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Abstract

This paper assesses the impact of a global phase-out of nuclear energy on the
costs of meeting international climate policy targets for 2020. The analyses are
based on simulations with a global energy systems model. The phase-out of
nuclear power increases greenhouse gas emissions by 2% globally, and 7% for
Annex | countries. The price of certificates increases by 24% and total compli-
ance costs of Annex | countries rise by 28%. Compliance costs increase the
most for Japan (+58%) and the USA (+28%). China, India and Russia benefit
from a global nuclear phase-out because revenues from higher trading volumes
of certificates outweigh the costs of losing nuclear power as a mitigation option.
Even for countries that face a relatively large increase in compliance costs,
such as Japan, the nuclear phase-out implies a relatively small overall econom-
ic burden. When trading of certificates is available only to countries that commit-
ted to a second Kyoto period, the nuclear phase-out results in a larger increase
in the compliance costs for the group of Annex | countries (but not for the EU
and Australia). Results from sensitivity analyses suggest that our findings are
fairly robust to alternative burden-sharing schemes and emission target levels

Keywords: nuclear power; phase out; climate policy; Post-Kyoto; Copenhagen
pledges
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1 Introduction

For many countries, nuclear power has long been considered a key ingredient
to meeting electricity demand and achieving greenhouse gas (GHG) emission
targets. According to Joskow and Parsons (2012) the main nuclear electricity
producing countries, i.e. the USA, Japan and France, had already extended or
were planning to extend the licenses and operating lives of most existing power
plants prior to the Fukushima accident. New power plants were under construc-
tion in Finland and France, and planned in Japan, the UK, the USA, Russia,
India, South Korea, Taiwan, Egypt, Israel, Saudi Arabia, or Turkey. China, in
particular, had announced to increase its share of nuclear power generation by
2020 from 1% to 6%.

Scenarios developed by the International Energy Agency (IEA 2010a,b), the US
Energy Information Administration (EIA 2009), and the Energy Modelling Forum
(Clarke et al. 2009), had included a remarkable increase in the share of nuclear
energy over the next decades. Accordingly, 20 to 30 new nuclear power plants
were envisaged every year for the next four decades, in particular in Asia and in
Eastern Europe. For example, in the BLUE Map scenario (IEA 2010a), which
was designed to meet global climate targets, the share of nuclear in electricity
generation rises from around 14% (< 400 GW) in 2007 to 24% (i.e. 1 250 GW)
in 2020 - despite problems related to skills shortage, the storage of nuclear
waste, concerns about nuclear accidents, security issues (e.g. terrorist attacks)
and the proliferation of nuclear weapons.

Since the Fukushima Daiichi accident in March 2011, support for nuclear, has
declined in many countries. A global shift in opinion could be observed — at
least initially (WIN-Gallup 2011). As an immediate reaction, several countries,
including India, Pakistan, Russia, Spain, the USA and the EU, announced
stress tests for existing nuclear power plants. Italy renounced a planned return
to nuclear power via referendum, and China declared a memorandum for per-
mits for new power plants. Arguably, the strongest initial reactions could be ob-
served in Germany, Belgium and Switzerland, where governments decided to
phase-out nuclear by 2022, 2025 and 2034, respectively (see also Skea et al.
2013). In Japan, which is the leading builder of nuclear power plants, all 50 ex-
isting reactors had been closed by May 2012 for maintenance and safety
checks and in September 2012, the (former) Japanese government announced
plans to phase-out nuclear energy by 2040.
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Countries like Indonesia, Malaysia and the Philippines, which had planned to
build nuclear reactors for the first time, are delaying or revising deployment. But
other countries like Belarus, France, Indonesia, and Turkey have not altered
plans to build new power stations (e.g. IEA 2012b, pp. 69; Schneider et al.
2011). Recent developments also suggest that the impact of the Fukushima
accident on the future of nuclear energy may be less severe than initially
thought (e.g. China). Similarly, although nuclear energy contributes substantially
less to global power generation than before Fukushima in the latest studies by
the IEA (2012a,b), it continues to be a major power generation technology.

In addition to the lack of social and political acceptance in some regions, nucle-
ar energy faces severe economic challenges resulting from high capital costs
(to meet, among others, more stringent safety standards) and competition from
other fuels, such as unconventional gas in the USA (e.g. Davis 2011). Hence,
the future role of nuclear energy in power generation and, consequently, as an
option to achieve climate policy targets, is highly uncertain.

To limit the increase in global surface temperature to 2°C compared to pre-
industrial levels carbon dioxide emissions must be reduced by 50-85% in 2050
compared to 2000 and global emissions must peak before 2020 (Gupta et al.
2007). For 2020, Gupta et al. (2007) suggest intermediate emission reduction
targets of 25-40% compared to 1990 levels for Annex | countries. For non-
Annex | countries Den Elzen and Hohne (2008) advocate reductions of 15-30%
below baseline emissions in 2020. According to a concrete proposal by the
European Commission (2009a), Annex | countries should collectively reduce
emissions by 30% in 2020 compared to 1990 levels, and economically more-
advanced non-Annex | countries need to decrease emissions by 15-30% below
business as usual.

While the climate summits in Copenhagen and Cancun in 2009 and 2010 did
not lead to an international agreement involving binding GHG emissions targets
for the Post-Kyoto era, most Annex | countries pledged quantifiable emission
targets under the Copenhagen Accord and the Cancun Agreement (UNFCCC,
2009, UNFCCC, 2010). In addition, several non-Annex | countries submitted
nationally appropriate mitigation actions (NAMASs). The implied emission tar-
gets, however, are unlikely to be consistent with a path towards reaching the
2°C target (e.g. Den Elzen et al. 2010a, 2010b; Rogelj et al., 2010; H6hne et al.
2012).
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At the UNFCCC climate conference in Doha in 2012, some Annex | countries
committed to a second commitment period under the Kyoto Protocol (second
Kyoto Period), transforming their pledges for 2020 into binding reduction targets
under an international agreement. Since large Annex | emitters like Japan and
Russia refused to sign, the amendment to the Kyoto Protocol regulates only
about 15% of global GHG emissions. At this time though, no country-specific
targets are being debated at the international level for beyond 2020.

In this paper, we assess the impact of a potential global nuclear phase-out on
the costs of meeting international climate policy targets for 2020. Methodologi-
cally, our analyses rely on simulations with a global partial equilibrium model,
which allows for a wide range of electricity generation technologies and for a
differentiated assessment of impacts for numerous countries. The simulations
take into account that a phase-out of nuclear may alter countries’ baseline
emissions and restrict their options to mitigate GHG emissions. Our policy sce-
nario involves a uniform 30% reduction target for Annex | countries. For non-
Annex | countries the targets are derived from NAMASs they submitted under the
Copenhagen Accord/Cancun Agreements. We also allow for the trading of
emission certificates across countries to assess the impact of the phase-out of
nuclear power on certificate prices, countries’ revenues from certificate trading,
and on domestic mitigation efforts.

The remainder of this paper is organized as follows: Section 2 briefly reviews
the literature. Section 3 describes the baselines for the reference and the nu-
clear phase-out scenarios. Section 4 introduces our climate policy scenario.
Section 5 presents the results of the modelling analyses for the climate policy
scenario. Section 6 briefly summarizes the main findings from additional policy
scenarios involving alternative trading rules, burden sharing rules among Annex
| countries and a more ambitious reduction target for the group of Annex | coun-
tries. Section 7 reviews the main findings and concludes.

2 Literature review

Den Elzen et al. (2011), McKibbin et al. (2011), Peterson et al. (2011), Saveyn
et al. (2011), Dellink et al. (2011) and Ciscar et al. (2013) analyzed the econom-
ic implications of the Copenhagen/Cancun pledges prior to the Fukushima acci-
dent. Their findings suggest that the economic costs in terms of lower GDP,
consumption or welfare compared to baseline levels, are rather low at the global
level and for most individual countries. Economic costs are typically below 1%,
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particularly if the trading of emission certificates is allowed. McKibbin et al.
(2011) find significantly higher costs, mainly because emissions are assumed to
grow rather strongly in the baseline. Methodologically, these studies typically
rely on “top-down” dynamic computable general equilibrium models, which ac-
count for macroeconomic effects resulting from changes in prices, income, or
exports and imports. Thus, top down modelling typically does not allow for a
specific treatment of generation processes such as nuclear energy technology.
Only Den Elzen et al. (2010a, 2010b) use a “bottom-up” partial equilibrium
model. While “bottom-up” models typically include a rather detailed representa-
tion of technologies, they can hardly capture macroeconomic effects.

Only a few studies focus on the role of nuclear power in global emission mitiga-
tion scenarios such as Kurosawa (2000), Vaillancourt et al. (2008), Rafaj and
Kypreos (2008), Remme and Blesl (2008) and Bauer et al. (2012). Assuming
rather modest targets in Annex | countries for 2030 of 92% and 108% of 1990
emission levels, Kurosawa (2000) finds that the cost of a global phase-out of
nuclear energy amounts to 0.36% lower consumption. Vaillancourt et al. (2008)
find nuclear power to be the dominant power technology, having a share in the
power mix of more than 50% in 2100 under various emission reduction scenar-
ios. Rafaj and Kypros (2008) conclude that as a result of a nuclear phase-out,
global CO,e emissions in 2050 are 15% higher (a reduction below 2000 levels
of 42% instead of 49%). According to Remme and Blesl (2008), annual costs of
reaching the 2°C targets may be lowered by 9%, if nuclear energy was allowed
to increase by two thirds compared to the base case and account for a share of
35% of global electricity generation compared to 21% in the base case. Com-
paring harmonized long-term low-carbon stabilization scenarios with five mod-
els’, Edenhofer et al. (2010) conclude that when investment in nuclear power
stops after 2000 the additional aggregated global mitigation costs (measured as
a percentage of GDP in 2100) increase by up to 0.7 percentage points. Only the
study by Bauer et al. (2012) is motivated by the Fukushima accident. Linking a
long-term, top-down growth model with a bottom-up model, Bauer et al. (2012)
analyse the global impact of decommissioning existing nuclear power plants
and restricting future investments in new nuclear power capacity under long-
term emissions caps, which are consistent with the 2°C target. The near-term
effect of a nuclear phase-out on GDP is rather small (loss of less than 0.1% in

1 This comparison also includes a long-term scenario carried out with the POLES model
(Kitous et al., 2010).
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2020), and somewhat larger in the long-term (loss of 0.2% in 2050). For 2020,
ambitious climate policy leads to a loss in global GDP of around 1.2%.

In sum, most existing studies rely on bottom-up type models to explore the role
of nuclear in meeting climate policy targets. Most (but not all) studies find the
additional costs of a nuclear phase-out to be low, and to amount to less than
1% of global GDP?. Further, existing studies exhibit only a weak link to actual
climate policy and do not allow for certificate trading. Finally, since most model-
ling analyses tend to be rather aggregate at the country and regional level, they
often do not allow for a country-specific representation of technologies or policy
impacts.

3 Methodology and baselines

For the baseline and policy simulations we employ POLES, which is a world
simulation model for the energy sector. POLES is a techno-economic model
with endogenous projection of energy prices, a complete accounting of demand
and supply of energy carriers and associated technologies.

Since POLES is a partial equilibrium model, GDP for each region is exogenous-
ly given (together with population) — unlike in CGE models, for example.® Hence,
POLES does not model all economic linkages within an economy, such as in-
come effects, or price effects and does not allow energy or climate policy to af-
fect GDP, employment, consumption or other measures of economic welfare.*

In this study, POLES has been employed to generate a reference baseline and
a nuclear phase-out baseline. While our policy analyses focus on 2020, the as-
sumed phase out of nuclear energy in the phase-out baseline is embedded in a
longer-run phase out path until 2050.° Our baselines abstract from the fact that

2 These studies do not take into account that climate policy also reduces climate change
damages and thus curb potential GDP losses.

3 A more detailed description of POLES is presented in Appendix A. For further details about
the POLES model see also Kitous et al. (2010).

4 Similarly, POLES cannot reflect that adequately designed policies may lead to a more re-
source-efficient economy without compromising economic growth (OECD 2011, Hallegatte
et al. 2012). This view about the effectiveness of “Green Growth”, however, is controver-
sially discussed (e.g. Toman 2011).

5 Our analyses abstract though from lower external costs (e.g. waste deposit, health risks,
proliferation) associated with a nuclear phase out.



6 Costs of meeting international climate targets without nuclear power

climate change may affect economic development or energy demand (e.g. heat-
ing and cooling needs) and energy supply (e.g. availability of hydropower, bio-
mass).

Figure 1: Development of nuclear power generation in reference and
nuclear phase-out baselines
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Both baselines rely on the same macroeconomic assumptions: world population
is expected to reach 7.6 billion (i.e. 7600 million) in 2020 (UN, 2009) and global
GDP growth is expected to evolve at an average rate of 4% between 2010 and
2020.

The reference baseline has been calibrated on the energy balances of the ‘Cur-
rent Policies’ scenario in the World Energy Outlook 2010 (IEA 2010b). This ref-
erence case represents a world in which no additional climate policies are im-
plemented. Global power generation is assumed to grow by 3% and nuclear
energy by 1.9% per year between 2010 and 2020 to meet a rising energy de-
mand, in particular in developing countries (see Figure 1). Between 2010 and
2020 global electricity generation in the reference baseline is assumed to in-
crease by 34% (from 20 700 TWh to 27 700 TWh). Fossil fuels remain the dom-
inant source of power generation in 2010 and 2020 (share of 65%), with a key
role played by coal (about 40%). Between 2010 and 2020, global coal-based
power generation increases by more than 40%. This above-average growth is
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mostly driven by the demand in emerging economies. The second-most im-
portant fuel in 2010 is natural gas (21%), which grows by 32% until 2020, and
keeps its share in the global power mix about constant. The share of renewa-
bles in global electricity generation rises from 20% in 2010 to 22% in 2020,
which corresponds to an increase in generation by 45% over this ten year span.
Finally, the share of nuclear power decreases from 13.5% in 2010 to 12% in
2020, while absolute generation increases by 20%, and installed nuclear capac-
ity by 23%. This growth in nuclear energy is mainly driven by emerging econo-
mies and, in particular, in China, with a strong increase from 14 GW to 58 GW
installed capacity. India almost doubles its installed capacity between 2010 and
2020 (from 6 GW to 11 GW).

Moreover, nuclear power generation is concentrated in only a few countries: the
USA, China, France and Japan account for more than 60% of global nuclear
power production. South Korea, Russia and Canada produce another combined
15%. The share of nuclear power in the national power mix differs substantially
and ranges from 72% in France to 36% in South Korea, 31% in Japan, 18% in
the USA, 15% in Russia and Canada, and 7% in China. In contrast to most oth-
er countries, nuclear power production in Germany will decrease between 2010
and 2020 even in the reference baseline, since Germany had decided to phase-
out nuclear prior to the Fukushima accident (but at a somewhat slower rate, see
e.g. Lechtenbéhmer and Samadi (2012) for details). This also translates into a
small decrease in nuclear power generation for the EU in the reference base-
line. In India, nuclear power accounts for a rather small share in the power mix,
i.e.3.5% in 2010 and 4.2% in 2020. As a consequence, our country-specific
analyses often disregard India.
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Figure 2: Power generation by fuel and country in 2010 and 2020 in
both base-line scenarios
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In the nuclear phase-out baseline no new nuclear capacities will be built, and
existing nuclear capacities are progressively decommissioned over the next four
decades. The speed of the phase-out is determined on a country-by-country
level, based on the average age of the nuclear power plants. Although by 2050
not all nuclear power plants are phased-out, the production of electricity from
nuclear power plants is reduced to about 1% (i.e. 500 TWh) of global power
generation, compared to 11% in the reference baseline. In the medium term,
nuclear power accounts for about 11% (3°350 TWh) of global power generation
in the WEO baseline by 2020, but only 8% (2 100 TWh) in the nuclear phase-
out baseline.

The decrease in nuclear power generation in 2020 by 1 250 TWh in the nuclear
phase-out baseline corresponds to about 5% of global power generation and is
mostly compensated by a stronger deployment of fossil fuels (see Figure 2).
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The shares of coal and natural gas in global power generation increase from
42% to 45% for coal and from 21% to 22% for natural gas. In comparison, the
share of renewables increases from 22% to 23%. The higher generation costs
of the power mix lead to higher electricity prices and a decrease in global power
production by 60 TWh (0.2%).

In the nuclear phase-out baseline, global GHG emissions in 2020 are about
2.2%, i.e. 800 million metric tons (Mt) CO.e, higher compared to reference
baseline. For most countries, the nuclear phase-out leaves baseline GHG emis-
sions almost unchanged, because nuclear energy is not an important part of
their national power mix. As expected, countries with a high dependency on
nuclear power generation in the reference baseline tend to experience a signifi-
cant increase in GHG emissions, in particular Japan, Canada and Russia (see
Figure 3). In Japan, where two-thirds of power generated from nuclear plants is
replaced by natural gas (and not by coal), the phase-out increases GHG emis-
sions by 7% (80 Mt COze) in 2020. Due to a lower share of nuclear energy in
their national power mix, GHG emissions rise less in China (3%) and the USA
(+2%), although nuclear power production is mainly replaced by coal. In abso-
lute terms, however, the increase in emissions is largest in China (+300 Mt
COe) and the USA (+100 Mt COye).

Interestingly, GHG emissions for a small number of countries are lower in the
nuclear phase-out baseline than in the reference baseline in 2020. For example,
in Finland, France or Sweden, where nuclear energy plays a key role and where
strong renewable support policies are deployed, the power mix in the reference
baseline largely relies on a mix of nuclear and renewable energy. A nuclear
phase-out then leads to an offset of nuclear power by renewable energy in
those countries®. Moreover, energy prices increase (compared to the reference
baseline) and lead to lower energy demand and also to lower CO,e emissions
compared to the reference baseline.” Because the phase-out of nuclear power
results in higher CO,e emissions of comparable magnitude in other EU Member
States, total emissions in the EU in the nuclear phase-out baseline are about
the same as in the reference baseline.

6  For Germany, this is already the case in the reference baseline (see also Lechtenb6hmer
and Samadi, 2012).

7 For France, hardly any existing nuclear capacity will actually be decommissioned before
2020 but nuclear capacity, which had already been under construction for several years
(e.g. the EPR in Flamanville) will be put into operation (as was announced by the French
government in the wake of the Fukushima accident).
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Figure 3: Percentage changes in the GHG emissions in 2020 in nuclear
phase-out versus reference baseline
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4 Climate policy scenario

Our climate policy scenario includes GHG emission targets for Annex | and non-
Annex | countries for 2020 that are deemed consistent with meeting the 2°C
target.

4.1 Emission targets for 2020

The aggregate emission target for Annex | countries for 2020 is taken from the
proposal by the European Commission (2009a), which assumes emission re-
ductions of 30% below 1990 levels. Following Peterson et al. (2011), this sce-
nario may be interpreted as an illustrative example for possible Post-Kyoto cli-
mate targets, which are consistent with the 2°C target. While, in principle, there
are numerous ways of splitting the 30% reduction target between Annex | coun-
tries, we chose the simplest type of burden-sharing rule: each Annex | country
faces a uniform reduction rate of 30% below 1990 levels.’

For non-Annex | countries the targets are derived from their NAMAs submitted
under the Copenhagen Accord/Cancun Agreements, i.e. only non-Annex |

8  See Ciscar et al. (2013) for a recent analysis of the economic implications of alternative
burden-sharing rules.
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countries which submitted a NAMA (NAMA-NAI) face emission targets in our
climate policy analyses. Several NAMAs define the emission target as a target
rate below baseline emissions and not as an absolute emission target derived
from emission levels in a historic base year. As most NAMA submissions do not
provide quantitative reduction targets, these submissions had to be translated
into quantitative reduction targets. In case of China and India, which provided
CO.e emission intensity targets, the targets are calculated using emissions and
real (2005) GDP based on market exchange rates.’ For non-Annex | countries
that submitted specific measures rather than general emission reduction tar-
gets, the associated emission reductions had to be calculated. To do so, we
assumed that these reductions correspond to a threshold price of 10 €/t COze in
2020. In other words, NAMA-NAI countries are expected to implement the
cheapest reduction measures available in the countries as NAMASs, where the
cost of the most expensive measure implemented as a NAMA is 10 €/t CO.e.
The emission reductions that can be realized at this price are between 5% be-
low baseline in Jordan and 20% below baseline in several African countries. We
employ the marginal abatement cost curves of the reference baseline to derive
these emission reductions™. Unlike Annex | countries’ reduction targets, non-
Annex | countries’ reduction targets expressed in absolute levels vary between
the reference and the nuclear phase-out climate policy scenario as they depend
on the baseline emissions in 2020.

Table 1 shows the emission reduction targets as percentage of baseline emis-
sions for the reference and the nuclear phase-out baseline. At the global level,
the climate policy scenario implies GHG emission reductions of 12% compared
to baseline emissions in 2020 in both scenarios. Emissions for Annex | coun-
tries are, on average, 28% below emissions in the reference climate policy sce-
nario, and 30% below emissions in the nuclear phase-out climate policy scenar-
io. Thus, on average, the nuclear phase-out increases required emission reduc-
tions by about 7% since baseline emissions are 2% higher compared to the ref-
erence climate policy scenario. In comparison, for non-Annex | countries the
policy targets translate into GHG emissions which are 3% below baseline emis-
sions in both scenarios.

9  Compared to other interpretations of the NAMAs the applied targets for China and India are
rather lenient (see e.g. climateactiontracker.org for updated interpretations of countries’
pledges).

10 See Appendix B for a detailed description of how the marginal abatement costs curves are
derived.
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In both scenarios Australia, Canada, Japan and the USA face more ambitious
emission targets than the group of Annex | countries on average. Japan and the
USA are most affected by the phase-out of nuclear energy. The differences in
emission targets below baseline increase by 4 percentage points for Japan and
2 percentage points for the USA. This corresponds to an increase in total emis-
sion reductions of 13% for Japan and 5% for the USA. For Russia, the uniform
30% reduction target implies rather modest reductions compared to baseline
emissions. Because baseline emissions in Russia are higher in the nuclear
phase-out baseline, required emission reductions increase from 7% to 9% be-
low baseline compared to the reference climate policy scenario. For the Ukraine
the uniform reduction rate means, that GHG emissions may exceed baseline
emissions by 36% and 37% in 2020.

As NAMAs for NAI countries are calculated below baseline emissions, percent-
age figures do not change for the two scenarios. Among the NAI countries listed
in Table 1, South Africa, South Korea, and Mexico face the most ambitious re-
duction targets relative to both baseline scenarios. For China and India, the effi-
ciency targets pledged under the Copenhagen Accord / Cancun Agreement
translate into emission reduction targets for 2020 that correspond to the base-
line emissions.™

11 For China, this finding is consistent with, among others, Wang et al. (2009) and Carraro
and Massetti (2011).
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Table 1: Baseline emissions (Mt CO2e) and reduction targets (% com-
pared to baseline emissions) in 2020

1990 . . Climate policy reduction targets
emissions*** Baseline emissions (compared to baselines)
Reference ’p\)lk?gls?;ut Reference p'::gﬁg[n

Australia* 418 591 599 - 50% -51%
Canada 592 825 845 - 50% -51%
EU 27* 5567 4990 4978 -22% -22%
Japan 1269 1274 1342 - 30% -34%
Russia 3322 2493 2557 - 7% - 9%
Ukraine** 928 476 474 + 36% +37%
USA 6112 6835 6962 -37% - 39%
Brazil 1533 1545 -14% - 14%
China 14810 15154 0% 0%
India 3609 3657 0% 0%
Mexico 723 732 -21% -21%
South Africa 457 462 - 34% - 34%
South Korea 671 732 - 30% - 30%
Annex | 18733 18337 18620 - 28% - 30%
Non-Annex | 33894 34432 -3% -3%
Global 52231 53053 -12% -12%
4.2 Certificates trading

All Annex | countries are allowed to trade emission certificates among each
other, i.e. they may exchange Assigned Amount Units (AAUs). Non-Annex |
countries may sell offsetting credits (CERS) to any Annex | country, but trading
of CERs is assumed to be governed by three restrictions. First, to avoid double
counting, NAMA-NAI countries can only generate and sell CERs for emission
reductions that go beyond their domestic NAMA targets. Second, the non-
Annex | countries can realize only 20% of their mitigation potential via CERs.
This share is consistent with Castro (2010) who finds that only a small amount
of a country’s mitigation potential is realized under the CDM (see also Duscha
and Schleich 2013). Third, the Annex | countries face a limit in the use of CERs
to fulfil their reduction targets as has been debated among Annex | countries
during the discussions of the Copenhagen Accord. This CER-quota is set to
20% of the emission reductions below baseline and applies to all Annex | coun-
tries.
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The Annex | countries allowed to trade in either scenario need to fulfil at least
50% of the required emission reductions below baseline domestically (domestic
compliance quota). Since the domestic compliance quota may prevent perfect
arbitrage, the costs of domestic mitigation efforts in countries where the domes-
tic compliance quota is binding, will exceed the market price of AAUs. While the
CER-quota and the domestic compliance quota reflect features of actual climate
policy discussions, they prevent the globally cost-efficient outcome to be
achieved via the trading mechanism.

5 Results of climate policy scenario

For all countries and regions included in the model, sets of marginal abatement
cost curves are generated from the reference and nuclear phase-out baselines
by progressively introducing a range of carbon-prices, following a similar ap-
proach as Anger (2008), Den Elzen et al. (2011) or Duscha and Schleich
(2013). Higher CO.e prices not only increase the deployment of nuclear power
to reduce the CO.e emissions in the reference scenario, but also spur other
mitigation options such as energy efficiency improvements, fuel switch from
coal to gas, or the deployment of renewables.

Based on the two sets of marginal abatement cost curves, the impact of the nu-
clear phase-out on certificate prices, domestic mitigation effort, certificate trad-
ing, power generation, and compliance costs may be evaluated for the climate
policy scenario.

5.1 Certificate prices

Table 2 displays the prices of AAUs and the prices of CERs in 2020 compared
to the reference and the nuclear phase-out baselines.

Table 2: Certificate prices in 2020
Reference Nuclear phase-out
[2005€/tCO.€] [2005€/tCO.€]
AAUs 61 76
CERs 26 30

Since trading between Annex | countries is not limited, they face equal marginal
abatement costs of 61 €/tCO.e in the reference climate policy scenario, unless
their domestic compliance quota is binding. The nuclear phase-out results in an



Costs of meeting international climate targets without nuclear power 15

increase in the price of AAUs of about 24% compared to the reference climate
policy scenario. This increase reflects the (small) increase in required GHG
emission reductions in the nuclear phase-out climate policy scenario compared
to the reference climate policy scenario (baseline effect) and the fact that nucle-
ar power plants are no longer available as a mitigation option (mitigation cost
effect). Similarly, the price of CERs is about 19% higher in the nuclear phase-
out climate policy scenario compared to the reference climate policy scenario.
Since the CER-quota of 20% is binding in both cases in some Annex | coun-
tries, the price of CERs is below the price of AAUs. The vast majority of CERs
are generated in China and India, reflecting both rather lenient emission targets
(equal to baseline emissions) and large potentials of low-cost mitigation options
in these countries.

5.2 Emission reductions and pattern of compliance

For most countries the increase in prices for emission certificates between the
reference and the nuclear phase-out climate policy scenarios is associated with
changes in emission reductions and with changes in the pattern of compliance
— i.e. whether countries meet their emission targets via domestic mitigation or
via purchasing certificates from abroad (see Figure 4).
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Figure 4: Emission reduction and pattern of compliance in climate policy
scenar-ios versus reference and nuclear phase-out baselines
in 2020
67%
3000 DOMESTIC REDUCTION /
m AAU + CDM USE
2500 m CDM USE
S'2000
2
S1500 3% 71% —
(=
g 1000 50% 50% l—l 50% [ |
Z 500 / /N | /N || I
% | H R B [ |
s

3

-500

-1000

reference
reference
reference
reference
reference
reference
reference
reference
reference

nuclear phase-out
nuclear phase-out
nuclear phase-out
nuclear phase-out
nuclear phase-out
nuclear phase-out
nuclear phase-out
nuclear phase-out
nuclear phase-out

Australia Canada EU27 Japan Russia Ukraine USA China India

Typically for Annex | countries, the nuclear phase-out not only means that the
emission targets become more ambitious (because of the baseline effect); it
also leads to a change in the share of domestic mitigation efforts in total re-
quired compliance efforts (domestic compliance share) compared to the refer-
ence climate policy scenario. Figure 4 shows that the domestic compliance
share ranges from a minimum of 50% in countries with particularly high mitiga-
tion costs like Australia, Canada or Japan (i.e. the use of certificates is limited
by the domestic compliance quota of 50%) up to 71% in the EU.

For countries that employ nuclear power, the impact of the nuclear phase-out
on the domestic compliance share is governed by two countervailing effects.
First, the mitigation cost effect results in a lower domestic compliance share,
ceteris paribus. Second, higher prices for AAUs render additional domestic miti-
gation options profitable, leading to a higher domestic compliance share, ceteris
paribus. For countries that do not rely on nuclear power, only the second effect
matters. As a consequence, for most countries the nuclear phase-out is associ-
ated with a higher domestic compliance share.

In Russia domestic emission reductions are lower in the nuclear phase-out than
in the reference climate policy scenario. Russia not only faces higher baseline
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emissions in the nuclear phase-out climate policy scenario but also loses nucle-
ar as a mitigation option. Both effects lower Russia's supply of AAUs (despite
higher certificate prices) by about 80 million AAUs.

For China and the Ukraine, which are net sellers of certificates, the trading vol-
ume is noticeably higher in the nuclear phase-out than in the reference climate
policy scenario. In contrast to Russia, countries such as India and the Ukraine,
where the share of nuclear power in the reference baseline is rather low, benefit
from the higher certificate prices without losing a significant share of their miti-
gation potential. For China, where emissions are substantially higher in the nu-
clear phase-out baseline (by 350 Mt CO.e), certificates sales increase by
around 30 Mt COe.

5.3 Power sector

A phase-out of nuclear power substantially affects the fuel mix in the baseline,
as described in Section 3. Meeting ambitious climate policy targets leads to ad-
ditional adjustments in the power sector (Figure 5 and Figure 6). In both policy
scenarios, the generation of coal-fired power is lower than in the baseline sce-
narios. While in the reference climate policy scenario nuclear power generation
increases especially, in the nuclear phase-out climate policy scenario natural
gas and wind increase the most. In particular, the power generation from natural
gas, solar and wind increases by 9%, 21%, and 34% in the nuclear phase-out
compared to the reference climate policy scenario. These developments go to-
gether with a 4% reduction in global and Annex | electricity demand in the refer-
ence climate policy scenario and — because of the fairly stronger deployment of
more expensive low-carbon technologies — with a 5% reduction in the nuclear
phase-out climate policy scenario.
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Figure 5: Global electricity generation by fuel in 2020 for baseline and
climate policy scenarios
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A comparison across countries reveals that the pattern of adjustment in the
power mix is quite similar in most countries and in line with the overall global
pattern. Figure 6 shows the extent to which the effects differ across coun-
tries/regions with a high share of nuclear power. For example, the USA which
heavily relies on the expansion of nuclear power to meet their climate policy
target show a much stronger increase in electricity generated by wind (+65%),
biomass (+28%) and natural gas (+6%) in the nuclear phase-out than in the ref-
erence climate policy scenario. In the USA and China, the effects are of an or-
der of magnitude larger than in other “high nuclear” countries. For France, the
effects are small, because only a relatively small share of the nuclear capacity
is phased-out prior to 2020 in the nuclear phase-out baseline.
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Figure 6: Changes in electricity generation in 2020 for countries with
high share of nuclear energy (policy scenarios versus refer-
ence and nuclear phase-out baselines)
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Consequently, all Annex | countries but the EU experience an increase in CO.e
emissions in the power sector in the nuclear phase-out climate policy scenario
compared to the reference climate policy scenario. Hence, those Annex | coun-
tries need to realize additional mitigation efforts in other domestic sectors or
purchase certificates abroad.

In all Annex | countries though, the power sector hosts a substantial share of
domestic mitigation efforts in both policy scenarios, covering between 28%
(Ukraine, nuclear phase-out) and 54% (US, reference) of total emission reduc-
tions. The share of the power sector in domestic mitigation efforts is lower in the
nuclear phase-out than in the reference climate policy scenario in all countries
but Canada. This difference is particularly large in Japan and Russia, where the
power sector’s share of domestic mitigation efforts decreases from 41% to 32%
and from 33% to 28%, respectively. The main increases in other sectors’ contri-
butions can be found in industry (Japan: +5 percentage points) and residential
& services (Japan and Russia: +2 percentage points).
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54 Compliance costs

Compliance costs reflect a country’s costs for meeting its emission target. They
are measured as the sum of the mitigation costs for domestic efforts in the en-
ergy system (domestic mitigation costs) plus the net costs of purchasing and
selling certificates (trade costs). The compliance costs in 2020 for the policy
scenario for both the reference and the nuclear phase-out climate policy scenar-
io are shown in Figure 7. The compliance costs of each country are disaggre-
gated into domestic mitigation costs and trading costs. Accordingly, the phase-
out of nuclear power increases compliance costs in the group of Annex | coun-
tries by 28%, but effects vary significantly across countries.

As expected, the USA and the EU, where the uniform 30% reduction target im-
plies the largest required emission reductions below baseline of all Annex |
countries, also carry the highest compliance costs in both policy scenarios. The
USA also faces the largest increase in absolute compliance costs due to the
nuclear phase-out (+21 billion €). In comparison, Japan faces the highest rela-
tive increase in compliance costs (+58%), followed by the USA (+28%). In con-
trast, the Ukraine and Russia, who are net sellers of AAUs, as well as India and
China, who are net sellers of CERs, benefit from the increase in certificate pric-
es. At the same time, though, the nuclear phase-out also leads to higher do-
mestic mitigation costs for these countries. Taking both effects into account,
India and China are better off in the nuclear phase-out climate policy scenario.
Russia and the Ukraine also benefits from the phase-out of nuclear energy,
even though it sells fewer certificates in the nuclear phase-out compared to the
reference climate policy scenario, but at a higher price.

In general, the nuclear phase-out tends to increase a country’s domestic mitiga-
tion costs combined with either an increase in trade costs if it is a net-buyer of
certificates or with an increase in trade revenues if it is a net-seller. A deviation
from this pattern can be found in the EU, where the increase in the price of
AAUs leads to additional domestic mitigation efforts, and hence reduces the
amount of AAUs purchased from abroad.
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Figure 7: Compliance costs in 2020
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Figure 8: Change in compliance costs induced by nuclear phase-out
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Figure 9: Compliance costs as share of GDP
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Figure 9 displays the compliance costs as a share of GDP for the group of An-
nex | countries and for Annex | countries with positive compliance costs. Com-
pliance costs for the entire group of Annex | are around 0.4% of GDP. That is, in
general, costs to meet the 30% reduction targets are low, but differences exist
across countries. These differences generally depend on the strictness of the
targets and the countries’ mitigation potential and mitigation costs. Total com-
pliance costs are by far highest in the USA, followed by the EU. Compliance
costs are quite modest if they are measured as a share of GDP, i.e. they are
below 1% for the USA and 0.5% for the EU. In contrast, while absolute compli-
ance costs for Australia and Canada are significantly lower compared to those
of the USA and the EU, they account for a significantly larger amount of GDP
(between 1.5 and 2% of GDP). Thus, a 30% reduction target has a more signifi-
cant economic impact on these two countries than it has on the USA or the EU.

Likewise, the nuclear phase-out increases the compliance costs as a share of
GDP in Annex | countries by only 0.1 percentage points, i.e. is rather small
when measured for the group of Annex | countries. For Australia and Canada
this share increases by 0.3 and 0.4 percentage points, and less for the USA
(0.15 percentage points), the EU (0.03 percentage points),) and Japan (0.14
percentage points). Thus, for Japan, where the nuclear phase-out leads to the
largest increase in total compliance costs of any country (see Figure 10), this
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increase still amounts to a relatively small overall economic burden even though
nuclear is an important technology in their power production. In contrast, be-
cause of the resulting increase in prices on the carbon market, the global nucle-
ar phase-out results in a more pronounced increase in costs in Australia and
Canada, measured as share of GDP, even though these countries do not rely
on nuclear power.

5.5 Decomposition of changes in compliance costs in
baseline effect and mitigation cost effect

Figure 7 illustrates that the effects of a nuclear phase-out differ across countries
depending on the share of nuclear in the power mix and on the importance of
nuclear compared to other domestic mitigation options. To gain additional in-
sights into the factors underlying the differences in countries’ compliance costs
in response to a nuclear phase-out, we decompose compliance costs changes
into two effects. The first effect reflects the difference in compliance costs due
to the global increase in baseline emissions in the nuclear phase-out compared
to reference baseline (baseline effect). The second effect captures the addition-
al compliance costs from losing nuclear power as a mitigation option (mitigation
cost effect).

To quantify the baseline effect we recalculate each country’s compliance costs,
assuming the baseline emissions from the nuclear phase-out baseline, but em-
ploying the mitigation cost curves derived under the reference scenario
(adapted baseline policy scenario). That is, countries where the phase-out of
nuclear energy leads to higher (lower) baseline emissions must reduce more
(less) emissions in the adapted baseline policy scenario than in the reference
climate policy scenario. The baseline effect is then calculated as the differences
in compliance costs between the adapted baseline policy scenario and the ref-
erence climate policy scenario. Note that, since the phase-out of nuclear energy
leads to higher global baseline emissions than in the reference baseline, certifi-
cate prices are also higher in the adapted baseline policy scenario.

To quantify the mitigation cost effect, we recalculate each country’s compliance
costs, employing the mitigation cost curves from the nuclear phase-out scenar-
io, but assuming the baseline emissions from the reference baseline (adapted
mitigation cost policy scenario). Now, countries where the phase-out of nuclear
energy leads to higher (lower) baseline emissions must reduce less (more)
emissions in the adapted mitigation cost policy scenario than in the nuclear
phase-out climate policy scenario. The mitigation cost effect is then calculated
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as the differences in compliance costs between the adapted mitigation cost pol-
icy scenario and the reference climate policy scenario.

Any difference in costs between the nuclear phase-out and the reference cli-
mate policy scenario which cannot be explained by the sum of the baseline ef-
fect and the mitigation costs effect is captured by a residual. This residual re-
flects the interaction of baseline and mitigation effects and may be positive or
negative depending on whether the effects amplify or weaken each other. The
results of this decomposition analysis are shown in Figure 10. Note that for all
five countries, the residual is only around 10%.

Figure 10: Baseline effect and mitigation cost effect in 2020
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For all countries but the EU, at least half the increase in compliance costs is
attributable to the baseline effect. For Japan, the high share of the baseline ef-
fect reflects the large increase in baseline emissions (+7%) due to the phase-
out of nuclear energy. The mitigation cost effect only explains about 30% of the
compliance cost increase, i.e. the loss of nuclear power as a mitigation option in
Japan only accounts for 30% of the overall compliance cost increase. For the
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USA, the increase in baseline emissions explains about 50% of the overall
compliance cost increase, while losing nuclear as a mitigation option accounts
for 40% of the increase in compliance costs. Unlike in Japan and the USA, the
nuclear phase-out does not directly affect the baseline emissions or mitigation
options of Australia and Canada. Instead, the increase in compliance costs re-
flects an indirect effect, i.e. the rise in certificate prices in the nuclear phase-out
climate policy scenario.

In contrast, in the EU the mitigation cost effect explains the lion’s share of the
increase in compliance costs. Two factors drive this result. First, the EU does
not experience an increase in baseline emissions. Second, due to relatively low
additional domestic mitigation costs, the EU may alleviate the effects of higher
certificate prices by increasing domestic reductions in the nuclear phase-out
climate policy scenario. Hence, for the baseline effect, there is an indirect effect
(i.e. certificate price increase), but no direct effect. For the EU the indirect effect
is softened by higher domestic emission reductions compared to the reference
climate policy scenario. For the mitigation costs effect, there is a direct impact
(i.e. losing nuclear as a mitigation option), and also an indirect effect.

6 Results of alternative policy scenarios

To gain further insights into the interaction of a nuclear phase-out and climate
policy we conducted additional scenario analyses. Because of space limitations
we only present the main findings of these additional scenarios.*

6.1 Restricted trading scenario (KP2)

The first additional scenario (KP2) differs from the climate policy scenario in
only one aspect: trading of AAUs is limited to those Annex | countries which
have committed to a second Kyoto period, i.e. Australia, Belarus, Croatia, the
EU, Iceland, Kazakhstan, Liechtenstein, Monaco, New Zealand™ Norway, Swit-
zerland and the Ukraine. At the time the analyses were conducted, Canada,
Japan and Russia stated that they would not participate in a second Kyoto peri-
od. Also, the USA will continue to abstain from the Kyoto Protocol. Hence, Can-

12 A more detailed presentation of these findings is available upon request from the authors.

13 Since the time when the analyses were conducted, New Zealand decided against participa-
tion in the second Kyoto period.



26 Costs of meeting international climate targets without nuclear power

ada, Japan, and the USA can no longer rely on certificate trading for compli-
ance and must intensify their domestic mitigation efforts, while Russia can no
longer enjoy revenues from selling certificates.

Compared to the climate policy scenario (with full Annex | trading), prices of
AAUs (CERs) are 19% (8%) lower. Further, compliance costs of Annex | coun-
tries in the restricted trading scenario are about 28% higher than in the refer-
ence policy scenario, and 29% higher than in the nuclear phase-out policy sce-
nario. On the one hand, these figures reflect the savings in overall compliance
costs, which may be realized via emissions trading. On the other hand, they
also illustrate that the nuclear phase-out is more costly when certificate trading
is restricted. Most prominently, in Japan, the nuclear phase-out now leads to a
200% increase in compliance costs (compared to 120% in the climate policy
scenario). But in the USA, additional compliance costs due to the nuclear
phase-out do not differ much relative to the climate policy scenario because the
USA may substitute the purchase of certificates with domestic reductions at ra-
ther modest additional domestic compliance costs. In contrast to the climate
policy scenario, the nuclear phase-out makes Russia worse off in KP2 because
Russia no longer enjoys revenues from selling AAUs. The lower certificate pric-
es make net sellers (e.g. China, India, Ukraine) worse off compared to the cli-
mate policy scenario. At the same time, countries which face stringent emission
targets but may purchase certificates (i.e. Australia, EU) benefit from lower cer-
tificate prices. Compared to the climate policy scenario, the additional compli-
ance costs due to a nuclear phase-out are almost 60% lower for the EU and
about 50% lower for Australia. In sum, net additional compliance costs of a nu-
clear phase-out for the group of Annex | countries are 35% higher in the KP2
trade scenario than in the climate policy scenario.

6.2 Alternative target scenarios

The second set of additional scenarios involves alternatives to our climate poli-
cy scenario with respect to (i) the assumed uniform allocation of the reduction
target for the group of Annex | countries; and (ii) the reduction target of 30% for
the group of Annex | countries. These assumptions are varied in two additional
target scenarios, while keeping the targets for non-Annex | countries as in the
climate policy scenario.
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In principle, an infinite number of possible burden-sharing schemes exist. We
compare our uniform reduction target of 30% to the indicator-based burden-
sharing scheme developed by the European Commission (2009b).** According-
ly, the 30%-reduction target among Annex | countries in this EC30% scenario is
allocated across regions based on four equally-weighted indicators: GDP per
capita (in 2005) - reflecting a country’s ability to pay; GHG per GDP (in 2005) -
recognizing domestic emission reduction potential; population trend (1990 to
2005) - accounting for “needs”; and GDP trends (1990 to 2005) - reflecting do-

» 15

mestic “early action”.

To test the sensitivity of our findings with respect to target stringency, we also
compare our policy scenario to a scenario involving a more stringent 40% (in-
stead of a 30%) uniform reduction target for the group of Annex | countries (Uni-
form40% scenario). Table A-2 in Appendix C provides an overview of the emis-
sion reduction targets for Annex | countries applied within the alternative target
scenarios.

Figure 11 presents the findings on the change in compliance costs due to a nu-
clear phase-out for the alternative target scenarios for selected Annex | coun-
tries. Since the effects of these scenarios on non-Annex | countries are negligi-
ble and involve only indirect effects via changes in CER prices, we focus on the
results for Annex | countries. Moreover, to keep changes in positive compliance
costs separate from changes in negative costs, Figure 11 does not show results
for Russia and Ukraine.

14 See Kartha et al. (2009) or Brouns and Ott (2005) for other burden-sharing schemes.

15 See also Peterson et al. (2011) for an implementation of EU (2009) indicator-based burden
sharing scheme.
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Figure 11: Change in compliance costs induced by nuclear phase-out in
the alternative target scenarios
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Note: Climate Policy refers to the 30% uniform reduction target for Annex | countries assessed
in detail in the previous sections of this paper.

The alternative burden sharing scheme (EC30%) leaves the US, Canada, Aus-
tralia, Japan and the US with a lower mitigation target than the uniform 30%
scheme. Thus, mitigation costs are lower in these countries. Figure 11 suggests
that the phase out of nuclear leads to quite similar effects on percentage
changes in compliance costs in Annex | countries in EC30% as in our original
climate policy scenario. For the group of Annex | countries, the nuclear phase-
out increases mitigation costs by about 29% in both scenarios. The only notice-
able difference can be observed for Japan, which needs to offset a large share
of nuclear power in the phase-out scenario. The lower mitigation target helps
bring down these additional costs. The relative difference in certificate prices
between the reference and the phase-out scenarios is rather similar in both
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burden sharing scenarios (see Table A-3 in Appendix C).” Russia and Ukraine
are net sellers of certificates in the EC30% as well as in the climate policy sce-
nario, but better off under the climate policy scenario since EC30% means less
hot air for both countries."”’

Intensifying the reduction target in moving from a 30% to a 40% target increas-
es the level of compliance costs (by around 130% for the group of Annex |
countries) and also certificate prices (AAUs: +80%, CERs: +70%). The addi-
tional phase out of nuclear, however, leads to quite similar effects on percent-
age changes in compliance costs of Annex | countries as in the climate policy
scenario, i.e. to an increase of about 26% for the group of Annex | countries.
For Japan, the relative difference is markedly smaller for the more ambitious
uniform40% scenario. In absolute terms, however, the difference is quite pro-
nounced. The nuclear phase-out increases compliance costs in Japan about
twice as much in the uniform40% than in the climate policy scenario. Russia
and Ukraine remain net sellers of certificates in uniform40%. Finally, the relative
change in certificate prices in response to a nuclear phase-out is similar to the
other scenarios (see Table A-3 in Appendix C).

In general, the results of the additional target scenarios suggest that our main
findings for the climate policy scenario are fairly robust to the variations in bur-
den sharing and target level for Annex | countries considered.

7 Conclusions

In this paper we employ a global energy systems model to analyse the effects
of a global phase-out of nuclear power on the costs of meeting climate policy
targets in 2020, which are consistent with the 2°C target. In our climate policy
scenario, Annex | countries face a uniform 30% reduction rate compared to their
1990 GHG emission levels. Non-Annex | countries are assumed to meet their
NAMA targets. Simulations of the new baseline suggest that a long-term global
phase-out of nuclear power by 2050 lowers the share of nuclear in the global

16  The price levels differ slightly between the scenarios because the limits on the use of CERs
become hinding at different reduction levels, This also explains the (negligible) compliance
cost decrease in EU27 and the marginal increase in Australia, Canada and the US in Fig-
ure 11.

17 Note that the domestic reduction potential, which is particularly high in these countries, is
one of the burden-sharing indicators in EC30%.
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power mix from 11% to 8% in 2020. This reduction is almost entirely offset by a
stronger deployment of fossil fuels and — in countries with ambitious support for
renewable energy (e.g. the EU) — also by renewables. As a result, global GHG
emissions in the baseline increase by 2% under a nuclear phase-out and the
emission reductions required to meet the climate policy targets increase by 3%
globally.

Simulations of the climate policy scenario with unrestricted trading reveal that
the nuclear phase-out increases AAU prices by 24% and total compliance costs
of Annex | countries by 28%. While Japan (+58%) and the USA (+28%) face the
largest relative increase, China, India, Ukraine and Russia benefit because the
additional revenues from selling certificates outweigh higher domestic abate-
ment costs. Similar to Edenhofer et al. (2010) or Bauer et al. (2012), we find a
modest increase in compliance costs in relation to GDP.

To meet the 30% emission reduction targets for 2020, domestic efforts in Annex
| countries involve the power sector, in particular. The share of coal-based pow-
er generation declines and the share of natural gas, nuclear power and renew-
ables (in particular wind power) increases in the reference scenario. The nucle-
ar phase-out increases the share of natural gas, wind and solar in the power
mix of most countries, in particular in those countries which rely strongly on nu-
clear power (e.g. USA). Somewhat higher electrictiy prices lead to a slightly
lower demand than in the reference scenario.

Decomposing the overall changes in countries’ compliance costs due to a nu-
clear phase-out into a baseline effect and a mitigation cost effect we find that
the share of the mitigation cost effect is about twice as high in the EU as in Aus-
tralia, Canada, Japan, or the USA. While the nuclear phase-out hardly affects
baseline emissions in the EU until 2020, the loss of nuclear power as a mitiga-
tion option weighs rather heavily compared to other regions.

Results from alternative policy scenarios provide additional insights. When trad-
ing of AAUs is restricted to those Annex | countries which have committed to a
second Kyoto period, compliance costs of Annex | countries in the climate poli-
cy scenarios are about 28% higher than in the reference climate policy scenar-
io, and 29% higher than in the nuclear phase-out climate policy scenario. These
figures reflect the savings in overall compliance costs, which may be realized
via unlimited emissions trading between Annex | countries. They further illus-
trate that the nuclear phase-out is more costly when certificate trading is re-
stricted. Also, our general findings on the relative impact of a global nuclear
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phase-out on global and regional patterns of compliance costs appear to be
fairly robust to the considered alternative ways of sharing the burden of emis-
sion reductions across Annex | countries and to more ambitous emission tar-
gets for the group of Annex | countries.

Our modeling assumptions and findings should be interpreted with caution,
though. Arguably, the assumed global phase-out of nuclear may overstate ac-
tual long-term reactions to the Fukushima accident. Yet, our nuclear phase-out
scenario serves as an interesting benchmark, as it reflects what may happen
should concerns about the future of nuclear energy increase dramatically, and
globally. Also, it should be kept in mind that by focussing on the year 2020,
where actual policy targets are available for most countries, our analysis takes
on a relatively short-term perspective. For example, the licences of most nu-
clear units in the USA expire after 2030. In addition, ongoing international cli-
mate diplomacy attempts to create binding targets which go beyond 2020.
These targets need to be more ambitious than those implemented for 2020 to
meet the 2°C target with a high probability. From this perspective a global
phase-out of nuclear power is expected to bring about stronger economic and
environmental implications in the longer run than analysed for 2020. But in the
long run, the energy system will also exhibit higher flexibility and feature learn-
ing effects for low-carbon technologies. These factors will lower adjustment
costs of banning a major power generation and mitigation option. The findings
by Bauer et al. (2012) and Edenhofer et al. (2010) suggest that in the long run,
the economic impact of restricting nuclear power is small compared to the im-
pact of ambitious mitigation policies.
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Appendix A: Description of the POLES model

POLES is a techno-economic model with endogenous projection of energy
prices, a complete accounting of demand and supply of energy carriers and as-
sociated technologies. The model includes, among others, 24 competing power
generation technologies for 57 different countries/regions, and accounts for CO,
and other GHG emissions. This high level of regional disaggregation allows a
very large extent of country-specific modelling of technology availability. The
model builds on price-driven behavioral equations for final energy demand (by
carriers and consumption sectors) and cost-driven behavioral equations for en-
ergy supply (by fuels and technologies). Supply and demand are balanced on a
yearly basis via recursive simulation.

For the Power Generation sector, POLES forecasts the technology-specific de-
velopment of capacities based on cost competition accounting for endogenous
technological learning (“learning by searching”, “learning by doing”) and of pow-
er generation based on a must-run and merit-order approach. Techno-economic
parameters are taken from the TECHPOL™ database, including investment
costs, operation & management costs, efficiencies and lifetimes. The model
then calculates full and marginal costs taking into account learning effects, fuel
costs and CO, taxation. Table A-1 displays investment costs per kW (without
technology learning) for competing technologies. Regarding nuclear power, the
expected lifetime is 40 years (extensions via refurbishment are not modeled).
CCS technologies are assumed not to be available before 2020.

18 TECHPOL is compiled and maintained by EDDEN (Economie du Développement Durable
et de I'Energie, UPMF, Grenoble)
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Table Annex 1: Investment costs for major power technologies in the POLES

model (in 2005$/kW)

Technologies 2005 2020
(costs are expressed in $05/kW)

Pressurised Fluidised Coal 1890 1777
Pressurised Fluidised Coal + CCS 3329 2864
Integrated Coal Gaseification (IGCC) 2634 2126
IGCC + CCS 3470 2775
Lignite Conventional Thermal 1966 1909
Coal Conventional Thermal 1739 1682
Oil Conventional Thermal 1270 1214
Gas Conventional Thermal 1190 1134
Gas-fired Gas Turbine 589 545
Oil-fired Gas turbine 589 545
Gas-fired Gas Turbine + CCS 1374 1225
Gas-fired Gas turbine Combined Cycle 745 689
Biomass Gasification 3822 3233
Biomass Gasification + CCS 5009 4187
Biomass Thermal 2939 2428
Nuclear 3015 2672
New Nuclear Design (Gen.IV) 11162 8796
Combined Heat & Power 1010 956
Hydroelectricity 2657 2657
Wind onshore 1791 1491
Wind offshore 3163 2597
Solar Power Plant (CSP power plant) 4280 3348
Small Hydro 3672 3672
Distributed Photovoltaics 8685 4333
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Appendix B: Derivation of marginal abatement cost curves
with POLES

The marginal abatement cost curves (MACC) are constructed by introducing a
Carbon Value (CV) which is interpreted as a shadow price of CO, emissions,
i.e. a per unit tax based on the CO, content of fossil fuels. The CV affects the
competitiveness of the different fuels in the energy system, both in the final
consumption sectors and in the energy supply sector. As a consequence, the
system becomes less carbon intensive as the CV increases: at any given date,
the CV corresponds with the marginal cost of an emission reduction (for each
sector and country) compared to a business-as-usual scenario with a CV of ze-
ro, for example. It is then possible to quantify annual mitigation costs for specific
countries and sectors measuring the area under the MACC. It is important to
note that external costs such as climate damages or nuclear waste are not tak-
en into account in the model. To derive the MACC in this paper, for each simu-
lated year, the CV is increased in steps of 10$/tC from 0 to 700 $/tC."” Values
provided are in constant (2005) US dollars. For the analyses presented in this
paper the costs were converted into € of 2005. The targeted CV, i.e. the CV
which implements the emission targets, is reached linearly between 2011 and
the considered year, i.e. climate policy becomes more and more stringent over
time. The MACCs therefore integrate the different levels of flexibility of each
country and sector to mitigate their CO, emissions such as fuel mix in the base-
line, nuclear policy in place, existing potentials for renewable energies.

19 10 $/t C correspond to 2.73 (=10*12/44) $/t CO,
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Appendix C

Table Annex 2: Targets in 2020 compared to 1990 levels for Annex | countries
in the climate policy scenario and in the alternative target sce-

narios
Climate Policy EC 30% Uniform 40%
Australia -30% -24% -40%
EU 27 -30% -30% -40%
Canada -30% -23% -40%
Iceland -30% -21% -40%
Japan -30% -24% -40%
New Zealand -30% -15% -40%
Norway -30% -28% -40%
Russia -30% -38% -40%
Switzerland -30% -27% -40%
Ukraine -30% -60% -40%
USA -30% -24% -40%
Annex | -30% -30% -40%

Table Annex 3: Change in certificate prices due to nuclear phase-out in the
climate policy scenario and in the alternative target scenarios

Climate Policy EC 30% Uniform 40%

AAUs 24% 26% 23%

CERs 19% 19% 18%




36 Costs of meeting international climate targets without nuclear power

8 References

Anger, N., 2008, Emissions trading beyond Europe: Linking schemes in a post-
Kyoto world. Energy Economics 30 (4), 2028—-2049.

Bauer, N., Brecha, R. J. and Luderer, G., 2012, The economics of nuclear
power and climate change mitigation policies. Proceedings of the National
Academy of Sciences of the United States of America (PNAS)
1201264109. doi: 10.1073.

Brouns, B. and Ott, H.E., 2005, Taking the lead: Post-2012 climate targets for
the North. Towards adequate and equitable future climate commitments
for industrial countries. Wuppertal Paper No. 155. Wuppertal Institute for
Climate, Environment and Energy.

Carraro, C. and Massetti, E., 2011, Energy and Climate Change in China,
FEEM Note di Lavoro 016. 2011.

Castro, P., 2010, Climate Change Mitigation in Advanced Developing Countries:
Empirical Analysis of the Low-hanging Fruit Issue in the Current CDM.
Center for Comparative and International Studies (ETH Zurich and Univer-
sity of Zurich) — CIS Working Paper.

Ciscar, J.-C., 2013, A comparability analysis of global burden sharing GHG re-
duction scenarios. Energy Policy. In press.

Clarke L., Edmonds, J., Krey, V., Richels, R., Rose, S. and Tavoni, M., 2009,
International climate policy architectures: Overview of the EMF 22 Interna-
tional Scenarios. Energy Economics 31, S64-S81.

Criqui, P., 2001, POLES -Prospective Outlook on Long-term Energy Systems.
Technical Report. Institut d’economie et de politique de I'energie.

Davis, L. W., 2011, Prospects for nuclear power. NBER Working Paper Working
Paper 17674, National Bureau of Economic Research, December 2011,
Cambridge, MA.

Dellink, R., G. Briner, Clapp, C., 2011, The Copenhagen Accord/Cancun
Agreements Emission Pledges for 2020: Exploring Economic and Envi-
ronmental Impacts. Climate Change Economics 2, 53-78.



Costs of meeting international climate targets without nuclear power 37

Den Elzen, M.G.J., Hof, A.F., Mendoza Beltran, M.A., Grassi, G., Roelfsema,
M., van Ruijven, B.J., van Vliet, J., van Vuuren, D.P., 2011, The Copenha-
gen Accord: abatement costs and carbon prices resulting from the sub-
missions. Environmental Science & Policy 14 (1), 28-39.

Den Elzen, M.G.J., van Vuuren, D.P., van Vliet, J., 20102, Postponing emission
reductions from 2020 to 2030 increases climate risks and long-term costs.
Climatic Change 99(1), 313-320.

Den Elzen, M. G.J. et al., 2010b, The Emissions Gap Report - Are the Copen-
hagen Accord Pledges Sufficient to Limit Global Warming to 2° C or 1.5°
C? A preliminary assessment. UNEP, November 2010.

Den Elzen, M.G.J., H6hne, N., 2008, Reductions of greenhouse gas emissions
in Annex | and non-Annex | countries for meeting concentration stabilisa-
tion targets: an editorial comment. Climate Change 91, 249-274.

Duscha, V. and Schleich, J., 2013, Can no-lose targets contribute to a 2 °C tar-
get? Climate Policy. Forthcoming.

Edenhofer, O., B. Knopf, T. Barker, L. Baumstark, E. Bellevrat, B. Chateau, P.
Criqui, M. Isaac, A. Kitous, S. Kypreos, M. Leimbach, K. Lessmann, B.
Magné, S. Scrieciu, H. Turton and D. P. van Vuuren, 2010, The econom-
ics of low stabilization: model comparison of mitigation strategies and
costs. The Energy Journal 31(Special Issue 1), 11-48.

Energy Information Administration (EIA), 2009, International Energy Outlook
2009. EIA, Washington, DC.

European Commission, 2007, World Energy Technology Outlook - 2050 -
WETO H2.

European Commission - Joint Research Centre - Institute for Prospective Tech-
nological Studies, 2009, Economic Assessment of Post-2012 Global Cli-
mate Policies. Analysis of Greenhouse Gas Emission Reduction Scenar-
ios with the POLES and GEM-E3 models.

European Commission, 2009a, Towards a comprehensive climate change
agreement in Copenhagen. COM(2009) 39 final.



38 Costs of meeting international climate targets without nuclear power

European Commission, 2009b, Commission staff working document, accompa-
nying the Communication from the Commission: Towards a comprehen-
sive climate change agreement in Copenhagen: extensive background in-
formation and analysis — part 2. COM(2009) 39 final.

Gupta, S., Tirpak, D.A., Burger, N. et al., 2007, Policies, Instruments and Co-
operative Arrangements. In: B. Metz, O.R. Davidson, P.R. Bosch, R. Dave
and L.A. Meyer (eds), Climate Change 2007: Mitigation. Contribution of
Working Group 1l to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change. Cambridge University Press, Cam-
bridge, UK.

Hallegatte, S., Heal, G., Fay, M. and Treguer, D., 2012, From Growth to Green
Growth — A Framework. NBER Working Paper No. 17841.

Hoéhne, N., Ramzi, E., Den Elzen, M., Riahi, K., Chen, C., Rogelj, J., Grassi, G.,
Wagner, F., Levin, K., Massetti, E. and Xiusheng, Z., 2012, National GHG
emissions reduction pledges and 2°C: comparison of studies. Climate Pol-
icy 12(3), 356-377.

International Energy Agency (IEA), 2010a, Energy Technology Perspectives
2010. IEA, Paris.

International Energy Agency (IEA), 2010b, World Energy Outlook 2010. IEA,
Paris.

International Energy Agency (IEA), 2012a, Energy Technology Perspectives
2012. IEA, Paris.

International Energy Agency (IEA), 2012b, World Energy Outlook 2012. IEA,
Paris.

Joskow, P.L., Parsons, J.E., 2012, The Future of Nuclear Power After Fuku-
shima. Economics of Energy & Environmental Policy 1 (2), 99-113.

Kartha, S., Kjellen, B., Baer, P., Athanasiou, T., 2009. The Bali roadmap and
North-South cooperation: the right to development in a climate constrained
world. European Review of Energy Markets 3, 269-298.

Kitous, A., Criqui, P., Bellevrat, E., Chateau, B., 2010. Transformation Patterns
of the Worldwide Energy System — Scenarios for the Century with the
POLES Model. The Energy Journal 31(Special Issue 1), 49-82.



Costs of meeting international climate targets without nuclear power 39

Kurosawa, A., 2000, Long term nuclear power role under CO, emission con-
straint. Progress in Nuclear Energy 37 (1-4), 101-106.

Lechtenb6hmer, S., Samadi, A., 2012, Blown by the Wind: Replacing Nuclear
Power in German Electricity Generation. Environmental Science & Policy
25 (2013), 234-241.

McKibbin, W.J., Morris, A.C., Wilcoxen, P.J., 2011, Comparing Climate Com-
mitments: A model-based analysis of the Copenhagen Accord. Climate
Change Economics 2 (2), 79-103.

OECD, 2011, Towards Green Growth. OECD, Patris.

Peterson, E., Schleich, J. and Duscha, V., 2011, Environmental and economic
effects of the Copenhagen pledges and more ambitious emission reduc-
tion targets. Energy Policy 39, 3697-3708
(doi:10.1016/j.enpol.2011.03.079).

Rafaj, P. and Kypreos, S., 2008, The role of nuclear energy in the post-Kyoto
carbon mitigation strategies. International Journal of Nuclear Governance.
Economy and Ecology 2 (1), 10-27.

Remme U. and Blesl, M., 2008, A global perspective to achieve low-carbon so-
ciety (LCS): Scenario analysis with ETSAP-TIAM. Climate Policy 8, S60—
S75.

Rogelj, J., Meinshausen, M., Nabel, J. et al., 2010, Copenhagen Accord
pledges are paltry. Nature Report 464, 1126-1128.

Russ, P. and Criqui, P., 2007, Post-Kyoto CO, Emission Reduction: The Soft
Landing Scenario Analysed with POLES and other World Models. Energy
Policy 35, 786—796.

Saveyn, B., van Regemorter, D. and Ciscar, J.-C., 2011, Economic analysis of
the climate pledges of the Copenhagen Accord for the EU and other major
countries. Energy Economics 33 (S1), S34-S40.

Schneider, M., Froggatt, A. and Thomas, S., 2011, The World Nuclear Industry
Status Report 2010-2011. Nuclear Power in a Post-Fukushima World - 25
Years after the Chernobyl Accident. Worldwatch Institute, Paris, Berlin,
Washington.

Skea, J., Lechtenbéhmer, S., and Asuka, J., 2013, Climate poicies after Fuku-
shima: three views. Climate Policy 13 (S1), 36-54.



40 Costs of meeting international climate targets without nuclear power

Toman, M., 2011, Green Growth — An Exploratory Review. Policy Research
Working Paper WPS6057, World Bank, Washington D.C.

United Nations (UN), 2009, World Population Prospects: the 2008 Revisions,
Highlights. Working Paper N. ESA/P/WP.210. UN, Department of Econom-
ics and Social Affairs, Population Division, New York.

United Nations Framework Convention on Climate Change (UNFCCC), 2009.
Copenhagen Accord. FCCC/CP/2009/L.7.

United Nations Framework Convention on Climate Change (UNFCCC), 2010,
Report of the Conference of the Parties on its sixteenth session, held in
Cancun from 29 November to 10 December 2010, Addendum Part Two:
Action taken by the Conference of the Parties at its sixteenth session.
FCCC/CP/2010/7/Add.1.

Vaillancourt, K., Labriet, M., Loulou, R. and Waaub, J-P., 2008, The role of nu-
clear energy in long-term climate scenarios: An analysis with the World-
TIMES model. Energy Policy 36, 2296-2307.

Wang, K., Wang, C. and Chen, J.N., 2009, Analysis of the Economic Impact of
Different Chinese Climate Policy Options Based on a CGE model Incorpo-
rating Endogenous Technological Change. Energy Policy 37 (8), 2930-
2940.

WIN-Gallup International, 2011, Impact of Japan Earthquake on Views about
Nuclear Energy -Findings from a Global Snap Poll in 47 countries by WIN-
Gallup International (March 21-April 10, 2011, published 19 April 2011,
Zurich).

World Energy Council, 2007, Energy Scenario Development Analysis: WEC
Policy to 2050, World Energy Council, London, UK.



Costs of meeting international climate targets without nuclear power 41

]
Authors’ affiliations

Vicki Duscha
Fraunhofer Institute for Systems and Innovation Research (Fraunhofer ISI)
Competence Center Energy Policy and Energy Systems, Karlsruhe, Germany

Joachim Schleich

Fraunhofer Institute for Systems and Innovation Research, Karlsruhe, Germany
Grenoble Ecole de Management, Grenoble, France

Virginia Polytechnic Institute and State University, Blacksburg, Virginia, USA

Katja Schumacher
Oko Institut, Berlin, Germany

Pierre Buisson
Enerdata, Grenoble, France

Contact: Brigitte Kallfass

Fraunhofer Institute for Systems

and Innovation Research (Fraunhofer ISI)
Breslauer Strasse 48

76139 Karlsruhe

Germany

Phone: +49 /721 / 6809-150

Fax: +49/721/6809-272

E-Mail: brigitte.kallfass@isi.fraunhofer.de
www.isi.fraunhofer.de

Karlsruhe 2013



	1 Introduction
	2 Literature review
	3 Methodology and baselines
	4 Climate policy scenario
	4.1 Emission targets for 2020
	4.2 Certificates trading

	5 Results of climate policy scenario
	5.1 Certificate prices
	5.2 Emission reductions and pattern of compliance
	5.3 Power sector
	5.4 Compliance costs
	5.5 Decomposition of changes in compliance costs in baseline effect and mitigation cost effect

	6 Results of alternative policy scenarios
	6.1 Restricted trading scenario (KP2)
	6.2 Alternative target scenarios

	7 Conclusions
	8 References

