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technology pathways for the decarbonization of Europe, but a common finding across the
scenarios and models is the prominent role of energy efficiency and renewable energy
sources. In particular, wind power and bioenergy increase considerably beyond current
deployment levels. Up to 2030, the transformation strategies are similar across all models
and for both levels of emission reduction. However, mitigation becomes more challenging
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Abstract

The Energy Modeling Forum 28 (EMF28) study systematically explores the energy system transition
required to meet the European goal of reducing greenhouse gas (GHG) emissions by 80% by 2050.
The 80% scenario is compared to a reference case that aims to achieve a 40% GHG reduction target.
The paper investigates mitigation strategies beyond 2020 and the interplay between different
decarbonization options. The models present different technology pathways for the decarbonization
of Europe, but a common finding across the scenarios and models is the prominent role of energy
efficiency and renewable energy sources. In particular, wind power and bioenergy increase
considerably beyond current deployment levels. Up to 2030, the transformation strategies are similar
across all models and for both levels of emission reduction. However, mitigation becomes more
challenging after 2040. With some exceptions, our analysis agrees with the main findings of the

“Energy Roadmap 2050” presented by the European Commission.
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1. Introduction

1.1. Setting the scene: the European Union’s low-carbon strategy
In 2009, the European Union (EU) set an aspirational target of reducing greenhouse gas (GHG)
emissions by 80—-95% below 1990 levels by 2050 (European Council, 2009; confirmed in European
Council, 2011). This objective reflects the EU’s unilateral commitment to keeping increases in the
global average temperature below 2°C. The EU’s long-term goal is grounded in a 2020 mid-term
strategy described in the “EU climate and energy package” that aims to achieve: i) a 20% reduction
in EU GHG emissions from 1990 levels, ii) raising the share of renewables in the EU’s final energy
consumption to 20% (including a 10% renewable share in the transport sector), and iii) a 20%
improvement in the EU's energy efficiency. Taken together, these goals constitute the 20-20-20
targets®. While the first two targets are binding, the last one is only indicative. Furthermore, it
remains unclear whether and how these targets will be maintained after 2020. An initial idea for a
post 2020 framework was circulated in March 2013 with the EU green paper “A 2030 framework for
climate and energy policies” (European Commission (2013a)) designed to launch a public

consultation.

In 2011, the European Commission began a discussion about the long-term framework of climate
and energy policies in Europe, including a strategy leading up to 2050. As a result, three roadmaps
have been launched: the “Roadmap for Moving to a Competitive Low Carbon Economy in 2050”
(European Commission, 2011d), the “Roadmap to a Single European Transport Area - Towards a
Competitive and Resource Efficient Transport System” (European Commission, 2011f) and the
“Energy Roadmap 2050” (European Commission, 2011e). Extensive modeling work has supported
the three roadmaps, e.g. the impact assessment on the Energy Roadmap (European Commission,
2011c). The analyses of the energy system were mainly based on one model, i.e. PRIMES (E3Mlab,
2010). However, the single-model approach leaves several unanswered questions, particularly in
terms of the modeling methodology, uncertainties related to input assumptions, and lack of
transparency (see the critique by the Advisory Group on the Energy Roadmap (European
Commission, 2011b). Other single-model analyses of long-term EU climate and energy policies
include Hibler and Léschel’s (2013) analysis of the Energy Roadmap with a detailed sectoral analysis.
The study “Power Choices” focuses solely on the power sector using PRIMES (Eurelectric, 2009) and
the “Roadmap 2050” by the European Climate Foundation (2011), is another example which
investigates a number of pathways with different shares of renewables. However, earlier model
comparison projects have taught us that mitigation strategies vary significantly across models
(Weyant, 2004; Clarke et al., 2009; Edenhofer et al., 2010; Calvin et al., 2012; Luderer et al., 2012). In
light of this, it seems that a multi-model perspective is valuable for formulating robust and effective

energy and climate policies.

? For more information consult http://ec.europa.eu/clima/policies/package/index_en.htm
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This paper contributes to the energy and climate debate by presenting the results of the Energy
Modeling Forum 28 (EMF28). The project considers how to decarbonize the European energy system
and asks whether the technology strategies drawn from the Energy Roadmap are robust when
comparing them with the results of several models run by a number of organizations. More

specifically, the research questions are:

e Technologies and sectors: Which are the most important technologies enabling the GHG
reduction target to be met across the EU in a cost-effective manner? Are some technologies
irrelevant or ambiguous? What is the most cost-effective allocation of emission reductions
across sectors?

e Targets and timing: What are the implications of different long-term targets for shorter-term
actions in terms of the timing of mitigation and for specifying targets? Are the EU 2020
targets sufficient to meet the long-term target of reducing GHG emissions by 80% by 20507?
What does this imply for determining appropriate targets in 2030 and 2040? How do the

costs of the transformation develop over time?

A total of 13 European modeling teams—including the PRIMES team—are involved in the model
comparison under the roof of the Stanford Energy Modeling Forum (EMF) which is documented as
the EMF28 study’. The model typology ranges from global integrated assessment models, where
Europe is modeled as one region, to European energy system models, which feature a greater level
of spatial detail and an explicit representation of individual Member States. The EMF28 analysis
builds upon the scenarios defined in the European Commission’s Energy Roadmap. One set of
scenarios considers the continuation of current policies, leading to a 40% reduction of GHG
emissions by 2050 compared to 1990. The decarbonization scenarios aim to reduce GHG emissions
by 80% by the same date. This exercise has two goals. The first is to identify common technological
requirements and technology portfolios by analyzing the various low carbon pathways produced by
the models. The second is to understand the extent to which variations in results are due to
assumptions inherent in the input data, and the extent to which they are explained by
methodological differences. The underlying research question is whether different types of models
tell different stories about Europe’s decarbonization pathway, or whether there is a shared view on
cost-effective strategies. The use of a large number of models provides a wider characterization of

plausible pathways, thus making it possible to attempt to identify robust strategies (Lempert, 2002).

This paper is organized as follows: The remainder of Section 1 introduces the scenarios and the
participating models. Section 2 focuses on technology options and sectoral decarbonization
strategies. Section 3 discusses the feasibility and costs of decarbonization. Potential EU targets for
the period beyond 2020 are analyzed in Section 4. Section 5 presents the conclusions of this study

and compares them to those of the Energy Roadmap.

* EMF has considerable experience in leading model comparison studies. Moreover, this EMF28 study, which
focuses on the EU, was linked to similar studies at the global (EMF27) and USA scale (EMF24).
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1.2. Scenario setup
The EMF28 exercise incorporates two dimensions of analysis: i) the availability of different
technologies and ii) the presence of different climate policy regimes outside Europe. Table 1
summarizes the main characteristics of the EMF28 scenarios. This paper specifically concentrates on
the technology dimension of different European strategies, while De Cian et al. (this issue) focus on

the impacts of different global climate policy regimes for Europe.

The no-policy baseline scenario® (BASE) describes a counter-factual baseline that does not include
any target for 2020 or 2050. The purpose of this scenario is to determine how the models would
behave without any constraint. The Reference scenarios achieve a 40% reduction of GHG emissions
by 2050. These scenarios can be interpreted as a continuation of current policies (European
Commission, 2011e, p. 2). The Mitigation 1 scenarios assume that the EU takes leadership of the
global climate policy regime by committing unilaterally to an emissions reduction target of 80%,
while the rest of the world continues with moderate targets (Luderer et al., submitted)®.
Furthermore, in these scenarios, only Europe has an established carbon market where carbon
offsets can be exchanged. Mitigation 2 and 3 explore the role of international trade in carbon offset,

see De Cian et al. (this issue).

The Reference scenarios and the Mitigation 1, 2, and 3 scenarios consider technology variations in
five main technology storylines. In the default cases (40%DEF/80%DEF), the technology assumptions
reflect the default view and structure of each model.® The other scenarios consider a “what-if”
perspective and analyze what happens if a certain technology is not available or if some
technological development is more successful than expected in the default case. In the 40%noCCS /
80%n0oCCS scenarios, carbon capture and storage (CCS) is excluded’ and in the pessimistic scenarios
40%PESS / 80%PESS both CCS and nuclear fission are excluded. CCS and nuclear fission could both be
key elements of a mitigation strategy but are also controversial. An optimistic case considers
expectations about greater efficiency improvements (40%EFF / 80%EFF), compared to the default
assumptions. Green scenarios consider a situation without CCS and with low nuclear deployment,

but with high-energy efficiency and a more rapid technology development for renewable energy

* This scenario should not be confused with the “business-as-usual” scenario of the Energy Roadmap. In the
EMF28 baseline scenario, no policies are assumed, while in the “business-as-usual” scenario of the Energy
Roadmap, the 20-20-20 targets will be achieved and the annual reduction of the cap in the ETS directive is in
place. The EMF28 baseline scenario has no corresponding scenario in the Energy Roadmap.

> The moderate policy scenarios for the rest of the world are taken from the WeakPol scenario in the RoSE
projectS(Luderer et al., submitted). It reflects existing climate policies, a weak interpretation of the 2020
Copenhagen Pledges, and an extrapolation of these targets beyond 2020 based on the intensity of emissions
(GHG emissions per unit of GDP). There is no international cooperation and international carbon trading is
excluded.

® Default technology assumptions represent model-specific, evolutionary improvements in technology, while
optimistic technology assumptions represent plausible, optimistic improvements. Pessimistic cases assume
either the failure of a technology or public opposition.

7 ccs is excluded for any option that might be combined with this technology, coal, oil, gas, and bioenergy.
Note that PRIMES provides the results of the “delayed CCS” scenario of the EU Energy Roadmap with limited
CCS (instead of no CCS).



(40%GREEN / 80%GREEN). The technology scenarios should be understood as reflecting “what-if”
assumptions about technological development. To different degrees, the scenarios reflect public
choice, technology failure, or success or failure of government policies. Within this set, the 40%DEF
and the 80%DEF scenarios form the default reference and default mitigation scenario, respectively;
40%DEF corresponds to the “Reference” scenario within the Energy Roadmap and 80%DEF

represents the “diversified supply technologies” scenario.

At the EU level, all scenarios except the baseline scenario take into account the 2020 target for GHG
reduction. This target is considered a minimum, i.e. a GHG reduction of at least 20% has to be
achieved by 2020. Models may however choose to implement a reduction rate based on the cost-
efficiencies of reaching the long-term target. The EU target regarding share of renewables is only
considered by two thirds of the models, and again, where implemented this target is regarded as a
minimum. The energy efficiency target is not incorporated in the models, as it is only indicative
rather than binding. The analysis focusses on two different periods: the short-term action from
2010-2030 and the long-term requirements between 2030 and 2050.

Only a limited import of biofuels is allowed into the EU region by the scenarios. Although the Energy
Roadmap acknowledges the importance of bioenergy as a mitigation option, land-based bioenergy
options must be compatible with other biodiversity objectives as well as with the sustainability of
agriculture and food security (European Parliament and the European Council 2009, Art. 17;
European Commission 2011a, p.106). Europe interacts with the rest of the world through
international trade, energy markets, and technology spillovers in all of the scenarios. However, the

extent of these interactions is model-specific.

This paper identifies robust model results for the transformation of the European energy system
(EU27) by focusing on the differences between the core scenarios (40%DEF and 80%DEF) while
taking into account different technological developments. De Cian et al. (this issue) explore the
implications of different global climate policy regimes by looking at the policy dimensions described
in Table 1 and by focusing on the mitigation 2 (80%FRAG /80% FRAG_EFF) and Mitigation 3
(80%GLOB /80%GLOB_EFF) scenarios. Other papers in this issue provide a structural analysis of the
different decarbonization strategies (Forster et al., this issue) and compare alternative mitigation
cost metrics (Paltsev and Capros, this issue). Knopf et al. (this issue) explore the interplay between
the transformation of the energy system at the European level and at the level of EU Member States.
Von Hirschhausen and Holz (this issue) describe the infrastructure requirements for the EMF28

scenarios. Section 4 briefly summarizes the conclusions from these papers.



Table 1. Definitions of scenarios in the EM28 modeling comparison exercise.

Technology dimension

Default Default w/o  Pessimistic Efficiency Green
w CCS ccs
ccs on off off on off
Nuclear energy ref ref low ref low
Energy efficiency ref ref ref high high
Renewable energies ref ref ref ref opt
Policy dimension
Europe Rest of the World
Baseline: No policy BASE
no policy
Reference: WeakPol 40%DEF 40%noCCS 40%PESS 40%EFF 40%GREEN
40% GHG reduction by (Ludereretal.,
2050 submitted)
Mitigation1: WeakPol 80%DEF 80%noCCS 80%PESS 80%EFF 80%GREEN
80% GHG reduction by (Ludereretal.,
2050 (with cap and trade  submitted)
within the EU only, 1
carbon market in the EU)
Mitigation2: IMAGE2.9 scenario 80%FRAG 80%FRAG_EFF
80% GHG reduction by (van Vuuren et al.
2050 (with cap and trade
within the rest of the 2007)
world and the EU, 2
separate carbon
markets)
Mitigation3: IMAGE2.9 scenario 80%GLOB 80%GLOB_EFF

global 480 ppme target
with full cap and trade, 1
global carbon market

(van Vuuren et al.,
2007)

Notes: “Low” nuclear is defined as no construction of new nuclear power plants beyond those already under

construction (www.world-nuclear.org/info/reactors.html). The “optimistic” energy efficiency setting assumes

easier access to energy efficiency technology or an increase in energy productivity. In the “green” scenario,
renewables are applied differently in each model, e.g., higher learning rates, higher rates of technical change,

lower capital costs, or setting a specific target for renewables.

1.3.

The models included in this exercise differ in many respects. The main difference concerns the

Participating models

methodological characteristics of the models (i.e., energy system models and full equilibrium macro-

economic models). Other differences include the geographical resolution (coverage and

geographical explicitness), temporal resolution (model time horizon and time-step length), and

sectoral coverage (focusing on the energy sector or coupling with other issues such as land-use).


http://www.world-nuclear.org/info/reactors.html

Table 2. Models of the EMF28 comparison exercise.

Economic coverage Geographic Inter-temporal solution General International
coverage methodology solution trade
(number  of methodolo
EU regions) gy
EPPA [A] Full economic coverage in CGE Global (1) Recursive dynamic Market All
equilibrium commodities
FARM  EU Full economic coverage in CGE Global (5) Recursive dynamic Market All
[B] equilibrium commodities
GEM-E3 [C] Full economic coverage in CGE Global (25) Recursive dynamic model Market All
with static expectations equilibrium commodities
PACE [D] Full economic coverage in CGE Global (1) Recursive dynamic Market All
equilibrium commodities
MERGE-CPB  Full economic coverage in optimal  Global (1) Inter-temporal optimization Optimization Fossil fuels
[E] growth model
WITCH [F] Full economic coverage in optimal  Global (2) Inter-temporal optimization Optimization  Oil

growth model

POLES [G] Partial equilibrium model of the Global (27) Recursive dynamic Market Fossil fuels
energy sector equilibrium
TIAM-UCL Partial equilibrium model of the Global (3) Inter-temporal optimization Optimization Fossil fuels,
[H] energy sector uranium
TIMES-VTT Partial equilibrium model of the Global (4) Inter-temporal optimization Optimization Fossil fuels,
[ energy sector electricity,
biofuels,

CO, storage

services
PRIMES [J] Partial equilibrium model of the EU (25) Perfect foresight in power Market Electricity and
energy sector sector, 10-year foresight in  equilibrium gas in Europe
demand sectors
TIMES Pan Partial equilibrium model of the EU (23) Inter-temporal optimization Optimization Electricity,
EU [K] energy sector biomass,
biofuels
PET [L] Partial equilibrium model of the EU (25) Inter-temporal optimization Optimization Electricity,
energy sector biomass,
biofuels
EMELIE-ESY Partial equilibrium model of the EU (27+2) Inter-temporal optimization Market Electricity

[M] electricity sector equilibrium

Notes: [A] Paltsev et al. (2005; 2011); [B] Sands et al. (submitted); [C] Capros et al. (2010; in press); [D]
Bohringer and Lange (2003), Bohringer et al. (2009), Bohringer and Loschel (2006); For this version of PACE®
calibrated to EU data up to 2050 Hubler and Loschel (2013); [E] Blanford et al. (2009), Aalbers and Bollen (this
issue); [F] Bosetti et al. (2006), De Cian et al. (2012); [G] Criqui and Mima (2012); [H] Anandarajah et al. (2011);
[1] Koljonen and Lehtild (2012); [J] Capros et al. (2012); [K] Blesl et al. (2012); [L] Kanudia and Gargiulo (2009);
[M] Traber and Kemfert (2012), Schroeder (2012).

Table 2 lists the models participating in the EMF28 exercise. There are two major classes of models: i)
macroeconomic models that describe the nexus between the economy and the energy system and ii)

partial equilibrium models of the energy system. The macroeconomic models include computable

® Note that this specific version of PACE that was used for the EMF28 scenarios assumes high energy
improvement.



general equilibrium (CGE) models, which are solved recursively using market equilibrium conditions,
and growth models, which are solved in a forward-looking manner using optimization algorithms.
CGE and optimization models provide full economic coverage with the former representing all
sectors of the economy in greater detail than the latter. The energy system models include a partial
equilibrium representation of the full energy system. An additional model that covers the electricity
sector in detail is also included. The majority of the models have a global scope and include trade in
fossil fuels. Some models also include trade in biofuels, electricity, and captured CO,. Trade in other
commodities is modeled in the CGE models. Finally, trade in emissions permits is dependent on the
scenario definition and is not allowed in the reference or Mitigation 1 scenarios, except within the

EU region.

2. EU decarbonization strategies - technology options

2.1. Decarbonization challenges and strategies
Figure 1 shows the CO, emissions for the baseline (BASE), the default reference case (40%DEF), and
the default mitigation case (80%DEF). One model is not able to reach the 80% reduction target (see
section 3.1). Discrepancies in the base year occur because of slightly different geographical
definitions for the EU27 (in some models, EU27 includes countries that are not EU Member States,
such as Switzerland and Norway), and because the project does not attempt to harmonize the model
data for historical years. The models can, therefore, have different calibrated base years (2005 and

2010 being the most common) and use different variables.

Model-specific no-policy baseline scenarios (BASE) show a high degree of variation in terms of CO,
emissions. Historically, there has been a decrease in emissions since 1990 (EEA, 2012), but only
TIMES-PanEU shows a continuation of this decrease in the baseline, leading to a greater than 10%
CO, reduction by 2050, relative to 2010. In contrast, two models—EPPA and TIAM-UCL—project a
drastic increase in emissions (between 40% and 60%, respectively) between 2010—2050. All the

other models suggest a more modest increase of less than 15%.

In the other two scenarios, the historical trend of decreasing CO, emissions continues in the EU,
leading to at least a 20% reduction in 2020, relative to 1990. The differences between the default
reference and the default mitigation case stand out clearly from 2025 onwards. In several models,
the default mitigation scenario (80%DEF) leads to far more substantial reductions in 2020 than that
achieved in the default reference scenario (40%DEF) (Section 4). The fact that some models go
below the cap by 2020 suggests that the cost of the rapid reductions needed to achieve the 2050

target are exceedingly high and, therefore, mitigation begins earlier.

The mean annual CO, reduction rates for the default reference case are approximately 1% per year
for 2010-2030 and 2030-2050. In the default mitigation scenario, the emission reduction rates
increase to 2.2% and 6.1% for the first and second period, respectively. This indicates a higher

mitigation effort not only in the long-term, but also in the mid-term up to 2030 (Section 4). The wide
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range observed for emission reduction rates reflects the diversity in BASE scenario emissions, which
will have implications also in terms of policy costs. By contrast, emissions for the 40%DEF and
80%DEF scenarios converge by definition, as 40% resp. 80% GHG reduction is required by 2050.
Reaching a given emission reduction target from a higher BASE trajectory is certainly more
challenging than reaching it from a trajectory that is only little above the 40% reduction line.
8000
7000
6000
5000
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—40%DEF

—80%DEF

—historic data

4000

3000

CO, Emissions [Mt CO,/yr]

2000

1000

0

1990 2000 2010 2020 2030 2040 2050

Figure 1. CO, emissions (excluding land-use) for all models for the baseline BASE, default reference scenario (40%DEF),

and default mitigation scenario (80%DEF). Historical emissions based on EEA (2012).

The trends in primary energy vary considerably across the models including the 40%DEF and 80%DEF
scenarios (Figure 2), indicating that similar emission pathways can be achieved through alternative
energy transitions. A first robust tendency observed across the models is the decline in primary
energy use in the reference scenario (compared to the baseline) and in the mitigation scenario
(compared to the reference case).” The trend in time is more variable. Except for TIMES-PanEU, all
the models show either constant or increasing primary energy use in the baseline (BASE). In the
default reference case (40%DEF), nearly half of the models show a moderate increase while the
other half show a moderate decrease (with a maximum increase of 15% for PET and TIAM-UCL, and
a maximum decrease of 26% for EPPA). In the default mitigation case (80%DEF), one model (TIMES-
VTT) suggests an increase in primary energy use, while the others remain more or less at the 2010
level or demonstrate a decrease in their primary energy use (up to 55% in EPPA, FARM-EU and in this
version of PACE).

? It should be noted that this finding is also affected by the primary energy accounting method: many carbon
free options (i.e., nuclear, non-biomass, and renewables) lead to a lower primary energy use, while their share
increases with mitigation. The same conclusion can be drawn for final energy as the above finding for primary
energy use is supported.
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Figure 2. Primary energy use for all models for the baseline scenario BASE, the default reference scenario 40%DEF, and

the default reference scenario 80%DEF. Historical data based on Eurostat (2012b)

A second robust finding across the models is that reduction of energy intensity plays an important
role in decreasing emissions. Figure 3 plots changes in energy intensity (El, defined as primary
energy over GDP) against changes in carbon intensity (Cl, defined as CO, emissions over primary
energy) between 2010 and 2050 for the baseline, the default reference, and the default mitigation
scenario (representing the three markers on each line). The first markers on the left reflect the
baseline and indicate that improvements in energy efficiency occur without climate policies. Results
are more mixed regarding carbon intensity and in the baseline scenario models, Cl is either
increased or slightly decreased. The diagonal line represents the situation in which the reduction
rates of energy intensity and carbon intensity are equal. For the BASE scenarios, it can be seen that
the reduction of El has by far the larger impact on emissions (the reduction of Cl only plays a limited
role). Reduction of Cl, however, becomes more important in the 40%DEF scenario, but all data

points remain on the left half of the 45-degree line, implying that reduction of El is the main option.

This changes in the 80%DEF scenario. In this scenario, there are two main response strategies across
the models. One group of models always chooses El as the main option, regardless of the stringency
of the policy. This cluster of models remain above the 45-degree line and primarily includes CGE
models (PACE, FARM-EU, and EPPA), which generally have lower potential for substitution across
technologies than energy system models. The second group includes models that rely on energy
intensity reductions when the emissions target is moderate, but switch to decarbonization as the
main strategy given the 80% emissions reduction target. In this cluster, we find models with a wider
portfolio of explicitly carbon-free technologies (e.g. energy system models) or models that
endogenously respond to the carbon price signal with induced innovation (WITCH) and technological
change driven by learning-by-doing (e.g., WITCH and MERGE-CPB). A similar clustering of models
also emerges when comparing short- and long-term strategies in the mitigation scenario. CGE

models tend to rely on El in the short- and long-term, whereas the other models switch from El to
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decarbonization after 2030 (Forster et al., this issue). For a comprehensive overview of the
importance of technological change induced by climate policy and how it is represented in different

types of models see Edenhofer et al. (2006).
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Figure 3. Annual reduction rates of Cl and El between 2010-2050 for the baseline (BASE), the default reference (40%DEF),
and the default mitigation (80%DEF) scenarios, represented by the three markers on each line, in the direction of the

arrows (from left to right). Historical data are given for annual reduction rates between 1990-2005.

All baseline scenarios show a slower improvement of Cl than the historical rates of 0.57% per year
from 1990-2005. However, it should be noted that most historic improvements originate from the
modernization and restructuring of the Eastern European economies and that more recently, the
reduction in Cl has not been noteworthy (only 0.19% p.a. from 2000-2005). In fact, some models
show a future increase in Cl (TIAM-UCL, PACE, EPPA) in the no-policy baseline. The historical trend of
1.5% for El reduction from 1990-2005 is projected to continue in the baseline scenarios of most
models. Some models show much higher values in the baseline than was observed in the past (e.g.,
TIMES-VTT, this version of PACE) while others continue the trend (FARM-EU, POLES, PRIMES, WITCH)
or show a reduction (TIAM-UCL). In the default reference and mitigation scenarios, and in contrast to
the baseline scenario, energy efficiency improvement and reduction of Cl are as high as historical
values. In the default mitigation scenario, these rates are pushed to 3-4% for El in the CGE models
(EPPA, FARM-EU, and this version PACE) and for Cl in the other models (MERGE-CPB, PET, POLES,
PRIMES, TIMES-VTT, and WITCH).
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2.2. Identifying technological options for decarbonizing the energy

system

The previous section emphasizes the important role Cl reduction plays in most models in the
mitigation scenario, as opposed to the reference scenario. In this section, we give a detailed analysis
of the decarbonization. First we concentrate on the scenarios BASE, 40%DEF and 80%DEF. In Section
2.3, we analyze the influence of the different technology variations. Currently, primary energy mix in
the EU is dominated by the fossil fuels oil, gas and coal, providing 35%, 25% and 16% respectively in
2010, totaling 76%. Nuclear contributes 14%, while bioenergy and non-biomass-renewables account
for 7% and 3%, respectively (Eurostat, 2012c).

While there is significant variety across the different models and mitigation scenarios, some robust
conclusions about the importance of certain technologies can be identified. In the first period up to
2030, oil and gas remain relatively stable and are similar in all three scenarios. Coal use, in contrast,
is reduced considerably by 2030 in 40%DEF and 80%DEF compared to the BASE scenario (Figure 4),
while fossil-CCS only has a limited contribution up to 2030. In the second period up to 2050, a
greater reduction is observed for oil and gas in 80%DEF but not 40%DEF. In the 80%DEF scenario,
coal without CCS is almost completely phased out by 2050, while fossil fuels with CCS (mainly coal
and partly gas) contribute substantially to long-term mitigation. By 2050, in a few of the models,

fossil-CCS is being used in the default reference scenario (40%DEF).

Most models follow a similar decarbonization strategy up to 2030 which reflects the robustness of
the model results. Divergences become prominent after 2030, particularly concerning the use of
bioenergy outside the electricity sector (Section 2.4). Furthermore, the differences between the
80%DEF and 40%DEF scenarios in 2050 confirm the finding of Figure 3; while for 40%DEF a mixture
of energy efficiency and reduction of carbon intensity is sufficient, a substantial additional effort in
reducing carbon intensity by phasing out fossil fuels is required in most of the models to achieve the
mitigation target of 80%DEF.

As the use of fossil fuels decreases, a simultaneous transformation towards low-carbon technologies
is observed. This is particularly true for bioenergy (with and without CCS), fossil fuels with CCS, non-
biomass-renewables (NBR), and nuclear for primary energy (Figure 4). Taken together, renewables
(including bioenergy and NBR) make up 38% [36%-45%] (model median and 25-75% quartiles)'® of
primary energy use by 2050 for 80%DEF. They make up 24% [21%-26%] and 12% [7%—19%] in the 40%

and the baseline case, respectively.

In 2010, the share of nuclear energy in primary energy was roughly 5%. In the 40%DEF scenario, the
models are heterogeneous in terms of the deployment of nuclear energy over time, with some
models showing an increase and others a decrease. However, in the 80%DEF scenario, the

deployment level of nuclear energy is constant over time or increases slightly. The use of nuclear

%1n the following, the first number always accounts for the model median and the numbers in brackets
account for the 25-75% quartiles.
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increases only moderately with the stringency of the mitigation target (except for PRIMES, where
the opposite is the case) and the share is similar to that of NBR. It is important to note that some
models have implemented constraints on the use of nuclear.™ Due to these constraints, little can be

said about the long-term relevance of nuclear energy in Europe.

While global modeling studies often suggest that the combination of bioenergy and CCS (BECCS) is
important to ensure the 2 °C target is achieved (Azar et al., 2006; van Vuuren et al., 2007; Edenhofer
et al., 2010), this option is of minor importance in the results of the EU models. BECCS is only used in
three of the models (POLES, TIMES-VTT, and WITCH) in the mitigation scenario where it provides a
9-11% share by 2050. The contrast with global studies is likely due to the shorter time horizon of
EMF28 and to the low bioenergy potential in Europe, given that bioenergy trade with the rest of the
world is constrained by the scenario definition. In fact, in the global and century-long studies BECCS

is primarily deployed after 2050 (Klein et al., submitted).

! Constraints on nuclear energy are modeled differently. Some models have no constraints (the majority),
some restrict nuclear to baseline levels (MERGE-CPB), some only implement reactors that are under
construction (e.g., EMILIE), and some set a (time-dependent) constraint on the share of nuclear (e.g., PACE,
TIAM-UCL).
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A closer look into individual NBR technologies (hydro, wind, and solar PV) suggests that wind energy
will become the most important renewable technology (Figure 5). The median use of solar PV in the
default mitigation scenario is lower than that of wind deployment in the baseline scenario. Although
solar PV plays a minor role in the electricity mix for 80%DEF, it should be noted that other solar
thermal technologies contribute significantly to sectors other than electricity in some of the models.
Hydro is constant over time because no model assumes new significant capacities. Wind increases
considerably over time, with a seven-fold increase at absolute levels (model median) from 2010—
2050, with PRIMES showing the greatest deployment. Wind power actually reaches a similar
deployment level as nuclear energy, with nuclear remaining more or less stable over time (see
earlier) and therefore likely to play a similar role by 2050 as nuclear energy does today. Solar PV and
wind power collectively account for 27% [16%—38%] of the 80%DEF scenario by 2050, compared to
approximately 5% by 2010 (with solar contributing less than 1% according to Eurostat (2012a)). Due
to the variability of these two technologies, a considerable expansion of the European grid and/or
electricity storage options will be required in order to balance the various renewable sources (see
von Hirschhausen and Holz (this issue)). Most of the models do not consider this factor. In the
40%DEF scenario the figures for solar PV and wind power are similarly high with a median of 21%
[12%—28%].

The share of bioenergy in the electricity mix is much lower than in the primary energy mix. Although
this is partly due to the primary energy accounting method, it also results from the fact that most of

the models use bioenergy in the heating and transport sectors (section 2.4).

2.3. Influence of technology choices and technology development
This section analyzes how technology availability and development could influence the EU climate
policy (see Section 1.2). We focus on those low-carbon technologies that are not constrained by the
scenario definition, namely bioenergy, wind and solar (hydro stays more or less constant, see Figure
5). Figure 6 and Figure 7 give the shares in primary energy for these technologies. As an indicator we
use the spread of the model median values between the different technology scenarios. A large
spread between different scenarios indicates a high sensitivity to scenario assumptions, rendering

policy-making on (renewable) energy policy more difficult. For the effect on the costs see Section 3.2.

The first important finding is that emission reduction targets are feasible for all models that provide
these scenarios even when constraining CCS availability or nuclear deployment®?. The scenarios that
exclude CCS show that CCS availability is not pivotal in reaching the mitigation target, provided other
options can be substituted. In fact, when CCS is constrained, deployment of nuclear is increased.
Moreover, higher energy efficiency improvement rates are achieved in these scenarios and primary

energy use in absolute terms will be further reduced.

' Note that not all models provide all scenarios.
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With the exception of the high efficiency scenarios (40%EFF and 80%EFF), the default scenarios
provide the lowest median deployment rates (for bioenergy, solar and wind). The highest rates are
observed in the PESS and the GREEN scenarios because in these cases CCS is not available and
nuclear is phased-out, so renewables are the only low-carbon technology option that is left. In the
GREEN scenario, this is compensated for by the fact that renewables are either less costly or have a
more rapid diffusion compared to the default case, and higher energy efficiency is assumed. But the
GREEN and PESS scenarios remain very similar indicating that simultaneously foregoing both CCS and
nuclear might be more important for the development of renewables than any assumptions
regarding renewable technology characteristics or energy efficiency. By contrast, the noCCS
scenario, where only CCS is constrained, has a smaller influence on the deployment of wind and

solar, but a larger influence on nuclear deployment (not shown here).

With high energy efficiency improvements (EFF) the need for deployment of bioenergy, wind and
solar slightly decreases, so a lower median value compared to the default scenarios DEF is observed.
For both the 40% and 80% reduction scenarios, the differences between the model medians for the
technologies for primary energy production, between the scenarios in 2030, are small at less than
three percentage points. The spread does not increase with the stringency of the target: model
spread for the 40% and 80% scenarios are of similar order of magnitude. For 2050, however, the
spread increases considerably up to eight (six) percentage points for the 40% (80%) scenarios.
Although the spread is quite small for primary energy, the effect is much larger in the power sector,
where the spread for wind is about 9 (6) percentage points by 2030 and as large as 22 (17)
percentage points by 2050 (about 11 (10) percentage points for PV) for the 40% (80%) scenarios.

The policy implication that can be drawn from the technological sensitivity analysis is twofold. First,
until 2030 the spread in results induced by different technology assumptions is small but increases
by 2050. Second, both the scenarios that constrain CCS at the same time as nuclear deployment
(GREEN and PESS) tend to influence the distribution of model results towards greater deployment of
wind and solar PV. This results in considerable uncertainty for the deployment of fluctuating
renewables in the power sector and, with it, for electricity grid planning. The development of
storage options and better demand-side measures might therefore be important to reduce this

uncertainty.
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2.4. Sectoral analysis
This section examines the details of three end-use sectors and compares their contribution to the
mitigation of the electricity sector. As shown in Figure 8, the electricity sector accounts for more
abatement than any other sector (industry, transport, residential and commercial) and is fully
decarbonized by 2050 in the default mitigation scenario (80%DEF) in all the models. Although the
other sectors also contribute to the mitigation effort to achieve the 80% GHG emissions reduction
target, the electricity sector is by far the most important. The results suggest that the mitigation
options in the power sector appear rather “early on the marginal abatement cost curve.” Emission
reductions in the electricity sector are achieved through Cl reduction rather than through El
improvements. Absolute electricity consumption remains more or less constant throughout the
period, even decreasing in the 80%DEF in 2050. However, between 2010 and 2050, the share of
electricity in final energy consumption increases considerably, by 15% (BASE), 30% (40%DEF) and 80%

(80%DEF), pointing to the importance of electrification in the future energy system.

In contrast to the electricity sector, El reduction is the dominant result of carbon mitigation policies
for the other sectors (industrial, residential and commercial, and transport). Figure 8 shows that Cl
will only marginally improve in the 40%DEF scenario showing a greater improvement in the 80%DEF
scenario. It seems that the transport sector is the most costly to decarbonize, as reductions in Cl can
only be achieved with the high CO, prices found in the 80%DEF scenario. This may lead to the
conclusion that this sector is indeed the most difficult to decarbonize, especially given the recent
rapid increase in transport emissions. The results from PRIMES are an exception in this area, cutting
a higher level of emissions than the other models. There seems to be some potential for CO,
reduction in the residential and commercial sectors, but realizing this potential requires high CO,
prices. All the models use less coal and more electricity in industrial sectors with carbon mitigation.
Similarly the use of gas reduces in the residential and commercial sectors, especially under more
stringent mitigation targets. Interestingly, for the transportation sector, which has a CO, mitigation
target, not all the models require a decrease in the use of liquid fuels, especially under a less
stringent CO, mitigation target. The electrification of the transport sector only becomes significant

under more stringent mitigation targets.
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in 2010 are shown for the baseline (BASE), the default reference (40%DEF), and the default mitigation scenario (80%DEF).

To summarize, the analysis of sector-specific strategies shows that the electricity sector achieves
greater emissions reductions than any other sector and will, at the same time, increase in
importance through the electrification of other sectors. Therefore, as mitigation targets become
more stringent, cutting emissions of the non-electricity sectors becomes particularly important.
Emission reductions in the industrial, residential, and commercial sectors are equivalent; however,

the models suggest that the transportation sector is the most costly to decarbonize.

3. EU decarbonization strategies - feasibility and costs
In this section, we explore the feasibility of the EU’s decarbonization strategies by investigating the
emission prices and economic costs measured in terms of reduction of GDP or consumption.
Emission prices are indicators of the relative scarcity of emission allowances and therefore of the
stringency of the mitigation challenge. GDP and consumption losses are indicators of economic costs

(see Paltsev and Capros (this issue) for a discussion on costs concepts and metrics).

3.1. Thelevel of ambition
Although all the models—with the exception of TIAM-UCL—find a feasible solution for the ambitious
default mitigation scenario (80%DEF), this does not necessarily mean that this level of ambition is
“feasible” in reality. In mathematical terms "model infeasibility" means that under the given
assumptions, the model finds it difficult to fulfill all the constraints it faces simultaneously (e.g.,

energy demands, environmental targets, resource potentials, maximum speed of technology
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diffusion, etc.). If any result can be retrieved at all, this is often reflected by a high price for emission
certificates and energy. Furthermore, implementing stringent emissions reduction targets requires
several additional processes that are not explicitly captured by the simplified tools used in this study,
such as successfully completing complex political processes and overcoming the inertia of social and
behavioral change (Knopf et al., 2010). At the same time, the models implement a specific set of
technologies that can alter feasibility conclusions. For example, the 80%DEF scenario is infeasible for
TIAM-UCL, but when the scenario is rerun with the possibility of biofuel trade, it is not only feasible,
but resulting emissions prices remain well below the median prices of the other models.
Furthermore, changes in the feasibility domain can be achieved by altering the binding constraints
that prevent the model from reaching lower targets. Therefore, "model (in)feasibility" is a function
of a set of reasonable, but limited and highly uncertain model assumptions. This indicates that
models may, at best, provide information about the feasibility of the mechanisms that the model is
able to capture (i.e., the technical and economic dimensions of feasibility). Real world interpretation
of the results should always be very cautious as conclusions regarding feasibility are not easily

transferable to the real world.

Marginal abatement costs or carbon prices (such as for emissions certificates) in stringent mitigation
scenarios may be used as an indicator of the level of constraint under which the models operate
(Figure 9). In the default reference case (40%DEF), carbon prices increase over time to a median
value of 64 €/tCO, [48 €/tCO, - 83 €/tCO,] in 2050. This increase is rather linear. It is also completely
different from the default mitigation scenario (80%DEF) where carbon prices are not only much
higher, but also show a sudden increase after 2040 in some of the models. This leads to a median
value of 521 €/tCO, [240 €/tCO, - 1127 €/tCO,] by 2050 (compared with 76 €/tCO, [61€/tCO, -
169€/tCO,] in 2030), at which point the models have already utilized most of their (cheaper)

mitigation possibilities under the given constraints.
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Figure 9. CO, prices for the default reference scenario 40%DEF (left) and the default mitigation scenario 80%DEF (right).
Note the different scales (factor of 10 between 40%DEF and 80%DEF).
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Specifically, CGE models (FARM-EU," GEM-E3," and PACE) show the highest CO, prices in 2050,
mainly due to the way technological mitigation possibilities enter these models. It is likely that
structural breaks will be necessary for stringent mitigation scenarios to become feasible, i.e., new
technologies will enter markets that have different input structures than the technologies available
today. CGE models are calibrated against baseline data from a single point in time (in which only a
limited set of technologies is available) and mostly model anomalies from this point onwards. The
use of constant elasticity of substitution (CES) production functions to describe substitution
possibilities between sectors, production inputs and technologies, and the use of supply elasticities
of technologies for electricity generation, particularly limits the degree of flexibility. This flexibility is
lower than that of energy system models with greater substitution possibilities. The WITCH model,
which also characterizes production and substitution via CES functions, shows a relatively high CO,
price, closer to that of CGE models. In contrast, some models (TIMES-VTT, PRIMES, EMILIE, and
POLES) show a smoother increase of CO, prices in 80%DEF. These models include a wider range of
technological options for the energy sector as well as the mitigation of all GHG gases in energy
production and end-use sectors, and/or cross-border commodity trading, which increases flexibility.

In the following, we will discuss the costs of the EU’s decarbonization policies.

3.2. Costs of EU decarbonization
There are different approaches for calculating mitigation costs. Paltsev and Capros (this issue)
consider the cost concepts used to assess carbon policies in different types of models including
changes in GDP, changes in consumption, changes in welfare, energy system costs, and the area
under the marginal abatement cost (MAC) curve. This section concentrates on the reduction of GDP
in the mitigation scenarios and only briefly mentions other cost measures. The exercise therefore

only considers the subset of models for which GDP is an endogenous variable.
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Figure 10. GDP reduction as a percentage of the reference scenario (40%DEF) relative to the no-policy baseline (BASE;

left) and of the default mitigation scenario (80%DEF) relative to the default reference scenario (40%DEF; right).

B FARM EU currently exhibits high emissions certificate prices in stringent mitigation scenarios due to ongoing
development targeted at innovative technologies, such as electricity generation from biomass with CCS and e-
mobility, as well as improving the nesting structure of the electricity sector.

" In GEM-E3 the result is driven by the endogenous labor-leisure choice. Increasing prices lead to higher costs
of the consumption bundle. Households finance this extra cost by increasing labor and decreasing leisure. This
means that consumption value is increasing rather than consumption volume.
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Figure 10 presents the GDP reduction in the reference scenario (40%DEF) compared to the no-policy
baseline (BASE) and of the mitigation scenario (80%DEF) compared to the reference scenario
(40%DEF). In the reference scenario, GDP reductions are 0.9% [0.4%—-1.8%] by 2050, and the picture
resembles the carbon prices discussed in Section 2.4: GDP reductions are moderate and below 0.7%
until 2030 and below 2.3% for 2040. However, after 2040, several models show steep, non-linear
increases in costs up to 10% (model median 3.7%). It is important to note that 80%DEF is the
scenario that is most restricted in terms of global participation and costs can be decreased
considerably if global climate action and international emission trading is assumed (see below). In
general, the strong increase in costs for the period 2040-2050 is an indication that the models might
miss innovation possibilities in the energy sector, especially in the demand side, that could occur

with high energy prices.

In the CGE models (EPPA and FARM-EU), the costs are particularly high in 2050, reflecting fewer
abatement options compared to those in the optimization models (e.g., MERGE-CPB). The higher
costs in the CGE models could also be due to their recursive mode and the assumption that future
policy changes cannot be perfectly anticipated as in the optimization models. Therefore, the models
greatly diverge on the costs of the “last mile”; some models suggest that abating the last ton of CO,
could become very costly. The higher costs in EPPA can be explained by i) the assumption of higher
costs of renewables, ii) the costs for balancing intermittency, and iii) the built-in model constraints in
the penetration of technologies in future periods. FARM-EU shows small GDP gains up to 2030 in the
80%DEF scenario compared to 40%DEF. This is because slightly higher targets in 80%DEF in early
years induce structural effects which cause a shift away from energy-intensive production to higher
value added non-energy intensive production. In addition, exports are higher in earlier years. Over
time, however, GDP decreases when targets become more restrictive. MERGE-CPB also shows some
GDP gains for the 40%DEF scenario. In this case, the worldwide moderate climate policy in the
40%DEF scenario gives rise to lower international energy supply prices. In regions such as Europe
with considerable taxes on fossil fuels the decline in supply prices of fossil energy lowers the

expenses on fossil energy, and thus has a positive impact on GDP.

This exercise assumes that the 80% GHG reduction target will be delivered domestically; therefore,
no emissions trading with other world regions is considered. De Cian et al. (this issue) analyze the
effects of international emissions trading, as described in 80%GLOB scenario, demonstrating that
costs can be reduced significantly when international mitigation potentials are taken into account. If
global participation and global emission trading is assumed, CO, prices decrease considerably and
reduce for example by 90% for FARM-EU to 400 €/tCO,, and by 80% to 233 €/tCO, for WITCH in 2050
for the scenario 80%GLOB (c.f. Figure 9). GDP reduction also decreases, for example for EPPA, from
10% for 80%DEF (see Figure 10) to 5% for 80%FRAG with comparable mitigation efforts in other

countries, to only 2.8% under a fully global carbon market in the 80%GLOB scenario™ (always

In the scenario 80%GLOB, however, the EU generally achieves emission reduction lower than 80% by 2050
and will become a net buyer of emission certificates.
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compared to 40%DEF). For further details, for example on the influence of global climate policy

regime on trade patterns, technology and innovation, see De Cian et al. (this issue).

Figure 11 presents the impacts of technology assumptions on mitigation costs. The GDP reduction
for 80%DEF is compared to the costs of the different technology scenarios (Table 1 and section 2.3).
For each scenario, the GDP reduction is compared to its associated reference scenario (e.g., 80%EFF
relative to 40%EFF; 80%PESS relative to 40%PESS, etc). Technology variation influences mitigation
costs, but the overall effect is not very large. Costs tend to increase without CCS availability
(80%n0CCS), particularly in the most pessimistic scenario where nuclear is also phased out
(80%PESS)™. Optimistic assumptions on energy efficiency (80%EFF) cause costs to decrease as high
energy efficiency is an not available in the default scenario (DEF), and therefore reduces costs. This
effect is also important in the green scenario (80%GREEN), where the cost increase due to
pessimistic assumptions about CCS and nuclear availability can be partly counterbalanced by more
optimistic assumptions about higher energy efficiency and a more rapid technology development for
renewable energy. In general, the differences across the models tend to be larger than the influence

of different technological variations on the costs.
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Figure 11. GDP losses for the 80%DEF scenario and 80% technology scenarios (relative to their respective reference cases)

in 2030 (left) and 2050 (right). Losses are given in that specific year, not aggregated over time. Note the different scales.

GDP loss is only one measure of costs, but these conclusions also hold for the analysis of
consumption loss and additional total energy system costs. The same set of models that provide GDP
also provide consumption as an endogenous variable. Reduction of consumption for 80%DEF, when
compared to 40%DEF, follows a very similar pattern as the GDP reduction in Figure 10, and has a
similar order of magnitude (values for 2050 range from -2% to 9.5% reduction). One notable
exception is GEM-E3 showing consumption gains over the whole time horizon. In TIMES-PanEU
additional total energy system costs increase from €4 bn in 2020 and €17 bn in 2030 to €110 bn in
2050, again showing a nonlinear increase beyond 2030. Only POLES, providing abatement costs (area

under the MAC curve), shows a more linear increase. Other types of costs, for example costs from an

'® Note that in MERGE-CPB, consumption (and not GDP) is optimized. This explains the effect that GDP
reduction is slightly lower for the PESS scenario compared to DEF in 2050 as more investments are stimulated
in the former scenario. Consumption losses for PESS are clearly higher when compared to DEF.
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end-user perspective, are not considered in this exercise. Paltsev and Capros (this issue) provide a
more detailed analysis of the costs of European mitigation. However, it is necessary to note that
although we analyzed the technology cases with constrained availability of technology, the costs do
not fully consider real world constraints such as lack of public acceptance for CCS, integration costs
for intermittent renewable energy, logistical and infrastructure bottlenecks, sustainability of

bioenergy, and insurance costs for nuclear.

4. Targets and timing - 2020 and beyond

The EU has currently fixed targets until 2020 laid out in its 20-20-20 strategy (see Section 1.1).
Moreover, in 2013 the EU Commission started the discussion about policy targets for 2030. The
green paper “A 2030 framework for climate and energy policies” (European Commission, 2013a),
assesses the 20-20-20 targets and presents potential architectures for a post-2020 framework. The
document states that there is “broad consensus [...] for interim targets for GHG emissions reductions
[... ] to reach the aspiration of an 80-95% reduction by 2050”. At the same time, it states, “a 2030
target for renewables would have to be carefully considered”. Therefore, it is not clear whether the
trilogy of GHG reduction, renewable target, and energy efficiency will continue. The document
mentions some indicative numbers for potential targets that refer to the EU Energy Roadmap. First
that “by 2030 GHG emissions would need to be reduced by 40% in the EU to be on track to reach a
GHG reduction of between 80-95% by 2050” and second that “for renewables, the policy scenarios
in the Energy Roadmap 2050 indicate a share of around 30% in 2030” (European Commission,
2013a).

Our model analysis can contribute to this debate by analyzing the two key questions in that debate: i)
how do the 2020 targets and long-term goal of 80% GHG reduction by 2050 relate to each other, and
ii) whether specific conclusions for the pathways and timing of action for 2030 can be surmised from
our analysis. To answer these questions, we begin by looking at the EU 20-20-20 targets for emission
reductions, renewable deployment, and the indicative target for energy efficiency. We also give
indications for potential targets for 2030 for emission reductions and renewable deployment. It
should be noted that in our exercise we only consider the climate externality. We include no other
public policy objectives, such as employment effects or energy import independence, that might be
important in the context of renewable energy deployment (see e.g. Edenhofer et al. (in revision)).
Moreover, in some cases, the model results cannot be directly compared with these specific targets,

either due to limitations in the details of the model’s output or different regional aggregation.

4.1. GHG reduction
The analysis compares the current 2020 policies to a pathway that aims to reduce GHG emissions by
80% by 2050 and determines the level of emission reduction required for 2030. The GHG emission
reduction targets for 2020 are given as a minimum constraint in all the models (see section 1.2).

Since GHG emissions are not reported in all the models, we focus here on CO, emissions.
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Figure 12 shows that in 2020, there is a considerable difference in CO, emission reduction between
the default reference scenario (40%DEF) and the “optimal model responses” in the default
mitigation scenario (80%DEF). This is already the case from 2015 and even more evident from 2020
onwards. The 80%DEF scenarios requires 28% [26% - 30%] CO, reduction by 2020 "’; this is a
difference of about 7 percentage points in 2020 compared to the 40%DEF scenario with 21% [19%-
25%]. In other words, the level of effort of 20% GHG reduction that is included in the default
reference scenario (40%DEF) up to 2020 is not consistent with the least-cost pathways towards the
80% reduction target in 2050. This supports the finding of the “Low Carbon Economy Roadmap”
(European Commission, 2011d) which points out that a reduction of 25% by 2020 would be more in

line with ambitious long-term targets.
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Figure 12. CO, emissions reductions for different years for 80%DEF and 40%DEF. Historic decreases in CO, emissions of

13% between 1990-2010 (EEA, 2012), are combined with model-based results after 2010. The crosses mark the values
for PRIMES.

For 2030, the results of this study can be directly compared to the results of the Energy Roadmap.
The Energy Roadmap indicates that “in 2030, energy-related CO, emissions are between 38-41%
lower (compared to 1990), and total GHG emissions reductions are lower by 40-42%.” The results
from our exercise suggest a CO, reduction of 47% [40% - 51%)] for the default mitigation scenario
(80%DEF), compared to 1990, i.e. a much stronger CO, reduction than in the Energy Roadmap. This
indicates that a reduction of GHG emissions of 40% by 2030 — as mentioned in the EU green paper
(European Commission, 2013a) - could in principle be in line with the long-term effort to reduce

emissions by 80%. The model median, however, would suggest setting a more ambitious target.

7 We take into account 13% CO, reduction between 1990-2010.
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The annual CO, reduction rates for 80%DEF are 2.2% [1.7% - 2.4%] between 2010 and 2030 and 4%
[3.5% - 4.7%] between 2010 and 2050 and for the ETS sector the CO, reduction factor is 5.4% [4.4% -
5.9%] between 2020 and 2050. These rates are clearly above the linear annual reduction factor of
1.74% that is currently set for the 3™ phase of the EU emissions trading scheme (2013-2020) and
beyond 2020. There may be many reasons why short-term constraints make it impossible to follow
the pathways of the cost-optimal 80%DEF scenarios for 2020 or 2030 — but it should be noted that
any short-term delays must be compensated for in the long-term. In the extension of the 2020
target, the policies in the default reference scenario lead to a 40% GHG reduction by 2050. Global
studies (e.g. Luderer et al., submitted) have shown that similar worldwide policies of only moderate

|ll

mitigation could lead to a global “muddling through” scenario, with a global average temperature
increase of approximately 3—4 °C in 2100, which is considerably higher than the targeted increase of

a 2°C maximum.

4.2. Renewable energy
In terms of the second component of the EU 20-20-20 policy—renewable deployment—the target
has been formulated in such a complex way that it is difficult to track based on the variables and
accounting, e.g. of bioenergy, reported by the models. One commonly used proxy for renewable
deployment is the share of renewable energy in the electricity mix and primary energy (Figure 13
and Figure 14). Interestingly, the difference in renewable deployment in the electricity sector
between 40%DEF and 80%DEF is not significant based on the models’ means, although the spread
within the 80%DEF scenario extends somewhat higher (Figure 13; Section 2.4), especially towards
2050. On average, the deployment of RES shows a steady increase up to 2050. However, saturation
can be noted in some models after 2030 as it becomes more important to utilize bioenergy to
decarbonize sectors other than electricity. To obtain an indicative number of the share of
renewables in the electricity sector that would be consistent with the overall renewable target, the
document “Renewable Energy: Progressing towards the 2020 target” (European Commission, 2012)
states that renewable energy should constitute 37% of Europe's electricity mix by 2020. Clearly, a 37%
share is at the upper limit of what the models report for 2020. One reason might be, as stated above,
that there are reasons other than GHG reduction for the deployment of renewables, and that these
are not being captured by the models. In this respect, it is also important to note that the recent
“renewable energy progress report” (European Commission, 2013b) states that the 2020 renewable
target might not be met and that more effort is needed to reach it, implying that the 20%

renewables target might indeed be very ambitious.

Figure 14 presents the share of renewables in total primary energy. This graph shows a considerable
increase in the share of renewables over the entire 2010-2050 period. Furthermore, a clear increase
between the default reference (40%DEF) and the default mitigation scenario (80%DEF) can be noted

for 2050. This increase is mainly due to the increase in bioenergy after 2030.
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Figure 13. Share of renewable energy sources in total electricity generation for different years. The dotted line is the
median, the box contains the 50% interval, the whiskers mark the 90% interval, and the dots mark the extreme values.
Note that not all the models provide all technology scenarios; therefore, in these scenarios the set of models is smaller
than for 40%DEF and 80%DEF. The crosses mark the values for the PRIMES model.
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Figure 14. Share of Renewables (NBR+Bio) in total primary energy. The dotted line is the median, the box contains the 50%
interval, the whiskers mark the 90% interval, and the dots mark the extreme values. Note that not all the models
provide all technology scenarios; therefore, in these scenarios the set of models is smaller than for 40%DEF and 80%DEF.

The crosses mark the values for the PRIMES model.

Interestingly, the models reveal a significant change in the pattern and extent of the share of
renewable energy sources (RES) in relation to electricity generation and primary energy from 2020—
2030 and further to 2050. Although the shares of RES are rather homogenous across models and
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technology scenarios in 2020, the picture changes in 2030, which demonstrates the increasing
importance of RES and more divergent patterns across technology scenarios. By 2030, the share of
RES is much higher in the mitigation cases where CCS is not allowed (80%noCCS and 80%GREEN) and
nuclear deployment is low (80%PESS and 80%GREEN) and where additionally the assumptions on
energy efficiency and renewable deployment are optimistic (80%GREEN). The share of RES in
electricity generation reaches 47% (for 80%PESS) and 55% (for 80%GREEN), compared to 41% for
80%DEF. This effect is even stronger by 2050, as the share of RES reaches a median value of
approximately 85% for 80%PESS and 80%GREEN, compared to 48% in the default mitigation scenario,
80%DEF.

Concerning the implication for a potential renewable target for 2030, it is important to note that
over time the share of renewables continues to increase in all models demonstrating the importance
of renewables (mainly bioenergy) for long-term energy transformation. In addition, based on the
analysis in sections 2.1 and 2.2, the model results suggest that wind could become of considerable

importance and be promoted based on its expected long-term potential.

4.3. Energy efficiency
The third important point of the 20-20-20 targets relates to energy efficiency. The Directive
2012/27/EU on energy efficiencyls, adopted in October 2012, states that a cumulative end-use
energy savings target must be achieved by 2020: “That target shall be at least equivalent to
achieving new savings each year from 1 January 2014 to 31 December 2020 of 1.5 % of the annual
energy sales to final customers of all energy distributors” (European Parliament and the European
Council, 2012, Art.7). Because of several amendments and exceptions, this target cannot be directly
compared to the model results, but at least it is clear that an absolute reduction in final energy use is

intended.

All the models reveal a considerable reduction of El with a model median of 1.8% [1.5%— 2.1%] p.a.
in the default reference scenario (40%DEF) and 2.1% [1.7%—-3.5%] p.a. in the default mitigation
scenario (80%DEF; Figure 3) between 2010 and 2050. For the 80%DEF scenario, even a reduction in
absolute final energy use becomes important, as all models show a decrease in final energy use by
2050 compared to 2010. Despite the significantly increased GDP by 2050 (75%—110% increase from
2010), final energy use reduces by 15 EJ in 80%DEF (roughly 30% of today’s final energy use),
whereas it stays constant in 40%DEF. This implies that energy efficiency improvements must be
initiated early in order to achieve final energy savings of sufficient scale to meet the 80% reduction
target. Some policies related to energy efficiency have already been initiated, such as energy
labeling, the Ecodesign Directive, and the implementation of smart metering. However, currently, no

EU-wide policy instruments of substantial scale—compared, for example, to the EU emissions

¥ http://ec.europa.eu/energy/efficiency/eed/eed_en.htm
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trading scheme for CO,—have been implemented to trigger energy savings or energy efficiency. This

is key for achieving the mitigation targets.

The models clearly reveal that in order to reach 80% emission reduction in the long-term,
fundamental changes for decarbonizing the energy system are needed. Although the largest effort
must occur after 2030, the foundations need to be laid out beforehand and considerable effort is
required to facilitate such substantial changes. Sufficiently ambitious milestones for CO, emissions,
renewable deployment, and energy efficiency are needed in order to create a foundation for
achieving the long-term target by 2050. The discussion surrounding a potential 2030 framework

(European Commission, 2013a) is in this respect only a first, but very timely and important step.

5. Conclusion
This paper describes the EMF28 multi-model assessment of the long- and medium-term
transformation of the European energy system. Thirteen models have been run using the same set
of mitigation and reference scenarios under comparable technology assumptions. This model
comparison is the first to relate its results to those of the Energy Roadmap presented by the
European Commission in 2011. The EMF28 model comparison is used as a tool to determine what
the EU energy system transition should look like in order to meet the EU’s emission reduction goals
and to be consistent with the international goal of staying below a 2°C rise in global average
temperature. In this context, the analysis compares a reference scenario where the EU achieves 40%
GHG reduction by 2050 with a mitigation scenario in which GHG emissions are reduced by 80%. The
scenarios build upon the cases that support the Energy Roadmap. In other words, the results of this

exercise assess the robustness of the Energy Roadmap.

First, this study shows that, despite the models’ differences, there are several pathways for
achieving ambitious climate change mitigation in Europe. Nearly all the models can achieve the long-
term target of reducing GHG emissions by 80%,"° with only a moderate reduction in GDP (less than
0.7% by 2030 and below 2.3% by 2040). However, in some models, costs increase considerably after
2040, while others show costs increasing in a linear manner. This allows us to conclude that the 80%
GHG reduction target is indeed challenging, especially after 2040 when a substantial amount of
effort is required. It is important to mention that these results are derived from models that do not
consider technical and political obstacles that could hinder the technological developments

prescribed by our results.

This study also shows that it is critical to start a structural transformation of the fossil-fuel based
energy system prior to 2030. It is necessary to set the right price signals in order to prevent the

energy system from being locked into long-lasting investments in carbon technologies, such as coal-

Y The reported infeasibility in TIAM-UCL could be overcome if the restriction on the ability to import bioenergy
into the EU was relaxed.
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fired power plants. In general, policies should be designed to facilitate this transition through

infrastructure development and behavioral and societal transformation.

Our findings show that the short-term target of a 20% GHG reduction by 2020 is not consistent with
the cost-minimizing pathways for the long-term target of reducing GHG emissions by 80% in 2050.
Therefore, to facilitate the long-term transformation, a clear indication of binding targets for the
period beyond 2020 would help investors to take the right strategic decisions. In addition, by setting
targets for 2030, the EU would signal their willingness to contribute to the global climate mitigation
effort. Concerning potential targets for 2030, a 40% reduction of GHG emissions — as indicated in the
EU green paper (European Commission, 2013a) - could be in line with the long-term effort to reduce
emissions by 80% in 2050, but the model median would suggest setting an even more ambitious

target.

The power sector is crucial for decarbonization, already shown by the reference scenario, as it has
the ability to reduce emissions more than any other sector. However, as the mitigation target
becomes more stringent, cutting emissions through the non-electricity sectors becomes increasingly
important. The transportation sector is the most costly sector to decarbonize, especially without
significant biofuel imports to the EU. Allowing larger biofuel imports is likely to decrease the costs of
mitigation. Energy efficiency is key for transformation across all the models, in all the scenarios, and
for all levels of ambition. Achievement of energy efficiency, however, requires very strong policy

instruments.

Despite the differences across the models, common features concerning the relevance of certain

mitigation options leading to the achievement of the 80% GHG reduction target exist:

e Reduction of energy intensity plays a key role in the mitigation strategies;

e Biomass use shows a greater than three-fold increase from 2010-2050; non-biomass-
renewables also increase considerably; all renewable energies together make up nearly 50%
of electricity generation (model mean); among non-biomass-renewables, wind is the most
important with a seven-fold increase by 2050, ultimately reaching a similar deployment level
as nuclear, while solar PV represents a limited share;

o Nuclear is constant or moderately increases over time, but continues to make an important
contribution in the electricity sector;

e  While CCS plays also an important role in the default EMF28 scenarios, the alternative
technology scenarios show that CCS is not necessarily required to meet the mitigation target;

e Intermittent renewables such as wind and solar PV contribute 27% of the future electricity
mix by 2050 (model median). Therefore, new balancing power options are required, like the
development of long-term and medium-term energy storage options and/or the expansion
of the European electricity grid and the increase of interconnectors between Member States

and demand-side measures.
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Table 3. Comparison of findings from the Energy Roadmap 2050 (European Commission, 2011e) with findings from this

study.

Energy Roadmap 2050

EMF28

Decarbonization is possible and
can be less costly than current

policies in the long-term.

The models suggest that reaching the ambitious 80% GHG
reduction target by 2050 is possible, as all the models except one
found a solution. The abatement costs indicate that costs will
increase with the level of ambition; however, the benefits of
mitigation are not evaluated here. Some models suggest a strong
increase in costs beyond 2040 (indicating the importance of

technology development).

Higher capital expenditure and

lower fuel costs.

A transition towards capital-intensive low carbon technologies

(nuclear, wind, solar) is observed in the models.

Electricity plays an increasing

role.

Electricity plays a greater role over time and becomes even more
important for stringent policy scenarios; moreover, a nearly
complete decarbonization of the electricity sector is mandatory

for the achievement of the 80% reduction target.

Electricity prices rise until 2030

and then decline.

This is not analyzed in detail. Electricity prices, as reported by the
models, are mostly marginal prices (and not household prices).
Marginal prices in the models stay stable or show a slight

increase over time.

Household expenditures will

increase.

Not analyzed.

Energy savings throughout the

system are crucial.

The conclusion from the model comparison is that: i) absolute
energy savings become more important as the stringency of the
target rises, especially for sectors other than power generation,
ii) energy efficiency is crucial in all the models, especially in the
short-term, and iii) energy savings become even more important
in the presence of technology constraints, for example, if CCS

and/or nuclear power are not available.

Renewables rise substantially.

Bioenergy and wind are of major importance in a low-carbon

energy system. In the scenarios, solar PV plays only a minor role.

CCS has to play a pivotal role in

system transformation.

CCS is used when it is available in the models, but

decarbonization is also possible without CCS. Nevertheless, CCS is
an important option at the global level;, therefore, the
development of CCS technology is important for climate change

mitigation.

Nuclear energy provides an

The use of nuclear is more or less independent from the
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important contribution. emissions reduction target because many models assume that
the potential for nuclear expansion is limited. If CCS is not

available, nuclear becomes more important.

Decentralization and This is not analyzed, but it is probably true as decentralized
centralized systems increasingly | technologies such as solar PV and on-shore wind are entering the
interact. system while centralized technologies, such as nuclear, are still

important for electricity generation.

We have compared the EMF28 conclusions to those of the Energy Roadmap. The advantage of the
EMF28 study compared to the Energy Roadmap is that it provides a comparative assessment based
on a larger number and greater variety of models run by several organizations. We relate our
findings to those provided in the communication document of the European Commission, which
describes “ten structural changes for energy system transformation” (European Commission, 2011e),
see Table 3.

This comparison shows that EMF28 results can support the general conclusions of the Energy
Roadmap. One noticeable difference is the importance of CCS: While CCS plays an important role in
the Energy Roadmap, especially as includes no scenario completely without CCS, in the EMF28, CCS
only plays a role in scenarios where CCS is available, and the alternative technology scenarios show

that CCS is not required to meet the mitigation target.

Future areas of research identified in this study include: i) analysis of technology options in final
consumption, including structural change; ii) a more detailed analysis of all sectors, especially the
transport sector; and iii) an analysis of the implications and requirements of including a high share of
intermittent renewables in the system in a technical and economic sense. These three streams of
research could support the transformation that the European energy system must undergo in order

to mitigate climate change.
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