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European-led climate policy versus
global mitigation action. Implications
on trade, technology, and energy

SUMMARY This paper examines how changes in an international climate
regime would affect the European decarbonization strategy and costs
through the mechanisms of trade, technology, and innovation. We present
the results from the Energy Modeling Forum (EMF) model comparison
study on European climate policy to 2050. Moving from a no-policy
scenario to an existing-policies case reduces all energy imports, on
average. Introducing a more stringent climate policy target for the EU only
leads to slightly greater global emission reductions. Consumers and
producers in Europe bear most of the additional burden and inevitably face
some economic losses. More ambitious mitigation action outside Europe,
especially when paired with a well-operating global carbon market, could
reduce the burden for Europe significantly. Because of global learning, the
costs of wind and especially solar-PV in Europe would decline below the
levels observed in the existing-policy case and increased R&D spending
outside the EU would leverage EU R&D investments as well.
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1. INTRODUCTION

In 2011 the European Commission presented ‘A Roadmap for moving to a
competitive low carbon economy in 2050’ (EU Roadmap, European Commission,
2011). This Roadmap envisages a reduction of European Union (EU-27, in the
following EU) greenhouse gas (GHG) emissions by at least 40 percent in 2030 and
80 percent in 2050, compared to 1990 levels. The EU views these emission
reductions as consistent with limiting the global temperature increase to about 2°C
above the preindustrial level. Such reductions are likely to require energy efficiency
improvements across the sectors and a substantial restructuring of energy supply,
particularly of electricity. For example, the EU Roadmap expects an expansion of
the share of renewable energies in electricity generation to 50 percent or more by
2050. However, remaining below the 2°C temperature target requires substantial
emission reductions beyond the EU on a global scale, or at least by the main

carbon emitters.

Europe is connected to the rest of the world through international trade in energy
and non-energy commodities, both in intermediate and final forms, in emission
permits, and through international technology transfers. Therefore, a more stringent
climate policy in Europe will have an impact on international markets and on the rest
of the world. Conversely, global climate action, or inaction, will have an impact on
European production and trade, on the structure of the European energy system,
and on the costs of complying with the Roadmap. If the EU reduces the use of
internationally traded fuels dramatically, it could affect international energy prices,
potentially incentivizing higher demand in countries with less stringent regulations.
The literature refers to this channel as the energy market effect (Burniaux and
Oliveira-Martins 2000). Energy-intensive industries could relocate to locations
outside Europe where lower energy input costs provide more competitive conditions
for production. This effect is known as pollution haven hypothesis or competitive
channel. These effects can lead to carbon leakage, and prior literature looked at
border measures as a solution (Bohringer et al. 2012, Boeters and Bollen 2012).

Boeters and Bollen (2012), using one specific model, show that most of the leakage
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by 2020 will occur through the energy market effect (almost 90 percent) because of
relatively high prices of fossil energy in the Business-As-Usual scenario. Climate
policy, by increasing energy prices, can also stimulate innovation and diffusion in
carbon- and energy-saving technologies (Carraro et al 2010). This may be referred
to as the Porter Hypothesis, which implies that more stringent environmental
policies can lead to higher productivity and enhanced competitiveness if
implemented correctly. With integrated and global markets, technologies can diffuse
to other regions through climate policy mechanisms, such as the Clean
Development Mechanism of the Kyoto Protocol (Dechezleprétre et al 2008) or
through trade flows, multinational enterprises, and skilled-labor mobility (Keller,
2010). If such a technology effect is sufficiently strong, it can even induce countries
with a less stringent policy to reduce rather than increase emissions (Bosetti and De
Cian, 2013). Using bottom-up models of the energy sector, Barreto and Kypreos
(2002) and Barreto and Klaassen (2004) show that technology spillovers can induce
technical change and emission reduction outside the group of countries facing an

emission constraint.

If the rest of the world implements climate policies of comparable stringency, the EU
decarbonization strategy and the implementation costs could change. In particular,
the option of a global carbon market, where Europe could sell and buy abatement,
would significantly affect EU’s domestic emission levels, technology choices, and
costs of the transition. A recent assessment of the EU Roadmap with the PACE
model in fact shows that the international regime strongly influences the results in
Europe. In particular, international emissions trading can significantly curtail the
additional mitigation costs of the EU Roadmap 2050 (Hubler and Léschel 2013).

This paper contributes to the literature on regionally asymmetric mitigation regimes
(see e.g. Clarke et al. 2009, Keppo and Rao 2007, Boéhringer et al. 2012), with a more
focused analysis on the implied alternative abatement structures for Europe when
the European climate policy strategy interacts with changes in the international
climate regime. A number of numerical modeling studies have examined the

economic effects of EU climate policy and the Clean Development Mechanism
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(CDM) by 2012 (Bollen et al. 1999, Klepper and Peterson 2006) or until 2020 (e.g.
Bohringer et al. 2009, Bollen et al. 2011). The new EU Roadmap extends the policy
modeling period to 2050. To our knowledge, only the European Commission (2011)
applying the POLES and GEM E3" models, and Hiibler and Léschel (2013) using
the PACE model, have assessed the new EU Roadmap 2050. This study presents
results from the Energy Modeling Forum (EMF-28) model comparison project on
European climate policy to 2050. It contributes to the literature on the EU Roadmap
with a comparative analysis across eight different models? of realignments in
energy and non-energy trade patterns between Europe and the rest of the world, of
changes in the primary energy mix, research and development (R&D), and
renewable investment strategies, as well as of the implications on consumption and
gross domestic product. The strength of computable general equilibrium (CGE)
models is the representation of production and trade of goods with high sectoral
resolution. The strength of optimal growth models (OGM) is the representation of
international technology spillovers and inter-temporal optimization of energy system
investments, while the strength of energy system models (ESM) is the detailed
representation of the energy system with various technology options. By combining
output from alternate model types we are able to explore the implications different

climate policy regimes have on energy markets, trade, and technology.

The remainder of the paper is structured as follows. Section 2 describes scenario
design and the models used in the analysis. Section 3 studies energy markets and
prices. Section 4 analyzes changes in the European energy technology mix and
innovation. Section 5 presents a macroeconomic assessment of the various

scenarios. Section 6 concludes.

1European Commission, Directorate General (DG) Research, Brussels.

2The eight global models that participated to the EMF-28 project include general equilibrium models
(EPPA, FARM-EU, PACE), optimal growth models (MERGE-CPB, WITCH), and Energy System
Models (POLES, TIAM-UCL, TIMES-VTT).
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2. MODELS AND SCENARIOS

Economies are interconnected through a number of channels, including trade of
goods, services, exchange of technologies, knowledge and financial flows. As a
consequence, climate policy and regulations implemented in a small group of
countries would affect other economies as well. This paper explores the linkages
between Europe and the rest of the world by analyzing the EMF-28 scenarios of
fragmented and global action, focusing on the three major sources of international
interaction, namely international trade, energy markets, and technology. In the suite
of EMF-28 models, there is no single model that describes all the three channels,
but by analyzing the output of eight different models, we are able to provide a

discussion of the three mechanisms in detail.

Table 1 lists the models considered in the analysis and indicates to what extent
each model accounts for the three mechanisms of international interaction just
mentioned. All models can simulate the energy market effect, though details may
differ. Computable General Equilibrium models characterize international trade of
energy and commodities, energy markets, but they do not represent technology
diffusion or learning. Optimal Growth Models characterize the energy market effects
as well as technology learning and knowledge spillovers, but they neglect
international trade. Energy System Models only characterize the energy market
effect, though with greater detail than other models. International trade in goods
and the energy market effects are arguments that make unilateral action
unattractive. Because of them, the implementing countries can lose competitiveness
and the increased use of fossil fuels by unconstrained regions can undermine the
environmental effectiveness of unilateral climate action. In contrast, the technology
effect, and more precisely the possibility that EU becomes a leader in clean
technologies and sells them to the rest of the world is an argument that could make
the unilateral action more attractive (Bosetti and De Cian 2013). Only three models
out of eight account for technology innovation and diffusion, mostly through global
learning in decarbonization technologies. No model explicitly captures the potential

domestic industry effects that being a global technology leader might bring about.
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Section 4 looks into this effect by comparing results from the WITCH and MERGE-
CPB models.

Table 1. Characterization of international mechanisms in the EMF-28 global models

Centro Euro-Mediterraneo sui Cambiamenti Climatici o 0

Model Model International Energy Technology Model type
Reference trade of goods market effect endogenous
learning and
diffusion
EPPA Paltsev et al. Yes Yes No CGE
(2005; 2011)
PACE Boéhringer and Yes Yes No CGE
Lange (2003)*
FARM-EU Sands et al. Yes Yes No CGE
(forthcoming)
WITCH Bosetti et al. No Yes Yes OGM
(2006)
MERGE-CPB Blanford et al. No Yes Yes OGM

(2009), Aalbers
and Bollen (this
issue)

POLES Criqui & MIMA No Yes Yes ESM
(2012)

TIAM-UCL Anandarajah et No Yes No ESM
al. (2011)

TIMES-VTT Koljonen and No Yes No ESM
Lehtila (2012)

*CGE = Computable General Equilibrium Model, ESM= Energy System Model,
OGM= Optimal Growth Model. More detailed information regarding each model is

available in Knopf et al., this issue.

Among the scenarios considered in the EMF-28 exercise, we consider the subset of
cases that varies the ambitiousness of climate policy in Europe and in the rest of the
world, under two alternative technology pathways, a default case and one with more
optimistic assumptions for the improvement of energy efficiency (see Table 2). The
no policy scenario (BASE) is used as a counterfactual for diagnostic purposes. It

% See also Hiibler and Léschel (2013), Béhringer et al. (2009) and Boéhringer and Loschel (2006).



European-led climate policy versus global mitigation action. Implications on trade, technology, and energy

allows evaluating the context and policy costs of the Reference policy (with default
40%DEF, and enhanced energy efficiency 40%DEF_EFF), which reflects
implementation and continuation of existing policies in the EU, including the Climate
and Energy Package. The context of this scenario differs from model to model, as
no baseline harmonization has been done and models can therefore have different
assumptions concerning the development of drivers such as Gross Domestic
Product (GDP), population, and technology. The reference policy includes the 20
percent emission reduction target for 2020 and the binding target of 20 percent
renewable energy in final energy consumption by 2020, but excludes the 20 percent
reduction in primary energy use, as this is not currently a binding target. The
reference policy has a moderate long-term target of 40 percent greenhouse gas
reductions by 2050 and it is meant to describe a fragmented world where moderate
climate policy is implemented but with regional or national schemes. As a
consequence, the Rest of World (ROW) is assumed to follow a moderate, muddling
through policy scenario. The scenario used here has been designed within the
RoSE project* (Luderer et al. 2013) and it reflects existing climate policies, a weak
interpretation of the 2020 Copenhagen Pledges, and an extrapolation of these
targets beyond 2020 based on emissions intensity (GHG emissions per unit of
GDP). There is no international cooperation and international carbon trading is

excluded.

The Mitigation 1 (with default 80%DEF, and enhanced energy efficiency
80%DEF_EFF) policy evaluates the implications of an attempted EU lead in climate
action. The EU commits to a GHG emission reduction target of 80 percent, even
though climate policy in the rest of the world remains much less ambitious. Other
countries do take some action, similar to that in the reference scenario, but they
clearly fall short of what the EU is doing. This creates a strong asymmetry between
the efforts of the EU and rest of the world. By 2050 the EU is discouraged by the

inaction of others and adjusts its ambition accordingly, with a gradual transition into

*http://www.rose-project.org/
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global muddling through after 2050°. Mitigation 1 is therefore a pessimistic scenario
in which EU takes early action, hoping to convince others to follow, but is

unsuccessful at doing this.

The more optimistic outcome in which the EU succeeds at getting other countries to
join a more serious climate regime is described by the scenarios Mitigation 2 and 3.
In the Mitigation 2 (with default 80%FRAG, and enhanced energy efficiency
80%FRAG_EFF) cases, the EU climate leadership spills over to other countries,
which also take on more ambitious action compared to Mitigation 1 and Reference.
The emission path for the ROW has been derived from the global IMAGE scenario
(van Vuuren et al.,, 2007) that stabilizes 2100 radiative forcing at 2.9 W/m2. In
Mitigation 2, EU and ROW have separate carbon markets and the EU does not
trade with the ROW. Carbon trade between the EU and ROW is allowed in the
Mitigation 3 (with default 80%GLOB, and enhanced energy efficiency
80%GLOB_EFF) scenarios, which consider the case of a global carbon market.
Scenarios for Mitigation 2 and 3 policies allow separating the effect of global action
from that of global emission trade and assessing the impact of both of these effects

on the European mitigation strategy.

An important assumption in the EMF-28 scenarios regards the international trade of
bioenergy as all scenarios assume that international trade of bioenergy is limited®.
Although the EU Energy Roadmap acknowledges the importance of biomass as a
mitigation option, land- based bioenergy options need be compatible with other
biodiversity objectives and with the sustainability of agriculture and food security. A
situation in which the world does not take global action and the EU action results in

an increase in bioenergy needs, with negative indirect implications in other parts of

® Some models run up to 2100 and the assumptions post-2050 can affect the results pre-2050
because of banking and of perfect foresight.

® There is not a quantitative limit that was adopted by all models. Modelers were asked to assume
relatively limited international trade in bioenergy. EU bioenergy should largely be grown domestically,
with the exception of existing trade, for example, in ethanol. Modelers should choose the most
appropriate means to treat bioenergy trade, but with the goal of avoiding major distortions that would
result from large-scale bioenergy imports.
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the world due to EU imports, is considered as undesirable’. It is important to

mention that,

although default and higher energy efficiency scenarios are

considered, the analyses do not fully explore the implications of different technology

assumptions and of different views about future technological change as assumed

in the models. Variation in technology assumptions is embedded in the different

model structures and energy technology options are not equal across models. In

particular, some models (PACE) do not include the option of carbon dioxide capture

and storage (CCS) whereas others (EPPA) include it, but at a cost that is so high

that the adoption of the technology is not feasible from an economic point of view®.

Table 2. Definitions of the EMF-28 scenarios assessed

Climate Policy dimension Policy dimension for the Rest Default Higher energy
policy for the EU of the World (ROW) efficiency
dimension
No Policy no policy no policy BASE
Baseline
Reference Including the 2020 Moderate policy scenario; no 40%DEF 40%EFF
targets and 40% emission trading across
GHG reduction by macroregions (but trade within
2050 macroregions e.g. within EU)
Mitigation1 80% GHG reduction  Moderate policy scenario; no 80%DEF 80%EFF
by 2050 (with emission trading across
Cap&Trade within macroregions (but trade within
the EU, a carbon macroregions e.g. within EU)
market in the EU
only)
Mitigation2 80% GHG reduction IMAGEZ2.9 scenario; full 80%FRAG 80%FRAG_EFF
by 2050 (with emission trading for ROW, but no
Cap&Trade within emission trading between ROW
the EU, 2 separate and EU. Regional relative
carbon markets) contributions to mitigation based
on the Mitigation 1 scenario
Mitigation3 80% GHG reduction IMAGEZ2.9 scenario; emission 80%GLOB 80%GLOB_EFF

by 2050 (with full
Cap&Trade, 1
global carbon
market)

trading is allowed between all

regions

’See Economic Assessment of the EU Roadmap, page 116.

® The EPPA model includes a small additional cost penalty for CCS in Europe which reflects public
non-acceptance of this technology. Even without the penalty, CCS would not be operational in the

scenarios considered in this paper.
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Figure 1 summarizes the European and global emission pathways, as produced by
the models®. In the no policy baseline the range of global CO, emissions in 2050 is
significant, about 34 Gt CO,. European CO, emissions in 2050 vary from 3.6 to 7.2
Gt CO,. While in some models EU emissions without climate policy will remain
constant over the next four decades, other models foresee an increase of 50
percent. Whereas this gap narrows in Europe in the Reference and Mitigation
scenarios, at the global level it remains significant. As can be expected, global
emissions show more convergence in the Mitigation 2 (80%FRAG) and 3
(80%GLOB) scenarios, which have been designed to be consistent with the
objective of limiting global warming to 2°C. In both scenarios, global emissions peak
in 2020 and on average decline about 50 percent by 2050 (relative to 2010). The
Mitigation 1 and Mitigation 2 scenarios are very close to the global scenarios

examined in the Energy Roadmap for Europe (European Commission, 2011).

° Note that some models only include fossil fuel emissions and do not include process emissions.
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Figure 1.CO, emissions in the No Policy Baseline, Reference, and Mitigation scenarios for

EU-27 (black lines, right axis) and the World (red lines, left axis) in the default technology
case. Ranges are computed using results from the models EPPA, FARM-EU, MERGE-CPB
(not included in Mitigation 3), PACE, POLES, TIAM-UCL, TIMES-VTT (not included in

Mitigation 2), and WITCH. TIAM-UCL is not included in the Mitigation 1 and 2 scenarios.
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3. ENERGY MARKETS

This section analyses the implications of policy action on energy prices and energy
trade, which, as summarized in Table 1, is the most widely represented effect

across models.

3.1 REFERENCE POLICIES VERSUS NO POLICY CASE

Figure 2 describes model-specific trade results for the No policy (BASE) and
Reference (40%DEF) scenarios. When climate policies are introduced (BASE vs
40%DEF), oil and coal imports are reduced in all models, while results are less
clear for gas. These differences across models reflect the impact of baseline
assumptions on import patterns and the somewhat ambigious role gas plays in a
mitigation context. For example, coal use is high in TIAM-UCL in the BASE scenario
and increased gas imports largely replace coal imports in the 40%DEF scenario.
PACE, in turn, has much lower coal use in the BASE case and, as total primary
energy demand also declines more than in TIAM-UCL, a significant decrease in gas

imports is observed.

Prices, in turn, are not very strongly affected by the mitigation required in 40%DEF
and this is especially true for fuels for which there is a global price (coal and oil).
Since gas trade relies more on expensive, often bi-lateral trade infrastructures (gas
pipelines), the impact of reduced EU demand is more visible in the price of gas,
especially for PACE. The price differences across the models are small for coal, but
significant differences exist for gas and especially oil. This is at least partially
explained by price formation in different models. In TIAM-UCL and TIMES-VTT, for
example, price reflects the marginal extraction costs, exhaustability and
replaceability of the resource. Since these models operate under perfect foresight
and implicitly assume a social planner, prices are likely to be clearly below those
experienced in the real world (i.e. the impact of market power, uncertainty,
production and infrastructure bottlenecks, etc.). The WITCH model calibrates its
prices to energy statistics for the base year and adds a mark up on top of the

marginal extraction cost for future years.
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Figure 2. Average 2020-2050 annual net imports (left panel) and import-volume-
weighted fuel price per model for the No Policy (BASE) and Reference (40%DEF)
scenarios (FARM-EU did not report prices and is therefore not included in the right
panel).

POLES POLES
Average annual imports, El/yr 3, Weighted average price, €/G) 20

25

WITCH
TIAM-

WITCH vt

MERGE
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-CPB VIT
v
—0il, BASE - -0il, 40%DEF
PACE FARM —Gas, BASE — -Gas, 40%DEF
EU —=Coal, BASE - -Coal, 40%DEF

PACE

The volumes and prices shown in Figure 2 can be used to calculate the implied
import expenditures. Considering only the models that give prices and include all
three fuels (PACE, POLES, TIAM-UCL and TIMES-VTT), average annual import
expenditure across the four models and for the period 2020-2050 declines about 15
percent, some 54 billion €/yr, when moving from BASE to 40%DEF. The range for
import cost reductions is wide, from ~ 4.5 billion €/yr (TIAM-UCL) to over 100 billion
€/yr (PACE), as the ranges for prices and volumes shown in Figure 2 already

suggested.

3.2 MITIGATION POLICIES VERSUS REFERENCE POLICIES

Figure 3 shows how import volume changes in the various mitigation scenarios. The
effect of more efficient end-use technologies (high energy efficiency case) is also

shown with red bars. Nearly all models reduce imports of all fuels when moving

Centro Euro-Mediterraneo sui Cambiamenti Climatici w 0
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from Reference to Mitigation 1 or Mitigation 2, gas imports in MERGE-CPB being
the lone exception. However, it is more difficult to draw unequivocal conclusions on
the impacts of moving from Mitigation 1 to Mitigation 2, as a relatively small number
of models have evaluated the Mitigation 2 scenarios. The general consensus
among these few models is that the introduction of a global mitigation regime may
slightly increase energy imports of the EU in volume, but the impact on
expenditures is mitigated by the depressed fossil fuel prices, caused by reduced

global demand.

If emission trading is allowed (Mitigation 3), model-specific results change
significantly. The range across the models is wide and models do not agree on
whether fuel imports would increase or decrease compared to Reference.
Compared to Mitigation 1, the general trend for Mitigation 3 shows imports
increasing, although some models do suggest fairly constant, or even decreasing
import volumes. In some cases these differences are related to EU’s role within the
global emission trading market. While most models suggest EU to be a net buyer of
permits, some models project EU to be a net seller or to have very little permit trade
with the rest of the world. Assumptions concerning regional mitigation potentials are

likely to play a key role in determining EU’s role in the market.

The impact of technology is ambigious, as some models suggest increasing, and
others decreasing, import volumes with improved end-use efficiency options
available. For some models the trend is also fuel- and scenario-specific. On a more
general level, the assumptions concerning end-use technologies do not have a
significant impact on energy trade for most models, at least not compared to the
impact of the mitigation regime. The clearest exceptions of this rule are WITCH and
POLES, which can be equally sensitive to end use efficiency assumptions than to
mitigation levels. This appears to be caused by the price impact of the efficiency
assumptions, which is for these models clearly stronger than it is for other models
(see Figure 3). These two models do not agree on the impact of the improved
efficiency, though, as POLES reduces imports with high end use efficiency while

WITCH increases them. This may be related to how these two models have
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implemented the efficiency scenarios and to the partial endogeneity of energy
efficiency in the WITCH model, where R&D investments increase energy
productivity.

Figure 3. Impact of climate policy scenario and energy efficiency on cumulative
(2020-2050) import volume. Differences are calculated against the Reference

scenario (40%DEF). Blue bars reflect default technology scenarios, red bars high
energy efficiency scenarios. Markers show individual model results.
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To gain further insights about how and why import expenditures are affected by the
mitigation activities, we first calculate the changes in import expenditures compared
to 40%DEF and split the factors behind the expenditure changes for all models and

all mitigation scenarios into three components: price, volume, and structure'® (see

1% Structure reflects share changes for fuel volumes in the import portfolio.

centro Euro
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Figure 4) . The volume element covers the changes in the total volume of imports,
the price component considers the contribution of the fuel-specific price changes,
and the structural factor accounts for the impacts of changes in the composition of
the import portfolio (i.e. what are the shares of different imported fuels in the total

import volume).

Cumulative import expenditure is reduced for all models when the mitigation target
is changed from Reference policy to that of Mitigation 1 (bottom bars of Figure 4).
With default technology, almost the entire reduction is explained by a lower volume,
as prices change fairly little. Most models also suggest that the relative shares of
the three fuels in the import portfolio change, with cheap fuels such as coal having a
lower share than in 40%DEF. Optimistic assumptions concerning the end use
technologies, shown on the right hand side of Figure 4, can either increase
(WITCH), decrease (TIMES-VTT, POLES) or keep the import expenditures
relatively unchanged (PACE, MERGE-CPB). The reasons for the import
expenditure changes caused by alternative end use efficiency assumptions also
differ across the models. WITCH, for example, suggests that the import
expenditures increase because of much higher import volumes, while a price
reduction mitigates this increase to an extent. POLES, on the other hand, suggests
that expenditures drop drastically, mostly because of a significant reduction in
prices, but also because of reduced import volumes. These differences reflect the
different strategies chosen by the models, but also the specific ways in which the

teams have implemented the high energy efficiency scenario.

" Logarithmic Mean Divisia Index (LMDI, see Ang, 2005) has been used for the decomposition.
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Figure 4. Decomposition of the changes in cumulative (2020-2050) import
expenditures compared to the Reference case (40%DEF) in price, volume, and
structure effects. Left figure with default technology (80%DEF, 80%FRAG and
80%GLOB, from bottom to top), right with high energy efficiency (80%DEF_EFF,
80%FRAG_EFF and 80%GLOB_EFF). Structure (in red) reflects changes in the fuel
volume shares in the import portfolio (WITCH reports trade only for oil, and MERGE-
CPB only for oil and gas. FARM-EU does not report prices and is therefore excluded).
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The three models that report Mitigation 2 scenarios differ regarding their aggregated
impacts in comparison to Mitigation 1 (middle row of Figure 4). POLES suggests
that import expenditures are reduced due to significant price decrease, even if the
import volume is increased. WITCH projects a more moderate price decline and an
increase in expenditures, as the import volume increases. PACE has very similar
expenditures across the two scenarios, with the moderate price impact being
counterbalanced by a volume increase. Technology (right hand side of Figure 4)
emphasizes these dynamics, for WITCH and POLES in particular. The models
therefore agree on how volume and price are affected qualitatively, but they
disagree on the aggregated effect of these individual components, with the price

reduction dominating in some models and volume increase in others.

Except for POLES, Mitigation 3 scenarios do not resemble the other Mitigation
scenarios for the other two mitigation levels, nor are they similar to the Reference

scenario 40%DEF. Neither are the models in agreement about the qualitative nature

©
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of the results. Compared to 40%DEF, each of the three factors (volume, price,
structure) can contribute to either an increase or to a decrease in import
expenditures, depending on the model one looks at. This diversity is likely to be an
outcome of a range of differences across the models regarding, 1) the role of EU in
the emission trading market, 2) model specific price mechanism and its sensitivity,
and 3) the role of gas in the Reference scenario. The first of the three explains why
TIMES-VTT is the only model suggesting the import volume to go clearly down
between Mitigation 1 and Mitigation 3, leading, in turn, to a reduction in import
expenditures. Total import expenditures changes for POLES, MERGE-CPB, PACE
and WITCH relate mainly to the second item, to the interplay between the sensitivity
of the fuel price and changes in import volumes. The price increase between
Reference and Mitigation 3 shown for TIAM-UCL relates to the item 3, the role of
gas. Certain regions, such as China, significantly increase their gas use in the

Mitigation 3 scenario, thus driving up the price of the supply.

Expenditure results across the models and scenarios are summarized in Figure 5.
Interestingly, high energy efficiency assumptions reduce the differences in import
costs across the models, as it can be seen from the left panel. POLES generally,
but not always, provides the upper end of the range, whereas PACE and TIAM-UCL
give the lower limit. These trends are mostly explained by the differences in prices
(see Figure 2 for an example). Interestingly, however, there is no single model
combination for which we could say that one model always has higher import
expenditures than the other. Right panel of Figure 5, in turn, shows how the import
expenditures are much more sensitive to changes in assumptions in some models
than in others. Some of the reasons behind these differences can be seen in Figure
4, such as the significant price changes in POLES. Other models, like MERGE-CPB
and especially TIAM-UCL, suggest fairly minor variations across the scenarios.
Price is relatively insensitive to scenario changes in TIAM-UCL and since this model
did not find a feasible solutions for Mitigation 1 and Mitigation 2 scenarios, the
narrow range is emphasized even more. MERGE-CPB does not consider coal

imports, which contributes to the smaller variation in import expenditures.
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Figure 5. Ranges for cumulative (2020-2050) import expenditures across the models
for each scenario (left panel) and summary of model specific import costs across
scenarios (right panel). WITCH and MERGE-CPB report less fuels than the other
models and are therefore excluded from the left panel and shown with orange (two
out of three fuels) and yellow (one out of three fuels) bars in the right figure.
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Having characterized the adjustments in the international energy markets and
prices, the next section analyzes the implications for the enery system and

technology mix.
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3.3 ENERGY SYSTEMS AND TECHNOLOGY

The change in the policy landscape and the consequent adjustment in energy
prices would alter investment decisions in the energy sector. Figure 6 shows the
EU27 primary energy shares of low carbon technologies12 in 2030 and 2050 under

different climate policies for the default technology assumptions.

The year 2030 marks a shift in the deployment of the fossil plants with CCS. The
penetration of the technology is negligible in the Reference scenario (40%DEF),
while it becomes substantial as the 80%-mitigation target is imposed for the EU in
Mitigation 1 (80%DEF) and above all in Mitigation 2 (80%FRAG), where the rest of
the world follows with a more binding target. CCS is often considered a transition
technology, and in fact it plays this role in about half of the models considered,
exhibiting the largest variation across scenarios in the short-term. A number of
models however achieve even the most stringent emission target by means of other
technological options, namely energy efficiency and renewable (PACE, which does
not include the CCS technology), or bioenergy (EPPA, where the CCS technology
can be potentially used, but it is not convenient compared to the other options).
Under the additional assumption of a global carbon market in the 80%GLOB
scenario emission price in the EU declines and technology penetration of CCS
slightly decreases because CO, permits provide a cheaper substitute to that
technology. Compared to 2020, no major differences are observed for the other
three technologies in 2030. Biomass, non-biomass renewables, and nuclear only
slightly increase, in terms of median values. Non-biomass renewables and nuclear
show a little bit more evident variability across models. As pointed out for the year

2020, the effects of the different policies are quite irrelevant.

In 2050, a greater variability across models and across scenarios is observed. As
discussed in Knopf et al. this issue, decarbonization becomes more important after

2030, while in the short-run energy efficiency is the leading emission reduction

12Biomass, fossil-CCS, non-biomass renewables, and nuclear.
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strategy in most models. This is also why models follow similar technology paths
until 2030 and a greater variety in terms of primary energy shares is observed in
2050. A clear trend can be observed for non-biomass renewables and nuclear.
Models seem to agree in assigning them a higher share in the Mitigation 1 and
Mitigation 2 scenarios, and lower weight in the Reference and global trading
Mitigation 3 scenario. Yet, the share of these technologies is always greater in the
Mitigation 3 than the Reference case. Note that the share of non-biomass
renewables and nuclear tends to be higher in models that do not foresee the option
of combining fossil fuels with CCS at the carbon prices resulting from these
scenarios (PACE and EPPA). In general, renewables and nuclear heavily grow in
terms of share. CCS too can become a technology of paramount importance,

featuring the second highest share after biomass for many models.

A very similar behavior is found in the case with higher energy efficiency. For non-
fossil technologies (biomass, non-biomass renewables, and nuclear) results
replicate those obtained in the corresponding default cases, both as a qualitative
trend and as quantitative values. The only item that shows some variability, though
small, is fossil-CCS. In particular, in 2030 a reduction of its share is observed in the
Mitigation 2 case, realigning the percentages with the Mitigation 3 one. In 2050,
Mitigation cases are substantially identical, but there is a considerable drop in the
CCS share for the Reference case, where the better performance in terms of high

efficiency makes the deployment of such a technology unnecessary.
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Figure 6. Percentage share of various low carbon energy on total primary energy in
2030 and 2050 for the following models, EPPA, FARM-EU, MERGE-CPB, PACE,
POLES, TIAM-UCL, TIMES-VTT, WITCH. TIAM-UCL is not included in the scenarios
Mitigation 1 (80%DEF) and Mitigation 2 (80%FRAG).
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The change in the policy landscape and the consequent adjustment in energy
prices also induces different investment behaviour in research and development
(R&D) and new, cleaner technologies. Innovation and technology diffusion can
make unilateral action more attractive if the EU succeeded at fostering clean
technology adoption in other countries as well, but only two models out of eight
characterize these effects in an endogenous way. The MERGE-CPB and WITCH
models describe technology deployment and endogenous learning, while only the
WITCH model represents innovation and R&D investments in clean energy

technologies.

Figure 7 plots the levelized cost (2010euro/MWh) for wind and solar-PV in Europe
against the generation (PWh/yr). Due to endogenous global learning, the cost of
technologies in all regions, including Europe, correlates with the global cumulative
production. The two models considered though have different perspectives on the
learning potential of specific technologies. In the WITCH model solar-PV is absent,
and most of the learning occurs in wind energy. On the other hand, in MERGE-CPB
most of the learning occurs in solar-PV. Wind energy is characterized as a mature
technology and therefore there is lower potential for reductions in levelized costs

(LCOE). Despite these differences, both models show that when non-European
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regions implement stringent policies (Mitigation 3), more power will be generated
from young energy technologies (wind in WITCH and solar-PV in MERGE-CPB) in
the rest of the world, bringing down technology costs in Europe as well™. Global
action (Mitigation 3 versus Mitigation 2) only marginally affects the costs of wind in
the EU, while a greater effect is seen on solar-PV. The costs of solar-PV would fall
from 180 to 130 2010€/MWh by 2020 when also ROW adopt stringent emission
reduction targets. On the other hand, the implementation of a more stringent climate
policy target only in Europe (Mitigation 1 versus Reference) does not significantly
reduce the LCOE of neither wind nor solar-PV, suggesting that Europe alone would
not be able to lower the costs of wind and solar-PV globally. This also implies that if
additional export opportunities would arise from the unilateral EU action (compared
to Reference), these would be related to European companies capturing market
share from non-EU companies, as opposed the volume of the global market

growing due to EU action.

The two lower panels of Figure 7 show that learning is somewhat mitigated in the
higher energy efficiency case for the WITCH model because of faster improvements
in terms of energy efficiency. This also plays a role in the MERGE-CPB model,
though to a lower extent. Although the high energy efficiency case requires less
energy for all time, in the medium term, till 2030, there is more need to expand in
solar-PV/wind to be able to still attain the benefits of lower costs in the longer run.
These results indicate that the more ambitious action by the EU would not always
succeed at fostering a significantly larger adoption of solar-PV and wind globally.
Also, Bosetti and De Cian (2013) found that the technology diffusion effect induced
by unilateral climate policy does not necessarily occur when the policy target is too
stringent and the energy market effect (lock-in in fossil-fuel-based technologies

because of low prices) prevails.

¥ WITCH and MERGE-CPB model learning in a different way. In WITCH investment costs decline
with capacity installed whereas in MERGE-CPB LCOE are directly linked to electricity produced. In
WITCH, the wind investments cost reduction from Mitigation 1 to Mitigation 3 is greater than the
reduction in LCOE.

©
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Figure 7. Worldwide generation (PWh/yr) and levelized costs (LCOE, 2010euro/MWh)
in Europe for wind and solar-PV power. Results from the MERGE-CPB (upper panel)
and WITCH (lower panel) models for the default (left panel) and high energy
efficiency (right panel) cases.
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Figure 8 shows average annual clean energy R&D investments in the WITCH
model, distinguishing between R&D in breakthrough technologies and in energy
efficiency. The former represents a set of investments in a generic backstop or
breakthrough technology which is meant to replace oil, especially in the transport
sector. This technology can be interpreted to represent advanced biofuels,
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hydrogen, or batteries for electric cars'. Because of international spillovers of
knowledge (see De Cian et al. 2012 for more details on the modeling of spillovers),
investments in Europe would be higher under the global regime, the Mitigation 2
case, when also other regions invest in R&D. Carbon trade, as foreseen in
Mitigation 3, slightly reduces the investments compared to the Mitigation 2, but they
still remain higher than in the unilateral climate policy case, Mitigation 1.
Improvements in end-use efficiency reduce the R&D expenditures significantly.
Understandably, there is no similar need to invest in efficiency improvements, if
higher efficiency is assumed a priori. The need to breakthrough technologies is also
lowered as less primary resources is needed for providing the same energy

services.

Figure 8. Investment in R&D in energy efficiency and breakthrough technologies in
Europe. Results from the WITCH model, default (left panel) and high energy
efficiency (right panel) cases.
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"“The model would provide also R&D investment in an analogous electric breakthrough technology,
which may be interpreted as nuclear fusion or advanced, waste-free nuclear fission, and which
substitutes traditional nuclear fission plants in the nuclear phase-out scenarios (not considered in the
scenarios analyzed in this paper).
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4. MACROECONOMIC AND TRADE EFFECTS

This section analyzes the feedback of technology and energy transformations
described in the previous sections on the economy. The analysis is based on those
models that explicitly describe the link between energy systems and the rest of the
economy, namely EPPA, FARM-EU, MERGE-CPB, PACE and WITCH.

The adoption of the 80 percent reduction target would induce changes in
consumption, GDP, and investments already by 2020. These changes would
become more prominent over time and in 2050 effects are substantial. Figure 9
shows that the reduction in 2050 GDP ranges from slightly negative to -10 percent,
with a median value of -4.1 percent (Mitigation 1 vs. Reference, or 80%DEF vs.
40%DEF). The reduction in consumption would be of a similar magnitude, though
lower than GDP (median value -3.23 percent), which also accounts for the effects of
other components, namely investments, government expenditures, and net exports.
EU bears most of the economic burden as its median share of global GDP and
consumption reductions is 96 percent (range 92 — 123 percent) and 86 percent
(range 66 - 125 percent), respectively. These rather large reductions, however, are
mainly experienced towards 2050, as reductions in both consumption and GDP are
significantly lower in 2030 (GDP is 0.1 to 0.7 % below Reference, consumption 0O to
0.5% below).
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Figure 9. Consumption (upper left panel) and GDP (upper right panel) and value
added percentage changes in energy-intensive (El, lower left panel) and non-energy-
intensive (NEI, lower right panel) industries . Note the different scales.
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Adjustments occur also on the production side of the economy. If the target
becomes more stringent (Mitigation 1 versus Reference policy case), value added
generally declines, but the contraction is more severe in energy intensive industries
(up to -40 percent as opposed to a maximum reduction of -15 percent in non-energy

intensive industries), see Figure 9'°. Energy-intensive industries (El) are penalized

'S For a more detail analysis on the sectoral effects of the EU policy see Forster et al., this issue.
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relatively more by more expensive energy inputs. Although energy prices slightly
decline (see Section 3), the CO, price that the EU producing sectors would face
acts as an additional tax on energy inputs. The magnitude of the effects differs by
model and the individual ability to absorb input cost increases with the possibility of

substituting alternative inputs (substitution elasticities and efficiency improvement).

The carbon price that the EU would need to enforce internally in order to achieve
the EU-wide-80% target changes the international market conditions, with the EU
losing competitive advantage in energy intensive goods, while gaining market share
in non-energy intensive industries (NEI). What would happen if the rest of the world
would enforce climate policies of similar stringency? By comparing the scenarios
Mitigation 2 (80%FRAG) and 1 (80%DEF) we can understand to what extent, a
more equally diffused climate policy across countries could restore global market
conditions. With comparable mitigation efforts in other countries, production in
Europe would be higher (Mitigation 2 vs. Mitigation 1, or 80%FRAG vs. 80%DEF)
and total value added would go up, driven by the expansion in energy intensive
industries, see Figure 9. These patterns are reflected in greater GDP and
consumption in most models, as shown in Figure 9. The range is actually quite
broad. Consumption could increase up to 5 percent in 2050, although for a model
the changes with respect to the Mitigation 1 case are close to zero (PACE). Yet, the
increase would not be sufficient to offset the reduction compared to the Reference
policy case (40%DEF). European net exports would respond accordingly, with
energy-intensive industries gaining some more market share (in Mitigation 2)
compared to the unilateral case, Mitigation 1. Yet, export of energy intensive goods

remains lower compared to the Reference case.

Mitigation 2 scenario features a more even emission reduction target across world
regions, but the abatement allocation remains inefficient because it assumes
Europe cannot exchange carbon permits with the rest of the world, which is instead
considered in the scenario Mitigation 3. Comparing Mitigation 3 and 2, we can trace
the efficiency gains and the effect of carbon trade on energy and non-energy goods.

In a global CO, market as in Mitigation 3, the EU would operate as a buyer of
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certificates, suggesting steeper marginal abatement costs compared to other
regions. Thus, the EU would benefit from efficiency gains under a global carbon
trading scheme. Figure 10 shows that the difference of actual emissions reductions
in Europe in Mitigation 3 compared to Mitigation 1 is positive, indicating the amount

of emission rights purchased by the EU on the international market.

Figure 10. Emission permits purchased by the EU on the international market
computed as difference in CO, industrial emissions between Mitigation 3 (80%GLOB)
and Mitigation 2 (80%FRAG), under default (solid lines) and high energy efficiency
technology case (dashed lines).
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The possibility of purchasing emission permits from other countries would almost
restore the global market conditions of the Reference case. In some models value
added and net export of energy intensive industries would increase above the
reference levels already in 2030. The other macroeconomic aggregates would also
go up. Consumption would increase up to 8% while GDP could reach a 6%
percentage increase compared to the Mitigation 2 case. Since CO, trade would
reallocate abatement in an efficient way, the marginal abatement costs of the EU
would decline, except for the models that report similar emission prices for EU and
rest of the world in Mitigation 2. The graphs in Figure 11 plot the European CO,
price and the corresponding EU emissions for the scenarios Mitigation 2
(80%FRAG) and Mitigation 3 (80%GLOB). Note that the relation between the EU
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CO; price and EU CO; emissions in Figure 11 is not a classical marginal abatement

cost curve because it is obtained by combining values from different model years.

The left panel, shows that under global climate action without international
emissions trading (80%FRAG), the EU CO, price will strongly increase if EU CO,
emissions are restricted to about 1500Mt or below in PACE and WITCH. Obviously,
reducing emissions below this critical point is technically ambitious, given today’s
set of technologies as represented in the models. The picture reflects a underlining
convex and increasing marginal abatement costs. When allowing for international
emissions trading (80%GLOB), the strong, convex increase of marginal abatement
costs observed over time in PACE and WITCH disappears. This happens because
the EU imports emission permits from the rest of the world and can thus emit more.
The CO, price in POLES, on the contrary, stays below 400€ per ton in both
scenarios and is hardly affected by international emissions trading (of which there is
rather little, see Figure 10). This reflects the similar emission prices, and the use of

roughly similar mitigation options inside and outside the EU.

We also examine the results presented in this section under the assumption of a
more optimistic view about energy efficiency improvements. Our results are
qualitatively confirmed, though the magnitude of some effects, in particular those of
negative effects, would be smaller. For instance, consumption and GDP losses in
2050 are between 1 and 2 percentage points lower. Net export in energy-intensive
industries will still fall as a response to the unilateral -80 percent reduction target,
but to a much lesser extent, reaching -5 percent in FARM-EU, as opposed to —35

percent reported under the default technology case.
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Figure 11. Relationship between the EU emission price and CO, emissions in the
Mitigation 2 (80%FRAG) and Mitigation 3 (80%GLOB) scenarios in the PACE, POLES,
and WITCH models.
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5. CONCLUSIONS

This paper examines how changes in the international climate regime would interact
with the European climate policy strategy outlined in the Energy Roadmap and
affect the European decarbonization strategy and costs. The paper analyzes
realignments in energy and non-energy trade patterns with the rest of the world,
changes in the primary energy mix, changes in R&D and renewable investment

strategies, as well as the implications on consumption and gross domestic product.

The introduction of climate policies induces changes in energy trade patterns.
Moving from a no-policy scenario to an existing-policies case (2020 targets plus
40% GHG mitigation by 2050 for the EU and moderate policies for the rest of the
world, 40%DEF) we observe, on average, a reduction in all energy imports. Coal
imports are affected especially strongly in those models that exhibited high imports
in the no-policy scenario, whereas natural gas and oil imports are reduced to a

lesser extent.

o
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Introducing a more stringent climate policy target for the EU only and keeping
climate ambitions at the reference level for the rest of the world, leads to slightly
greater global emission reductions, even if emissions are still clearly too high in light
of the 2°C target. In terms of energy markets, expenditures on energy imports are
reduced under the more stringent EU policy, mostly because the volume of energy
imports decreases while the price tends to stay close to the reference case level.
Mitigation exerts pressure on the introduction of low carbon technologies and
energy efficiency, lowering the demand for conventional fuels. This effect is
mitigated by the penetration of CCS technology, which creates demand for fossil
fuels. Consumers and producers in Europe bear most of the additional burden and
inevitably face some economic losses. Changes in consumption, GDP, and
investments would be induced starting early on, in 2020, and become more
pronounced over time. By 2050, the median GDP contraction for the EU would be -
4.1 percent but it could reach 10 percent in CGE models. The reduction in
consumption is qualitatively similar, though lower in magnitude as it excludes the
effects of other GDP components, investment, government expenditures, and net
exports. Economic output of energy-intensive industries is more negatively

impacted, while non-energy sectors gain some market share.

Global action, especially when paired with a well-operating global carbon market,
could level the playing field, and reduce the burden for Europe significantly.
Compared to the unilateral EU policy scenario (Mitigation 1, 80%DEF), we observe
an expansion of production and GDP in Europe in the Mitigation 2 (80%FRAG) and
Mitigation 3 (80%GLOB) scenarios, driven by energy-intensive industries. The level
of value added and net exports of energy-intensive industries would return very

close to Reference levels.

Climate and energy policy choices of other countries do not significantly affect the
technology transition of Europe before 2050, whereas changes would occur as we
get close to 2050. CCS technology plays a role in Mitigation 2, where a more
binding target is fixed for non-EU countries. Allowing for a single global carbon

market (Mitigation 3) makes an early introduction of CCS unnecessary. A common
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feature across models is the increasing role of biomass, nuclear, and non-biomass
renewable technologies for the EU in both Mitigation 1 and Mitigation 2 compared to
the less important role in the Reference and global carbon market scenarios
(Mitigation 3), though the extent of the shares varies significantly. Moreover, the
share of non-biomass renewables and nuclear tends to be higher in models that do

not foresee the option of combining fossil fuels or biomass with CCS.

Moving toward a case characterized by more global action (Mitigation 2), models
agree on an increase in EU energy import volumes and a decrease in energy
prices, but as these two components of import expenditure move in opposite
directions, the aggregate impact can either lead to an increase or decrease in
import expenditures, depending on which of the two factors dominates for a given
model. When a global carbon market is also assumed (Mitigation 3), most models
conclude that import volumes increase and prices decrease further. Differences
across models reflect a range of assumptions concerning, for example, region-
specific mitigation potentials, sensitivity to fuel prices, and the role of natural gas in
the reference scenarios. These differences highlight the uncertainty concerning how
energy trade may be affected by climate mitigation and technological developments
and how these effects may depend on specific details of the mitigation regime,

regional mitigation potentials, and technological parameters.

In the Mitigation 2 scenario, abatement allocation is still inefficient because it
assumes that the EU cannot exchange carbon permits with the rest of the world,
while in the global market of Mitigation 3 this becomes possible and shows that
global trade may help reduce the cost of strong EU mitigation that occurs in
absence of such mechanism. In a global CO, market, the EU could, additional to its
own mitigation efforts, buy certificates, easing the domestic mitigation burden. The
difference of actual emission reductions in Europe in Mitigation 3 compared to

Mitigation 2 confirms the EU’s role as a purchaser of emission rights.

Analysis of R&D investments provided by the WITCH model indicates that, because
of the international diffusion of knowledge and technology, R&D investments in the

EU would be higher under a global climate policy regime compared to Mitigation 1
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or the reference case, as the impact would be leveraged by increased R&D
spending outside the EU. The analysis of global learning in solar-PV provided by
MERGE-CPB suggests that global action could significantly reduce the costs of
solar-PV in Europe, while the effect is much more moderate for wind power, a more
mature technology. In contrast, European investments would not significantly lower

technology costs in other countries.

Our results highlight the different dynamics of energy, technology and the economy
in alternative future climate regimes. A unilateral move of the EU from a reference
policy scenario based on existing climate policies toward a more stringent climate
policy target (Mitigation 1) may be costly (median reduction for GDP and
consumption ~ 4 percent, high end of the range 10 percent) and the economic
burden would be borne mostly by the EU. It would have only a minor impact on
global emissions, wind and solar technology costs, and clean energy innovation.
This study did not assess possible co-benefits that might affect the overall
assessment of costs and benefits (e.g. reduced health impacts from the combustion
of fossil fuels) and, in general, a number of relevant processes fall outside the
scope of the models (e.g. technology exports, ecosystem services, ecological

impacts of mitigation ).

The above described economic and climate related factors would change if more
stringent mitigation action aiming to stay within the global 2°C target would be
carried out in other countries and regions, as analyzed in scenarios Mitigation 2 and
3. The economic costs for the EU would be reduced, while at the same time
technology innovation and energy system changes would be stimulated.
Specifically, the high potential of international emissions trading analyzed in
Mitigation 3 seems to be a valuable mechanism to overcome the critical point of
emission reductions when the EU faces strong mitigation targets. A global carbon
market can help to remove mitigation pressure from the system by equalizing
abatement costs among different regions. The analysis concludes that global

climate action for achieving the necessary emissions reductions is indispensable.
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