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Motivation

A The Paris agreement in December 2015 codified aspiration to hold the increase in global average temperature to well-
below 2AC above pre-industrial levels and to pursue efforts to limit the temperature increase to 1.54C.

A Such ambitious climate policies would significantly reduce the risks of climate change and, therefore, they can be
considered safer guardrails.

A According to the report of IPCC (2014), the cumulative CO, emissions from 2011 to limit warming to less than 2°C
and 1.5°C at different levels of probability are as below:

Net warming/ 1.5C 2/C
Probability

> 66% 400 GtCO, 1000 GtCO,

> 50% 500-600 GtCO, 1300-1400 GtCO,
> 33% 700-900 GtCO, 1500-1700 GtCO,

*

A Despite the presence of climate policy measures in some world regions, progress in the implementation of concrete
world-wide decarbonization policies has been slow. Therefore, it is essential to study how a further delay of
cooperative action closesthe window for achieving the targets.

* http://cdn.shopify.com/s/files/1/0579/7061/files/hourglass.gif?10139010899704076681
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Objectives

A This study identifies the feasible solution space for achieving the described decarbonization targets.

A

It investigates in a systematic manner the required global energy system transformations and behavioral
changes in order to meet the feasible targets.

For a comprehensive analysis, macroeconomic implications of the implemented mitigation policies are taken
into account.

To emphasize on the urgency of reaching a more practical global climate agreements, impacts of a further
delay in taking emission reduction action are evaluated.
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Methodology: TIAM -MACRO

A Adapted by Kypreos and Lehtila (2013) to link multi-regional TIMES models (e.g., TIAM) with the MACRO model.
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Scenario definition

A Based on our current knowledge of future technological and economic development, the feasibility of the
decarbonisation targets can be summarized here:

Start year 1.5/C 2/C
(Delay action) 66% 50% 33% 66% 50%
2020
2030
2040

A Accordingly, following scenarios can be considered:

Scenario Description
Base A No major CO, reduction policy
A Carbon budget: 1000GtCO, ; insuring the 2°C target with a probability of more than 66%
WB2DS
A Start year: 2020
DS A Carbon budget: 1400GtCO, ; insuring 2°C with a probability of more than 50%
A Start year: 2020
2DSD A Carbon budget: 1400GtCO, ; insuring 2°C with a probability of more than 50%
A Start year: 2030
IER Universitat Stuttgart Analysis of the required global energy system transformations and the associated 6
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Cumulative Primary Energy Consumption by energy carrier
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A The fuel mix in the decarbonisation scenarios in 2100 is substantially different from the current mix, with the share of
renewablesincreasing from 14% in 2020 to 58% in the 2DS, 63% in the 2DS-D and 65% in the WB2DS.

A While fossikfuels remain the leading energy carrier in the Basescenario, reliance on fossil fuels in the decarbonisation
scenarios dramatically falls from 81% in 2020 to 11% in the WB2DS, 12% in the 2DS-D and 15% in the 2DS.
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EJ

Final Energy Consumption by energy carrier and sector
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A Fossil fuels dominate in the Base scenario dominate the final energy carriers, final energy consumptions in the 2DS
and WB2DS reflect the significant role of electrification of end-use sectors. The share of electricity and heat in
cumulative final energy consumption increases from 24% in the Base to 43% in the 2DS and 47% in the WB2DS.

A The cumulative final energy consumption in the 2DS is 18% and in WB2DS is 22% lower than the Base. Major
efficiency improvements and service-demand reductions are experienced in the Industry sector.
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Annual electricity generation by energy carrier
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A Coal remains the leading source of electricity in the base scenario, in the 2DS scenario conventional coal power plants
are almost completely phased-out by 2040.

A Bio-CCS 13% share turns the global electricity mix into a source of negative carbon emissions over the period of
2050-2100.

A The rapid deployment of variable renewable electricity (VRE) sources in the 2DS scenario, reaching a share of 43% in
2100, will need to be enabled by increasing system flexibility.
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Changes in the electricity generation between the WB2DS and the 2DS
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2050

A Initially the WB2DS leads to a lower
generation from fossil fuels without
CCS, compensated mainly by other
renewables, gas with CCS and
biomass with CCS.

mBiomass
BBiomass with CCS ' A More  stringent carbon  budget
® Other renewables constraint, lead to less fossil fuel with
mNuclear CCS and more biomass with CCS
mOil especially after 2070. This is due the
5 Gas with CCS fact that remaining CO, emissions
. from fossil-fuel CCS technologies
B Coal with CCS ;
make them less attractive than the
OGas biomass with CCS.
mCoal
A After 2040, the increasing electricity
demand in the WB2DS scenario is
mainly covered by other renewables,
nuclear and biomass with CCS.
2060 2070 2080 2090 2100
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Critical role of bioenergy

Bioenergy consumption by sector Power generation by bioenergy w CCS and w/o CCS
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and constrainedavailability of sustainable biomass, the development of integrated systems to support highly efficient
production and consumption of biomass will be crucial.
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Cumulative CO, emissions

Cumulative CO2 emissions (Gt)

1800 A While in the 2DS, the energy
600 system reaches carbon neutrality by
’ almost 2080, in the 2DS-D and the
1400 WB2DS it happens 10 years earlier
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of short-term measures.
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CO2 reductions by measure
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A In all scenarios renewables dominates the other measures.
Hence, renewables can be considered as the backbone in the
transition to a decarbonized energy system.

A Energy-service demand reduction seems to be necessary for

reaching ambitious climate policies.

Analysis of the required global energy system transformations and the associated

macroeconomic implications in order to meet ambitious decarbonization targets

13



Investment needs in the power sector

Average annual investments
1o A Renewables  (excluding  biomass
CCS) with a share of around 67% of
the cumulative investments in the
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Macroeconomic implications of the decarbonization scenarios

Regional GDP Losses and delaved action relative Gross World Production (GWP) Losses
to the Base scenario (%) and delayed action
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Conclusions

A Based on our current knowledge of technological and economic developments, reaching
the decarbonization targets seems to be barely feasible and implies huge
macroeconomic impacts.

A Renewables (excluding bioenergy) will be the backbone of the decarbonized energy
systems. However, rapid deployment of variable renewable electricity (VRE) sources
will need to be enabled by increased system flexibility.

A The availability of sustainable bioenergy supply sources, and carbon storage sites are
two key factors for Bioenergy with CCS.

A Decarbonizing power generation and allowing electricity to substitute fossil fuels in
Inflexible energy sectors (e.g., mobility) is recognized as a cost-effective mitigation
strategy.

A Delaying action by 10 years will imply considerably higher direct and general
equilibrium costs.

Analysis of the required global energy system transformations and the associated 16
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Total energy sector CQ emissions and marginal abatement costs in the
decarbonization scenarios

Total energy sector CO, emissions Marginal abatement costs
50 7
40 6
30 o) 5
%
20 Xy —s
0 —WB2DS
10 8 3
< 2DS-D

. I NG

-20 0

2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100

The delay leads in the early years to higher CO, emissions compared to the 2DS, which are being offset by lower
emissions in the period after 2040 to stay within the same carbon budget limit as in the 2DS.

Higher carbon budget in the WB2DS leads to lower emissions in the whole time horizon, starting from 2020.
Delaying action by 10 years will lead to around 50% higher marginal abatement costs by 2100.

More ambitious carbon budget constraint in the WB2DS will double the marginal abatement costs by 2100.
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Electricifaction of final consumption and decarbonization of the power
sector

Share of electricity in the final energy consumption Share of decarbonized electricity in the total generation
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A Decarbonizing power generation and allowing electricity to substitute fossil fuels in inflexible energy uses (e.g.
mobility) is a cost-effective decarbonisation strategy.

A Delaying action implies more rapid decarbonization of the power sector and higher contribution of the electricity in
the final energy consumption.
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Estimates for renewables global potential over the century

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000
0

50
45
40
35
30
25
20
15
10

EJ

IER

1800 -
1600 -
1400 -
1200 -
1000 -
800 -
600 -
400 -
200 -

0

Wind

1 i
Te o
Solar |
- 100 -
i 90 -
i 80 -
i 70 -
i 60 -
1 W 50 -
e — 40 -
i 30 +
i X 20 -
i 10 -
, 0
Ocean

Universitét Stuttgart

Hydro

EJ

50
45
40
35
30
25
20
15
10

500 -
450 - =
400 -
350 -
" 300 - ° ™
250 - |
200 - X
150 -
100 -
50 -
0 .
Biomass
5000
4500
4000
3500
3000
N 2 2500
2000
1500
1000
Py 500
- 0

Geothermal power

Analysis of the required global energy system transformations and the associated

macroeconomic implications in order to meet ambitious decarbonization targets

Sims et al (2007)
Resch et al. (2008)
Klimenko et al. (2009)
Cho (2010)
Tomabechi (2010)

®@ X X b H o

WEC (2010)
ECOFYS (2008)
——WBGU (2011a)

@ This thesis

NP3
AN

Geothermal heat

21



Realizable potential of renewables

3000

A The realized potential for each renewable type is
calculated based on following two points:

1. The whole estimated potentials can be reby
the end of the century.

2500

2. The realized potentials until 2050 are given

according to the following studies: 2000
® Biomass
IEA TechnologyRoadmasolarPV (2014 _ = Ocean
*
IEA TechnologyRoadmasolarThermal(2014) . 1500 = Geothermal
m Hyd
IEA TechnologyRoadmapGeothermal2012) _W¥ ;0
In
IEA TechnologyRoadmagHydro (2012 = Solar CSP
Global Wind EnergyOutlook(2014) 1000 % Solar PV
500
0
2020 2030 2040 2050 2060 2070 2080 2090 2100
* Here only geothermal for power production is considered.
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Estimation of nuclear capacity
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CO, storagepotential (Gt) (optional)

Reservoir IPCC Manancourt & Dooley et al. Hendriks et al. (2004
(2005) Gale (2005) (2005)
Best estimate Range of
estimates
Coal beds 3.5-200 150-250 176 267 0-1480
Saline Aquifers 1000-10000 | 200-200000 9530 240 30-1081
Gas 675-900 700 239 24-423
Depleted 500-1000 810 0 332
Oil & Gas oil (900-1200) 93 42-151
_ _ 1153
Fields Gas Including 672 368-1703
Remaining undiscovered - B 821
Qil reserves 149 12-1043
A For this study we used the ‘best estimate’ of ecofys (Hendriks et al., 2004).
A Due Public resistance against onshore storages, they are excluded. Enhanced Oil Recovery (offshore)
A The assumed cumulative CO, storage is thus 748 Gt. 26
< Depl oil fields (offshore)
117
Depl gas fields (offshore)
133
302 Enhanced Coalbed Meth recov <1000 m
133

Enhanced Coalbed Meth recov =>1000 m

-

Deep saline aquifers (offshore)

Analysis of the required global energy system transformations and the associated 24
macroeconomic implications in order to meet ambitious decarbonization targets

IER Universitat Stuttgart



Average investment cost for different types of power plants
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