stick to even in the absence of a higher authority able to deter non-compliance) regarding
abatement commitment and technological cooperation.

In this project, EU-China-India RD&D and technology cooperation options in post-2012 climate change negotiations
are analyzed by performing simulations of the evolution of the energy systems and the macro-economic effects of
mitigation policies in different parts of the world. This scenario analysis will be used to assess how RD&D and
technology cooperation, coupled with flexibility mechanisms (CDM and IET) might create incentives for participation
of large DCs like China and India in the next commitment periods. To obtain consistent scenarios, the simulations are
based on a detailed representation of the energy technology options, their relative costs, and their impacts on energy
services demand and on welfare change. In order to make sure that the simulations correspond to possible self-enforcing
agreements, they are driven by strategic decisions resulting in equilibrium solutions in non-cooperative games where
the payoffs are obtained from welfare gains.
Figure 3-20 summarizes this research program. It consists in implementing a link between bottom-up and macroeconomic (top-down) models and exploiting this insight in a dynamic integrated assessment model. Policy analysis are
conducted through the design of multi-level dynamic game models to study the burden sharing and RD&D incentives
issues in climate change policies for fast developing countries, in particular China and India.

34

Contact: Jean-Philippe Vial, jpvial@ordecsys.com.
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Figure 3-20: Schematic View of the TOCSIN Research Program

The coupling between models and the computation of equilibrium solutions will be achieved through the
implementation of an oracle based optimization tool (OBOT), an approach which has been recently tested for the
building of a direct dialogue between detailed models in a “community-based assessment” approach.

3.6 South East Europe Regional Energy Market Support (SEE REMS) Project – Regional
Energy Demand Planning (REDP): Analysis of Future Energy Demand Trends – A Clear
35
Case for Energy Efficiency
Context

The countries of South East Europe are developing regional approaches to energy cooperation. The Athens Treaty that
came into force in July 2006 encourages creating regional electricity and gas markets as steps towards integration into
the European Union’s (EU’s) Internal Energy Market. Countries in the region are in varying stages of transition to
competitive markets and accession to the European Union. There are several core issues that should be examined as
countries transition to liberalized energy markets while simultaneously addressing EU directives and fostering
development of globally competitive economies. These issues include: the relationship between economic growth and
energy demand, the potential for energy efficiency gains, the increased role for natural gas and renewables, and full
integration and harmonization of the regional electricity and natural gas systems.
For the Reference scenario, continuation of current trends in regional energy use shows aggregate energy use for the
region increasing by almost 60 percent [and electricity use rising by over 80 percent] over the next 27 years. Careful
planning and the institution of policies to foster more efficient and cost-effective energy technologies could temper this
growth, while providing significant environmental and economic benefits. The goal is to lay the foundation for fostering
a better understanding of the possible paths for the evolution of the national energy systems by building analytical
capacity within the region to inform energy planners and decision-makers and to use these tools to examine the costs
and benefits of more efficient alternatives to the current course of energy policy.

35

USAID Contract No. EPP-I-00-03-00006-00 Task Order No. 1, managed by the International Resources Group, Ltd.
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This report summarizes the results to date of the United States Agency for International Development (USAID)-supported
Regional Energy Demand Planning (REDP) activities under the South East Europe Regional Energy Market Support (SEE
REMS) Project (10/1/2004 – 9/30/2008). The original countries directly involved in implementing the planning activities
included Albania, Bulgaria, Bosnia and Herzegovina, Croatia, Macedonia, Romania, Serbia and Montenegro and the
United Nations Interim Mission in Kosovo (UNMIK pursuant to the UN SCR 1244). Under REDP, USAID sought to
complement the work begun under the Generation Investment Study (GIS) 36 of the World Bank by conducting a more
detailed analysis of the demand for energy and the competing factors and policies that will shape this demand.
Accomplishments

The SEE REMS project supported teams from the energy planning ministries of each country in developing National
Energy Planning Models using the MARKAL/TIMES framework37. These national models provide a framework for
exploring policy options and investment strategies, integrating supply-side and demand-side options to promote the
cost-effective evolution of the energy systems in each country, and in the region as a whole.
For each country model, the current energy system was depicted and calibrated using 2003 national energy balance data
to produce a baseline “snapshot” of the technology stock in place. Forecasts for economic growth were translated into
projected future demands for energy services (e.g., heating buildings, lighting houses, providing high-temperature heat
to industry) out to 2027. The technical and economic characterizations of existing and advanced energy supply and enduse technologies were incorporated into the models, and each of the country teams used its knowledge and expert
judgment to refine the models’ projection of a Reference (or continued current dynamics) scenario for each country.
This scenario then served as the comparison point for evaluating the benefits, costs, and technology investments that
would result from the implementation of possible future government policies, programs, environmental constraints, and
various resource supply options.
As part of this USAID project the regional capacity to perform national energy system modelling and analysis has been
created by mentoring the country teams through the process of model development and utilization. As this report
demonstrates, the teams now have the capacity to perform meaningful analyses with their models. This capacity is a
significant first step towards better informed national and regional policy making decisions based on more robust,
locally guided, analyses – the ultimate objective of the REDP. With this foundation, policy makers in the region can
now collaborate with the country model teams to perform ever changing analyses of various economic and policy
scenarios to evaluate the costs and benefits of a range of mechanisms and select the preferred set of actions to effect
desired outcomes. The potential benefits are enormous – in terms of more efficient investment, enhanced energy
security, increased environmental protection, and more targeted policies with fewer unanticipated impacts.
The analysis in this report focuses largely on potential benefits to be gained from efficiency improvements and
examines both supply-side solutions and introduction of programs and policies to encourage investments in demandside energy efficiency measures and thereby reduce necessary supply-side costs. The indicative policy analyses indicate
the resultant benefits in terms of energy security (less imports) and competitiveness (better energy intensity at
acceptable cost).
Analytical Results

This report presents the results of a few indicative policy scenario analyses performed using the newly built models and
provides insights into regional and national energy system dynamics by:

♦ Quantifying the energy supply needed to meet future energy demand;
♦ Comparing the investments (supply-side and end-use) and fuel expenditures required to implement alternate
policies relative to the Reference scenario;

♦ Identifying the impacts of those policies on technology choices and fuel mix in the different demand sectors; and
♦ Examining the changes in energy system costs, energy security and environmental impacts.
The analysis explores the potential role of policies aimed at encouraging greater energy efficiency throughout the region
using three alternatives to the Reference scenario representing progressively stronger implementation of energy
efficiency measures:

♦ Promoting Energy Efficiency (R90) – accelerated adoption of more energy efficient end-use devices
♦ Reducing Electricity Consumption (R90E) – a “mandated” 10% reduction in electricity consumption from the
Reference levels and
36 Development of Power Generation In the South East Europe Update of Generation Investment Study, , Volume 1: Summary Report, Final Report, prepared by
South East Europe Consultants Ltd. for The World Bank, January 9, 2007.
37

A widely applied full-sector energy systems modeling platform that can analyze energy, economic and environmental issues at the global, national and municipal
levels, over several decades; www.etsap.org.

74

Table 3-4. Benefits Arising from Increased Energy Efficiency
Improvement

Benefit Range (in 2027)

Total discounted energy system cost savings

1.5 - 2% (€3.78 - €6.06 billion) over the planning horizon

Change in undiscounted annual costs
Power plant investment

Decrease of .2 – 15% (5 - 455€ million)

Demand-side investment

Increase of 14 – 28% (1.59 – 3.16€ billion)

Fuel Expenditure

Decrease of 13 – 16% (€3.43/3.36/4.04 billion)

Annual energy savings

9 – 18% (417 – 793 PJ)

Annual electricity savings

6 – 11% (17 - 33GWh)

Reduction of imports

16 – 17% (309 – 343 PJ)

Decrease in energy intensity

9.4 – 18%

♦ Reducing Energy Intensity (R90P) – a cost-effective (relative to the Reference scenario) reduction in overall
energy system intensity achieved by limiting total energy use (supply and end-use).
The primary results of the analysis are summarized in Table 3-4, and Figures 3-21 and 3-22. Table 3-4 shows the range
of cost and energy savings provided by the three scenarios relative to the Reference scenario.
Figure 3-21 shows the decrease in regional energy intensity in 2027 achieved through implementation of the energy
efficiency policies described above compared to the Reference case. At the same time, the alternate scenarios lower the
total energy system cost (including investments in new capacity and demand devices, expenditure on fuel, transmission
and distribution infrastructure, etc., to the extent represented in the models) by almost 2% for the Promoting Energy
Efficiency scenario (R90) and by 1.2% for the Reducing Electricity Consumption (R90E) scenario. For the Reducing
Energy Intensity (R90P) scenario, the total energy system cost approximates that of the Reference scenario, indicating
the level of improvement that can be achieved at costs similar to those of the Reference scenario. Figure 3-22 shows
that the overall cost of implementing the energy system improvements represented in these alternate scenarios is
relatively small because the increased investments made in more efficient end-use technologies are offset by significant
reductions in fuel expenditures and modest reductions in the level of new investments in the power sector. Further
details of the assumptions, costs, and benefits of these scenarios are provided in subsequent sections of this report.
For more information on the SEE-REDP project or a copy of the full report contact Gary Goldstein of International
Resources Group (ggoldstein@irgltd.com).

Figure 3-21: Aggregate Reduction in Regional
Energy Intensity in 2027 Relative to the
Reference Case

Figure 3-22: Change in 2027 Annual Expenditures
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4. Summary of ETSAP Partner Activities
4.1 Belgium: Analysis of Post Kyoto Mitigation Options with MARKAL-TIMES38
In the context of post-Kyoto negotiations and the EU decision to reduce greenhouse gas emissions by 20 percent from
1990 levels by 2020, the Belgian version of MARKAL/TIMES has been used to evaluate the possible contribution of
Belgium to meeting the EU goal.
Two possible post-Kyoto scenarios were analyzed, with the less-stringent alternative achieving CO2 reductions of 11.3
percent by 2020 and 22.5 percent by 2050, and the more difficult reaching the EU goal of a 20 percent reduction in
emissions by 2020 and 52.5 percent by 2050. Variations on these scenarios included the possibility of purchasing
emissions offsets abroad, the availability of nuclear power, and options for carbon capture and storage.
Looking at the impact on total discounted welfare of achieving the targeted reductions under alternate futures, the
percent difference in welfare, or cost to the economy, ranges from 2.8-8.5%, as shown in Table 4-1.
Reductions in emissions were achieved through:

♦ Decreased demand for energy services;
♦ Shifts toward less carbon-intensive fuels, and
♦ increased role for more energy-efficient technologies.
The main technology contributors enabling these reductions are:

♦ Residential and Service sector


More efficient technologies



Heat pumps

♦ Industry


More efficient technologies

♦ Transport


Compressed natural gas, biofuels (until max potential in high reduction)



The response in the transport sector is only significant at the end of the horizon with the more stringent 52.5% constraint

♦ Electricity generation


Shift to gas, also with carbon storage



Wind energy (full potential in most stringent case)



Nuclear when available improved technologies deployed in the power sector and industry



Carbon capture and storage penetrates after 2020 and uses its full potential in the more stringent -52.5%
scenario

The marginal costs of CO2 abatement across the scenarios considered range from 49 to 101 €/ton in 2020 to 111 to 2471
€/ton in 2050.
Table 4-1: Loss of Welfare
Scenario

%DIF

%GDP 2000

Annualized %GDP 2000

CO2 Step 1 BE-2050

2.8%

15.5%

0.7%

CO2 Step 2 BE-2050

4.9%

28.1%

1.3%

CO2 Step 2 per buy BE-2050

4.1%

24.9%

1.1%

CO2 Step 2 with nuclear BE-2050

2.9%

17.1%

0.8%

CO2 Step 2 no storage BE-2050

8.5%

50.0%

2.2%

38

By Denise Van Regemorter, CES –KULeuven and Wouter Nijs, VITO, Vlaamse Instelling voor Technologisch Onderzoek, wouter.nijs@vito.be.
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Table 4-2: Marginal CO2 Abatement [€/ton]
Scenario

2010

2020

2030

2040

2050

CO2 Step 1 BE-2050

32

49

76

103

111

CO2 Step 2 BE-2050

31

68

122

157

329

CO2 Step 2 per buy BE-2050

31

51

104

139

197

CO2 Step 2 with nuclear BE-2050

31

60

116

167

313

CO2 Step 2 no storage BE-2050

34

101

296

771

2471

Analysis to date indicates that it is possible to achieve very stringent CO2 reductions, although at significant cost in the
more extreme cases. Availability of more efficient technologies is critical, and sensitivity analysis centred on the costs
of these technologies is warranted, especially where the costs of alternatives are competitive.

4.2 Finland: The Impact of the Emissions Trading on Energy Sector and Steel Industry39
The aim of this work was to examine, how the emissions trading system affects the Finnish energy and steel sector
companies and their competitiveness, when production volumes and the use of energy are increased in the open
markets. The effect of different price levels of emission allowances on the Nordic electricity market prices in 2006 and
2010 was examined with the Nordic electricity market model created at VTT. In the analysis, the demand of electricity,
the approximated increases in production capacities as well as the stochastic variations of electricity consumption and
hydro power production were taken into consideration. The TIMES energy systems model was used to study the effect
of different allowance price levels on the costs between different sectors during the 2003–2020 planning horizon.
Finally, the effect of emissions trading on Finnish energy and steel sector companies was investigated and the report
shows the calculation methods used in the confidential company level study.
With the assumptions used for the analysis the allowance price level of 5– 30 €/t CO2 increases the average price level
of electricity by 5–20 €/MWh. The results indicate that the correlation of the allowance price to the market price of
electricity is nearly linear. Dry hydrological year and inadequate new capacity may temporarily lead to very high
market prices of electricity. The real market prices may be even higher than the calculated ones, because the
prolongation of dry season may lead to overreaction and other consequences. With the model assumptions the
production capacity was high enough to cover the assumed electricity demand during most of the year. As a
consequence, the production capacity will not be considerably increased without increases in electricity prices.
However, the assumptions of the production capacities have the highest uncertainties of the calculated electricity prices.
It should be noted also, that the model does not take into account the price elasticity of electricity consumption.
The basis of the TIMES calculations was the allocation of CO2 emissions, which mostly follows the later published
national allocation plan for the years 2005–2007. The principles of the allocation for the Kyoto period were about the
same as for the first period, but because of the Kyoto target, the total amount of emission allowances was decreased
considerably. As a result, reducing greenhouse gas emissions to the Kyoto target level with emissions trading would
cause 150–380 M€ direct additional costs for the years 2008–2012 depending on the allowance price level and the
hydrological year.
The additional costs due to emissions trading are greatly affected by the allocation of the emission reduction targets
between emissions trading and non-trading sectors. Most of the costs caused by emission reductions are targeted to the
Kyoto period, which national allocation is not decided yet and therefore the annual costs have a remarkable uncertainty.
The changes in the costs would be divided quite evenly for the industrial sector and other end use sectors. Purchasing of
allowances will be changed to selling at the allowance price level of 15 €/t CO2 starting from separate electricity
production. Unlike electricity market model, TIMES model includes price elasticity of electricity consumption. The
average electricity market prices calculated with the electricity market model are input parameters for the TIMES
scenarios. Therefore the scenarios with high electricity prices have an additional uncertainty.
The results of the electricity market prices showed that there will not be remarkable changes in fuel consumption mix at
the allowance price level of 15–20/t CO2 and therefore the CO2 emissions will not be considerable changed in
electricity production. In the TIMES calculations, no single greenhouse gas reduction measure was emerged. The
emission reductions were gradual owing to fuel switching and energy saving, as well as due to increased amount of
combined heat and power and wind power in all the scenarios and through the whole planning period. In the scenario
with the allowance price of 30 €/t CO2, the changes in the energy system were more significant. Condensing natural gas
took on a dominant position during most of the year for the marginal production from the power system. It also seemed
profitable to build one condensing natural gas power plant in Finland before the year 2010.
39

Abstract of the VTT Research note “Päästökaupan merkitys energiasektorille ja terästeollisuudelle Suomessa [The impact of the emissions trading on energy sector
and steel industry in Finland], by Koljonen, Tiina; Kekkonen, Veikko; Lehtilä, Antti; Hongisto, Mikko; Savolainen, Ilkka. Espoo 2004. VTT Tiedotteita Research
Notes 2259, 86 p.
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Company level studies indicate that the variation in emission reduction potential between companies and plants is great.
Growing industrial branches, like Finnish steel industry, which will increase their production capacities, cannot keep
their emissions at the present level or lower them. The most crucial ways to lower CO2 emissions in the energy sector
are fuel changes in the direction of lower carbon intensity. Examples of these are replacements of the use of peat by
wood or coal by natural gas. Usually fuel replacement will raise the production costs.
The country specific emission commitments and global markets for energy or emission intensive products do not fit
well together. If product prices are formed in global framework, like in steel industry, the increased costs caused by
emission reduction measures may not be able to be transferred to the product prices. On the other hand, energy
producing companies are in complex situation, but can to some extent transfer the increased costs to the prices of their
products, however, also here the electricity markets are open between the Nordic countries, and this gives the overall
limit to the price rise of electricity.

4.3 France: MARKAL/TIMES CO2 Emission Reduction Scenarios40
Introduction

The Centre for Applied Mathematics of the “Ecole des Mines de Paris” compiled several scenarios following a bottomup approach for the technical economic modelling of the French energy system through the MARKAL/TIMES
methodology. These exercises allowed for evaluating CO2 emissions reductions in reference scenarios, as well as
alternative policy scenarios, over a planning horizon out till 2050. These scenarios have been used to evaluate the
assumptions made by the experts of the “Centre d’analyse stratégique” (CAS) on the following parameters:

♦ Macro-economic indicators: price of fossil energy resources, discount rate;
♦ Projections of the useful energy demand; and
♦ Alternative technology options for the medium-long term.
This first analysis has shown that, by restricting the choice to technologies that the group judged “tangible” in terms of
technical feasibility and economic affordability in France (i.e. excluding the hydrogen vector, CO2 capture and storage,
deep hot dry rocks, offshore wind) the CO2 emission could be halved in 2050 in the case of a policy scenario, where
measures to promote increased thermal insulation of buildings and modal shifts in transport are encouraged.
Reference scenarios

The five reference scenarios reflect a natural evolution along the present trends, mitigated only by laws and
commitments already taken (see Table 4-3). The useful energy demand assumptions changed across scenarios. In the
first exercise, the reference scenario permits unconstrained development of new nuclear plants and natural gas prices of
15$/MBtu in 2050. High oil & gas prices favour an increase of coal and a decrease of natural gas. The transport sector,
where the demand develops rather strongly, although international aviation is excluded, accounts for more than half of
the total CO2 emissions. The residential sector has rather low energy consumption due to strong thermal insulation
assumptions; and the demand for useful energy reduces strongly and the deployment of heat pumps allows further
efficiency gains. The consumption of electricity grows of 30% from 2000 to 2030 and reaches 82% of the residential
market in 2050. This is possible in this scenario because competitive nuclear electricity is unconstrained.
Table 4-3: Constraints Imposed to the MARKAL Simulation
Law of
13.07.2005

• EPR 2012
• RT 2005: insulation in new buildings, 15% improvement every 5 years
• Retrofit insulation in existing buildings evaluated at 190 TWh

PPI, 2015
objectives

Refurbishment of existing thermal power plants:
• Re-open 2.6 GW of fuel oil plants (after 2005), additional 5.2 GW (half for peak, half for mid-base
load) by 2015
• Effects of the directive “Main Combustion Installations (GIC):” 2005 coal plants are kept in service;
• Maintenance of CHP via purchase tariffs, central ATEE scenario

EU objectives

21% of green electricity by 2010 (not in the reference scenario)

“Plan Climate”

GHG Emissions in 2010 are stabilised to the 1990 level (564 MteCO2)

Renewables

Hydro 28 TWh; biofuels generation 1=4 Mtoe/a; biofuels generation 2=10Mtoe/a; heat from
biomass=10 Mtoe in 2005, 30 Mtoe in 2030, wind on-shore: 5.5 Mtoe by 2050.

40

This contribution summarises the Annex on Energy Scenarios of the Rapport du “Groupe Scénarios énergétiques, Commission «Energie», Centre d’analyse
stratégique,” September 2007. pg. 65-86. Contact: Nadia Maïzi [nadia.maizi@ensmp.fr].
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Table 4-4: Passenger Mobility Assumptions
Base

Reference Scenario

Policy Scenario

2002/2004

2025

2050

2025

2050

Road, short distance

463

565

597

530

560

Road, long distance

205

360

411

315

360

Collective, short distance

48

58

66

70

80

Collective, long distance

93

140

181

170

220

Pass*km 10^9

Aviation, domestic

14

20

20

16

16

Aviation, international

76

144

320

132

213

Table 4-5: Goods Mobility Assumptions
Base

Reference Scenario

2000

2005

2025

2050

2025

2050

Rail

57.7

40.7

59

71

76

136

Road

266.5

199.7

390

471

369

400

Water

7.3

7.9

11.2

13.6

15.7

20

Ton*km 10^9

Policy Scenario

Four other reference scenarios were compiled with different assumptions:

♦ The potential for thermal insulation in buildings has been reduced to 50% and 25% respectively;
♦ The demand for mobility has been reduced according to Tables 4-4 and 4-5; and
♦ Natural gas prices have been reduced, with the effect of making the use of CNG vehicles competitive towards
the end of the time horizon (electric vehicles are limited to short distances).
The first three exercises maintain the assumption of progressive tertiarization or delocalization in the industrial sector.
These values have been revised and increased in the last two exercises to reflect a different development assumption,
where some increase in the industrial sector is retained (see Figure 4-1).
In the reference scenarios, nuclear dominates the generation sector, although progressively constraint to 90GW and
65GW. Natural gas plants disappear giving way to coal. Except for hydro, renewable energy remain non-competitive
and is only used to the extent necessary to satisfy the EU directives. This is consistent with their low competitiveness,
their intermittence and the lack of emission CO2 limits.

Figure 4-1: Alternative Evolution of the Demand for Energy Services in Industry
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The next step in the analyses was to reduce CO2 emissions from the energy system (excluding international aviation) in
each scenario and see whether a fourfold reduction is achievable. It has been verified that this level of mitigation is not
achievable, no matter how the assumptions are combined, if the technologies such as : CO2 capture and sequestration,
deep hot dry rocks, off-shore wind, hydrogen vector (technologies labelled neither sure, nor probable, but possible,
according to the terminology of the group) are excluded. This approach gives a prudent vision of the future: only if one
or another of these technologies reaches an acceptable cost-effectiveness ratio, more CO2 emission reductions will be
achievable. Reaching a four fold reduction is only possible with severe consequences, such as stopping the production
of iron & steel, glass or ammonia. The unavailability of adequate technological options is reflected by the marginal
price of CO2, which goes over one thousand euros per ton.
Policy scenarios

Since the limited technological options allow for only a two-fold reduction of CO2 emission by 2050, a series of policy
scenarios were run changing the level of useful energy demand. Although the MARKAL/TIMES methodology allows
to endogenize the elasticity of demands to prices, the approach of changing the demand exogenously taking into
account more than price elasticities has been used. Experts have determined different projections of the useful energy
demand in the transport and civil sectors (called “voluntaristic” demand, used to calculate “voluntaristic” scenarios). In
spite of voluntaristic demands in the transport and civil sectors a four-fold reduction is not achievable. Only with the
introduction of supplementary technology options – CNG vehicles, hybrid and rechargeable electric vehicles, more
biofuels, unconstraint nuclear and heat pumps – can such reductions be achieved, but at very high costs, reflected in a
marginal value of CO2 emissions in the range 1500-3000 euros per ton CO2 from 2040 onwards.
The exercise then looked to understanding what reduction level is realistically achievable and under what conditions. A
two-fold seems achievable with a marginal cost not exceeding two-three hundred euros per ton CO2 with the following
assumptions:

♦ The electricity generation sector compensates a slight reduction of nuclear with wind farms and biomass
power plants;

♦ The transport sector halves its emission by increasing the use of biofuels and CNG vehicles;
♦ Civil sectors can reach a three-fold reduction ; and
♦ The industrial sector halves its emissions by substituting electricity for other fuels, mainly natural gas, in all
non-forced uses.

4.4 Germany: Investments in the German Electricity Generation Sector: Technology
Perspectives and Climate Protection41
Introduction

Regarding the investment needs of more than 70 GW until 2030 for replacing and adding electricity generation capacity
in Germany,42 energy policy has a strong impact on the structural-, economical- and environmental-related development
of the electricity generation system. Given the CO2 reduction targets, that have been adopted from the Kyoto protocol
and the further efforts that have to be made to realize a sustainable energy supply, various technological options are
available that have to be analyzed concerning their contribution to a secure, cost effective, and environmentally friendly
future energy and electricity-supply system, respectively.
As political measures strongly influence the investment decisions of energy companies, the policy has to take these
impacts into consideration. Therefore, environmentally oriented policies like the committed CO2-reduction targets lead
to diverse structural changes in the energy system if they are combined with different technology-related policy
measures like the promotion of renewable energy supply, the nuclear phase-out or the use of carbon capture and storage
technologies.
To quantify the technological and economical implications of different policy frameworks, energy system models can
be applied to simulate alternative scenarios to project the range of possible energy-system developments. Model-based
scenario analyses are therefore well-suited tools for projecting long-term investment decisions.
Model

The German bottom-up energy system model TIMES-D is based on the TIMES43 model generator, which follows a
partial equilibrium approach for representing, optimizing and analyzing energy systems on local, regional, national, or
41
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global scales. It is demand-driven and technology-oriented. GDP, population, heated-floor-space requirement per
person, freight-kilometre demand, etc., are the driving forces to determine the energy demand by sectors. Given a set of
technological options to meet supply demand along with assumptions on energy prices and resource availabilities, the
model optimizes the total system costs to meet the sectoral energy demand.
Demand sectors considered are industry, service/commercial, residential, and transport, which are further disaggregated.
The German model includes more than 380 end-use technologies encompassing several vintage classes divided into the
four above-mentioned demand sectors and represented by techno-economic parameters such as utilization factor, energy
efficiency, lifetime, capital costs, operating and maintaining costs, etc.
The supply side of the model covers energy-conversion processes including petroleum refining, coke production, heat
and electricity generation, etc. It includes over 120 conversion technologies for central electricity and district heating
based on fossil (coal, oil, gas), nuclear and renewable (hydro, wind, solar, biomass, geothermal) resources. The supplyside technologies are divided into different groups of technology generations, depending on the plant size and operation
time. New technologies that are available in the medium or long term for power generation include Integrated
Gasification Combined Cycle (IGCC), ultra super critical coal, IGCC with CO2 sequestration, fuel cells, etc. In
addition, assumptions on energy prices, resource availabilities and energy trade, etc., are major input parameters for the
model.44
Scenarios

The TIMES-D energy system model is used to analyze different scenarios regarding the perspectives of various
electricity-generation technologies given alternative policy measures for climate protection in Germany. Besides one
reference, four different policy scenarios have been analyzed.45 Table 4-6 gives an overview of the scenarios.
For the reference scenario an extrapolation of the present energy policy, including the agreement on a nuclear phase-out
has been implemented to analyze the development of the energy system under a business-as-usual scenario. Moreover,
no explicit GHG reduction target constraints the deployment of fossil fuels for energy service supply. As a
consequence, mainly lignite and hard coal with a minor share of natural gas dominate the electricity generation in
Germany in the year 2030, holding approximately 82 % of overall electricity production (cf. Figure 4-2). Due to the
strong use of fossil fuels, the energy-related CO2 emissions (830 million tones) are projected to be 61 % higher than the
CO2 limits within the four other scenarios. Regarding the use of renewable energy sources for electricity generation, the
increase of wind energy supply is ongoing, resulting in generation of 50 TWh in 2030. Compared to biomass (35 TWh)
and hydro energy (25 TWh), wind stays the most important renewable energy carrier after 2010. This strong increase in
wind and biomass-based electricity production is mainly driven by the policy induced promotion of renewables by the
Erneuerbaren Energien Gesetz (EEG)46.

Table 4-6: Description of Scenarios Analyzed
Scenario

Description

GHG reduction target

REF

Reference scenario

Extrapolation of present energy policy
Nuclear phase-out
No specific target for GHG reduction

PRE

Preference for
Renewable Energy
sources

2020: 20 % of electricity generation
2030: 30 % of electricity generation
Nuclear phase-out
No clean coal technologies allowed

2010: -21 %
2020: -35 %
2030: -50 %

CCT

Clean Coal Technologies

Clean coal technologies allowed
Nuclear phase-out
No promotion of renewables

2010: -21 %
2020: -35 %
2030: -50 %

ERL

Efficient Resource
utilization, Lifetime
extension

Nuclear lifetime extension to 60 years
Clean coal technologies allowed
No promotion of renewables

2010: -21 %
2020: -35 %
2030: -50 %

ERN

Efficient Resource
utilization, New nuclear
capacities

New nuclear capacity investment
Clean Coal Technologies allowed
No promotion of renewables

2010: -21 %
2020: -35 %
2030: -50 %
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The analyses are based on Voß (2006).

46

See EEG (2004).

82

Figure 4-2: Net Electricity Generation in Germany
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The dominant position of hard coal and lignite is also reflected by the capacity investments in the German electricity
supply system until 2030. The capacities of fossil-fuel-based power plants increase by approximately 48 GW between
2011 and 2020 and additionally by 24 GW between 2021 and 2030, followed by 17 GW of new wind converter
capacities until 2030 (cf. Figure 4-2). Given the subsidy-induced investment in new solar PV capacity of 9 GW until
2030, photovoltaics are projected to hold a low proportion of overall electricity generation (0.9 %) in Germany.
In the second scenario (PRE) the impact of a strong promotion of renewable energy sources for electricity production
has been analyzed. As the emissions of CO2 are constrained to 515 million tones in 2030, i.e. -50 % compared to 1990,
wind (65 TWh), biomass (53 TWh) and the import of renewable electricity (49 TWh) become the most important
sources for achieving the renewable targets (cf. Table 4-6) in Germany. Due to geographical and technical restrictions
in Germany, hydro-based production remains constant at approximately 25 TWh per year. Another interesting results of
the PRE scenario is the strong increase in natural-gas-based electricity generation, which increases to 290 TWh in 2030
and leads to 59 GW of newly installed power plant capacity between 2011 and 2030. This development can be
explained firstly by the shift of coal-based electricity production to natural-gas-based production to reach the CO2
targets and secondly by the need of more flexible generation capacities for providing reserve power due to the
stochastic nature of wind energy supply.
Figure 4-3: Net Capacity Investments in Germany
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Figure 4-4: Installed Generation Capacity in Germany
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As the use of clean coal technologies with carbon capture and storage is not allowed in the reference and the PRE
scenario the contribution of these technologies have been analyzed within the CCT scenario. One of the major results
that can be observed is the significant contribution of lignite and hard coal to overall electricity generation, which keeps
coal the most important energy carrier for electricity generation in Germany until 2030. Almost 76 % of the electricity
production is generated by power plants with carbon capture and storage technologies resulting in approximately
223 million tones of CO2 stored in 2030. Moreover, clean coal technologies are more cost effective to reduce CO2
emissions in the German electricity supply system than a further increase of renewable energy use.
Allowing for an optimization of the electricity supply system by making all technological options available without
restricting or preferring investment decisions to selected generation technologies, structural development of the German
generation portfolio is different from the REF, PRE, and CCT scenarios. Within the two scenarios ERL and ERN
efficient resource utilization including the possibility of lifetime extension (ERL) as well as new investments in nuclear
power plant capacity (ERN) is simulated. As all technological options are allowed to be invested in the energy system,
nuclear is projected to be the most cost effective option, first for electricity generation and second for CO2 mitigation in
Germany. Given the option to extend the lifetime for nuclear power plants from 40 years to 60 years at additional costs
of 110 €/kW per year in the ERL scenario it can be observed that nuclear generation capacities increase by 20 GW until
2030. Moreover, allowing for new investment in nuclear power plants in the ERN scenario, capacities increase by
59 GW, resulting in 78 % of overall electricity generation by nuclear. Beside the strong deployment of nuclear energy,
clean coal technologies contribute to CO2-emission reduction by 127 million tons (ERL) and 15 million tons (ERN)
stored in the year 2030, respectively.
Regarding the overall installed generation capacities it can be seen that the higher utilization rates of thermal generation
capacities like nuclear and lignite lead to lower overall capacity needs compared to the REF and PRE scenarios, which
are characterized by higher shares of fluctuating capacities and therefore more capacity requirements. Furthermore, the
ERN and ERL scenarios show higher overall electricity generation, mainly driven by a stronger use of electricity
devices for heat supply, e.g. heat pumps. This result is in line with the diverse development of average electricity
generation costs, which are lower in the ERL and ERN scenario compared to the REF, PRE, and CCT scenarios (cf.
Table 4-7). Due to the high average generation costs, especially in the PRE scenario, options for electricity savings
become more cost-effective, leading to the lowest overall electricity generation level in 2030.
In line with the differences in average electricity generation costs, the cumulative CO2-mitigation costs vary
significantly among the scenarios. Compared to the baseline, the PRE supply results in the highest CO2-reduction costs
of approximately 90 billion €2000 in 2030, whereas the option for investment in new nuclear generation capacities results
in cumulative cost savings of 142 billion €2000. This result is mainly driven by the nuclear phase out in the reference
scenario, which leads to an overall cost increase for electricity generation. Allowing for efficient resource utilization
including the options for clean coal technologies and the investment in new nuclear capacities in the ERL and ERN
scenarios, therefore allows reaching the CO2-reduction targets at negative costs compared to the business as usual
scenario as it is defined by present energy policies.
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Table 4-7: Scenario Description
Scenario

Cumulative CO2 mitigation costs until 2030
[billion €2000]

REF

Average electricity generation
costs in 2030 [€ct2000/kWh]
4.4

PRE

+24

5.5

CCT

+90

7.5

ERL

-73

4.3

ERN

-142

2.7

Conclusions

To realize a secure, cost-effective and environmentally friendly future energy system, policy has to make all possible
investment options available. The model-based scenario analyses have shown that the significant CO2-emission
reductions can be reached without taking a strong burden on the energy system. Mainly two technological options that
can contribute to a sustainable energy supply system have been identified. First it has to be made sure, that the political
framework for the deployment of clean coal technologies with carbon capture and storage for electricity generation will
be developed. Due to the technological development of this type of power plants, it is necessary to provide investment
security for the generating companies which plan to replace much of their existing capacities until 2030. Second it has
been shown, that especially nuclear-based electricity generation can contribute to the emission reduction targets at low
costs. As the analyses of possible lifetime extension of the existing nuclear power plants and the possibility for new
investments have shown, this technology can be a cost-effective option for emission reduction and electricity supply.
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4.5 Italy
4.5.1 The MARKAL-MACRO-Italy model for evaluating national energy environment policies47
The MARKAL-MACRO-Italy model

The MARKAL-MACRO model for Italy has been first developed in the early nineties to evaluate the GHG emission
reduction potential and costs. The model is continuously maintained and used at the National Agency for the
Environment and the Territory (Agenzia Per l’Ambiente e il Territorio, APAT) and the Agency for New Technologies,
Energy and Environment (Ente per le Nuove tecnologie, l’Energia e l’Ambiente, ENEA). It is frequently used by the
Ministries responsible of energy and environment in order to evaluate the potential and the impact of domestic /
European policies and measures. In particular, it has been used to prepare scenarios and evaluate mitigation policies of
the first and second national communication to the UNFCCC. In recent years it has been used to set up reference
scenarios for the National Conference on Energy and Environment, to assess effectiveness and impact of different
carbon tax schemes, and to verify the mitigation scenarios of the third national communication to UNFCCC, to prepare
scenarios to be used by the RAINS model at IIASA. Structure and data of the full model are summarized in [Contaldi,
Gracceva, 2004].
The MARKAL-Italy model is a partial equilibrium model; it represents the domestic energy system and the emissions
of CO2, NOx, SO2 and VOC from 2004 to 2048 by 4 years periods. It represents over 70 independent demands for
energy services in five main sectors – agriculture, industry, transport, commercial and household – split by sub-sector,
type of service and material. The industrial sector is split in the following sub-sectors: iron and steel, non ferrous, bricks
47
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and tiles, chemical, paper, mechanical, textile, building, and others. The demand for space heating is expressed in
square meters of new or existing households, single or multi-family, central or small boilers, at different level of
insulation.
The transport of goods and passengers is modelled in detail. All main transport modes are included: road, railway, air
and water. With regard to road, the modelling of the Italian car fleet (petrol, diesel, liquid petroleum gas, and
compressed natural gas), 2–wheelers, heavy vehicles and busses is included. The analysis also considers such variables
as passengers-km, tons-km, mileage, occupancy rates and unit consumption (litres/km, which is the energy intensity
equivalent for transport).
Demand and supply curves of each commodity are specified stepwise by the set of technologies, a total of over one
thousand. Import and export options are include in most energy commodities. Emissions of CO2 are directly accounted
for using IPCC “reference approach” methodology and national emission factors.
Light, medium and heavy crudes, as well as heavy fuel oils, are represented separately in the model. Oil products are
produced by a set of oil refinery processes, with costs and efficiencies dependent on the type of crude: topping, vacuum,
hydrocracking, reforming, visbreaking, catalytic crackers, desulphurisation and others. The oil products supplied to the
consumers must satisfy base properties such as density, viscosity, sulphur content, Research Octane Number, etc.
Natural gas is modelled separating for domestic, import via pipelines and LNG options.
In the utility sector, all fossil fuels power plant types in operation in 2000 are represented, including diesel engines. In
the following periods, when existing power plants gradually go out of service, the growing demand is met by new
instances of the main existing technologies or more efficient combined cycles, integrated coal gasification, fluid bed
cycles, fuel cells, CHP plants or renewable power plants (geothermal, wind, PV, hydro run of the river, mini hydro,
solid waste, biogas and biomass). CO2 sequestration is modelled, but not available before 2020.
The MARKAL-MACRO Italy energy-economy general equilibrium model has also been implemented. The integrated
model, widely used in several countries to draw up energy scenarios, gave insights about the relationship between
economic growth and use of energy.
The 20-20-20 study

Recently the model has been used to identify the potential contribution of different technological options to reach the
EU 20-20-20 targets and impact for Italy of different implementation measures. The study group has prepared four
scenarios:

♦ Reference includes the present legislation;
♦ Reference Plus adds to the Reference the measures approved in 2006 to increase energy efficiency;
♦ Intervention EEAP/RES (Energy Efficiency Action Plan / Renewable Energy Sources) includes a strong
increase of energy efficiency improvement measures (see ENEA-CESI, 2008) and the extension of the green
electricity purchase obligation to reach 7% in 2020 (similar to the scenario ACT as defined in ETP2008), and

♦ Target – 20 adds to the 20-20-20 policies and measures that promote the adoption of technological options
with an equivalent cost of 75 euro/tonCO2 and control policies that increase energy efficiency; this scenario
simulates a reduction of total energy consumption of 20% in 2020, as proposed by the European Council in
March 2007 (similar to the scenario BLUE as defined in ETP2008).
According to this study, the Reference scenario shows that the trend in Italy is far from the EU objectives:

♦ The total primary energy consumption in 2020 reaches 220 Mtoe, with 1.1%pa growth in the period 20102020, slightly lower than the statistical values of the period 1990-2000 (1,2%pa) and of the estimated values of
the period 2000-2010 (1,3%pa);

♦ The demand continues to be satisfied mainly by fossil fuels with an energy dependence of 94% for oil;
♦ Natural gas becomes the most important fossil source, mainly due to the sharp increase in gas use in the utility
sector;

♦ Consumption of oil products is concentrated in the transport sector and is negligibly affected by high prices;
♦ The demand for energy services of the civil sectors, mainly the tertiary, grow faster than in the other sectors
and becomes the most important; the demand for energy in the transport sector grows slightly less;

♦ The consumption of electricity is projected to grow from 352 TWh in 2005 to 480 TWh in 2020 maintaining
the most recent trends, and

♦ CO2 emissions keep growing, even if at a slower pace with respect to the recent past, to reach in 2020 a level
22% higher than in 1990.
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Figure 4-5: Primary Energy Intensity in Italy and OECD Average
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However the Reference scenario shows moderate growth, if its energy intensity projection is compared with the trends
of the last 15 years (see Figure 4-5). The total primary energy consumption in 2020 would be much higher (233 Mtoe
instead of 220 Mtoe) if the projections would maintain the energy intensity constant at the 2005 values (see Figure 4-6).
As illustrated by Figure 4-6, the energy efficiency support policies enforced in 2006-2007 would reduce consumption
by about 5.3 Mtoe in 2020 (Reference Plus scenario). The extension of these measures proposed by the ENEA-CESI
study, which are embodied in the EEAP/RES scenario, brings an overall reduction of 31 Mtoe (14.3% lower than the
reference scenario). The EC objective is approached (-19% in 2020, 40 Mtoe less) by adding the measures envisaged by
the “Target-20” scenario. If compared with a projection that maintains the energy intensity constant, the “Target-20”
scenario reaches a 23.8% reduction in 2020.
Figure 4-6: Total Primary Energy Supply by Scenario
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Figure 4-7: Long Term CO2 Emissions from the Energy System
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Measures that improve the energy efficiency and promote the development of renewable sources have several positive
effects including: reducing the energy dependence enhancing energy security, developing the economically and
competitiveness important sectors, and reducing GHG emissions. In the EEAP/RES (or ACT) scenario emission in
2020 are about 100 MtCO2 lower than in the Reference case. In the “Target-20” scenario the reduction reaches 140
MtCO2, which is 26% lower than in the Reference case, 7% lower than in 1990, 18% lower than in 2005. Although the
estimated cost of the “Target-20” could be much higher than estimated by the EC, the result is still far from the EU
request of reducing the 1990 emissions by 20% in 2020.
Other research activity

The group of energy analysts and modellers is growing in order to continue and improve the contributions along the
research lines mentioned here.

♦ The MARKAL-MACRO-Italy model is continuously maintained, operated and progressively improved by
collecting new data and improving their consistency. The model is used to conduct methodological studies,
explore relevant policy issues and extending its modelling scope. In 2006-2007 the group carried out an
analysis on possible deployment scenarios of hydrogen in Italy, by adding to the base model the main chains
of hydrogen production, transport and consumption.

♦ In 2005 the endogenous technological progress has been included in the model. The MARKAL-ETL Italy
model has been used to evaluate the development of different technological options in the Italian energy
system.

♦ In 2005 a study has examined the issue of the economic impact of high energy costs on the Italian energy
system by using a comparative analysis of the results of a general (MARKAL-MACRO) and a partial
(MARKAL-ED) equilibrium version of the MARKAL-Italy model.

♦ More recently the group started to develop a new TIMES Italy model, compatible with other EU and global
models, in order to improve the analysis capabilities of the group.
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4.5.2 The Italian Electricity Sector: A Regional and Multi-Grid TIMES Model48
In the framework of a national research program promoted by the Italian government, a TIMES regional model has
been developed, from a research group composed by Politecnico di Torino, AIEE (Italian Association of Energy
Economists), Politecnico di Milano and coordinated by CESI RICERCA (Italian Electrotechnical Research Centre), for
evaluating long term scenarios (30 years) for the Italian electric system, with the aim to focus on the relevant drivers
(economic development, technology advances, primary sources, environmental impact) and to support the decision
making process of the Public Authorities and other stakeholders of the electric system.
The increasing sensitivity about the strategic role of energy system and the relevance of its impact on the environment,
drive national energy policies to consider as a priority not only energy security of supply, but also to support the
development of a sustainable energy system. The mission to find a useful compromise among environmental, economic
and social instances can be considered more than a challenge for energy policies.
The description of the system is very detailed: 5 sectors, 32 energy services and 150 end-use technologies in the
demand side and about 450 power plant units in the supply side; 20 Regions, 5 electricity commodities spread over 4
types of grid for transport, transformation and distribution. Inter-regional exchange technologies are described with
costs, installed capacity and efficiency of transportation.
The paper presents a selection of results concerning scenarios with different role of electricity import, renewable
sources, emission permit developments and “end-uses technologies.”
The model for the Italian electricity sector

The multi-regional MATISSE model uses the “bottom-up” approach TIMES, with a time horizon 2004 – 2030, with 5
annual periods and 6 four-year periods for the time period length and with 8 time slices (4 seasons, and day-night) and
an high “space dimension” description: the supply and demand sides for the electrical sub-system are integrated and
described for each of the 20 Italian regions.
The electrical supply side, generation power plants, is described in great detail. The electrical grids are described in a
more synthetic but innovative way, with 4 different tension levels. This allows identification of the load geographically
to allow study of the evolution of the electrical network.
The regionalization of the supply side, beyond allowing the study of the impact of the power plants close to the final
demand, allows also the study of the interregional electricity exchange among the 20 Italian regions.
In the existing framework the MATISSE model previews only the electrical commodity. In this way the final energy
uses are considered only for the fraction satisfied from electrical energy, and so the competition between different fuels
is considered only in an indirect way. This fraction is exogenously fixed for each demand segment. The results are the
electricity consumption for each of the regions, and for the demand side, the technology mix of electric power plants
generation (“centralised” and “distributed”) for the supply side in terms of capacity and typology, and the preliminary
development of the electrical networks for transport and distribution between the regions.
Demand side

The demand forecast for goods and services are part of the MATISSE input based on a modelling of the end uses
subdivided in five areas: industrial, agriculture and fishing, transportation, service and residential. In order to represent
in a realistic way the Italian market, for each area an original appropriate database of electrical technologies has been
developed. This database is organised so that in each consumption area the same group of technology, composed by
those available in the starting year and those available afterwards, is present for each of the 20 Italian regions. For
example, the residential sector comprises 44 “existing” and 20 “new” household types: boilers, refrigerators, deep
freezers, washing machines, clothes dryers, dishwashers and air conditioning systems.
Global electric consumption arises from the energy needed to satisfy the demands for both comfort/lifestyle in homes
and productivity in factories and offices and for each sector is due to the sum of the electricity consumption of all
electric appliances used, that in turn depends on the supplied service levels and on the efficiency of each device. These
last two parameters are the main drivers of the consumption growth because they depend respectively from the
consumer specific requests (i.e. comfort, quality and quantity of industrial production) and from the technology of
devices used.
A reference scenario has been implemented relating the energy services to basic assumptions concerning some
appropriate economic and demographic drivers (population, number of families and value added). For each demand
sector, the following markers are considered:

♦ Residential sector: growth of the resident population, average number of persons per family and number of
families;

48

By Maurizio Gargiulo, maurizio.gargiulo@polito.it.

89

♦ Industrial sector: value added at constant money and electric intensity of the value added;
♦ Service sector: valued added for the specific sector and the number of employers;
♦ Transportation sector: trend of demand expressed as number of passengers per kilometres of route; and
♦ Agriculture and fishing sector: electric intensity and the value added.
As output, MATISSE provides, for each region, the electricity consumption of all the technologies.
Electric production

The power system implemented in MATISSE is consistent with the year 2004 plants appraisal (detailed plant census:
more than 350 plants set in 20 regions). In this year the breakdown of the generation system is as follows: condensing
steam cycle 26 % of national power, combined cycle 31%, gas turbines 3 %, other thermal plants 11%, hydro (both
regulating and run-of-river) 26%.
In each region hydroelectric large plants are aggregated according to usual categories and described with a detailed
availability factor, in order to reproduce the seasonal/diurnal variability of source abundance. Increase in hydroelectric
power is not expected before 2030.
A special focus on renewable sources different from hydroelectric (geothermal, mini-hydro, wind, solar, biomass,
biogas and waste) is set, even if the role of these technologies is negligible nowadays in Italy, in order to evaluate the
role that renewable sources can assume as a sustainable option versus fossil fuels; moreover an evaluation of efficiency
of economic subsidies can be investigated.
For each renewable source a potential exploitation rate is defined as a bound for each region.
The Grid

Four voltage levels are modelled in MATISSE to represent respectively the very high voltage transmission (380-220
kV), the high voltage transmission (132-150 kV), the medium voltage supply (15-20 kV) and low voltage supply (380
V). These voltage levels are schematised by five regional electric “commodities.” The conversion of an electricity
commodity into another having different voltage level is allowed by technologies mainly characterised by costs
(investment, operation and maintenance), efficiencies (fraction of energy transmitted), life (technical and economic) and
transmission capacity limits parameters.
Moreover MATISSE takes into account the annual limits of the energy transfer (trade) across two neighbouring regions.
These limits depend from the efficiency of transportation, the local maximum transmission capacity and the
maintenance costs.
Results

Assuming a fixed demand scenario, different scenarios for the electric supply, deriving from the introduction of
different bounds, have been considered: reference scenario, BAU (minimum industrial cost), and white certificate one.
Reference and BAU scenario

In this framework a relevant role is played by petroleum, and other fuel, prices. The fuel prices, used for reference,
BAU and white certificate scenarios as exogenous variable, are presented in Table 4-8. Fossil fuel availability on
market is assumed to be large enough to satisfy thermoelectric needs, thus no bounds are inserted to constrain fuel use.
BAU scenario (minimum industrial cost), is a non realistic scenario, but it shows system response in the case of no
regulatory or environmental policy (no regional bound, no GHG limitation, no environmental bonds).
Reference scenario (REF), consider more bounds to electric system evolution: it acknowledges the environmental
legislation about GHG [1-5] and it assumes some agreement on post-Kyoto period.

Table 4-8: Fuel Cost (€/MWhthermal)
Fuel

2007

2008

2010

2014

2018

2022

2026

2030

coal

10

9

10

10

10

10

11

12

diesel

38

39

41

44

44

44

46

48

natural gas

26

26

29

32

33

34

37

39

oil

20

21

22

23

23

23

24

25
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Figure 4-8: National Production for Different Fuel Types (TWh)
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Figure 4-8 reports national electricity production according to fuels. Figure 4-9 shows the difference among model
choices for generation technologies in the REF and BAU scenarios. The combined effects of Kyoto GHG bound and
costs, and subsidised renewables, drives the REF scenario towards wind and biomass plants instead of oil ad natural gas
ones. Regional features of these results can be derived from model. Figure 4-10 shows CO2 emissions from the BAU
and REF scenarios. Both of the scenarios do not fulfil Kyoto objectives only by domestic action. In the figure, the
relevance of flexible mechanism contributions is evidenced: for example, in 2030 it is about 60 tCO2 that corresponds to
3 thousand euros saved (assuming a price of 50 €/tCO2).
The REF scenario sets also a relevant quota for renewable energy (25.6% in 2014, 21.2% in 2030).
White Certificate Scenario

The aim of this analysis is to explore the possibility of energy savings through an increase of the technologies’
performances. This may be considered as a purely technological analysis because it assumes the existence of a perfect
market where the more suitable technical solutions can be immediately applied.
The two specific cases simulated for this analysis are both based on the REF scenario using the same energy services
demand and the same evolution of economic and demographic parameters. In the REF case, fixed shares on end-uses
technologies have been introduced, to take into account the hedonistic behaviours of consumers. Unlike in the REF
case, in both of these new two cases the constraints on the competition of technologies have been removed.

Figure 4-9: Power Difference between REF and BAU Scenario (MW)
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Figure 4-10: CO2 Emission (Mt) in Different Scenarios, Compared with Target Emission
According to Kyoto Protocol and Further Hypothesis
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The only difference between these two cases is that the case called “white certificate scenario” adopts as general
national targets an annual cumulative savings to promote energy end-use efficiency and to ensure the continued growth
and viability of the market for energy services. This obligation shall be expressed in terms of an amount of energy that
should be saved as a result of these energy efficiency measures. Taking into account the Italian legislation that
prescribes the annual amount of the energy saving until 2009 and the EU Energy Efficiency and Energy Services
Directive [1-5], a realistic energy saving trend has been supposed.
As a consequence in white certificate case constrains expressed as an upper limit on the global annual energy
consumption have been modelled.
A comparison between the white certificate case and the other case has been performed. Results show that, in order to
constrain energy consumption and minimise the global cost at the same time, the objective function is 4% higher than in
the other case. The main contribution to energy saving arises from service sector until the milestone year 2014 and after
that from residential sector. Figure 4-11 shows the evolution of energy saving for different technology groups.
Figure 4-11: White Certificate Scenario: Energy Saving in Residential Sector for Different Technologies
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Conclusions

This study has shown the capabilities of MATISSE, a powerful tool for the combined simulation and the analysis of
electric supply and demand evolution, which allows development of electric scenarios with high spatial resolution (20
different regions). These scenarios satisfy future demand projections for different sector. Local acceptability, tools to
fulfil the Kyoto protocol and renewable energy policies are assumed as bounds on local or national parameters.
Preliminary results, produced with a non-optimistic evolution in petroleum cost on the international market, show the
relevant role of gas and imports, while coal is limited to fulfil bounds on power plant diffusion, according to the low
social acceptance of this fuel.
The case study of white certificates, performed to analyse the possibility of an energy saving through an increase in
technology performance, shows the different role of end-use technologies in satisfying an obligation of energy savings
and to minimize costs.
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4.5.3 A Local Scale Application of MARKAL49
Objectives and methods

This work was focused on the reduction of the impacts of resource management strategies in a local case study (the Val
D’Agri energy system, Basilicata Region, Southern Italy), considering the whole environmental burdens of
anthropogenic activities. The case study considered is set in a place of naturalistic interest recently intensified by a huge
development of oil mining activities, for which it represents the largest oilfield of Italy. In order to perform an in-depth
analysis of the Val D’Agri energy system and to determine the overall environmental impact due to the different life
cycle phases, with particular regard to fossil fuels use, conversion technologies and waste disposal, an innovative
approach was applied, based on the integration of MARKAL models generator with Life Cycle Assessment (LCA) and
ExternE results (Figure 4-12).
The integration of comprehensive tools such as MARKAL with LCA, a methodology largely utilised by the
international scientific community for the assessment of the environmental performances of technologies, can be useful
Figure 4-12: Intersections between MARKAL, LCA, and Externalities in the Val d’Agri Case Study
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for estimating in much detail the environmental impacts, allowing a “cradle to grave” characterisation of sub-systems in
the framework of the global energy system. On the other hand, internalising external costs of atmospheric emissions can
be useful to identify the best paths for implementing technology innovation and strategies for a more sustainable energy
supply and use.
In this study, the LCA of oil mining activities, fossil fuels use, conversion technologies and waste disposal processes
was performed, estimating their impacts by using the SimaPro software. The results were subsequently fed by a soft
linking into the MARKAL - Val d’Agri model, inserting the impact parameters as new variables. The global impact of
anthropogenic activities was thus assessed in terms of a selected set of indicators, taken by the “Core set of Indicators”
of the European Energy Agency – EEA (total energy uses, total energy use per fuel, energy production from renewable
sources, total emissions of several pollutants, etc.) in order to identify the key parameters of the analysis. This work was
in particular addressed to include in the model the impacts due to the construction and dismantling phases of
technologies that could have a fundamental role in assessing their sustainability as well as in defining sound policy
strategies on a medium–long term. Moreover, in order to take into account the main health and environmental damages
due to the analysed energy system, externalities were introduced as taxes per unit of primary pollutant emitted, using
both an ex-post and an ex-ante approach, with reference to their inclusion in the objective function.
Scenarios analysis

Taking into account the hypotheses outlined by the Regional Energy Plan (PER) concerning the development of electric
power generation technologies (in particular those using renewables, e.g. photovoltaic, mini-hydro, wind and biomass),
a reference scenario (BAU) was implemented to calibrate the MARKAL-Val d’Agri model and to point out the
unconstrained optimised development of the energy system with reference to the standard commodities and to the
additional environmental parameters (aggregated impacts indicators) provided by LCA.
Beside the reference scenario, three environmental scenarios were analysed: CO2, Impacts and Eco-taxes. The CO2
scenario includes three cases with increasing constraints on CO2 emissions (from 1% to 5% of the whole time horizon
BAU levels); the Impacts scenario, is made up of four cases that analyse the effects of exogenous constraints on
aggregated impacts indicators (respectively, Greenhouse effect, Acidification, Smog, and a combination of these three
indicators-Mix), whereas in the Eco-taxes scenario, external costs were introduced as taxes on CO2, NOx, SO2, TSP e
VOC emissions, one at a time and then all together (Tax-TOT case), to evaluate the economic impact of environmental
pollution and the effectiveness of environmental taxes in mitigation strategies.
As concerns the final energy consumption, a 10% reduction of the total amount can be observed in the BAU case, due
to an optimised use of resources, no regret insulation interventions in Residential and to the increase of efficiency in
end-uses devices (boilers, electrical appliances).
The observed energy reduction increases about 1% in the environmental constrained scenarios, in which some changes
in resource use can be observed, with particular regard to electricity production. The reduction of anthropogenic
environmental impacts is in fact obtained by increasing the endogenous production of electricity by renewable (+17%),
in particular wind energy and mini-hydro, which substitute the thermal plants and the imports from neighbour regions
(e.g. Figure 4-13).
Figure 4-13: Electric Energy Production by Fuel (EE25- Indicator of EEA): a Comparison
Among the Four Cases of the Impacts Scenario
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Figure 4-14: Total System Costs: Impact Scenario’s Cases
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The environmental constraints determine obviously an increase of the total discounted energy system cost which ranges
from 2 to 15% (Figure 4-14).
Taking into account the total emission levels achieved in the three CO2 scenario cases (Figure 4-15), the average cost of
CO2 reduction is about 167 Euro/ton. This value is comparable with the average Italian costs (about 60 Euro/ton CO2),
which are estimated imposing a weaker constraint on CO2 emissions (half of the national KP target).
The introduction of environmental taxes has consequences on the emissions levels of the related pollutants depending
both on the ecotaxes values and on the availability of alternative technologies and fuels. Moreover, the ecotaxes induce
also a variation of the emission levels of the untaxed pollutants: as shown in Table 4-7.

Figure 4-15: Total System Cost Increase vs. CO2 Abatement Percentages
1,050

total discounted system cost (MEuro)

CO2-5%
1,045

1,040

1,035
CO2-3%
1,030
CO2-1%
1,025
BAU
1,020
2,480,000 2,500,000 2,520,000 2,540,000 2,560,000 2,580,000 2,600,000 2,620,000 2,640,000
total CO2 emissions (ton)

95

Table 4-7: Total Emissions (ton) in the Ecotax Scenario
Cases

TSP

VOC

NOx

SO2

CO2

BAU

3,345

38,37

155,59

15,26

2,627,645

TAX-CO2

3,345

38,38

156,67

15,24

2,614,431

TAX-NOX

3,345

38,36

154,49

15,26

2,628,419

TAX-SO2

3,345

38,37

155,62

15,21

2,648,299

TAX-TSP

3,345

38,37

155,58

15,25

2,627,645

TAX-VOC

3,345

38,37

155,58

15,25

2,627,645

TAX-TOT

3,339

38,36

154,48

15,24

2,615,256

A comparison of the results obtained in the different scenarios allows deriving some general considerations:

♦ the reduction of energy consumption is a privileged tool for defining sustainable energy-environmental
policies and can be obtained by an increase of efficiency and energy saving interventions;

♦ the use of renewable energy sources is a key point for improving air quality, allowing a reduction of
atmospheric pollution due to combustion processes and reducing energy dependence, which represents one of
the main objectives of the European Commission;

♦ the evaluation of environmental impacts should be based on the overall life cycle of goods and services, taking
into account also construction and disposal phases, in order to avoid wrong conclusions related only to the use
phase (as for the PV case);

♦ the cost increase due to the necessity to reduce pollutant emissions and the cost gap among traditional and
innovative technologies should be evaluated also with reference to external costs, in order to take into account
environmental benefits related to avoided emissions;

♦ Eco-taxes can be an effective tool in environmental and economic terms to reorient consumers and enterprises
towards eco-compatible products, processes and services.
A further analysis of the solution is envisaged to individuate the “robust” strategies and to define the priorities in the
local energy environmental strategies.

4.6 The Netherlands
4.6.1 The ECN MARKAL-Europe Model 50
The HyWays roadmap project51

Over the last three years, the ECN MARKAL-Europe model has been used as the core model to quantitatively underpin
the results of the HyWays project. The aim of HyWays was to develop a hydrogen energy roadmap. This project
explored and planned for the potential that the integration of hydrogen technologies into the energy system for meeting
the challenges of ensuring that Europe’s peoples and economies have a secure, environmentally sustainable and
economically competitive supply of energy services for generations to come.
Within the HyWays project, the ECN MARKAL-Europe model was linked to various other models such as the E3model (well-to-wheel analysis), the ISIS input/output model, the PACE GEM-E3 model and the COPERT model.
HyWays differed from other road-mapping exercises as it integrates stakeholder preferences, obtained from multiple
member state workshops, with extensive modelling in an iterative way covering both technological and socioeconomic
aspects. The stakeholder validation process, which specifically focussed on the implications of the outcomes of the
MARKAL-Europe model, was considered to be a key element of the road mapping process.
Key results of the modelling exercise are described here.

♦ Emission reduction: If hydrogen is introduced into the energy system, the costs to reduce one unit of CO2
decreases by 4% in 2030 and 15% in 2050, implying that hydrogen is a cost-effective CO2 reduction option
given the input assumptions. A cash flow analysis shows however that a substantial period of time is required
to pay back the initial investments (start-up costs). Total well-to-wheel reduction of CO2 emissions will
amount to 190 – 410 Mton per year in 2050. About 85% of this reduction is related to road transport, leading
to a potential to reduce CO2 emissions from road transport by over 50% in 2050.
50

Contirbution by Harm Jeeninga, jeeninga@ecn.nl

51

Results are available for download at www.HyWays.de
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♦ Hydrogen production mix: The vision of how hydrogen should be introduced in the energy system played a
major role in assessing the development of the hydrogen production mix. For the ten members states a rather
diversified hydrogen production mix is found, reflecting the inhomogeneous conditions in Europe quite well.
Natural gas, biomass and wind energy based pathways were selected by all member states participating in
HyWays. Nuclear energy based pathways were selected in France, Finland, Spain, Poland and the UK. For
Finland, France and Norway, coal (and lignite) based hydrogen pathways were excluded.
The impact of prices of fossil fuels was investigated by sensitivity analysis, as well as a potential failure of
carbon capture and storage (CCS). In addition, the impact of a more ambitious emission reduction constraint
was analysed. In the baseline, a (moderate) CO2 emission reduction constraint of 35% in 2050 compared to the
1990 level was used. In the sensitivity analysis, a CO2 emission reduction constraint of 80% was set for 2050,
the results of the sensitivity analysis to be found in the HyWays Roadmap report.

♦ Security of supply: Like electricity, hydrogen decouples energy demand from resources. The resulting
diversification potential leads to a substantial improvement of security of supply. By introducing hydrogen
into the energy system, the total oil consumption of road transport decreases by about 40% by 2050 as
compared to today. Based on the long-term visions as developed by the participating member states in
HyWays, about 100 Mtoe of oil is substituted due to the introduction of hydrogen in transport. For the direct
production of hydrogen, about 33 Mtoe of coal and natural gas and 13 Mtoe of biomass will be needed in
2050. According to these visions, about 45% of the hydrogen is produced by means of electrolysis from
renewable and nuclear energy.
Several pathways can produce hydrogen at price levels comparable to conventional fuels and in sufficient
amounts. The diverging production options ensure a relatively stable hydrogen production price. Use of
hydrogen for electricity production from fossil fuels in large centralized plants will positively contribute to
achieve a significant reduction of CO2 emissions only if combined with CO2 capture and storage processes.
The Cascade Mints project roadmap project52

A more sustainable energy system requires a portfolio of innovative technological options. The problems faced by
Europe and the world are of a magnitude for which no single technology is the solution. Some of the options benefit
both the climate problem and security of supply, and thus provide synergies, while others represent trade-offs for the
policymaker. In this project, 15 renowned modelling teams in Europe, the US and Japan have provided an outlook to
possible transitions of the energy system in Europe and at the global level. ECN participated in the project using its
MARKAL-Europe model. The objective of this project was to use a wide range of existing operational energy and
energy/economy models in order to build analytical consensus concerning the impacts of policies aimed at sustainable
energy systems. The emphasis was placed on evaluating the effects of policies influencing technological developments.
Technologies assessed were renewables, nuclear power, CO2 capture and storage and hydrogen. There are synergies
and trade-offs when applying these options for the main policy objectives of climate change mitigation and improving
security of supply.
4.6.2 Planning for a Domestic Electricity Sector with CO2 Capture and Storage53
A well documented and result rich study investigates how a trajectory towards an electricity sector with CO2 capture
and storage (CCS) can be achieved, and how this depends on events such as:

♦ new power plants are needed, because old power plants are dismantled or due to growth in electricity demand;
♦ climate policy which imposes restrictions on CO2 emissions of power plants for at least the next decade, is in
place;

♦ CCS is competitive (with or without external financial support) compared to other mitigation options;
♦ CO2 transport infrastructure is available or construction of such an infrastructure can be built within the
foreseeable future, and

♦ sinks in which the CO2 can be stored are available.
For this purpose, the authors carry out a scenario study in which they integrate and vary dynamic data on:

♦ Electricity demand development;

52

For further information, see publications: http://www.ecn.nl/publicaties/default.aspx?nr=ECN-E--06-054, http://www.ecn.nl/publicaties/default.aspx?nr=ECN-E--06052, http://www.ecn.nl/publicaties/default.aspx?nr=ECN-C--06-009, http://www.ecn.nl/publicaties/default.aspx?nr=ECN-C--05-085,
http://www.ecn.nl/publicaties/default.aspx?nr=ECN-C--05-034, and http://www.ecn.nl/publicaties/default.aspx?nr=ECN-C--04-094.
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♦ Data on costs and efficiencies of different CCS technologies and developments in these parameters;
♦ Data on costs of transport and storage of CO2;
♦ The vintage structure of the electricity park;
♦ The CO2 storage potential and the timing when storage sites become available, and
♦ Climate policy reduction targets.
The influence of dynamic data is studied within a context of international cooperation and social motivations. Scenario
variants examine the electricity and cogeneration supply sector of the Netherlands using MARKAL (MARKAL-NLUU). The MARKAL-NL-UU model of the Dutch electricity sector builds on the West European (WEU) MARKAL
model developed by ECN (Smekens, 2005). This model deals with the pre-2004 EU-15 countries plus Norway, Iceland
and Switzerland. The ECN model comprises a robust Reference Energy System (RES) as well as comprehensive data
on costs and performance of energy conversion and demand technologies54. In this new model data on large-scale
conversion technologies in the electricity sector, and CO2 capture transport and storage technologies have been
updated. Furthermore, the vintage structure of the Dutch electricity park, and the Dutch electricity and heat demand
were represented. Technology evolution is an exogenous input based on projections from literature. The improvement
in cost and performance of technologies is implemented by specifying several variants of power plants for different
points in time (2010, 2020, 2030, and 2040).
On the basis of cost minimisation, this model provided configurations of the electricity park for the period 2000–2050.
Strategies were analyzed to realise a 15% and 50% reduction of CO2 emissions in 2020 and 2050 compared to the level
of 1990. Model results show that, if the Netherlands excludes nuclear power as a mitigation option and potential of
cogeneration and onshore wind energy is limited, CCS is a cost-effective measure to avoid a considerable amount of
CO2 per year (around 29 Mt per year in 2020 and 63 Mt per year in 2050) in the electricity sector alone. In a direct
action strategy in which CO2 is reduced by 2.5% annually from 2010, the marginal cost of CO2 is 50 €/t in 2015 and
decreases to 25 €/t CO2 in 2050. In a postponement strategy in which CO2 is reduced from 2020, the high marginal
CO2 cost of 50 €/t CO2 is avoided and will be 30 €/t CO2 in 2020. In the first case, the construction of the necessary
infrastructure to transport around 38 Mt CO2 annually (in 2020) may be spread over 10– 15 years, and in the latter case
over 5 years.

4.7 Norway: Reducing Domestic Greenhouse Gas Emissions By 75 % by 205055
The Norwegian Commission on Low Emissions has been charged with the task of describing how Norway as a country
can achieve significant reductions in http://www.lavutslipp.no/ emissions of greenhouse gases. Institute for Energy
Technology (IFE) has been involved in the Commission’s work to carry out technological assessments and to use the
Norwegian MARKAL model to study alternative options to reduce greenhouse gas emission. In total, IFE has described
measures, which can give more than a 75 percent reduction in Norwegian emissions by 2050. The technical measures
include primary energy production and energy end-use. In order to achieve large GHG reductions, the opportunities in
new technologies available to develop and utilize have been an important part of the project. The potential for emission
reductions in all relevant sectors have been considered. The Norwegian MARKAL model has been applied in
connection with the macro-economic model MSG (Statistics Norway) to study economically viable options for large
GHG reductions.
Key features of the Norwegian energy policy are improved energy efficiency, more flexibility in the energy supply and
decreased dependence on direct electricity for heating. In addition an increased share of renewable energy sources,
other than large hydropower, in the energy supply mix has been a priority area.
Reductions of GHG emissions are calculated with reference to the emission level determined by the Kyoto protocol,
50.8 mill tonnes CO2-eqv (1990). The projections are based on the White paper on Perspectives (2004), which implies
an emission level in the baseline of 67 mill ton CO2-eqv in 2050 and an electricity production of 200 TWh. The 75%
reduction gives an emission level of approx 13 mill tonnes CO2-eqv in 2050.
According to the MARKAL analysis, the total electricity production will be 170 TWh in 2050. This is an increase of
approximately 50 TWh, based on average annual production in 2005. In the first half of the analyzing period the
increased electricity production is mainly based on hydropower, however there will be an important contribution from
both gas power with CCS and wind power in the last part of the period, see Figure 4-16.

54

Model data are described in several publications of ECN: data on power plants can be found in (Lako and Seebregts, 1998), data on the use of biomass for energy
in (Feber and Gielen, 1999), data on CCS in (Smekens, 2005).
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Figure 4-16: Results from MARKAL Analysis: Electricity Production
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In the transport sector, the analysis shows an increase of biofuels in both private road transport and in freight. In
addition, hydrogen fuelled vehicles will be introduced towards the end of the analyzed period, see Figure 4-17.
Hydrogen will primarily be provided from natural gas (steam reforming). In total, the CO2-emissions from the
transportation sector will be reduced by more than 90%, compared to the baseline.
The energy consumption in the household sector is more than doubled in the baseline projection over the study time
horizon. The energy demand for heating could be substituted to biofuels instead of using fossil fuels and electricity. The
analysis shows however, that biofuels substitute for all fossil fuels, but only a third of the electricity used for heating in
the household sector, see Figure 4-18. Further, energy efficiency reduces the demand by 20%. In the service sector
biofuels, heat pumps and district heating substitute all use of fossil fuels and direct use of electricity for heating.

Figure 4-17: Results from MARKAL Analysis: Transport Fuels
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Figure 4-18: Results from MARKAL Analysis: Energy Carriers
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4.8 Sweden: Modelling Energy Policies and Advanced Conversion Technologies56
Recently, primarily four different studies using the ETSAP tools MARKAL and TIMES have been carried out at
Chalmers University of Technology:
•

A study on CO2 reduction in Sweden comparing cost-efficiency in the stationary energy and transport sectors using
the MARKAL_Nordic model;

•

A regional modelling analysis of biomass use under different energy policies with particular focus on biomass
gasification.

•

The Europe - South East Asian Energy System Modelling and Policy Analysis Project (ESMOPO); and

•

Development of the TIMES Sweden and Norway models.

CO2 reduction in Sweden comparing cost-efficiency in the stationary energy and transport sectors using the
MARKAL_Nordic model
The MARKAL_Nordic model was generated from the national models of Denmark, Norway, Finland and Sweden. It
was developed in order to analyse different policy options and has been used in a number of studies and in particular for
studies on common regional policies and investigation of the cost-efficiency of international energy collaboration, e.g.
Unger & Alm, Unger & Ekvall, Unger & Ahlgren, and Krook, Ahlgren & Riekkola57. There is a long history of
electricity collaboration between the countries and the electricity market is well integrated between the countries
making a regional model of the Nordic countries an efficient tool for analysis including the power sector.
In earlier version of the MARKAL_Nordic model, the transport sector has not been described in any great detail.
However, a recently developed version of the model includes a so-called transport module describing the Swedish
transport sector in detail. The transport module includes a number of currently available and future vehicle technologies
as well as different paths and their conversion efficiencies for the conversion of primary resources, in particular
biomass, into an array of transport fuels.
The model has been used to analyse and compare the cost of CO2 reductions in the Swedish stationary energy and
transport sectors under different CO2 reduction targets and energy policy assumptions.
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A regional modelling analysis of biomass use under different energy policies with particular focus on biomass
gasification
In this analysis, an application of the cost-optimizing energy system model MARKAL with a detailed description of the
district heating (DH) sector in the region of Västra Götaland, Sweden, was developed. There are DH systems within
each municipality of the region but these systems are not connected to each other. There is also a substantial use of
biomass within the district heating systems both in heat only boilers and in combined heat and power (CHP) plants.
With more advanced technology such as biomass integrated gasification combined cycle (BIGCC) plants used for
combined heat and power generation, the power-to-heat ratio could be increased compared to conventional biomass
steam turbine plants. Furthermore, biomass gasification could be used for production of biofuels for transport. In the
study, different applications of biomass gasification in connection to district heating (DH) were analysed and contrasted
to conventional technology options.
Policy measures for CO2 reduction as well as for promotion of “green” electricity were included in the model, and
minimum required subsidy levels for large scale profitable production of biofuels for transport were calculated. In the
analysis, different supplies of biomass were assumed: a local supply at a lower cost and an international supply of
refined biomass like pellets at a slightly higher cost.
The study showed that investments in BIGCC CHP are often cost-efficient when there are relatively low ambitions
regarding production of biofuels. However, in the analysis it was assumed that the heat generation in the plants was
limited by the heat demand, and due to limitations in heat demand and in local, lower cost, supply of biomass,
investments in biofuel production mean less investments in BIGCC CHP and, thereby, a smaller total production of
electricity from the studied system.
The Europe - South East Asian Energy System Modelling and Policy Analysis Project (ESMOPO)
MARKAL models covering Vietnam, Indonesia and the Philippines were used in the so-called ESMOPO (Europe South East Asian Energy System Modelling and Policy Analysis Project). The aim of the project was to analyse
possible consequences for the EU of different energy system developments and policy strategies in South-east Asian
countries. In the project, possible future energy solutions for the three ASEAN countries Indonesia, Philippines and
Vietnam were considered.
The project focussed on the role of clean and advanced energy technologies in efficient local resource exploitation.
Consequences for energy security and environmental conditions were also analysed. The main focus was on renewable
and advanced fossil technologies for power generation. Country specific modelling frameworks were developed in
order to identify country appropriate technology choices and to quantify their possible implications in terms of energy
savings, fuel substitution, investments needed and pollutions avoided.
Further activities are described under paragraph 3.4.
Development of TIMES Sweden and Norway models
The national TIMES models for Sweden and Norway, are being developed partly within the NEEDS and RES2020
projects, primarily for the analysis of different policy options. The total energy sector is included, represented with five
different templates using VEDA as software.

4.9 Switzerland: the Vision of a 2000-Watt Society58
Introduction

Present economic, energy and environmental developments in general are not sustainable either in terms of resource
consumption or in terms of environmental quality and the distribution of wealth. The Paul Scherrer Institute (PSI) as
one of the leading Institutes in Switzerland in energy research and development is investigating the vision for a long
term energy path of the country that allows for economic growth with a simultaneous reduction of primary energy use
to levels being sufficiently sustainable. This vision is known as “the 2000 Watt society,” i.e. an energy system with an
annual per-capita primary-energy consumption of 2000 Watt (Kesselring, 1994, Novatlantis, 2004). Although this
vision is quite ambitious from today’s perspective and not dictated by actions to correct for negative environmental
externalities, it has been a quite popular concept in Switzerland as it could bring benefits in terms of climate change, the
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reduction of local pollution and the security of energy supply, among others. The study aims to answer the following
research questions:

♦ Is an advanced industrialized country with a moderate economic growth able to restructure the energy system
such that the vision of 2000-Watt of primary energy per capita is feasible and able to satisfy future needs?

♦ Is the country with this vision able to contribute to climate change mitigation and meet the international
obligations and promises?

♦ Do synergies between energy efficiency, climate mitigation and other sustainability goals exist?
♦ Are the economic losses affordable?
Methodology

We have developed for the needs of the 2000-Watt vision the Swiss version of MARKAL model (SMM) (Kypreos,
1995, Schulz, 2007 and Shulz et al., 2007) a perfect-foresight, cost-optimization, partial equilibrium energy-system
model that provides a detailed representation of energy supply and demand over time. The model defines cost optimal
solutions for the energy supply system that satisfy the projected demand for energy services simultaneously with other
imposed constraints like e.g., energy efficiency and carbon emissions. We model the explicit treatment of conservation
measures, efficiency improvements and the demand responses to price changes. MARKAL (Fishbone at al. 1981,
Loulou et al. 2004) provides an integrated analysis of costs and benefits with investments, energy, material and
emission flows from primary-energy resources to useful-energy demands and for a time frame of 2000 to 2050. The
model allows evaluating new technologies, as well as the effects of regulations, tax and subsidies and quantifies the cost
of policies.
Five main end-use sectors have been considered, i.e. agriculture, commercial, industry, residential and transportation.
All sectors are divided into sub-categories representing specific uses such as heating, domestic appliances, intensive and
non-intensive industrial sub-sectors and transportation modes. A time horizon of 50 years (from 2000 until 2050) with
five-year time steps has been chosen. For the baseline scenario, a discount rate of 3 % is used in all calculations. The
currency units used in this report are US dollars of the year 2000 [US$2000]. Costs and potential of resources as well as
costs, potential and technical characteristics of technologies are time dependent. Overall, the base year flows and
capacities are calibrated to the Swiss energy statistics (SFOE, 2001a, b, c) and to the IEA statistics (IEA, 2002) of the
year 2000.
Another important assumption concerns the prices of oil and natural gas imports for which moderate increments are
assumed in the first half of the 21st century for the baseline scenario. The crude oil price is assumed to increase linearly
from 4.6 US$/GJ (equivalent to 29 US$/bbl) in the year 2000 to 8 US$2000/GJ (equivalent to 50 US$/bbl) in the year
2050. Natural gas prices increase from 3.3 US$/GJ in the year 2000 to 5.7 US$/GJ in the year 2050 while sensitivity
analyses on prices covers the price uncertainty. The model includes distribution costs but excludes taxes for fuels.
Renewable Energy Potential and Nuclear Energy

The credibility of the study is based on reliable renewable energy potentials. In 2005, the Paul Scherrer Institute (PSI)
published a report for the Swiss Federal Office of Energy (SFOE), estimating cost and potentials of new renewable
energies in Switzerland (Hirschberg et al., 2005); this is the main source of information for the study described herein.
The renewable energy supply options considered include: Small hydro, wind energy, solar photovoltaic, solar thermal
and solar chemical generation, geothermal and bio-energy based on technical and economical grounds.
Electricity generation from small hydro power (<10 MW) comprise now about 3400 GWh/yr (12.2 PJ) of electricity
that could be raised to 5600 GWh/yr (20.2 PJ) in the year 2050. Total unused potentials of hydro power including large
hydro power stations (>10 MW) (SFOE, 2004a) are of 7570 GWh/yr, or about 14 % of the total present electricity
production. We have limited the extra hydro electricity generation to a potential of 7.57 PJ. The current use of wind
power is negligible in Switzerland, about 1 PJ in 2000. However, various studies have shown that the realistic technical
potential of wind parks (realized at 96 locations) is around 4.1 PJ by 2050. Additional individual turbines could produce
2850 GWh/yr (10.3 PJ) but the total potential is uncertain due to political opposition aiming at the protection of
landscape and for the preservation of nature. We assume a total wood potential to be in the range of 96 -103 PJ/year by
the end of 2050. In order to better represent market conditions, we assume that the wood price depends on its
availability, following literature sources (SFOE, 2004b). In SMM three price categories (‘high price’, ‘medium price’,
and ‘low price’) are modelled. In the year 2000 the medium price for wood is 5.23 US$/GJ, the low and high price are
10 % lower and higher, respectively. Low price and high price biomass comprise 40 % of available wood, with equal
shares. The medium-priced wood accounts for the remaining 60 % of the potential in Switzerland.
At the end of 2003, the total installed photovoltaic capacity was 21 MW while in the future a technical potential for
very well suited roofs (quality factor > 90 %), of 13.7 TWh/yr (49.3 PJ) is assumed. Switzerland has a large potential
for geothermal energy from deep dry-rock. However, for adopting a significant technical potential, the uncertainties
concerning the quality of the geothermal resource, the cost of drilling, and the cost of generating electricity and heat,
need to be reduced. Therefore, this study assumes a conservative potential of about 1400 GWh/a or about 5 PJ in 2050,
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that considers the impacts of the earthquake experienced in Basel in 2006 and the reservations to geothermal projects in
Switzerland (Geopower, 2007). Other important elements of our scenarios are related to the future role of nuclear power
plants within the Swiss energy system, and to the electricity imports. We assume that the maximum electricity
generation from nuclear power remains bounded by the production level of the year-2000 for the entire time horizon.
The generation of nuclear electricity could be lower at any time but not higher. As for the imports and exports of
electricity, we bound exports, from the year 2010 onwards, to become equal to imports. Under this assumption,
Switzerland remains independent from neighbouring countries in terms of its electricity supply.
The Baseline Scenario

The baseline scenario assumes a continuation of trends in the energy system of Switzerland without any radical
political, technical or social change. The Swiss CO2 law and the achievement of the Swiss Kyoto targets have not been
considered in this baseline scenario. In this sense, it represents a plausible middle-of-the-road development of the Swiss
energy system. The average economic growth assumed (following other SFOE projections) increases economic output
by 50% by the year 2050 while the population, after a period of moderate increase to 7.4 millions, stabilizes back to
around 7.1 millions. Demand projections for the baseline are based on a set of income and price elasticities applied to
different drives per demand category while considering an autonomous efficiency improvement index.
Energy balances
The primary energy consumption of Switzerland in the baseline scenario given in Figure 4-19, assumes an efficiency of
80% for a hydro power plant and 33% for nuclear energy (SFOE, 2001b). Although electricity is not a primary-energy
source, the graph includes also net imports (i.e. imports minus exports) of electricity to Switzerland.
In this baseline scenario, primary energy consumption remains relatively stable at around 1200 PJ over the time
horizon, slightly decreasing towards the year 2050. Oil continues to hold an important share of the Swiss primary
energy mix but its consumption experiences a sizeable decline due to the increasing oil price and efficiency
improvements in the transportation sector. Natural gas experiences a significant increase. The contribution of nuclear
energy and hydro power remain approximately constant. Other renewable energy sources play only a modest role. Until
1950, the per capita primary energy consumption was quite stable at around 1000 W/cap. From 1950 until 1985, we see
a strong increase to nearly 4700 W/cap. After the year 1985, and up to 2000, a stabilization trend takes place which is
confirmed by the baseline projection of SMM. By the year 2050, we reach a per capita consumption of about 5300
W/cap.
The final energy consumption increases only marginally in the baseline scenario, from about 885 PJ in 2000 to about
925 PJ in 2050. As for the energy carriers, oil products, natural gas and electricity dominate the final energy mix over
the whole time horizon. While natural gas and electricity increase in absolute terms, the overall consumption of oil
products reduces over time. The consumption of biomass and waste remains stable, while other energy carriers play a
minor role. Note that “Other Renewables” refer to the use of solar energy, biogas and ambient heat following (SFOE,
2001b). The largest consumer of final energy is the transportation sector, with its share amounting to approximately
32% in the year 2050. The overall consumption and the relative share of the sectors remain constant in the baseline
scenario.
Figure 4-19: Primary Energy Consumption (PEC) in the Baseline for the Period 2000 to 2050
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Figure 4-20: Electricity Production in the Baseline Scenario for the Time Period 2000 to 2050
90
80

Electricity Production [TWh/year]

70
60
Electricity production technologies:
Wind Turbines
Biomass Cogeneration
Natural Gas Cogeneration
Conventional Thermal and Others
Hydro Power
Nuclear Power
Net Imports

50
40
30
20
10
0
-10
2000

2005

2010

2015

2020

2025

2030

2035

2040

2045

2050

The electricity generation mix under the baseline given in Figure 4-20 includes net electricity imports. No major
structural changes in electricity generation take place during the first half of the 21st century. Electricity generation
grows gradually and remains largely CO2-free. Conventional nuclear and hydro power plants provide the bulk share of
production. Nuclear-based electricity production remains at the year-2000 levels over the whole time horizon. This
implies a replacement or life extension of the nuclear power plants expected to be decommissioned in the coming
decades. Hydroelectric generation, on the other hand, experiences an increase, mainly due to the tapping of the available
small hydro potential. Natural gas-based cogeneration facilities and wind turbines make some inroads towards the end
of the time horizon, but remain minor contributors to the Swiss electricity generation mix.
In baseline scenario, the total energy-related CO2 emissions are reduced from about 44.8 million tons (Mt) of CO2 in the
year 2000 to 42.6 Mt of CO2 in the year 2050. This small reduction is mainly due to changes in the Swiss energy
system, triggered by the sustained increasing oil price signal. We note that the effects of the oil price alone do not lead
to any substantial reduction in CO2 emissions. The emission shares of the various sectors stay relatively constant. The
transportation sector is by far the largest CO2 polluter (49 %) in the year 2050, followed by the residential sector (23%).
The sector with increasing CO2 emissions is the electricity sector (6 %) as the bound on nuclear energy production,
under an increasing demand for electricity is covered by natural gas CHP plants.
The 2000-Watt Society: Results from the Swiss MARKAL Model

The section describes the consequences of a set of policy scenarios introduced to reduce the PEC, or carbon emissions
or both simultaneously at different oil and gas prices and presents results in terms or energy and emission balances,
structural technological changes and their economic cost. It is assumed that evolutionary measures and policies will be
introduced such that premature capital investments can be avoided. As a consequence, partial but significant success in
meeting the vision of 2000-Watts is obtained.
Primary Energy Consumption
Figure 4-21 shows the primary energy consumption for two CO2 scenario sets without and with primary energy targets
at an oil price of 75 US$/bbl. On the one hand, more stringent CO2 reduction limits without imposing primary energy
consumption constraints (scenario set on left-hand side of graph), reduce the amount of fossil energy carriers and
increase renewable energy use. At the same time nuclear energy remains a dominant source for the production of
electricity. On the other hand, the implementation of a 3.5 kW/Cap target, without any CO2 constraints, induces only a
moderate decrease (12 %) of fossil fuel use, from 2.63 -2.35 kW/Cap but the energy system still largely depends of
fossil fuels. Despite the fact that the absolute amount of fossil-energy use decreases slightly, its share increases to 67 %.
Neither extensive use of renewable energies nor nuclear power is supported by this target. Energy-efficiency
improvements and the implementation of energy saving measures play an important role. As a positive consequence of
the primary energy consumption target of 3.5 kW/Cap, CO2 emissions are reduced by nearly 5 % per decade.
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Figure 4-21: Primary Energy Consumption per Energy Carriers in 2050 for Various kW/Cap
and CO2 Targets and Oil Price of 75 US$/bbl.
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Therefore, the scenario that combines 3.5 kW/Cap and a 5 % CO2 reduction targets looks very similar (see also Figure
4-21). Only in the case of imposing a combined 3.5 kW/Cap and a 10 % CO2 reduction target, a significant reduction of
fossil energy carriers is achieved, and the use of renewable energies is augmented. Nuclear energy becomes an option
again for reaching these goals.
Final energy consumption
The energy-reduction constraints on PEC consumption influence the whole energy system of Switzerland, and are
reflected by the attained values of final-energy consumption which varies from 925 PJ/yr to 650 PJ/yr in 2050. In the
baseline scenario, final-energy consumption amounts to 925 PJ in the year 2050, and is highly dependent on the oil
price if no additional CO2 or kW/Cap goals are targeted. For higher oil prices of 75, 100 and 125 US$/bbl the
consumption reduces by 6 %, 11 % and 13 % respectively. For scenarios with strong targets, we observe a further
decrease of final-energy consumption as investments in energy-efficiency options in the final-energy sector take place
to a large extent. The highest investments in efficient technologies are made when the combined CO2 and PEC targets
are applied. For a -10% CO2 / decade reduction target only, the final-energy consumption (FEC) reduces to about 735
PJ while for a combined 3.5 kW/Cap and -10% CO2 / decade targets, the FEC reduces to less than 650 PJ in 2050.
Production of Electricity
At present, the Swiss production of electricity is dominated by hydro und nuclear power and is nearly CO2-free. In the
future it is expected that electricity will play an even more important role in a service-oriented society. As electricity is
a very efficient substitute for fossil fuels, a CO2-free electricity production will be of major importance for an overall
effective reduction of CO2 emissions. Future supply options, together with promotion of efficiency measures in
electricity consumption, could rely on nuclear energy, renewables and highly-efficient gas-fired combined-heat-andpower plants. Depending on the examined target, we observe different results absolute or relative values (Figure 4-22).
Residential heating
The building sector and the vehicle fleet have to undergo significant transformations until 2050 if we want to reduce
energy consumption and lower CO2 emissions at the same time. Less heat consumption and more heat pumps as well as
novel engine drives for cars would be the choice of the future.
Today, more than 80 % of residential heat in private houses is generated by heating oil and natural gas. We can largely
avoid this fossil energy use even if the expected total Heated Floor Area (Energy Reference Floor Area - ERFA)
increases by 40 % until 2050. Building energy-efficient houses and renovating existing houses based on the Swiss
MINERGIE standards could reduce the energy demand to below 40% of today’s consumption. At the same time, by
using heat pumps and district heat from centralised biomass and natural gas CHP plant, Switzerland would no longer
depend on fossil energy sources for room heating. This would also lower the CO2 emission in the residential sector by
about 10 million tones, which is about 20 % of today’s Swiss CO2 emissions. Obviously this improves the air quality as
local pollutants are significantly reduced.
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Figure 4-22: Electricity Production for Oil Prices of 75 US$/bbl.
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The final-energy consumption of the residential heating sector reduces from nearly 168 PJ in 2000 to 53 PJ in 2050, for
an oil price of 75 US$/bbl a 3.5 kW/Cap target and 10 % CO2 reduction per decade (Figure 4-23). While fossil
technologies still dominate the residential heating sector in the first 25 years, their importance decreases drastically in
the second quarter of the century. Heat pumps and district heating systems start to dominate the market more and more.
In 2050, the penetration of these technologies is strong enough such that fossil based-technologies loose (with exception
of gas) all their market shares. The residential heating sector is basically CO2-free. In the figure, we also display the
amount of useful energy savings from additional energy conservation measures in the residential heating sector. These
energy savings, corresponding to the reduced useful energy demand, constantly increase over time to more than 50 PJ at
the end of 2050.
Transportation
The economic outlook underlying this study assumes that more cars are bought and therefore more kilometres are
driven each year. If at the same time, one wants to reduce CO2 emissions, the structure of today’s car fleet needs to
change substantially. The CO2 emissions per driven vehicle-kilometre must be lowered drastically compared to today’s
fleet. Hybrid vehicles could replace currently dominating gasoline and diesel internal-combustion engines. They
represent the most cost-effective replacement option, lowering CO2 at the same time. Gasoline cars, with their relative
high fuel consumption, would have no future in a 3500-Watt society. Besides diesel cars, natural gas cars would
penetrate the market as natural gas could be used in an efficient manner, and feature lower CO2 intensity. However, for
a market penetration of natural gas cars, the development of an infrastructure supporting natural gas fuelling stations
needs to be established.
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Figure 4-23: Final Energy Consumption [PJ] of Residential Heating for an Oil Price of 75$/GJ

For strong PEC and CO2 reduction targets, we also observe a first penetration of hydrogen cars (with hybrid and fuelcell power trains) from 2045. Even if the volume of traffic increases by 40 % until 2050, one could achieve a finalenergy reduction of one third and reduce CO2 emissions by 5 million tons, following the proposed technological
pathway. However, the penetration of hydrogen fuel-cell cars largely depends on the price of fuel-cells and the stack
size. The initial date for market penetration could already be around 2030 when the cost of fuel-cells is lower and light
vehicles with an engine size of 50 kW are offered. In 2050, a market share of up to 21 % appears to be feasible.
Social welfare loss analysis
The transition of the current energy system to a 3500-Watt society until 2050 is an ambitious target as the total “added
cost” (cumulative and discounted) adds up to about 40 billion US$. All the described results in the previous paragraphs
assume inelastic demands. To estimate the implication of demands that react to the own-price elasticity a series of
sensitivity runs was executed applying the partial equilibrium version of SMM. Then, we compare how the flexibility of
the model improves by responding to the PEC and CO2 constrains comparing to the previous results with fixed
demands. Additionally, we calculate the associated social welfare losses in relation to the cumulative gross domestic
product (GDP). The social welfare loss is defined as the decreased consumer and producer surplus between the initial
and the new equilibrium, due to the introduced constraint either on the PEC or on CO2 emissions or on both. Now we
are able to satisfy stronger PEC constraints and reach the target of 3000-Watt/cap by the year 2050 or 70% of the long
term vision on the PEC-efficiency target. The annual social welfare loss estimations show a significantly high value in
the year 2050, in agreement with the PEC constraint which is defined for only the last period. On the other hand
scenarios which are only PEC constrained, exhibit small losses between 2010 and 2045, followed by high losses in the
period of 2050. Note that the 3.0 kW/Cap targeted scenario induces social welfare losses of more than 25 billion CHF in
the year 2050. On the contrary, the combined PEC and CO2 constraints has noticeable but more moderate losses over
the whole time horizon, as the CO2 reduction targets start in early periods.
Conclusions

As the policy goal of 2000-Watt per capita is an impossible goal to be obtained in the next decades (the present primary
energy use level is around 5000-Watt/capita and becomes 5300-Watt by 2050 in the baseline), we analyzed first
sufficient intermediate steps towards the 2000-Watt, e.g., starting from 4.5 kW/cap and going down to 3 kW/cap until
we reach the maximum model flexibility. Then, we describe the technology related structural changes of these
evolutionary scenarios of the Swiss energy system, examining the effect of gradually decreased bounds on primaryenergy consumption per capita combined with energy-related CO2 emissions and present the associated costs.
Energy-saving measures and heat pumps in the residential sector as well as hybrid and eventually fuel cell cars in the
transportation sector would be the technological choice of the future. The combined scenarios also show that, as the
constraints on primary energy consumption and CO2 become more stringent, the contribution of several energy-supply
technologies, such as nuclear energy and new renewable energies, is indispensable while electricity is substituting for
fossil fuels.
The results suggest that the 2000-Watt society should be seen as a long-term goal. Until 2050, a 3000-Watt per capita
target can be reached, at maximum, if and only if appropriate policies and legislation are approved. Already this
intermediate step towards the 2000-Watt is associated with considerable transformations of the Swiss energy system
and extra cost of 20 billion US$ (i.e., as cumulative and discounted cost difference to the baseline). The transformation
is even more costly for ambitious combined targets (i.e., a primary energy of 3.5 kW per capita and 50% CO2 emission
reduction relative to 1990, by the year 2050) as in that case the cost could increase by another 20 billion US$.
Notice that, the cumulative welfare losses defined as the integral of consumer’s and producer’s surplus difference
between the baseline and the constrained scenario are low when normalized to the GDP integral for the time horizon of
analysis. E.g., the 3 kW/cap constraint shows 0.5 % losses while the combined carbon and efficiency constraints result
to 1.3% relative losses. These economic losses do not count for the benefits due to the improvement of the local
environments which are expected to be at least proportional to reduction of the fossil fuel use and the benefits of the
climate change mitigation. Previous studies for Switzerland have shown that the net effect could have either marginal or
even positive outcomes (FOGA/VSG/SVGW, 2003). Also, the country becomes less vulnerable to fossil fuel import
distortions and price fluctuations as future energy systems will rely more on endogenous resources and better
manageable nuclear fuel imports. As a partial equilibrium model (and not a general equilibrium one) is used, it is not
possible to count for the inter-sectoral transactions and the expected benefits due to the introduction of innovative
technologies and products that will enhance exports for energy-related services and products.
Based on the above analysis and other considerations, the PSI management is proposing an energy system that
corresponds to an intermediate step of 4000-Watt with a CO2 reduction of 50% by the year 2050 associated with
affordable energy system costs increase and concludes that the long term goal of 2000-Watt paves the way towards
sustainable developments and points out changes in the correct direction. (PSI Press Release, April 2007)
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4.10 United Kingdom
4.10.1 MARKAL- Macro Analysis of Long Run Costs of Mitigation Targets in the UK59
Introduction

This paper summarises the key findings of a study sponsored by the UK Government to assess the additional impacts
(economic and technological) of moving to an increasingly carbon constrained energy system – 70-80% reductions in
59
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CO2 by 2050 - using a MARKAL-Macro model. In addition, a secondary objective was to assess the impact of
including emissions from international aviation into the reduction target, and the resulting implications for abatement in
the aviation and other sectors.
An Energy White Paper Meeting the Energy Challenge was published in the UK in 2007. It outlined the challenges
facing the UK’s energy sector, namely climate change and energy security, and proposed a number of measures to
respond to these issues. One such measure was the provision of legally binding carbon targets for the whole UK
economy, to progressively reduce emissions. A Climate Change Bill has been proposed that would implement such
targets.60 As part of the discussions around longer-term targets under this Bill, DEFRA commissioned this additional
MARKAL analysis, to explore the impacts of more stringent targets than those considered in the Energy White Paper.61
A full report, with detailed assumptions and full results, can be found at DEFRA’s website62.
A number of headline messages emerged from this analysis:

♦ Increasingly stringent constraints on the energy system force even more radical change on the energy system,
in terms of energy mix and technology take-up, than seen in the previous 60% constraint runs. The choice of
energy and technologies reflects the very many trade-offs in the system in moving to a lower carbon economy.

♦ Importantly, the energy system still has the necessary abatement options to be able to ensure that significant
additional reductions in CO2 can be met, even when the system is further constrained in terms of technological
innovation and other cost-effective options.

♦ As concluded in the previous EWP 07 MARKAL analysis63, all sectors contribute (fairly equally) to emission
reductions (based on allocation of end-use emissions from electricity and hydrogen production) although
relative timings of contribution differs. The electricity sector is a key sector for realising emission reduction
targets, almost fully decarbonising by 2050.

♦ Additional reductions in CO2 emissions lead to higher marginal abatement costs, as abatement measures

chosen by the model become increasingly more expensive (less cost-effective). This indicates that as
constraints become more stringent, the energy system requires a higher CO2 price signal to respond
accordingly.

♦ The impacts on GDP are also more significant, as consumption and investment levels decrease further due to
increasing energy payments. Under a 70% constraint, GDP decreases by 1.1% (£B29.8) in 2050 while under
an 80% constraint it decreases by 1.6% (£B44.9). This compare to 0.8% reduction in 2050 under a 60%
constraint (or £B22.2 loss).

♦ Inclusion of international aviation in the model results in significant additional burden on the other parts of the
transport sector and on the wider energy system to provide additional CO2 reductions, due to the inability of
aviation to make significant emission reductions other than by reducing demand. This impacts on the marginal
CO2 abatement costs and GDP losses for the 60% STL runs with international aviation, which are similar to
those in the (non-aviation) 70% SLT runs.
The following three sections outline the main analysis findings, while the fourth section - International aviation –
reflects the results of the analysis to assess the impacts of including this sector in reduction targets.
System evolution

System evolution considers changes in the primary and final energy demand across the time period (2000-2050), and
the impact on CO2 emissions.
The introduction of carbon constraints leads to significant reductions in primary energy use relative to the
unconstrained base case, as the energy system moves to using energy more efficiently and using less, through increasing
uptake of conservation measures and endogenous demand response. Reductions in energy use increase under tightening
carbon constraints; under an 80% constraint, primary energy has reduced by up to 37% by 2050. Under a 60%
constraint, the reduction was approximately 31%. Final energy consumption follows a similar trend.
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The type of energy use also evolves, leading to significantly lower coal and gas use by 2050, and limited use of
transport based fossils fuels. Levels of renewable energy and nuclear generation are much more significant (with
significant shifts in end use sectors from gas to low carbon electricity), while biomass (2nd generation) provides much of
the energy needs of the road transport sector.
Sensitivities on the 80% reduction case included constraining available levels of biomass, due to greater emphasis on
sustainable supply, and limits on wind generation resulting from potential planning and grid constraints. Additional
biomass constraints inevitably lead to increased use of refined oil products, whilst reduced wind generation leads to the
take-up of gas CCS (Carbon Capture and Storage) and increased levels of nuclear generation. Consideration of
additional constraints on the availability of CCS and nuclear results in more reliance on high cost conservation
measures (e.g. insulation) and reduced demand for energy services (through the endogenous demand response
feedback).
By 2050, all end-use sectors are contributing to the significant reductions required to meet 70-80% CO2 emission
targets. Moving from a 60% to an 80% reduction target results in all sectors make additional contributions to mitigation,
with the transport and residential sectors contributing to a more significant proportion of total abatement in 2050. The
transport sector is an interesting case because under the unconstrained baseline, technological evolution is already
happening with parts of the vehicle fleet moving to hybrid and hydrogen vehicles. Therefore, the associated emission
reductions are in a sense ‘hidden’. Significant additional abatement above the baseline from this sector occurs post-2030
due to the increase in hydrogen use and then again in 2050 as oil-based fuels are increasingly replaced by biofuels.
The electricity generation sector, with the technological options to decarbonise fully, is critical to achieving the
reductions in 2050 (and in other target years along the emission reduction trajectory) under both 70% and 80%
constraints as was observed in the EWP 07 MARKAL analysis. Under an 80% constraint, it accounts for over 50% of the
required emission reductions in 2050. However, it is worth noting that this is enabled by large amounts of wind
generation (with little account for grid stability or constraint issues, planning etc) and a prominent role for CCS, a
technological option still at the demonstration stage.
Technology pathways

The focus of the assessment of technological change by sector was electricity generation and transport. Whilst
abatement opportunities in these sectors are key to ensuring the UK can move to a low carbon energy system, it is also
important to recognise the role of other end use sectors, not discussed here, all of which also need to play a major role in
carbon reductions.
In the EWP 07 MARKAL analysis, where the impacts of a 60% reductions by 2050 were analysed, the electricity
generation sector moved from a coal dominated base case to one that featured a diverse generation profile, with coal
CCS and renewables the key technologies. The main changes observed from moving to a 70% reduction by 2050 is a
higher level of generation delivered by nuclear generation (see Figure 4-24).

Figure 4-24: Comparison of the Electricity Generation by Fuel Technology for 70% Constrained (SLT)
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Figure 4-25: Comparison of Transport Fuel Consumption for 80% SLT Constrained CO2 Run
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Coal CCS levels are the same because annual capacity bounds had already been reached while gas generation is no
longer part of the mix. Under an 80% constraint, generation levels are even higher, made possible by large amounts of
new offshore wind capacity. Marine technologies also feature but at low capacity levels. The increased generation
appears to be largely driven by end use sectors shifting away from gas to low carbon electricity.
Sensitivity analysis around key assumptions on wind, CCS and nuclear provide additional insights. Limits on new
nuclear build result in wind generation filling the gap. However, if the role of wind generation is constrained, gas CCS
becomes the significant generation technology, accounting for up to 50% of overall output. Gas CCS is chosen instead
of coal CCS because higher levels of gas CCS generation can be achieved under a given CCS storage bound because
the carbon intensity of this generation type is lower.
Where no new nuclear or CCS build is assumed, wind generation dominates. Introducing constraints on the role of wind
results in electricity generation output falling to the levels observed under the 70% constraint case. End use sectors
invest significantly in additional conservation measures, and reduce their demand (through the endogenous demand
response) in the absence of high levels of low carbon electricity previously available in the absence of this additional
constraint.
As previously mentioned, under the base case (in the absence of constraints), the transport sector is already moving
towards more efficient technologies e.g. hybrids. Large reduction targets for CO2 lead to overall energy demand
decreases as vehicles become more efficient but also as a result of demand reduction in response to price increases. A
more important role for biomass emerges in later periods, particularly biomass-to-liquid fuels (BtL), than observed in
the EWP 07 MARKAL analysis. In the 80% reduction cases, by 2050 biofuels account for over 60% of total transport
fuels leading to limited or no further use of conventional road transport fuels (petrol and diesel) (see Figure 4-25). In
periods preceding 2050, hydrogen use is highest in the unconstrained baseline. Lower levels in the constrained cases
reflect the fact that the hydrogen production in the base case is through carbon intensive fossil fuels. Much of the
hydrogen that is used in the last period under the 80% constrained case is from hydrogen production from electrolysis,
using low carbon electricity.
Considering technologies used in the road transport sector, it is interesting to observe that the use of diesel and hybrid
vehicles in 2050 is at the same level to that observed in the base case(s) due to constraints on fleet profile. The high
level of conventional diesel vehicles is enabled due to the use of BtL (Biomass-to-liquid fuels or second generation
biodiesel), replacing diesel.
Demand response is an important feature of the MARKAL Macro model, enabling the model to reduce costs through
reductions in consumer demand for energy rather than have to invest in higher cost, low carbon technologies. As
emission constraints get more stringent, demand response becomes an increasingly important mechanism to help
minimise the marginal costs of abatement; under the 60% constraint, demand reductions of around 9-13% in 2050 can
be observed (excluding transport). In 2030 – when constraints are lower, demand responses are below 5%. Transport
also reflects these demand response trends but at lower reduction levels. Under an 80% constraint, the reductions are
between 15-20% in 2050. This suggests that where low carbon options are more expensive, demand reductions are even
greater as the system tries to minimise costs. Interestingly, the demand response trend follows the marginal abatement
cost trends, indicating that the level of marginal costs is a significant driver of the demand response.
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The relative response between sectors differs, with the largest reductions seen in the residential, industry and agriculture
sectors. The transport sector is the least responsive sector.
The system can also reduce demand through the uptake of conservation measures. Relative to the analysis of a 60%
reduction, the use of conservation does increase when emission constraints are tightened but only by limited levels.
Under the 60% case, most cost effective conservation has been taken, with potential remaining for more expensive
conservation measures. Expensive conservation measures are taken up, particularly in the residential sector, in the most
constrained cases e.g. no nuclear or no nuclear / CCS, with additional bounds on wind generation and biomass
resources.
Economic impacts

Marginal abatement costs increase significantly as emission reduction targets are increased. For the 60% reduction
case (under the EWP 07 MARKAL analysis), costs were approximately £65/tCO2 (£240/tC). These increase to
£145/tCO2 (£530/tC) under a 70% constraint and £215/tCO2 (£790/tC) under an 80% constraint. Where additional
constraints are put on the system, these costs are pushed up further, with £395/tCO2 (£1450/tC) under the 80%
reduction case, where CCS / nuclear technologies are not available, and additional wind generation and biomass
resource constraints are introduced. The marginal costs also differ across the time horizon; under the alternative
emission reduction trajectory (where emission reduction targets are markedly higher in earlier years), costs are
unsurprisingly higher than seen under the core SLT cases. In many of the runs, a reduction in costs in 2030 relative to
2020 indicates the emergence of more cost-effective low carbon technologies in that period.
The Macro model also makes a direct calculation of GDP, based on the interactions between the energy sector and the
rest of the economy, including trade-offs between energy system costs and levels of consumption and investment. In the
EWP 07 MARKAL analysis, a 0.8% (£B22.2) loss in GDP was estimated based on the 60% reduction run. The most
significant GDP losses of 1.5% (or £B42.0) in that analysis were observed under where technological innovation was
restricted post–2010 under a 60% constraint.
In this analysis, all 70% reduction cases lead to estimated GDP losses of around 1.1% in 2050. Cumulative losses are of
course greater for the MM-C70A case (alternative trajectory) where higher constraints are imposed across the emissions
reduction trajectory. For the 80% reduction cases, losses are between 1.6 and 1.8% except for the high resource cost and
restricted innovation cases, where losses are 1.1% (£B31.6) and 2.6% (£B73.0) respectively. Again, the 80% alternative
trajectory leads to greater cumulative GDP losses.
International aviation

The inclusion of international aviation emissions in the energy system results in the need for significant additional
reductions in CO2 across the system. This is due to the apparent inability of the aviation sector to achieve reductions
though technological or fuel switching means – relying on demand reduction to contribute to emissions reductions
required under the 60% reduction case. Under 60% CO2 constraints, the wider system changes resulting from the
inclusion of international aviation include a substantial increase in nuclear electricity generation and increased use of
BtL diesel and hybrid petrol car technologies in the transport sector.
The resulting 2050 marginal CO2 abatement costs (97 £/tCO2) and GDP losses (1.24%, 34.8 £Billion) of 60%
constrained runs are mid-way in between those reached by the 60% and 70% constrained runs without international
aviation
4.10.2 UKERC MARKAL Energy Systems Modelling64
Overview of UKERC MARKAL modelling

The UK Energy Research Centre’s (UKERC) Energy Systems and Modelling (ESM) theme coordinates UK MARKAL
modelling research activities. These are led by Kings College London (KCL), where key staff are Dr Neil Strachan and
Ramachandran Kannan. Modelling collaborators are Stephen Pye at AEA, and Dr Nazmiye Ozkan at the Policy Studies
Institute (PSI).
From 2005-2007, UKERC-ESM has built comprehensive UK capacity in E4 (energy-economic-engineeringenvironment) modelling, including full and updated versions of the technology focused energy systems MARKAL and
MARKAL-Macro models. This model has been used to address a range of UK energy policy issues including
quantifying long-term carbon reductions targets, and the development of hydrogen infrastructures. International
activities include the Japan-UK Low Carbon Societies research project.
In addition ESM has mapped UK energy modelling expertise (see http://ukerc.rl.ac.uk/ERL001.html), and through
networking and co-ordination activities; developed the capacity of UK energy research modelling, and deepened the
interactions within the UK and with major international energy modelling groups.
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Selected ESM activities through January 2008

The extended UK MARKAL-Macro model was used to provide a major analytical underpinning of the 2007 UK
Energy White Paper, and for the regulatory impact assessment of the UK Climate Change Bill.
Highlights
♦ A collaborative work programme was developed between KCL, AEA and PSI and to build upon existing UK
modelling expertise and to build a new version of the UK MARKAL model.



Following intensive data collection, programming, calibration and review processes the extended and fully
revised new MARKAL model was completed.



Major updates include resource supply curves, full depiction of energy processes and fuel carriers, nuclear
fuel, biomass and hydrogen energy chains, remote and decentralized electricity grids, substantially greater
detail in end-use sectors (industry, transport, residential, services and agriculture).



Three working papers to explain the assumptions, scope and results of the new model with the aim to
increase transparency were completed and are now available under the UKERC-ESM working paper
series at: www.ukerc.ac.uk/ResearchProgrammes/EnergySystemsandModelling/ESM.aspx

♦ An ongoing and stakeholder exercise involving a range of bilateral reviews, a major stakeholder data
workshop in June 2007 and three dedicated sectoral workshops was undertaken
www.ukerc.ac.uk/TheMeetingPlace/Activities/Activities2007/MeetingPlaceActivity2007.aspx).

(see

♦ A major documentation effort was undertaken with all data sources, assumptions etc being made publicly
available at www.ukerc.ac.uk/ResearchProgrammes/EnergySystemsandModelling/ESM.aspx.

♦ A general equilibrium (MARKAL-Macro) model version, linked to a simple neoclassical macro-economic
module, was successfully completed.

♦ A major analytical input into policy has been to quantify a range of low carbon scenarios as a key input and
ongoing analysis for the UK 2007 Energy White Paper. This has involved both the MARKAL and MARKALMacro models (see http://www.dti.gov.uk/energy/whitepaper/page39534.html).

♦ An elastic demand version of UK MARKAL (MED) is now being used to underpin the UKERC integrating
scenario process focusing on energy security and carbon reduction goals.

♦ The UK MARKAL modelling team is leading an international modelling effort on low carbon societies (LCS)
under the Japan-UK Low Carbon Societies research project. The output of this project will feed into the G8
Gleneagles dialogue when Japan holds the presidency in 2008, and a special journal issue of Climate Policy.

♦ Modelling of alternate decarbonisation scenarios including -80% CO2 reductions and the inclusion of
international aviation was carried out for DEFRA and for a range of NGOs headed by the Institute for Public
Policy Research (IPPR).

♦ A series of Journal papers on long-term scenario modelling using the UK MARKAL models continue to be
drafted, for example Strachan, N. and R. Kannan (2007) Hybrid Modelling of Long-Term Carbon Reduction
Scenarios for the UK, Energy Economics, in press.

♦ A paper on Quantifying technological and economic implications of long-term carbon reduction scenarios for
the UK was presented at the 9th IAEE European Energy Conference in Florence in June 2007.

♦ Strachan, N, N. Balta-Ozkan, R. Kannan, N. Hughes, K. McGeevor, D. Joffe (2007) State-of-the-art modelling
of hydrogen infrastructure development for the UK: Geographical, temporal and technological optimisation
modelling, Department for Transport, London.

♦ The 1st ESM Annual Energy Modelling Conference (AEMC) in December 2006 focused on long-term
modelling of low carbon societies, and kicked off the modelling work-stream of the UK-Japan LCS research
project.

♦ The 2nd AEMC in January 2008 focused on UKERC integrating energy scenarios linking carbon abatement
and energy security policy goals under the UKERC Energy 2050 project.

♦ ESM hosted a major international conference in November 2005 on MARKAL modelling via the International
Energy Agency’s ETSAP network. This focused on state-of-the-art international energy technology modelling,
as well as showcasing the full range of UK energy modelling capacity.

♦ ESM hosted a week long Research Hotel on energy systems modelling in February 2006, bringing together the
MARKAL modelling teams of UKERC and the USEPA, together with researchers from Oxford University
and Imperial College.
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♦ New UK MARKAL modelling teams have been supported at EON-UK, Imperial College and Oxford
University.

♦ KCL researchers have observer status on International Energy Agency (IEA) ETP 2008 modelling and
publication.

♦ Further MARKAL applications include:


The quantification of hydrogen infrastructure development via the SuperGen UKSHEC programme. Three
working papers have been produced (see http://www.psi.org.uk/ukshec).



Spatial modelling via a linkage with a geographical information systems (GIS) model to investigate new
energy infrastructure development, and temporal modelling to investigate energy storage.

Example Project: Analysis of Long-Term carbon reduction scenarios using UK MARKAL-Macro
A major application of the UK MARKAL energy systems model has been to quantify the cost and energy system
implications of long-term 60% reductions in CO2 emissions. This project was commissioned by DTI and DEFRA as
part of the analytical underpinning for the 2007 UK Energy White Paper Energy. The new MARKAL model has
undergone a complete rebuild with a range of enhancements to improve its analytical sophistication. In addition, a
thorough model and data validation process were undertaken. A major methodological extension was to hard-link a
neoclassical macro-economic module (the MARKAL-Macro or M-M model). This extension has the advantages of
making energy service demands an endogenous mitigation response, and quantifying macro-economic implications of
large scale CO2 reductions.
The MARKAL and M-M model runs focus on characterizing uncertainties between alternate energy pathways under
scenarios of long-term carbon reductions.
For this project, the UK MARKAL and M-M runs covered extensive sets of 50 scenarios. These included use of
alternate sets of technology and conservation data based on the UKERC literature review with technology expert and
stakeholder feedback, with a second set adjusted for insights from the DTI Energy Review. Scenarios for base-case and
60% CO2 reductions by 2050 included:

♦ Central, high, low cost technology assumptions;
♦ Alternate CO2 emissions trajectories: constraint imposed from 2030 or 2010;
♦ Central, high, low and global fuel prices;
♦ Restricted innovation (no development beyond 2020 or 2010 levels);
♦ No nuclear/CCS (central cost), and
♦ Renewable sensitivity (including the renewables obligation (RO) for electricity generation).
Figure 4-26 details UK final energy consumption for the base cases and 60% CO2 reduction cases under central, low
and high fuel prices assumptions.
Figure 4-26: Final Energy Based on Resource Price Assumptions
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Figure 4-27: CO2 Prices based on Model Type and Resource Price Assumptions
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Generally higher resource prices give greater impetus to energy reductions in both base and CO2 constrained scenarios.
One exception is in the CO2 constrained fuel price cases, where relative fuel switching between gas and coal entails
either a greater efficiency improvement (under low price assumptions) or a greater shift to zero carbon energy carriers
and technologies (under high price assumptions).
Under such stringent domestic CO2 reduction targets, all sectors contribute to emission reduction and increasing
marginal CO2 prices are detailed in Figure 4-27. High resource price assumptions give lower marginal prices as the
costs of low carbon technologies and measures are relatively lower. The M-M model gives lower prices than the
MARKAL model (marked ST in Figure 4-27) as its behavioural response to reduce energy service demands provides
additional flexibility in meeting the constraint.
A major advantage of the M-M model is a quantification of macro parameters. Again higher resource assumptions lead
to a smaller GDP loss as the base case energy sector has already decarbonised to a greater extent meaning achieving the
target is easier. For the full range scenarios the M-M model gives a GDP loss varying between 0.3% and 1.5% (in
2050). This is equivalent to other estimates (e.g., the Stern Review), but the M-M results may be thought of as a lower
bound because the model does not account for transition costs, nor (as a UK-only model) account for trade and
competitiveness issues.
A full explanation and analysis of these scenarios is given in the Final Report on DTI-DEFRA Scenarios and
Sensitivities using the UK MARKAL and MARKAL-Macro Energy System Models available at http://www.ukerc.ac.uk.

4.11 United States
4.11.1 Brookhaven National Laboratory, U.S. Department of Energy
The Brookhaven National Laboratory (BNL) applied the family of MARKAL models in a wide variety of areas during
ETSAP ANNEX X. These activities include:

♦ Benefits estimates for the U.S. Department of Energy (U.S. DOE) R&D programs under the Government
Performance and Reporting Act (GPRA),

♦ Development of a U.S. multi-region MARKAL for GPRA analysis,
♦ Development of advanced fuel cycles and Global Nuclear Energy Partnership (GNEP) technologies to study
future market deployment of nuclear technologies,

♦ Development of an integrated framework in MARKAL to evaluate nuclear proliferation risk,
♦ Development of clean and waste water supply-demand, treatment and recycling system in New York City
MARKAL-Material to study energy-water interactions in local energy planning.

115

Benefits Estimates of Energy R& D programs under the Government Performance and Reporting Act65

BNL has been utilizing the MARKAL model to assist the U.S. DOE in analyzing the prospective benefits of the
Department’s R&D portfolio for its Offices of Energy Efficiency and Renewable Energy (EERE), Nuclear Energy,
Fossil Energy, and Electricity Delivery and Energy Reliability. These prospective benefits are used to comply with the
Government Performance and Reporting Act (GPRA) and to facilitate a better understanding of future energy markets
and identify gaps in the R&D portfolio.
GPRA requires U.S. Federal agencies to develop measurable goals and report on the outcomes of the agency’s
activities. Under these requirements, we project the benefits that accrue to the nation if U.S. DOE programs are
successful in meeting their R&D targets. These benefit estimates are based on stated program output goals for currently
planned activities that are achievable with current funding levels.
The benefits metrics covers three general categories: economic, environmental and security benefits. The specific
metrics change from year-to-year and our goal is to develop a core group of metrics that will demonstrate the R&D
portfolios potential to advance the U.S. DOE goals of providing clean, reliable and affordable energy. Table 4-8 depicts
the benefits metrics for EERE R&D portfolio conducted in 2007 for the FY2008 GPRA benefits estimates.
In addition to the Baseline Scenario (BAU), two alternative market scenarios – a high fuels price scenario (HFP) and a
carbon constraint scenario (CC), were used to measure EERE’s GPRA benefits estimates. Figure 4-28 shows the
sensitivity of these benefits under different market conditions.

Table 4-8: Benefits Metrics for EERE Portfolio – 2007
Mid-Term Benefits
Metric

Long-Term Benefits

2010

2015

2020

2025

2030

2035

2040

2045

2050

• Reduction in Average Delivered Natural Gas Price

1%

0%

3%

5%

2%

5%

10%

16%

12%

• Energy System Cost Savings (bil 2004$) 1/

nr

nr

nr

nr

nr

$120

$146

$173

$203

• Consumer Savings, Annual (bil 2004$)

4

12

43

86

110

232

322

385

381

• Consumer Savings, NPV (bil 2004$) 2/

6

46

148

359

632

1,518

2,088

2,707

3,278

• Electric Power Industry Savings, Annual (bil 2004$) 3/

1

5

13

21

26

51

63

77

69

• Electric Power Industry Savings, NPV (bil 2004$) 2/ 3/

2

18

54

110

174

419

536

658

766
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[Friley, 2007] details the approach, assumptions, and results of its GPRA analysis.
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Figure 4-28: EERE Program Benefits under High Fuels Prices and Carbon Constraint

Development of a Multi-region U.S. MARKAL

BNL has been developing a 10-region U.S. MARKAL model for use in projects for the U.S. Department of Energy and
other clients. This is the successor to the single region U.S. model that has been BNL’s main tool for energy policy and
market analysis in the past.
Because the size of the U.S., the cost and availability of energy resources and technologies, as well as the impacts of
energy policies, often vary greatly from its region to region. This situation necessitates the characterization of the
regional dynamics and analysis within the MARKAL modeling framework. It was therefore deemed appropriate for
BNL to develop a multi-region U.S. MARKAL that addresses these issues. Key regional differences captured by the 10region framework include:

♦ Fossil fuel and renewable resource availability
♦ Economic and population growth rates
♦ End-use demand patterns and levels of energy intensity
♦ Energy infrastructure and transportation options and costs
♦ Energy and tax policy
The 10 regions defined in the new U.S. MARKAL model follow the U.S. Census Divisions with the exception that
California has been separated from the Pacific census division. These regions are shown in Figure 4-29.
Figure 4-29: Regional Definition in 10-Region U.S. MARKAL
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This 10-region model is already being used for a project on hydrogen transitions and its impact on the wider energy
economy, sponsored by the Office of the Hydrogen Program at the U.S. DOE. In the future it will also be used for
benefits analysis under GPRA and various projects for the Office of Policy and International Affairs.
Development of a Methodology to Evaluate the Impact of Financial Mechanisms on the Economic
Competitiveness of GNEP Technologies

The Global Nuclear Energy Partnership (GNEP) seeks to promote expanded use of economical, carbon-free nuclear
energy to meet growing electricity demand in an environmentally safe and secure manner. The proposed approach will
use a closed nuclear fuel cycle that enables recycling and transmutation of long-lived radioactive waste, and enhances
energy security while promoting non-proliferation (Figure 4-30). Under the GNEP project, scientists, engineers and
analysts will develop the critical technologies needed to change the way used nuclear fuel is managed. Part of this effort
will be to estimate the costs to construct and operate the required closed fuel-cycle facilities and to dispose of wastes.
These costs will be a critical element in determining the viability and deployment schedule of GNEP nuclear
technologies in the electricity marketplace. The ultimate cost to the government to deploy the recycling technologies
developed in the marketplace may in turn depend on a combination of financial incentives and revenues until the
technologies developed under the GNEP program mature.
The work described in this report provides preliminary results obtained from the application of a methodology
developed to evaluate the market viability of advanced recycling reactors and their associated fuel cycle components.
The methodology employs the BNL MARKAL model, an integrated energy, environmental and economic framework
with rich and detailed energy technology characterization. The data used are obtained from the Department of Energy
and the Cost Basis Report (Shropshire April 2007), with additional consultation with Idaho National Laboratory staff.
The scenarios described were developed in consultation with DOE headquarters staff. The work concentrates for this
analysis on the U.S. domestic market, but the approach could be applied to a global analysis by employing the Energy
Technology Perspectives (ETP) model, a 15-region global MARKAL variant maintained by the International Energy
Agency (IEA).
This analysis examines several possible financial incentives to private sector reactor operators. Because of the very
large number of interacting parameters and potential incentives, only a few selected scenarios were defined and tested
to show the flexibility of the approach to sort through alternative deployment paths. The results are illustrative of the
information that can be developed under a range of targeted assumptions for technology costs, financial incentives and
energy policies.

Figure 4-30: GNEP Technology Representation in U.S. MARKAL.
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Both the open fuel cycle and the proposed closed fuel cycle with GNEP technologies available were examined under a
series of scenarios. For these analyses, the scenarios examined ranges for financial incentives, including lowering the
effective discount rate, providing free or subsidized fuel to the reactor operator, and giving a production tax credit. In
addition, the impacts of various levels of carbon taxes on the penetration of the Advanced Recycling Reactor (ARR/FR)
were examined and the potential revenue to the government of such an energy system-wide tax estimated. The data
assumptions are provided in the body of the report.
Results – Open Cycle

The first set of analyses examines the open nuclear fuel cycle, with ultimate disposal of high-level nuclear waste in one
or more repositories. Advanced recycling technologies were not considered in this set of analyses. A series of runs were
performed to examine the implications on the deployment of nuclear technology in the market of varying discount rates
and levels of carbon taxes. The repository costs under each of the options ware calculated. Revenue to the government
from the carbon tax was estimated. These results are presented below.
The initial scenario examined the market penetration of ALWRs under a range of discount rates, assuming that
sufficient repository space is available for spent nuclear fuel (SFN). The analysis showed that as the effective ALWR
discount rate decreases from 10% (the baseline discount rate in MARKAL) to 5% - 7%, the technology becomes
increasingly competitive compared to other competing electricity-producing technologies and enters the market (Figure
4-31).
Subsequent scenarios examined a range of carbon taxes (30$/ton CO2 - 100$/ton CO2). Under a carbon tax, ALWRs
will enter the market assuming a 10% discount rate, with greater penetration under the higher carbon taxes. The
analyses show that repository usage and consequent SNF disposal cost to the government, as well as revenue to the
government from a carbon tax and the waste disposal fee, increase as the discount rate for ALWRs decreases and/or the
CO2 tax increases.
Results – Closed Cycle

The second set of analyses explores the closed fuel cycle and assumes that advanced recycling (GNEP) technologies are
made available to the energy market, along with the ALWRs.
To explore the sensitivity of the market competitiveness and growth of GNEP technologies in the U.S. energy market, a
reference series of scenarios were run based on a range of overnight costs for the advanced recycling reactors (FRs) at a
10% discount rate and no additional financial incentives. Under these conditions, the FRs did not enter the market.
However, a market penetration for the FRs of 33 GWe by 2050 (McCarthy 2007) at the nominal FR overnight costs in
the Cost Basis Report (Shropshire April 2007) can be achieved by lowering the effective discount rate to below 4%,
perhaps through such economic incentives such as government subsidies, simplified siting requirements, and license
applications.
Figure 4-31: ALWR Capacity with Alternative Carbon Tax Schedule
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Next, methods other than lowering the discount rate to allow the FRs to enter the energy market economy were
examined, specifically some financial incentives to lower the operating cost to the FR operator. Two options were
considered individually in consultation with the DOE Program Manager: a payment to FR operators for the
transmutation of higher actinides (“free” fuel), and provision of a revenue stream with a production tax credit (PTC).
Additional scenarios evaluated the combined impacts of the two assumptions, and then tested various discount rate
options to understand the sensitivity of these financial options. Other scenarios also tested different carbon tax
schedules.
The second set of results show that with the free fuel (5500 $/kg) and PTC ($ 18/MWh) incentives, the FRs does not
penetrate the market at a 10% discount rate.
Five additional cases were analyzed to test the sensitivity of key parameters and to determine the conditions for FR
market penetration: Discount rates, Carbon taxes, Fuel credits, Production tax credits and Technology learning curves.
In the scenario analyses for each case, a 10% FR discount rate was assumed as well as $5500/kg for fuel and $18/MHh
for PTC, except when they were varied individually in a case. Under these assumptions, the results were:

♦ The discount rate needs to come down from 10% to 7% for penetration of the FR to occur (29GW), and to 5%
to achieve 59 GW penetrations by 2050.

♦ The FRs penetrates the market at a $50/ton carbon tax and reaches their maximum in 2050 at $100/ton.
♦ The fuel subsidy must reach $50,000/kg for FR penetration.
♦ The production tax credit must reach $50/MWh for penetration.
♦ At equal learning curves for all technologies and no government incentives, nuclear energy is not competitive.
However at a $75 per ton carbon tax, GNEP technologies now penetrate to about the same levels as those
reached in under the same carbon tax with government incentives and unequal learning curves.
Figure 4-32 shows sensitivity of nuclear capacity with various discount rates and carbon taxes. It helps outline strategies
needed to achieve desired market share of nuclear technologies. The costs of the incentives and subsidies to the FRs by
the government under the assumptions given above exceed the revenue that the government can expect from a waste
disposal fee of $3/MWh from the ALWR operators alone. However, the revenue to the government from a carbon tax
on the energy system is substantial and far exceeds the costs of the incentives to nuclear.
Figure 4-32: Sensitivity of Nuclear Capacity with Various Discount Rates and Carbon Taxes
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Development of an Integrated Framework in MARKAL to Evaluate Nuclear Proliferation Risk66

The objective of this activity is to develop a methodology for evaluating the proliferation risk associated with the flow
of nuclear materials obtained in the MARKAL solution. The development of this quantitative approach follows the
general approach established by the Proliferation Resistance and Physical Protection (PR & PP) Experts Group and the
related work done at the Brookhaven National Laboratory. The numeric values for proliferation risk calculated for each
nuclear scenario form a common scale for cross-scenario comparison on these risks among different market/technology
assumptions. These values can also be used as constraints in MARKAL to limit the proliferation risk at a specific level
for the solution obtained, similar to the way the total carbon emission constraint is applied to the energy system.

♦ The proposed analytical approach involves the following steps:
♦ Update nuclear sector flows and data in the ETP MARKAL database,
♦ Develop the GNEP fuel cycle and material flow in selected regions,
♦ Incorporate nuclear proliferation factors into the ETP MARKAL database,
♦ Develop global and inter-regional markets for nuclear technology/material flows in the ETP MARKAL to
facilitate the assessment of the impact of potential international agreements on nuclear economy, and

♦ Conduct model calibrations, runs and analyses.
Energy-water Interactions in Local Energy Planning

The New York City Energy-Water Integrated Planning Pilot Study is one of several projects funded by Sandia National
Laboratories under the Department of Energy Energy-Water Nexus Program. These projects are intended to clarify
some key issues and research needs identified during the Energy-Water Nexus Road Mapping activities.
The objectives of the New York City Pilot Project are twofold: to identify energy-water nexus issues in an established
urban area in conjunction with a group of key stakeholders, and to provide a hands-on test for the definition, application
and utility of an integrated energy and water decision support tool.
The Brookhaven National Laboratory project team worked very closely with the members of the Pilot Project Steering
Committee. The first task was to identify energy-water issues of importance on New York City. The Steering
Committee brought a breadth of experience across the energy, water and climate disciplines, and all are very-well
versed in the particular issues faced by an urban environment and by New York City in particular.
This exercise was followed by discussion of the qualities and capabilities that an ideal decision support tool should
display to address these issues. The decision was made to start with an existing energy model, the New York City
version of the MARKAL model. MARKAL was developed originally at BNL and now used globally by many groups
for energy analysis. This model has the virtue of being well vetted, transparent, and capable of adding quantitative
“material” flows, such as water use by the energy system and energy requirements of water technology. Figure 4-33
shows energy, water and solid waste flows modeled in NYC MARKAL, where as Figure 4-34 highlights details of
water supply and waste water disposal systems modeled.
Figure 4-33: MARKAL Reference Energy System with Water, Waste water and Solid Waste Systems
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[Lee, 2007] demonstrated initial progress and proposed future work in this area.
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Figure 4-34: Modeling Water Supply and Waste Water Disposal Systems in NYC MARKAL

After thoughtful consideration by the Steering Committee, five scenarios of interest were defined that represented a
broad spectrum of New York City energy-water issues. The goal now was to develop a model framework (a WaterMARKAL) at the desired level of detail to address the scenarios, and then to attempt to gather the New York Cityspecific information required.
This report describes the successes and difficulties of defining and demonstrating the decision tool, Water-MARKAL,
for urban applications. In addition, the lessons learned in this effort are described, both what the issues are that the
stakeholders perceive for New York City and the difficulties in gathering required information for Water-MARKAL at
the desired level of detail.
Substantial savings in water and electricity requirements as well as greenhouse gas emissions and criteria pollutants can
be achieved by implementing policies to increase the use of efficient washer technologies. Figure 4-35 shows an
example of water savings.
Waste water treatment facilities (WWTFs) represent a growing niche for distributed generation. Many WWTFs in the
United States and abroad utilize a process called anaerobic decomposition to purify water prior to discharging it into a
river or bay. According to U.S. Environmental Protection Agency statistics, there are over 16,000 WWTFs in the
United States, of which about 3,400 (21%) of them use anaerobic decomposition as part of their process. Less than 2%
(about 260 facilities) use digester gas for energy production. Specifically, the Combined Heat and Power Partnership
(CHPP) of USEPA estimates that if all 544 WWTFs in the United States that operate anaerobic digesters and have
influent flow rates greater than 5 MGD were to install combined heat and power (CHP), approximately 340 MW of
clean electricity could be generated, offsetting 2.3 million metric tons of carbon dioxide emissions annually. Such
reductions are equivalent to planting approximately 640,000 acres of forest, or the emissions of approximately 430,000
cars.
Figure 4-35: Long-term Water Savings with Efficient Washers
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Figure 4-36: Projected Fuel Cell Capacity at New York City WWTFs

Figure 4-37: Net Reduction in CO2 in New York City

These case-study estimates impacts of deploying additional fuel cells at WWTFs, which reduces NYCDEP’s reliance to
grid power, increase in-city generation and help shove peak demands, and help environment by lowering emissions.
Though fuel cells may be able to generate more energy, in the following analysis we estimate that nearly 33 MW of fuel
cell capacity can be established at NYCDEP WWTFs by 2025 (Figure 4-36), and Figure 4-37 estimates CO2 emissions
reductions.
4.11.2 U.S. Environmental Protection Agency [Office of Research and Development]
Development of a Regional U.S. MARKAL Database for Energy and Emissions Modeling67

Introduction
The U.S. Climate Change Science Program (CCSP) is a collaborative effort among thirteen agencies of the U.S. federal
government. From the CCSP’s 2003 strategic plan, its mission is to: “facilitate the creation and application of
knowledge of the Earth’s global environment through research, observations, decision support, and communication.”[1]
The U.S. Environmental Protection Agency’s Office of Research and Development (ORD) contributes to the CCSP by
working to develop an understanding of the potential environmental impacts of anticipated future changes, including
population growth and migration, economic growth, land use change, technology change, climate change, and
government actions and policies.
67
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A product of ORD’s contribution to the CCSP is the Global Change Air Quality Assessment (GCAQA), which builds
upon traditional EPA expertise by examining the connections between various future changes and air quality. In this
context, ORD is using MARKAL to examine alternative energy system scenarios and the resulting criteria and GHG
emissions. To apply MARKAL to the U.S., ORD is developing a nine-region MARKAL database, referred to as
EPAUS9R. The database represents the energy supplies, demands, and technologies in the major sectors in the U.S.
energy system, including the commercial, industrial, residential, transportation, and electricity generation sectors.
Energy System Modeling with MARKAL
The EPANMD Database and Applications
In the process of developing the nine region database, ORD first developed a one-region, national-scale database
referred to as EPANMD.In 2004, EPA used the EPANMD to produce an analysis of the U.S. transportation sector,
including an investigation of the market penetration potential and implications of hybrid vehicles.[2] In 2006, a
companion piece focusing on electricity generation was completed.[3] In addition, the model was used to assess
hydrogen fuel cell vehicles.[4] EPANMD was released to the public in 2006, and several groups have used the database
in modeling efforts.
A focus of the 2006 electric sector analysis was to demonstrate how sensitivity analysis techniques can be used to
characterize how the model responds to changes to various inputs. A secondary objective was to explore how sensitivity
information could be incorporated effectively into the model’s documentation and characterization of results.
To support sensitivity analysis, MARKAL was integrated into ORD’s Multimedia Integrated Modeling System, or
MIMS [5]. MIMS is a public domain modeling framework that facilitates experimental design, automation, and
tracking, analysis, and visualization of results. Within the MIMS framework, parametric sensitivity analysis techniques
were used to investigate model responses to changes in individual model inputs. In addition, Monte Carlo simulation
and data-mining were used to perform a global sensitivity analysis, allowing identification of the combinations of
factors and assumptions that led to specific outcomes, such as high criteria pollutant emissions or the penetration of
certain technologies.
In ongoing analysis with the EPANMD, ORD is also making use of MARKAL’s Modeling to Generate Alternatives
(MGA) feature. MGA identifies of a number of suboptimal, yet cost-effective, solutions to be identified. Optimization
forces these solutions to be as different as possible from each other while still meeting all modeled constraints. The set
of results provides considerable information, such as the flexibility available in cost-effectively meeting energy or
emissions targets and insights regarding which technologies are expected to play a critical role.
The EPAUS9r Database
In late 2006, the EPA began development of the EPAUS9r database. EPAUS9r was developed around the nine U.S.
Census divisions and covers a modeling horizon from 2000 to 2050. The nine divisions, or regions, were chosen based
on the fact that the primary source for data populating the EPANMD, the U.S. Department of Energy’s Annual Energy
Outlook (AEO), uses these same nine divisions for characterizing the demand for energy.[6] Data for many of the
technologies not represented in the AEO were derived from other widely recognized authoritative sources. Most
pollutant emissions factors used within the model were derived from the EPA’s Air Pollutant Trends Data report, AP 42
emission factor listings, and the U.S. Greenhouse Gas Emissions Inventory reports [7, 8, 9].
Each of the nine regions in the database has its own conventional Reference Energy System (RES). The nine RES
structures are then interconnected through a series of trade technology links, so that, for example, petroleum products
refined in Region 2 can be traded to be used in Region 3. The naming conventions used are essentially the same from
one region to another, facilitating regional and cross-region analysis. The regions are identified by the letter R and the
number of the region, as given in the table below:
In addition to the nine interconnected RES structures, there is a supply region denoted R0, for coal, oil and gas
extraction, and all imports. For each of the nine regions into which a commodity may flow there is an export option in
R0 linked to an associated import option in the region. For each import pathway, a transportation cost is added and
existing limitations on the supply of each resource are specified. Those specifications correspond to the existing
infrastructure. This infrastructure can be expanded via investment, subject to overall estimated capacity limits.
Calibration of the EPAUS9r MARKAL database
As of February, 2008, an initial version of the USEPA9r database is nearing completion and is undergoing the final
stages of calibration. It is being calibrated to AEO 2006 for projections out to 2030. Relative to EPANMD, calibrating
EPAUS9r has been challenging, as there now are nine regions to calibrate, as well as regional refining and trade of
refined petroleum products and other energy resources. A discussion of refining and trade follows to illustrate the
inherent challenges.
The EPAUS9R representation of the refinery sector has three refinery types: existing refineries, new refineries, and new
high limit refineries. Existing refineries have a fixed set of outputs with only a small amount of flexibility in later years.
The new refineries can produce up to 40% of a dummy liquid intermediate that feeds into the new high limit refinery,
which can produce higher proportions of diesel and gasoline. This cascaded implementation of the refinery processes
permits more flexibility.
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Table 4-9: 9 Regions of the EPAUS9r Database
R1

New England

R2

Middle Atlantic

R3

East North Central

R4

West North Central

R5

South Atlantic

R6

East South Central

R7

West South Central

R8

Mountain

R9

Pacific

The regional refineries produce petroleum products that will generally be used within the demand region, but each
region can also import these same refined petroleum products from outside the country or from other demand regions.
Furthermore, refineries can send their products to other regions where transportation infrastructure exists.
For example, Region 1 (New England) has no refineries and relies on the import of refined products from other regions
or international sources. Region 2 refined products can be used within the region or traded to Regions 3, 6, and 7. Trade
between regions can take place either by pipeline, river barges or ocean vessels. The pipeline trade links have existing
capacity (annual throughput) limits and investment cost requirements for expansion; the barge/vessel trade links do not.
The difficulty comes in getting a regional representation of refinery outputs over time that meets the regions supply
needs without involving large volumes of barge traded products from other regions. As different technology pathways
come into play in the later time periods of the model run, refineries need to be capable of meeting fuel needs in a
reasonable way.
Visualization tools built upon components of the MIMS framework are proving extremely valuable for model
development and calibration, particularly given the large amount of outputs produced by a multi-region model. These
tools highlight the response of the model to changes in inputs and other assumptions. ORD will soon be applying formal
sensitivity analysis and alternative generation techniques with EPAUS9r, similar to the approaches used with
EPANMD.
Public release of the EPAUS9r Database
The calibration of the EPAUS9r is expected to be complete within the first quarter of 2008. Following calibration, the
database and model results will be subject to a formal, external peer-review. The EPAUS9r database is expected to be
released to the public after peer-review comments are addressed. At this time, the release is expected to occur during the
summer of 2008.
For
more
information
about
the
U.S.
http://www.epa.gov/appcdwww/apb/globalchange/.
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4.11.3 The Northeast MARKAL (NE-MARKAL) Model: A Regional Energy/Economic Framework for the
Northeast US68
Introduction

Integrated assessment frameworks have been developed for analysis of national and global climate policies (Prinn et al.,
1999; Aman et al., 2001, IPCC, 2007), but regional-scale tools for individual and multi-state policy analysis have
generally been lacking. As US states forge ahead with respect to multi-pollutant programs spanning climate change,
criteria air pollutants (e.g. ozone, fine particles) and hazardous airborne pollutants (HAPs) new tools are needed to
provide energy, economic, and environmental assessments (Weiss et al., 2007). The Northeast U.S. has a long history of
working together on air quality and climate issues through regional organizations such as The Northeast States for
Coordinated Air Use Management (NESCAUM), the Ozone Transport Commission (OTC), and – more recently – the
Mid-Atlantic/Northeast Visibility Union (MANE-VU) regional planning organization. This region has historically
developed regulatory initiatives that serve as a model for replication across the country. Here we describe new tools that
are available for regional policy makers to address the need for multi-pollutant/multi-sector assessments of technology,
the economy, the environment and public health implications of air quality management plans (Weiss et al., 2007).
As the centerpiece of a Multi-Pollutant Policy Analysis Framework (MPAF) developed for the northeast United States,
a multi-region MARKAL model has been developed to provide multi-sector energy analysis capability at the state and
regional level.
Figure 4-38: Multi-Pollutant Policy Analysis Framework (MPAF) for the Northeast States
with a Multi-Region MARKAL Model as Centerpiece Energy Model*
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*REMI™ is the regional Economic model, CMAQ is the regional Air Quality model developed by EPA and BenMAP
is a Health Benefits assessment tool also developed by EPA.
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The Northeast MARKAL (NE-MARKAL) model was developed specifically for the Northeast states69 for evaluating
energy policy options and their resultant impacts on air quality, greenhouse gas emissions, and the costs of supplying
energy using different technologies. NE-MARKAL is a linear programming model of the Northeast energy system that
includes the power generation, commercial, industrial, residential and transportation sectors.
Model Description, Assumptions and Constraints

Based on highly detailed depictions of energy technologies, NE-MARKAL (as with all MARKAL models) calculates a
least-cost combination of energy technologies that meet pre-specified energy demand in each sector over the next
twenty years (until 2030). Owing to its solid basis in energy economics, MARKAL makes decisions based on the
relative costs of the various energy technology options and constraints on the energy system.
Development of the NE-MARKAL model was closely linked to several authoritative data sources.70 Foremost of these
is the Energy Information Administration’s (EIA) National Energy Modeling System (NEMS) model, used to produce
the Annual Energy Outlook (AEO). Technology characterizations have been extracted from NEMS, along with data on
base year technology stocks, resource supply options, and the sectoral growth rates used in developing demand
projections for each model region (state). Light-duty transportation technologies have been largely taken from a recent
study of “off-the-shelf” advanced technology vehicle options for the state of California (NESCCAF, 2004) that has been
supplemented with NEMS technologies. Other data sources include: the State Energy Data System (SEDS), which
provides final energy use for each demand sector by fuel type; Gross State Product data from the Bureau of Economic
Analysis; EIA’s three sectoral energy consumption surveys; and the Environmental Protection Agency’s eGRID
emissions database.
NE-MARKAL represents energy consumption activities in commercial and residential buildings, the industry sector
and the transportation sector. Energy demand is calibrated to current consumption levels and then projected over the
model horizon based on the most current data. Energy consuming activities within these four sectors (e.g. lighting,
space heating, light duty vehicle travel, or industrial machine use) are expressed as sub-sector demands. Five types of
industrial output endemic to the Northeast U.S. – chemicals, durable goods, glass/cement, metal, and paper – are
represented with a common set of generic activities. Each demand sub-sector consists of end-use technologies which are
characterized by a set of technical and economic parameters. Investment and capacity bounds can also act on specific
technologies or groups of technologies through user developed constraints.
The base year demand for energy is calculated by transforming final energy consumption by the technologies
represented in each sector of the model to useful energy output for each energy service demand for 2002. SEDS statelevel fuel consumption data (EIA, 2005) is then used to apportion regional demand for energy services to the state level
based on fuel consumption for the year 2002. The transportation base year demands were developed from a bottom-up
emission inventory developed by the mid-Atlantic and northeast air quality agencies that includes estimates of vehicle
miles traveled (VMT) by state and vehicle type (MARAMA, 2006) for light duty vehicles, trucks, and buses. Currently,
generic [dummy] demands are used to ensure appropriate consumption of marine, rail, and aviation fuels as reported by
SEDS; however, additional detail for these transportation sub-sectors is anticipated in the future.
Electric Power Generation

One of the key strengths of our modeling framework is the explicit regional detail that allows decision-makers to
explore the implications of demand and supply choices at a level that corresponds to existing and planned infrastructure.
For electricity supply, the approach has been to include explicit representation of each electrical generating unit (EGU)
down to a capacity threshold of 25 MW. All generation from units smaller than 25 MW is aggregated by fuel type and
represented as a single unit in the model. The 25 MW threshold was selected to fully represent the diverse range and use
of existing generation technologies, but to keep the total number of technologies in the database manageable.
The data sources for existing electricity and independent Combined Heat and Power (CHP) generation technologies are
EIA Forms 860 (for existing and planned units), 767, 759/906 and Form 1. Collectively, these forms allow for the
characterization of each unit in terms of capacity, prime mover, fuel sources, location, plant operation and equipment
design (including environmental controls), fuel consumption and quality and for the larger investor-owned plants the
non-fuel operating costs. Emissions rates for existing plants were characterized using the eGrid database (EPA, 2006)
and the sulfur and mercury contents of input fuels, derived from NEMS.
Both merchant and industrial CHP generation is represented in NE-MARKAL. Merchant CHP (also called independent
CHP) plants primarily sell electricity to the grid and are not integrated into specific industrial processes. The heat
(usually steam) they produce can be used in a range of low to medium temperature applications including district
heating, commercial/institutional buildings or industrial manufacturing. Currently demand for the steam/heat from
merchant CHP is omitted as data to characterize said demand is not available.
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The NE-MARKAL framework currently includes: New England, New York, New Jersey, Pennsylvania, Delaware, Maryland, and the District of Columbia.
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Space issues prevent a detailed description of all of NE-MARKAL inputs, assumptions and constraints which is provided at:
http://www.ncasp.org/publications/NE9_Documentation.pdf. Here we focus on providing an overview of the data sources that were used to develop NE-MARKAL
inputs and the specific constraints that were used to shape the reference scenario.
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The second class of CHP plant – industrial CHP – is more tightly integrated with the industrial process that it serves and
often (but not always) uses by-product fuels from that process. The fuel consumption and residual capacity of these
plants (and on-site generation) have been extracted from the NEMS industrial database and apportioned to the states
according the SEDS data, just like the other industrial energy consumption data. The Manufacturing Energy
Consumption Survey (MECS; DOE, 2003) is used to apportion end-use shares of CHP, and specific CHP technologies
are defined according to the fuel input. Technology characteristics are derived from the (SAGE; EIA, 2003) SAGE
industrial technology database, a bottom up model of the world energy infrastructure.
Application to Combined Heat and Power Opportunities for Massachusetts

Recent policy developments in the Commonwealth of Massachusetts served as an impetus to analyze the economic
potential for greater market penetration of clean, economic CHP systems, and their potential impacts on reducing GHG
emissions, fuel use, energy costs, and patterns of technological investment over a twenty-year timeframe. In doing so,
NESCAUM worked closely with a group of regional energy and policy experts, including representatives from the
Kendall Foundation, Environment Northeast (ENE), the Massachusetts Technology Collaborative, Massachusetts
Division of Energy Resources, the Northeast Combined Heat and Power Initiative (NECHPI), and a variety of other
technical experts to develop sound data and assumptions, review results, develop analytic conclusions.
We modeled policy scenarios that seemed especially feasible for adoption in the near-term. For example, there is
agreement among CHP experts that “stand-by rates” charged by utilities for connecting CHP systems to the electricity
grid represent a significant barrier to projects that are otherwise feasible from a technical and economic perspective.71
Our modeling includes a scenario where the stand-by rate charged to CHP systems is eliminated. Another set of
scenarios examines the impacts of direct grants to CHP projects, a policy approach similar to one recently implemented
by the State of Connecticut. A third set of policy runs examined the effect of a policy proposed in a bill currently under
consideration in the Massachusetts legislature. This policy would extend the limit on carbon dioxide (CO2)
emissions under the Regional Green House Gas Initiative (RGGI) from the power generation sector to the commercial
sector.
Finally, we ran sensitivity analyses to test the influence of key variables that have a particularly significant impact on
CHP project economics, including natural gas prices and CHP system efficiencies.
Our analysis shows unambiguously that CHP is a cost-effective GHG mitigation option for the commercial sector in
Massachusetts. Modeling results characterize the potential for economically viable CHP in MA ranging from
approximately 400 to 1,300 MW under a variety of individual and combined policy approaches. In particular, Table 410 below shows the potential for incremental CHP by 2025 under these policies.
We found that the effectiveness of different policy options on CHP deployment varies. Our results show that extending
RGGI’s current limit on CO2 emissions from the power sector to include the commercial sector to be the most
influential policy. A GHG cap on the commercial sector generates significant reductions in both natural gas use and
GHG emissions of all policy alternatives, particularly when combined with direct subsidies to CHP projects.
Conclusions

A new integrated assessment framework has been developed around a 12-region MARKAL model tailored to represent
11 Northeast U.S. states and the District of Columbia. The Northeast MARKAL model has been structured in a way
that allows for multi-pollutant and multi-sector assessments. This highly detailed, data-rich and regionally accurate
technology model allows for rapid assessment of the implications of state or regional air quality and climate mitigation
proposals.

Table 4-10: Potential for Incremental CHP by 2025
Scenario

New CHP Capacity (MW)

Change Relative to BAU (MW)

Economy wide RGGI / 225$ per KW grant

1,290

1,018

Economy wide RGGI

1,098

826

225$ per KW grant

389

116

Business as usual (BAU)

272

71

Stand-by rates are charged to CHP system hosts by electric utilities to compensate the utility for the costs of maintaining the capability to provide emergency backup power to a CHP host in the event that a CHP system fails or is scheduled for maintenance.
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Figure 4-39: Carbon Dioxide Emissions Projections for Massachusetts’ Commercial Sector
under a Business as Usual Scenario and a Set of Policy Assumptions Designed to Encourage
Combined Heat and Power Entrance Market
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A current example includes the assessment of CHP potential in Massachusetts. There is immediate interest from
policymakers, CHP project developers, MA legislators, and other interested stakeholders in new analysis of the
opportunities and benefits of CHP that is specific to Massachusetts. Our conclusion – that the potential for economically
viable CHP in the Commonwealth ranges from approximately 400 to 1,300 MW under a variety of individual and
combined policy approaches – is a meaningful and timely result for a Governor who has made a concerted effort to
identify new approaches for reducing GHG emissions beyond those realized by RGGI and a legislature eager to push
progressive new energy legislation in Massachusetts that includes strong incentives for more efficient energy
technologies. This is one small example of the many potential uses for NE-MARKAL in helping to set an
environmental agenda that harmonizes air quality and climate goals for policy planners in the region. Future efforts will
expand the use of these tools to consider multiple strategies to simultaneously satisfy climate, ozone, fine particle, as
well as mercury and other air toxics goals in the context of state multi-pollutant air quality management plans.
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4.11.4 Biomass Resources for Energy in Ohio: The OH-MARKAL Modeling Framework
Authors: Bibhakar Shakya72, Fred Hitzhusen, Gary Goldstein, and Evelyn Wright
Introduction

The use of clean and sustainable energy resources will be pivotal to mitigate greenhouse gas (GHG) emissions and
reduce their negative impacts on climate change. At present, more than 21 states in the U.S. have made increased efforts
to reduce greenhouse gas emissions to mitigate global warming (Rabe, 2006 and PEW, 2007). With Ohio’s heavy
reliance on fossil fuels, particularly for electricity generation, it is imperative that Ohio initiate and adopt similarly
aggressive short and long-term plans to decrease its emissions of greenhouse gases before any federal mandates, and
thus moderate consequences for the state’s economy. Among many renewable energy sources, biomass energy may
become a viable alternative for generating electricity in Ohio. Biomass energy resources are generally considered
environmentally clean and carbon neutral with net-zero carbon dioxide (CO2) emissions.
This paper addresses the two major issues for Ohio:

♦ Diversify fuel mix for power industry, rather than relying so heavily on coal, and
♦ Increase the use of renewable and clean energy in Ohio.
This paper specifically examines the prospects of cofiring biomass feedstock in existing coal power plants to generate
commercial electricity in Ohio. According to FTA (2004), biomass cofiring can substitute for up to 20 percent of coal in
a typical coal power plant. Cofiring utilizes existing infrastructure, thus making it an attractive option of utilizing
biomass energy resources with an objective of replacing coal with biomass. The use of biomass for commercial
electricity generation not only mitigates GHG emissions, but also provides green (renewable) electricity to consumers
in the competitive electric market. Although the green power could potentially fetch a premium price in the market, the
current premium pricing is not large enough to expand renewable energy. However, many power companies are still
looking for ways to provide such service to their customers where it is required by law to meet air quality standards or
renewable portfolio standards (RPS). The Public Utilities Commission of Ohio has recently approved Duke Energy’s
green pricing option for a pilot period through 2008, where it will provide customers the option of paying a premium so
that Duke Energy can purchase renewable energy certificates (PUCO, 2007).
Objectives
♦ Evaluate current resource mix in Ohio for power generation and compare level of CO2 emissions from
electricity generation under coal vs. biomass scenarios
72

Authors would like to thank Environmental Policy Initiatives (EPI), The Ohio State University; Ohio Energy Office, Department of Development; and Office of
Research and Development, US EPA for providing funding at the various stages of this research project. For questions and comments: bibhakar@gmail.com
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♦ Analyze major economic and environmental issues of biomass cofiring with coal
♦ Examine if biomass cofiring can become an effective option for the sustainable and cleaner electricity
generation in Ohio

♦ Suggest effective strategies and sound renewable policies for Ohio’s cleaner and sustainable energy and
environment future
Research Methodology
This paper develops a dynamic linear programming model (OH-MARKAL), based on the MARKAL (MARKet
ALlocation) modeling framework (Loulou, Goldstein, and Noble, 2004). MARKAL is a robust mathematical model of
energy systems that provides a technology-rich basis for estimating energy dynamics over a multi-period horizon. As a
linear programming model, it has been used widely around the world for assessing a broad range of planning and policy
issues for energy and the environment. It is a flexible and adaptable methodology for supporting global, regional,
national, as well as local decision-making processes. Hence, it can also be used as an analytical tool to achieve
environmental and policy goals for Ohio’s energy future. By developing OH-MARKAL as an empirical model, this
paper analyzes major economic, environmental, and policy issues that will have significant impact on the development
and utilization of biomass energy resources in Ohio.
The OH-MARKAL is a model of the energy system that is designed to analyze energy and environmental issues for
Ohio over a long term future horizon (2001–2030). The model run configures the energy system (that includes
producers and consumers of electricity) to minimize net total cost of the entire system, while satisfying a number of
constraints. These constraints can range from a supply limit of any specific fuel (e.g., biomass feedstock) to a CO2
emission limit. A number of model runs are performed to examine various levels of constraints based on the proposed
scenarios, and to conduct sensitivity analyses on several constraints or assumptions (on potential future policy issues) to
examine their impact on Ohio’s energy future.
The OH-MARKAL functions as a least-cost optimization model of the energy system with an objective function that
sums over all regions of the discounted present value of the stream of annual costs incurred in each year of the horizon:
NPV =

R

t = NPER

r =1

t =1

∑ ∑ (1 + d )

NYRS •(1− t )

(

• ANNCOST ( r , t ) • 1 + (1 + d ) −1 + (1 + d ) −2 + ⋅ ⋅ ⋅ + (1 + d )1− NYRS

)

Where:

♦ NPV is the net present value of the total cost for all regions.
♦ ANNCOST(r,t) is the annual cost in region r for period t.
♦ d is the general discount rate.
♦ NPER is the number of periods in the planning horizon.
♦ NYRS is the number of years in each period t.
♦ R is the number of regions.
The total annual cost ANNCOST(r,t) is the sum over all technologies k, all demand segments d, all pollutants p, and all
input fuels f, of the various costs incurred, namely: annualized investments, annual operating costs (including fixed and
variable technology costs, fuel delivery costs, costs of extracting and importing energy carriers), minus revenue from
exported energy carriers, plus taxes on emissions, plus cost of demand losses.
The MARKAL uses the Reference Energy System (RES) as the main foundation for the model that describes the
transformation of natural resources to serve end-use demands through a series of technologies. The OH-MARKAL
Reference Energy System (RES) elucidates the transformation paths of primary energy resources to their final energy
form (electricity) at the end-use demand side via series of technologies (Figure 4-40). For each process, there can be one
or more input commodities and similarly, one or more output commodities. All of these output commodities are finally
processed into the energy services (specifically, electricity in the OH-MARKAL context) to be utilized by the demand
sectors. This basic principle of linkage through the various flows and processes makes the model transparent, in terms
of identifying and using the most efficient potential alternatives available along each path of the RES.
Developing OH-MARKAL Scenarios
This paper primarily focuses on the carbon policy for Ohio as the emissions of CO2 from power companies will be a
major issue due to its heavy reliance on coal and its resulting emissions. Although there is no mandatory carbon
reduction policy in place at present, several policies for a low-carbon energy future are being discussed and formulated
in many states, including Ohio, and also at the federal level (PEW, 2007). Based on various renewable energy and
environmental policies in many states in the US, this paper develops the following four major policy scenarios:
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Figure 4-40: The OH-MARKAL Reference Energy System
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♦ Levels of Biomass Cofiring in Coal Power Plants
♦ Renewable Portfolio Standards for Ohio
♦ Caps on Carbon Dioxide Emissions
♦ Taxes on Carbon Dioxide Emissions
Model Results and Policy Implications
The results indicate that coal power plants will not use biomass feedstock for cofiring as expected, because biomass is
more expensive (at least from a financial vs. social cost perspective) than coal and the preferred choice will be coal over
biomass to generate electricity. The results further demonstrate that CO2 emission levels will increase by 18 percent by
2029 as compared to 2002 levels, if the current fuel mix remains unchanged for electricity generation. Under the base
case scenario, new biomass power plants will start generating electricity to meet the growing electricity demand that is
not met by coal power plants by the model year 2020 due to their capacity limit. Otherwise, biomass feedstock will not
generally be used to generate electricity under this business-as-usual case.
The results of both 10 and 15 percent levels of biomass cofiring indicate that the supply of biomass feedstock met the
demand of biomass feedstock from cofiring coal power plants in each region. The renewable electricity in the model,
reported on figure 2 for each scenario, comes from existing and new cofiring coal plants, new biomass power plants,
and existing hydro plants. The existing and new cofiring coal plants contribute 2.43 and 3.33 percent of renewable
electricity to total electricity generation at 10 and 15 percent biomass cofiring levels respectively. The model RPS
scenario run shows that the 10 percent RPS level was not feasible in Ohio, mainly due to the plants’ capacity constraint
for cofiring biomass. Sensitivity analyses on the RPS levels indicate that the maximum level of an RPS that can be
achieved is 7.44 percent, given the capacities of cofiring and biomass plants specified in the model.
The model results of two CO2 cap scenarios, as shown in Figure 4-40, indicate that 7.29 and 7.37 percent of renewable
electricity are generated under 10 and 15 percent levels as compared to 2.17 percent of renewable electricity under the
base case. Under the 10 Percent CO2 Cap, contribution to renewable electricity is 5.3 percent from new biomass power
plants (including hydro) and 1.99 percent from cofiring coal plants. With the under 15 Percent CO2 Cap, contribution to
renewable electricity is 5.34 percent from new biomass power plants (including hydro) and 2.03 percent from cofiring
coal plants. Similarly, the results from two tax model scenarios show that 5.93 and 7.44 percent of renewable electricity
are generated at 25 and 50 dollars per ton CO2 tax scenarios respectively.
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Figure 4-41: Renewable Electricity Generation by 2029 (percent)
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The model results suggest that policy interventions are necessary to make biomass co-firing competitive with coal. It
needs to be underscored here that the social costs of coal based electricity generation are not fully reflected in their
market prices. The renewable sources of energy could become economically competitive with fossil fuels, if the social
costs and benefits were incorporated in the respective production systems. However, with current data specifications on
the proposed biomass cofiring in the model, only about 7.44 percent generation of renewable electricity in Ohio is
feasible by using biomass resources (Figure 4-41).
To achieve higher RPS levels, Ohio needs to include other sources of renewable energy such as wind, solar, or hydro
into its electricity generation mix. However, if a policy goal is directed towards achieving a certain level of reductions
in CO2 emissions, either a CO2 cap-and-trade or tax options should be considered in Ohio. The DOE/EIA report on
biomass feedstock roadmap indicates that biomass will provide 5 percent of the nation’s power, 20 percent of
transportation fuels, and 25 percent of chemicals by 2030 (Haq, 2004).

Figure 4-42: Level of CO2 Emissions under Various Model Scenarios
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Hence, an important future research consideration for biomass feedstock will be to examine its optimal use for energy
purposes such as for power or biofuels by taking all the economic and environmental aspects into account. As various
biomass power and biofuel technologies mature, competition for the biomass feedstock supply for its different energy
uses will increase. Research that identifies the most efficient use of biomass feedstock will be able to help formulate
appropriate policy incentives for suitable future biomass energy technologies.
Summary and Conclusion
The OH-MARKAL model is a comprehensive electric power sector model for Ohio and the model can be used in the
state’s energy planning for the power industry. This paper analyzes the use of biomass energy for Ohio under different
policy scenarios and presents the economic and environmental impacts with potential limitations that the state may face
in the future. Any potential carbon policy for Ohio will have a significant impact on the coal and power industries.
Ohio’s reliance on coal will continue to play an integral part in electricity generation. Hence, in addition to successfully
developing renewable energy resources to mitigate CO2 emissions, Ohio will have to consider and invest in clean coal
technologies projects. Furthermore, carbon sequestration as a future option to reduce CO2 emissions needs to be taken
into account as well.
Other states in the U.S. are already working toward more extensive goals of RPS and CO2 caps; hence Ohio may need
to increase efforts of achieving more renewable electricity and reducing CO2 emissions further than what is shown
feasible by this model. From the results of this study, it can be concluded that Ohio can comfortably set and achieve a
moderate goal of a 10 percent RPS by year 2029, resulting in approximately 10 percent reduction of CO2 emissions as
compared to the 2002 level. However, the more aggressive goal for Ohio might be to achieve a 15 percent RPS level by
2029 with 15 percent reduction in CO2 emissions in comparison to the existing and future energy policies/proposals of
its neighboring states. Success towards this higher goal of RPS will depend on the development of other renewable
energy resources like wind, solar, and hydro in Ohio. The authors are currently undertaking a project to examine the
implications of establishing energy efficiency and renewable energy policies by including wind, solar, and other
renewable energy in the OH-MARKAL model. This project, funded by the Ohio Department of Development, will be
able to provide a more comprehensive analysis of pressing energy and environmental concerns relating to power
industry for Ohio.
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5. Activities of Other ETSAP Tools Users
5.1 Sectoral CO2 Emissions for Northern Hungary73
Introduction

The objectives of this study are the mid-term projection of regional scenarios focused on enhanced use of renewable
energy from biomass, for showing the effects on greenhouse gas (GHG) mitigation and on regional development.
Production and use of biomass for energy imply both prosperous and adverse effects on process level as well as on
regional scale. For decision making in designing the future regional energy system supporting a more sustainable
regional development, one needs to consider both technology-oriented issues as the optimized structure of energy
supply, the technical realization of GHG mitigation options and related costs, as well as the dynamic interdependencies
of the regional socio-economic sectors with the future development of the optimized energy system, influenced by
factors as regional income or change of population defining the energy demand structure.
Methodology

Modelling tool set based on MARKAL and system dynamics
This report presents an integrated tool-set for modelling scenarios of optimized (sustainable, energy- and eco-efficient)
regional energy systems from the mid-term perspective, based on MARKAL for analysis and optimization of the
technology-oriented representation of the regional energy system and on a system dynamics simulation model (SDM)
(software Vensim: 2005) for analyzing the complex intersectoral interdependencies in regional development. The
integration of these two models is based on transfer of modelling parameters, thus linking them by enabling iterative
“learning” from each other. The calibrated system dynamics model is parameterized based on defined scenarios of
renewable energy systems and technologies and provides in yearly calculation steps a prognosis of mid-term (here
2020) effects of projected biomass based energy systems on regional socio-economic development (e.g. effects on
population, employment, land use, agricultural production, gross margin and value added of main regional economic
sectors). Simulation results for certain indicators at the interface to the energy system (please see details in the
Methodology section) provide year-by-year input parameters for the detailed and strictly closed MARKAL model, costoptimizing the regional energy supply system according to the projected energy demand structure and defined technical,
ecological and socio-economic constraints.
The system dynamics model based on a development during a former EC research project (Iron Curtain Project, 2005)
has been restructured, parameterized and calibrated since 2006 with focus on development scenarios in the biomass
energy sector in the reference area Borsod-Abaúj-Zemplén (BAZ) county in North-Western Hungary, the case study
presented in this report. The model is structured in seven interdependent sub-models (see Figure 5-1) and numerous
subscripts within the sub models (e.g. representing different fuel types in the energy supply sub model) with overall 250
simulation and 1200 auxiliary variables (Szarka et al. 2006, 2007). Planning and modelling renewable energy scenarios
requires knowledge of the spatial biomass potential and distribution which is provided by a Geographical Information
System (GIS) as part of the integrated tool set with relevant input to the system dynamic model (Dobrosi e. a. 2004,
2007a, 2007b; Wolfbauer et al. 2004).
Figure 5-1: Sub-Model Structure of BAZ System Dynamic Model (Szarka, 2007)
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Excerpt from the study „Energy System Analysis to Predict Sectoral COKRIS2 Emissions and supported by a regional System Dynamic Model calibrated for
Northern Hungary,” by Dobrosi L., Beermann M., Wolfbauer J., Montanuniversitaet Leoben, System Analysis & Environmental Engineering, Leoben, Austria.
Contact: dobrosi@unileoben.ac.at
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Since 2007, the MARKAL model has been adapted, parameterized and tested for the same Hungarian reference area
(BAZ) and related development scenarios in the regional energy system. This case study also represents the starting
point for a planned extension to the national Hungarian scale for investigating the emission reduction possibilities of the
significant Hungarian greenhouse gas emitting sectors for a medium term period (2007-2020) to meet the Kyoto
protocol and post-Kyoto EC-regulations.
Borsod regional analysis and scenario definition
The BAZ region is characterized by a socio-economic development well behind the national Hungarian average, with
continuous emigration, high unemployment and low investment rates. The regional energy demand side is divided into
six main sectors (shares of total consumption): industry (35%), residential (34%), transport (15%), commercial (12%),
agriculture (4%) and non energy uses. The current energy supply system of BAZ County with an installed electrical
capacity of about 1,43 GW produced in three large power plants is characterized by a high dependency on imported
fossil fuels (KSH, 2007; MAVIR, 2005). The share of renewable energy production until 2002 was below 5%. At the
same time the county has a nearly 30% share of forest and 60% share of agricultural area which could be utilized to
increase the share of energy production based on renewable biomass as well as to provide increased regional value
added with positive effects on socio-economic development through biomass production and processing. This lead to
the development of two biomass-based energy scenarios: the “retrofit” project of fuel-switching in a former coal power
plant from lignite to biomass and the “straw” scenario of installing a new straw-fired power plant (NAP, 2007). The
following list gives an overview of the three scenarios modelled in this study:

♦ Scenario 1: “Business as usual (BAU):” energy supply based on 1.43 GW from fossil fuels with a shut-down
of a 330 MW coal power plant in 2014. Start-up of first “retrofit” block with 30 MWel from biomass in 2002,
which will be shut-down in 2014. Social and environmental components develop as in the long-term before,
based on existing forecasts. Economic and production sectors show changes in relation to the short-term
trends.

♦ Scenario 2: “Retrofit:” builds on the BAU-scenario with start-up of additional “retrofit” blocks with 80 MWel
with a life-time of 25 years. The increased demand of renewable fuel will require further collection of
economically collectable residues from the region in the future. Some 24000 ha fallow areas provide a unique
opportunity for change to production of biomass-for-energy (e.g. poplar plantation) broadening so the scope of
activities pursued by agricultural enterprises in the region.

♦ Scenario 3: “Straw-fired plant:” in addition to the options of scenarios 1 and 2, straw-fired power plants of 50
MWel will start-up production in 2008. Its primary feedstock will be Hesston straw bales, collected from
80,000 ha surrounding agricultural field.
Parameterization of Borsod MARKAL energy model
The principle structure and functionality of the MARKAL modelling system has been extensively described in other
reports and papers (MARKAL, 2004; Answer, 2004), therefore the following paragraphs focus on the specific
parameterization of the Borsod case study.
The Borsod MARKAL Model (BMM) covers the time period of 1990-2020 with yearly time steps, in accordance with
the time boundaries of the system dynamic model. The model includes three energy supply side sectors (energy
resources and carriers, energy conversion processes and energy distribution) and six demand side sectors (industry,
households, transport, commerce, agriculture, non-energy use). The structure of BMM is currently defined by 11
conversion technologies for electricity and heat production from the main energy sources (about 72 energy carriers e.g.
natural gas, coal, oil, different types of biomass, water, wind, sun), 25 resource extraction and distribution technologies
(mining, import, export), 92 mostly industrial process technologies and 176 other energy end-use technologies. A more
detailed sectoral technological representation will be adapted in future iterations of this study. Beside the energyspecific technologies and pathways, the BMM includes also processes related to non-energy material flows e.g.
petrochemical products, plastics, elastomers, wastes and industrial products such as steel, cement etc. The energy
carriers and materials flows link all sectors within the strictly closed MARKAL model. In the BMM the year-by-year
average future energy demand in each of the end-use sectors (the differentiation of the yearly average energy demand
according to seasonal and diurnal variations is currently aligned to the regional electricity demand profile) is retrieved
from results externally modelled in the system dynamic model considering the complex intersectoral interdependencies
in regional development.
In detail the MARKAL and the system dynamic model are “linked” by using the following SD output parameters as
input for the MARKAL model: actual and future energy/commodity demands by fuel types, regional economy
parameters for MARKAL-MACRO (e.g. price elasticity of demand, reference price of demand in base year), upperlower bounds for resource technologies also by fuel and commodity types (trading), factors influencing energy/fuel
consumption (e.g. growth rates), bounds and carbon-dioxide emissions (related to biomass) for plantation, logging and
for transporting by-products, land cover changes, household and population data (EEA, 2000; EK, 2007; GKM, 2006).
An important aspect in model parameterization is the definition of constraints and lower and upper bounds in the use of
technologies. As a least cost optimization model, MARKAL tends to choose the most cost-effective technologies which
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often fail to represent the mix of technologies actually in market place. Defined constraints (e.g. minimum operating
load of certain power plants) minimize these effects to more realistically represent the actual market conditions.
Currently the BMM has been parameterized in relation to CO2 emissions at energy resource and technology level
(considering different combustion characteristics by emission rates, GEMIS, 2007) in the energy supply and demand
sectors as well as in the non-energy material industries, the other GHG-emissions CH4, NOx, SF6, SOx etc. are
implemented in the model structure and will be parameterized in the next development step on Hungarian national
level. CO2 from the renewable share of energy resources (e.g. biomass) has been accounted as negative emission. Total
CO2 emissions have been evaluated separately for conversion, process and demand technologies. All energy carriers
produced within the region or those imported are assumed to be converted to energy within the region, exported energy
carriers are accounted with negative CO2 emission factors. It has been assumed that the energy consumption and the
current energy saving BAT technology mix in the demand sectors would remain the same in all scenarios until 2020.
Results and conclusion

Plausibility checks of modelling results by matching with historic time series from 1990 to 2004 proved the validity of
the models for investigating future development scenarios. Figure 2 shows the total CO2 emissions from energy supply
and all demand sectors for the three defined scenarios modelled with the tool set. The energy sector (generation,
distribution and use) is the largest emission source in Borsod with electricity and heat generation responsible for more
than 35% of CO2 emissions.
The “BAU” scenario 1 shows a trend of increasing CO2 emissions from 2003, due to the increasing energy demand in
electricity and heat projected by the system dynamics model as well as due to the decreasing quality of domestic coal
and lignite and the aging equipment and low combustion efficiency of some plants. Fossil CO2 emissions show a slight
increase of 1.7% comparing the years 2020 and 2003. Compared to the “BAU” scenario 1, the fossil CO2 mitigation
potential between 2003 and 2020 in the “Retrofit” scenario 2 respectively “Straw” scenario 3 is about 3% respectively
7% resulting from imported fossil energy carriers being replaced by regionally produced biomass energy. In addition to
the use of BAT in the biomass energy supply sector, future model development phases will also implement further BAT
technologies in the fossil energy sector (e.g. desulphurization of the oil products, combined -cycle gas turbine, fluidized
bed combustion electrostatic precipitators in all coal-fired power plants, combined heat and electricity production,
nuclear electricity) to include additional GHG mitigation potentials.

Figure 5-2: Total CO2 Emission by all Technology in Different Mitigation Scenarios
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In addition to the clear results and preferences of the scenarios 2 and 3 from the technological perspective, the system
dynamic model provides insights to the effects in the regional socio-economic system, e.g. the value added additionally
generated in the region for rural development. Both scenarios 2 and 3 contribute to additional employment
opportunities, reduced emigration and use of rural areas currently unexploited or used for unprofitable overproduction
of traditional crops for biomass e.g. poplar production, and finally to a reduced region’s dependency on imported fuels
(Szarka, 2007).
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5.2 China
5.2.1 Model Activities at Tsinghua University 74
The Current Energy Situation

China’s per capita GDP is less than one-fifth of the world average, and energy consumption is less than half of the
world average – and less than a tenth of that of the USA. Yet China uses over 10 percent of the world’s primary energy
on an annual basis. China’s energy intensity per dollar of GDP is more than 3 times that of the US and the world (see
Figure 5-3).
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Figure 5-3: Comparison of Energy Intensities
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Due to rapid economic growth and industrial expansion, China’s primary energy consumption has nearly doubled since
2000 (see Figure 5-4). GDP growth has averaged almost 10 percent over the last decade; primary energy (and
electricity) use has been increasing at almost 15 percent per year since 2002. An increasing urbanization rate, increasing
living floor area per capita, the growth of automobile use for transportation, and the expansion of heavy and other
chemical industries to support infrastructure expansion and manufacturing growth has fuelled (and will continue to
stimulate) increased energy use in China.
China produces nearly 95 percent of the energy she uses, yet oil imports are nearly double domestic production. China’s
reliance on coal – two thirds of primary energy use – is more than twice the world average.

Figure 5-4: Primary Energy Consumption Trends in China
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Figure 5-5: Comparison of Primary Fuel Mix
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Energy Challenges

Because energy inefficiency and high dependence on coal, China’s emissions of CO2 are the second highest in the
world and China is the world’s largest emitter of SO2. Only one third of China’s cities meet (second grade) standards
for air quality, and acid rain is a problem for 30 percent of the country. Environmental protection is an increasingly
urgent priority.
The high energy intensity per unit of GDP in China - 3.2 times the world average - presents both a challenge and an
opportunity. The specific energy consumption for most energy-intensive products is 20-50% higher than that of
industrialized countries. Energy security is a problem as well. It is estimated that China will import 60 percent of its oil
and 40 percent of natural gas by 2020.
Thus the three largest challenges for China on the energy front are:

♦ Energy Security;
♦ Energy Efficiency Improvement, and
♦ Environmental Protection.
MARKAL Modelling Activities

Effectively addressing China’s energy challenges requires effective planning and analysis. MARKAL model
development for China began in 1999, and since then the model has been updated to include more advanced
technologies, the model has been linked with MACRO to study the impact of carbon emission reductions, and elastic
demands have been introduced into the model. The model has been used to assess future energy development scenarios,
sustainable energy strategies, and carbon mitigation costs. The main MARKAL modelling activities at Tsinghua
University include:

♦ First China MARKAL model developed in 1999-2000;
♦ Model updated to include more advanced technologies (2001-2003);
♦ Energy service demand updated (2003-2005);
♦ Linked the model with MACRO to simulate the impact of carbon emission reduction on China (2001-2004);
♦ Introduced elastic demand into the model (2004);
♦ CCS included into the model to assess its potential role on China’s future carbon emission reduction (2005ongoing);
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♦ Western China MARKAL model (2004-2006), and
♦ Beijing MARKAL modelling (2005-ongoing).
Owing to China’s heavy dependency on abundantly available domestic coal reserves, an area of critical importance for
the growing energy demands of China is the potential role to be played by Carbon Capture and Storage (CCS), which
continues to be the focus of ongoing studies.
Future MARKAL modelling activities and continued cooperation with ETSAP is anticipated including:

♦ contribution to the development of modelling tools with emphasis on adaptation of the models to developing
countries;

♦ national/regional model improvements, including capacity building, incorporation of CO2 from industry and
other GHGs, and regionalization of the national model, and

♦ involvement into global model development and improvement, including bringing an improved developing
country perspective to the process.
5.2.2 Progress on the 34 Provinces China TIMES Model75
At the end of 2006 the Energy Research Institute of the National Development and Reform Commission (ERI/NDRC)
was asked to study how to harmonize the medium long term development among the different Chinese provinces. The
provinces have different economic development and structure, energy resource endowment and infrastructural needs,
emissions levels and degree of pollution. For instance in 2006 eastern regions encompassing less than 10% of the total
area of the country have more than 36% of the population while contributing more than half of the nation’s GDP by
consuming around 70% of China’s total energy (see Table 5-1). Energy consumption is quite different across provinces
(see Figure 5-6) as well. The challenge is to find ways to share equitably the available energy and the burdens of energy
infrastructures and emission reductions.
The following groups participate to the study:

♦ Energy Research Institute of the National Development and Reform Commission (ERI/NDRC);
♦ Energy Technology Office of the International Energy Agency (IEA/ETO);
♦ BJUT: Beijing University of Technology;
♦ Politecnico di Torino – Energy Department (POLITO);
♦ KanORS Consultants, and
♦ Energy Technology Systems Analysis Programme (IEA/ETSAP).
The main sources of data are: China Statistic Yearbook, China Energy Statistic Yearbook, China Regional Statistic
Yearbook, China Electricity & Coal Industry Committee, IEA publications (Tracking Industrial Energy Efficiency and
CO2 Emissions). There are several problems in the data collection phase:

♦ At the local level some energy balances do not “close” (consumption is different from supply);
♦ Although a lot of energy data are available at the provincial level, often national and regional data are non
coherent and sometimes different from data posted in the National and Regional energy balances;
Table 5-1: Some Geographical Indicators of China (2006)
Region

Including Provinces

Area

Number

Share%

10^4
Sq.m

Share%

10^8 Person

Share%

10^8
Yuan

Share%
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10

32.2

91

9.5

4.69

36.3

127536

55.6
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6

19.4

103

10.7

3.53

27.1

42961

18.7

West

12

38.7

686

71.5

3.62

28.0

39301

17.1

North

3

9.7

80

8.3

1.08

8.36

19723

8.6

Total

31

100

960

100

12.92

100

209407

100

75

Population
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Excerpt from the presentation given by Mr. Maurizio GARGIULO, Ms. Xiaoxue LI, Mr. Rocco DI MEGLIO, Ms. Yan WANG: „34 Provinces TIMES–China model” at
the ETSAP Workshop held in Brasilia, November 19-23, 2007. The contact point for further information is the group leader, Mr. Yufeng YANG,
yangyufeng@amr.gov.cn.
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Figure 5-6: Energy Consumption in China by Province (TPES in 2005: 2145 MTce)

♦ In some sectors, particularly industry, national and regional data have different structure and details; and
♦ While national data for industry are disaggregated, the regional data describe only the total industry
consumption without sub-sectoral details.
This reconciliation and disaggregation of the data requires several assumptions and poses consistency problems.
The complex multi-province China energy system is represented by a multi-regional TIMES model with the following
main characteristics:

♦ 34 regions (administrative Chinese regions);
♦ 7 sectors with different details;
♦ 12 time slices (4 seasons, day-night-peak);
♦ Base year 2005, and
♦ Time horizon 2050 (15 periods).
The residential and commercial sector are described by demand segment – space heating, lighting, cooling, other
appliances – but so far for each demand segment there is only a dummy technology with an energy intensity input and
projections with different drivers. Seven industry sub-sectors represented in the model:

♦ Iron and steel;
♦ Cement;
♦ Glass;
♦ Chemicals and petrochemicals;
♦ Non-ferrous metal;
♦ Pulp and paper, and
♦ Others.
Each sub-sector is described with processes and end-use technologies. Projections of the population (urban/rural by
region), GDP (by sector, sub-sector and region) and labour force by sub-sector drive the demands.
The electricity sector is described in detail by:

♦ Power plants (coal technologies, CO2 capture, wind potential and nuclear potential);
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♦ Grids: modelling the existing and planned grids;
♦ Modelling the electricity load curve, and
♦ Modelling demand side efficiency measures for electricity in a simple way.
The work is ongoing and results are expected in 2009.
5.2.3 Increased Access to Natural Gas: The Future of Natural Gas Consumption in Beijing,
Guangdong and Shanghai: An Assessment Utilizing MARKAL
80

Authors: BinBin Jiang76, Chen Wenying77, Yu Yuefeng78, Zeng Lemin79, David Victor
Introduction

The world’s natural gas market is rapidly globalizing. Traditionally, gas supplies have been delivered entirely within
regional markets—usually with little geographical distance between the source of gas and its ultimate combustion.
However, a significant and growing fraction of world gas is traded longer distances via pipeline and, increasingly, as
LNG. The rising role of LNG is interconnecting gas markets such that a single global market is emerging.
Within this increasingly integrated gas market, the role of China remains highly uncertain. Today, China’s share of the
global gas market is tiny, with a natural gas market that is smaller than California’s (CEIC, 2007), but the future
demand for natural gas in China is potentially enormous. With an average gross domestic product (GDP) growth of
9.6% for the last twenty years (China National Bureau of Statistics, 2006) and no signs of slowing down, China’s
demand for energy commodities—coal and oil, notably—has been expanding rapidly. With appropriate policies, natural
gas could also grow rapidly.
This study explores potential drivers for increased natural gas demand within the Chinese energy system and focuses on
three regions: Beijing, Shanghai and Guangdong. As can be seen in Figure 5-7 these three mega-municipalities have the
highest demand for light at night, driven by population density, which serves as surrogate for economic activity and
thereby energy requirements. This regional modelling reflects the fact that natural gas sourcing and the downstream
natural gas market vary greatly by region due to climatic and geographical barriers. For example, Guangdong receives
no pipeline gas and is dependent on LNG imports (at present from Australia), while Beijing’s and Shanghai’s gas
demands are principally supplied by domestic pipelines. The major off-takers for the gas differ between regions as well.
In Shanghai, for example, the industrial sector consumes almost all of the gas, while peaking power plants are major
off-takers in Guangdong. The regional organization of this study also reflects the political realities of decision-making
in China. While there are national policies on energy in China, most decisions that affect the usage of natural gas are
made at the provincial and local level and driven by the economics and consumption patterns of each locale. A regional
focus is therefore necessary to model the nuances unique to each area.
Analyzing the drivers of gas demand in China is crucially important for three reasons. First, understanding the
increasingly global gas market requires assessment of the demand for natural gas in major emerging markets, such as
China and India. Second, China’s gas demand has repercussions for global geopolitics. State-owned China National
Petroleum Company (CNPC) is already earnestly acquiring assets and building relationships in oil and gas fields
abroad. For example, high level negotiations between China, Turkmenistan, and Kazakhstan are aimed at securing
natural gas supplies from the Bagtyiarlyk gas fields, via a pipeline through Kazakhstan. CNPC is also engaged in a
worldwide search to secure more LNG supplies. If natural gas demand soars, CNPC will be under increased pressure to
seek out new supplies. This competition for resources could lead to a realignment of alliances globally. Third, a
significant increase in natural gas use could result in a decrease of CO2 emissions by displacing more carbon-intensive
fuels such as coal. This issue is especially pressing since China is projected to be the top emitter of greenhouse gases in
the world by the end of 2007. Gas could potentially play a role in stemming the emissions which are dominated by coal.
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Abstract
There are many uncertainties regarding the future level of natural gas consumption in China. In order to obtain a clear idea of what factors drive fuel consumption
choices, we focus on three regions of China: Beijing, Guangdong, and Shanghai. Using an economic optimization model (MARKAL), we consider drivers including
the level of sulfur dioxide emissions constraints set by the government, the cost of capital, the price and available supply of natural gas, and the rate of penetration
of advanced technology on both supply and demand sides. The results from the model show that setting strict rules for SO2 emissions will be instrumental in
encouraging the use of natural gas, and may also cause some reduction in CO2 emissions. The currently differentiated cost of capital for various sectors within
the Chinese economy, on the other hand, artificially boosts the economics of capital-intensive coal relative to natural gas. This suggests that financial reform could
be a lever for encouraging increased gas use.
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Figure 5-7: Demand for Lighting in China’s Three Biggest Mega-Municipalities
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Source: NASA photo (Earth from space) modified by PESD.

The MARKAL Models

In analyzing the energy systems of Beijing, Guangdong, and Shanghai, we used three separate, regional MARKAL
models. Given a projected level of total energy demand services, each MARKAL model solves for a least-cost optimal
solution over the course of twenty years (2000-2020), utilizing a suite of technologies that is provided as an input for
the models. (See Section 5.2.4: The Study of the Natural Gas Market in Shanghai Based on the MARKAL Model in this
document for further details the modelling approach.) Specific types of energy and emissions control technologies are
characterized by performance and cost parameters. The model solves by selecting a combination of technologies that
minimizes the total system cost and meets the estimated energy demand. Our goal is not necessarily to produce a firm
prediction of future gas use, since key input assumptions, such as the level of demand services, are highly uncertain.
Rather, such models are particularly well suited to reveal how sensitive natural gas demand is to key factors. In
addition, because the models allow the system to meet energy demand in the most cost effective manner, the results of
the study can also help illuminate financially viable options for constraining emissions.
For this study, we identified some of the major factors that are likely to affect future demand for gas in China. These
include:

♦ The rate at which more efficient end-use demand technologies are made available;
♦ The stringency of local and regional environmental constraints;
♦ Financial reforms that affect the cost of capital for different sectors of the economy (i.e., power, industry,
residential, commercial, transportation); and

♦ The pricing and availability of gas.
Scenarios for Analysis

To examine role of gas, and the influence of SO2 constraints on it, three “core” scenarios were developed. In the base
case reference scenario (R), we assume no changes are made to the status quo. The model operates on a least-cost
optimization paradigm to identify the most economically favourable solution. In this situation, coal and coal-fired
electricity out-competes gas in all sectors due to the lower fuel cost. Some emissions control programs are already in
place on the national and regional levels; the reference case scenario only includes policies that are currently
implemented, as well as highly likely extensions of those policies. From this starting point, there are two main
development scenarios.
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Scenario “P” is the case in which the output SO2 emissions are reduced by 40% from the reference case and is defined
as the “plausible” scenario. This scenario tests the system response if SO2 emissions are capped at a level 40% below
what is currently expected in the status quo. Scenario “Ag” is the case in which SO2 emissions are reduced by 75%
from the baseline. This is defined as the “aggressive” scenario and is less likely to represent the future than scenario
“P,” but is not entirely out of the question. Having defined the core SO2 scenarios, we then developed the “MoreGas”
scenarios (“M”). The goal of these extensions is to find out how the system would react to sensitivity parameters with a
plausible SO2 constraint and more gas supply available to the region (such as might be available from a successful effort
to develop international pipelines and price gas favourably). With the “MoreGas” scenarios, it is possible to determine
the relative effects of gas availability and pricing as compared with the other drivers in the model.
Within each of the core scenarios, we also wanted to find out how gas demand would vary with two other factors. First,
we changed the rate at which efficient, advanced end-use technology is allowed to enter the market (the “Fast”
scenarios). Second, we wanted to find out if specifying different costs of capital for each of the sectors would make an
impact in consumption patterns (the “Diffcost” scenarios). These factors where then combined and the resulting twelve
scenarios examined. These scenarios allow us to explore four broad hypotheses:
1.

Policies which constrain total SO2 emissions from the entire system lead to increased natural gas consumption;

2.

The rate of technological diffusion significantly influences the amount of natural gas consumed within the
system;

3.

Varying the cost of capital for different sectors has an effect on energy consumption patterns, and

4.

Gas prices and the availability of gas are important factors in determining which sector consumes what volume
of natural gas.

Results

Figure 5-8 below shows the trajectory of natural gas consumption for the reference scenario (R), along with the results
of the alternative scenarios with constraints on SO2 emissions: plausible (P, 40% reduction in emissions), and aggressive
(Ag, 75% reduction) from 2000 to 2020 in all three regions. The estimates for consumption vary widely depending on
which SO2 constraint is implemented in the system. From 2000 to 2020 in the reference base case, natural gas
consumption increases by about six times in Beijing and fifty times in Shanghai. Guangdong goes from zero gas
consumption to around 5 bcm. The natural gas consumed in 2020 in the aggressive scenario for all three regions is close
to 50 bcm greater than the amount consumed in the reference scenario. These results clearly indicate that there is an
important role for gas when tighter SO2 constraints are imposed.
Figure 5-8: Natural Gas Consumption for all Study Areas:
Comparison of Results for Reference and SO2 Constrained Scenarios
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Figure 5-9: Natural Gas Consumption in Beijing for Reference, Plausible, and Aggressive SO2
Constraint Scenarios
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While these results shed some light on the sensitivity of the model to SO2 policies, a deeper understanding of the system
comes from looking at the energy system within each of the three city-regions.
Beijing
The natural gas fields near Beijing were developed before supplies were made available to Shanghai and Guangdong.
The result was that Beijing residents had connections to natural gas supplies before either of the other two regions.
However, the model results suggest that Beijing will not grow in the absence of further environmental constraints.
Starting in 2010, natural gas fired power plants account for all of the additional gas consumed in scenario “P” compared
to the reference case scenario, with demand 24% higher than the levels consumed for the reference case scenario by
2020. This tells us that when the system is forced to reduce its SO2 emissions by 40%, the most cost efficient sector in
which to implement fuel switching in Beijing is the power sector. The system does start to change more drastically
when the SO2 constraint becomes tighter and cheap desulphurization opportunities are exhausted. In scenario “Ag,” the
gas consumption in the industrial and residential sectors increases along with demand in the power sector. Gas
consumption by sector is presented in Figure 5-9.

For comparison, our “R” and “P” scenarios yielded 8% and 9% gas penetration, respectively. The “Ag” scenario, which
reduces SO2 by 16% from the baseline, is the most extreme case and goes far beyond pollution control measures the
government has already put in place in preparation for the Olympic Games. The implication of these results is that
while the goal set by the government is not impossible to achieve, such an outcome will not be realized without much
tighter environmental policies that are well-enforced along with specific policies to promote gas.
Guangdong
Looking at Guangdong, in the reference scenario “R,” the level of natural gas consumption stays constant from 2010
onwards. Consumption tops out at the level corresponding to the volume of LNG imported from Australia under a
cheap contract (approximately $3/mmbtu, compared with the $5 to $7 typical of current LNG contracts). Any volume of
gas above this amount would be sold at the new, higher price. Since there is no incentive for the system to spend more
money than what is necessary, the amount of gas consumed stops at the volume limit of the contract in the reference
scenario, as gas is unable to compete with coal and nuclear in meeting new demand for power. In the reference scenario,
nonetheless, most of the gas is consumed by power plants, with the residential sector taking a miniscule portion. When
a 40% mandatory decrease in SO2 emissions is imposed on the system in the “P” plausible scenario, the consumption of
gas increases for 2015 and 2020, although there is no increase in uptake before 2015. For this plausible scenario, the
amount of gas consumed moves past the volume of LNG under the Australian contract, because the gas is the most costeffective choice in order to meet the SO2 constraint. All of the increased gas demand comes from power plants. In
particular, gas-fired combined cycle plants replace oil-fired plants. Gas also finds use in co-generation and replaces two
types of coal-fired technologies: small, inefficient peaking coal plants that are less than 135 MW, and one large coalfired base load power plant. The environmental constraints also push forward the construction of an integrated coal
gasification combined cycle (IGCC) plant.

At the same time that gas consumption is increasing, nuclear power is also on the rise. Nuclear provides base load
generation, while gas is used for peaking, so there is no direct competition between the two. Nuclear generation
increases 14 times above 2020 reference scenario levels. Nuclear power development is uniquely far along in
Guangdong, with four plants already operating in the area. However, without a policy push to decrease SO2 emissions,
coal is still the preferred fuel since a coal plant facing modest limits to SO2 is cheaper to build than a nuclear unit. The
changing power sector fuel mix is shown in Figure 5-10.
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Figure 5-10: Fuel Consumption in Guangdong Power Sector for Reference and Plausible SO2
Constraint Scenarios
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Shanghai
Shanghai’s economy is dominated by energy intensive industries that thrive in and around the city. Six industries
comprise 50% of the city’s total energy demand—smelting/rolling of ferrous materials, oil processing, coking, nuclear
fuel processing, textiles, and chemical production. In contrast to Guangdong, not much natural gas is used for power
plants. This is mostly due to the fact that there is an abundant and relatively cheap supply of coal available for firing
base load plants. When the 40% SO2 constraint is imposed on this system, there is an increase in the consumption of
natural gas appearing in 2010 dominated by the industrial sector (Figure 5-11). Rather than building new power plants
that run on cleaner burning gas, it is much less costly in Shanghai to meet the SO2 constraint by switching existing
boilers in the industrial sector from higher sulphur heavy fuel oil and coal to natural gas. Similarly, many of the coal
boilers and kilns in the six energy intensive industries get switched to natural gas fuel to meet SO2 constraints. As a
result, an increase in gas consumption in the power sector becomes attractive only after opportunities in the industrial
sector are exhausted.

Details of other scenarios explored in this study are provided in the study documentation, while the overall insights
gained are summarized in the Conclusions section, below.

Figure 5-11: Natural Gas Consumption in Shanghai for Reference and Plausible SO2 Constraint
Scenarios
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Conclusions

The findings of the report show that the most important drivers (apart from polices that directly influence the price of
natural gas relative to other fuels) which affect the consumption of natural gas are the implementation of SO2 controls
on the system and, unexpectedly, financial reforms. For very tight limits on SO2 emissions, the model shows that a
switch to natural gas in the power and industrial sectors becomes the economically optimal alternative to other fossil
fuels in many cases. When the rise in gas demand is in the industrial sector, this gas displaces oil; in the power sector,
where gas competes with coal, it is much harder in our baseline scenario for gas to gain a substantial share of the
market.
We also observed that due to differentiation of the cost of capital by sector that occurs in China today the consumption
of coal is particularly favoured. The power sector has access to cheaper capital than other sectors within the economy,
providing an incentive to build power plants with a high ratio of capital to operating costs. This arrangement favours
large coal facilities, which are expensive to build and cheap to operate, over natural gas plants, which are cheap to build
but expensive to operate because of the higher price of gas. While the situation is now changing due to financial
reforms, it may help explain why gas has had a particularly difficult time making inroads in the power sector. This also
suggests that financial reforms could have a big impact on the country’s CO2 emissions.
We also find that a side benefit to SO2 emissions reduction policies is a corresponding decline in CO2 emissions on the
order of 60 million tons CO2 for some locales (equivalent to about a quarter of the entire stock of Clean Development
Mechanism projects in China, UNEP, 2007). This suggests that a leverage point for governments in developing
countries like China to start addressing global concerns about climate change is through regulation of local pollutants
that yield visible and immediate benefits while also fortuitously limiting growth of CO2.
The study suggests five key findings on the competitiveness of natural gas in China over the next two decades.
First, China is a supply-constrained environment for natural gas. Growth in gas demand in China could lead to a surge
of natural gas imports as demand is likely to far outstrip domestic supplies in certain parts of the country. This supply
constraint provides an impetus for the Chinese government to seek out new supplies, such as a large international
pipeline from Russia, Kazakhstan, or Turkmenistan, and more LNG regasification terminals. It should be noted,
however, that such international supplies (especially via pipelines) are often politically delicate, challenging and timeconsuming to realize.
Second, gas demand is highly dependent on financial policies. The current Chinese financial system provides extremely
low costs of capital for the power sector. This makes the construction of capital intensive coal-fired power plants
especially attractive. Because coal and natural gas are in direct competition as the fuel source, in most cases this
diminishes the opportunity for more natural gas combined cycle plants to be built. In Guangdong, for example, the
MARKAL model would predict almost 50% lower coal consumption by 2020 if a 10% discount rate were applied to all
sectors. While policies related to the banking system do not usually factor into considerations for planning an energy
system, our study shows that this is an important aspect to consider in creating the right incentives for a sustainable
energy plan.
Third, the industrial sector can in some cases be more attractive for gas than the power sector. The study found that
looking outside of the power sector for fuel switching opportunities could prove to be a cost effective option. According
to the model, a switch from coal to natural gas boilers would be cheaper than forcing a switch in power plants in the
case of Shanghai where the industrial sector is currently dependent on inefficient coal boilers. Replacing an inefficient
coal boiler requires much less upfront capital than converting a power plant from coal to natural gas. When there are
enough boilers in the industrial sector to make a difference in emissions, which is the case in Shanghai, this is an
especially attractive alternative.
Fourth, the fuel mix for electricity generation is unlikely to change dramatically. In all of the scenarios that were tested
in the model, coal remains the dominant fuel in the energy mix, followed by nuclear. Coal is simply too cheap and
abundant to leave unused (China has the world’s third largest coal reserves). Aggressive sulphur reductions do shift the
electricity mix somewhat towards a greater role for natural gas, but sulphur reductions can often be met more cheaply
through fuel shifts in the industrial sector and by installing end-of-pipe solutions on coal plants.
Fifth, non-climate policies could have a large impact on carbon emissions. While China is unlikely to accept binding
carbon dioxide emissions reductions targets in the near future, very large CO2 reductions might be realized as a side
benefit from other policies enacted for reasons other than climate concerns. For example, in the case of China, a cap on
SO2 emissions could have a significant effect on CO2 emissions by promoting the use of cleaner burning fuels and more
advanced technology. An SO2 policy might be more palatable to the Chinese government than explicit CO2 regulation
because it addresses immediate local concerns about air quality and health which directly affects its citizens. Such
issues are much more likely to gain traction and spur change in the near term.
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5.2.4 The Study of the Natural Gas Market in Shanghai Based on the MARKAL Model81
Abstract

The stratagem of energy and environment sustainable development will change Shanghai energy consumption structure
and promote the use of natural gas in Shanghai in the future years. It is estimated that the natural gas consumption in
Shanghai will be advanced from 0.497 billion cubic meters in 2003 to 12 billion cubic meters in 2020. However,
realizing this goal faces various economic, financial, policy and institutional challenges. It is important for Shanghai’s
economic development, investment in energy technology and infrastructure, environmental protection and government
policy making to accurately evaluate Shanghai energy status and predict the development trend of Shanghai natural gas
market.
Shanghai Jiaotong University takes on the project of Shanghai Natural Gas Market Study sponsored by Stanford
University and organizes various energy experts in Shanghai including Shanghai Energy Research Institute, Shanghai
Academy of Social Science, East China Electric Power Test &Research Institute, Shanghai Energy Conservation
Supervision Center, and Shanghai Environmental Monitoring Center to do the research on Shanghai natural gas market.
The objective of this research is to investigate the competitiveness of natural gas in Shanghai, the impact of
governmental energy and environment policy on the competitiveness of natural gas and the volumes of gas that will be
consumed under different scenarios and conditions.
This research is the MARKAL model study for Shanghai energy system and its running result analysis, especially with
the focus on natural gas demand. The research covers the MARKAL model study for Shanghai energy system, the
comparison of model running results conclusions on the basis of analysis of MARKAL model results.
The Study of the Natural Gas Market in Shanghai Based on MARKAL model

Introduction
Shanghai is a dynamic economic centre in China and its primary energy consumption grows rapidly over last decade, all
of which come from other domestic regions and overseas. The energy mix in Shanghai has historically been dominated
by coal, although the share of coal in primary energy consumption decreases gradually year after year. Following the
coal use, crude oil, oil products and imported electricity account for the residual parts of the energy mix. Natural gas
was introduced in Shanghai in 2000, accounting for less than 1% of total primary energy consumption. In volumetric
terms, the consumption rose from 0.26 billion cubic meters (bcm) in 2000 to 1.87 bcm in 2005 and natural gas has
found multiple uses in industries, power generation and other sectors.

The purpose of this research is to provide a comprehensive and detailed analysis of the future competitiveness of natural
gas in Shanghai and to assess the future growth in gas demand under different scenarios and conditions. In doing so, the
common bottom-up energy system model, MARKAL model, was used to build the model of Shanghai energy system
including primary energy supply, conversion and processing technologies, end-use technologies and energy service
demand in all sectors of economy. For MARKAL model building, reference case estimates for end-use energy service
demand are developed on the basis of Shanghai economic and demographic projection and characteristics of existing
technologies and available future technologies, as well as potential sources of primary energy supply are determined.
The model is calculated subject to the constraints of SO2 emissions and other conditions for reference base and other
scenarios. The model running results are analyzed and discussed.
The MARKAL Model Study and Scenario Analysis
The MARKAL model is used in Shanghai natural gas market study to develop energy and emission scenarios. The basic
model assumptions include population and GDP growth, economic structure, energy service demand, technology
development, energy resources and energy policies in order to predict the future energy consumption and related
emissions. The alternative energy future resulted from the MARKAL model will supports the further economic
development by delivering required future energy services at the lowest possible cost.

The MARKAL model covers energy sources by acquiring various energy carriers, the energy service demand, energy
use of conversion and process technologies, investments and operation/maintenance costs for certain technologies,
pollutants and emissions, as well as energy policies and constraints. The following sections will describe the whole
MARKAL model system and its key elements and assumptions.
In MARKAL Reference Energy System (RES) for Shanghai energy system, storable energy carriers, like coal gas,
coke, liquid petroleum gas (LPG), town gas and oil products (such as gasoline, diesel, kerosene, residual fuel oil and
other petroleum products) are produced by process technologies. There are three major process technologies in
Shanghai, which are the coke production, the oil refinery and the town gas production. Non-storable energy forms like
electricity and low-temperature heat are generated by conversion technologies represented by different types of power
plants. The process and conversion technologies use primary energy forms obtained from energy resource technologies.
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Figure 5-12: MARKAL Reference Energy System for Shanghai Energy System

As all primary energy consumed in Shanghai imports from other domestic regions and overseas, resource technologies
in RES include imported coal, imported crude oil, imported natural gas, imported oil products and imported electricity.
End-use energy demand contains the energy services that must be satisfied through the certain end-use technologies that
transform energy carriers into useful demand. In the MARKAL RES diagram, the demand for energy services and enduse technologies are involved in five key economic sectors such as agriculture, commercial, industry, residential and
transport. Figure 5-7 shows highly simplified RES of Shanghai energy system for illustration.
The Reference Base is the baseline for MARKAL model calculation with the basic assumptions of resource
technologies, conversion and process technologies, end-use technologies and demands for energy services but without
any environmental constraints. In addition, there are three sets of main scenarios for the model running. It is decided
that SO2 will be the only pollutant considered as a model constraint for the environment scenarios. This is due to a lack
of reliable data for NOx and CO2 in China.
The first set of scenarios is a world where environmental regulations are modest as a 40% decrease in SO2 emissions by
2020. All storylines within this group of scenarios will be labelled with an “A.” Each scenario under “A” is defined by
reference assumption, changes in the rate of penetration of demand technologies, different costs of capital, and
availability of gas, labelled as “A0,” “A1,” “A2” and “A3” respectively.
The set of scenarios for stringent environmental regulations is tentatively defined by a 60% decrease in SO2 emissions.
All storylines within this group will be labelled with a “B.” This set of scenarios, in turn, will test the same sensitivity
measures that were used in the modest environmental group of scenarios. Like group A of scenarios, group B has B0 for
reference assumption with stringent SO2 constraint and B1, B2 and B3 scenarios.
The third set of scenarios combines the modest environmental groups A of scenarios with a high availability of gas.
This combination of scenarios will also be submitted to the plenary of sensitivity analyses that the other two purely
environmental groups of scenarios are submitted under. The reason for this is that we are most interested to see how gas
consumption will be affected by the intersection of environmental regulations and high gas availability. Figure 5-13
shows the schematic of three groups of scenarios and reference baseline.
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Figure 5-13: The Schematic of Three Groups of Scenarios and Reference Baseline
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Model Result Evaluation and Discussion
R0 baseline analysis. In Reference Base R0 case without SO2 emission constraint, coal mostly consumed in industrial
sector and electricity generation in Shanghai, with from 40% to 50% of coal use in electricity generation and decreasing
from 55% to 47% in industrial sector in model time horizon (from 2000 to 2020). Transport sector becomes the first
largest sector in oil consumption from 2005 due to the surging domestic demand for cars and industrial sector is the
second largest sector for oil use. The results illustrate that electricity generation is dominated by coal-fired power plants
in R0. The natural gas is mainly consumed in commercial, residential, electricity generation and transport sectors in R0.
A0 and B0 scenarios analysis. As the SO2 is constrained by reducing 20% in 2010, 30% in 2015 and 40% in 2020
(A0), the coal consumption will decrease from 2010 to 2020, while the Natural gas supply will increase during the same
period. Oil supply has relatively very small changes from 2010 to 2020. The total primary energy consumptions in R0
and A0 scenarios almost keep constant. For stringent SO2 constraint by reducing 40% in 2010, 50% in 2015 and 60% in
2020 (B0), the coal consumption will further decrease and Natural gas supply will further increase in B0 compared to
A0. The oil, renewable and electricity supplies will keep almost constant in both R0 and B0 scenarios.
A1, A2 and A3 scenarios analysis. From the result analysis of A0 and A1 scenarios, we can reach the conclusion that
fast penetration rate of new technologies will lead to the less natural gas consumption in commercial, residential and
industrial sectors because of new and higher efficiency end-use technology application. A little more oil will be used for
supplement. Based on running results of A2 and A3 scenarios, we can reach the conclusion that total coal consumption
by all sectors almost keeps constant from 2000 to 2020 in A0, A2 and A3 scenarios, however, commercial sector will
consume more oil but less natural gas in 2015 and 2020 in A2 scenario compared with A0 scenario, and A3 scenario
will be opposite to A2 situation, residential sector consuming less oil but more natural gas in 2015 and 2020 compared
with A0. For electricity consumption in different sectors, there is no any transformation in A0, A2 and A3 scenarios.
B1, B2 and B3 scenarios analysis. Like A1 scenario, the results of B1 show that total primary energy consumption will
be reduced in B1 from 2010 to 2020 in comparison with B0 scenario, especially LNG consumption reduction in 2015
and 2020. Coal consumptions have very small changes in B1 compared with B0 from 2010 to 2020, but oil
consumptions in B1 have relative large increase in comparison with B0 in 2015 and 2020. The model running result
analysis of B2 and B3 scenarios reaches the conclusion that total coal consumption by all sectors has small
transformation between B0. B2 and B3 scenarios from 2000 to 2020 and B2 scenario will consume more oil in
commercial and residential sectors but less natural in commercial sector in 2015 and 2020 compared with B0 scenario.
C1 and C2 scenarios analysis. Under the condition of the fast penetration rate of new end-use technologies plus much
cheaper natural gas supply (C1 scenario), natural gas consumption will increase but oil use will decrease in 2015 and
2020 as compared with A1 scenarios for the same period due to more gas supply. In that case, the amount of increased
natural gas use is almost equal to the amount the decreased oil use, which keeps the balance of the total primary energy
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consumption. Further analysis illustrates that more natural gas will be used in commercial, industrial and residential
sectors in 2015 and 2020, and less oil use in commercial and residential sector. Under the condition of discount rate
change plus much cheaper natural gas supply (C2 scenario), natural gas consumption will increase in C2 only in 2015
as compared with A2 and more natural gas is used in industrial sector. In that case, other fuel consumption almost has
no transformation between C2 and A2.
Conclusions
♦ Coal is the major fuel in Shanghai, accounting for 58% and 55% in R0, 52% and 46% in A0, and 45% and
36% in B0 in 2015 and 2020 respectively. Coal mostly consumed in industrial sector and electricity generation
in Shanghai.

♦ In Reference Base R0, SO2 emission in industrial sector increases largely from 2000 to 2020 due to large

amount of coal consumption without any environment measures, so coal consumption reduction is a key factor
affecting SO2 emissions in industrial sector

♦ With the SO2 restriction, coal supply will be replaced by natural gas supply in primary energy consumption. In

the context of medium environmental regulation, new advanced coal-fire power plant (ultra-supercritical
power plant) will be selected in electricity generation and natural gas will be used substituting for coal in
industrial sector for end-use technologies. In the context of stringent environmental regulation, not only new
advanced coal-fire power plants (ultra-supercritical power plant and IGCC) will be selected but more natural
gas will be used in electricity generation and much more natural gas will be used in industrial sector for enduse technologies.

♦ For scenarios of fast penetration rate of new end-use technologies, discount rate change and much cheaper
natural gas supply, natural gas competes with oil in end-use technologies. In power plants, natural gas
competes with coal for stringent environmental regulations and clean coal technologies are applied for
medium environmental regulations.

5.3 Colombia
5.3.1 Integrated Local Planning of the Metropolitan Area of Aburra Valley82

The Markal model and the Energy – Economy – Environment approach has been implemented in Medellín
Metropolitan Area (Colombia) since 2004 as a modelling tool to support the decision making for integrated local
planning. In 2006-2007 we performed an application for transportation and Industry sector in a very detailed geographic
scale (each demand in Markal has an attribute of geographic coordinates) to estimate environmental, energetic and
economic impacts for different scenarios of policy framework, technological configuration and environmental
restrictions. The applications were made for the Metropolitan Area of Aburra Valley (www.metropol.gov.co) which is
the metropolitan planning, environmental and transport authority institution.
For transportation sector, an integrated modelling structure was developed to support the Mobility Plan 2008-2020 in
the Medellín Metropolitan Area. The structure integrates information from a transportation model (TransCad) with an
Energy-Environment-Economy, EEE, approach (Markal) and an indicator system supported with GIS for scenario
comparison. A high level of spatial resolution and technological representation was design to evaluate scenarios for
different intermodal integration levels and different population responses. Results show the EEE benefits of the
intermodal integration and the clean energy carrier penetration.
The economic and environmental impacts of the omnibus fleet for the Rapid Bus Transit (Metroplús System), one of the
main strategies for mobility, were analyzed to consider five different technological choices: i) a fleet powered by
compressed natural gas, ii) powered by diesel, iii) powered by EuroDiesel III imported from the Mexican Gulf, iv)
powered by a mixed fleet 50% compressed natural gas and 50% diesel, and v) a fleet powered by hybrid diesel vehicles.
The results show that a fleet of omnibuses powered by compressed natural gas is the most economic and
environmentally friendly alternative for the region.
The MARKAL model was used for the industry to build a base line scenario for 400 industries. The evaluation
scenarios are based in their possibilities of innovation for the main processes and its benefits in terms of pollutant
emissions reduction and energy carrier’s energy savings (evaluated by other linked projects for each industry). The
economic evaluations attempt to present the costs vs. the global benefits costs scenario in terms of environmental
improvements in the study domain. The results have been used for the evaluation and implementations of marketable
emission allowances for particulate material (PM10).
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The emission maps of pollutants (Transport + Industry sectors) has been very useful to support many different
initiatives to analyze externalities over human health, to assess projects and even to define the sources zones (zones
with high pollutant emissions).
5.3.2 Co-benefits on Carbon Dioxide Emissions by Reducing Particulate Matter Emissions in the
Public Transport Sector in Colombia83

We are estimating co-benefits in carbon dioxide (CO2) emissions derived from reductions in respirable particulate
matter (PM10) emissions, by using the Markal model. PM10 is the most critical pollutant in main Colombian cities.
According to data registered by air quality networks, PM10 has been continuously incrementing and frequently it
exceeds air quality standards. Reducing and controlling PM10 level is considered as a public health priority. As medical
data indicate, respiratory illness is one of the main causes of mortality and morbidity in principal cities.
We intend to determine the best energy scenario to achieve PM10 emissions target. We also quantify the reduction on
CO2 emissions and the benefits associated with the resultant Emission Reductions Credits (ERC). Trading ERC is a
feasible way to economically contribute to air quality programs designed to reduce air pollution levels.
We are concentrating the analysis on the public transportation sector, since there is scientific evidence about the
significant contribution of this sector to PM10 emissions and population exposure. Nonetheless, other transportation
categories are also included in the model. Public transport is mainly powered by diesel. The diesel sold in the country
has sulphur content of 4500 ppm, and in Bogotá - Colombia’s capital - diesel has a sulphur content of 1000 ppm. In
addition the average public transportation fleet is older than that of comparable countries.
PM10 emissions reduction targets are the objective function in the model. We are developing an air quality model to
calculate reductions in air pollution levels as a result of specific emission reductions. Then we will be able to estimate
the potential health effects associated with specific air pollution levels and the costs to reach each of them.
We are including transportation technologies related to biofuels based on established policies, as well as evaluating
different ways to integrate transportation modes.
We expect the results of this exercise will give specific information to policy makers about the benefits of improving
fuel quality, including efficient technologies and modes in the transportation sector.
5.3.3 Efficient Prices of Colombian Energy Carriers and Natural Competitiveness84

For at least the last fourteen years, one explicit goal of the energy policy has been to get efficient prices for the whole
energy carriers. However, none of the governments has been able to completely reduce subsidies and taxes within the
energy sector, nor to impose penalties for environmental externalities. Due to this fuel prices do not reflect their
opportunity cost nor to include the cost of particulate material and CO2 emissions, which is a disadvantage for the
cleanest fuels.
By initiative of a group of natural gas transporters, we are developing a study whose objective is to determine which the
energy efficient prices should be and to propose a long term policy to reach them. They are also interested in evaluating
the competitiveness of the natural gas with respect to other fuels in the different final consumption segments.
The Colombian-Markal family of models is being used to calculate the shadow prices of every energy carrier and
demand category as well as to evaluate the economic impact of the present price structure. We shall also design an
optimal path to reach efficient prices according to the well-being gains (or losses). The target is to have a set of prices
allowing demand to respond to the real supply conditions for the different energy options.
Those results will be used to determine the competitiveness of the natural gas versus the substitutes in each of demand
sectors and to measure changes in their demand as a result of an efficient price scenario.
5.3.4 Identification and Assessment of a Set of Policy Measures to Enforce Renewable Energies in
the Colombian Power Sector85

In order to identify and assess policy measures for encouraging the use of renewable energy in the Colombian power
market, we use Markal. We selected among a broader set of worldwide policies and regulatory schemes used in other
countries to boost renewable power generation, three policy instruments: Standard Portfolio, Feed-in Tariffs, and
Internalization of Externalities. For the evaluation, we extended and updated a previous version of the MARKALColombia model.
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Table 5-2: Renewable Generation Targets
Year
Colombian Demand

(GWh)

2005

2010

2015

2020

48,733

58,276

67,365

79,979

Annual Target

(%)

0.5

3

5

6

Renewable Generation

(GWh)

243

1,748

3,368

4,798

Six different scenarios were constructed from the base case reflecting different mechanisms features. Eligible
technologies are geothermal, bagasse fired cogeneration, wind and solar power plants. A relatively high plant factor
(60%) was used for wind power plants, according to wind regimes in the Caribbean coast. National studies on
renewable resources availability as well as geothermal and cogeneration feasibility studies were used to design the
renewable generation portfolio. The portfolio’s power generation shares were used to simulate the generation for the
feed-in tariff mechanism, in order to be able to compare both results.
Renewable generation targets were designed according to the national demand forecast (UPME, 2007), and they are
shown in Table 5-2. All scenarios were tuned to obtain identical generation profiles to simplify the analysis procedure.
The Standard Portfolio was modelled as a bilateral contract between a non-regulated consumer and a retailer. Industrial
consumers were chosen, since this is considered as a natural niche for this kind of negotiations.
Three scenarios with different technology profiles were used to simulate target compliance. Wind.P portfolio uses
exclusively wind power, Geo.P uses geothermal power only, and Mix.P portfolio uses a mix of all four technologies.
The later scenario limits bagasse cogeneration to 10% of the portfolio, to allow the use of the other technologies. The
model then selects a 65% geothermal and 25% wind power share. The model did not choose solar power.
Feed-in tariffs were modelled as a forced renewable generation to be used in either consumption sector. Three feed-in
tariff scenarios were constructed with equal generation profiles as the ones obtained for the portfolio scenarios. Wind.P
uses exclusively wind power, Geo.T uses geothermal power only, and Mix.T uses the same shares as in Mix.P.
Figure 5-14 shows the different abatement costs obtained for all scenarios. It can be seen that abatement costs are quite
similar among the feed-in tariff scenarios, regardless of the technology type. These costs are also lower than those
obtained for the portfolio scenarios, since the later scenarios imply physical delivery of electricity. Lower costs are
obtained with the mix scenarios.
Comparing the total emissions reduction for the entire horizon, there is a percentage reduction of 0.3 to 0.5% between
scenarios with renewable energies and the base case. This can be explained on the fact that the Colombian power
system is heavily based on hydro resources and therefore a renewable penetration has a low impact on the net emission
levels. It can also be concluded that discounted costs for portfolio scenarios are the highest ones because of the over
installation of capacity required to cover the peak demand. All scenarios have a higher cost relative to the base case,
reflecting the higher investment costs of renewable technologies.
The economic analysis shows a great dependence on the technology bundle considered at the time of the design of the
measure to be implemented, especially if the goal is to trade Emission Reduction Credits. Results show that geothermal
and biomass power generation have some advantages over wind and solar power, mainly due to the firm energy that
those technologies can deliver.
From the regulatory point of view, Colombia’s current legislation does not easily allow the implementation of neither
one of the selected measures, at least in the short term. The Law is based on technological neutrality and requires that
energy purchases must be done on a minimum-cost basis.

Figure 5-14: CO2 Abatement Costs
Cost of CO2 Ton reduction
(US$ / CO2 Ton)
$ 113.51

$ 51.92
$ 25.25

$ 18.19

$ 17.26

$ 0.00

BASE

Wind.P

Geo.P

Mix.P
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Wind.T

Geo.T

$ 8.86

Mix.T

5.4 India: Technical – Economic Modelling of the Energy Sector86
Historical Perspective

Economic growth has been rising rapidly in India—an average of over 8 percent in recent years. Energy use has grown
more than 5 percent per year. Still, per capita energy use remains far below the world average (Figure 5-15). Economic
growth is expected to continue at high levels, along with energy use. A dynamic policy environment, including
economic reforms, deregulation of electricity and petroleum prices, the Electricity Conservation Act, and changes in the
tax structure for petroleum products have been and continue to be conducive to economic development. Nevertheless
the continued pressures on energy system growth and an increasing reliance on imports are anticipated as India’s energy
consumption begins to catch up with current levels of economies (Figure 5-16).
Figure 5-15: India: Brief Historical Perspective

Brief historical perspective
• Economic growth rising rapidly in recent years
– Avg. 8.1% (2003/04-2005/06), Rapid growth of Services sector

• Energy consumption growth more than 5%pa
• Per capita levels much below the world average
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Figure 5-16: Commercial Energy Demand in the Base Case

Commercial Energy Demand in Base case
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Tools for Energy Sector Policy Analyses

It is recognized that adequate assessment of energy policy options requires models which can aid in policy articulation,
and that top-down models combined with bottom-up models are capable of generating information of particular interest
in this respect.
It is also recognized that current models reflect developing country dynamics inadequately, particularly the top-down
models.
What is needed is a balanced development of models that adequately represent the reality of the system, conduct
modelling studies to provide insights and identify optimal response actions for addressing the key policy questions, and
the development of a bottom-up model with sufficient technological detail to address specific options.
Development of the Bottom-up Model

A state-of-the-art technical-economic modelling tool for India has been developed for analyzing a variety of policy
options in the energy sector. The model is a multi-sector, multi-period cost minimization linear programming model
with 5 end-use sectors: residential, commercial, agriculture, industry, and transport, with detailed modelling of
technologies in electricity, refining, and transportation. The model is capable of generating a wide variety of future
scenarios (see Figure 5-17).
The Forward Path with ETSAP

Future work with ETSAP will include the review of India components in global models, participation in global/regional
modelling projects, and informal exchange of ideas and data with network participants.

Figure 5-17: Future Scenarios
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5.5 Kazakhstan
The EU fund of Technical Assistance to the Community of Independent States TACIS financed the project “Technical
assistance to Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan and Uzbekistan with respect to their global climate
change commitments.” In the frame of Task 6 “Enhance Economic Modelling Capacity in Kazakhstan” (2005-6), the
following activities have been carried out87:

♦ Study of the Kazakh domestic energy system and reclassification of the Kazakh energy balances;
♦ Development of a MARKAL-MACRO-Kazakhstan model and compilation of different scenarios, and
♦ Evaluation of the potential technology improvement linked to climate change mitigation policies.
As a result of the capacity building activity, the model has been used locally for evaluating technology options and
implications of recent domestic energy policies. Some points are briefly summarised in what follows.
5.5.1 The MARKAL-MACRO-Kazakhstan Model

Before preparing the MARKAL-MACRO-Kazakhstan model (MMKz), an in-depth analysis of the Kazak energy
system was carried out. This included the following steps:

♦ Reclassification of the Kazakh National Energy Balances (NEB) in the base years (2000-2004);
♦ Gleaning information on the stock of energy supply / transformation technologies and merging with the NEB;
♦ Extension of the NEB from the final energy to the useful energy and link to the stock of end-use devices;
♦ Making the NEB consistent with the GHG inventories, and
♦ Linking the economic aspects of the system to the NEB.
The existing stock of technologies and the new technology options that will substitute for them are represented in some
detail in the MMKz: the resource sectors by almost 100 types and cost steps, the utility sector through about 50 power,
heating and CHP plant types, the other supply sectors with about 100 processes, and the demand sectors with almost
300 hundred end-use devices. The emissions of CO2, CH4 and N2O from the five main energy sectors – upstream,
utility, industry, civil, transport – are represented explicitly.
MMKz has 32 demands for energy services (see Table 5-3). The projection of the demand for the time horizon out to
2040 is driven by independent Population, GDP, GDP per capita and Housing stock projections. The same table shows
the elasticity of each demand sector to the projection driver and to its own prices (used only in the partial equilibrium
version of the model for the scenario runs).
The preparation of the general equilibrium version of the model has been very demanding and only partly satisfactory.
The first problem was running a macro model for an energy exporting country. If the starting point is the actual energy
cost taken from MARKAL for 2000-4, a negative value, the production becomes meaning less and the utility is
negative. Theoretically, it would be necessary to change the formulation of the production function and include
exogenous trade. Waiting for this model improvement, in MMK most exports have been frozen to the values calculated
by the least-cost version and the corresponding income reduced artificially to a level that balances energy imports.

Table 5-3: Demands for Energy Services in the MARKAL-MACRO-Kazakhstan Model
Demand sector

Unit (^)

2000
Demand

2004
Demand

Driver
name

Elast. To
Driver

Own
Price
Elast.

Agriculture, forestry and fishery

Mtoe-usf

0.81

1.06

GDP

0.6

-0.3

Commerce & services, total

Mtoe-usf

1.40

2.42

GDP

0.7

-0.6

INDUSTRY

Mtoe-usf

7.665

10.844

• Building and construction of civil works

Mtoe-usf

0.482

0.536

HOU

1

-0.3

• Chemical, petrochemical and plastics

Mtoe-usf

0.457

0.622

GDP

1

-0.4

• Food, drink and tobacco

Mtoe-usf

0.654

0.863

GDP

0.9

-0.3

Mt

7.978

9.334

GDP

0.5

-0.4

Mtoe-fin

3.08

3.94

• Iron & steel (in Mt of steel and ferro alloys)
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The activities carried out during the project are described in “Energy system and COKRIS2 emission scenarios for Kazakhstan, prepared with the technical
economic MARKAL-MACRO modelling tool,” downloadable from http://www.sofreco.com/projets/c886/Reports.htm.
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Demand sector
• Mining metal ores (Mt)
• Machinery and vehicle production
• Non ferrous metals (Mt of Al, Cu, Zn, Pb)

2000
Demand

Unit (^)

2004
Demand

Driver
name

Elast. To
Driver

Own
Price
Elast.

GDP

0.5

-0.3

Mt

77.040

81.261

Mtoe-fin

0.85

1.8

Mtoe-usf

0.399

0.542

GDP

1

-0.3

Mt

2.925

3.421

GDP

0.5

-0.4

HOU

1.1

-0.4

Mtoe-fin

1.27

1.62

Mt

3.443

3.869

Mtoe-fin

0.26

0.62

• Other manufacturing industries

Mtoe-usf

0.137

0.192

GDP

1.1

-0.3

• Pulp, paper and printing

Mtoe-usf

0.026

0.038

GDP

1.2

-0.3

• Textile, shoes and leather

Mtoe-usf

0.050

0.071

GDP

1.1

-0.3

Non-energy uses

Mtoe-usf

1.351

1.630

GDP

0.6

-0.4

RESIDENTIAL

Mtoe-usf

4.453

5.071

• Residential cooking

Mtoe-usf

0.428

0.437

POP

0.9

-0.2

• Residential, electric appliances

Mtoe-usf

0.775

1.088

GDPP

1.2

-0.6

Mm2

19.916

26.467

GDPP

1

-0.4

GDPP

1

-0.4

GDPP

2

-0.4

GDPP

1.2

-0.4

HOU

1

-0.4

HOU

1

-0.4

%

1

-0.4

%

1

-0.4

POP

1.1

-0.3

• Non metallic minerals (in Mt of cement)

• Space cooling, existing building, urban
• Space cooling, existing building, rural
• Space cooling, new building, urban
• Space cooling, new building, rural
• Space heating, existing building, urban
• Space heating, existing building, rural
• Space heating, new building, urban
• Space heating, new building, rural

Mtoe-fin

0.02

0.03

Mm2

3.983

5.293

Mtoe-fin

0.001

0.004

Mm2

21.076

35.936

Mtoe-fin

0.004

0.01

Mm2

5.953

10.647

Mtoe-fin

0.00

0.00

Mm2

145

145

Mtoe-fin

1.61

1.76

Mm2

95

93

Mtoe-fin

0.90

0.89

Mm2

31.614

53.905

Mtoe-fin

0.04

0.11

Mm2

14.882

26.617

Mtoe-fin

0.03

0.08

Residential warm water, all

Mtoe-usf

0.645

0.662

TRANSPORT

Mtoe-usf

3.485

5.29

• Domestic aviation

Mtoe-usf

0.180

0.259

GDP

1.2

-0.6

• International aviation

Mtoe-usf

0.287

0.414

GDP

1.2

-0.6

Bv-km

1.347

1.513

GDPP

0.4

-0.2

Mtoe-fin

0.33

0.36

Bv-km

13.875

18.439

GDPP

1

-0.6

Mtoe-fin

0.71

1.05

Bv-km

9.932

13.512

GDP

1

-0.7

Mtoe-fin

1.12

2.13

• Other transport

Mtoe-usf

0.279

0.379

GDP

1

-0.3

• Rail all

Mtoe-usf

0.579

0.698

GDP

0.6

-0.2

TOTAL DEMAND OF FINAL ENERGY

Mtoe-usf

19.164

26.315

• Buses for road passenger transport
• Cars for road passenger transport’
• Trucks for road freight transport

(^) In the calibration years useful energy is equal to final energy. GDPP=per capita GDP; HOUsing stock.
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Table 5-4: Main Macro Parameters of MARKAL-MACRO-Kazakhstan Model
Code

Description

Units

Values

MM DEPR

Net return on capital, expressed as a percentage

Percent

15

MM DMTOL

Fraction by which MACRO demands may be lowered

Fraction

0.5

MM EC0

Energy costs in the first period

KzT. 10^12

1.433

MM ESUB

Elasticity of substitution between capital and labour

Fraction

0.4

MM GDP0

GDP in the first year of the model

KzT.10^12

10.554

MM IVETOL

Investment and energy tolerance

Fraction

0.5

MM KGDP

Initial capital to GDP ratio

Fraction

1.2

MM KPVS

Optimal share of capital to labour

Fraction

0.4

The second problem is the imbalance between the value of the GDP reported in the statistics (low) and the value of the
energy system, calculated by the least-cost solution. This may be explained, at least partly, by the fact that energy
commodities are valued at prices not too far from global market prices, while the other commodities of the Kazakh
economic system are valued at far lower domestic prices. This exercise has maintained the initial energy cost of the
least-cost version and has increased artificially the ‘operational’ GDP to a value slightly higher than the minimum
feasibility threshold (see Table 5-4).
Equally difficult has been to set the depreciation rate. Setting the depreciation rate equal to the discount rate as
suggested by the manual was resulting in infeasibilities. The reason is that in MARKAL the general discount rate has
two separate functions: the first is to bring all costs incurred in different year to the same constant numeraire, in this
case 2000 KzT.B, the second is to calculate the flexible depreciation rates of each investment. However, MARKAL has
an additional technology dependent parameter, DISCRATE, which can supersede the general DISCOUNT parameter
for this latter function. In MMKz DISCOUNT is 5% while DISCRATE is generally much higher values. Eventually the
depreciation value of MACRO has to be the weighted average of all technology dependent DISCRATE parameters.
After some experiments, it was found that 15% was the best values, with a narrow feasibility window around the
average.
5.5.2 Climate Change Mitigation and Technology Improvement88

Climate change mitigation policies have been analysed through the comparison of several scenarios (see Table 5-5).
They can be grouped in three sets.
The technological least cost development (sometimes labelled ‘standard MARKAL’ because historically it is the
original version of the model generator) freezes the demand to their base development and finds the set of technologies
that satisfies them reducing to a minimum the total discounted system cost over the entire time horizon. Mitigation
policies increase the system cost and the marginal prices of energy commodities, change the set of optimal technologies
and energy flows, but cannot reduce the demand as an effect of higher marginal prices. Mitigation scenarios suggest
optimal mitigation policies that change the technological mix without affecting the consumers demand (and utility).

Table 5-5: Mitigation Scenarios by System Scope
Base Case
Technical mode:

Least cost
MARKAL

Partial equilibrium
MARKAL-ED

General equilibrium
MARKAL-MACRO

accepting mitigation options up to:
2 US$2000/tCO2

C-MK-2

L-EQ-2

M-M2

5 US$2000/tCO2

D-MK-5

M-EQ-5

M-M5

10 US$2000/tCO2

E-MK-10

N-EQ-10

M-M10

20 US$2000/tCO2

F-MK-20

O-EQ-20

M-M20

50 US$2000/tCO2

G-MK-50

P-EQ-50

M-M50

88

Excerpt from the study „The Development of the Kazakh Domestic Energy System between Climate Change Mitigation and Technology Improvement” by Alexey
Cheridnichenko, KazNIIEK, Almaty; Celine Guivarch, CIRED, Paris; Gulmira Sergazina, Climate Change Coordination Centre, Astana; GianCarlo TOSATO,
ASATREM srl, Rome (corresponding author: gct@etsap.org), presented at the 26th IEW, Stanford, June 27-29, 2007.
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Figure 5-18: Base Case Projection of CO2 Emissions from the Kazakh Energy System

The partial equilibrium version (sometimes labelled ‘elastic demand’ because it uses own price elasticities of the
demand sectors to endogenize the demand levels) starts from the same base case of the technological least-cost version.
When mitigation policies are imposed, demands fluctuate around the base case (exogenous) values. It has been
demonstrated mathematically that the algorithm finds the unique set of quantities and prices that maximise the
producers’ and consumers’ surpluses together. Mitigation scenarios built with this version of the model suggest
mitigation policies that reflect consumers’ demand (for energy services) as well as the technological deployment of new
technologies.
The general equilibrium version makes all demands for energy services dependent on GDP development. From the
economic point of view it adds to the energy system two other production factors: capital and labour, and simulates the
consistent development of the gross production via three associated factors: a constant elasticity of substitution
production function, changes in the depreciation rules of MARKAL to those of the MACRO model, and maximizing
the logarithm of the consumers’ utility. This version of the model makes it possible to understand, although in an
approximate way, the most important macro-economic effects of mitigation policies.
According to the projection calculated by the model in the base case without restrictions, CO2 emissions could grow
from 152 MtCO2 in 2004 (not far from the value of 150.45 of emissions for fuel combustion given by the inventory) to
203 in 2012, 277 in 2020, and 352 in 2028 (see Figure 5-18). The 1992 threshold of 252.9 MtCO2 would be reached in
the year 2018. As in the present, emissions from the power sector dominate, in particular for the use of coal (see Figure
5-19).
Figure 5-19: Total Primary Energy Supply Projections in the Base Case
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Figure 5-20: Marginal Abatement Cost Curves (1000 Kzk Tenge 2000 = 7 USD2000)
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The model explores the cost of mitigation by means to different options. This relation can is expressed in terms of
marginal reduction cost curves (see Figure 5-20). In the case of Kazakhstan, the most important mitigation technologies
are those that aim at enhancing the efficient use of coal in the heat and power sectors, and the introduction of natural gas
combined cycle plants have a net benefit if the reduced damage of other regional and local pollutants is considered as
well. As usual many more improved and advanced technologies come into play if case by case studies include the
indirect benefit of adopting them. Scenarios with higher coal or oil prices would give similar indications. Emission
would be lower from the base case, and the same mitigation levels would imply far lower extra costs.
The reduction of demand due to higher prices is synonymous with reducing the consumers’ surplus. With mitigation
options costing up to 1 or 2 US$2000/tCO2, reductions cost about 0.1% of the total energy system cost; this value
increases to 0.8% with mitigation policies costing up to 10 $US2000/tCO2 and to 5% at 50 $US2000/tCO2.
At the same time, the adoption of mitigation policies would bring several benefits. The direct benefits of selling
emission permits from 2008 till the point the emissions reach the 1992 level of 252.9 MtCO2 depend on the market
price of CO2 permits. As shown in Figure 5-20 a price of 5$US2000/tCO2 brings revenues over consumer losses with
domestic mitigation policies up to an equivalent marginal cost of 20$US2000/tCO2. If the indirect benefits of CO2
mitigation policies in reducing local and regional pollution are accounted for, the balance remains positive at higher
mitigation levels. This analysis highlights some conditions that will enable the full participation of Kazakhstan as an
Annex I country to the Kyoto Protocol. Figure 5-21 compares possible revenues from trading CO2 emission permits
with Annex 1 countries willing to invest in the Kazakh power sector, energy processes and the cost for Kazakhstan. It
shows that there are strong economic benefits for both countries.

Billion Kazakh Tenge constant of the year 2000

Figure 5-21: Revenues from Selling CO2 Permits vs. Consumer Surplus Losses in 2012 by Scenario
(1000 Kzk Tenge 2000 = 7 USD2000)
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Figure 5-22: Cumulative GDP Losses by Mitigation Level (the Base Case Assumes GDP Growth 8%pa)
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Normalizing the GDP in 2004 to 100, in the base case GDP grows to 180 in 2020 and nearly 300 in 2032. Mitigation
policies impose additional economic burdens and reduce the GDP development (see Figure 5-22). For instance,
mitigation policies corresponding to an equivalent cost of up to 20 $US2000/tCO2 and pushing forwards from 2018 to
2026 the year when the 1992 emissions are reached, there is an average yearly loss of about 0.3-0.4 % per year till
2020-2024 over a GDP that grows by about 3.7-4.0% per year. With mitigation policies total investments reduce
slightly less than GDP, but the amount of investments needed by the energy sectors is far less influenced by mitigation
policies. In other words it seems that mitigation policies go well together with the high investments in energy
technologies and infrastructures presently necessary to modernise the Kazakh energy system.
5.5.3 Potential and Opportunities for Renewable Energy Sources in Kazakhstan89
Introduction

The republic Kazakhstan has huge stocks of fossil resources. Presently eighty percent of electric, heating and combined
heat power plants use coal, which is the cheapest fuel. The national «Development program of the power sector of the
Republic of Kazakhstan for the period till 2010, with prospect to 2015» [KazNIPIEnergoprom, 2003], assumes that the
demand for electricity doubles from 50 TWh to 101-106.5 in 2015, in order to feed the economic development of the
republic. In spite of the sharp increase of electricity prices – from 4.1 to 8.0 tenge/kWh in 2007, and an expected
increase to 11 tenge/kWh in February 2008 – the present huge power deficit is expected to persist90.
The power expansion plans are focused basically on the use of local coals, and, first of all, the coal of the Ekibastuz
deposits, which presently accounts for 60% of the total amount of coal consumed by the power sector. According to the
national development program [KazNIPIEnergoprom, 2003], the share of coal in the fuel structure of the power sector
should be 74% in 2010 and 71% in 2015, remaining practically at the 1992 level (73.6 %). The Program does not
specify the share of natural gas use in the power sector till 2015.
The important point to note is that the domestic power sector and most plants of the country have been constructed in
the last fifty years. Today they are depleted, obsolete and consume huge amount of fuels due to low efficiencies.
According to the experts of the KazNiPiEnergoprom Institute, who carried out the framework development program
[KazNIPIEnergoprom, 2003], by 2012-2016 it will be necessary to refurbish all existing power plants of the country,
whenever possible, and to build additional new capacities, to meet growing demand and replace the plants that have to
be dismantled. It will be necessary to build power plants making use the best available technologies – natural gas
combined cycles, integrated coal gasification and combined cycles, coal burning supercritical and ultra supercritical
steam cycles –increasing generation efficiency from 28% of today up to 40-50 %. This will require investments of about
3-5 billion US dollars for the period till 2012-2014 and up to 10-12 billion US dollars for the period till 2020 [Tosato et
al. 2006].

89

Excerpt from the study „Potential and opportunities of renewable electricity in the Republic of Kazakhstan” by Aleksey Cherednichenko, PhD Kazakh Research
Institute of Ecology and Climate, presented by GianCarlo Tosato at the ETSAP regular workshop held in Brasilia, November 19-23, 2007, downloadable from
www.etsap.org.
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At the beginning of 2008 1 US dollar buys about 120 Kazakh tenge.
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In the period 2004-2015 new capacities on the order of 3.3-3.5 GW will have to be installed in the Republic Kazakhstan
(in the Northern zone - 1800-1900 MW, in the Southern zone - 680 MW, in the western zone - 900 MW). Although the
implementation should have started in 2004, practically nothing has been implemented as of 2007. In the longer term
(2024) it is expected that the consumption of electricity will grow 1.4 times compared to 2015; the deficit of electricity
is expected to reach 1.7-2 TWh in 2020, 3-4 TWh in 2024 [KazNIPIEnergoprom, 2003].
Presently Kazakhstan produces yearly only 0.36 TWh from small hydro, out of a potential of more than 8 TWh. At the
same time the Republic has a huge potential of wind power. The preliminary assessment by experts of the institute
“AlmatyHydroproject “ shows that, at least in a number of regions of the Republic, the installation of 0.5-1 GW is
possible. So, in the Djungar “gate”, the construction of wind (WPS) with a generating capacity of more than 1GW
seems possible, and in the Shekel corridor up to 1 GW. The upgrade, and if necessary the expansion, of the electric grid
would be an additional stimulus for the development and use of small hydro and wind.
This research aims at assessing the potential of, and the demand for, renewable energy sources for electric generation
(RES) in the republic of Kazakhstan, in particular wind and small hydropower plants.
Scenarios

With the help of the MARKAL–Kazakhstan model three main scenarios have been compiled and compared:

♦ Base case scenario;
♦ Renewable scenario, and
♦ Subsidy scenario.
In the base case scenario the official Kazakh development plan for the country has been used to project the demand for
energy services. In the base case scenario GHG emissions are not constrained, fuel shares are practically free, new
technologies are not bounded, and also the price of fuels remains at the 2004 level. In this base case the indications of
the national plan were not forced on the model, rather a least-cost evolution established.
As shown in Figure 5-23, the growing demand for electricity is satisfied in 2020 by replacing the existing coal power
plants with more efficient (40-45 %) coal technologies. The share of renewable power plants remains insignificant:
starting from 2016 only 1 GW of small hydropower station are used. In the base scenario the demand for electricity is
covered by a 50% increase of coal fired power plants, to reach 22-23 GW in 2024. The share of natural gas power
plants reaches less than 3 %, or nearly 1GW. Nuclear power plants are not built. Hydropower plants remain at the
existing level till 2012, afterward the capacity increases to about 1 GW.

Figure 5-23: Time Development of the Electric Capacities in Kazakhstan in the Base Case
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The renewable scenario takes into account that the electricity generated by RES costs more than the electricity
generated by coal or natural gas in the present conditions. The generation cost of coal and natural gas electricity ranges
between 1.2 and 3.0 cents/kWh, while wind electricity in Kazakhstan could presently cost about 7-8 cents/kWh.
Furthermore, the cost of transporting dispersed electricity to the consumers has to be added. Small hydro and wind
power plants can be implemented only with an appropriate legal basis and economic incentives. What conditions make
the exploitation of the small hydro and wind potential possible? It seems necessary to take policy actions in order to set
standards and limits the coal and natural gas fired thermoelectric power plants, an upper limit to nuclear plants and to
gradually increase the price of fossil fuel used for generation.
The following assumptions apply to the renewable scenario:

♦ An upper limit of 3-4 GW has been set to additional capacities of coal fired electric, thermal (for district
heating) and combined heat and power plants (according to plans [KazNIPIEnergoprom, 2003]) for the period
till 2020-2024;

♦ In accordance to a recent statement of the Kazakh President Nazarbajev that at such high prices it is better to
maximize exports [KazNIPIEnergoprom, 2003], upper limits have been imposed to natural gas fired power
plants: 1 GW to gas turbines and about 5GW to other high efficiency plants (half of the base case), where
cheap associated gas is used near the oil fields;

♦ A fixed limit of 2 GW has been set to the total nuclear capacity, starting from 2024; and
♦ The 2000 natural gas price of 25 US dollars per thousand cubic meter (0.73 USD/GJ) has been first increased
to 50-60 US dollars per thousand cubic meter (1.46-1.75 USD/GJ), which is the present cost of natural gas in
KZ for thermoelectric heat and power plants, than further increased to reach the present international market
value of 150-280 US dollars per thousand cubic meter (4.4-8.2 USD/GJ) in 2024-2028; also the price of coal
for electric and thermal generation has been gradually increased from 0.25 USD/GJ to 0.6 USD/GJ in 2028, in
order to follow the international markets.
As a result of these assumptions, the growing demand for electricity is satisfied by a different combination of power
plants (see Figure 5-24). Having limited the amount of new fossil and nuclear electric capacity, the system exploits all
available hydro resources; afterwards, wind power plants enter the system. In 2024 the installed capacity of RES
reaches 3 GW.
The price increase of fossil resources has the effect of increasing the average efficiency of the electric, thermal and CHP
plants. In the 2008-2012 period combined cycles, supercritical steam cycles and ultra supercritical steam cycles,
integrated gasification coal combined cycle plants are built, for a total capacity of 4 GW. Another 2 GW are added in
the period 2020-2024. In the year 2020 0.8 GW of wind power plants generate 1.74 TWh, about 1.5% of the total, in
2024 2 GW of WPS generate 4.2 TWh, covering about 3% of the demand.
Figure 5-24: Time Development of the Electric Capacities in Kazakhstan in the Renewable Scenario
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Although the capacity expansion plans are changing frequently, this scenario reflects more realistically the electric and
heat generation structure planned in the medium term. This scenario shows as well a path towards compliance with the
limits imposed to Kazakhstan by the Kyoto protocol, if the Kazakh government decides to ratify it as an Annex A
country.
The problem with the renewable scenario is that wind power plants start to be installed only in 2016. Although available
from 2008, the uptake is delayed and slow: 5 MW in 2016, 50 MW in 2020 and 2 GW only in 2024. What conditions
make an earlier introduction of wind power plants possible? To explore the possibilities subsidy scenarios have been
built. The installation of wind power plants starts earlier if the wind electricity is subsidized with 3.2 US cents/kWh. In
this case in 2016 wind power produces 0.58 TWh, which is about 0.5% of the total electric generation, up from 0.1% in
the base case, in 2024 it covers 3% of the demand with 4.1 TWh. With a stronger subsidy of 5.8 US cents/kWh the
systems starts building wind power plants even earlier, in 2008, and produces 0.23 TWh. In the period 2016-2020 the
subsidy can be reduced to 1.2 US cents/kWh, without reduction of wind electricity generation. In this scenario wind
power increases 10 fold form 2012 to 2020.
Subsidies can help developing wind power plants in Kazakhstan in the short term, when they are not yet competitive
with the cheap domestic coal. However, the overall weight of wind subsidies on total investments on power plants in the
coming decades is in the order of few percent points, and is going to disappear in 2020, when wind electricity becomes
competitive with fossil fuel fired power plants. More important than the subsidy is the gradual increase of fossil fuel
prices for thermoelectric generation to international prices.
Conclusions

Satisfying the same demand for electricity and heat through different mixes of power plants has important implications
for the profile of CO2 emissions in Kazakhstan. Moving from the base case scenario to the renewable scenario changes
the structure of the Kazakh power sector and reduces CO2 emissions (Figure 5-25).
Different policies can reduce emissions and slow the growth rate of the demand for electricity and heat. Increasing the
price of fossil fuels for thermoelectric generation, without further constraints, has the effect of reducing CO2 emissions
of about 20 MtCO2, about 15% of total in 2020-2024. Adding the constraints on technologies and fuels mentioned in the
renewable scenario is capable of reducing CO2 emission of 40-50 MtCO2 in 2024 and of 70-80 in 2040. The generation
of wind electricity contributes to the reduction with 3.5-4 MtCO2 in 2024 and up to 12-14 MtCO2 in 2040. In this
scenario emissions are stabilised to the 1992 level by 2032.
The growing demand for electricity and the abundant availability of windy sites offers very good conditions for the use
of wind electricity. The development will depend appreciably on the change of energy prices and restrictions to the
efficiency and input fuels of new power plants [Cherednichenko, 2007]. In particular it will be necessary to:
Figure 5-25: CO2 Emissions of the Kazakh Power Sector by Scenario
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♦ Increase the price of natural gas from the present domestic value of 50-60 US dollars per thousand cubic meter
(1.46-1.75 USD/GJ) to the present international market value of 150-280 US dollars per thousand cubic meter
(4.4-8.2 USD/GJ) in 2024-2028, also the domestic price of coal has to approach international prices;

♦ Limit the installed capacity of natural gas power plants in the period 2024-2040 to about 4.5 GW instead of
about 12 GW as shown in the base case;

♦ Cap the capacity of new nuclear power plants to 2 GW (zero in the base case), and
♦ Limit the market of new coal power plants to about 17 GW (instead of 23 in the base case).
Under these conditions wind starts being used in 2016. In 2020 the installed capacity is 0.8 GW and generates about 1.7
TWh; in 2024, the installed capacity is 2 GW and generates about 4 TWh, i.e. 2.5% of the total. If the demand for
electricity continues to grow, small hydro and wind can rise to an installed capacity of 5.6 GW in 2028.
Wind can contribute to the generation of electricity before 2016 if wind electricity is subsidized. After 2020 wind
electricity becomes competitive and subsidies are not necessary [Cherednichenko, 2007]. The total amount of subsidies
is of the order of 50 million US dollars in the period 2010-2013, up to about 80 in the following period. The burden on
total investments for plants is very low (2-4%), but essential for an early deployment of wind power plants.
The increased use of renewable energy sources for generating electricity, together with the general efficiency
improvement of the fossil fuelled power plants to 40-45% result in an important reduction of CO2 emissions. The
emissions from the power sector stabilize at the 1992 level by about 2030. The main driver beyond these achievements
needs to be the political will of substituting imports of electricity with domestic investments in more efficient
technologies and renewable power plants.
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5.6 Portugal
5.6.1 Activities Developed with the TIMES Model at the New University of Lisbon91

The Environment Sciences and Engineering Department (DCEA) of the New university of Lisbon, Portugal has been
using a national TIMES model, TIMES_PT, since 2005. The model was developed within the NEEDS - New Energy
Externalities Development for Sustainability project and is being expanded and refined to more accurately reflect the
Portuguese context. The developments have been made within the scope of the on-going research work of two PhD
candidates, three MSc candidates, and two European research projects: NEEDS and RES2020 – Monitoring and
Evaluation of the RES directives implementation in EU 27 and policy recommendations for 2020. During 2008 the
model will be used to input Portuguese decision-makers on the national impacts of the European Union Climate Change
effort-sharing policy.
The objectives of the research work using the Portuguese TIMES model are outlined as follows:

♦ PhD entitled “Combining energy and environmental policy objectives: adequacy of using integrated policy
approaches to electricity.” The main objective of this research is to develop a framework to help develop more
coordinated, effective and cost-effective energy and environmental policy instruments. A methodology was
developed to quantitatively assess the impacts in effectiveness and cost-effectiveness due to antagonisms in
91
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energy and environment policy instruments in place along electricity systems. This quantification uses the
TIMES_PT model and will be used to identify critical areas of antagonism between instruments, and to make
suggestions on policy reformulation to minimise such antagonisms. The developed work includes simulation
of national energy and environment policies, namely energy taxes, acidifying emission ceilings, feed-in tariffs
and the EU CO2 emission trading scheme.

♦ PhD entitled “Energy and Greenhouse Gases Emissions – Evaluation of Long Term Scenarios for Portugal.” A
methodology was developed to support long term energy planning considering future uncertainties by using
the two main energy-environmental modelling approaches in a complementary way. The main purpose is to
understand how computable general equilibrium and bottom-up modelling approaches can be connected to
design an energy planning tool, under uncertainty, achieving results that combine top-down properties, such as
macroeconomic feedbacks, with a bottom-up outcome, i.e. a minimal cost technological detailed energy
system. For this exercise the General Equilibrium Model for Energy-Economy-Environment - GEM-E3 and
TIMES_PT bottom-up model will be calibrated, running each one separately and iterating their inputs and
outputs until reaching consistency between them. After this phase, uncertainty will be taken into account by
selecting uncertain parameters and by propagating them in the GEM-E3 through a Monte Carlo approach,
which will result in probability distributions of the outcomes. A selection of those outputs will, in turn, feed a
stochastic version of TIMES to compute long term hedging strategies for Portugal.

♦ MSc Thesis entitled “Renewable Energy Sources Availability under Climate Change Scenarios – Impacts on
the Portuguese Energy System.” This thesis uses TIMES_PT to assess the impact of water availability
decrease in the Portuguese energy system, in particular for the power sector. One of the objectives of current
European and national energy policies is to mitigate climate change by reducing CO2 emissions from energy
use. For this, Portugal heavily relies on the increased use of endogenous renewable energy sources (RES) to
reduce their dependency of fossil fuels. It is thus essential that regional long-term energy management
considers availability scenarios of RES which in turn, for some cases, threatened by climate change. The
aridity conditions in the northern rim of the Mediterranean are expected to exacerbate due to an increase in
temperature associated with a decrease in rainfall rates. One possible consequence of these scenarios would be
an overall reduction in the availability of water resources for hydroelectric power generation. Besides results
on energy consumption, emissions, electricity costs, power installed capacity and electricity production,
marginal abatement cost curves for CO2 were plotted for each scenario.

♦ MSc Theses entitled “Evaluation of the Energy Savings Potential of the Portuguese Households.” The
objective of this research work is to assess the technical and economical potential for energy efficiency in
existing residential buildings, i.e. built until the year 2000. For this the TIMES_PT model is used. The
database of available and future energy saving options for existing buildings was validated with national
experts and adjusted to the Portuguese situation. These options include substitution of existing equipment by
more efficient technologies; utilization of renewable energy sources technologies and implementation of
insulation technologies in walls, windows and roofs. The most cost-efficient energy savings options are
assessed for different energy consumption and CO2 emissions restrictions scenarios until 2020. The cost
curves for energy savings and the respective CO2 reduction were built for 2010 and 2020 for apartments,
urban and rural single houses.

♦ MSc Thesis entitled “Competitiveness of Portuguese Industry in Post-Kyoto European Union CO2 Emission

Trading Scheme: Estimating Sector CO2 Marginal Abatement Cost Curves.” The aim of the master thesis is to
calculate the CO2 Marginal Abatement Cost Curves (MAC) for the Portuguese industrial sectors in the
European Union Emission Trading Scheme (EU ETS) in the post Kyoto period (2015-2030) using the
TIMES_PT model. The studied sectors are electricity generation, combined heat and power production,
cement, hollow and flat glass, pulp and high and low quality paper production. To estimate the 2020 sector
CO2 MAC curve the EU ETS emissions were disaggregated and sector specific emissions restrictions were set.
The emission reduction options were validated with the Portuguese stakeholders. This study will provide a
clear assessment of the cost of more restrictive climate policies for the industrial sectors.

References

Cleto, J., Simões, S., Fortes, P., Seixas, J. 2007. Marginal CO2 abatement costs for the Portuguese energy system –
scenarios analysis for 2030. Proceedings of the 9th International Conference Energy for a Clean Environment.
2-4 July 2007. Póvoa do Varzim, Portugal. Submitted to the Clean Air Journal.
Simões, S., Cleto, J, Seixas, J. 2007. Assessing the effects of the European Emissions Trading Scheme for Portugal
using the TIMES_PT model. International Energy Workshop. 25-27 Junho 2007. Stanford University,
California, EUA.

167

5.6.2 Energy modelling in Portugal using LEAP and MARKAL92

At the end of 2005, the Portuguese Directorate General for Energy and Geology (DGEG) asked CEEETA to assist the
DGEG in constructing a database and running an optimization model in order to examine some new potential energy
and environmental policies.
To this end a group was constituted with experts from DGEG and CEEETA’s team. In addition the main energy
companies were involved in developing the main trends related to their activities, and the definition of certain drivers
(e.g. evolution of energy prices). The main activities undertaken were:

♦ Define the reference energy system to be integrated in a MARKAL model;
♦ Construct the database and calibrate for year 2000;
♦ Build a reference scenario based on current energy and environment policies;
♦ Define and test new energy and environment policies, and
♦ Draft a final report on the main conclusions.
To accomplish this CEEETA used the LEAP model to define the useful energy demand for years 2000-2020. These
assumptions have been used to feed the MARKAL database, and then extrapolated for years 2020-2050.
CEEETA collected data on existing and new technologies specific to the Portuguese situation, though for many new
technologies, since they are the same in any country, existing databases from other countries were used.
The current database includes all demand sectors (primary sector, industry disaggregated 13 sub sectors, Services,
Households and Transport) and each sector/sub sector is also disaggregated according to its main uses. Furthermore,
buildings’ sectors are split between 3 regions (North, South and Islands) and 3 thermal characteristics according to
building codes.
Regarding the supply side, the database includes all power stations and groups of a minimum size. The refining system
includes 2 complementary refineries, simplified and represented by only one unit.
Giving the geographic characteristics, electricity and natural gas demands are analysed separately between the main
land and the Islands. Hence two electricity and natural gas grids were designed (introduction of natural gas in Madeira
Island has been considered as an assumption for the long term analysis).
The database was calibrated for years 2000 and 2005, and a reference scenario was established (with high and low
macro-economic alternatives).
During the next months, the team will define new energy and environment policies of interest, assess their impact on the
energy system, and draft a report on main results.

5.7 Russia: Development of the TIMES Model for the Russian Federation93
The development of TIMES model for Russia was started in 2007 by two institutions: Environmental Defence NGO
(USA-based) and Institute for the Economy in Transition (Russia). The incentives of calibrating TIMES model for
Russia are obvious. Russia is a large country with a huge amount of deposits of fossil fuels, significant share of CO2emissions (about 4.5% of global emission); it is one of the top energy-exporting countries; it is a country with growing
consumption of energy. Russian economy demonstrates stable growth for the last nine years. According to Rosstat
estimates, Russian GDP reached l990 level94 in 2007, (see Figures 5-26 and 5-27). Slowdown of the Russian economy
during transition period leaded to CO2 emissions reduction for about 30%. But last years emissions were growing with
recovering of economy.
According to different projections, Russian GDP growth will reach from 220% to 400% of 1990 level (Figure 5-28). It
should be noticed that IIASA projections underestimate Russian economic growth of the last few years. Scenario
described in Russian energy strategy 2030 (draft) shows rather rapid economic growth that involves rapid growth of
energy consumption. The main demand for energy in Russia goes from industry, transport and residential sector (Figure
5-29). According to RAO UES development plan, Russia will increase demand for electricity from 80% to 108% to
2020. This involves increase in consumption of natural gas up to 50% and of coal up to 100-200% (Figure 5-30).
Positive economic trends as well as growth of income increase demand on transport services and fuels. Most projections
of CO2 emissions show that Russia will reach 1990 level from 2020 to 2030 (Figure 5-31).
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Figure 5-26: Russian GDP and Industrial Production Indexes (GDPI & IPI) Dynamics since Transition
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This energy and emissions trends make the issues on energy efficiency topical, as well as possibility of emissions
reductions. Wide use of out of date technologies and energy inefficient technologies inherited from the soviet economy
gives an opportunity to emission reduction. TIMES is a proper instrument for environmental and climate policy
analysis. The model is under development now and on current stage it includes detailed description of Russian power
and heat sector in two variants: 1) aggregated by main technologies (combined heat and power plants, power plants, and
heat plants) and fuels (coal, gas, diesel, hydro, nuclear, and others) and 2) disaggregated, which includes individual
description of 1200 power and heat plants.

Figure 5-27: Dynamics of Industrial Production, CO2 Emission and Electricity Production in Russia
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Figure 5-28: GDP Dynamics and Projections, Scenarios from Different Institutions
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Further development of the model includes detailed description of industrial sector, transportation, commercial and
private sectors.

Figure 5-29: Energy Use by Sectors in 2005
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Figure 5-30: Energy Demand Projections According to RAO-UES Development Plan, Two Scenarios
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Figure 5-31: Different Scenarios of CO2 Emissions for Russia
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5.8 South Africa: Projects at the Energy Research Centre of the University of Cape Town
5.8.1 ERC Modelling Activities – Recent and Current Projects95

Energy modelling at the Energy Research Centre (ERC) is aimed at assisting local industry and government identify
and assess technology and policy options. The focus is on modelling aspects unique to developing nations, where little
95
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expertise exists elsewhere. In addition to model-development ERC provides capacity building for model users within
government and utilities as well as training for students. The modelling is not done in isolation. There is close
collaboration with other research groups at the ERC and other energy research groups around the world (PESD –
Stanford, IER- Stuttgart, and KTH Sweden for example) from whom we draw useful knowledge and experience
exchange. The group is an active participant in energy model development forums (ETSAP, COMMEND) and cohosted the International Energy Workshop and ETSAP workshop held in Cape Town in 2006.
Currently the main research areas are national integrated energy planning, utility planning support and the energisation
of low-income households. Other research interests and services include city and municipal planning, and regional
(SADC) energy supply.
National Modelling

The South African government is committed to Integrated Energy Planning. The first Integrated Energy Plan (IEP), a
joint effort between government, the Energy Research Centre (ERC) at the University of Cape Town and ESKOM (the
largest electricity supplier) was produced in 2002. The IEP addresses policy questions related to energy such as security
of supply, environmental concerns and implications for economic growth. The first IEP modelled two main scenarios, a
Baseline or ‘business as usual” scenario and Siyaphambili where policies were used to diversify primary energy supply
away from coal, there was an increase in energy efficiency and demand side management. South Africa currently relies
on coal for 70% of its primary energy. The IEP showed significant potential for reduction in final energy demand
through improved energy efficiency, improvement in public transport, and switching from solid fuels to gas.
A national MARKAL and LEAP model of South Africa were developed for the first IEP, and have been used for
several studies since, such as a Policies and Measures study which looked at increasing the share of renewable energy in
the energy supply mix. The model is updated by the ERC every second year, the latest update is funded by the British
Foreign Commonwealth Office. Unfortunately some of the data with which the model is populated is taken from studies
which have not been updated since the early 1990s.
Currently we are using the model in a study being completed for the Department of Environmental Affairs and Tourism.
This study investigates long term mitigation strategies for South Africa. The aim of the study is to enable South Africa
to participate in post 2012 negotiations with some knowledge of how commitments to mitigate climate change might
affect the economy and social development. The study includes energy and non-energy emissions although the
MARKAL model includes only energy related emissions. The study also looks at the social impact of policies using a
SAM and CGE model.
Electric Utility Planning

The first National Integrated Resource Plan (NIRP) for expansion of electricity generation capacity was developed in
2001 by Eskom Resources and Strategy Group under the guidance of the NER. The first NIRP was based on Eskom’s
Strategic Electricity Plan (ISEP8). The aim of the NIRP is to “optimize the supply-side and demand-side resources mix
while ensuring reliable and secure electrical supply, and keeping the electricity price to consumers as low as possible”
(NER,2002), the NIRP is the guiding policy document for the power sector. In 2004 NERSA released the second NIRP.
This was a collaborative piece of work between ERC, ESKOM (ISEP) and NERSA.

Figure 5-32: A Range of Future Emission Scenarios for the LTMS Project
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Figure 5-33: Capacity Outlook for NIRP2 Reference Plan

After the recent blackouts in Western Cape which occurred due to extended outages at power stations in the Western
Cape, insufficient transmission capacity and outages on transmission lines, between this area and the north of the
country where the large coal fired stations are situated, ESKOM commissioned a study to integrate transmission and
generation capacity expansion planning for South Africa. The Energy Research Centre is developing a multi region
electricity supply model for ESKOM using TIMES which incorporates supply and generation capacity between 27
nodes in South Africa. Efforts have so far focused on finding a suitable multi-regional representation of the national
grid, linking ESKOM’s databases to the TIMES model database and developing a suitable representation of the
reliability of generation and transmission units within the TIMES framework.
Holistic energy Model

In developing countries there is always need to focus effort on supply of clean and safe fuel to the poor. Currently
roughly 70% of households in South Africa are electrified and the intention is to electrify the remainder over the
coming years. The Holistic Energy Model is an attempt to use modelling to better understand and simulate the
behaviour of low income energy consumers and producers, including the drivers and conditions under which energy
transitions occur. This would ultimately lead to the development of tools for energizing consumers and producers to
meet financial, social, environmental and economic goals.
The holistic energy model relies on data from ESKOM’s load research programme. Through the load research
programme, household electricity consumption is monitored and socio economic data is collected for low income
households in rural and urban areas. It has included the collection of household energy use before and during the
introduction of the Free basic electricity tariff. The free basic electricity tariff allows households’ access to 50kWh’s of
electricity per month at no cost.
The final outcome of this project is a planning tool to be used by ESKOM, local municipalities and government. The
chosen platform for this tool is IAEA’s MESSAGE because of its very low licensing costs.
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Education and Training

The Department of Minerals and Energy in South Africa has been developing the modelling capacity of its staff with
the aim of being able to produce the Integrated Energy Plans required by government in house. DME staff have
received training in both MARKAL and LEAP from the ERC and should now be in a position to develop and run
models. ERC will be training additional staff in LEAP on the latest SA LEAP model developed by the ERC in February
2007.
In addition, an energy modelling course was taught as part of the ERC Masters programme to post-graduate students.
Regional energy supply

The availability of low cost large supplies of energy is likely to be enhanced by regional integration. This is important
as it provides options for reduced cost energisation, industrialization and improved environmental performance. A
TIMES models was developed for the Southern African Development Community (SADC) as part of a Masters project.
This model could be used to quantify the potential for regional integration and its effects in terms of costs and
environmental impacts.
Following the initial TIMES SADC modelling it was decided to develop a LEAP SADC model, which will be available
to all wishing to use it. This project is being sponsored by COMMEND. The model is being developed by a PhD
student at the ERC and includes 12 SADC countries. It is a multiregional model which includes trade of resources
between SADC countries.
City and municipal modelling

The role of energy in cities is critical due to high population, industry and transport densities. There are related aspects
which would gain much from sensible analysis, including: Municipal planning, Waste management, Built environment
“lock in,” and the role of interventions such as CDM and DSM.
In this area ERC has developed a LEAP model for the City of Cape Town which has been used to analyse and test
policies for sustainable development.

Figure 5-34: Map of Southern African Developing Countries
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5.8.2 Electricity Investment Planning for Multiple Objectives and Uncertainty96

A thesis aimed at developing a comprehensive framework that integrates multiple objectives and uncertainty into a
transparent methodology that policy-makers and planners can use to analyze and plan for investment in the Electric
Supply Industry (ESI) navigating a sustainable development path is reported on here.
As a case study the South African ESI was represented using MARKAL-TIMES, a partial equilibrium (EnergyEconomic-Environment) E3 modelling approach. This approach was extended to include multiple objectives under
selected future uncertainties. This extension was achieved by assigning cost penalties (PGPs – Pareto Generation
Parameters) to non-cost attributes to force the model’s least-cost objective function to better satisfy non-cost criteria. It
was shown that using PGPs is an efficient method for extending the analysis to multiple objectives, as the solutions
generated are non-dominated and are generated from ranges of performances in the various criteria rather than from
arbitrarily forcing the selection of particular technologies. Extensive sections of the non-dominated solution space can
be generated and later screened to allow further, more detailed exploration of areas of the solution space.
Aspects of flexibility to demand growth uncertainty were incorporated into each Future Expansion Alternative (FEA)
by introducing stochastic programming with recourse into the model. Technology lead times were taken into account by
the inclusion of a decision node along the time horizon where aspects of real options theory were considered within the
planning process by splitting power station investments into their Owner’s Development Cost (ODC) and Equipment
and Procurement Cost (EPC) components. Hedging in the recourse programming was automatically translated from
being purely financial, to include the other attributes that the cost penalties represented. The hedged solutions improved
on the naïve solutions under the multiple criteria considered as well as better satisfying the non-cost objectives relative
to the base case (least cost solution). From a retrospective analysis of the cost penalties, the correct market signals could
be derived to meet policy goal, with due regard to demand uncertainty.
A methodology for the ranking and selection of FEAs given multiple objectives and uncertainty was developed and
demonstrated using the South African ESI. This methodology used a value function Multiple Criteria Decision Analysis
(MCDA) approach that was augmented to compare the relative performance and credibility of FEAs across discrete
futures. A portfolio of preferred alternatives was identified based on performance and confidence criteria. This approach
was also used to elicit the regret associated with each alternative by evaluating the spread of each alternative across the
rank order. Finally a more detailed analysis of the reduced solution set examined short-term technology investment

96

This contribution basically reproduces the abstract of the Thesis Presented for the Degree of Doctor of Philosophy in the Department of Chemical Engineering,
University Of Cape Town by Glen Sean Heinrich: A Comprehensive Approach to Electricity Investment Planning for Multiple Objectives and Uncertainty, January
2008. Contact: Glen.Heinrich@allangray.co.za.

175

details alongside attribute performance information, so as to gain insight into the decision problem and relate it back to
real life actions.
This work demonstrated that focusing only on alternatives that achieve the preferred rank may exclude important
alternatives from the portfolio set and therefore from detailed analysis and final selection. Using a portfolio approach
and focusing on a greater range in rank than just the preferred alternative increases the robustness of the selection
process by reducing the effect of valuation and empirical uncertainties, allowing for a less intensive uncertainty analysis
to be done prior to the detailed analysis of preferred alternatives. More specifically, the case study highlighted that
decisions relating to technology investment may need to be made even within a preferred set of alternatives with similar
overall value scores and similar rank and credibility information. In a case such as this, the stakeholders would have to
re-evaluate their preferences in relation to the specific trade-offs at hand such that a preferred alternate can be identified.
Conversely, this case study also demonstrated that it is possible for the initial short term investments for different
alternatives in a portfolio of preferred alternatives to be so similar as to not require any major decision in differentiating
the alternatives for implementation. The dominant effect that decision-maker (DM) preference information has on the
alternatives that enter the portfolio set was also demonstrated in the case study.
It was then evaluated whether or not there would significant differences in the absolute performance of alternatives in
terms of their attributes when dealing with technical empirical uncertainties in the generation phase as opposed to the
selection phase. The relative performance of alternatives was then examined by comparing the rank order and frequency
information obtained from dealing with technical empirical uncertainties in the generation phase with the rank and
frequency information obtained from dealing with technical empirical uncertainties in the selection phase. Finally these
differences were analysed in relation to other uncertainties in the system (such as valuation uncertainty around decision
maker preferences) to determine whether they are in fact significant or if they are “drowned out” by valuation
uncertainties.
It was found that integrating technical empirical uncertainty into the generation phase as opposed to the selection phase
resulted in minor differences in the overall performance results. After examining the portfolios of preferred alternatives
using different preference situations, it was determined that the additional effort and complexity of doing a robustness
analysis on technical empirical uncertainty in the generation phase as opposed to the selection phase may not be
justified given that similar alternatives make up the portfolios of preferred alternatives using both methods, and
differences would mainly be seen in the unstable sections of the weighting sensitivity diagram where valuation
uncertainties would have the greatest effect on results.
In the process of doing this comparison the normalization process whereby attribute performance values are converted
to value function scores was examined with a specific focus on weighting bias. It was found that using pseudo-minima
and maxima to normalize attribute performance scores with a modified indifference weighting approach to articulate
DM preferences reduces effective weighting biases by reducing the artificial inflation or deflation of value function
scores based on improbable values. Differences were seen in the lower rank order of alternatives when comparing this
method with the standard method of normalization.
Finally a methodology for integrating forced outage uncertainty into the comprehensive multi-objective framework was
developed and demonstrated. This was achieved by separating the model into a master (investment) and slave
(operational) problem and using the amount of unserved energy in each year of the slave problem as a feedback
mechanism for inflating demand in the master problem to account for forced outage. Using unserved energy as a
convergence criterion between the master and slave problems for each year in the time horizon was shown to be an
effective method for exploring the solution space and identifying the levels of inflated demand required to account for
forced outage. This method also highlighted the trade-off between unserved energy and total discounted system cost,
allowing the decision-maker to make an informed choice around this trade-off.
It was demonstrated that the optimal inflated demand level varies little with DM preferences as unserved energy is
minimized due to the high cost of unserved energy and the fact that the existing system is the same for all the
alternatives generated. Therefore the master-slave used routine to determine the optimal level of inflated demand
needed for each year in the time horizon can be carried out on the base case, and then used to generate further
alternatives satisfying a range of DM preferences. In this way forced outage uncertainty can be integrated into the multiobjective framework presented in this thesis without having to do large numbers of model runs for each alternative. If
however the distribution of unserved energy for the preferred alternative was found to be unacceptable by the DM, the
level of investment for that alternative could be increased.
The benefits of comprehensively integrating multiple objectives and uncertainty into the planning process are
significant. For example, correctly planning for forced outage uncertainty can significantly reduce the probability of
blackouts. Poor environmental performance can be reduced by using a transparent methodology where decision-makers
are accountable for their choices and stakeholders outside of the decision-making process can engage with those
choices. The benefits of presenting decision makers with relevant information in a framework that they can engage with
and understand would influence the decisions being made dramatically.
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5.9 Spain: Future Energy Policies Given the European Energy and Climate Policy
Framework97
The objective of this study is to evaluate how the Spanish energy system can be adapted to reduce greenhouse gas
emissions to satisfy domestic and European climate and energy targets, and to determine how domestic policies can
contribute to achieving these targets.
Rapid growth in GDP (2.5-4%), coupled with increasing energy intensity and nearly complete dependency on energy
imports (75% of total primary energy), and uncertainty regarding the future role of nuclear, poses serious challenges to
the Spanish economy in achieving the EU goal for GHG emissions reduction and others targets that have been
established. The overall EU targets are:

♦ At least 20% reduction in GHG by 2020 compared to 1990 (up to 30% within an international agreement)
♦ Improving energy efficiency by 20% by 2020
♦ Raising the share of renewable energy in the energy mix to 20%
♦ Increasing the level of biofuels to 10% of gasoline and diesel consumed in transport by 2020
The political dynamics with regard to how to approach achieving these goals are for Spain are:

♦ Kyoto target : +15% above 1990 emissions by 2008-2012


National Climate Change and Clean Energy Strategy 2012 (under dev)

–

Cut the GHG emissions to 37% above 1990 level by 2008-2012

–

Offset the gap with Kyoto target with international carbon permits

–

E.g. phase-out of domestic coal-fired heating boilers, vehicle taxation, new building standards etc.

♦ Renewable Energy Plan 2005-2010


RNW=12% of the total consumed energy



RNW= 30% of the total electricity produced



Biofuels = 6% of the total gasoline and diesel consumed by transport

♦ Fiscal incentives for


renewable-based electricity



biofuels use and production

♦ Strategy for Energy Saving and Efficiency 2004-2012


Total energy savings target for 2005-2007: 500 PJ



E.g. Urban mobility plans, incentives for efficient appliances, building efficiency standards, etc.

Thus renewables are at the heart of Spain strategy to reach the EU targets with the main drivers being

♦ regional and agriculture sector development;
♦ energy security, and
♦ climate change.
But what are the implications of actions required to implement these rather drastic, necessary changes? The TIMESSpain model has been used to evaluate alternative paths for achieving both domestic and European policy goals, and
provides detailed information on alternatives that could contribute to reaching these targets.
Preliminary analysis indicates that for Spain, any target for GHG emissions is impossible to meet with only local
actions (i.e., without the purchase of offsetting international carbon permits). The direct impact on the power sector can
be seen in Figure 5-35, where renewables and carbon-free coal/gas plants with CCS dominate with nuclear held at
current levels.
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Figure 5-35: Shift in Electricity Generation Mix
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For Spain, carbon permit trade appears to be crucial for any CO2 level lower than 10 percent above 1990, such as the
EC objectives. The contribution from offsets depends upon their price, as reflected in Figure 5-36, but in general 2060% of “reduction” needs to come from offsets when priced below 500€/tCO2.
Figure 5-36: Role of International Offsets

80%
60%

Contribution of international permits to
the CO2 reduction (EC2020 -20%)
60%
50 €/tCO2
100 €/tCO2
300 €/tCO2
500 €/tCO2 40%

Contribution of international permits to
the CO2 reduction (KyotoForEver)
50 €/tCO2
100 €/tCO2
300 €/tCO2
500 €/tCO2

40%

20%

20%

0%

0%
2020

2030

2040

2010 2015 2020 2030 2040 2050

2050

Even when drawing heavily on international offsets, meeting EC2020 targets is very difficult under all scenarios, as
reflected in Figure 5-37, where only the renewables target can be met. And in the case of Kyoto forever the offsets
actually have a negative impact for “sustainability” of the energy system as permits are preferred to non-emitting power
plants and biofuels in transport, with the assumptions used in the model.

Figure 5-37: How Far Are We from the EC Targets?
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Further evaluation of the risks and costs inherent in lower-carbon strategies such as a high reliance on gas imports or
investment in renewable options such as wind and biomass is appropriate – and leads to questions regarding the
availability and cost of nuclear power as an alternative.
In conclusion:

♦ Challenge ahead for Spain in reducing its CO2 emissions and developing a sustainable energy system;
♦ Kyoto target can be reached at a marginal cost of 30-70 €/tCO2 in 2010 with domestic actions;
♦ The Renewable Energy Plan is useful, however, more efficient options might be available + gap with EC
targets;

♦ Carbon permit trade is crucial for any CO2 level lower than 10% above 1990 such as the EC 2020
objectives, and

♦ Synergies exist between emission targets, energy policies and energy security.
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Appendix A: Text of the ETSAP Implementing Agreement
The Contracting Parties
CONSIDERING that the Contracting Parties, being either governments of International Energy Agency (“Agency”)
Countries, governments of other countries invited by the Governing Board of the Agency to be Contracting Parties,
international organizations or parties designated by their respective governments, wish to take part in the establishment
and operation of a Programme of Energy Technology Systems Analysis (the “Programme”) as provided in this
Agreement;

CONSIDERING that the Contracting Parties which are governments of Agency Countries and the governments of
Agency Countries which have designated Contracting Parties (referred to collectively as the “Governments”) have
agreed in Article 41 of the Agreement on an International Energy Program (the “I.E.P. Agreement”) to undertake
national programmes in the areas set out in Article 42 of the I.E.P. Agreement, including energy research and
development, on overall energy systems analysis and general studies in which field the Programme will be carried out;
CONSIDERING that in the Governing Board of the Agency on 21st October 1980, the Governments approved the
Programme as a special activity under Article 65 of the I.E.P. Agreement;
CONSIDERING that the Agency has recognized the establishment of the Programme as an important component of
international co-operation in the field of thermal energy research and development;
HAVE AGREED as follows:
Article 1

OBJECTIVES
(a) Scope of Activity. The Programme to be carried out by the Contracting Parties within the framework of this
Agreement shall consist of co-operative energy technology systems analysis.

(b) Method of Implementation. The Contracting Parties shall implement the Programme by undertaking one or more
tasks (the “Task” or “Tasks”) each of which will be open to participation by two or more Contracting Parties as
provided in Article 2 hereof. The Contracting Parties, which participate in a particular Task, are, for the purposes of
that Task, referred to in this Agreement as “Participants.”
(c) Task Co-ordination and Co-operation. The Contracting Parties shall co- operate in co-ordinating the work of the
various Tasks and shall endeavour, on the basis of an appropriate sharing of burdens and benefits, to encourage cooperation among Participants engaged in the various Tasks with the objective of advancing the activities of all
Contracting Parties in the field of energy technology systems analysis.
Article 2

IDENTIFICATION AND INITIATION OF TASKS
(a) Identification. The Tasks undertaken by Participants are identified in the Annexes to this Agreement. At the time of
signing this Agreement, each Contracting Party shall confirm its intention to participate in one or more Tasks by
giving the Executive Director of the Agency a Notice of Participation in the relevant Annex or Annexes and the
Operating Agent for each Task shall give the Executive Director of the Agency a Notice of Acceptance of the Task
Annex. Thereafter, each Task shall be carried out in accordance with the procedures set forth in Articles 2 to 11
hereof, unless otherwise specifically provided in the applicable Annex.

(b) Initiation of Additional Tasks. Additional Tasks may be initiated by any Contracting Party according to the
following procedures:
(1) A Contracting Party wishing to initiate a new Task shall present to one or more Contracting Parties for
approval a draft Annex, similar in form to the Annexes attached hereto, containing a description of the scope
of work and conditions of the Task proposed to be performed;
(2) Whenever two or more Contracting Parties agree to undertake a new Task, they shall submit the draft Annex
for approval by the Executive Committee pursuant to Article 3 (e) (2) hereof; the approved draft Annex shall
become part of this Agreement; Notice of Participation in the Task by Contracting Parties and acceptance by
the Operating Agent shall be communicated to the Executive Director in the manner provided in paragraph (a)
above;
(3) In carrying out the various Tasks, Participants shall co-ordinate their activities in order to avoid duplication of
activities.
(c) Application of Task Annexes. Each Annex shall be binding only upon the Participants therein and upon the
Operating Agent for that Task, and shall not affect the rights or obligations of other Contracting Parties.
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Article 3

THE EXECUTIVE COMMITTEE
(a) Supervisory Control. Control of the Programme shall be vested in the Executive Committee constituted under this
Article.

(b) Membership. The Executive Committee shall consist of one member designated by each Contracting Party; each
Contracting Party shall also designate an alternate member to serve on the Executive Committee in the event that
its designated member is unable to do so.
(c) Responsibilities. The Executive Committee shall:
(1) Adopt for each year, acting by unanimity, the Programme of Work, and Budget if foreseen, for each Task,
together with an indicative Programme of Work and Budget for the following year; the Executive Committee
may, as required, make adjustments within the framework of the Programme of Work and Budget;
(2) Make such rules and regulations as may be required for the sound, management of the Tasks, including
financial rules as provided in Article 6 hereof;
(3) Carry out the other functions conferred upon it by this Agreement and the Annexes hereto; and
(4) Consider any matters submitted to it by any of the Operating Agents or by any Contracting Party.
(d) Procedure. The Executive Committee shall carry out its responsibilities in accordance with the following
procedures:
(1) The Executive Committee shall each year elect a Chairman and one or more Vice-Chairmen;
(2) The Executive Committee may establish such subsidiary bodies and rules of procedure as are required for its
proper functioning. A representative of the Agency and a representative of each Operating Agent (in its
capacity as such) may attend meetings of the Executive Committee and its subsidiary bodies in an advisory
capacity;
(3) The Executive Committee shall meet in regular session twice each year; a special meeting shall be convened
upon the request of any Contracting Party, which can demonstrate the need therefore;
(4) Meetings of the Executive Committee shall be held at such time and in such office or offices as may be
designated by the Committee;
(5) At least twenty-eight days before each meeting of the Executive Committee, notice of the time, place and
purpose of the meeting shall be given to each Contracting Party and to other persons or entities entitled to
attend the meeting; notice need not be given to any person or entity otherwise entitled thereto if notice is
waived before or after the meeting;
(6) The quorum for the transaction of business in meetings of the Executive Committee shall be one-half of the
members plus one (less any resulting fraction) provided that any action relating to a particular Task shall
require a quorum as aforesaid of members or alternate members designated by the Participants in that Task.
(e) Voting.
(1) When the Executive Committee adopts a decision or recommendation for or concerning a particular Task, the
Executive Committee shall act:
(i) When unanimity is required under this Agreement: by agreement of those members or alternate members,
which were designated by the Participants in that Task and which are present and voting;
(ii) When no express voting provision is made in this Agreement: by majority vote of those members or
alternate members, which were designated by the Participants in that Task and which are present and
voting.
(2) In all other cases in which this Agreement expressly requires the Executive Committee to act by unanimity,
this shall require the agreement of each member or alternate member present and voting, and in respect of all
other decisions and recommendations for which no express voting provision is made in this Agreement, the
Executive Committee shall act by a majority vote of the members or alternate members present and voting. If a
government has designated more than one Contracting Party to this agreement, those Contracting Parties may
cast only one vote under this paragraph.
(3) The decisions and recommendations referred to in sub-paragraphs (1) and (2) above may, with the agreement
of each member or alternate member entitled to act thereon, be made by mail, telefax, telex, cable or other
electronic means, without the necessity of calling a meeting. Such action shall be taken by unanimity or
majority of such members as in a meeting. The Chairman of the Executive Committee shall ensure that all
members are informed of each decision or recommendation made pursuant to this sub-paragraph.
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(f) Reports. The Executive Committee shall, at least semi-annually, provide the Agency and the Committee on Energy
Research and Development with periodic reports on the progress of the Programme.
Article 4

THE OPERATING AGENTS
(a) Designation. Participants shall designate in the relevant Annex an Operating Agent for each Task. References in
this Agreement to the Operating Agent shall apply to each Operating Agent in respect of the Task for which it is
responsible.

(b) Scope of Authority to Act on Behalf of Participants. Subject to the provisions of the applicable Annex:
(1) All legal acts required to carry out each Task shall be performed on behalf of the Participants by the Operating
Agent for the Task;
(2) The Operating Agent shall hold, for the benefit of the Participants, the legal title to all property rights, which
may accrue to or be acquired for the Task.
The Operating Agent shall operate the Task under its supervision and responsibility, subject to this Agreement,
in accordance with the law of the country of the Operating Agent.
(c) Reimbursements of Costs. The Executive Committee may provide that expenses and costs incurred by an Operating
Agent in acting as such pursuant to this Agreement shall be reimbursed to the Operating Agent from funds made
available by the Participants pursuant to Article 6 hereof.
(d) Replacement. Should the Executive Committee wish to replace an Operating Agent with another government or
entity, the Executive Committee may, acting by unanimity and with the consent of such government or entity,
replace the initial Operating Agent. References in this Agreement to the “Operating Agent” shall include any
government or entity appointed to replace the original Operating Agent under this paragraph.
(e) Resignation. An Operating Agent shall have the right to resign at any time, by giving six months written notice to
that effect to the Executive Committee, provided that:
(1) A Participant, or entity designated by a Participant, is at such time willing to assume the duties and obligations
of the Operating Agent and so notifies the Executive Committee and the other Participants to that effect, in
writing, not less than three months in advance of the effective date of such resignation; and
(2) Such Participant or entity is approved by the Executive Committee, acting by unanimity.
(f) Accounting. An Operating Agent which is replaced or which resigns as Operating Agent shall provide the
Executive Committee with an accounting of any monies and other assets which it may have collected or acquired
for the Task in the course of carrying out its responsibilities as Operating Agent.
(g) Transfer of Rights. In the event that another Operating Agent is appointed under paragraph (d) or (e) above, the
Operating Agent shall transfer to such replacement Operating Agent any property rights which it may hold on
behalf of the Task.
(h) Information and Reports. Each Operating Agent shall furnish to the Executive Committee such information
concerning the Task as the Committee may request and shall each year submit, not later than two months after the
end of the financial year, a report on the status of the Task.
Article 5

ADMINISTRATION AND STAFF
(a) Administration of Tasks. Each Operating Agent shall be responsible to the Executive Committee for implementing
its designated Task in accordance with this Agreement, the applicable Task Annex, and the decisions of the
Executive Committee.

(b) Staff. It shall be the responsibility of the Operating Agent to retain such staff as may be required to carry out its
designated Task in accordance with rules determined by the Executive Committee. The Operating Agent may also,
as required, utilize the services of personnel employed by other Participants (or organizations or other entities
designated by Contracting Parties) and made available to the Operating Agent by secondment or otherwise. Such
personnel shall be remunerated by their respective employers and shall, except as provided in this Article, be
subject to their employers’ conditions of service. The Contracting Parties shall be entitled to claim the appropriate
cost of such remuneration or to receive an appropriate credit for such cost as part of the Budget of the Task, in
accordance with Article 6 (f) (6) hereof.
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Article 6

FINANCE
(a) Individual Obligations. Each Contracting Party shall bear the costs it incurs in carrying out this Agreement,
including the costs of formulating or transmitting reports and of reimbursing its employees for travel and other per
diem expenses incurred in connection with work carried out on the respective Tasks, unless provision is made for
such costs to be reimbursed from common funds as provided in paragraph (g) below.

(b) Common Financial Obligations. Participants wishing to share the costs of a particular Task shall agree in the
appropriate Task Annex to do so. The apportionment of contributions to such costs (whether in the form of cash,
services rendered, intellectual property or the supply of materials) and the use of such contributions shall be
governed by the regulations and decisions made pursuant to this Article by the Executive Committee.
(c) Financial Rules, Expenditure. The Executive Committee, acting by unanimity, may make such regulations as are
required for the sound financial management of each Task including, where necessary:
(1) Establishment of budgetary and procurement procedures to be used by the Operating Agent in making
payments from any common funds which may be maintained by Participants for the account of the Task or in
making contracts on behalf of the Participants;
(2) Establishment of minimum levels of expenditure for which Executive Committee approval shall be required,
including expenditure involving payment of monies to the Operating Agent for other than routine salary and
administrative expenses previously approved by the Executive Committee in the budget process.
In the expenditure of common funds, the Operating Agent shall take into account the necessity of ensuring a
fair distribution of such expenditure in the Participants’ countries, where this is fully compatible with the most
efficient technical and financial management of the Task.
(d) Crediting of Income to Budget. Any income, which accrues from a Task, shall be credited to the Budget of that
Task.
(e) Accounting. The system of accounts employed by the Operating Agent shall be in accordance with accounting
principles generally accepted in the country of the Operating Agent and consistently applied.
(f) Programme of Work and Budget, Keeping of Accounts. Should Participants agree to maintain common funds for
the payment of obligations under a Programme of Work and Budget of the Task, the following provisions shall be
applicable unless the Executive Committee, acting by unanimity, decides otherwise:
(1) The financial year of the Task shall correspond to the financial year of the Operating Agent;
(2) The Operating Agent shall each year prepare and submit to the Executive Committee for approval a draft
Programme of Work and Budget, together with an indicative Programme of Work and Budget for the
following year, not later than three months before the beginning of each financial year;
(3) The Operating Agent shall maintain complete, separate financial records, which shall clearly account for all
funds and property coming into the custody or possession of the Operating Agent in connection with the Task;
(4) Not later than three months after the close of each financial year the Operating Agent shall submit to auditors
selected by the Executive Committee for audit the annual accounts maintained for the Task; upon completion
of the annual audit, the Operating Agent shall present the accounts together with the auditors’ report to the
Executive Committee for approval;
(5) All books of account and records maintained by the Operating Agent shall be preserved for at least three years
from the date of termination of the Task;
(6) Where provided in the relevant Annex, a Participant supplying services, materials or intellectual property to
the Task shall be entitled to a credit, determined by the Executive Committee, acting by unanimity, against its
contribution (or to compensation, if the value of such services, materials or intellectual property exceeds the
amount of the Participant’s contribution); such credits for services of staff shall be calculated on an agreed
scale approved by the Executive Committee and include all payroll-related costs.
(g) Contribution to Common Funds. Should Participants agree to establish common funds under the annual Programme
of Work and Budget for a Task, any financial contributions due from Participants in a Task shall be paid to the
Operating Agent in the currency of the country of the Operating Agent at such times and upon such other
conditions as the Executive Committee, acting by unanimity, shall determine, provided however that:
(1) Contributions received by the Operating Agent shall be used solely in accordance with the Programme of
Work and Budget for the Task;
(2) The Operating Agent shall be under no obligation to carry out any work on the Task until contributions
amounting to at least fifty per cent (in cash terms) of the total due at anyone time have been received.
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(h) Ancillary Services. Ancillary services may, as agreed between the Executive Committee and the Operating Agent,
be provided by that Operating Agent for the operation of a Task and the cost of such services, including overheads
connected therewith, may be met from budgeted funds of that Task.
(i) Taxes. The Operating Agent shall pay all taxes and similar impositions (other than taxes on income) imposed by
national or local governments and incurred by it in connection with a Task, as expenditure incurred in the operation
of that Task under the Budget; the Operating Agent shall, however, endeavour to obtain all possible exemptions
from such taxes.
(j) Audit. Each Participant shall have the right, at its sole cost, to audit the accounts of any work in a Task for which
common funds are maintained, on the following terms:
(1) The Operating Agent shall provide the other Participants with an opportunity to participate in such audits on a
cost-shared basis;
(2) Accounts and records relating to activities of the Operating Agent other than those conducted for the Task shall
be excluded from such audit, but if the Participant concerned requires verification of charges to the Budget
representing services rendered to the Task by the Operating Agent, it may at its own cost request and obtain an
audit certificate in this respect from the auditors of the Operating Agent;
(3) Not more than one such audit shall be required in any financial year;
(4) Any such audit shall be carried out by not more than three representatives of the Participants.
Article 7

INFORMATION AND INTELLECTUAL PROPERTY
It is expected that for each Task agreed to pursuant to this Agreement, the applicable Annex will contain information
and intellectual property provisions. The General Guidelines Concerning Information and Intellectual Property,
approved by the Governing Board of the Agency on 21st November 1975, shall be taken into account in developing
such provisions.
Article 8

LEGAL RESPONSIBILITY AND INSURANCE
(a) Liability of Operating Agent. The Operating Agent shall use all reasonable skill and care in carrying out its duties
under this Agreement in accordance with all applicable laws and regulations. Except as otherwise provided in this
Article, the cost of all damage to property, and all expenses associated with claims, actions and other costs arising
from work undertaken with common funds for a Task shall be charged to the Budget of that Task; such costs and
expenses arising from other work undertaken for a Task shall be charged to the Budget of that Task as the Task
Annex so provides or the Executive Committee, acting by unanimity, so decides.

(b) Insurance. The Operating Agent shall propose to the Executive Committee all necessary liability, fire and other
insurance, and shall carry such insurance as the Executive Committee may direct. The cost of obtaining and
maintaining insurance shall be charged to the Budget of the Task.
(c) Indemnification of Contracting Parties. The Operating Agent shall be liable, in its capacity as such, to indemnify
Participants against the cost of any damage to property and all legal liabilities, actions, claims, costs and expenses
connected therewith to the extent that they:
(1) Result from the failure of the Operating Agent to maintain such insurance as it may be required to maintain
under paragraph (b) above; or
(2) Result from the gross negligence or wilful misconduct of any officers or employees of the Operating Agent in
carrying out their duties under this Agreement.
Article 9

LEGISLATIVE PROVISIONS
(a) Accomplishment of Formalities. Each Participant shall request the appropriate authorities of its country (or its
Member States in the case of an international organization) to use their best endeavours, within the framework of
applicable legislation, to facilitate the accomplishment of formalities involved in the movement of persons, the
importation of materials and equipment and the transfer of currency which shall be required to conduct the Task in
which it is engaged.

(b) Applicable Laws. In carrying out this Agreement and its Annexes, the Contracting Parties shall be subject to the
appropriation of funds by the appropriate governmental authority, where necessary, and to the constitution, laws
and regulations applicable to the respective Contracting Parties, including, but not limited to, laws establishing
prohibitions upon the payment of commissions, percentages, brokerage or contingent fees to persons retained to
solicit governmental contracts and upon any share of such contracts accruing to governmental officials.
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(c) Decisions of Agency Governing Board. Notwithstanding Article 7 of the Framework for International Energy
Technology Co-operation, adopted by the IEA Governing Board on 3 April, 2003, the Framework shall apply, and
be an integral Part of, this Agreement from November 26, 2004. A copy of the Framework is attached as Exhibit A
to this Implementing Agreement.”
(d) Settlement of Disputes. Any dispute among the Contracting Parties concerning the interpretation or the application
of this Agreement which is not settled by negotiation or other agreed mode of settlement shall be referred to a
tribunal of three arbitrators to be chosen by the Contracting Parties concerned who shall also choose the Chairman
of the tribunal. Should the Contracting Parties concerned fail to agree upon the composition of the tribunal or the
selection of its Chairman, the President of the International Court of Justice shall, at the request of any of the
Contracting Parties concerned, exercise those responsibilities. The tribunal shall decide any such dispute by
reference to the terms of this Agreement and any applicable laws and regulations, and its decision on a question of
fact shall be final and binding on the Contracting Parties concerned. Operating Agents, which are not Contracting
Parties, shall be regarded as Contracting Parties for the purpose of this paragraph.
Article 10

ADMISSION AND WITHDRAWAL OF CONTRACTING PARTIES
(a) Admission of New Contracting Parties: OECD Member Countries. Upon the invitation of the Executive
Committee, acting by unanimity, admission to this Agreement shall be open to the government of any OECD
Member Country (or a national agency, public organization, private corporation, company or other entity
designated by such government), which signs or accedes to this Agreement, accepts the rights and obligations of a
Contracting Party, and is accepted for participation in at least one Task by the Participants in that Task, acting by
unanimity. Such admission of a Contracting Party shall become effective upon the signature of this Agreement by
the new Contracting Party or its accession thereto and its giving Notice of Participation in one or more Annexes
and the adoption of any consequential amendments thereto.

(b) Admission of New Contracting Parties: OECD Non-Member Countries. The government of any country which is
not a Member of the OECD may, on the approval of the Executive Committee, acting by unanimity, and, where
required, with the approval of the Committee for Energy Research and Technology, be invited to participate as a
Contracting Party in this Agreement (or to designate a national agency, public organization, private corporation,
company or other entity to do so), under the conditions stated in paragraph (a) above.
(c) Participation by the European Communities. The European Communities may participate in this Agreement in
accordance with arrangements to be made by the Executive Committee, acting by unanimity.
(d) Admission of New Participants in Tasks. Any Contracting Party may, with the agreement of the Participants in a
Task, acting by unanimity, become a Participant in that Task. Such participation shall become effective upon the
Contracting Party’s giving the Executive Director of the Agency a Notice of Participation in the appropriate Task
Annex and the adoption of consequential amendments thereto.
(e) Contributions. The Executive Committee may require, as a condition to admission to participation, that the new
Contracting Party or new Participant shall con- tribute (in the form of cash, services or materials) an appropriate
proportion of the prior budget expenditure of any Task in which it participates.
(f) Replacement of Contracting Parties. With the agreement of the Executive Committee, acting by unanimity, and
upon the request of a government, a Contracting Party designated by that government may be replaced by another
party. In the event of such replacement, the replacement party shall assume the rights and obligations of a
Contracting Party as provided in paragraph (a) above and in accordance with the procedure provided therein.
(g) Withdrawal. Any Contracting Party may withdraw from this Agreement or from any Task either with the
agreement of the Executive Committee, acting by unanimity, or by giving twelve months written Notice of
Withdrawal to the Executive Director of the Agency, such Notice to be given not less than one year after the date
hereof. The withdrawal of a Contracting Party under this paragraph shall not affect the rights and obligations of the
other Contracting Parties; except that, where the other Contracting Parties have contributed to common funds for a
Task, their proportionate shares in the Task Budget shall be adjusted to take account of such withdrawal.
(h) Changes of Status of Contracting Party. A Contracting Party other than a government or an international
organization shall forthwith notify the Executive Committee of any significant change in its status or ownership, or
of its becoming bankrupt or entering into liquidation. The Executive Committee shall determine whether any such
change in status of a Contracting Party significantly affects the interests of the other Contracting Parties; if the
Executive Committee so determines, then, unless the Executive Committee, acting upon the unanimous decision of
the other Contracting Parties, otherwise agrees:
(1) That Contracting Party shall be deemed to have withdrawn from the Agreement under paragraph (g) above on
a date to be fixed by the Executive Committee; and
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(2) The Executive Committee shall invite the government which designated that Contracting Party to designate,
within a period of three months of the withdrawal of that Contracting Party, a different entity to become a
Contracting Party; if approved by the Executive Committee, acting by unanimity, such entity shall become a
Contracting Party with effect from the date on which it signs or accedes to this Agreement and gives the
Executive Director of the Agency a Notice of Participation in one or more Annexes.
(i) Failure to Fulfil Contractual Obligations. Any Contracting Party which fails to fulfil its obligations under this
Agreement within sixty days after its receipt of notice specifying the nature of such failure and invoking this
paragraph, may be deemed by the Executive Committee, acting by unanimity, to have withdrawn from this
Agreement.
Article 11

FINAL PROVISIONS
(a) Term of Agreement. This Agreement shall remain in force for an initial period of two years and, thereafter, may be
extended for additional periods not greater than five years as may be determined by the Executive Committee,
acting by unanimity and subject to the approval of the Committee for Energy Research and Technology (CERT) of
the Agency. The Executive Committee, acting by unanimity, may terminate this Agreement at any time.

(b) Legal Relationship of Contracting Parties and Participants. Nothing in this Agreement shall be regarded as
constituting a partnership between any of the Contracting Parties or Participants.
(c) Termination. Upon termination of this Agreement or any Annex to this Agreement, the Executive Committee,
acting by unanimity, shall arrange for the liquidation of the assets of the Task or Tasks. In the event of such
liquidation, the Executive Committee shall, so far as practicable, distribute the assets of the Task, or the proceeds
therefrom, in proportion to the contributions which the Participants have made from the beginning of the operation
of the Task, and for that purpose shall take into account the contributions and any outstanding obligations of former
Contracting Parties. Disputes with a former Contracting Party about the proportion allocated to it under this
paragraph shall be settled under Article 9 (d) hereof, for which purpose a former Contracting Party shall be
regarded as a Contracting Party.
(d) Amendment. This Agreement may be amended at any time by the Executive Committee, acting by unanimity, and
any Annex to this Agreement may be amended at any time by the Executive Committee, acting by unanimity of the
Participants in the Task to which the Annex refers. Such amendments shall come into force in a manner determined
by the Executive Committee, acting under the voting rule applicable to the decision to adopt the amendment.
(e) Deposit. The original of this Agreement shall be deposited with the Executive Director of the Agency and a
certified copy thereof shall be furnished to each Contracting Party. A copy of this Agreement shall be furnished to
each Agency Participating Country, to each Member country of the Organisation for Economic Co-operation and
Development and to the European Communities.
Done in Paris, this 13th day of November 1980.
As amended by the Executive Committee, held in Paris on 10 October 2001.
As amended by the Executive Committee by written procedure on March 15, 2004.
As further amended by the Executive Committee, held in Florence on 26 November 2004.
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Contracting Parties
Date of Signature
The Department of National Development and Energy (Australia)
13.11.80.
succeeded by the Australian Bureau of Agriculture and Resource Economics (ABARE)
The Government of Belgium
08.09.81.
The Department of Energy, Mines and Resources (Canada)
07.07.82.
succeeded by the Department of Natural Resources
The Commission of the European Communities
11.01.82.
The National Technology Agency of Finland (TEKES)
09.01.02.
Kernforschungsanlage Jülich GmbH (Germany)
13.11.80.
name changed to Forschungszentrum Jülich GmbH, replaced by the Institute for
Energy Economics and Rational Use of Energy (IER) of the University of Stuttgart
12.05.97.
The Scientific Research and Technology Service of the Ministry of Coordination (Greece)
01.12.80.
The Ente Nazionale Idrocarburi (Italy), replaced by the
13.11.80.
Institute of Methodologies for Environmental Analysis, National Research Council (IMAA-CNR)
2.03.05.
The Korea Institute of Energy Research (KIER)
15.05.96.
replaced by the Korea Energy Management Corporation (KEMCO)
06.04.05.
The Government of Japan
17.09.81.
The Stichting Energieonderzoek Centrum Nederland (ECN) (Netherlands)
02.04.82.
The Royal Ministry of Petroleum and Energy (Norway)
13.11.80.
(name changed to the Royal Norwegian Ministry of Industry and Energy, then reverted back
to the Royal Norwegian Ministry of Petroleum and Energy)
The Energy Research and Development Commission (Sweden) (subsequently succeeded
18.11.80.
by the Energy Research Commission, then by the Swedish National Board for Industrial
and Technical Development (NUTEK) and later by the Swedish Energy Agency)
The Office Fédéral de l’Energie (Switzerland)
01.04.81.
(replaced by the Paul Scherrer Institute)
19.12.91.
The Kocaeli University (Turkey)
22. 3.96.
The Secretary of State for Energy (United Kingdom)
09.06.81.
(succeeded by the Secretary of State for Trade and Industry)
The United States Department of Energy, (replaced by The Government of the
13.11.80.
United States of America; then again by the United States Department of Energy)
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EXHIBIT
IEA FRAMEWORK FOR INTERNATIONAL ENERGY TECHNOLOGY CO-OPERATION
I.

A

General Principles

Article 1
Mandate
1.1
In fulfilment of Chapter VII of the Agreement on an International Energy Program and in light of the Shared
Goals of the IEA, the IEA operates Implementing Agreements to enable IEA Member countries to carry out
programmes and projects on energy technology research, development and deployment.

1.2
An Implementing Agreement is a contractual relationship established by at least two IEA Member countries,
and approved by the Governing Board, for the purpose set out in Article 1.1.
1.3
Participants in an Implementing Agreement shall contribute as fully as possible to the achievement of its
objectives and shall endeavour to secure, through public and private support, the necessary scientific, technical and
financial resources for the programmes and projects carried out under such an Implementing Agreement.
1.4
Each Implementing Agreement shall have an Executive Committee composed of representatives of all
participants.
Article 2
Nature of Implementing Agreements
2.1
The activities of an Implementing Agreement may include, inter alia:

(a)
co-ordination and planning of specific energy technology research, development and deployment studies,
works or experiments carried out at a national or international level, with subsequent exchange, joint evaluation and
pooling of the scientific and technical results acquired through such activities;
(b)
participation in the operation of special research or pilot facilities and equipment provided by a participant, or
the joint design, construction and operation of such facilities and equipment;
(c)
exchange of information on (i) national programmes and policies, (ii) scientific and technological
developments and (iii) energy legislation, regulations and practices;
(d)

exchanges of scientists, technicians or other experts;

(e)

joint development of energy related technologies; and

(f)

any other energy technology related activity.

2.2
Participation in an Implementing Agreement shall be based on equitable sharing of obligations, contributions,
rights and benefits. Participants in an Implementing Agreement shall undertake to make constructive contributions,
whether technical, financial or otherwise, as may be agreed by the Executive Committee.
2.3
Some or all of the participants in an Implementing Agreement may choose to execute specific projects and/or
programmes through Annexes to the Implementing Agreement.
II.

Rules Applicable to IEA Implementing Agreements

Article 3
Participation, Admission and Withdrawal
3.1
An Implementing Agreement can be established by two or more IEA Member countries subject to approval of
the Committee on Energy Research and Technology (CERT) and of the Governing Board. There are two possible
categories of participants in Implementing Agreements: Contracting Parties and Sponsors.

3.2

Contracting Parties may be

(a)

the governments of both OECD member or OECD non-member countries;

(b)

the European Communities;

(c)
international organisations in which the governments of OECD member countries and/or OECD non-member
countries participate; and
(d)
any national agency, public organisation, private corporation or other entity designated by the government of
an OECD member country or an OECD non-member country, or by the European Communities.
3.2.1
Participation in any Implementing Agreement for OECD non-member countries or for international
organisations requires prior approval by the CERT. However, should the CERT consider a first time application by an
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OECD non-member country or an international organisation to be sensitive, it may refer the decision to the Governing
Board as it deems appropriate.
3.2.2
Prior to CERT approval of participation of OECD non-member countries or international organisations in any
Implementing Agreement, the Executive Committee shall:
(a)

have voted in favour of the applicant to join the IAand provide evidence of the same to the CERT;

(b)

provide the CERT with a copy of the terms and conditions of the applicant’s participation in the IA; and

(c)
provide the CERT with a letter from the applicant expressing the applicant’s desire to join the Implementing
Agreement and specifying which Annexes it wishes to join; its acceptance of the terms and conditions of the
Implementing Agreement; the name of its designated entity if it is not the applicant itself; and the name of the entity
that will sign the Implementing Agreement.
3.2.3
The terms and conditions for the admission, participation and withdrawal of Contracting Parties, including
their rights and obligations, in Implementing Agreements and their Annexes, if any, shall be established by the
Executive Committee of each Implementing Agreement.
3.2.4
Notwithstanding Article 3.2.3, no Contracting Party from an OECD non-member country or international
organisation shall have greater rights or benefits than Contracting Parties from OECD member countries.
3.3

Sponsors may be

(a)
entities of OECD member countries or OECD non-member countries who are not designated by the
governments of their respective countries to participate in a particular Implementing Agreement; and
(b)
non-intergovernmental international entities in which one or more entities of OECD member countries or
OECD non-member countries participate.
3.3.1

Participation of Sponsors in Implementing Agreements requires prior approval by the CERT.

3.3.2
shall:

Prior to CERT approval of Sponsor participation in any Implementing Agreement, the Executive Committee

(a)
have voted in favour of the applicant to join the Implementing Agreement and provide evidence of the same to
the CERT;
(b)
provide the CERT with a copy of the terms and conditions of the applicant’s participation in the Implementing
Agreement; and
(c)
provide the CERT with a letter from the applicant expressing the applicant’s desire to join the Implementing
Agreement and specifying which Annexes it wishes to join; its acceptance of the terms and conditions of the
Implementing Agreement; and the name of the entity that will sign the Implementing Agreement.
3.3.3
The terms and conditions for the admission, participation and withdrawal of Sponsors, including rights and
obligations, in Implementing Agreements and their Annexes, if any, shall be established by the Executive Committee of
each Implementing Agreement.
3.3.4
Notwithstanding Article 3.3.3, no Sponsor shall have greater rights or benefits than Contracting Parties from
OECD non-member countries and no Sponsor shall be designated Chair or Vice-chair of an Implementing Agreement.
3.3.5
The CERT shall have the right to not approve participation of a Sponsor if the terms and conditions of such
participation do not comply with this Framework, any Decisions of the CERT or the Governing Board and the Shared
Goals of the IEA.
Article 4
Specific Provisions
4.1
Unless the CERT otherwise agrees, based on exceptional circumstance and sufficient justification,
Implementing Agreements shall be for an initial term of up to, but no more than, five years.

4.2
An Implementing Agreement may be extended for such additional periods as may be determined by its
Executive Committee, subject to approval of the CERT. Any single extension period shall not be greater than five years
unless the CERT otherwise decides, based on exceptional circumstances and sufficient justification.
4.3
Notwithstanding Paragraph 4.2, should the duration of the programme of work of an Annex exceed the term of
the Implementing Agreement to which it relates, the CERT shall not unreasonably withhold approval to extend the
Implementing Agreement for such additional period to permit the conclusion of the work then being conducted under
the Annex.
4.4

Either the Contracting Parties or the Executive Committee of each Implementing Agreement shall:
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4.4.1
approve the programme activities and the annual programme of work and budget for the relevant
Implementing Agreement;
4.4.2
establish the terms of the contribution for scientific and technical information, know-how and studies,
manpower, capital investment or other forms of financing to be provided by each participant in the IA;
4.4.3
establish the necessary provisions on information and intellectual property and ensure the protection of IEA
copyrights, logos and other intellectual property rights as established by the IEA;
4.4.4
assign the responsibility for the operational management of the programme or project to an entity accountable
to the Executive Committee of the relevant Implementing Agreement;
4.4.5

establish the initial term of the Implementing Agreement and its Annexes;

4.4.6

approve amendments to the text of the Implementing Agreement and Annexes; and

4.4.7
invite a representative of the IEA Secretariat to its Executive Committee meetings in an advisory capacity and,
sufficiently in advance of the meeting, provide the Secretariat with all documentation made available to the Executive
Committee members for purposes of the meeting.
Article 5
Copyright
5.1
Notwithstanding the use of the IEA name in the title of Implementing Agreements, the Implementing
Agreements, the Executive Committee or the entity responsible for the operational management of the programme or
project may use the name, acronym and emblem of the IEA as notified to the World Intellectual Property Organisation
(WIPO) only upon prior written authorisation of the IEA and solely for the purposes of executing the IA.

5.2
The IEA shall retain the copyright to all IEA deliverables and published or unpublished IEA material.
Implementing Agreements wishing to use, copy or print such IEA deliverables and/or material shall submit a prior
written request of authorisation to the IEA.
Article 6
Reports to the IEA
6.1
Each Executive Committee shall submit to the IEA:

6.1.1
as soon as such events occur, notifications of any admissions and withdrawals of Contracting Parties and
Sponsors, any changes in the names or status of Contracting Parties or Sponsors, any changes in the Members of the
Executive Committee or of the entity responsible for the operational management of the programme or project, or any
amendments to an Implementing Agreement and Annex thereto;
6.1.2

annual reports on the progress of programmes and projects of the Implementing Agreement and any Annex;

6.1.3
notwithstanding Article 6.1.1, in addition to and with the Annual Report, annually provide the IEA with the
following information:
(a)

the names and contact details of all current Contracting Parties and Sponsors;

(b)
the names and contact details of all Contracting Parties and Sponsors who may have withdrawn from the
Implementing Agreement or any Annex in the year covered by the Annual Report;
(c)
the names and contact details of all new Contracting Parties and Sponsors who may have joined the
Implementing Agreement or any Annex in the year covered by the Annual Report;
(d)

any changes in the names or status of any Contracting Parties or Sponsors;

(e)
the names and contact details of the Executive Committee members and the entity responsible for the
operational management of the programme or project; and
(f)

any amendments to the text of an Implementing Agreement and any Annex thereto.

6.1.4
End of Term Reports, which shall include all the information and documentation required by Decisions of the
CERT then in effect and relating thereto; and
6.1.5
at the request of the IEA, any other non-proprietary information as may be requested by the IEA in connection
with the IEA’s mandate.
Article 7
Effective Date
This Framework shall take effect and become binding on all participants in the Implementing Agreements and Annexes
from the date of its approval as a decision by the Governing Board.
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Appendix B: Text of Annex X (2005-7) - Global Energy Systems & Common Analyses
INTERNATIONAL ENERGY AGENCY
Implementing Agreement
For a Programme of
Energy Technology Systems Analysis
Annex X
Global Energy Systems and Common Analyses
Climate friendly, Secure and Productive Energy Systems

(text approved by the Executive Committee on November 26, 2004; amended on April 05, 2006)
1.
Introduction
The Contracting Parties of this Implementing Agreement carry out a Programme consisting of co-operative Energy
Technology Systems Analysis (ETSAP). The aim of ETSAP is to assist Contracting Party and other key decisionmakers around the world in the assessment of new energy technologies and policies in meeting the challenges of energy
needs, environmental concerns, and economic development.

In the last few years this general aim was realized mainly through the development and refinement of common ETSAP
Tools. Traditionally this has been accomplished by means of the MARKAL model and associated software, but
increasingly the new TIMES model generator, with its new users’ interface, is entering into use. The ETSAP website
(www.estap.org) has been enhanced and now provides easy access to the new documentation of both MARKAL and
soon TIMES. The common effort of the participants has given rise to several major, high-profile projects making use of
ETSAP Tools. A synthesis of the many recent achievements is reported in the End of Term report, posted at the ETSAP
website.
The benefits of ETSAP have been acknowledged by the IEA Committee of Energy Research and Technology (CERT),
the End Use Working Party (EUWP), and several national delegates, in the process of the IEA approving the extension
of the ETSAP Implementing Agreement for another five more years.
2.
Objectives
Building on previous achievements, in the next three years this task proposes to carry out again some degree of
common analysis and foster advanced national analyses, establish tighter collaborations with other major energy
modelling groups (most notably the EMF, IIASA and SEI-Tellus), and continually advance the state-of-the-art with
respect to integrated energy/economic/environmental modelling. It is proposed to implement and make use of a global
multi-regional ETSAP TIMES, and as part of an “in-reach” effort for Annex X participants to become well versed in
the use of it, and/or other global models. Practically the Annex has the following objectives.

(a)

The carrying out of common global analysis.

The participants aim to cooperate in implementing a new multi-regional ETSAP-TIMES long term model of the global
energy system. Further to the properties already available, this version will include some endogenous representation of
the climate equations and possibly of macro-economic aspects. ETSAP will employ this model as part of contributing to
the Energy Modelling Forum N. 22 “Climate Policy Scenarios for Stabilization and in Transition.” Given the
opportunity and adequate funds, ETSAP intends to contribute with some global model to other relevant projects in the
field such as economic sustainability, climate change mitigation, energy security and energy R&D priority setting. In
order to allow ETSAP to fully participate in these activities, a program of continuous improvement and maintenance of
the ETSAP-TIMES world model and its technology databases will be undertaken. In addition, some new model features
will be examined and adopted as budget permits (see items b) and c) below).
The ETSAP participants have the advantage of participating and contributing to relevant international studies, of
receiving recognition on the soundness of the methodology, understanding of the framework for their own use, and of
gaining insight for future improvements of the ETSAP Tools.
(b)

The implementation of a global / national modelling framework – “Global modelling In-reach.”

ETSAP intends to develop a capability, which allows the participants to transform the global ETSAP-TIMES model
into a tool for domestic or regional policy analyses. Practically it is planned to fully familiarize the ETSAP partners
with the selected models, to improve interactively the technology data bases that support the global models, and
implement a procedure allowing to subtract one or more countries to be redefined (broken out) from the existing regions
of the global model and to add them as separate regions to the global models that ETSAP partners can configure the
regionalization as desired.
The advantage for ETSAP participants will be to have a high calibre global model available with their nation or region
embedded in a multi-region global framework; by means of this model, analysts will be able to study the interactions of
domestic policies and measures with the ones of other countries. This will be particularly useful as forward planning for
the post-Kyoto era needs to begin in earnest within the next five (5) years, or sooner, and such a framework could be of
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great value to Contracting Parties, enabling them to examine differing proposals that are sure to arise while trying to
define a truly global response to Climate Change.
(c)

The maintenance and enhancement of the existing capabilities and Tools.

The core activity of maintaining, updating and enhancing ETSAP Tools will continue. Depending on the funds, possible
improvements include:

♦ continued advancement of the underlying systems analysis methodology including coupling with, or
introducing methodologies and approaches to encompass, general equilibrium models or sub-components,
climate change and earth models or sub-components, game theory, Life Cycle Assessment, damping costs to
model consumers “hidden costs” affecting the adoption of new technologies, ETL heuristics, stochastic
programming capability with risk aversion that preserves the model’s linearity;

♦ adoption of MARKAL features into TIMES and semi-automatic migration of existing MARKAL models to
TIMES, that would include the definition of compatibility data exchange framework for ANSWER and
VEDA, as well as other potential sources of data (see d) for both MARKAL and TIMES models;

♦ simplification of the procedures to generate alternative scenarios, to link with established
energy/economic/demographic databases, and continued improvements in the user interfaces, as well as
maintaining of the associated documentation;

♦ establishment of a list-server on the ETSAP website to better support the global community of ETSAP Tool
users; and

♦ enhancing the structural modelling features of MARKAL and TIMES models and facilitating remote joint
work at the same model, remote use of existing models and procedures, some “expert systems” capabilities.
These new features will be developed and implemented subject to budget availability.
(d)

Expanding the framework for ETSAP expertise and Tools.

Beyond the technical objectives, ETSAP will explore ways to ensure continuity and advancement of ETSAP expertise
and Tools. One possibility is to link ETSAP activities more tightly to the IEA secretariat, as suggested at the IEA CERT
when the ETSAP Implementing Agreement was extended. Another possibility is to enhance the collaborations with
organizations and institutes carrying out energy systems analyses with similar tools (e.g. IIASA, SEI-Tellus, etc.). A
closer collaboration with IIASA could have mutual benefits on both the modelling and data fronts, while doing so with
SEI-Tellus could enhance usability of the ETSAP models, improve data for the global models and make ETSAP Tools
available to the large base of LEAP users in developing countries. Each of these possibilities implies activities to foster
a common understanding and advance the underlying methodology, and to make the models more compatible; further
leveraging skills, available data, and limited resources.
The advantage to the Contracting Parties would be to make the expertise and Tools even more widely recognized as a
global standard, and promote an ongoing substantive role for ETSAP and its Tools.
3.
Means
The Participants shall achieve the objectives through the following means:

(a)

Carrying out common analyses on key aspects of energy technology systems;

(b)
Collecting, analysing and disseminating information and consistent data related to energy systems, energy
technologies, energy and environment models and scenarios;
(c)
Promotion of common research on energy systems analysis, integration of existing tools in the present
methodology and development of new tools, together with other groups active in the field;
(d)
Enhancement of existing ETSAP Tools and implementation of new ones, also by linking ETSAP methodology
to other approaches;
(e)
them;

Improvement of ETSAP Tools documentation and dissemination of representative analyses carried out with

(f)
Organization of semi-annual meetings of experts, as appropriate, to exchange information and experience in
the area of work covered by the Agreement;
(g)
Participation in joint meetings with related international projects, making a concerted effort to communicate
with the wider professional community, and by otherwise involving decision-makers;
(h)

Promotion of and participation to relevant common projects;

(i)

Exchange of specialists, experts and students active in the sector;
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(j)
Organization of training courses to form new experts or to widen the analytic capabilities of existing experts
domestically, locally and in outreach activities, including “in-reach” capability building for participants in the use of the
global models;
(k)
Using national and multi-national reference groups for the development and analysis of the models and linkage
to users;
(l)
Twinning established ETSAP Contracting Parties with new countries, providing materials to guide new and
recent users of ETSAP methodologies, as part of “Outreach” initiatives, and
(m)

Carrying out such other activities as may be agreed in the Annual Programme of Work.

4.
Deliverables
The products of this Task shall be:

(a)
Maintenance and improvement of an international capability for the analysis of energy systems markets /
technologies and their future contribution to economic sustainability, energy security, environment protection, global
climate mitigation and technical feasibility;
(b)

Implementation of a multi-region global ETSAP TIMES model;

(c)
The report of ETSAP participation with the above global multi-regional TIMES model to the Energy
Modelling Forum N. 22 “Climate Policy Scenarios for Stabilization and in Transition;”
(d)
A new tool allowing to subtract one or more countries from the existing regions of the global ETSAP TIMES
model and adding them as separate regions to the global model, in order to carry out national analyses in a global
framework;
(e)
users;

A list-server will be established on the ETSAP website to better support the global community of ETSAP Tool

(f)
Maintenance, enhancement and development of ETSAP common Tools for energy systems analysis, to be
distributes to the Participants;
(g)
Periodic reports on workshops or seminars, and on analytical studies undertaken in connection with the Task,
including semi-annual publication of the ETSAP newsletter, and
(h)

A final report on the activities carried out under this Task.

5.
Specific Obligations, Responsibilities and Rights of the Participants
Participants shall carry out, to the extent possible, the following activities and communicate the results to the Operating
Agent:

(a)
Performance of national and co-operative, multi-national scenario analyses using ETSAP Tools and energy
systems models in general;
(b)
Collection and validation of national/regional quantitative data on flows of energy commodities, stock of
capital of technologies and devices transforming energy commodities into one another consistent with the national
energy balances, emissions of pollutants and greenhouse gases consistent with existing inventories, status of emission
control technologies, economic value of energy systems consistent with national accounts, any other information on
energy system structure and related data;
(c)
Establishment of national and multi-national reference groups to discuss and advise on data bases,
assumptions, methodology, model results and their application to the development of energy related policies;
(d)
Participation to the development of ETSAP models and Tools, including testing of newly developed versions
of software, and
(e)
Contribution to the efforts of disseminating the methodologies and their use in assessing local, national or
regional systems, offering lessons and courses, carrying out “Outreach” activities.
Participants have special rights to the results of the joint work, not available to non-participants, as may be decided by
the Executive Committee from time to time, subject only to the limitations laid out in paragraph 11 below. This includes
privileged access to ETSAP Tools, the support systems and related services contracted on behalf of ETSAP or made
available to Participants by the Operating Agent acting on decisions made by the Executive Committee.
6.
Specific Obligations and Responsibilities of the Operating Agent
In addition to the obligations and responsibilities enumerated in Article 4 of the Implementing Agreement, the
Operating Agent shall:

(a)

Establish the Project Staff
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For the purpose of carrying out the above objectives the Operating Agent shall establish, within sixty days after the
Annex has entered into force, a Project Staff composed of a Project Head and such additional assistance as may be
required, including external staff, to fulfil the Tasks.
The individual who will act as Project Head, and the members of the Project Staff, will be appointed by the Operating
Agent, acting upon the unanimous approval of the Executive Committee.
Following guidance and instructions from the Executive Committee, the Operating Agent shall give secretarial and
administrative support to establishing activities of Contracting Parties on a task-sharing basis, subject to specific
budgets made available for those purposes by the Executive Committee.
(b)

Prepare the Program of Work and Reports

The common program of work will be proposed by the Operating Agent and be approved by the Executive Committee.
The common work may be performed by the Project Head, by other Operating Agent staff, or by organizations or
professionals from the participating countries, following the work plan(s) determined by the Executive Committee.
The Operating Agent shall submit yearly to the Executive Committee a draft Programme of Work, with an
accompanying task-level budget, for the following year. The Operating Agent shall report yearly to the Executive
Committee on the progress of the activities under this Task.
Upon termination of this Annex, the Operating Agent shall prepare and submit to the Executive Committee for
approval, a draft final report on the activities carried out during the period of this Annex. Following approval, the
Operating Agent shall transmit the report to the IEA secretariat and to the members of the IEA End Use Working Party
and Committee on Energy Research and Technology.
The Committee on Energy Research and Technology may, during this Task, propose additions to the Programme of
Work. The Executive Committee shall decide whether these proposals will be added to the Programme of Work,
provided such additional work can be carried out within the resource levels set out in paragraph 10 below, or other
sources of funds are secured.
(c)

Coordinate the Task and Manage the Programs of Work

The Operating Agent shall bear the following main responsibilities:
(1)

To manage the common program;

(2)

To assure appropriate communication among the Participants;

(3)
With the approval of the Executive Committee, to represent ETSAP in various international conferences,
bodies, and groups;
(4)
To prepare and distribute material on the work of ETSAP for distribution through a Newsletter or the World
Wide Web;
(5)
In co-ordination with the Participants, to use its best efforts to avoiding duplication with activities of other
related programmes and projects implemented by or under the auspices of the IEA or of other competent bodies;
(6)
To provide the Participants with the necessary guidance for the work they carry out, assuring minimum
duplication of effort;
(7)

At the request of the Executive Committee, to organize workshops and seminars, and

(8)
At the request of the Executive Committee, to co-ordinate the work of a small group of experts charged with
reviewing the consistency and accuracy of input data, national models, and the main findings.
7.
Operating Agent
The Poly-Technical University of Turin (Politecnico di Torino, Italy), acting through the Department of Energy Studies
(Dipartimento di Energetica), is designated as Operating Agent. Starting from March 1, 2006, the private consulting
company ASATREM srl (Italy) is designated as new Operating Agent
8.
Time Schedule
This Annex shall enter into force on January 1, 2005 and shall remain in force till December 31, 2007. Within the limits
of the term of the Agreement, this Annex may be extended by two or more Participants, acting in the Executive
Committee, and shall thereafter apply only to those Participants.
9.
(a)

Funding
Common Financial Obligations

The Common Program will be funded through the Operating Agent. The actual costs of the Common Program during
this Annex will be divided equally among all Participants. If the number of Participants changes, the Executive
Committee will decide whether or not to adjust the budget and fees. New Participants will pay a full share of the costs
beginning in the Task year in which they become Participants.
196

The 2005 budget of the Operating Agent will be EURO 200,000; based on 10 Participants at EURO 20,000 each. The
Executive Committee will decide the annual budget for subsequent years based on no more than EURO 20,000 per
Contracting Party, and taking into account the actual number of Participants, inflation and any agreed changes in the
Common Program.
(b)

Individual Financial Obligations

In addition to the contributions set out in subparagraph (a) above, each Participant shall bear all costs it incurs in
carrying out this Task, including the costs of its National Program and participation in workshops and seminars.
(c)

Additional contribution

Voluntary contributions from participants and other possible sponsors, if any, are welcome and will be used to
increasing the common means and pursuing more actively some objectives, as approved by the Executive Committee.
10.
(a)

Information and Intellectual Property
Executive Committee Powers

The publication, distribution, handling, protection and ownership of information and intellectual property arising from
this Annex shall be determined by the Executive Committee, acting by unanimity, in conformity with this Agreement.
(b)

Right to Publish

Subject only to copyright restrictions, the Participants shall have the right to publish all information provided to or
arising from this Annex except proprietary information, but they shall not publish it with a view to profit, except as
agreed by the Executive Committee, acting by unanimity.
(c)

Proprietary Information

The Operating Agent and the Participants shall take all necessary measures in accordance with this Annex, the laws of
their respective countries, and international law to protect proprietary information. For the purposes of this Annex
proprietary information shall mean information of a confidential nature such as trade secrets and know-how (for
example, computer programmes, design procedures and techniques, chemical composition of materials, or
manufacturing methods, processes, or treatments) that is appropriately marked, provided such information:
(1)

Is not generally known or publicly available from other sources;

(2)
Has not previously been made available by the owners to others without obligation concerning its
confidentiality; and
(3)

Is not already in the possession of the recipient Participant without obligation concerning its confidentiality.

It shall be the responsibility of each Participant supplying proprietary information to identify the information as such
and to ensure that it is appropriately marked.
(d)

Production of Relevant Information by Governments

The Operating Agent should encourage the governments of all IEA Participating Countries to make available or to
identify to the Operating Agent all published or otherwise freely available information known to them that is relevant to
the Task. The Participants should notify the Operating Agent of all pre-existing information, and information developed
independently of the Task known to them which is relevant to the Task and which can be made available to the Task
without contractual or legal limitations.
(e)

Production of Available Information by Participants

Each Participant agrees to provide to the Operating Agent all previously existing information and information
developed independently of the Annex which is needed by the Operating Agent to carry out its function in this Task and
which is freely at the disposal of the Participant and the transmission of which is not subject to any contractual and/or
legal limitations:
(1)
Task;

If no substantial cost is incurred by the Participant in making such information available, at no charge to the

(2)
If substantial costs must be incurred by the Participant to make such information available, at such charge to
the Task as shall be agreed between the Operating Agent and the Participant with the approval of the Executive
Committee.
(f)

Use of Proprietary Information

If a Participant has access to proprietary information which would be useful to the Operating Agent in conducting
studies, assessments, analyses, or evaluations, such information may be communicated to the Operating Agent in
accordance with an agreement between the Operating Agent and the specific Participant setting forth the terms and
conditions for such acceptance, but the proprietary information shall not become part of reports, handbooks, or other
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documentation, nor be communicated to the other Participants except as may be agreed in writing between the
Operating Agent and the Participant which supplied such information.
(g)

Acquisition of Information for the Task

Each Participant shall inform the Operating Agent of the existence of information known to the Participant that can be
of value to the Task, but which is not freely available, and the Participant shall endeavour to make the information
available to the Task under reasonable conditions, in which event the Executive Committee may, acting unanimously,
decide to acquire such information.
(h)

Reports on Work Performed under the Task

The Operating Agent shall provide reports to the Participants and to the Executive Committee on all work performed
under the Task and the results thereof, including studies, assessments, analyses, evaluations and other documentation,
but excluding proprietary information.
(i)

Copyright

The Operating Agent may take appropriate measures necessary to protect copyrightable material generated under this
Task. Copyrights obtained shall be the property of the Operating Agent in trust for and for the benefit of the
Participants, provided, however, that Participants may reproduce and distribute such material, but shall not publish it
with a view to profit, except as otherwise directed by the Executive Committee.
(j)

Authors

Each Participant shall, without prejudice to any rights of authors under its national laws, take necessary steps to provide
the co-operation with its authors required to carry out the provisions of this paragraph. Each Participant will assume the
responsibility to pay awards or compensation required to be paid to its employees according to the laws of its country.
11.
Participants
The Contracting Parties which are Participants in this Task are the following:

(list of parties to be added following their notification to the Executive Director of the IEA and to be selected from the
following list + new accessions)
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Contracting Parties
The Government of Belgium
The Department of Energy, Mines and Resources (Canada)
succeeded by the Department of Natural Resources
The Commission of the European Communities
The National Technology Agency of Finland (TEKES)
Kernforschungsanlage Jülich GmbH (Germany)
name changed to Forschungszentrum Jülich GmbH
replaced by the Institute for Energy Economics and Rational
Use of Energy (IER) of the University of Stuttgart
The Scientific Research and Technology Service of the Ministry of Coordination (Greece)
The Ente Nazionale Idrocarburi (Italy)
replaced by the National Research Council,
Institute for Advanced Environmental methods
The Korea Institute of Energy Research (KIER)*
replaced by the Korea Energy Management Corporation (KemCo)
The Government of Japan
The Stichting Energieonderzoek Centrum
Nederland (ECN) (Netherlands)
The Royal Ministry of Petroleum and Energy (Norway)
(name changed to the Royal Norwegian Ministry
of Industry and Energy)
The Energy Research and Development Commission (Sweden)
(subsequently succeeded by the Energy Research Commission
and later by the Swedish National Board for
Industrial and Technical Development (NUTEK))
The Office Fédéral de l’Energie (Switzerland)
(replaced by the Paul Scherrer Institute)
The Kocaeli University (Turkey)
The Secretary of State for Energy (United Kingdom)
(succeeded by the Secretary of State for Trade and Industry)
The United States Department of Energy
(replaced by The Government of the United States of America;
then again by the United States Department of Energy)
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Date of Signature
08.09.81.
07.07.82.

11.01.82.
09.01.02
13.11.80.
12.05.97.
01.12.80.
13.11.80.
02.03.05
15.05.96.
06.04.05
17.09.81.
02.04.82.
13.11.80.
18.11.80.

01.04.81.
19.12.91.
22.03.96.
09.06.81.
13.11.80.
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Appendix C: ETSAP Institutions: Contracting Parties and Licensed Tools Users
C.1: ETSAP Contracting Parties and Delegates
Delegate

e-mail

Contracting Party (Research
Organization)

Belgium

Ms. Anne FIERENS
(Deputy Chair)

fier@belspo.be

Belgian Federal Public Planning Service FPP Science Policy (VITO - KUL)

3

Canada

Mr. Hertsel LABIB,
Director (Chair)

hlabib@nrcan.gc.ca

Natural Resources Canada - NRCan
(GERAD)

4

Denmark

Mr. Kenneth
KARLSSON

kenneth.karlsson@riso
e.dk

Danish Energy Authority (Riso)

5

EC

Mr. Mathieu GRISEL

mathieu.grisel@ec.eur
opa.eu

Research Directorate General, Dir.K Energy - DGRTD (IPTS)

6

Finland

Ms. Pia SALOKOSKI

Pia.Salokoski@tekes.fi

Funding Agency for Technology and
Innovation - TEKES (Technical Research
Centre - VTT)

Mr. Xavier LEFORT,
Secrétaire Général

xavier.lefort@ademe.fr

Agence de l’Environnement et de la
Maîtrise de l’Energie - ADEME

Mr. Pierre-Franck
CHEVET, Directeur
Général de l’Energie et
des Matières Premières

pierre-franck.chevet
@industrie.gouv.fr

Mr. Benoit LEGAIT,
Directeur

benoit.legait@ensmp.f
r

No.

Country

1

Australia

2

7

France

Ministère de l’Ecologie, du Developpement
et de l’Aménagement Durables DGEMPEDAD
Ecole des Mines, Paris – EDMP

8

Germany

Mr. Alfred VOSS
(Deputy Chair)

av@ier.uni-stuttgart.de

Universität Stuttgart, Institute of Energy
Economics and the Rational Use of Energy
- IER

9

Greece

Mr. George
GIANNAKIDIS

ggian@cres.gr

Center For Renewable Energy Sources –
CRES

10

Italy

Mr. Vincenzo CUOMO

cuomo@imaa.cnr.it

Consiglio Nazionale delle Ricerche, Istituto
di Metodologie per l’Analisi Ambientale CNR-IMAA

11

Japan

Ms. Kiyoka MIKI

kmiki@mext.go.jp

Ministry of Education, Culture, Sports,
Science and Technology - MEXT (JAEA)

12

Korea

Mr. Jong-Whan NOH

jwnoh@kemco.or.kr

Center for Climate Change Mitigation
Projects, The Korea Energy Management
Corporation - KEMCO

13

The
Netherlands

Mr. Harm JEENINGA

jeeninga@ecn.nl

The Energy Research Center of the
Netherlands - ECN Policy Studies

14

Norway

Mr. Audun FIDJE

audun.fidje@ife.no

Institute for Energy Technology – IFE

15

Sweden

Mr. Klaus HAMMES

klaus.hammes@energi
myndigheten.se

Swedish Energy Agency, System Analysis
Department- STEM (Chalmers)

16

Switzerland

Mr. Socrates
KYPREOS

socrates.kypreos@psi.
ch

PAUL SCHERRER Institute – PSI

17

United
Kingdom

Mr. Stephen PYE

Stephen.Pye@aeat.co
.uk

18

United States

Mr. Carmen DI FIGLIO

Carmen.Difiglio@hq.d
oe.gov

Department for Business, Enterprise and
Regulatory Reform - BERR (AEA
Technology)
Department of Energy - DOE (BNL)

The operating agent of ETSAP is GianCarlo TOSATO, ASATREM Srl, e-mail: gct@etsap.org.

201

C.2: Licensed MARKAL/TIMES Users
Over the past 30 years, MARKAL/TIMES has been introduced to over 200 institutions in more than 60 countries. The
current list of active users of the ETSAP Tools as of December 31, 2007 is provided in the table below.
Country

Institution

Status
(M/T)

Albania

National Energy Agency

M

Australia

Australian Bureau of Agricultural and Resource Economics
Intelligent Energy Systems

M

Key Economics

M

Monash University

M

Noble-Soft

M

Queensland University of Technology

M

SMEC International

M

SRC International
University of Technology, Sydney

Austria

M

Graz University of Technology

T

University of Leoben

M

Bangladesh

Ministry of Environment and Forest

Belgium

Ecolas NV
Institut Wallon
Tractabel
University of Leuven

M+T

Vlaamse Instelling vor Technologisch Onderzoek

M+T

Bolivia

Programa Nacional de Cambious Climaticos

M

Bosnia

MOFTER BiH

M

ISO

M

Brazil

Universidade Federal do Rio de Janerio
North Carolina State University (PhD)

Bulgaria

Energoproekt
Ministry of Energy and Energy Resources

M

Cambodia

Ministry of Industry, Mines and Energy

M

Canada

Alberta Research Council

M

Asghar Shahmoreadi, PhD (CERI)

M

Groupe d’Etudes et de Recherche en Analyses des Décisions

M+T

HALOA

M+T

Hydro Quebec
Natural Resources Canada, Energy Policy Branch

M

Saskatchewan Energy & Mines
Univeristy of Regina

M
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Country

Institution

Status
(M/T)

China

Beijing University of Technology/Energy Research Institute

M

China Institute for Nuclear Industry Economics
China University of Mining and Technology

M

EMSD, Hong Kong
Environmental Protection Department, Hong Kong

M

GRIEP, Guangzhang
Guangdong Energy Economic Research Centre

M

Guangdong Technoeconomic Research and Development Center

M

Institute of Nuclear and New Energy Technology

M

Shanghai Academy of Environmental Sciences

M

Shanghai Academy of Science & Technology

M

Shanghai Jiaotong University

M

Tianjin University

Colombia

Croatia

Tsinghua-BP Clean Energy Research and Education Centre

M

Tsinghua University

M

Ministry of Energy & Mines
National University of Medellin

M

University of Los Andes

M

Energy Institute “Hrvoje Pozar”

M

HEP
Ministry of Energy

Czech Republic

M

Energy Efficiency Center (SEVEn)
Ministry of Industry and Trade
SRC International, Prague

Denmark

Riso

T

El Salvador

Universidad Centroamericana

M

Estonia

Tallinn Technical Institute

M

Ethiopia

Agency Energy Agency
National Meteorological Services

Finland
France

Germany

Helsinki University of Technology

T

VTT Energy

T

Ecole des Mines de Nantes

M

Ecole des Mines de Paris (CMA)

M+T

Ingénieur de Recherche CNRS Secrétaire Général du CIRED

M

International Energy Agency

M

Bremen Energy Institute
Energy Research Center (STE/KFA)

M

European Institute for Energy Research (EIFER)

T

Institute for Energy Economics & the Rational Use of Energy (IER)

T

KEA Klimaschutz unc Energieagenfur Baden-Wuerttemberg
Max-Planck-Institut für Plasmaphysik

T

Municipality of Mannheim (+MVV, ICC)
Technical Univeristy of Berlin (IEE)

M

U of Essen

Greece

Aristotle University of Thessalonixi

M+T

Center for Renewable Energy Sources (CRES)

M
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Country

Institution

Status
(M/T)

Honduras

Universidad Nacional Autónoma de Honduras

M

Indonesia

ASEAN Centre for Energy

M

Badan Pengkajian Dan PenerapanTeknoiogi (BPPT)

M

BPMIGAS

M

Ministry of Energy and Mineral Resources - CEI

M

Research and Development Institute for Electricity and Renewable Energy

M

Indian Institute of Management, Ahmedabad

M

India

India Institute of Technology

Italy

Japan

KanORS Consulting

M+T

Reliance Industries Ltd.

M

The Energy Research Institute

M

Agenzia per la Protezione dell’Ambiente e Territorio (Contaldi)

M+T

AIEE - Italian branch of the International Association of Energy Economics

M

CESI Ricerca

T

Consiglio Nazionale delle Ricerche - Istituto per l’Energetica e le Interfasi (CNRIENI)

T

Ente per la Nuove Technologie l’Energia e l’Ambiente

M+T

Environment Park SpA (Lavagno)

T

Università degli Studi di Milano, Fondazione Eni Enrico Mattei

T

Fondazione Energia

M

Istituto di Metodologie per l’Analisi Ambientale (IMAA-CNR, Potenza)

M+T

Istituto Nazionale per la Fisica della Materia – INFM

M+T

Politecnico di Torino, Dipartimento di Energetica

T

University of Pavia

M+T

Università Politecnica delle Marche

T

University of Rome

M

Energy systems Analysis Team, National Institute of Advanced Industrial Science
and Technology (AIST)

M

Hokkaido University

M

Japan Atomic Energy Research Institute

M

Keio University

M

Mitsubishi Research Institute

M

Osaka Gas Company
Tohoku University
Univeristy of Tokyo

Kazakhstan
Kosovo-UNMIK

Almaty Institute

M

Kazakh Research Institute of Ecology and Climate

M

Ministry of Energy and Minerals, Energy Department

M

Energy Regulatory Office

M

Kuwait

Institute for Scientific Research

M

Laos

Department of Electricity, Ministry of industry and Handicrafts

Latvia

Department of Energy

Macedonia

MEPSO

M

Malaysia

PTM Malaysia Energy Centre

M

Mexico

Instituto Mexicano del Petróleo
National University of Mexico

M
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Country

Institution

Status
(M/T)

Montenegro

Ministry of Economy

M

Electric Power Company

M

Myanmar

Ministry of Energy

M

Nepal

Dept. of Hydrology and Meteorology
Tribhuwan University/Center for Energy Studies

M

New Zealand

Victoria University of Wellington

M

Nigeria

Centre for Energy Research & Development

M

Norway

Institute for Energy Technology

M

Norwegian Water Resources & Energy Admin.

Panama

Universidad Tecnológica De Panamá

M

Portugal

Department of Energy (DGGE)

M

Poland

New University of Lisbon

T

Technical University of Lisbon

T

Gdansk University of Technology

M

Glowny Instytut Gornictwa

M

Polish Academy of Sciences

M

Puerto Rico

Metropolitan University

Romania

Transelectrica

Russia

Institute for the Economy in Transition

M

Institute for Energy and Finances

M

Ministry of Mining and Energy

M

EPS

M

Ministry of Trade and Industry

M

Serbia
Singapore

M

National University of Singapore

M

Nanyang Technical University

M

Slovak Repub.

Ministry of the Economy

Slovenia

Institute for Power Economy & Electric Industry

South Africa

CSIR

South Korea

Spain

Department of Minerals and Energy

M

University of Cape Town, Energy Research Centre

M+T

Ajou University

M

Institute of Energy Research

M

KEEI

M

KEMCO

M

KEPRI

M

Konkuk University

M

CIEMAT

T

Centro Nacional de Energías Renovables (CENER)

T

Universidad Pontificia Comillas - ICAI

M/T

Sri Lanka

University of Peradeniya

Sweden

Chalmers University of Technology

M

Environmental Protection Agency / Naturvårdsverket

M

Goetenborg University
Lund University

M

Profu AB
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Country

Institution

Status
(M/T)

Royal Institute of Technology

M

STEM

M

Vattendall Utveckling AB

Switzerland

Taiwan

Paul Scherrer Institute

M

Swiss Federal Institute of Technology Lausanne

M

University of Geneva

M

Energy and Resources Laboratories, Industrial Technology Research Institute

M

Environmental Protection Agency
Excel Technology Consulting Inc

The Netherlands

Institute of Nuclear Energy Research

M

DG Joint Research Centre, European Commission

T

G3/NOVEM

M

University of Groningen

M

KEMA, BV
Netherlands Energy Research Foundation

M

University of Utrecht, Copernicus Institute,

M

The Philippines

Department of Energy

M

Thailand

Asian Institute of Technology

M

King Mongkut’s University of Technology Thonburi

T

National Energy Policy Office

M

Tunisia

Agence pour la Maitrise de l’Energie

Turkey

Kocaeli University
Mamara University

Ukraine
United Kingdom

M

Odessa Regional State Administration
Ukrainian National Academy of Sciences, Institute for Economics and Forecasting

T

Department of Business, Enterprise and Regulatory Reform

M

Department of Environment, Food and Rural Affairs (Defra)

M

E.ON

M

Harwell Laboratory (AEAT)

M

Imperial College London

T

Office of Climate Change (OCC)

M

Policy Studies Institute

M
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Country

Institution

Status
(M/T)

United States

Brookhaven National Laboratory

M

City University of New York

M

Columbia University

M

Clean Energy Commercialization

M

East-West Center
Environmental Defense

T

Hagler Bailly
International Resources Group

M+T

Johns Hopkins University

M

Lamar University

M

Lawrence Berkeley Laboratory

M

Lawrence Livermore National Laboratory

M

Lorna Greening

M

Los Alamos National Laboratory
Michigan State University

M

National Energy Technology Laboratory

M

National Renewable Energy Laboratory
Northeast States for Coordinated Air Use Management (NESCAUM)

M

New York State Energy Office
Ohio State University

M

OnLocation

M

Penn State University
Princeton University

M

Rutgers University

M

Stanford University

M

University of California, Davis (UCDavis)

T

University of South Carolina

M

US Department of Energy (EERE)
US Energy Information Administration

M

US Environmental Protection Agency (ORD)

M

Evelyn Wright

M

Vietnam

Ministry of Industry

Zambia

Department of Energy

69

234

178
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Appendix D: Workshops Schedule and Agenda
D.1 Kyoto (Japan), July 4-8, 2005
Venue:

The Pa-lu-lu Plaza Kyoto, Kyoto, Japan

Date:

July 4-8, 2005

Contacts:

Osamu Sato <satoo@popsvr.tokai.jaeri.go.jp>
GianCarlo Tosato, <gct@etsap.org>
Pat Wagner, <wagner@iiasa.ac.at>

Monday –July 4, 2005 (Room 2 on 5th Floor)
9.00-9.10

G.C. Tosato, Osamu Sato
Welcome, Presentation of the program, Organizational matters

Session 1:

ETSAP tools update

9.10-9.30

Gary Goldstein
GAMS, Solvers, Systems integration
New features of the MARKAL model generator

9.30-9.50

Ken Noble
The ANSWER users’ interface

9.50-10.10

Richard Loulou, Uwe Remme
The TIMES users’ guide
The TIMES model generator

10.10-10.30

Amit Kanudia, Kathleen Vaillancourt
The VEDA-FE/BE users’ shell

10.30-10.50

Participants
• Experience in using the latest releases of the model generators (MARKAL – TIMES) and the
users’ interfaces (ANSWER, VEDA-Front End/Back End)
• Suggestion for improvements of tools and documentation

10.50-11.10

Coffee break

Session 2:

Towards the common ETSAP TIMES global model

11.10-11.35

Maryse Labriet, Richard Loulou
ETSAP participation to the EMF-22 project

11.35-12.00

Maryse Labriet, Richard Loulou
The new ‘Climate Module’ of TIMES

12.00-12.15

Markus Blesl, Uwe Remme
TIMES Macro

12.15-12.45

Participants
Co-operative improvement of the global ETSAP TIMES model:
Tools: Stochastic version of TIMES, users’ interfaces,
Calibration to energy environment and economic statistics, existing technologies DB
New technologies monograph(s)

12.45-14.00

Lunch Break (Lunch at Room 5 on 6th Floor)

Session 3:

Actual and potential MARKAL-TIMES models: an update

14.00-14.15

Kejun JIANG
China energy modelling activities

14.15-14.30

Joseph Decarolis
MARKAL work at US-EPA/ORD

14.30-14.50

Yıldız Arıkan, Gurkan Kumbaroglu
Experiences in Large Scale Modelling for Turkey
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14.50-15.00

Toshihiko Nakata
Penetration of renewable energy in rural areas in Japan

15.00-15.15

Participants
Other ongoing MARKAL-TIMES modelling activities

15.15-15.30

Coffee break

Session 4:

Towards conceptual improvements of the MARKAL-TIMES model generators

15.30-15.45

John Lee
The need for ‘CUM’ in material process technologies

15.45-16.00

Phillip Tseng (former chair of ETSAP)
Modelling Short Term Regional U.S. Electricity Market

16.00-16.30

Dolf Gielen, Mark Howells, Ken Noble (for Ken Stocks), tbd (EIA), Participants
Towards more detailed electricity modelling in MARKAL - TIMES
Handling multiple objectives under specific uncertainties in electric planning

16.30-17.00

Participants
Discussion of additional proposals, including:
• Algorithms for defining new policy indicators (e.g. security of energy services, climate mitigation,
etc. );
• Exploring near equilibrium solutions, where some economic utility is traded off for some other
policy objectives;

17.00

End of the session

Tuesday, July 5, 2005 – Thursday, July 7, 2005

Annual meeting of the International Energy Workshop 2005
Draft program at http://www.iiasa.ac.at/Research/ECS/IEW2005/program_draft.html
Friday, July 8 2005 (9.00 – 12.00)

ETSAP Executive Committee Meeting (Room 6 on 6th Floor)
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D.2 Oxford (UK), November 15-18, 2005
ETSAP Semi-Annual Workshop

Host:

UK Energy Research Centre (UKERC) in collaboration with ETSAP, the Department of Trade and Industry,
AEAT and the Policy Studies Institute.

Venue Ruth Deech Building, St Anne’s College, Oxford, UK; http://www.st-annes.ox.ac.uk/ (see attached map)
Date:

November 16 -17, 2005

Organising committee:

GianCarlo Tosato (ETSAP), gct@etsap.org,
Peter Taylor (AEA Technology), peter.g.taylor@aeat.co.uk,
Neil Strachan (PSI/UKERC), strachan@psi.org.uk, and
Sarah Keay-Bright (coordinator of the UKERC’s Meeting Place and contact for meeting
logistics) sarah.keay-bright@eci.ox.ac.uk

Tuesday, November 15, 2005

Workshop on Modelling Future Energy Technology Cost and Technology Choice
Organised by UKERC, in collaboration with ETSAP, PSI, DTI and AEAT
(10.00am – 5.30pm) (see attached program)
Wednesday, November 16, 2005 – Regular ETSAP Workshop: Models and Studies
Session 1

Chair: Socrates Kypreos

10.00

Modelling studies on the impact of liberalised electricity and gas markets in Europe
Denise Van Regemorter, Katholieke Universiteit Leuven

10.30

Redesigning the representation of the residential sector in a MARKAL model for W. Europe
Hilke Rõsler, Gerard Martinus, Energy research Centre of the Netherlands

11.00

COFFEE/TEA

11.20

Modelling issues in Sweden
Anna Krook Riekkola, Chalmers University

11.50

Modelling issues in Denmark
Poul Erik Grohnheit, Risoe National Laboratory

12.20

Energy and electricity models applied to UK
Mark Barrett, Sustainable Environment Consultant, Senco

12.50

LUNCH

Session 2

Chair: Denise van Regemorter

13.50

The TIMES Integrated Assessment Model (TIAM), the Energy Modelling Forum (EMF-22)
Richard Loulou, Maryse Labriet, Amit Kanudia, Kathleen Vaillancourt (presenter: ML or RL)

14.20

“Computing Equilibria with Coupled Constraints in Large Scale Energy/Economy/Environment
Models via an Oracle Based Optimization Technique”
Alain Haurie, ORDECSYS / C-ORDEE

14.50

The US-EIA SAGE project: an update
Amit Kanudia, KanORS Inc.; Phillip Tseng, US-EIA

15.00

COFFEE/TEA

15.20

Long term strategy of the electric sector in the Italian regions
Evasio Lavagno, Maurizio Gargiulo, Rocco De Miglio, Politecnico di Torino

15.50

Emission trading and reduction
Interaction between the European Electricity and Gas market
Markus Blesl, IER, University of Stuttgart

16.20

SEE-REDP RES and Project Overview
Gary Goldstein, IRG Ltd, Denise van Regemorter, KUL, Helena Bozic, EIHP

16.40

The EFDA-TIMES global model: multi-tasking improvement procedures
Christian Eherer, EFDA CSU, Garching, Martin Baumann, T.U.Graz, Austria presented by G.C.
Tosato, ENEA

17.00

Other updates

19:00

Reception and conference dinner at 19:30, St Anthony’s College
(http://www.sant.ox.ac.uk/ or see map)
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Thursday, November 17, 2005

Regular ETSAP Workshop: Methods and Tools
Session 3

Chair: Peter Taylor

10.00

Marginal Abatement Cost of GHG in the MARKAL-MACRO-TRADE model
Socrates Kypreos, Paul Scherrer Institute, Ken Noble, Noble-Soft Systems

10.40

MARKAL (TIMES)/REMI linkage concept and developments
Gary Goldstein, IRG Ltd; Richard Loulou, Haloa Inc.

11.00

COFFEE/TEA

11.20

The connection of TIMES with GIS
Markus Biberacher, CIEMAT-IPP/MPG

11.50

Quality assurance experiences on a major energy system analysis project in S.East Asia
Brendan Millane, Key Economics Pty Ltd

12.20

New England Governors’ GHG policy assessment
Gary Goldstein, IRG Ltd, Gary Kleiman, NESCAUM, Amit Kanudia, KanORS

12.40

IEA’s G8 activities and Global Energy Technology Perspective study
Fridtjof Unander, IEA

13.00

LUNCH

Session 4

Chair: GianCarlo TOSATO

14.00

New features of MARKAL version 5.5
Gary Goldstein, IRG Ltd.

14.20

New features of TIMES versions 1.5 (Damage function) and version 2.0 (Stochastic)
Towards TIMES - MACRO
Antti Lehtila, VTT; Markus Blesl, IER

14.50

ANSWER6 for TIMES: Status Report
Ken Noble, Noble-Soft Systems

15.10

COFFEE/TEA

15.30

New features of VEDA-Back End version 4.5.40
Status of VEDA Front End version 2.0.58 and Templates
Amit Kanudia, Kathleen Vaillancourt, KanORS

16.00

ANSWER “Smart” Templates
Ken Noble, Noble-Soft Systems; Gary Goldstein, IRG Ltd

16.20

Next steps
Common discussion

17.00

Summing up
GianCarlo Tosato

Friday, November 18, 2005

ETSAP Executive Committee Meeting
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D.3 Cape Town (South Africa), June 27-July 1, 2006
Venue:

Arabella Sheraton Grand Hotel Cape Town, Convention Square, Lower Long Street, Cape Town 8000
South Africa (see map)

Date:

June 27-July 1, 2006

Contacts:

Bruno Merven, Modelling Group, Energy Research Centre (ERC), University of Cape Town,
www.erc.uct.ac.za, bmerven@ebe.uct.ac.za, +27 +21 650 5769/3230 (Tel)
Pat Wagner, <wagner@iiasa.ac.at>
GianCarlo Tosato, <gct@etsap.org>

Tuesday – Thursday, June 27-29, 2006

Annual Meeting of the International Energy Workshop
Jointly organised by IIASA, Stanford, IEA, ETSAP (check)
Program: http://www.iiasa.ac.at/Research/ECS/IEW2006/index.html.
Friday, June 30, 2006 (9.00 – 17.30)

ETSAP Semi-Annual Regular Workshop
9.00-9.10

Peter Taylor (IEA/ETSAP, deputy chair)
Welcome, Presentation of the program

Session 1

IEA G8 Plan of Work in response to the Gleneagles Communiqué
Chairperson: GianCarlo Tosato (ETSAP, Project Head)

Introduction
Due to importance of this issue, ETSAP has devoted the entire morning of its workshop to explore venues open to its
experts that could be help to achieve the objectives outlined in the G8 leaders, July 2005 Communiqué’ (see at
http://www.iea.org/G8/index.htm the text of ‘The Gleneagles Communiqué’). The G8 Leaders agreed that, “we face
serious and linked challenges in tackling climate change, promoting clean energy and achieving sustainable
development globally.” They committed themselves to, “act with resolve and urgency” and to “work together and in
partnership with major emerging economies.” They invited “other interested countries with significant energy needs” to
join them. The five major developing countries in attendance (China, India, Brazil, South Africa, Mexico) called for “a
new paradigm for international co operation” and highlighted the need for technology transfer and collaborative
research. The aims of the G8 Plan of Action are to:

♦ “Promote innovation, energy efficiency, conservation, improve policy, regulatory and financing frameworks,
and accelerate deployment of cleaner technologies, particularly lower-emitting technologies;

♦ Work with developing countries to enhance private investment and transfer of technologies, taking into
account their own energy needs and priorities; and

♦ Raise awareness of climate change and our other multiple challenges, and the means of dealing with them; and
make available the information which business and consumers need to make better use of energy and reduce
emissions.”
The IEA response to the Gleneagles Communiqué proposes to work in the following fields:
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A. World Alternative Policy Scenario and Technology Scenario Analysis
B. Transforming the Way We Use Energy
C. Powering A Clean Energy Future
D. Promoting Networks for Research and Development
ETSAP, with its expertise in quantitative energy systems analyses and long-term development models, and its
networking capabilities is contributing to the development of the IEA-G8-Plan of Work.
9.10-9.30

Gary Goldstein (ETSAP, Primary Systems Coordinator)
IEA G8 Plan of Work: content and status

9.30-10.50

The point of view of experts from the major emerging economies
China: Wenying CHEN, Tsinghua University, Beijing
India: Ashish Rana, Reliance Industries Limited, Mumbai
Brazil: Gilberto Hollauer, Ministério de Minas e Energia, Brasilia
South Africa: Dr. Elsa du Toit, Department of Minerals and Energy, Pretoria

11.50-11.10

Coffee break

11.10-12.10

Status of the 5+ regions in MARKAL-TIMES global models
IEA-ETP: F. Unander, D. Gielen (IEA/ETO)
EIA-SAGE: Barry Kapilow-Cohen (US-EIA)
EFDA-TIMES: Francesco Gracceva (ENEA)
ETSAP-TIAM: Maryse Labriet (GERAD, Canada)

12.10-12.20

GianCarlo Tosato (ETSAP, Project Head)
Proposal of a new ETSAP Annex

12.20-13.00

Discussion

13.00-14.00

Lunch Break

Session 2

MARKAL-TIMES models: an update
Chairperson: Denise VanRegemorter (K. U. Leuven, Belgium)

14.00-14.15

Barry Kapilow-Cohen (US-EIA)
Planned revisions to SAGE industrial sub-model

14.15-14.30

Joe DeCarolis (US-EPA)
Representing SOx and NOx control technologies in MARKAL using an engineering-cost model

14.30-14.45

Audun Fidje (IFE, NO)
Modelling issues in Norway - ongoing projects

14.45-15.00

Bruno Merven (ERC, SA)
Using the MARKAL platform for the next Integrated Energy Plan (IEP 2) for South Africa – Modelling
forced outages in TIMES.

15.00-15.15

Erik Ahlgren (Chalmers, SW)
Europe - South-east Asian Energy Modelling and Policy Analysis Project (ESMOPO)

15.15-15.30

Additional updates from participants

15.30-15.45

Coffee break

Session 3

ETSAP tools enhancements
Chairperson: Socrates Kypreos (Paul Scherrer Institute, Switzerland)

15.45-16.00

Gary Goldstein
The MARKAL model generator

16.00-16.15

Ken Noble
Recent ANSWER Enhancements:
Technology Items Filters and Rule-based Constraints

16.15-16.45

Amit Kanudia (KanORS), Antti Lehtila (VTT, Fin)
The TIMES model generator
The VEDA-FE/BE users’ shell

16.45-17.00

Richard Loulou (KANLO)
Possible new TIMES enhancements

16.45

End of the ETSAP Regular Workshop

Saturday, July 1, 2006 (9.00 – 12.30)

ETSAP Executive Committee Meeting

214

D.4 Stuttgart (Germany), November 27-30, 2006
Venue

Institute of Energy Economics and the Rational Use of Energy (IER) of the University,
Heßbrühlstraße 49a, Stuttgart- Vaihingen, Germany (guide to reach IER: see last page)

Date:

November 28 – December 1, 2006

Contacts:

Mrs. Claudia Heydorn (claudia.heydorn@ier.uni-stuttgart.de); tel. +49 (0)711 685 87800
Uwe Remme, IER, UR@ier.uni-stuttgart.de, Tel.: +49(0)711.6858.78-46
For ETSAP: GianCarlo Tosato, gct@etsap.org, Tel.: +39.335.537.7675

Tuesday, November 28, 2006

Training on VEDA-TIMES
Participants are invited to bring their laptops and install the latest software prior to the meeting.
For installation details, please contact Amit Kanudia at [amit@KanORS.com].
9.00-10.00

Test of the installations

10.00-10.30

Gary Goldstein
Overview of the VEDA environment: templates, VEDA-Front-End and Back-end

10.30-10.45

Coffee break

10.45-11.30

Gary Goldstein
Organization and philosophy of the VEDA templates

11.30-12.30

Gary Goldstein (others, to be defined)
Working with VEDA-FE

12.30-14.00

Lunch

14.00-17.00

Amit Kanudia, Gary Goldstein, Maurizio Gargiulo
VEDA-TIMES demo: from the analysis of the present energy system to the analysis of its possible
future developments via model projections (.xls to.xls).
Running the base scenario and importing results in VEDA-BE
Possible Exercise: Addition of a new trade process

Wednesday, November 29, 2006

Training on TIMES Updates and Future Developments
9.00-10.30

Uwe Remme, Markus Blesl
Overview of TIMES: Variables, Equations, Parameters
Improvements over MARKAL

10.30.10.45

Coffee break

10.45-12.30

working with VEDA-TIMES hands-on

12.30-14.00

Lunch

14.00-15.20

Using TIMES with other user’s interfaces
Status of ANSWER-TIMES – Ken Noble
Experience at VTT Finland – Antti Lehtila
Experience at ERC South Africa – Bruno Merven

15.20-15.30

Experience with migrating MARKAL models to TIMES
Belgium – Denise Van Regemorter, Wouter Nijs
Others

15.30-15.45

Coffee break

15.45-17.00

Updates from the participants and new projects
The NEEDS TIMES Pan European model: status and perspectives - Markus Blesl
Wind power in the EC RES2020 project – P.E. Grohnheit, et al.
EC TOCSIN project – Richard Loulou
GICC project – Richard Loulou
Discussion and conclusion
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Thursday, October 30, 2006

TIMES Integrated Assessment Model (TIAM)
9.00-9.10

Richard Loulou
Introduction and History of the 15 region global TIAM

9.10-10.30

Structure of TIAM
Regions, RES, Trades, Periods, TechRep (Maryse Labriet –40 min
Base Case Scenario(s) including an overview of resource modelling and energy trade in TIAM
based on the 2006 review (Uwe Remme) 40 min

10.30-10.45

Coffee break

10.45-12.00

Integrating aspects of TIAM
Climate Module (Antti Lehtila)
Application: Hedging strategies for long term climate stabilisation (Richard Loulou)

12.00-12.45

Dolf Gielen – Peter Taylor
The IEA-ETP global MARKAL model: status and perspectives

12.45-13.00

Chirstian Eherer, Martin Baumann
The EFDA TIMES global model: status and perspectives

13.00-14.15

Lunch

14.15-16.30

Future developments of TIAM
a. EMF-22: Policies in transition - Richard Loulou or Maryse Labriet
b. Prototype of a myopic TIAM version - Uwe Remme
c. Collapsing the RES: the example of SAGE - Amit Kanudia
d. Collapsing regions
e. Using TIAM for developing national scenarios integrated to the global scenarios:
How to extract a country from a region and add it as separate 16th region

16.30-17.00

Discussion and Conclusions

Friday, December 1, 2006 (9.00 – 13.00)

ETSAP Executive Committee Meeting
Friday, December 1, 2006 (14.00 – 17.00)

Working with TIAM – Demo Session
For people interested to have a closer look at the model, a demonstration session (eventually hands-on) will be held
with a TIAM model having only a few periods - Uwe Remme, Maryse Labriet (TBA)
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D.5 Stanford (US), June 25-29, 2007
Venue:

Hartley Conference Center, Mitchell Earth Sciences Building, Stanford University, Stanford, Palo
Alto, California (see map in the last page)

Date:

June 28 – 29, 2007

Contacts:

Susan Sweeney [susan.sweeney@stanford.edu], tel. +1 650-324-1653
GianCarlo Tosato [gct@etsap.org], tel.: +39.335.537.7675

Thursday, June 28, 2007

Models and Studies
Session 1:

Contributions to ETP 2008
Chair: G.C. Tosato, ETSAP

9.00-9.30

Dolf Gielen, IEA/ETO
Summary of the IEA/ETP-ETSAP meeting, held in Paris, June 4-5, 2007

9.30-9.45

Tom Alfstad, Brookhaven National Laboratory
Preliminary analyses with the US multi-region MARKAL model

9.45-10.00

Markus Blesl, Uwe Remme, IER, Stuttgart University
Preliminary analyses with the German TIMES model

10.00-10.15

Edi Assoumou, Gilles Guerassimoff, Nadia Maizi, Ecole des Mines
Preliminary analyses with the French TIMES model developed for NEEDS

10.15-10.30

Francesco Gracceva, ENEA Casaccia
Preliminary analyses with the Italian MARKAL model

10.30-11.00

Coffee break
Chair: Dolf Gielen, IEA/ETO

11.00-11.20

Markus Blesl, Uwe Remme, IER, Stuttgart University
Insight from the Pan-EU TIMES model of NEEDS

11.20-11.40

Amit Kanudia, Richard Loulou, Maurizio Gargiulo, GianCarlo Tosato
A reduced version of the Pan-EU TIMES model of NEEDS:
Methodology and preliminary results

11.40-12.00

Gary Goldstein, IRG/DWI
Other multi-state US modeling studies

12.00-12.30

Other potential contributions to ETP 2008
Discussion

12.30-14.00

Lunch

Session 2:

ETSAP TIAM
Chair: Uwe Remme, IER Uni-Stuttgart

14.00-15.00

Richard Loulou, Amit Kanudia, Maryse Labriet, Uwe Remme, Antti Lehtila
Improvements, Applications and new Runs

15.00-15.15

Alison Hughes, Bruno Merven, ERC-University of Cape Town
Preliminary Analyses of the Africa region

15.15-15.30

Richard Loulou
Program of Work 2007-8

15.30-16.00

Coffee break

Thursday, June 28, 2007 (16.00 – 19.00)

ETSAP Executive Committee Meeting
Delegates and invited experts will receive separately the agenda and the annexes
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Friday, June 29, 2007

Training on ETSAP tools
Session 3:

Advance in ETSAP tools: ANSWER
Chair: Denise Van Regemorter, CES-KULeuven

9.00-10.30

Ken Noble, Gary Goldstein, et al.
ANSWER for multi-regional TIMES models

10.30-11.00

Coffee break

11.00-12.00

Ken Noble, Gary Goldstein
New features of ANSWER for MARKAL

12.00-12.30

Discussion

12.30-14.00

Lunch

Session 3:

Advance in ETSAP tools: TIMES and VEDA (continuation)

14.00-15.00

Amit Kanudia, Gary Goldstein
New features of VEDA-TIMES

15.00-15.20

Antti Lehtila
New feature of TIMES: binding cost items

15.20-15.50

Coffee break

15.50-17.00

Wrap up

D.6 Brasilia (Brazil), November 19-23, 2007
Venue:

GRAND BITTAR HOTEL, Setor Hoteleiro Sul, Quadra 05 Bloco “A,” BRASILIA
[http://www.hoteisbittar.com.br]

Date:

November 19-23, 2007

Contacts:

for the host: Gilberto Hollauer [gilberto.hollauer@mme.gov.br]
Dr. Hollauer can provide invitation letters for Visa applications (see last page).
For ETSAP: GianCarlo Tosato [gct@etsap.org]

Monday-Tuesday, November 19-20, 2007

Brazil – NEET Workshop
The joint Brazil – NEET workshop will be held in Brasilia, (location?), on November 19-20, organised by the MME
and the IEA.
See separate program
For additional information, please contact Dr. Alexandra NIEZ, IEA/ETO [Alexandra.NIEZ@iea.org]
Monday, November 19, 2007 (parallel session)

IEA/ETSAP Regular Workshop
[Prior to the meeting ETSAP Contracting Parties’ representatives are invited to download the ETSAP TIAM model and
their own separate region]
14.30-15.30

Richard Loulou (Canada), Amit Kanudia (India), Maryse Labriet (France), Uwe Remme
(Germany)
The TIMES Integrated Assessment Model of ETSAP:
• The recalibration to 2005 national energy balances
• Regions, RES, Trades, Periods, Technology Repository
• Resource modelling and energy trade

15.30-16.00

Amit Kanudia
Using ETSAP-TIAM for national policy analyses: the “country-out-region-in” procedure

16.00-16.30

Amit Kanudia, Maryse Labriet, Uwe Remme
Instruction to transfer of the ETSAP-TIAM model (and actual transfer, if the conditions occur)

16.30-17.00

Coffee break
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17.00-17.15

Antti Lehtilä, VTT – Richard Loulou, KANLO – GianCarlo Tosato, ETSAP
Sensitivity and Trade-off analysis in TIMES

17.15-17.30

Antti Lehtilä, VTT – Richard Loulou – Uwe Remme, IER – GianCarlo Tosato
Other New Features in TIMES Versions 2.2 – 2.5

17.30-17.45

Richard Loulou
Results of the IPCC special conference on New Scenarios

17.45-18.30

All participants
ETSAP participation to future activities of EMF-IAMC

Tuesday, November 20, 2007 (parallel session)

ETSAP Regular Workshop
9.00-9.20

Denise Van Regemorter
Climate change mitigation policies in Belgium

9.20-9.40

Steve Pye, AEA Energy and Environment
MARKAL Macro analysis of long run costs of mitigation targets in the UK

9.40-10.00

Oleg Lugovoy
Towards a new Russia TIMES model

10.00-10.30

Uwe Remme, Dolf Gielen
Energy Technology Perspective 2008: an update

10.30-11.00

Coffee break

11.00-11.15

Richard Loulou
Results of the IPCC special conference on New Scenarios

11.15-11.30

Maurizio Gargiulo, et al.
The EC project RES2020: an update

11.30-11.45

Evasio Lavagno
Secure energy corridors for Europe: the EC REACCESS project

11.45-12.00

Aleksey Cherednichenko (KazNIEK) (presented by GC Tosato)
Potential and opportunities of renewable energy sources in Kazakhstan

12.00-12.15

Maurizio Gargiulo
Progress in the 34 Provinces China TIMES model

12.15-12.30

Sergiu Robu, Institute of Power Engineering, Moldavia
The impact of distributed generation on integrated energy systems

12.30-12.45

Tanay Sidki Uyar, Marmara University, Istanbul, Turkey
Scenarios for MARKAL Studies in Turkey

12.45-13.00

Melih Kirlidog, Marmara University, Istanbul, Turkey
State of the MARKAL Model Studies in Turkey

Wednesday, November 21, 2007

Introduction to IEA/ETSAP Tools for Energy Systems Analyses – 1/3
[Questions from the trainees and interactions during the presentations are welcome]
8.30-9.00

Registration

9.00-9.10

(MME)
Welcome

9.10-9.40

GianCarlo Tosato
Energy technologies systems analysis: an introduction

9.40-10.10

Denise Van Regemorter
Energy systems models: classification

10.10-10.40

G.C. Tosato, Richard Loulou
Scenario approach to the evaluation of energy choices
The concept of hedging strategies
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10.40-11.00

Coffee break

11.00-11.30

Gary Goldstein, G.C. Tosato
Introduction to ETSAP tools

11.30-12.30

Richard Loulou, et al.
The MARKAL-TIMES modelling paradigms
Least cost, partial and general equilibrium versions

12.30-14.00

Lunch

14.00-15.30

Uwe Remme
Overview of TIMES: Parameters, Primal Variables & Equations

15.30-16.00

Coffee break

16.00-16.30

Uwe Remme, GianCarlo Tosato
Primal and Dual Problems of Linear Programming Economic Models: Marginal Prices and Price
Formation Equations

16.30-17.00

Questions, Discussion, Conclusion

Thursday, November 22, 2007

Demonstration of IEA/ETSAP Tools for Energy Systems Analyses – 2/3
9.00-12.30

Amit Kanudia, Gary Goldstein, Maurizio Gargiulo
Introduction to the users’ interface VEDA
Working with a simple demo model and results analysis
Presentation of the users’ guide: “Getting started with TIMES-VEDA”

10.30-11.00

Coffee break

12.30-14.00

Lunch

14.00-17.00

Gary Goldstein, Uwe Remme, Ken Noble
Introduction to the users’ interface ANSWER
Construction of a simple demo model and results analysis

15.30-16.00

Coffee break

Thursday, November 22, 2007 (16.00-19.00)

ETSAP Executive Committee Meeting
Friday, November 23, 2007

Hands-on session to build a first draft TIMES-Brazil model – 3/3
9.00-9.30

Richard Loulou, et al
Introduction to the ETSAP – TIAM model

9.30-10.30

Amit Kanudia, et al
Possible structure of the Brazilian region of the ETSAP – TIAM model

10.30-11.00

Coffee break

11.00-12.30

Amit Kanudia, et al
Towards the calibration to 2005 of the Brazilian region of ETSAP – TIAM
Energy service demand projections. New technologies.

12.30-14.00

Lunch

14.00-14.30

Participants to the training course
Needs and expectations from potential Brazilian users of MARKAL-TIMES

14.30-15.00

Recent new users
Experience with starting with MARKAL-TIMES

15.00-16.00

Questions, Discussion, Conclusion
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Appendix E: ETSAP tools: MARKAL, TIMES, ANSWER and VEDA
E.1 Overview of ETSAP tools98
The ETSAP Tools facilitate energy systems analyses, which integrate economy, environment and technical innovation
aspects, to represent said systems as formal technical-economic models, and to build alternative development scenarios
used to evaluate the impact of technical options and policies (see Figure E-1).
ETSAP has developed the MARKAL and TIMES model generators, based upon a commercial modelling language
(GAMS) and using integrated optimization solvers. ETSAP has sponsored related companies encouraging the
development the ANSWER and VEDA user-friendly interfaces for working with the models (“shells”). Users have
developed, and continue to develop, hundreds of models assembling an appropriate database for each model instance.
What follows provides a brief overview of each component of the modeling environment.
The MARKAL and TIMES Model Generators are the source codes, which process a set of data describing a model
instance (The Model, see below) and generates a matrix with all the coefficients that specify the economic equilibrium
model of the energy system as a mathematical programming problem. The model generators also post-process the
optimization results to prepare them for the “shells.” MARKAL and TIMES result from the contributions of the
Contracting Parties and the ingenuity of the developers. The source code for either model generator is available free of
charge, upon executing the ETSAP Letter of Agreement governing access to the models.
A “shell” is a user interface which oversees all aspects of working with a model including management of the input
data, running of the Model Generator, and examining the results. It thereby makes practical the use of robust models
(theoretically simple models can be handled by means of ASCII file editors, if desired). “Shells” include ANSWER,
originally developed by ABARE and subsequently the property of Noble-Soft Systems Pty Ltd, and VEDA, developed
by KanORS Consulting Inc. Both support TIMES and MARKAL.
The General Algebraic Modeling System (GAMS) is the computer programming language in which the MARKAL and
TIMES Model Generators are written. A solver is a software package integrated with GAMS which solves the
mathematical programming problem produced by the Model Generators for a particular instance of the MARKAL or
TIMES model.
The Model is a set of data files (spreadsheets, databases, simple ASCII files), which fully describes the underlying
energy system (technologies, commodities, resources and demands for energy services) in a format compatible with the
associated model generator (MARKAL or TIMES). This report presents dozens of global, multi-regional, national and
local models developed by international and national teams of ETSAP partner institutions or other experts.
Figure E-1: ETSAP tools and typical applications

[Acronyms: MARKAL = MARKet Allocation; TIMES = The Integrated MARKAL - EFOM System; LP = Linear Programming; NLP =
Non Linear Programming; VEDA = VErsatile Data Analyst; RD&D = Research, Development & Deployment]

98

More details and practical details may be found at http://www.etsap.org/Tools.asp.
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E.2 The paradigm of MARKAL/TIMES models99
MARKAL/TIMES models are:

♦ Technology and commodity explicit;
♦ Multi-regional (when appropriate), and
♦ In economic equilibrium.
Technology and commodity explicit

A technology is anything that produces and/or consumes commodities. Examples of technologies are combined heat
and power plants, nuclear plants, refineries, source of natural gas, etc. A commodity may be an energy form, an
emission, a material, or an energy service (demand).
Each technology is described in TIMES by a number of technical and economic parameters: Technical life (years),
availability factor (%),amount of (energy, materials, emissions) inputs and outputs per unit of activity, efficiency
(%),investment cost (per unit of capacity), decommissioning costs, fixed annual O&M cost (per unit cap per year),
variable operating cost (per unit of activity), ”hurdle” rate (used to annualise investment costs differently across sectors,
if desired), initial year available, etc.
The mechanism underpinning MARKAL/TIMES models is a Reference Energy System (RES), a network of interlinked
technologies and commodities depicting the energy system (and emissions) of a country, province, or region (see Figure
E-2). An important component of each RES is the group non renewable and renewable primary energy supply sources;
each of them is specified via potential and supply curves. Another important RES component is the vector of (several
dozen) energy service demands – car travel in passenger kilometres, steel production in tonnes, residential lighting in
PJ– each satisfiable by many competing technologies using different energy forms. Therefore, final energy is
endogenous to MARKAL/TIMES models.
Figure E-2: The Reference Energy System concept

99

Excerpt from [Loulou, 2007]
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Thus each technology is explicitly identified (given a unique name) and distinguished from all others in the model. A
mature TIMES model may include several thousand technologies in all sectors of the energy system (energy
procurement, conversion, processing, transmission, and end-uses) in each region. Thus MARKAL/TIMES is not only
technology explicit, it is technology rich as well. Furthermore, the number of technologies and their relative topology
may be changed at will, purely via data input specification, without the user ever having to modify the model’s
equations. The model is thus to a large extent data driven.
Multi-regional

Some existing MARKAL/TIMES models covering the entire energy system include many regions, to date up to 30 in
the Pan European TIMES (PET) model. The number of regions in a model is limited only by data availability and the
difficulty of solving LP’s of very large size, and as is appropriate for the issues to be examined.
The individual regional modules are linked by energy and material trading, and by emission permit trading, if desired.
The trade variables transform the set of regional modules into a single multi-regional (possibly global) energy model,
where actions taken in one region may affect all other regions. This feature is of course essential when global as well as
regional energy and emission policies are being simulated. Thus a multi-regional MARKAL/TIMES modelled is
geographically integrated. The model endogenously determines the amount of trade of each energy form between
regions, in response to different energy prices (themselves endogenous) in each region. Examples of traded
commodities include: Coal, Crude Oil, RPP’s, Nat Gas, LNG, Ethanol, Emission permits. One could also define trade
of materials (steel, pulp and paper, aluminium, etc.).
Economic equilibrium

MARKAL/TIMES models compute an economic equilibrium for energy markets. This means that the model computes
both the flows of energy (and materials, and emissions) as well as their prices, in such a way that at the prices computed
by the model, the suppliers of energy produce exactly the amount that the consumers are willing to buy. This
equilibrium feature is present at every stage of the energy system: primary energy forms, secondary energy forms, and
energy services. The following properties hold:

♦ Technology outputs are linear functions of inputs;
♦ Energy markets are competitive, with perfect foresight (or sequential optimized myopically);
♦ The market price = marginal value in the overall system, and
♦ Each economic agent maximises its own profit or utility.
Technology outputs are linear functions of inputs
A linear input-to-output relationship first means that each technology represented may be implemented at any capacity,
from zero to some upper limit, without economies or dis-economies of scale (but there options supporting step-wise
approximation of non-linear, even non-convex relations including Endogenous Technology Learning and Lumpy
Investment employing mixed integer programming (MIP). It is the linearity property that allows the MARKAL/TIMES
equilibrium to be computed using Linear Programming techniques.

The fact that MARKAL/TIMES’s equations are linear, however, does not mean that production functions behave in a
linear fashion. Indeed, the MARKAL/TIMES production functions are usually highly non-linear (although convex),
representing non-linear functions as a stepped sequence of linear functions. As a simple example, a supply of some
resource may be represented as a sequence of segments, each with rising (but constant within its interval) unit cost. The
modeller defines the ‘width’ of each interval so that the resulting supply curve may simulate any non-linear convex
function. In brief, dis-economies of scale are usually present at the sectoral level.
Energy markets are competitive, with perfect foresight
Competitive energy markets are characterized by perfect information and atomic economic agents, which together
preclude any of them from exercising market power. That is, neither the level any individual producer supplies, nor the
level any individual consumer demands, affects the equilibrium market price (because there are many other buyers and
sellers to replace them).

In MARKAL/TIMES, the perfect information assumption extends to the entire planning horizon, so that each agent has
perfect foresight, i.e. complete knowledge of the market’s parameters, present and future. Hence, the equilibrium is
computed by maximizing total surplus in one pass for the entire set of periods. Such a farsighted equilibrium is also
called an inter-temporal, dynamic or clairvoyant equilibrium.
The is also a myopic version of MARKAL/TIMES which performs the optimization limit foresight, only looking a
designated number of periods ahead at one time, then steps forward retaining the decisions made to date.
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The market price = marginal value in the overall system
The MARKAL/TIMES equilibrium occurs at the intersection of the inverse supply and inverse demand curves. It
follows that the equilibrium prices are equal to the marginal system values of the various commodities. From a different
angle, the duality theory of Linear Programming indicates that for each constraint of the MARKAL/TIMES linear
program there is a dual variable. This dual variable is equal to the marginal change of the objective function per unit
increase of the constraint’s right-hand-side. For instance the shadow price of the balance constraint of a commodity
(whether it be an energy form, material, a service demand, or an emission) represents the competitive market price of
the commodity.

The fact that the price of a commodity is equal to its marginal value is an important feature of competitive markets.
Duality theory does not necessarily indicate that the marginal value of a commodity is equal to the marginal cost of
producing that commodity. In some case, the price is precisely determined by demand rather than by supply, and the
term marginal cost pricing (so often used in the context of optimizing models) is incorrect. The term marginal value
pricing is a more appropriate term.
Each economic agent maximises its own profit or utility
An interesting property may be derived from the assumptions of competitiveness. While the avowed objective of a
MARKAL/TIMES model is to maximize the overall producer/consumer surplus, it is also true that each economic agent
maximizes its own ‘profit’. This property is akin to the famous ‘invisible hand’ property of competitive markets.

This property is important inasmuch as it provides an alternative justification for the class of equilibria based on the
maximization of total surplus. It is now possible to shift the model’s rationale from a global, societal one (surplus
maximization), to a local, decentralized one (individual utility maximization). Of course, the equivalence suggested by
the theorem is valid only insofar as the marginal value pricing mechanism is strictly enforced—that is, neither
individual producers’ nor individual consumers’ behaviours affect market prices—both groups are price takers. Clearly,
many markets are not competitive in the sense the term has been used here.
Different level of economic equilibria

Depending on the scope of the system and the policies to be evaluated, different economic equilibrium levels are
calculated whereby:

♦ Supply side technological optimum is achieved: the total energy sector cost is minimized;
♦ Supply plus demand side technological optimum is achieved: the total system cost is minimized;
♦ Energy service demand are in equilibrium: the total surplus is maximised, and
♦ General economic equilibrium occurs: the consumer utility is maximised.
Research on possible ways to couple TIMES models to Computable General Equilibrium (CGE) models are underway
and aim to produce a new hybrid TIMES – CGE version of the generator.
Supply side technological optimum: the total system cost is minimized
The simplest economic equilibrium is represented by the following optimization program (Program 1), solved by Linear
Programming (LP):

Min C*X

(1.1)

Subject to:
A*X ≥ b

(1.2)

E*X ≥ dem

(1.3)

Where:
(1.1) is the total Net Present Value (NPV) of system cost,
(1.2) is a large set of technical and policy constraints,
(1.3) is a set of final energy demand satisfaction constraints, and
X are decision variables (investment, capacity, activity).
It is illustrated by the RES of Figure E-3, by the supply demand curve of Figure E-4.

224

Figure E-3: Reference Energy System of an Energy Supply MARKAL-TIMES Model

Figure E-4: Schematic Representation of the Economic Equilibrium of Program 1
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Supply plus demand side technological optimum: the total system cost is minimized
In the most common case, the economic equilibrium is represented by the following optimization program (program 2),
solved by Linear Programming (LP):

Min C*X

(2.1)

Subject to:

Where:

A*X ≥ b

(2.2)

E*X ≥ dem

(2.3)

(2.1) is the total Net Present Value (NPV) of system cost,
(2.2) is a larger set of technical and policy constraints,
(2.3) is a set of energy service demand satisfaction constraints, and

Program 2 is illustrated by the RES of figure E-5, by the supply demand curve of Figure E-6.
Figure E-5: Reference Energy System of an Energy Supply+Demand MARKAL-TIMES Model

Figure E-6: Schematic Representation of the Economic Equilibrium of Program 2
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Energy service demand equilibrium: the total surplus is maximised
The partial economic equilibrium case is represented by the following optimization program (program 3), solved by
Linear Programming (LP) after the price dependent demands are linearized:

Min C*X

(3.1)

Subject to:
A*X ≥ b
E*X – DEM(p)
Where:

(3.2)
≥0

(3.3)

(3.1) is the total Net Present Value (NPV) of system cost,
(3.2) is a larger set of technical and policy constraints,
(3.3) Is a set of service demand satisfaction constraints, but demands are now variables and depend on
prices p, which are themselves part of the solution of the optimization!

Program 3 is illustrated by the RES of Figure E-7, by the supply demand curve of Figure E-8.
Figure E-7: Reference Energy System of an Energy Supply MARKAL-TIMES Model

Figure E-8: Schematic Representation of the Economic Equilibrium of Program 1
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Figure E-9: Schematic Representation of the Total Surplus (Program 3)

A theorem demonstrates that to find the equilibrium point is equivalent to maximize the sum of suppliers and
consumers surplus (Figure E-9 illustrates this concept). Graphically this is represented by the area below the demand
curve from zero to the equilibrium point minus the area below the supply curve.
General economic equilibrium: the consumer utility is maximised
The MARKAL / TIMES-MACRO versions build simplified general equilibrium models where utility is maximized.
The general framework is illustrated in Figure E-10. The optimisation program is formulated as in Figure E-11.
MARKAL/TIMES with elastic demands captures the main feedback from the economy, namely: the changing demands
when energy prices change. MARKAL/TIMES-MACRO, in addition to that, insures that capital is available to satisfy
the energy investments as well as other investments in the economy.
Figure E-10: Reference Energy System of an Energy Supply MARKAL-TIMES Model

Figure E-11: Main Equations of the MACRO Versions (Program 4)
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E.3 The MARKAL Model Generator
Overview of the MARKAL modelling environment

MARKAL was originally developed by two teams with representatives from 16 countries, one working in the U.S. at
Brookhaven National Laboratory and one in Germany at the Energy Research Center in Jülich. Designed over 30 years
ago to meet the differing requirements of 16 countries, the underlying flexibility embodied in MARKAL has led to its
being used some 200 institutions in over 60 countries. Over the time the original MARKAL model generator has been
continuously improved. Now it can generate different model types of energy system and carry-out a wide range of
analyses.
MARKAL models represent energy systems by the set of technologies used to extract, transport or transmit, convert,
and use energy to meet projected future energy service demands. The basic MARKAL is a bottom-up linear
programming model, but its variants include coupling with top-down economic models and non-linear solution
algorithms. The solution to a MARKAL model represents the optimum set of technologies that, with perfect foresight,
meet the projected energy demands within the constraints that are specified, for example, the maximum level of carbon
dioxide emissions permitted.
The various versions of MARKAL have generally been developed by individual participants in ETSAP to meet their
specific needs. However, with the exceptions noted below by an asterisk, they are now incorporated in a common
model. The user activates these features by providing the appropriate data and/or switches. Most of the MARKAL
versions can be coupled to combine desired features.
MARKAL-ED: MARKAL with elastic demands. In this “partial equilibrium” approach, the projected energy demands,
rather than being fixed for future years, are modified as part of the solution of the program in response to the changing
cost of energy. The energy demands are represented with a stepwise linear approximation, where the user provides ownprice elasticities for each “flexible” demand sector. There is also an extension to MARKAL-ED that permits income
elasticities (MEDI) also to be provided by sector.
MARKAL-ETL: A nonlinear version of MARKAL in which the unit costs of technologies may decline with increasing
total capacity as a result of endogenous technological learning, that is, down the learning curve.
MARKAL-EV: A version that includes environmental damage calculations, or nonlinear optimization of an objective
function that includes the damage calculation.
MARKAL –MACRO: A nonlinear, dynamic optimization model that links MARKAL with MACRO, a top-down
macroeconomic growth model. Multiple MARKAL-MACRO models may be linked to represent trade among countries
in energy and emission permits.
MARKAL-MACRO-MERGE*: An integration of MARKAL-MACRO with MERGE, a global trade model.
MARKAL-MGA/GP*: A variant of MARKAL support Modeling to Generate Alternatives (MGA) and Goal
Programming. The former can be used to generate a series of maximally different solutions within a constrained (by
limited change in total and sector costs) solution space. The latter permitting weights to be assigned to multiple
objectives (e.g., least-cost and emission goals) and a set of Pareto-efficient solutions found to enable decision-makers to
examine a range of solutions taking into consideration different perspectives.
MARKAL-MICRO: Like MARKAL-ED, a partial equilibrium approach. In this case, projected energy demands are
represented as nonlinear functions, and the solution is obtained using nonlinear programming techniques.
MARKAL-Stochastics: A version that allows for uncertainty in such input values as the permitted future level of
carbon dioxide emissions, prices of energy and technologies, and levels of demand. Probabilities are assigned to
alternative future scenarios. The model calculates the hedging strategy: the singular optimal mix of technologies for the
near term until the uncertainty is resolved at an assumed future date.
SAGE: System for Analysis of Global Energy markets, a version of MARKAL that permits stepped (or “myopic”)
solutions in successive time periods to the model horizon, and employed a market share algorithm and inter-temporal
technology learning.
Recent Enhancements and Updates to the MARKAL Modelling Environment

This section summarizes recent updates and new capabilities of the MARKAL model generator and report writer, along
with the ANSWER user “shell” for MARKAL, of interest to ETSAP and other users of the methodology. These
enhancements include:

♦ Permitting an open ended number of time-slices to be specified by the user;
♦ Refinement of the SAGE Market Share Algorithm;
♦ Enhancement of the MARKAL-TS time-stepped formulation to allow n-period look ahead;
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♦ Report writer enhancements to report electricity/heat generation by time-slices and calculate the expenditure
on fuel by technology;

♦ Rule-based user constraints and tech-filters in ANSWER; and
♦ ANSWER ‘smart’ load templates that load models from Excel spreadsheets.
Software Enhancements
Over the past several years ETSAP has continued to provide support for and enhancements to the GAMS MARKAL
model generator and report writer as well as the ANSWER database management system that oversees the use of the
model.

The most important of these enhancements have been motivated by the need to provide MARKAL with enhanced
capabilities to meet the needs of several major modeling undertakings including:

♦ The International Energy Agency’s (IEA) Energy Technology Perspectives (ETP) project;
♦ The US Energy Information Administration (EIA)System for the Analysis of Global Energy Markets (SAGE)
model; The US Environment Protection Agency Office of Research and Development (EPA-ORD)
development of a 9-region US national model (US9r);

♦ The Northeast States for Coordinated Air Use Management (NESCAUM) 12-state regional model, and
♦ The US Agency of International Development (USAID) 9-country Southeast Europe Regional Energy
Demand Planning (SEE-REDP) capacity building undertaking.
and these institutions have provided significant funding to make these enhancements possible. In general these
enhancements have then become available to the global community of MARKAL users.
Major enhancements that have been added to the MARKAL model to meet the needs of the IEA-ETP model include:
♦ The ability to associate emissions directly with commodities via a new ENV_ENT parameter, rather than
having to enumerate each technology/emission instance;

♦ The (partial) “vintaging” of demand devices – two new efficiency parameters (IEFF for new investments, and
REFF for residuals) have been added that allow the modeller to specify efficiencies for demand devices based
upon the year that an investment actually occurs, rather than the current model year as had previously been the
case. This “vintaging” reduces the database size and simplifies the management of the input data and analysis
of the model results as compared with the previously needed approach of manually introducing “cloned”
technologies whose efficiencies were based upon the year that investment actually occurred;

♦ Cross-region emission constraints for multi-region models – these are emission constraints that allow the user
to specify a region-independent emission limit that applies to the sum across regions of emissions in each
region. For a given emission, either a single value that applies over the entire modeling horizon, or period-byperiod values may be specified;

♦ Cross-region user-defined (ADRATIO) constraints for multi-region models – these are ADRATIO constraints
that allow the user to specify a RHS that is region-independent and that applies to the sum across regions of
the LHS of the ADRATIO in each region in which said user constraint entries are provided;

♦ Resource and technology capacity decay constraints that limit the rate at which resources and capacity can be
abandoned; and

♦ n-period (partial) look-ahead (where n > 1) for time-stepped MARKAL so that a number of periods can be
examined simultaneously, stepping through one period at a time to solve for the next n-periods; the 1st period
in each solve is then fixed prior to stepping forward.
Major enhancements that have been added to the MARKAL model to meet the needs of the EIA-SAGE model
include:
♦ The ability to run MARKAL in a time-stepped manner, meaning investment decisions are made in each period
without knowledge of future events (often referred to as myopic or without foresight), whereas standard
MARKAL is run in a clairvoyant manner; and

♦ The initial development and subsequent refinement of the SAGE MarKeT SHaRe (MKTSHR) algorithm. The
basis of this facility is to identify market segments or “groups of competing technologies” (e.g., all alternative
fuelled passenger vehicles), then accumulate the level of all the technologies in the market segment and
redistribute to each technology in the group according to weighted shares as determined by their reduced costs,
analysts’ preference bias, and emphasis on the importance of the relative cost.
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Major enhancements that have been added to the MARKAL model to meet the needs of the US Environment
Protection Agency include:
♦ The development of a Goal Programming formulation that permits the user to explore the trade-off between
conflicting goals (e.g., least-cost and air quality) by assigning preferences to the various objectives being
considered; and

♦ The introduction of flexible time-slicing and thereby the removal of a long-standing MARKAL restriction that
imposed a fixed segmentation of the electricity load curve by dividing the annual demand for and production
of electricity into six distinct time-slices (3 seasons x 2 diurnal divisions), and three seasonal time-slices for
heat. With flexible time-slicing, the user is able to control the number of seasons and the number of diurnal
divisions.
Other significant enhancements that have been added to MARKAL over the past several years include:
♦ The development of a facility to model Lumpy Investment. This facility permits more sophisticated modeling
in respect of lumpy investments (such as the construction of gas pipelines) by using mixed integer
programming (MIP) techniques to model the all-or-nothing building of new capacity;

♦ The development of a new Benefit/Cost report employing a new GAMS Unit B/C utility;
♦ The development of a “RAT_FLO” facility that enables the user to associate commodity flows in/out of
technologies with ADRATIO constraints; and

♦ The provision of improved reporting of results details in the standard MARKAL tables, so that electricity/heat
generation and consumption are reported by time-slice, the expenditure on fuel is calculated by technology,
and the split of demand devices output to multiple sectors is provided.

E.4 The TIMES Model Generator
Over time, as with any complex software system, a fresh rethinking that builds on the experience using the tool, retains
the strengths, redresses weaknesses, and prepares for the future is inevitable. To this end in 1999 ETSAP began the
process of merging the merits of MARKAL with some of the capabilities of EFOM (the Energy Flow Optimization
Model, a sister model to MARKAL that was used previously in Europe) to realize TIMES (The Integrated MARKALEFOM System). TIMES benefits from the experience gained applying MARKAL to real world problems, and meets the
expanding need for a detailed technology-oriented economic modeling that can be scaled from the municipal level up to
multi-regional global models. The resulting model generator embraces the same underlying philosophy, thus remaining
a partial / general technical-economic equilibrium model, implemented as a least-cost optimization linear / non-linear
program, and readies the tool for the daunting analytic challenges of the 21st Century.
This section provides overviews of the features of the TIMES model generator, as well as summaries of recent
improvements in the capabilities of the model, including:

♦ Formulation of the TIMES Climate Change Module;
♦ Multi-stage Stochastics - Analysis of Climate Change Policies Under Uncertainty with TIAM;
♦ Myopic TIMES Prototype Version; and
♦ Investment and Other Cost Bounds.
Improvements over MARKAL

TIMES builds on the core strengths of MARKAL expanding upon them in a number of important ways.

♦ TIMES was designed from the beginning as a multi-region model. A regional index for all model components
allows examination of trade issues and facilitates mapping to geographic information systems. This can be
used to evaluate the effects of carbon emissions trading, carbon “leakage” from one country to another, and
the implementation of the Clean Development Mechanism (CDM). The same feature makes it possible to
evaluate infrastructure needs for electrical grid and gas transportation facilities.

♦ Technologies are vintaged in order to allow for the evolving characteristics of technologies to be compactly
represented, including the ability to depict the changing nature of attributes over time (e.g., decay of efficiency
as a function of age); furthermore intra-process commodity flows can be represented.

♦ Time-slices can be represented to any level of detail down to the hour of the day, not simply season and
day/night. With this feature, for example, TIMES may be used to model the effects of time-of-use electrical
rates on load curves.
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♦ Model year data are independent from source year data, permitting data to be entered as obtained but analyzed
for other years.

♦ Variable time period lengths facilitate the evaluation of policies in the short term, together with five-year, tenyear, or even 20-year increments for evaluations in the intermediate and long term.

♦ Inter-temporal user-defined equations permit the examination of retrofitting and life extensions options in a
straightforward manner, setting of cumulative limits, banking of credits, and other multi-period constraints.

♦ Service life and economic life of technologies are distinct; discount and hurdle rates are time dependent;
♦ An uncertainty index allows for multi-stage stochastic and enables examination of uncertainty in model
assumptions.

♦ Any equation or user constraint can be defined as the objective function; after optimising to any non-cost
objective function, the generator transforms the same optimal solution into the economic equilibrium solution
of the corresponding economic model.

♦ The representation of a climate impacts module realizes a full Integrated Assessment Model (IAM) when
doing global modeling.

♦ Commodities and processes have flexible units: energy, material, economic values.
♦ The GAMS code is simpler to understand, maintain and upgrade.
Flexible representation of processes

Like MARKAL, TIMES adopts a generic concept to describe the components (commodities and processes) of an RES
and its interconnections.

♦ Commodities are defined as the energy carriers, energy demands, materials, money, and emissions that flow
through the RES network.

♦ Processes are the means of transforming commodities from one form to another. A process is described by its
capacity and activity, with the units of each explicitly defined by the user.
But unlike MARKAL, TIMES employs a standard flexible representation of all processes (with slight variants for
storage and inter-regional exchange technologies) that allows the relationship between individual flows to be depicted
in a natural way to describe even the most complex processes (see Figure E-12). The process box allows inputs and
outputs to be described in a flexible manner so that almost any (linear, for now) relationship may be depicted. This
includes, but is not limited to:
Figure E-12: Flexible Process Description
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♦ Tying input or output flows directly to either the capacity or overall activity of the process as well as each
other, making it easy to associated efficiency and emissions rates with individual energy carriers;

♦ Establishing fixed or flexible proportions for various inputs or outputs;
♦ Allowing minimum and/or maximum allocation levels to be specified for all inputs or outputs to/from a
process that will then be optimized by the model, and

♦ Allowing an input in one time-slice to control output in another.
Vintaging

In traditional systems engineering models, attributes usually have one time index, and the data generally relate to one
specific future year. Without vintaging, the characteristics of any modelled technology are independent of the age
structure of the stock of installations. That implies that the input data may not be changed for many of the attributes,
which results in the need in to replicate technologies simply owing to allow efficiencies to improve over time. In
addition, the technical characteristics of an installation often change with aging. For example, the availability of power
plants may increase at first as initial problems are overcome and later decline due to more outages as parts wear out.
Some changes over time may be independent of the technology itself, such as a rise in “fixed” operating and
maintenance expense due to higher wages.
By vintaging installations, their technical characteristics depend upon the year of installation and the age structure of the
stock (see Figure E-13). The change of attribute values over the lifetime of one vintage can be specified in TIMES using
a function called SHAPE.
The Objective Function

The objective function of TIMES, which is minimized by the solution to the program, includes a number of innovations
(see Figure E-14). The objective function is expressed as the discounted sum of annual costs minus revenues, so as to
provide year-by-year reporting of net costs.

♦ The model accepts technology-specific discount rates as well as a general discount rate. This is used for
discounting the yearly payments of investment costs over the economic life of a technology.

♦ The model can represent sunk costs of materials and energy carriers, that is, those embedded in a technology at
its inception. Examples are the uranium core of a nuclear reactor, or the steel embedded in an automobile.
Unless these are represented in the RES, their cost should be included in the investment cost.

♦ The investment in new technology may not occur in a single year, but can be represented as a series of annual
increments.

♦ Fixed and variable operating and maintenance costs.
Figure E-13: Vintaging and Age Dependency of Parameters
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Figure E-14: The Objective Function Reports Year-by Year Net Costs
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♦ Decommissioning or dismantling costs are accepted, with an optional time lag that, for example, may be
required for radioactive material to cool down.

♦ The recuperation of sunk materials can be credited when a facility is decommissioned.
♦ Any taxes or subsidies on investment, decommissioning, and fixed annual costs are accepted by the model.
♦ Payments made beyond the model’s horizon, for decommissioning or recuperation, are reported separately.
♦ Salvage costs are reported as a single lump sum at the end of the horizon.
♦ Resource depletion costs are computed.
♦ When elastic demands are used in the model, the objective function includes the loss of welfare due to the
reduction or increase in demands.
Formulation of the TIMES Climate Module

The Climate Module starts from global emissions as generated by the TIMES global model and proceeds to compute
successively (see Figure E-15):
Figure E-15: Diagram of the Climate Module of TIMES
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Figure E-16: Linear Approximation in TIMES of the Exact Forcing Equation
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♦ the changes in CO2 concentrations in three reservoirs,
♦ the total change (over pre-industrial times) in atmospheric radiative forcing from anthropogenic causes, and
♦ the temperature changes (over pre-industrial times) in two reservoirs.
The Climate Equations used to perform these calculations are adapted from Nordhaus and Boyer (1999), who proposed
linear recursive equations for calculating concentrations and temperature changes. These linear equations give results
that are good approximations (see Figure E-16) of those obtained from more complex climate models (Drouet et al.,
2004; Nordhaus and Boyer, 1999). In addition, the non-linear radiative forcing equation used by these authors is the
same as the one used in most models. The choice of the Nordhaus and Boyer’s climate equations is motivated by the
simplicity of their approach and by the fact that their climate module is well-documented and acceptably accurate. In
the TIMES implementation, the forcing equation has been replaced by a linear approximation whose values closely
approach the exact ones as long as the useful range is carefully selected.
Figure E-17: Event Tree that Represents in TIMES an Uncertain Climate Future
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TIMES periods
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Rigorously, the concentration and forcing equations used in the climate module are applicable only to the carbon cycle,
and a different treatment of other greenhouse gases --methane, N2O, ozone, aerosols, etc. could be done using specific
models of their own life cycles. However, following a commonly accepted approach, it is possible to use the CO2
equations to calculate the impact of other gases on climate. To do so, it is necessary to first convert the emissions of
each GHG into a CO2-equivalent quantity, and to add these CO2-equivalents to form a fictitious emission of total CO2equivalent, which is then treated as if it were real CO2 emissions. The coefficients used for converting emissions of
other gases into CO2-equivalents are the Global Warming Potentials (GWP) recommended by the IPCC Third
Assessment Report (IPCC 2001). Therefore, in what follows, the term CO2 used in the climate equations should really
be thought of as CO2-equivalent.
Multi-stage Stochastics for Uncertainty Analyses100

Many TIMES parameters may be subjected to uncertainty in terms of their input values and employed in a stochastic
analysis. To help explain the merits and use of stochastics examples from an Analysis of Climate Policies under
Uncertainty with TIAM are used.
The objective of this work is to assess the feasibility, cost, and means of maintaining the global temperature increase to
a 2 to 3 degree Centigrade range over the long term, taking into account high economic and climate uncertainty. The
uncertainties considered are:

♦ climate sensitivity [Cs] and a lag parameter , sigma [lc] 1; this uncertainty is treated explicitly via stochastic
programming;

♦ Other uncertainties explored in the previous version of this work [Cape Town 2006] include economic growth
and associated GHG emissions treated via stochastic programming, and

♦ Technology development, including nuclear power and carbon sequestration treated through sensitivity
analysis.
Stochastic optimization involves the definition of an event tree, such as that shown in Figure E-17.
The expected consumer surplus is then maximized subject to the conditions that all TIMES constraints must be satisfied
for each branch (outcome) of the event tree, and that there must be a single set of decisions prior to the resolution of
uncertainty (i.e., while the decision maker does not yet know the outcome). The optimal solution then results in a
hedging strategy.
The stochastic parameters selected for this study are given in Figure E-18.
Figure E-18: Declaration of Stochastic Parameters in TIMES
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Figure E-19: Hedging vs. Non-Hedging Strategies: GHG Emissions before 2040
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Hedging is relevant if decisions prior to 2040 are different for the hedging strategy than under the base case (see Figure
E-19). If not, adopting a policy of “wait and see” is the proper course of action. The main interest of a hedging strategy
is to provide a single strategy in the short term which is robust against uncertainty, as opposed to dealing with a variety
of scenarios, each of which provides a different strategy. Greenhouse emissions (through 2090) for the base case,
perfect foresight and hedging strategies for a wide range of temperature increase limitations are shown below. The
results are striking in that the hedging strategies and perfect forecast strategies diverge relatively early over the time
horizon considered, and that hedging strategies yield somewhat comparable results to perfect forecasts over the longer
term for similar temperature increases.
Myopic TIMES Prototype Version101

TIMES so far assumes perfect foresight regarding the future, i.e., the model is optimized in one model run over the
entire model horizon. In doing so, at each time period the future development of the model input data is completely
known, so that this information about the future is taken into account when determining the optimal solution. Perfect
foresight models are therefore also called clairvoyant models. Far away developments in the future thus influence
nearby decisions in the model. Therefore, the strategies derived under perfect foresight are assuming a long-term
planning horizon and behaviour of the decision-takers. A critical aspect of a perfect foresight model is the circumstance
that future exogenous framework conditions of the model, e.g. the demand vector or energy import prices, are assumed
to be known today for the entire model horizon, although uncertainty regarding these projections increases the farther
one looks into the future.
A different view of the future is embedded in so-called recursive-dynamic (also called time-step) model concepts. To
determine the optimal decisions in a model period only a limited part of the future model horizon is known. In a
recursive-dynamic model, the model is not optimized in a single run over the entire model horizon, but through a
number of successive model runs, each covering only a few periods (often only one period) of the model horizon. The
solution obtained in a model run, e.g. investment decisions, serves then as input information for the consecutive model
run, until the end of the model horizon is reached. Thus, strategies derived under this time concept resemble more a shortterm or myopic behaviour of the decision-takers. It should also be noted that in contrast to a perfect foresight approach
changes of model input data for future periods not contained in the current model run do not influence the solution.
To explore the differences of short-term versus long-term decisions obtained from an energy system model as TIMES, a
myopic model variant has been developed. A characteristic feature of this myopic version is the fact that the allowed
foresight is not restricted to one period, but can be chosen to comprise an arbitrary number of periods as wished by the
modeller. Thus, the transition from a very short-sighted behaviour characterized by a foresight of only one period to the
perfect foresight solution can be studied by sensitivity analyses with various foresight horizons.
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Figure E-20: Sequence of Myopic Model Runs
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Beside the motivation to study differences or benefits of short-term versus long-term planning horizons in energy
systems, a more practical reason for the development of a myopic TIMES version is the model size. Depending on the
number of model periods, the number of sub-annual time-slices within a year and the technological detail and size of
the depicted energy system, the problem matrix of a perfect foresight model can become very large reaching the
capabilities of the current computer hardware and software, especially in terms of physical working memory. Since a
myopic model covers the entire model horizon by sequence of several model runs, each comprising only a few model
periods, also large models may be solved in a reasonable time accepting the consequences of the short-sighted foresight
on the model solution. A further application of this myopic version is the possibility to rerun the model only for a
certain set of adjacent periods of the model horizon, once a solution from model runs for the previous periods is
available. In terms of computation time, this feature is useful to calibrate some future periods to certain scenario
assumptions or to perform a detailed sensitivity analysis for input assumptions in the considered set of periods.
The concept of the myopic TIMES version is shown in Figure E-20 below for a foresight horizon of two periods. To
ensure that for each period a solution is obtained having the same foresight, the individual model runs overlap. For the
final model solution only the solution of the first period of each run is taken. Inter-temporal constraints of the TIMES
model linking different periods have to be updated between the different model runs, e.g. by exchanging information on
new installed capacity or by adjusting cumulative resource bounds
A prototype of the myopic TIMES version has been used to study the oil production in the global ETSAP-TIAM model
(see Figure E-21 below).
Figure E-21: Global Production by Region for the Myopic (left) and the Clairvoyant Case (right)
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Figure E-22: Oil Price Trajectories in the Middle East for Different Foresight Horizons
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With a foresight horizon of only one period (5 years) the scarcity of oil resources is not been taken into account in the
decisions leading to a higher oil production compared to the perfect foresight solution. In later periods of the myopic
run, unconventional oil resources in the USA and synfuel production are required to a much higher degree to
compensate the higher early exploitation of conventional oil resources. These adjustment measures are also reflected in
much higher oil prices in the myopic version compared to the clairvoyant version, as shown in Figure E-22 for different
foresight horizons.
Investment and cost bounds in TIMES Antti Lehtilä, VTT, Finland102

In TIMES, the total objective function is calculated from detailed annual payments related to investments, fixed O&M
costs and variable costs, including taxes and subsidies on investments, operation, process flows or gross or net
commodity production. Version 2.3.0 includes the facilities to specify various bounds on costs in the TIMES models.
New bound attributes
The following two attributes are available for specifying bounds on various types of cost components, by region and
currency:

1.

REG_BNDCST(r,y,item,cur,bd) is the regional bound on costs of type item in year y, specified in currency
cur; and

2.

REG_CUMCST(r,y1,y2,item,cur,bd) is the regional cumulative bound on costs of type item during the period
from y1 to y2 (inclusive), specified in currency cur.

Note that the bounds specified by using the attribute REG_BNDCST always apply to milestone years only. However,
the bounds specified by the attribute REG_CUMCST apply to any range of years, which need not be milestone years.
Consequently, one can also define a bound on any single year by using the cumulative bound attribute with equal years
(y1=y2).
All important cost components in TIMES can be bounded.
Example 1. Set an upper bound X on the total investment annuity payments in year 2005 (or milestone year of the
period including 2005) in the region WEU:

REG_BNDCST(‘WEU’,’2005’,’INV’,’CUR’,’UP’) = X;
Example 2. Set a fixed bound 0 on the net sum of total fixed taxes and subsidies (the amount of taxes subtracted by the
amount of subsidies) paid within the period 2005–2025 in the region WEU:
102
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REG_CUMCST(‘WEU’,’2005’, ‘2025’,’FIXTAXSUB’,’CUR’,’FX’) = EPS;
New UC Attributes for referring to investment annuities
TIMES allows now also incorporating into user constraints the total investment cost annuities related to any process and
paid in given milestone years. This requires that a corresponding UC_ATTR is specified for the NCAP component of
the user constraint. The new UC_ATTR attributes related to using investment cost annuities in user constraints are
listed in Table E-1:
Table E-1: New Attributes for Referring to Investment Annuities in the User Constraints
Attribute

Description

Applicable UC components

INVCOST

Multiply by investment cost annuities;
Implies CUMSUM.

NCAP

INVTAX

Multiply by investment tax annuities;
Implies CUMSUM.

NCAP

INVSUB

Multiply by investment subsidy annuities;
Implies CUMSUM.

NCAP

CUMSUM

Sum over all periods up to current period (or previous period if specified on
the RHS of dynamic constraint).

All

SYNC

Synchronize the RHS and LHS sides in a component of dynamic constraint All
(i.e. use the same T index); Applicable to the RHS side only.
(RHS side only)

As indicated in the table, all the three new UC_ATTR attributes INVCOST, INVTAX and INVSUB, which can be
specified on the NCAP components, automatically imply also the attribute CUMSUM for the same component. This
means that the NCAP component for any milestone T year consists of the cumulative sum of the new capacities
installed up to the year T. And, when combined with e.g. the INVCOST attribute, the resulting NCAP component
represents the cumulative sum of annuities related to all new capacities installed up to the year T, and paid in year T.
The SYNC attribute can be additionally used in dynamic constraints to synchronize the RHS milestone year to be the
same as the LHS year. The user can also specify several of the cost attributes (INVCOST, INVTAX, INVSUB), which
results in the summing of the cost types. Subsidies are always treated as negative.
Referring to Example 1 above, an equivalent way of specifying an upper bound X for the total investment annuity
payments in the WEU region in year 2005 would be to make the following UC specifications:
SET UC_N / INVBND /;
UC_NCAP(‘INVBND’, ‘LHS’,’WEU’,’2005’,PRC) = 1;
UC_ATTR(‘WEU’,’INVBND’,’LHS’,’NCAP’,’INVCOST’) = YES;
UC_RHSRTS(‘WEU’,’INVBND’,’2005’,’ANNUAL’,’UP’) = X;
In the example above, the set PRC refers to all processes.
Example 3. In the WEU region, the total amount of subsidies on wind power investments should be limited to a
maximum of 5% of all investments in the power sector between 2005 and 2030. This can be formulated as follows:

SET UC_N / WINDSUBS /;
UC_ATTR(‘WEU’,’WINDSUBS’,’LHS’,’NCAP’,’INVSUB’) = YES;
UC_ATTR(‘WEU’,’WINDSUBS’,’RHS’,’NCAP’,’INVCOST’) = YES;
UC_ATTR(‘WEU’,’WINDSUBS’,’RHS’,’NCAP’,’SYNC’) = YES;
UC_NCAP(‘WINDSUBS’,’LHS’,’WEU’,T,WINDPRC) = -1;
UC_NCAP(‘WINDSUBS’,’RHS’,’WEU’,T,ELCPRC) =.05;
UC_RHSRTS(‘WEU’,’WINDSUBS’,’0’,ANNUAL,’UP’) = 1;
UC_RHSRTS(‘WEU’,’WINDSUBS’,’2005’,ANNUAL,’UP’) = EPS;
UC_RHSRTS(‘WEU’,’WINDSUBS’,’2030’,ANNUAL,’UP’) = EPS;
Remark 1: In this example, both the LHS and RHS sides are needed to formulate the constraint. Using any attribute on
the RHS will automatically imply that the constraint is dynamic, but we want both sides to refer to the same milestone
years. Therefore, it is necessary to use also the SYNC attribute for the NCAP component on the RHS side.
Remark 2: In the above, the sets WINDPRC and ELCPRC denote sets of wind power technologies and all electricity
production technologies, respectively. In VEDA-FE you should be able to use the various filters for the UC_NCAP
parameters, to define these sets in an implicit way.
Example 4. In the WEU region, the growth in total investment costs should be limited to a maximum of 3% per annum.
As a seed for the growth, the investment costs can be in 2005 at most 9000 million. This can be formulated as follows:

SET UC_N / INVGROW /;
UC_ATTR(‘WEU’,’INVGROW’,’LHS’,’NCAP’,’INVCOST’) = YES;
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UC_ATTR(‘WEU’,’INVGROW’,’RHS’,’NCAP’,’INVCOST’) = YES;
UC_ATTR(‘WEU’,’INVGROW’,’RHS’,’NCAP’,’GROWTH’) = YES;
UC_NCAP(‘INVGROW’,’LHS’,’WEU’,T,PRC) = 1;
UC_NCAP(‘INVGROW’,’RHS’,’WEU’,T,PRC) = 1.03;
UC_RHSRTS(‘WEU’,’INVGROW’,’0’,ANNUAL,’UP’) = 12;
UC_RHSRTS(‘WEU’,’INVGROW’,’2005’,ANNUAL,’UP’) = 9000;
Remark 1: Using any attribute on the RHS (e.g. GROWTH) will automatically imply that the constraint is dynamic, and
that is exactly what is wanted here.
Remark 2: In the above, the interpolation option 12 is used to set the seed to zero in all periods other than the one
including 2005.

F.5 The ANSWER User’ Interface103
Over the past several years Noble-Soft Systems has continued to enhance the ANSWER-MARKAL software interface
so that it supports the majority of enhancements that have been incorporated into the MARKAL model generator and
report writer. (While ANSWER supports running SAGE time-stepped solve, it does not support the SAGE Market
Share algorithm.) In addition the ANSWER-MARKAL software interface has been enhanced to provide improved
power and convenience to the ANSWER user in a number of areas.
The most important of these enhancements have been motivated by the needs of:

♦ The International Energy Agency’s Energy Technology Perspectives (IEA-ETP) model, and
♦ The US Environmental Protection Agency’s US 9-region model.
Briefly, the major enhancements added to the ANSWER interface (with ETSAP funding support) to meet the needs of
the IEA-ETP 15 region MARKAL model involved the creation of a special ETP version of ANSWER with the
following main characteristics:

♦ The use of a special Library Region within an ANSWER database to store information and data associated
with technologies and commodities that are common to each of the 15 regions;

♦ The provision of extensive bulk copying and bulk updating facilities, such as from the Library Region to each
of the 15 regions, to expedite the task of ensuring commonality of information and data across the 15 regions,
and

♦ The creation of an “Operator Parameter” mechanism that allows the user to specify regional multiplier/adder
to be applied to Library Region parameter numeric values.
The special ETP version of ANSWER is not generally available to ANSWER users.
More recently, the following major enhancements have been added to the ANSWER interface (with US EPA funding
support) to meet the needs of the US Environment Protection Agency’s US 9-region model:

♦ Support for the newly introduced MARKAL flexible time-slicing facility – in particular to simplify using this
facility for multi-region modeling;

♦ The introduction of a new Technology Items Filter (TechFilter) facility that allows the user to define powerful
filters based on Name and/or Description and/or Set Membership and/or Input/Output Commodity (topology).
Once defined by the user, these TechFilters may be “dialled up” either to filter the Technologies that are
displayed to those of immediate interest, or as part of the process of defining “rule-based” user constraints –
see immediately below. For example, the Technology Items Filter form below defines a filter that specifies all
industrial demand devices (DMDs) that consume natural gas (NGA); and
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Figure E-23: Technology Items Filter

♦ The introduction of a new “rule-based” user constraint (ADRATIO) facility overcoming the previously
cumbersome and error prone process whereby each individual technology had to be explicitly enumerated as
part of the constraint specification. By use of the TechFilter facility to specify a set of like technologies to be
involved in the user constraint, the specification of many user constraints can be greatly simplified. Another
important benefit is that “rule-based” constraints are resolved at run time, so all qualifying candidates are
picked up and the user does not have to remember, when adding new technologies, to augment old
ADRATIOs. For example the following screen snapshot indicates how two TechFilters ALL-ELE and
RENEW-ELE (to select all electric technologies and all renewable electric technologies respectively) may be
used to define a “rule-based” user constraint named RENEWELC that specifies that production by renewable
electric technologies must comprise at least 5% of total electricity production:
Figure E-24: Using Two TechFilters to Define a “Rule-Based” User Constraint

The above flexible time-slicing, TechFilter and “rule-based” user constraint facilities are now available to all
ANSWER6 users. This includes a “Resolve Rule-based Constraint” option that enables the user to cross-check the fully
enumerated entries associated with the constraint via a right-mouse menu option for a highlighted ADRATIO.
Other significant enhancements that have been added to the ANSWER interface over recent years include:

♦ Strengthening of the Export Scenario facility to allow the specification of the start and end periods for timeseries data that will be exported, and related strengthening of the Import Scenario facility;

♦ The recoding of various parts of the ANSWER code to significantly speed up areas that were running slowly,
for example the Run Model code has been sped up by a factor of about 25;

♦ Improving user-friendliness by allowing multi-select in various places (such as selection of Scenarios for Run
Model) where previously only single select was possible;
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♦ The introduction of a “Remember Case Definition” option when deleting a Case, so that the Scenarios
involved and other settings are retained online, while all the actual results for the Case are deleted; and

♦ A revised Batch Run facility that allows the user to readily specify a set of runs to be carried out one after the
other, further enhanced by a new Batch Management facility allowing the user to create, copy, delete and edit
named Batches of Cases inside an ANSWER Database. This facility is used in conjunction with new [Load
Batch] and [Save Batch] buttons on the Batch Run form to allow the user to store and hence easily recall a
Batch of Cases to be re-run.
Finally, and importantly, a completely new facility – ANSWER “smart” load templates – has been created to be used in
conjunction with the ANSWER interface’s “File, Import Model Data from Excel” facility to load single-region or multiregion model data from an Excel workbook into an ANSWER database. The main features of the “smart” load
templates include:

♦ The new ANSWER “smart” load templates comprise an Excel workbook in which the worksheets have a very
flexible and user-friendly format and where associated “smart” buttons (with underlying macros) allow linking
to the user’s ANSWER database enabling the user to do such things as selecting an Item’s Set
Memberships/Units from the ANSWER database, as well as the other “smart” sheets in the workbook;

♦ To specify declaration information (Name, Description, Units, Set Memberships, optional Comment), there
are three declaration worksheets, one for each of Commodities, Technologies and Constraints;

♦ To specify data information, there are three data worksheets used for each of Commodity, Technology and
Constraint data respectively, and

♦ The format of the ANSWER “smart” load templates simplifies the specification of declarations and data for
multi-region models that have common naming conventions across regions.
The “File, Import Model Data from Excel” facility has been enhanced to enable the import into ANSWER of the six
types of worksheets in the new ANSWER “smart” load templates. These workbooks are heavily employed in the US9r,
NE-12, and SEE-REDP undertakings, as well as new capacity building activities with the state of Ohio and Nepal. In
addition, the options that are available on the “Import Model Data from Excel” form have been extended in a number of
ways to allow the user additional control over the Import process, and the templates loaded are now remembered by
scenario, along with all the settings.

F.6 The VEDA Front-End and Back-End User’ Interface104
The Versatile Data Analyst (VEDA) satisfies the needs of modellers and analysts using complex models which require
extensive manipulation of input data and results. It is a powerful, user-friendly set of tools designed to facilitate the
creation, maintenance, browsing, and modification of the large data bases required by complex mathematical
energy/economic models, as well as exploration of results and the creation of reports. VEDA was explicitly conceived
and designed to support multi-region modelling. VEDA supports both the MARKAL and TIMES models.
VEDA features:

♦ Highly modular design;
♦ Reliance on flexible Excel spreadsheet workbook templates integrated with a core database;
♦ Direct linkage to existing data sources such as IEA energy balance statistics, USEPA eGRID, and EuroStat;
♦ RES diagramming with data views;
♦ Powerful filter and search facilities;
♦ Quick graphing capabilities, and
♦ Integration with various MS-Office components.
VEDA consists of two applications, the front-end (VEDA-FE) for handling the model data, and the back-end (VEDABE) for analyzing model results. The “heart” of VEDA-FE is the VEDA-Navigator (see Figure E-25). It monitors and
manages the various workbooks comprising a particular TIMES model, providing direct access to the workbooks and
ensuring consistency of the various components.
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Figure E-25: VEDA Front-End Navigator Screen.

Power search and filter facilities are combined with a dynamic data cube (pivot table), depicted in Figure E-26,
facilitate viewing data and organizing the data.

244

Figure E-26: VEDA Front-End Model Browser-Editor Main Screen

Digesting and quality control the underlying system is facilitated by means of a RES diagramming capability that
allows one to cascade through the RES, displaying the related data along the way (see Figure E-27).
Figure E-27: VEDA Front-End Reference Energy System Diagramming Capability

Other advanced features support calibration, demand projections, technologies repository and inheritance of
technologies, and powerful scenario definition facilities.
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VEDA-BE also relies on the dynamic data cube, combined with user-defined sets (as well as the standard model sets)
and tables. The tables can be grouped into reports which in turn may be spooled to Excel for post-processing (see Figure
E-28).
Figure E-28: VEDA Back-End Multi-Dimension Table System

Both VEDA-FE/BE also support quick analysis graphics as well (see Figure E-29).
Figure E-29: VEDA Back-End Graphing Capabilities
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Appendix F: Selected References
The material assembled in this report was gathered from diverse sources provided by the various ETSAP Partners. In
some cases these were summaries of the institution’s ETSAP and/or MARKAL related activities, and in other cases
reports or journal articles were provided. In either case extensive references to other material and sources of related
information were provided. These references are collected here.
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Appendix G: List of Acronyms
ABARE
ACE
ACTs
AEA/AEAT
AEMC
AEO
AHO
AIEE
AIMS
A-LWR
APAT
ARR/FR
ASEAN
AusAID
BAU
BAZ
BERR
BIH
BJUT
BMM
BNL
BtL
BTX
BWR
Candu
CAS
CASCADE MINTS
CC
CCGT
CCS
CCSP
CCT
CDM
CEEETA
CEPEL
CESI RICERCA
CGE
CH4
CHP
CHPP
CIEMAT
CM
CNG
CNPC
CNR/IMAA
CO
CO2
COA
COP

Australian Bureau of Agricultural and Resource Economics
ASEAN Centre for Energy
Accelerated Technology scenarios
AEA Technologies, United Kingdom
Annual Energy Modelling Conference
Annual Energy Outlook
Australian Host Organization
Italian Association of Energy Economists
ASEAN Interconnection Master Plan Study
Advanced Light Water Reactor
Agenzia Per l’Ambiente e il Territorio (National Agency for Environment and Territory)
Advanced Recycling Reactor
Association of Southeast Asian Nations
Australian Agency for International Development
Business-as-Usual
Borsod-Abaúj-Zemplén county in North-Western Hungary
Department for Business, Enterprise & Regulatory Reform, United Kingdom
Bosnia and Herzegovina
Beijing University of Technology
Borsod MARKAL Model
Brookhaven National Laboratory
biomass-to-liquid fuels
Benzene, Toluene, Xylene ????
Boiling Water Reactors
Canada Deuterium Uranium reactors
Centre d’analyse stratégique
CAse Study Comparisons And Development of Energy Models for INtegrated Tech. Systems
carbon constraint scenario
combined cycle gas turbine
carbon capture and storage
US Climate Change Science Program
Clean Coal Technologies
Clean Development Mechanism
Centro de Estudos em Economia da Energia, dos Transportes e do Ambiente, University of
Centro de Pesquisas de Energia Elétrica
Italian Electrotechnical Research Centre
Computable General Equalibrium
Methane
combined heat and power
Combined Heat and Power Partnership
Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas
EU Cascade-Mints
compressed natural gas
China National Petroleum Company
Italian Nat.Research Council, Institute of Methodologies for Environmental Analysis, IMAA-CNR
Carbon Monoxide
Carbon Dioxide
coal
coefficient of performance
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CRES
Cs
CSA
CV
CxFy
DCEA
DCs
DEFRA
DG RTD
DGEG
DH
DM
DME
DRI
E3
EC
ECBM
ECBM
ECN
EEA
EEAP
EEE
EERE
EFDA
EFDA
EGR
EGU
EIA
EJ
ELC
EMF
ENE
ENEA
EOR
EPA
EPANMD
EPAUS9R
EPC
EPE
EPFL
EPG
EPRI
EPSAP
ERC
ERFA
ERI/NDRC
ERL
ERN
ESI
ESKOM
ESM

Center for Renewable Energy Sources, Greece
Climate Sensitivity
Central and South America
climate policy scenario
Fluorocarbons
Environment Sciences and Engineering Department of the New University of Lisbon
developing countries
UK Department for Environment, Food and Rural Affairs
EC Directory General for Research
Portuguese Directorate General for Energy and Geology
district heating
decision maker
Department of Mines and Energy, South Africa
Direct reduced iron
Energy-Economic-Environment
European Community
CO2-enhanced coalbed methane
enhanced coalbed methane recovery
Energy resereach Cener of the Netherlands
European Energy Agency
Energy Efficiency Action Plan
Energy-Environment-Economy
DoE Offices of Energy Efficiency and Renewable Energy
European Fusion Development Agreement
European Fusion Development Association
enhanced gas recovery
electrical generating unit
Energy Information Administration
Exajoules
electricity
Energy Modeling Forum
Environment Northeast
Ente per le Nuove tecnologie l’Energia e l’Ambiente (Agency for New Tech. Energy&Environment)
enhanced oil recovery
US Environmental Protection Agency
one-region national-scale database
nine-region MARKAL database
Equipment and Procurement Cost
Empresa de Pesquisa Energética
Ecole Polytechnique Fédérale de Lausanne
electric power generation
Stanford University Electric Power Research Institute
Energy Policy and Systems Analysis Project
Energy Research Center
Energy Reference Floor Area
Energy Research Institute of the National Development and Reform Commission
Efficient Resource utilization Lifetime extension
Efficient Resource utilization New nuclear capacities
Electric Supply Industry
Electricity Supply Commission
Energy Systems and Modelling
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ESMOPO
ETL
ETP
ETSAP
EU
EURATOM
EUROSTAT
FEA
FEEM
FSU
FT
FTA
GCC
GCAQA
GDP
GEM-E3
GEMINI-E3
GERAD
GHG
GIS
GMM
GNEP
GPRA
GW
HAPs
HFP
IAEA
IEA
IEA/ETO
IEA/NEET
IEP
IER
IET
IEW
IFE
IGCC
IIASA
IIMVA
IMF
IPCC
IPCC-SRES
IPP
IPPR
IPTS
ITER
JAERI
KCL
KEMCO
kW
kWh
LBD

Europe - South East Asian Energy System Modelling and Policy Analysis Project
Endogenous Technology Learning
Energy Technology Perspectives
Energy Technology Systems Analysis
European Union
European Atomic Energy Community
Statistical Office of the European Communities
Future Expansion Alternative
Fondazione Eni Enrico Mattei
Former Soviet Union
Fischer- Tropsch
Federal Technology Alert
Global Climate Change
Global Change Air Quality Assessment
gross domestic product
General Equilibrium Model
A General Equilibrium Model of Intern-National Interaction for Economy-Energy-Environment
Groupe d’études et de recherche en analyse des décisions
greenhouse gas
Geographical Information System
Global MARKAL Model
Global Nuclear Energy Partnership
Government Performance and Reporting Act
gigawatt
hazardous airborne pollutants
high fuels price scenario
International Atomic Energy Agency
International Energy Agency
IEA Energy Technology Office
IEA Networks of Expertise in Energy Technology
Integrated Energy Plan
Institute of Energy Economics and the Rational Use of Energy
international emission trading
International Energy Workshop
Institute for Energy Technology
Integrated Gasification Combined Cycle
Institute for Applied Systems Analysis
Indian Institute of Management
International Monetary Fund
Intergovernmental Panel on Climate Change
IPCC Special Report on Emissions Scenarios
Max Planck Institute for Plasma Physics
Institute for Public Policy Research
Institute for Prospective Technological Studies
International Thermonuclear Experimental Reactor
Japan Atomic Energy Research Institute
Kings College London
Korea Energy Management Corporation
kilowatt
kilowatt hours
learning-by-doing
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LCA
LCS
LNG
LPG
LWR
MA
MANE-VU
MARKAL
MCDA
MCFC
MECS
MEXT
MGA
MIMS
MIP
MIT
MME
MMKz
MPAF
MW
NCC
NEA
NEB
NECHPI
NEEDS
NE-MARKAL
NEMS
NESCAUM
NGA
NGCC
NGO
NIRP
NLP
NO
NOx
NPV
NRCan
NRDC
NREL
OBOT
ODA
ODC
OECD
OPEC
ORC
ORD
OTC
PBMR
PCC
PEC
PEM

Life Cycle Assessment
Low Carbon Society
Liquefied Natural Gas
liquid petroleum gas
Light Water Reactor
Massachusetts
Mid-Atlantic/Northeast Visibility Union
Market Allocation Modeling Framework
Multiple Criteria Decision Analysis
Molten Carbonate Fuel Cells
Manufacture Energy Consumption Survey
Japanese Ministry of Education, Sports, Science and Technology
Modeling to Generate Alternatives
Multimedia Integrated Modeling System
Mixed Integer Programming
Massachusetts Institute of Technology
Brazilian Ministry of Mines and Energy
MARKAL-MACRO-Kazakhstan model
Multi-Pollutant Policy Analysis Framework
megawatt
National Co-ordinating Committee
Nuclear Energy Agency
National Energy Balances
Northeast Combined Heat and Power Initiative
New Energy Externalities Development for Sustainability Project
Northeast MARKAL model developed specifically for the Northeast states
National Energy Modeling System
Northeast States for Coordinated Air Use Management
natural gas
natural gas combined cycle
non-governmental organization
National Integrated Resource Plan
Non-linear program
Nitrous Oxide
Nitrogen Oxides
net present value
Natural Resources Canada
Natural Resources Defense Council
National Renewable Energy Laboratory
oracle based optimization tool
Other Developing Asia
Owner’s Development Cost
Organisation for Economic Cooperation and Development
Organization of Petroleum Exporting Countries
Organic Rankine Cycle
US EPA Office of Research and Development
Ozone Transport Commission
Pebble Bed Modular Reactor
Project Coordinating Committee
Primary Energy Consumption
Pan European model
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PER
PEW
PF
PGPs
PHEV
PHWR
PJ
PM 25 and PM 10
POLES
POLITO
ppmv
PR&PP
PRE
PSI
PSI
PTC
PUCO
PWR
R&D
R90
R90E
R90P
RAINS
RAO UES
RD&D
REACCESS
REDP
REF
RES
RFF
RGGI
RHS
RPP
RPS
SADC
SAGE
SANERI
SCWR
SDM
SEDS
SEE REMS
SF6
SFN
SFOE
SLB
SMM
SO2
SOFC
SOW
TACIS
TAGP

Regional Energy Plan
Pew Center on Global Climate Change
perfect forecast strategies
Pareto Generation Parameters
plug-in electric hybrid vehicles
Pressurized Heavy Water Reactor
petajoules
Particulate
Prospective Outlook on Long-term Energy Systems
Politecnico di Torino – Energy Department
parts per million by volume
Proliferation Resistance and Physical Protection Experts Group
Preference for Renewable Energy sources
Policy Studies Institute
The Paul Scherrer Institute
production tax credit
Public Utilities Commission of Ohio
Pressurized Water Reactors
research and development
Promoting Energy Efficiency scenario
Reducing Electricity Consumption scenario
Reducing Energy Intensity scenario
Regional Air Pollution INformation and Simulation
Unified Energy System of Russia
research development and demonstration
Risk of Energy Availability: Common Corridors for Europe Supply Security (EC project)
Regional Energy Demand Planning
reference scenario
Reference Energy System
Resources for the Future
Regional Green House Gas Initiative
Righthand Side
refined petroleum products
renewable portfolio standards
Southern African Development Community
System for the Analysis of Global Energy Markets
South African National Energy Research Institute
Supercritical LWR
system dynamics simulation model
States Energy Data Summary
South East Europe Regional Energy Market Support
Sulphur hexafluoride
spent nuclear fuel
Swiss Federal Office of Energy
solid biomass
Swiss version of MARKAL model
Sulphur dioxide
Stationary Solid Oxide Fuel Cells
States of the World
Technical Assistance to the Community of Independent States
Trans-ASEAN Gas Pipeline
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TEKES
TIAM
TIMES
TOCSIN
TP
TUG
TWh
UCAMB
UK
UKAEA
UKBU
UKERC
UN
UNFCCC
UNMIK
US DoE
US
USAID
USCSC
USD
USGS
UTSIN
VEDA
VEDA-BE
VEDA-FE
VITO
VMT
VOC
VTT
WEC
WEPS+
WG
WWTFs

Finnish Funding Agency for Technology and Innovation
TIMES Integrated Assessment Model
The Integrated MARKAL – EFOM System
Technology-Oriented Cooperation and Strategies in India and China Project
technology progress scenario
University of Technology Graz
terawatt hours
University of Cambridge
United Kingdom
UK Atomic Energy Authority
Hong Kong Baptist University
UK Energy Research Centre
United Nations
United Nations Framework Convention on Climate Change
Kosovo
US Department of Energy
United States
United States Agency for International Development
Ultra Supercritical Steam Cycles
US dollars
United States Geological Survey
Tsinghua University 3E Institute
Versatile Data Analyst
Versatile Data Analyst - BackEnd
Versatile Data Analyst - FrontEnd
Flemish institute for technological research
vehicle miles traveled
Volatile Organic Compounds
Technical Research Center of Finland
World Energy Council
World Energy Projections Plus
Work Groups
Waste water treatment facilities
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