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Abstract

A more sustainable energy system requires a portfolio of innovative technological options. The
problems faced by Europe and the world are of a magnitude for which no single technology is
the solution. Some of the options benefit both the climate problem and security of supply, and
thus provide synergies, while others represent trade-offs for the policymaker. This report pre-
sents results of Part 2 of the CASCADE MINTS project. In this project, 15 renowned modelling
teams in Europe, the US and Japan have provided an outlook to possible transitions of the en-
ergy system in Europe and at the global level. The objective of this project was to use a wide
range of existing operational energy and energy/economy models in order to build analytical
consensus concerning the impacts of policies aimed at sustainable energy systems. The empha-
sis is placed on evaluating the effects of policies influencing technological developments. Tech-
nologies assessed are renewables, nuclear power, CO, capture and storage and hydrogen. There
are synergies and trade-offs when applying these options for the main policy objectives of cli-
mate change mitigation and improving security of supply. This report provides a synthesis of
the various policy briefs that were written for each of the individual transition pathways.
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Summary

A more sustainable energy system requires a portfolio of innovative technological options. The
problems faced by Europe and the world are of a magnitude for which no single technology is
the solution. Some of the options benefit both the climate problem and security of supply, and
thus provide synergies, while others represent trade-offs for the policymaker. This report pre-
sents results of Part 2 of the CASCADE MINTS project. In this project, 15 renowned modelling
teams in Europe, the US and Japan have provided an outlook to possible transitions of the en-
ergy system in Europe and at the global level. The objective of this project is to use a wide
range of existing operational energy and energy/economy models in order to build analytical
consensus (to the extent possible) concerning the impacts of policies aimed at sustainable en-
ergy systems. The emphasis is placed on evaluating the effects of policies influencing techno-
logical developments. This report provides a synthesis of the various policy briefs that were
written for each of the individual transition pathways.

Main objective of the approach chosen was to perform a synthesis of the policy cases analyzed
by various models. Some of these models have comparable methodologies and scope, while
others complement each other, such as economic models and energy system models. Next, con-
sensus among the modellers has been sought concerning the results presented and the main pol-
icy messages. The policy briefs bundled in this report reflect the consensus found over different
policy cases. Although all models confirm these messages, there are sometimes significant dif-
ferences among individual model results, reflecting the different dynamics and assumptions and
indicating the impact of uncertainties in the future energy system. The graphs show projections
from different models, and should be regarded as illustrative of the discussed trends, by no
means the only possible paths.

Baseline

This final report gives an overview of all policy cases analysed in the project. Part 2 of the pro-
ject has started with formulating a common baseline projection. Given the diversity of the mod-
els, a moderate level of harmonisation was chosen. A number of quantitative assumptions - eco-
nomic and demographic developments, oil prices and current policies - have been harmonised,
whereas technology-specific assumptions have not been harmonised. A consistent basis for
harmonisation of a baseline scenario was provided by the SRES ‘B2 marker scenario’ (IPCC,
2000). Oil prices reflect assumptions of low to moderate resource availability. In the period
2000-2050, the world oil price is projected to increase from ca. 26 to 38 USSgs/barrel (4.2 to 6.2
€/GJ). Obviously there is a great deal of uncertainty to this assumption. Natural gas prices
within Europe, although not explicitly harmonised among the models, are projected to increase
from on average 2.3 to 5.4 €/GJ in 2000-2050. Finally, some representation of climate policy or
emission trading for the region of Europe has been included, reflected in a generic carbon tax of
10 €/tCO, from the year 2012 onwards.

Because other important driving forces, such as technological change and average improvement
of energy efficiency, were not harmonised, the set of baseline results from CASCADE MINTS
is broader than the B2 group of scenarios. The added value of these variations is that they reflect
uncertainty about future developments. Moreover, the diversity of the models will provide dif-
ferent views on the effectiveness of the policy approaches.

Renewables

Next, the role of renewables in solving global and European energy and environmental issues
has been analysed. The feasibility of a 20% renewables target in 2020 for Europe has been as-
sessed, and seems to be within reach provided energy demand reductions are pursued simulta-
neously. Bioenergy is one of the key renewable options because of its large potential and its dif-
ferent possible applications. A strong growth of biomass deployment is required for achieving
ambitious renewables and climate targets. Policies in different areas such as energy, agriculture,
and environment should be further streamlined in order to overcome current barriers. Efforts di-
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rected towards the transport sector combine several benefits, because the substitution of oil with
biofuels improves both security of supply and reduces carbon emissions. Implementation of re-
newables is currently most straightforward in the power and transport sector, but to achieve fur-
ther growth towards 2020, applications should involve other end-use sectors. For instance the
potential in the building sector, including renewable heating and cooling options, such as solar
thermal water heaters or biomass-based district heating should be further exploited. Finally,
subsidy schemes should offer differentiated support and stimulate learning effects. It is impor-
tant to target the subsidies correctly. If only one sector is subsidized, the renewable share in this
sector will be high, but there may be ‘carbon leakage’ to other sectors, due to a shift in applica-
tion of biomass, and the share in primary energy is only mildly affected.

Nuclear

Next, the results are presented of an analysis of the conditions under which nuclear power can
become environmentally and economically feasible. Two contrasting scenarios have been ana-
lysed, comparing the impacts of a phase-out of nuclear power capacities to a situation where
conventional nuclear power plants achieve a 25% investment cost reduction, both under a rather
strong climate policy. Two main conclusions can be drawn. First, the analyses have shown that
a nuclear phase-out in Europe is feasible, even in a future with a strong climate policy. How-
ever, in this case, renewables, natural gas and advanced coal-fired plants with CCS are key op-
tions, and achieving climate goals is more costly. Consequently, the dependency on natural gas
imports would increase even further than already expected in a business as usual scenario. Sec-
ondly, nuclear energy could be an important component of carbon mitigation strategies, under
the condition that the risks related to reactor safety and proliferation are dealt with or accepted,
and that long-term solutions for the disposal of radioactive waste are found. With the assump-
tion that carbon prices reach a level of 100 €/tCO, in 2030, nuclear power plants could margin-
ally reduce the import dependency of natural gas, and could contribute to up to 50% of Western
Europe’s power generation mix.

CO; capture and storage

CO; capture and storage (CCS) is increasingly mentioned as one of the options in the portfolio
to mitigate climate change. Three policy approaches have been compared in order to address the
question how to achieve significant CO, emission reductions through the application of CCS
technologies. The analysis shows that CCS can provide an important contribution to mitigating
climate change. Up to 30% of global CO, emissions could be captured in 2050, while for
Europe, due to a more limited growth of the power sector than in some other world regions, this
would amount to some 22% of total CO, emissions. Furthermore, the application of CCS is es-
sential for a successful market introduction of fossil-based hydrogen in a carbon constrained
world.

Trade-offs and synergies

In this case study the possible role and impact of enhanced technological progress in the energy
system has been analysed, combined with variations of CO, values and oil & gas prices. It con-
cludes that the global energy system can meet the challenge of a strong climate policy, with car-
bon prices up to 100 €/tCO,, through a mix of options. In the power sector, penetration of re-
newable and nuclear technologies up to 50% combined with the deployment of CO, capture and
storage can result in emission reductions up to 40%. Similarly, in Europe, CO, emissions can be
reduced with 21% - 54% in 2050. This range among the models is largely due to the uncertainty
around the future contribution of coal, as it depends on the estimates for costs and potential for
CCS. The implications of high oil and gas prices are not necessarily environmentally favour-
able, as there is a tendency towards coal, even though renewables also benefit. The additional
effect of enhanced technological progress is strongest in the transport sector, where it can stimu-
late hydrogen, but also biofuels, to reduce the dominance of petroleum-based automotive fuels.
Enhanced technological progress - modelled in terms of investment cost reductions due to addi-
tional R&D policies - appears to have the most significant impacts on hydrogen production,
storage and consumption and on the use of renewables (wind and solar PV) for power genera-
tion.

8 ECN-E--06-054



1. Introduction

This report presents results of Part 2 of the CASCADE MINTS project. In this project, 15 re-
nowned modelling teams in Europe, the US and Japan have provided an outlook to possible de-
velopments in Europe and at the global level. The objective of this project is to use a wide range
of existing operational energy and energy/economy models in order to build analytical consen-
sus (to the extent possible) concerning the impacts of policies aimed at sustainable energy sys-
tems. The emphasis is placed on evaluating the effects of policies influencing technological de-
velopments.

The CASCADE MINTS project also involves modelling, scenario evaluation and detailed
analysis of the prospects of the hydrogen economy. This is done in Part 1 of the project, as de-
picted in Figure 1.1. The ultimate aim of this part of the project is to enable perspective analysis
of the conditions under which a transition to an energy system dominated by hydrogen is possi-
ble.

PART 1 PART 2

Modelling possible
configurations of a
hydrogen economy and
using models to study its
prospects

Joint case studies
on policy issues
with operational
energy models

Coordinator: NTUA Coordinator: ECN

Administrative Coordinator: NTUA
Figure 1.1 Overview of the CASCADE MINTS project

1.1 Approach

In CASCADE MINTS Part 2, the approach has been chosen to make syntheses of the policy
cases analysed by different models. Some of these models have comparable methodologies and
scope, others complement each other, such as economic models and energy system models.
Next, consensus among the modellers has been sought concerning the results presented and the
main policy messages. The policy briefs bundled in this report reflect the consensus found over
different policy cases. Although all models confirm these messages, there are sometimes sig-
nificant differences among individual model results, reflecting the different dynamics and as-
sumptions and indicating the impact of uncertainties in the future energy system. The graphs
presented in the policy briefs show projections from different models, and should be regarded as
illustrative of the discussed trends, by no means the only possible paths.

1.2 Overview of participating models

As a background to the description of the model results, Table 1.1 gives an overview of the
models involved, classified along their methodology. Generally, energy system models have a
detailed technology representation and these have been used to analyse the impact of CCS tech-
nologies. Still, a variety of methodologies, including ‘hybrid’ modelling approaches is repre-
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sented. The equilibrium models participating in the case study have made use of the results of
one of the energy system models. Note that not all of the models have participated in all policy
cases. More information on the models can be found in (Uyterlinde et al., 2004).

Table 1.1 Overview of the models participating in the CASCADE MINTS project

Top down Bottom up
Macro-economic Computable General Energy System Integrated Energy

: Equilibrium Optimisation . System simulation
Global, | AIM DNE21+ | POLES
IUS, Canada 1 NEWAGE-W ETP NEMS

PACE GMM MAPLE

| MESSAGE |

| PROMETHEUS
________________________________________________________________________________ (stochastic) .
Europe NEMESIS | MARKAL Europe | PRIMES

| TIMES-EE

1.3 Report overview

Baseline

This final report gives an overview of all policy cases analysed in the project, as illustrated in
Figure 1.2. Part 2 of the project has started with formulating a common baseline projection.
Given the diversity of the models, a moderate level of harmonisation was chosen. A number of
quantitative assumptions - economic and demographic developments, oil prices and current
policies - have been harmonised, whereas technology-specific assumptions have not been har-
monised. A consistent basis for harmonisation of a baseline scenario was provided by the SRES
‘B2 marker scenario’ (IPCC, 2000). Oil prices reflect assumptions of low to moderate resource
availability. In the period 2000-2050, the world oil price is projected to increase from ca. 26 to
38 USS$os/barrel (4.2 to 6.2 €/GJ). Obviously there is a great deal of uncertainty to this assump-
tion. Natural gas prices within Europe, although not explicitly harmonised among the models,
are projected to increase from on average 2.3 to 5.4 €/GJ in 2000-2050. Finally, some represen-
tation of climate policy or emission trading for the region of Europe has been included, reflected
in a generic carbon tax of 10 €/tCO, from the year 2012 onwards.

Because other important driving forces, such as technological change and average improvement
of energy efficiency, were not harmonised, the set of baseline results from CASCADE MINTS
is broader than the B2 group of scenarios. The added value of these variations is that they reflect
uncertainty about future developments. Moreover, the diversity of the models will provide dif-
ferent views on the effectiveness of the policy approaches. Chapter 2 presents the main results
and conclusions of the baseline analysis. More information can be found in (Uyterlinde et al.,
2004).
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| Baseline |

e . T~

Renewables Nuclear ccs

— A | Hydrogen :
( Target/Subsidy Phase-out/ Standard/ i (Part 1) :
Renaissance emission ceiling '
\ \& carbon ta ---------------------------

v A/4-//

Trade-offs & synergies
Carbon High oil
tax & gas price

Conclusions
Recommendations

...........................

Enhanced
technological
progress

Figure 1.2 Overview of the policy cases and policy instruments analysed in CASCADE MINTS
Part 2

Renewables

Next, the role of renewables in solving global and European energy and environmental issues
has been analysed. The feasibility of a 20% renewables target in 2020 for Europe has been as-
sessed. The main conclusion, as described in Chapter 3 of this report, is that renewable energy
can make a substantial contribution to reducing greenhouse gas emissions and improving diver-
sification of the European energy production portfolio, although other technologies will also be
needed in order to achieve post-Kyoto targets. See also (Uyterlinde et al., 2005) for a complete
account including the results of the individual models.

Nuclear

Chapter 4 assesses the conditions under which nuclear power can become environmentally and
economically feasible. Two contrasting scenarios have been analysed, comparing the impacts of
a phase-out of nuclear power capacities to a situation where conventional nuclear power plants
achieve a 25% investment cost reduction, both under a rather strong climate policy. The com-
plete report has been published separately (Uyterlinde et al., 2006a).

CO; capture and storage

CO, capture and storage is increasingly mentioned as one of the options in the portfolio to miti-
gate climate change. Based on the results of 10 advanced energy models, Chapter 5 provides an
overview of the results of the scenarios analysed in the CASCADE MINTS project. Three pol-
icy approaches are compared in order to address the question how to achieve significant CO,
emission reductions through the application of CCS technologies. The analysis shows that CCS
can provide an important contribution to mitigating climate change. Up to 30% of global CO,
emissions could be captured in 2050, while for Europe, due to a more limited growth of the
power sector than in some other world regions, this would amount to some 22% of total CO,
emissions. The complete report has been published as (Uyterlinde et al., 2006b).

Trade-offs and synergies

Chapter 6 analyses the possible role and impact of enhanced technological progress in the en-
ergy system, combined with variations of CO, values and oil & gas prices. The complete report
has been published as (Uyterlinde et al., 2007). It concludes that the global energy system can
meet the challenge of a strong climate policy, with carbon prices up to 100 €/tCO,, through a
mix of options. In the power sector, penetration of renewable and nuclear technologies up to
50% combined with the deployment of CO, capture and storage can result in emission reduc-
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tions up to 40%. Similarly, in Europe, CO, emissions can be reduced with 21%-54% in 2050.
The contribution of coal remains uncertain, as it depends on the estimates for costs and potential
for CCS. Secondly, the implications of high oil and gas prices are not necessarily environmen-
tally favourable, as there is a tendency towards coal, even though renewables also benefit. The
additional effect of enhanced technological progress is strongest in the transport sector, where it
can stimulate hydrogen, but also biofuels, to reduce the dominance of petroleum-based automo-
tive fuels. Third, enhanced technological progress - modelled in terms of investment cost reduc-
tions due to additional R&D policies - appears to have the most significant impacts on hydrogen
production, storage and consumption and on the use of renewables (wind and solar PV) for
power generation.

Conclusions

Chapter 7 gives an overview of the conclusions and recommendations by individual models. Fi-
nally, in Chapter 8, the overall conclusions and findings from the case studies are generalized
and summarized.
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2. Baseline trends for Europe in a global perspective

In the coming decades, Europe’s energy system is facing a number of challenges. Some of
these, such as the enhanced greenhouse effect and depletion of fossil fuel resources have a
worldwide dimension. Consequently, the strategies for tackling these issues must be designed
taking worldwide developments into account. Alternative energy sources and new technologies
will have to play a key role. In the analysis of the potential impact of new technologies and the
evaluation of possible policy options, energy - economy - environment (E3) models can provide
useful insights. In the CASCADE MINTS project, twelve of these E3 models have been used to
evaluate possible developments of the world energy system and the implications for Europe.

This policy research comes at a time when the EU has started a reflection on the actions on cli-
mate change for the post-2012 period', especially considering the benefits and costs and taking
into account both environmental and competitiveness concerns.

The policy brief provides an outlook on global and European energy developments towards
2050, summarising the main results generated by these models (Uyterlinde et al., 2004). It re-
flects the scientific consensus among modellers concerning the baseline presented and the main
policy messages included in this brief. Although all models confirm the major trends, there are
sometimes significant differences among individual model results, reflecting the different dy-
namics and assumptions and indicating the impact of uncertainties in the future energy system.
The graphs, presented in this policy brief, show projections from different models, and should
be regarded as illustrative of the discussed trends, by no means the only possible paths. The
models used in the baseline projections are: PRIMES, PROMETHEUS, MARKAL, MESSAGE, POLES,
GMM, PACE, TIMES-EE, NEWAGE-W, NEMESIS, NEMS and DNE21+.

2.1 Developments against a background of moderate economic growth

The outlook is based on a common, harmonised baseline scenario. The baseline will serve as a
benchmark against which policy scenarios will be compared in later stages of the project. It is
based on the B2 scenario from the IPCC Special Report on Emissions Scenarios, because this
scenario is characterised by a moderate economic and demographic growth. Some assumptions
of major importance in this scenario are listed below.

! See http://europa.eu.int/comm/environment/climat/future_action.htm.
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Figure 2.1 Development of GDP per region and share of these regions in world GDP

In all regions of the world, the average GDP growth in the period 1990-2050 is lower than in
1950-1990. Asia shows by far the highest growth, while the economies in Western Europe,
North America, Japan and Australia grow at a lower pace than the other world regions. This in-
creasing dominance of the developing countries has a direct impact on energy consumption and
greenhouse gas emissions. Despite the economic ‘catch up’, income differences between indus-
trialised and developing countries remain significant.

Population growth is in line with current population trends and based on the UN median popula-
tion projections from 1998. Global population increases to about 9.4 billion people by 2050.
Population growth is highest in the developing countries in Africa, Latin America, and the Mid-
dle East. It is significantly lower in Asia and North America, whereas the population of both
Europe and the Former Soviet Union remains almost constant until 2050.

Oil prices reflect assumptions of low to moderate resource availability. In the period 2000-2050,
the world oil price is projected to increase from 4.2 to 6.2 €,500¢/GJ, which is equivalent to a
range of ca. 26 to 38 US$os/barrel. Obviously there is a great deal of uncertainty to this assump-
tion.

Only instrumented policies in force or approved on December 31% 2003 have been included in
the baseline scenario. Moreover, some representation of climate policy or emission trading for
the region of Europe has been included. This is reflected in a generic carbon tax of 10 €5000/tCO,
as from the year 2012.

2.2 A continuing worldwide reliance on fossil fuels

World primary energy consumption is expected to more than double in 2000-2050. This is a
consequence of the assumptions regarding moderate economic and population growth, implying
that a larger growth would also be possible. In line with the assumptions, Asia grows fastest,
and quadruples its energy consumption by 2050.
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Figure 2.2 Development of primary energy consumption by regions

All models indicate that fossil fuels are expected to remain dominant in the world fuel mix by
supplying 65-80% of primary energy use (Figure 2.3). Combined with the growth in primary
energy consumption, this will result in an even faster depletion of the global natural resources
than today. Although Europe’s primary energy consumption shows a much slower growth than
the world average - some 20% until 2030 - its reliance on fossil fuels (70-75% of the primary
energy mix, depending on the model), is comparable to the rest of the world.

2050

[@Fossil fuels
Western

Europe W Nuclear

ORenewables

Figure 2.3 Fuel mix of primary energy consumption in the world and Western Europe, 2050

Although the models show a consistent picture of the share of fossil and non-fossil fuels in fu-
ture primary energy mix, they deviate on the contributions of individual fuels. In Europe, par-
ticularly the prospects of solid fuels and nuclear energy differ, due to different assumptions on
technological development and costs. The power generation sector plays a key role in these fuel
and technology choices. Coal consumption is expected to stabilise or grow. Some models expect
nuclear energy to be phased out, due to high costs. There is a certain consensus on Europe’s
consumption of natural gas for power production, which is expected to increase significantly,
and on the moderately increasing consumption of oil, mainly in the transport sector. Develop-
ments of energy prices may play a key role here.
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On world level, a similar variation in projections exists. One of the models includes constraints
on sulphur emissions, which induce a smaller share of particularly solids, and a substitution with
nuclear and renewables.

These observations have the following implications for Europe:

e Europe will encounter more competition on increasingly scarce fossil resources. Given
the limited domestic resource base, the growing dependency on imported fuels, particu-
larly oil and natural gas, will bring about more risks of high prices and supply disrup-
tions.

e The differences in projections of the primary energy mix indicate that there is room for
fuel switch, particularly in the power sector. The results indicate that the future develop-
ment of use of energy sources may substantially be influenced by policies, such as emis-
sions regulations and stimulating non-fossil fuels. Moreover, high oil and gas prices
might accelerate changes in Europe’s energy mix.

2.3 Energy savings increasingly important

Europe’s energy intensity is among the lowest in the world. In the current baseline projections,
Europe is expected to maintain this leading role. However, as illustrated in Figure 2.4, the scope
for further efficiency improvements is more limited than in other world regions. On the other
hand, Europe’s energy consumption per capita is more than twice the world average, and keeps
increasing. The increasing trend is in line with developments in other world regions.
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Figure 2.4 Europe’s energy intensity of GDP compared to other world regions

e Recognising that Europe’s energy consumption is substantial but relatively efficient, pol-
icy measures should focus on stimulating energy savings in order to slow down the
steady growth in energy consumption of the average European citizen.

2.4  Security of supply becomes a key issue

Given the continuing global reliance on fossil fuels, an important issue in the years to come will
be the increasing dependence on oil from the Middle East. Although the models show different
projections of the evolvement of oil production, they agree that the contribution from the Mid-
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dle East region grows, and becomes substantially larger. Given the large uncertainty on future
oil price developments, confirmed by one of the models indicating that there is a substantial
probability of sudden increases in the oil price, this may lead to increased concerns about the
security of oil supply on the longer term, particularly in view of the present uncertain political
situation in the Middle East.

For Europe, trends are in line with the global developments. Europe’s oil consumption is ex-
pected to stabilise at about a third of its primary energy consumption in 2030. Domestic produc-
tion however is expected to decrease due to limited reserves and high production costs, thereby
introducing a greater reliance on imports up to 85% (Figure 2.5).
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40%
20%
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0% ‘ ‘ ! 2000 2010 2020 2030
2000 2010 2020 2030 B Imports (Russia and FSU)

O Imports (Africa, Latin America, Middle East)

B Cil production B Gil imports O Natural gas production (Western Europe)

Figure 2.5 Shares of production and imports of oil and natural gas (Western Europe)

For natural gas, Europe’s external dependency will also grow in the next decades. A continuing
growth in gas consumption combined with a decrease of gas production in the UK, the Nether-
lands and Norway, will lead to a higher share of imports from the two main suppliers Russia and
Algeria. Additionally, the accession of the new Member States and their heavy reliance on sup-
plies from Russia increases the risks related to gas supply security.

There is another dimension to security of supply than dependency on imported fuels. The level
of diversification is inversely related to the dependence on a few primary fuels, and is related to
the correlation between the fuels in terms of costs and availability. The level of diversification
may further influence the sensitivity of Europe to fuel supply disruptions.

e FEurope’s dependence on oil from the Middle East is expected to increase significantly in
the next decades. Given the prospect that other world regions will also increasingly rely
on oil from this region, this may indeed lead to further oil price increases, which will af-
fect all economic sectors.

e An increase in diversification - for instance a growing contribution from renewables -
may to a certain extent alleviate the increase in external dependence for oil and gas. In
the current analysis, the models show large differences in their projections of Europe’s
future fuel mix, and thus in the expected level of diversification. This suggests that new
policies may be required to stimulate an increased uptake of renewables or other sources.
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2.5 The challenge of climate change remains

It is highly likely that global warming is attributable to human activities, in particular to emis-
sions of greenhouse gases. All models project a continuing growth of these emissions, of which
CO, is the most important one. Overall, the CO, emissions in 2030 are expected to be approxi-
mately twice the level of 1990, the base year of the Kyoto protocol. The largest growth is ex-
pected to occur in the developing world, in particular in Asia. There is a large variation in emis-
sions projections between models, related to the differences in the primary energy mix, particu-
larly the share of fossil fuels. These differences are due to different assumptions on technologi-
cal development and the associated technology costs.

[Gton]

70 T

60 |

50 +

40 |

30 +

20 +

2000 2010 2020 2030 2040 2050

Figure 2.6 Range among models in average energy related CO; emissions projections

In Europe, CO, emissions grow moderately, when compared to trends at world level (Figure
2.7). Still, Western Europe is not on track towards the targets agreed under the Kyoto Protocol.
Western Europe is committed to achieving an 8% reduction of CO, emissions by 2008-2012, as
compared to the level in 1990. This means that in this period, the level of total CO, emissions
(including non-energy uses) should not exceed approximately 3100 Mt/yr. However, all models
indicate that the energy-related CO, emissions alone are already expected to exceed this level.
The carbon tax of 10 €/tCO,, included from 2012 onwards to reflect the assumption that some
type of climate policies will be implemented, does not suffice to curb the growing trend in
greenhouse gas emissions.
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Figure 2.7 Range among models in average energy related CO, emissions projections in
Western Europe

e The results clearly indicate that under current policies, Europe will have severe difficul-

ties achieving its Kyoto target. Therefore, additional instruments, such as emissions trad-
ing with countries outside Europe (Annex A), based on the JI and CDM instruments, may
have to play a key role in meeting Kyoto commitments.

Beyond 2012, a moderate carbon tax appears to be insufficient for curbing the trends in
Europe, as emissions are expected to continue their growth with some 0.4% annually. In
the rest of the world - in the absence of international incentives or regulation for mitiga-
tion - carbon emissions are expected to increase at a much higher pace, particularly in the
developing countries. Therefore post-Kyoto policies will need to be developed. Given the
large inertia in the energy system, short-term action is needed to foster the introduction
of advanced and cleaner technologies, in order to enable these technologies to play a sig-
nificant role in the long term.
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3. Renewables can contribute significantly to a future sustainable
energy system

This policy brief provides an overview of the main results from the scenarios analysed in the
CASCADE MINTS project to assess the role of renewables in solving global and European en-
ergy and environmental issues (Uyterlinde et al., 2005). The main conclusion is that renewable
energy can make a substantial contribution to reducing greenhouse gas emissions and improving
diversification of the European energy production portfolio, although other technologies will
also be needed in order to achieve post Kyoto targets. This policy brief outlines the impacts,
costs and benefits of ambitious renewables targets for Europe in the medium term. It also pre-
sents lessons learned from taking the global perspective. The models used in the projections are:
PRIMES, PROMETHEUS, MARKAL, MESSAGE, POLES, GMM, PACE, TIMES-EE, NEWAGE-W,
NEMESIS, NEMS and DNE21+. Figures are based on results of different models, and can be re-
garded as representative of the trends described.

3.1 Impacts on carbon emissions and import dependency

In May 2004, the Commission issued a Communication on ‘The share of renewable energy in
the EU’ (European Commission, 2004), in which it ‘acknowledges the importance of providing
a longer-term perspective, considering in particular the infant nature of the renewable energy
industry and the need to ensure sufficient investors’ security. Acknowledging the outcome of
the currently available feasibility studies, however, the Commission considers it necessary to
more thoroughly assess the impacts of renewable energy resources, notably with regard to their
global economic effects before deciding on adopting targets beyond 2010 and before taking a
position on the 20% target for the share of renewable energy in 2020°. The CASCADE MINTS
project aims at contributing to this impact assessment by analyzing the feasibility and conse-
quences of a 20% renewables share in Europe’s primary energy consumption in 2020°.

3.1.1 Emission reduction in 2020 up to 20%

If the share of renewables in Europe increases to (almost) 20%, the share of fossil fuels in
Europe reduces roughly from 75% to 65%, which has positive implications for greenhouse gas
emissions and security of supply. In 2010, energy-related CO, emissions are some 10% lower
than in 1990 (according to PRIMES for the EU-25), indicating that Europe’s Kyoto target is
within range. In 2020, energy related CO, emissions are reduced with 9-21% compared to the
baseline. The amount of emission reduction depends on the sectoral distribution of the renew-
ables contribution and on which fossil fuels are substituted. These factors differ by model. Al-
though the reduction is substantial, it is not sufficient for post Kyoto targets, and other mitiga-
tion measures must also be explored.

Despite the different regional coverage of the models, the indicators in Figure 3.1 provide com-
parable information. It confirms the significant impact of the 20% renewables target for Europe.
The trend towards lower CO, emissions per unit of GDP is further reinforced. For the CO, emis-
sions per capita, an increase is converted into a decrease, at least until 2020.

2 The target is defined according to the Eurostat convention, and would correspond to some 23% in substitution
terms.
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Figure 3.1 Energy-related CO; emissions per capita and per GDP in Europe; averaged over
results of POLES (EU-30), PRIMES (EU-25) and MARKAL (Western Europe)

3.1.2 Positive impact on security of supply

As far as supply security is concerned, the impacts are positive, albeit limited. Only in case of
large substitution of oil in the transport sector, import dependency is significantly reduced, as
one of the models reports on a reduction of import dependency of 14% points. Regarding gas
import dependency, the impact is more modest with 2-4% point reduction in 2020 compared to
the baseline, which is not sufficient to counter the increasing trend in this indicator. On the other
hand, the diversity of Europe’s energy mix, as measured by the Shannon indicator’, improves
with 6-8% points to 76%, indicating that adding renewables helps to reduce future risks.

One of the models (PROMETHEUS) is a probabilistic one, which explicitly deals with uncer-
tainties. It has calculated the probability of gas price shocks under the baseline and under a 33%
renewables target in the European power sector in 2020. The model finds a lower probability of
gas price shocks in the latter case, due to a higher penetration of renewables worldwide, which
is in turn due to learning and spillover effects.

3.1.3 Economic impacts

The costs associated with the renewables targets are in the range of 0.5% of (baseline) GDP. In
addition, the economic models show that the costs of renewables may lead to higher electricity
prices, and to slower economic growth. On the other hand, welfare implications appear to be
limited.

Increased penetration of renewables is often expected to lead to employment gains, because re-
newables energy production is more labour intensive than conventional energy production, and
because it may substitute imported energy. The economic models do not agree on how the re-

*  An indicator often used to measure species diversity in a community. It reflects not only the number of energy

carriers present in the fuel mix, but also the relative abundances of different energy carriers.
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newables target in the power sector may affect employment. One model reports a 1.8% overall
increase in employment, while another model projects a 0.15% decrease for Europe. The third
economic model is based on the assumption of full employment, but does report a clear shift
towards employment in renewable electricity production sectors.

Some considerations should be added on how well employment effects can be evaluated with
the economic models used in this project. It may be that the direct gains in employment due to
the renewables targets are counterbalanced by job losses in other parts of the economy. This
crowding out effect can be due to the scarcity of highly skilled labour or to the fact that the sub-
sidies required for supporting renewable energy replace other subsidies. Therefore, net em-
ployment effects are strongly related to the structure of the labour market, wage determination
and the differences in productivity in different sectors and types of labour force, and should be
assessed by dedicated models that incorporate the structure of the labour markets in the different
EU Member States, which is beyond the scope of the project.

3.2 How can Europe achieve 20% renewables in 20207?

Under baseline conditions, a 20% share of renewables in Europe’s primary energy consumption
in 2020 appears to be an ambitious target. Evidence from different models indicates that ap-
proximately 18-19% is achievable by 2020, and that it might require a few years more to arrive
at 20%. Other studies, e.g. FORRES 2020 (Ragwitz et al., 2004), and ‘European energy and
transport - scenarios on key drivers’* suggest that energy efficiency measures that reduce energy
demand growth may help to bring the target timely within range.

3.2.1 Allocation over sectors

If renewables sub-targets for different sectors were to be imposed, the analysis shows that the
power sector offers most of the technology switching options. Most of the models demonstrate
that a share of 33% renewable electricity consumption is achievable in 2020 (incl. large hydro).
However, this should be contrasted with the current expectation that the 21% indicative target
for 2010 for the EU-25, as stated in the Renewables Directive (2001/77/EC), will only be
achieved if several Member States intensify current support policies.

The transport sector is expected to play an important role for various reasons. First, this is also a
sector that offers good opportunities for increased penetration of renewables, e.g. biofuels for
transportation. Secondly, the penetration of biofuels has a direct impact on the import depend-
ency for oil, and on CO, emissions from transportation, which makes the promotion of biofuels
a strategic choice for Europe. However, there may be future bottlenecks due to the limited
availability of biomass, and the competition for biomass resources that can be applied both for
power generation and converted to biofuels.

Contributions from other sectors will also be required to achieve the 20% target. Imposing a
carbon cap on the emissions of the industry sector has shown that this sector does not have
much room for a more renewable energy supply. The use of biomass in the industry would be
possible, but suffers from competition with applications in the transport sector.

3.2.2 A key role for wind and biomass

Although the models show differences in their projections on which technologies will be neces-
sary to achieve the 20% target in 2020, they agree that 40%-50% of the primary renewable sup-
ply is based on biomass, and 20-25% comes from wind energy. Figure 3.2 illustrates that one of
the models projects a substantial share of solar energy, largely due to the implementation of so-

4 http://europa.cu.int/comm/dgs/energy_transport/figures/scenarios/index_en.htm.
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lar thermal water heaters. Although the share of hydropower is also significant, the potential for
growth is limited to small installations.

Therefore wind energy and biomass will be the strategic options for achieving Europe’s renew-
ables targets towards 2020. Beyond that date, other options such as PV, solar thermal electricity,
wave and tidal energy may show some penetration.

Geothermal

Biomass: energy
crops

Solar

Biomass:
residues

Figure 3.2 Shares of renewable technologies and resources in Europe’s primary energy
consumption in 2020; from outer to inner circle: PRIMES, POLES and MARKAL

Biomass: current stagnation needs to be overcome

The European Commission has set targets involving biomass for renewable electricity genera-
tion (Directive 2001/77/EC), and for the promotion of biofuels for transport applications by re-
placing diesel and petrol up to 5.75% by 2010 (Directive 2003/30 EC). The Communication
‘The share of renewable energy in the EU’ has concluded that the growth of biomass-based
electricity stagnates and further efforts are needed in order to achieve the targets set for 2010.
The Biomass Action Plan therefore aims at achieving a total biomass accumulated energy pro-
duction of 130 Mtoe by 2010.

Against this background, the biomass growth path presented in Figure 3.3 seems even more am-
bitious, as it implies a further doubling between 2010 and 2020 required for the 20% target. The
amounts of biomass deployed appear to be close to their potentials. Only one of the models
(MARKAL) assumes imports of biomass (30% in 2020).
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Figure 3.3 Deployment of biomass and waste by sector according to different models
Note: the sector definitions in POLES are not completely comparable to those in the other models and part of power
generation falls in the category ‘Other’; EU-30 here excludes Turkey).

Figure 3.3 also illustrates the large potential for application in different sectors, particularly for
power generation and in the transport sector, but also heating and cogeneration. The prospects
by sector differ by model, depending on whether a generic target was set for all renewables
(POLES) or whether specific policies targeted at different sectors were implemented. A large
penetration of biofuels in the transport sector is only achieved under targeted policies such as
taxation of conventional transport fuels, because applications in the power sector seem more
cost effective. According to PRIMES and MARKAL, the targets of the Biofuels Directive are
more than achieved in 2010, while in 2020, biofuels account for 14-32% of final energy demand
in the transport sector, respectively. In MARKAL this is due to an almost complete shift from
diesel to biodiesel, which is produced from wood chips. The other models do not specify which
processes are used for biofuel production.

Wind energy takes off

Under the 20% target, the amount of wind power production increases significantly, and the tar-
get set by the wind industry (EWEA, 2003) of 425 TWh in 2020 for the EU-15 seems within
range. The differences in projections for 2020 are large, as illustrated in Figure 3.4, while the
range is much smaller in 2030, indicating that technical potentials are becoming the limiting
factor. In terms of generation capacity, there would be some 100-180 GW wind power installed
in Western Europe, increasing to 190-215 GW in 2030. The average 11% share of wind power
in total electricity generation is substantial, but generally within dispatchable ranges, although
the shares in individual countries could be much higher.

24 ECN-E--06-054



[TWh]
700 -

2000 2010 2020 2030
=—EU30 (POLES)

=—=EU25 (PRIMES)

== \Western Europe (average and ranges)

Figure 3.4 Production from wind energy

3.2.3 Policies to achieve ambitious renewables targets

A variety of policies have been implemented in the different models in order to achieve a high
penetration of renewable energy sources. Most of the models have incorporated a separate target
for the power sector of 33% renewable electricity consumption, and have reported on the subsi-
dies required for achieving this target as shown in Figure 3.5. There seems to be some consen-
sus on a subsidy level up to 40 €/MWh, a level that would be comparable to the electricity
commodity price. However, the design of the policy instrument differs, as indicated in the
graph, and therefore the support levels are not completely comparable.

Moreover, a well-designed policy should differentiate support instead of providing a flat rate for
all technologies, implying that the average subsidy would probably be lower. The TIMES model
has compared a scenario of certificate trade in the EU-15 to a scenario where all 15 Member
States achieve their targets domestically. Trade leads to cost reductions for most of the coun-
tries, whereas expensive technologies, such as PV, experience a larger growth when the targets
are met without trade.

PROMETHEUS (constant over time)
NEMESIS (constant over time)
TIMES-EE (certificate price)

MARKAL (shadow price)

PRIMES (increasing over time)

0 10 20 30 40 50
[Euro/MWh]

Figure 3.5 Subsidies required for achieving 33% renewable electricity consumption in 2020
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POLES is the only model that has used a generic subsidy for all sectors, and its level of almost
60 €/MWh confirms that the cost of the 20% overall target is higher than that of only the power
sector, where this model reaches a 44% renewables share in 2020.

3.3 Long term - the global perspective

When extending the focus to the longer term, say until 2050, a restriction of the efforts to the
European Union only is unlikely to provide a realistic view on future prospects of renewable
energy systems. Therefore, in the study three global models (DNE21+, GGM, and MESSAGE)
have been used to analyze the long-term perspective for RES. These models show that when the
industrial world takes the lead, global penetration of renewable systems may be achieved for
those technologies that show an aptitude for cost decrease.

3.3.1 Penetration of renewables worldwide

Figure 3.6 presents the trends for three important options for renewable electricity production.
These technologies are presented here, because the models largely differ in what they expect
under the modest subsidy scheme of 20 €/ MWh implemented in the power sector. The assump-
tion is made that subsidies gradually decrease, so that in 2050 the systems are no longer subsi-
dized. This subsidy scheme reflects a situation where the policy maker is willing to provide a
subsidy for market uptake, but is decreasingly willing to support systems that are not entering
the market by itself.
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Figure 3.6 Global electricity production from biomass, PV and wind under a subsidy scheme of

20 €/MWh, decreasing to zero in 2050; averages over three models and ranges
Source: MESSAGE, GMM and DNE21+.

Biomass shows the most limited growth. This is partly due to the fact that biomass resources are
also used for other applications, e.g. in the transport sector. Furthermore, the initial increase in
application of biomass is annulled by the year 2050 in all models. This indicates that the low
and decreasing subsidy level is insufficient to induce a lasting effect on the additional deploy-
ment of biomass. Only in the sensitivity scenario assuming subsidies together with learning by
doing (LBD), analyzed with GMM, a lasting production increase was realised. This production
increase was 3300 TWh in the regions of Asia, Eastern Europe, Former Soviet Union, Latin
America, Africa and the Middle East, e.g. outside the OECD for the year 2050. This result sug-
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gests that early learning investments in systems like biomass in regions with large biomass po-
tentials can accelerate introduction of renewable electricity technologies into the market.

For wind power, the GMM model projects the largest growth. Here the subsidy policy induces
only limited impact on the technology penetration, since the wind turbines increase the contribu-
tion to the power generation mix substantially already in the Baseline, and further increase is
limited by the upper bounds imposed on this technology. Most of the capacity is installed in the
industrialised world. In the other two models the growth of wind energy in the baseline is more
modest, and the relative impact of the subsidy therefore is larger.

For PV, the differences among the model results are extremely large, reflecting the uncertainties
on how the costs of this technology will develop. In one of the models (MESSAGE) where it is
assumed that R&D spending and direct investment in a broad portfolio of solar technologies has
contributed to important reductions of the investment cost for the PV technology, a worldwide
production of over 5000 TWh can be achieved already without additional subsidies. This corre-
sponds to some 1700 GW capacity, which is installed mainly in Asia, Africa and South Amer-
ica, where the potentials are large. On the other hand, there is a model (GMM) with endoge-
nously determined cost reductions due to learning by doing, which expects hardly any penetra-
tion of PV under the modest subsidy levels in the current case. This model has calculated that
achieving a reduction in production costs down to a level of 50 €/ MWh by 2040 requires ‘learn-
ing investments’ (e.g., cumulative undiscounted investment cost), of around € 260 bln.. This
would correspond to a cumulative production of 15.000 TWh in the periods 2040-2050, or an
installed capacity of 820 GW by the year 2050.

3.3.2 Learning can enhance effects of subsidies

Within the global perspective, the question arises what is likely to be the most cost-effective
way in which Europe may subsidize renewable energy systems. The EU may choose to be ini-
tially leading in the stimulation, but this will only be acceptable if taking the lead in the long
term will not induce negative side effects, such as decreased competitiveness. Thus, after an ini-
tial lead-time, other regions should follow the example, or the need for subsidy should decrease
due to increased competitiveness of RES. In the present study, the subsidy scheme assumed fol-
lows these assumptions. It is shown that under these discussions the aims of the subsidy scheme
are only reached if and when the RES show aptitude for learning, i.e. for cost decrease under
increased deployment or research.

To evaluate the effectiveness of subsidy policies in terms of cost and achievable renewable elec-
tricity shares, one of the models has analysed an additional ‘cap-and-trade’ scenario that forces
renewable electricity generation to reach a fraction of 35% in 2050. The resulting marginal cost
of this renewable electricity amounts 3-6 €ct/kWh in the period 2010-2050, and can be inter-
preted as certificate prices. While in the subsidy scheme the subsidy is provided equally to each
renewable source (with an exception for hydropower), under the renewable target the model
finds the least cost solution that defines the supply curve of renewables.

While the three global models mentioned above only allow for the analysis of overall research,
development and deployment effects, the stochastic PROMETHEUS model also enables an
more particular analysis of either research or deployment stimuli. The framework of such an
analysis has been the central theme of several EU-funded research projects, such as the
SAPIENT and SAPIENTIA projects’. Using PROMETHEUS, a comparison between the effect
of direct subsidies and additional R&D spending, shows that the effect of a subsidy of 40
€/MWh is comparable to doubling cumulative R&D investments (corresponding to an addi-
tional 48 billion €,499) combined with a subsidy of 25 €/ MWh. The R&D-scenario is some 30%
more expensive than the direct support scenario. However, when the costs are expressed in

5 http://www.e3mlab.ntua.gr/sapientia.html.
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terms of avoided CO, emissions, the direct support policy is substantially more expensive. This
is due primarily to the different nature of the spillover effects of the two policies. The R&D pol-
icy enhances the attractiveness of renewables throughout the world, while the direct support pol-
icy increases renewable penetration in Europe.

The global versus local effects of the two possible routes sketched above, also point at the need
for further analysis. While the direct stimulation is likely to have positive side effects for the
RES industry, the increased R&D spending not necessarily has similar beneficial local effects.
Other regions, through a spill over of knowledge, may absorb the R&D gains, with possible
consequences for European competitiveness.

3.3.3 Efficiency of subsidy schemes

The basic scenario studied here is one where a flat subsidy is provided to RES in the power sec-
tor. All of the global models have made additional analyses, using more complex schemes such
as differentiated subsidies, international green certificate trade and extending the scheme to
other sectors. When looking at the results of such more elaborate schemes, one generally can
observe that a flat subsidy rate to all RES is not the most efficient way of increasing the contri-
bution from RES.

Furthermore, one of the models has shown that biomass can play a role in various sectors, and
that a stimulus in a particular sector may cause ‘carbon leakage’ to other sectors, due to a shift
in application of biomass. In case of applying a subsidy only to renewable electricity generation,
the transport sector shows a switch from biomass-based ethanol to fossil-based methanol in
transport. Since the biomass resources are limited, it is more attractive to use biomass in the
subsidized electricity production than in synthetic fuel production. Both methanol production
and use lead to CO, emissions. Most of the additional methanol is produced with coal, and
emissions from the transport sector may be up to 5% higher than in the baseline in 2050. There-
fore, the extension of the subsidy beyond the power sector not only increases the efficiency of
the stimulus, but also seems required to reduce CO, ‘leakage’ between sectors.

3.3.4 CO, emissions reductions

To give a more concrete understanding on the effect of the level of the subsidy on the CO,
emissions, the cumulative emission reductions are calculated for the case where all energy carri-
ers receive subsidies from 1 to 6 €ct/kWh, decreasing over time (Figure 3.7).
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Figure 3.7 Cumulative CO, reductions as a function of the subsidy level, renewable energy in

all sectors subsidized
Source: MESSAGE.

As the figure shows, the effect on CO, emissions is higher the more ambitious the subsidy
scheme is (and this is also the case when only renewables in the power sector are subsidized).
However, subsidizing all energy carriers provides much more potential for emission reductions.
For example, to reach reductions of 40 GtCO, by the year 2050, an initial subsidy level of
3 €ct/kWh is needed if only electricity is subsidized. An initial subsidy level of approximately
1.8 €ct/kWh would be enough with the overall subsidy scheme (see Figure 3.7). Note also that
although with the same initial subsidy level the absolute costs of the overall schemes would be
higher, the price per ton CO,, which measures the effectiveness of the policy in terms of emis-
sions reductions, would still be lower. Given the assumptions in the baseline and on the (de-
creasing) aspiration levels for the subsidies, a reduction of about 140 GtCO, in cumulative
emissions may be reached by the year 2050.

3.4 Key recommendations

Recently, Europe has shown large ambitions in setting renewables targets. Renewables indeed

have the potential to contribute substantially to mitigating climate change options and their in-

digenous nature improves security of supply. To effectively increase the penetration of renew-
ables up to 20% in 2020, the following recommendations apply:

e The 20% target seems to be within reach provided energy demand reductions are pursued
simultaneously.

e Bioenergy is one of the key renewable options because of its large potential and its different
possible applications. A strong growth of biomass deployment is required for achieving am-
bitious renewables and climate targets. Policies in different areas such as energy, agriculture,
and environment should be further streamlined in order to overcome current barriers.

e Efforts directed towards the transport sector combine several benefits, because the substitu-
tion of oil with biofuels improves both security of supply and reduces carbon emissions.

e Implementation of renewables is currently most straightforward in the power and transport
sector, but to achieve further growth towards 2020, applications should involve other end-
use sectors. For instance the potential in the building sector, including renewable heating and
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cooling options, such as solar thermal water heaters or biomass-based district heating should
be further exploited.

Furthermore, some lessons on design of subsidies can be drawn.

e For the long-term growth of shares of renewable power generation, the elimination of all
subsidies by 2050, as assumed in this case study, is probably not appropriate and may lead to
a situation where promising new technologies such as photovoltaics remain locked-out.

e Subsidy schemes should offer differentiated support and stimulate learning effects. It is im-
portant to target the subsidies correctly. If only one sector is subsidized, the renewable share
in this sector will be high, but there may be ‘carbon leakage’ to other sectors, due to a shift in
application of biomass, and the share in primary energy is only mildly affected.

e R&D and demonstration projects can induce spill over effects to the rest of the world and
thereby have a higher impact on global emissions reductions.
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4. Nuclear energy - one of the options to address global energy
challenges

Nuclear energy is a controversial subject for policy making on energy and environment because
of arguments concerning radioactive waste, reactor accidents, nuclear proliferation, economic
competitiveness and public opinion. The issues of climate change and supply security have pro-
vided a new rationale for its reappearance on the international political agenda. This policy brief
provides an overview of the main results from the scenarios analysed in the CASCADE MINTS
project to assess the role of nuclear energy in solving global and European energy and environ-
mental issues (Uyterlinde et al., 2006a). The models used are: PRIMES, MARKAL, POLES and
TIMES-EE for the European impacts, GMM, and DNE21+ to illustrate global developments, the
economic models PACE, NEWAGE-W and NEMESIS, and finally NEMS for the US and MAPLE-C for
Canada.

In the CASCADE MINTS analysis, two distinct, rather opposite scenarios have been consid-
ered. They highlight the consequences of either following a strict phasing-out path of nuclear
power generation capacities, as opposed to the situation where nuclear technology exhibits a
25% investment cost drop. In this Renaissance case, the assumption is also made that improved
safety characteristics lead to an increased acceptance of nuclear power. Both scenarios have
been analysed in combination with a rather strong CO; policy, reflected in a CO, price (carbon
value - CV) rising from 10 to 50 to 100 €tCO, in 2010, 2020 and 2030 respectively. In com-
parison, the current CO, price of over 20 €/tCO; is relatively high due to the recent launching of
the EU emission trading system and the high natural gas prices.

The scenarios are compared to a common, harmonised baseline scenario, characterised by a
moderate economic and demographic growth, and based on the IPCC B2 scenario (see also
Chapter 2). Oil prices reflect assumptions of low to moderate resource availability. In the period
2000-2050, the world oil price is projected to increase from ca. 26 to 38 US$s/barrel (4.2 to 6.2
€/GJ). Obviously there is a great deal of uncertainty to this assumption. Natural gas prices
within Europe, although not explicitly harmonised among the models, are projected to increase
from on average 2.3 to 5.4 €/GJ in 2000-2050. Finally, some representation of climate policy or
emission trading for the region of Europe has been included, reflected in a generic carbon tax of
10 €/tCO, from the year 2012 onwards.

4.1 Would a technology cost reduction lead to a nuclear renaissance?

The Renaissance & Carbon value scenario assumes that a technology breakthrough reduces the
investment costs of the cheapest type of nuclear power plant® with 25% by 2020, and that im-
proved safety characteristics lead to a larger social acceptance of nuclear power. This way, the
scenario can shed some light on the techno-economic potential of nuclear power in Europe and
worldwide.

This scenario induces significant shifts in Europe’s electricity generation mix. Figure 4.1 shows
that the share of nuclear power could increase up to 30% while other models show even stronger
increases up to approximately 50% of total power generation. Comparing the effect of the Ren-
aissance & CV case to one where only the carbon tax is applied shows that the cost reduction
does provide an important additional incentive for nuclear power in the period until 2030.

®  In most models this concerns a conventional reactor type such as the Light Water Reactor; in POLES and GMM it
concerns a general type of ‘advanced’ reactor expected to become available on the market beyond 2010, in the
TIMES-EE model it concerns the European Pressurised Water Reactor (EPR).
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Figure 4.1 Electricity generation mix in the EU-25 in 2030, baseline (inner circle) compared to

Renaissance & Carbon value case (outer circle)
Source: PRIMES.

Clearly, the higher share of nuclear is largely at the expense of coal-based power plants, while
the natural gas share is also reduced in most models. These effects are partly also due to the post
Kyoto policy that punishes high carbon containing solid fuels more than natural gas. Similarly,
the high carbon value provides an incentive to renewables, which gain in all models. Interest-
ingly, PRIMES expects the contribution of nuclear power to be larger in the EU-15 (35% of
power generation) than in the New Member States (27%). Comparable shifts are shown for the
US by the NEMS model, while it should be noted that some other models expect larger shares
of coal in the baseline than illustrated here, e.g. over 40% in MARKAL.

Figure 4.2 also illustrates the effect that a strong CO, policy may have in combination with a
cost reduction of nuclear power plants. For Europe, the use of fossil fuels for power generation
is substantially decreased, while the global model shows that the strong overall growth of elec-
tricity production (with a factor 4 in 2000-2050) is dampened for fossil fuels by the increased
contribution of nuclear power and renewables. The amount of fossil fuels is half of what it
would be in the baseline.

[TWh] [TWh]
2500 30.000 -

25.000 +
2000

20.000 +
1500

15.000 -

10.000

500 5.000

2000 2010 2020 2030 2040 2050 2000 2010 2020 2030 2040 2050
—e— Fossil fuels —m— Nuclear —&— Renew ables —o— Fossil fuels —m— Nuclear —a— Renew ables and hydrogen

Figure 4.2 Electricity generation by fuel for Europe and the world for the Renaissance &

Carbon value case
Source: MARKAL and GMM.

Costs of the nuclear renaissance
Generally the models report on lower total costs for the Renaissance & CV case than for the
case where the carbon value alone is imposed. Consequently, the nuclear renaissance to some
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extent compensates the negative impacts on the GDP and welfare of the carbon value. However,
the realisation of the reduction in investment costs may require substantial investments in R&D.
One of the models, NEWAGE-W has analysed the impacts of funding the cost reduction of the
nuclear technology by a subsidy, at the expense of the household incomes. However, the nega-
tive impact on GDP of this is negligible.

Different models show different impacts of the investment cost reduction related to their tech-
nology characterisation. At low and medium interest rates, Light Water Reactors gain market
share, but at 12% interest rate, the technology is not competitive anymore.

Proven uranium reserves utilized until 2050

In the Renaissance scenario, a strong enhancement of the use of nuclear power plants causes a
substantial increase in demand for reactor fuel. Under today’s reactor conditions, some 8-10
million ton of uranium would be needed worldwide in the period from 2000 to 2050. This indi-
cates the need for technology advancement not only in price of a reactor, but also in efficiencies,
as current estimates of reasonably assured reserves and additional reserves’ together amount to
8.3 million ton. A further 12.1 million ton of speculative, and to date undiscovered resources
might be needed in the long run.

Nuclear waste management

An issue of some concern may be the considerable increase in spent fuel, and hence nuclear
waste, that goes along with the increased use of nuclear power. According to an analysis with
the GMM model, the enhanced use of nuclear power in the renaissance case may amount to a
doubling of the cumulative waste production by 2050 as compared to the baseline. This clearly
indicates the need to address issues concerning waste management, particularly finding an ac-
ceptable form of long-term storage.

Furthermore, the MARKAL analysis indicates that even in the renaissance case the role of re-
processing remains marginal. The underlying reasons seem to be that reprocessing is more ex-
pensive than storage and that reprocessing does not lower the amount of radioactive waste, as it
results in small amounts of plutonium, and the production of MOX for which it is used entails
the creation of yet more (low-level) radioactive waste.

At least two channels exist through which the nuclear waste problem could be mitigated: reduc-
ing the radioactive lifetime and, thereby, the radio-toxicity of nuclear waste, and organising
waste disposal internationally. The European Commission is preparing legislation that creates
incentives and a regulatory framework for EU states to create timetables and undertake swift
action to develop permanent (underground or aboveground) disposal facilities for high-level nu-
clear waste.

Proliferation

The civil use of nuclear energy inherently involves threats regarding the possible non-civil di-
version of the technologies involved and the materials produced in the nuclear industry. Among
nuclear energy’s main dangers in terms of proliferation is, on the one hand, the use of enrich-
ment facilities and, on the other hand, the production of fissile materials, during reactor opera-
tion, that remain embedded in nuclear waste. According to the models used in this study the in-
crease will be strongest in the world regions that currently already deploy nuclear technologies,
in case of a strong carbon policy. Therefore, the risks of proliferation are likely to be limited.
Nevertheless, the enhanced use of nuclear fuel requires additional efforts in answering questions
of waste management, as the total amount of spent fuel increases up to a factor two as compared
to the baseline projection.

7 Estimates of Additional Reserves (5.1 million ton of uranium) have a lower level of confidence than the Reasona-

bly Assured Reserves (3.2 million ton). Source: (UNDP, 2000).
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4.2 s a nuclear phase-out feasible in a carbon-constrained future?

On the other side of the spectrum is the question whether a carbon constrained energy system is
feasible without the nuclear option. The models have analysed this question using a nuclear
phase-out path based on the assumption that existing plants are decommissioned after their eco-
nomic lifetime and that no new nuclear plants are built. This scenario was examined under the
same carbon value as in the renaissance case, of 50 €/tCO, in 2020, increasing to 100 €/tCO, in
2030 and further.

The return to gas, renewables and clean coal

Figure 4.3 shows the shifts in Europe’s power generation mix in 2030 due to the combination of
a high carbon tax and the nuclear phase-out. The amount of power generation from coal is sub-
stantially reduced, and is compensated by an increased contribution from renewables and natu-
ral gas. NEMS reports on shifts in the US electricity generation that renewables gain most from
the nuclear phase-out in presence of a carbon value.

Hydrogen

Renewables

Nuclear

Oil/liquids

Figure 4.3 Electricity generation mix in the EU-25 in 2030, baseline (inner circle) compared to

Phase-out & Carbon value case (outer circle)
Source: PRIMES.

In the longer run, coal plants equipped with CO, capture largely contribute to a carbon con-
strained generation mix without nuclear power, as shown in Figure 4.4. The MARKAL baseline
shows only a small contribution of nuclear power, due to the (model-specific) technology costs
assumptions and only a very modest climate policy.
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Figure 4.4 European and global power generation mix in 2050; Phase-out & CV case
Source: MARKAL and GMM.

The phase-out has negative impacts on the GDP and welfare that are slightly stronger than the
impacts of the carbon value alone. As nuclear is one of the major power generation technolo-
gies, forcing this option out of the market while at the same time imposing high carbon taxes
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will lead to higher electricity generation costs and therefore also to higher input cost for electric-
ity intensive production. According to the POLES model, countries characterized by substantial
shares of nuclear and/or coal in their power generation will face electricity price increases of 10-
30% by 2030.

4.3 Emission reduction induced by carbon tax

Both the renaissance and the phase-out case show a substantial decrease of CO, emissions as
compared to the baseline, mainly due to a severe taxation scheme. Within this perspective, the
effects of the developments of the nuclear technologies play a relatively modest role, as illus-
trated in Figure 4.5. In general, the nuclear renaissance adds to CO, emission savings, while
phasing out nuclear technologies causes a limited increase in emission levels, indicating that
within the time horizon studied other carbon abatement options can largely compensate. The
figure shows large differences in the expectations of possible emissions reductions among the
models. This is due to the differences that are already present in the baselines and to technolo-
gies included in the respective model databases. For instance, POLES does not include carbon
capture and storage in its present technology database, and consequently shows less emission
reduction than the other models, particularly in the phase-out case.
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Figure 4.5 Change in CO, emissions relative to the Baseline

The importance of nuclear energy as compared to other options within the carbon mitigation
strategy is illustrated in Figure 4.6, where a breakdown of different CO, reduction components
is provided. In general, an inter-fossil fuel switching, e.g., substitution from coal to natural gas,
plays the dominant role in the global CO, abatement process in all CO, constrained cases. How-
ever, important differences are observed for the role of nuclear energy, CO, capture and renew-
ables. In the Renaissance & CV scenario, nuclear energy contributes by about 13% to the over-
all mitigation between 2010-2050 and is the second most important player in the cumulative
carbon abatement. Exclusion of nuclear energy from the portfolio of abatement options in the
Phase-out & CV scenario results in a rapid increase of the contribution of CO, capture (38% in
2050).* Similarly, the fraction of renewables and demand-reductions is higher as compared to
carbon-taxed cases allowing for utilization of nuclear power. Implication of this result is that the
policies in favour of nuclear power can shift the need to invest in other capital-intensive tech-
nologies, e.g., CO, capture or renewables, towards later decades.

8 In the Phase-out scenario, the cumulative amount CO, captured and stored in the period 2010-2050 is 132 GtCO,.

This corresponds to about 13% of the global cumulative storage-potentials in depleted oil and gas fields estimated
by IEA (2004).
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Figure 4.6 Breakdown of CO; reduction components
Source: GMM.

4.4 Impacts on security of supply mainly for natural gas and coal

For European models, the shifts in power generation mix visible in the renaissance case do have
some impacts on the Europe’s import dependency for coal, which is significantly reduced, and
for natural gas, which slightly decreases in most of the models. The import dependence for oil is
hardly affected. Of course, the growth in nuclear capacity in this scenario would require imports
of uranium, but these would likely come from other world regions than the Middle East, reliev-
ing the dependence on this region. The diversity of Europe’s primary energy mix increases
slightly with 1% point on a 100% scale. Similarly, a nuclear phase-out in Europe would not af-
fect the import dependency for oil, while it could lead to a small increase in the dependence on
imports of natural gas. The diversity index gives a mixed picture - it might slightly improve due
to a larger share of different renewable sources, or it might slightly deteriorate by the absence of
the nuclear option.

4.5 Economic impacts
Welfare

Overall welfare losses’ for Europe are small and mainly due to the carbon value, see Table 4.1.
They are accelerated in the case of a nuclear phase-out and moderated in case of a nuclear ren-
aissance. The magnitude of welfare losses is closely related to the electricity production costs
associated with the different scenarios. The models agree on the negative effects of the CV and
the stronger negative effect of the phase-out case, respectively. Interestingly, NEWAGE-W
shows a positive welfare effect of the nuclear renaissance, while in PACE a negative effect on
welfare remains. This may be dependent on the formulation of the model (inter-temporal or re-
cursive dynamic), and on the time period considered. Another reason may be the assumption in
NEWAGE-W that revenues of the carbon tax are recycled to households, which increases their
consumption.

®  Changes in welfare are expressed in percentage Hicksian equivalent variations in income, equivalent to percentage
change in real consumption with respect to the baseline.
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Table 4.1 Welfare losses in terms of Hicksian equivalent variations (versus baseline)

PACE (EU-15, 2020) NEWAGE-W (WEU, 2030)
[%] [%]
Renaissance & CV -0.1 0.8
CV only -0.2 -0.1
Phase-out & CV -0.3 -0.5

GDP

NEWAGE-W and NEMESIS report on the impact of the various policy scenarios on GDP. The
main impacts appear to be due to the carbon tax, and are generally negative due to price in-
creases of fossil fuels and electricity, although NEWAGE-W shows a small positive effect in
2010-2020, induced by increasing income of the households due to an increase in tax revenue.
Again, the nuclear phase-out policy accelerates the negative GDP effect, while the technology
renaissance for nuclear production leads to a positive impact. Due to the more efficient nuclear
electricity production caused by a reduction in capital input costs, electricity prices decline and
with it the cost for an important input factor for industrial production.

4.6 Conclusions

Nuclear power can be an important option for achieving CO, emission reduction while preserv-
ing acceptable electricity costs and welfare level; after 2050 speculative uranium resources will
be required, unless novel reactor types and designs become available

Nuclear power technologies may be instrumental at achieving strong climate policies at accept-
able costs, provided that a breakthrough in costs occurs. In that case the growth in the use of nu-
clear power can be substantial, and the annual average increase in installed capacity may sur-
pass the height of the nuclear era in the early seventies. At the same time the realisation of the
cost reduction may require substantial R&D expenditures. Still, it is evident that nuclear energy
can constitute no panacea to the problem of global warming. Even with a massive expansion,
nuclear energy can at best only be part of the solution, and should be complemented by drastic
fossil fuel decarbonisation and a massive development of renewables, preferably in combination
with far-reaching efficiency and savings measures. Until 2050, a substantial increase in nuclear
energy use does not represent an acute threat to the cumulative uranium reserves if the specula-
tive - and to date undiscovered - resources are considered. However, the cost of nuclear fuel
supplies might increase.

Additional obstacles that are associated with the competitiveness of nuclear energy are the pub-
lic acceptance, disposal of spent fuel and radioactive waste, proliferation, and risks of severe ac-
cidents. These issues might to some extent be addressed by the introduction of new nuclear
technologies. Advanced nuclear reactors might see substantial higher reactor efficiencies, lower-
ing the use of nuclear fuel. Alternatively, these may enable the use of alternative fuels such as
thorium. Reprocessing may reduce the amount of dangerous waste as well as decrease the de-
mand for raw nuclear resources. Finally, yet more unconventional concepts such as breeder
technology or the combination with accelerator technology might address the resource problem
and the waste issues at the same time. However, all of these require developments that go be-
yond the current state of affairs, and have not been analysed in this study.

While today not being a sustainable energy resource, nuclear energy - along with other presently
available energy options - could play a transitional role towards establishing sustainable energy

systems.

A future without nuclear power is possible, placing renewables and CO, capture and storage in
a key position, and increasing Europe’s dependence on natural gas imports
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If all industrialised countries follow a strategy to retire their nuclear sites at the end of the eco-
nomic lifetime, it is more difficult to achieve ambitious emission reduction targets, as one of the
carbon-free options is removed from the energy system. The phase-out of nuclear generation
capacities will partly offset the emission reduction achieved by increasing CO, prices. Renew-
ables, natural gas and coal with CO, capture and storage are key options in a future without nu-
clear power plants. Natural gas consumption may increase, and can be up to 15% higher in 2030
compared to the baseline, causing Europe to be even more dependent on natural gas imports un-
til 2030. In the long run, due to the limited gas reserves, this might not be a sustainable situa-
tion. The phase-out has negative impacts on the GDP and welfare that are slightly stronger than
the impacts of the carbon value alone. Higher electricity generation costs will lead to higher in-
put cost for electricity intensive production, and countries characterized by higher shares of nu-
clear in their power generation will face electricity price increases of 10-30% by 2030.

Although a nuclear phase-out in Europe appears to be feasible even in a Post Kyoto scenario, it
is more difficult and costly to achieve strong CO, emissions reductions, and it requires a large
penetration of renewables and advanced sequestration technologies. Moreover, although the im-
pact of the phase-out in Europe seems to be relatively modest in the time frame until 2030, it
might lead to more serious problems later.

Finally, improving international safeguards and institutions should have high priority, whatever
the future share of nuclear energy in power production. The importance of the International
Atomic Energy Agency (IAEA) in this is fundamental, as proliferation risks will remain even if
the civil use of nuclear power were phased out entirely.
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5. CO, Capture and Storage

Fossil fuel fired power plants play an important role in current global and European energy sys-
tems. Alternatives, such as renewables, are currently more costly than the more mature fossil
technologies. Due to their ‘add-on’ nature, CO, capture and storage (CCS) technologies could
work as transitional technology, reducing the CO, emissions from the energy sector before a
transition to less carbon-intensive energy system is achieved. However, CCS still needs a price
on carbon or another CO, reducing policy in order to be deployed.

This policy brief focuses on the role of CO, capture and storage technologies in the power sec-
tor, and provides an overview of the main results from a number of models used in the
CASCADE MINTS project. The models used are: POLES, MARKAL and TIMES-EE for the Euro-
pean impacts, GMM, MESSAGE, ETP, DNE2 1+ and PROMETHEUS to illustrate global developments,
the global economic model NEWAGE-W, and finally NEMS for the US. Three policy approaches
(CCS standards, a CO, cap, and a CO, cap combined with a CCS subsidy) are analysed through
these advanced energy-environment-economy models to address the question how to achieve
significant CO, emission reductions through the application of CCS technologies. The models
do not take into account non-economic aspects of CCS that may inhibit the deployment, such as
public acceptance, risks and safety regulations and upstream environmental impacts.

Earlier scenario work in the CASCADE MINTS project has again underlined the challenges
faced by Europe’s energy system in the decades to come. Most of these are related to the con-
tinuing worldwide reliance on fossil fuels, which is likely to contribute 70-75% to the primary
energy mix in 2030. This would lead to a worldwide doubling in CO, emissions in 2030 com-
pared to 1990, with a particularly large expected growth in Asia. Although CO, emissions in
Western Europe show moderate growth as compared to the global trend, they are not on track
towards the target agreed under the Kyoto Protocol. Beyond 2012, assuming that some climate
policy is in place in Europe, reflected in a moderate carbon tax of 10 €/tCO,, emissions are ex-
pected to continue their growth with ca. 0.4%/yr. Furthermore, Europe’s dependence on oil
from the Middle East is expected to increase to 85%, and for natural gas, external dependency
will also grow in the next decades. A continuing growth in gas consumption combined with a
decrease of gas production in the UK, the Netherlands and Norway, will lead to a higher share
of imports, probably still from the two current main suppliers Russia and Algeria.

5.1  What is CO, capture and storage?

CO; capture and storage is increasingly mentioned as one of the options in the portfolio to miti-
gate climate change. CCS involves the capture of CO, from a large point source, compression,
transport and subsequent storage in a geological reservoir, the ocean, or in mineral carbonates.

As illustrated in Figure 5.1, capture can be done at large point sources of CO, such as electricity
plants, refineries, hydrogen production units, or cement and steel factories. Several capture
processes are available or are being developed. Post-combustion systems separate CO, from the
flue gases after combustion, while pre-combustion systems extract the C as CO, from the fossil
fuel and combust or use the resulting hydrogen. Oxyfuel combustion, which involves combus-
tion with pure oxygen as opposed to air, is still in the demonstration phase. In most cases, the
capture and compression step represents the bulk of the total energy use and cost of a CCS op-
eration.
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Figure 5.1 Overview of CO, capture, transport, and storage options
Source: IPCC, 2005.

The captured CO, is compressed and transported to a storage location, normally by pipeline, but
in case of over-sea transport and large distances, transport by ship could become more attrac-
tive. The CO, is normally injected in a supercritical state. Once in the reservoir, the CO, is
slowly immobilised through several trapping mechanisms, such as dissolution, residual gas satu-
ration, and mineralisation.

Underground storage of CO, can be done in geological formations such as oil or gas fields, sa-
line formations, or coal beds. The oil and gas fields could be depleted, but much is expected
from enhanced hydrocarbon recovery by injecting CO; in a producing field, which would gen-
erate additional revenues.

5.2 Assumptions in the models

Assumptions on costs of CCS technologies are highly determining for their penetration into the
energy system. All models have made assumptions regarding variables like investments costs,
O&M costs, the energy penalty, the CO, capture efficiency, and the learning rate of CCS tech-
nologies for power plants, which are documented in this report.

Most models have applied approximately the same set of capture technologies. There are differ-
ences in how transportation and storage of CO, is modelled. Some models have a wide array of
storage options with capacities whereas others have a generic storage technology with infinite
capacity. This does have an effect on the results, since for some models, the revenues related to
hydrocarbon recovery greatly contribute to making CCS viable. The modelling of transportation
costs also varies.

The CCS policy cases are compared to a common, harmonised baseline scenario, characterised

by a moderate economic and demographic growth, and based on the IPCC B2 scenario. Oil
prices reflect assumptions of low to moderate resource availability. In the period 2000-2050, the
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world oil price is projected to increase from ca. 26 to 38 USS$es/barrel (4.2 to 6.2 €/GJ)'°. Obvi-
ously there is a great deal of uncertainty to this assumption. Natural gas prices within Europe,
although not explicitly harmonised among the models, are projected to increase from on average
2.3 to 5.4 €/GJ in 2000-2050. Finally, some representation of climate policy or emission trading
for the region of Europe has been included, reflected in a generic carbon tax of 10 €/tCO, from
the year 2012 onwards.

5.3 How much can CCS contribute to mitigating climate change?

The first policy case analysed, ‘CCS standards’, requires that from 2015 onwards, all new fossil
fuelled power plants have to be equipped with a CO, capture facility. These standards are not
applied to peaking plants with an utilisation rate of up to 20% and small CHP-plants. Due to the
exclusive nature of the standards, this policy shows the largest CCS penetration. This section
focuses on the results of this scenario, because it indicates how much CCS deployment could be
achieved until 2050.

5.3.1 Up to 30% of global CO; emissions captured

Under the assumption of the regulatory CCS standards, 16% to 30% of global CO, emissions
can be captured in 2050, as illustrated in Figure 5.2. According to the different global models
used, this corresponds to a range of 7 to 19 GtCO, captured and stored in 2050. One of the fac-
tors underlying this range is the large variation in emissions projections among the models,
which is related to the differences in the projected primary energy mix, particularly the share of
fossil fuels. Other important explanatory factors are the assumptions related to technology learn-
ing and future costs of CCS technologies and renewables, as well as the growth constraints or
potentials of the main carbon-free energy sources, nuclear and renewables.

The CCS standards not only induce the large-scale introduction of CCS systems in the electric-
ity sector, but they also accelerate the penetration of nuclear and renewable energy sources. This
‘substitution effect’ is due to the fact that the application of CCS makes electricity generation
more expensive and therefore other options become more competitive. For this reason, the
emission reduction compared to the baseline is even larger, up to 40%, in most models. Gener-
ally, it more than compensates the ‘energy penalty’, e.g. the energy use and related emissions
due to the additional energy needed for the CO, capture and storage processes themselves.
However, one of the models (MESSAGE) points out that imposing CCS standards within the
power sector may lead to a considerable shift (‘leakage’) of emissions to other sectors. The in-
crease of biomass use for power production, for instance, induces more use of fossil methanol
instead of bio-ethanol in the transport sector.

' This is in line with results of the European WETO project, although it is relatively low in comparison to current
prices. A forthcoming scenario in the CASCADE MINTS project will include higher oil and gas price projections.
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For Europe, comparable emission reductions can be achieved through the CCS standards. By
2050, approximately 21%-23% of total CO, emissions would be stored. Compared to the base-
line, the reductions are higher due to the shift to renewables and nuclear. Model analysis for the
US, with a time horizon until 2025, shows that CCS technologies remain largely uneconomic
within this period. The technologies that gain most from the obligation to install CCS with new
fossil power plants are those not affected by the CCS standards - peak production gas turbines
and renewables.

5.3.2 More CCS with coal than with gas-fired power plants

Most of the models indicate that coal-based power plants with CCS dominate, particularly Inte-
grated Gasification Combined Cycle (IGCC) plants with pre-combustion capture, implying
more limited CO, capture at gas-fired power plants. This is related to the high costs associated
with capture technology applied to gas-fired power plants. It should also be noted that IGCC it-
self (even without CO, capture) is currently not a fully developed technology; there are only a
couple of commercial IGCC plants operational in the world today. There are exceptions in spe-
cific policy cases and specific regions, where CCS applied to gas-fired power plants has a rela-
tively large role. This is the case in Europe, as illustrated in Figure 5.3. Biomass gasification
combined with CCS offers prospects for negative emissions. However, it is the least likely op-
tion for a major CCS introduction because of the considerable risks of high capital cost.

The addition of CCS only to new plants slows down CCS penetration, pointing at the inertia in
the power sector. Even in 2050, sizeable capacities without capture technologies remain in the
system. They consist of gas-fired, peak-load capacities excluded from the standard and remain-
ing coal capacities close to the end of their lifetime.
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Figure 5.3 European electricity generation mix in 2050 in the CCS Standards case
Source: POLES (EU-30).

5.3.3 Storage potentials appear to be more than sufficient in 2020-2050

There is an ongoing scientific debate on how the CO, storage capacity should be estimated. Any
site needs a detailed geological survey in order to make a reliable estimate of the suitability of
the reservoir for storage of CO,. Although acknowledging the controversies in the scientific lit-
erature on this issue, the CASCADE MINTS project used conservative estimates in line with the
IPCC Special Report, and arrives at the conclusion that the availability of storage capacity does
not impose limits to the amount of CO, stored in the time frame to 2050.

The global models report that under the CCS standards policy for new fossil power plants, the
global, cumulative amount of CO, captured and stored in 2020-2050 is in the range of 170-
260 GtCO,. Acknowledging that the power plants built towards 2050 will need enough storage
capacity for the decades to come, this still seems well below IPCC estimates (IPCC, 2005) of
675-900 GtCO, of cumulative potential for CO, storage in global gas and oil fields. Only one of
the global models (DNE21+) has reported on the type of reservoir used. Geological storage in
saline formations and oil fields combined with EOR prevails, while ocean storage is mainly util-
ized in Japan. This is related both to physical storage potentials and to the political acceptance
of this option.

As far as the regional distribution is concerned, the global models suggest that although in 2030,
comparable amounts of CO, are captured in Asia and the OECD, the emphasis shifts to Asia af-
ter 2050, due the large expansion of new power plants in this region, which would be equipped
with CCS technologies as a result of the standards policy.

Also in Europe, storage potentials appear to be sufficient. There are differences among the mod-
els in what kind of reservoirs are used. These differences are closely related to the uncertainties
in storage potentials as a result of the huge variety in local geological circumstances.

The TIMES-EE model has projected the amount of CO, to be captured and stored for individual
EU Member States under the different policies, see Figure 5.4. Most CO, is expected to be
stored in Germany, followed by Poland and Spain. The country differences are explained by re-
gional storage potentials, the contribution of coal in the electricity production of individual
Member States, and differences in the extent to which countries can shift to nuclear or renew-
ables. The total amount is a factor 4-5 lower than what is expected by the other European mod-
els POLES and MARKAL, because this model ‘anticipates’ on the standards by projecting an
increase in natural gas capacity in the years before the CCS standards become binding. Al-
though the latter effect is related to the modelling methodology (‘perfect foresight’), it does
suggest that market actors may try to circumvent anticipated policy measures.
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5.4  Which policy instruments are most effective?

Three policy approaches are compared in order to address the question how to achieve signifi-
cant CO, emission reductions through the application of CCS technologies. The first case, ‘CCS
standards’ has already been described. The second case, ‘CO, cap’ takes the emission level from
the CCS standards case as an upper bound for the overall emissions, but allows flexibility as to
which technologies in which sectors are used to achieve this emission reduction. The third case,
‘CCS subsidies’ uses the same CO, emission cap as in case 2. In addition, a subsidy on CO,
capture technologies is given. This subsidy is 35% of the investment cost at its introduction in
2015 and is reduced by one percent each year until it is zero in 2050.

5.4.1 A standards policy leads to highest CCS penetration

Figure 5.5 presents the cumulative amounts of CO, stored under the different policy cases, for
the three world models that have reported on this. As discussed before, obliging CCS for new
fossil fuelled power plants, as in the CCS Standards case, is focused on the power sector, where
it does lead to the highest CCS penetration among the cases analysed.

A global CO, emission cap results in a lower penetration of CCS technologies, but reaches the
same emission reduction at lower costs. A cross-sectoral policy scheme may also prevent ‘car-
bon leakage’ among sectors. Generally, this policy instrument induces a stronger increase in the
contribution of renewable energy sources and nuclear power. There are clear differences be-
tween the models concerning the timing and extent of CCS penetration, related not only to the
differences in projected fuel mix, but also to the severity of the CO, cap, which is derived from
the emission reduction realised in the CCS standards case.

The third policy instrument analysed, is a combination of the CO, cap with a direct subsidising
of capture technology. According to most of the models, the subsidy does have a strong impact
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on short-term investments, and thus does speed up the introduction of CCS. However, by 2050,
the difference with the previous policy case - CO, cap alone - is small, so this decreasing sub-
sidy scheme appears not to be sufficient to have a very lasting effect on CCS technology devel-
opment and cost reduction. This is mainly due to the limited uptake of CCS under the carbon
cap. Still, subsidies may have an effect on the choice of CCS technologies.
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Figure 5.5 Cumulative amount of CO, stored in 2020-2050""

5.4.2 A carbon cap is more cost-effective

The CCS standards case is for most models the most expensive one and the CO, cap case, where
it is left to the market to find the most cost-effective way of reducing CO, emissions, the cheap-
est. Generally, the latter case has 7-8% lower system costs than the CCS Standards case.

One of the models, PROMETHEUS, explicitly takes uncertainties into account, and points out
that there is a probability that climate policy in future years becomes sufficiently ambitious to
make large scale application of CCS cost-effective without the additional policies considered
here.

Furthermore, the general equilibrium model NEWAGE-W reports that the obligation to use
CCS technologies for conventional fossil power plants leads to a decrease in GDP. By 2030, the
gross domestic product for Western Europe would be approximately 1.5% lower than in the
Business as Usual scenario without a CCS standard, not taking into account indirect effects on
GDP such as the export of CCS-related technologies to other countries.

5.5 Other issues determining the prospects of CCS

CO; capture and storage is a new technology and faces barriers to implementation. It is impor-
tant to realise that the actual deployment of CCS depends on how risks and environmental im-
pacts, public perception, and the legal and regulatory framework are addressed. The outcomes
of the models reported here assume perfect storage and do not take into account any potential
barriers to CCS (or other mitigation options).

There are risks associated with CO, storage. Although it is likely that certain trapping mecha-
nisms are more effective over long timescales, the possibility cannot be excluded that a reser-

' Cumulative CO, storage in the CO, cap & subsidy case is not zero according to the DNE21+ model; this model
has not calculated the CO, cap & CCS subsidy case.
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voir may become leaky due to an unforeseen event, with consequential damage to humans or the
environment, and to climate change. These risks should be quantified and a framework needs to
be developed to qualify the risks and to determine which risks are acceptable. As a new option,
with risks possibly extending over long timescales, CCS needs a legal framework that takes into
account long-term liability for the storage reservoir. It is likely that a distinction will be made
between offshore storage, under jurisdiction of international legal treaties, and onshore storage,
mainly within the scope of national legislation.

The direct environmental impacts of CO, storage in suitable reservoirs are expected to be low.
The environmental impacts of capture and compression of CO,, apart from that capturing CO,
means building a middle-sized chemical factory, are mainly found in the extra energy require-
ments and the associated upstream impacts of additional fossil fuel use.

Public acceptance of CCS is uncertain, but it is clear that the public is not well informed on
CCS. The initial response of environmental non-governmental organisations to CCS was re-
served, but several have expressed support, although concerns are voiced that CCS diverts re-
sources from renewable energy sources and energy efficiency, therefore slowing the R&D or
deployment of those options. The model results, by the way, do not confirm this, depending on
the policy choice.

In the Kyoto mechanisms and the EU Emissions Trading Scheme, CCS is currently not in-
cluded, although efforts are underway to address this. To account for the reductions in CO,,
methodologies should be developed and eligibility of CCS under the policy instruments cur-
rently in place should be confirmed.

5.6 Conclusions and recommendations

From a comparison of the policies adopted and results obtained, a number of conclusions can be
drawn. The most general observation is that the models investigated are broadly in agreement:
they confirm that CCS is likely to play a role in cost-effectively reducing CO, emissions. How-
ever, the actual deployment of CCS not only depends on its technical and economical character-
istics, as taken into account by the models, but also on several other important aspects. The im-
portance of the availability of reservoirs near a point source of CO, was already mentioned. The
potential and characteristics of CO, storage reservoirs remain uncertain, although several studies
aim at reducing this uncertainty. Furthermore, several legal and regulatory issues, related to
risks and liabilities still need to be dealt with, and not much is known yet about public accep-
tance. Finally, CCS has not yet established itself in the climate change negotiations, and it needs
an accepted accounting methodology in the Kyoto regime.

The main policy instrument analysed, which obliges new fossil power plants to install CCS
technologies as of 2015, shows that 16% to 30% of global CO, emissions could be captured in
2050, while for Europe, due to a more limited growth of the power sector than in some other
world regions, this would amount to some 21%-23% of total CO, emissions. These amounts
could be regarded indicative of the maximal CCS penetration achievable by 2050, as the more
flexible global CO, emissions cap induces a much lower CCS uptake, while at the same time
there are several mechanisms limiting the effectiveness of any policy focusing exclusively on
CCSs.

First, the inertia in the power sector will slow down the penetration of CCS technologies, as
plants built before the introduction of the standards regime are allowed to operate until the end
of their lifetime. Secondly, imposing a strict standard requirement on one sector alone leads in
some cases to moving the carbon intensive fuels to sectors where no such requirements are im-
posed. Third, it is difficult to target such a policy well, as it may easily provide an incentive for
fossil-based technologies not covered by the standard, such as peak-load gas plants. Finally, the
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introduction of a CCS standards policy is often much more costly than imposing a CO, cap that
reaches the same emission reduction.

Therefore, a prerequisite for the implementation of this type of regulatory measure is that CCS
technologies are both available and affordable for large-scale application. It is recommended to
gradually adopt such a policy, in order to reduce the associated cost penalty.

Although a global CO, emissions cap, that reflects the same emissions reduction scheme across
all sectors and options combined, is a more flexible, and therefore more cost effective policy in-
strument, implementing this type of policy, particularly globally, clearly faces many barriers.
Still, it demonstrates that while CCS may be an important option for cost-effectively reducing
CO, emissions, it is no ‘silver bullet’. Therefore, it is recommended to continue considering
other CO, reduction options and employ mixes between the different options available, also de-
pending on prevailing regional circumstances.

CCS on coal-based power plants, notably IGCC, is preferred over gas-fired plants. This implies
that especially for countries with a booming demand for cheap (often coal-based) energy, CCS
could still allow for a low-carbon energy supply. The application of CCS could lead to an in-
creased reliance on coal, thus increasing security of energy supply. Still, the single motivation
for CCS is the mitigation of climate change.
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6. Trade-offs and synergies in a world moving towards a more
sustainable energy system

6.1 Background

In order to analyse the trade-offs and synergies between the various technologies for which par-
ticular policy measures were investigated previously in the project, this case focuses on the pos-
sible role and impact of technology progress in the energy system. At the same time, a close re-
lationship to the policies of the EU is desired, and particularly to those related to greenhouse gas
emissions or security of supply. Therefore, a set of policy cases has been designed as illustrated
in Figure 6.1, based on assumptions on enhanced technological progress, combined with varia-
tions of CO, values and oil & gas prices.

Active climate policy

A
cv
TP-CV-OGP
TP-CV
Low « » High
oil / gas prices oil / gas prices
Baseline OGP
TP TP-OGP
v

Low climate policy
Figure 6.1 Overview of cases analysed to determine the impact of enhanced technological
progress (TP) under several background assumptions (CV=carbon value; OGP=oil
and gas prices)

Climate policy (CV)

Climate policy is reflected by a path for the CO, value going from 10 €/tCO, in 2010, 50 €tCO,
in 2020 to a level of 100 €/tCO, in 2030 and beyond. For non Annex-B countries, the policy
starts in 2020 with 50 €/tCO, and increases in the same way.

Oil and gas prices (OGP)

In view of recent developments in the oil price, the current case study is used to address the
highly relevant issue of the impact of higher energy prices on the energy system and on security
of supply. The energy price scenario that stood at the base of the baseline scenario seems to be
gradually less and less likely. Therefore this case study hooks up to the more recent scenario
published in (WETO-H,, 2006). The price path corresponds to the higher levels in Figure 6.2,
based on the reference case in WETO-H,. The gas price is coupled to the oil price, just as in the
baseline scenario. The coal price remains unchanged. Compared to the baseline scenario, this
price path provides a view on some of the effects of the current uncertainty in oil and gas prices,
and particularly on the long-term impact thereof on CO, emissions and security of supply.
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Figure 6.2 Oil price projection in the baseline, and the higher levels in line with WETO-H,
findings

Enhanced technological progress (TP)

Enhanced technological progress of zero-emission power, H, and biofuel production technolo-
gies (fossil with CO, capture and storage - CCS, nuclear, and renewables) can amplify the ef-
fects of either a climate policy, or of high oil and gas prices. Enhanced technological progress in
principle can come in many guises, for example as decrease of specific costs (i.e., technology
learning), or improvements in other variables such as efficiencies. As central case the impact on
the specific costs has been incorporated. Some models have exogenous cost projections,
whereas other models treat technologies as learning endogenously by themselves or in clusters.
The central approach is to investigate the impact of an increase with 50% of the cost decrease
occurring in the baseline for each of the technologies of interest (see Table 6.1). For models that
involve endogenous learning, this implies an increase of the progress ratio with 50%, i.e. the
deployment elasticity (e.g. a technology with an existing progress ratio of 0.92 will now have
0.88). For both approaches, the floor cost (i.e. minimal technology cost achievable) remains at
the existing level. It should be noted that this case set-up does not cover all possibilities for pro-
gress in the techno-economic characteristics of technologies.
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Table 6.1 Set of technologies to which the different models have applied the assumptions on

enhanced technological progress

Renew- Biomass Biofuels Nuclear CCS H, pro- H,han- H,con- Endo- Regional
ables power duc-tion dling sum- genous  coverage
power & ption learning
heat
DNE21+ v" (only x x x v x x x World
wind
and PV)
GMM v v v v 4 4 v v (w/o World
clusters)
MESSAGE v 4 v v x 4 v (liq) x x World
NEWAGE- v’ (no v x 4 4 x x x World
W heat)
POLES v’ (excl 4 x v v 4 V' (cars) x World
PV)
MARKAL 4 4 4 v 4 4 4 Partly ~ Western
Europe
PRIMES v v v v x v v Partly  EU-25
TIMES v x x v v x x x EU-25
PACE v’ (excl. 4 x v x x x x EU-15
PV)

Figure 6.3 gives an example, taken from the MARKAL model, of how the assumptions of en-
hanced technological progress affect technology costs. As technological learning is endogenous
in this model, technologies that do not penetrate in the baseline, such as liquid H, storage, see
no cost reduction, whereas in the TP case this technology sees its cost reduced to about 12%.

Wind
Solar PV

Steam methane reforming

Liquid H2 storage

Gaseous H2 storage vehicles

Gaseous H2 storage tank

Gasifier
Fuel cell
CO2 injection

CO2 pre-capture coal plants
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Figure 6.3 Cost levels in 2050 as a % of the investment costs in the year 2000
Source: MARKAL.

Baseline

100

The policy cases are compared to a common, harmonised baseline scenario, characterised by a
moderate economic and demographic growth, and based on the IPCC B2 scenario'. Oil prices
reflect assumptions of low to moderate resource availability. In the period 2000-2050, the world
oil price is projected to increase from ca. 26 to 38 USSgs/barrel (4.2 to 6.2 €/GJ), as illustrated in
Figure 6.2. Natural gas prices within Europe, although not explicitly harmonised among the
models, are projected to increase from on average 2.3 to 5.4 €/GJ in 2000-2050. Finally, some

12 More information on key assumptions, ‘business as usual’ trends and developments for Europe can be found in the
CASCADE MINTS baseline report on http://www.ecn.nl/library/reports/2004/c04094.
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representation of climate policy or emission trading for the region of Europe has been included,
reflected in a generic carbon tax of 10 €4CO, from the year 2012 onwards.

Stochastic analysis

The stochastic model PROMETHEUS has done a complementary analysis and has considered
the likelihood of the carbon value assumed and the fuel prices projected in this case study.
While the carbon value is considered to be rather unlikely, it being on the high side of the prob-
ability distribution", it is quite likely that the world will see energy prices like the ones pro-
jected in the high oil and gas price scenario. The probability that oil price will be higher than the
projected level is 36% whilst the same probability for the gas price is 12%.

6.2 Strong climate policy

The primary aim of a strong carbon policy is to reduce the emissions of CO, so as to minimize
the effects of the enhanced greenhouse effect. In the case study considering such a policy, an
increasing carbon value has been assumed, rising to 100 €/tCO, in 2030 and beyond. The mod-
els are unanimous about the decreasing share of oil and particularly coal in the primary energy
consumption as a result of the policy, although there is some uncertainty over the size of the re-
duction. The potential role for natural gas in a world with a strong carbon policy is strongly
linked to the success of its competitors: renewables and nuclear.

Share in global energy consumption in 2050, baseline

Share in global energy consumption in 2000 (inner) and CV case (outer)

W Gaseous

W Liquid

W Solid
ENuclear

B Renewable

Figure 6.4 Global energy consumption in 2000 and 2050 under baseline conditions and in a

scenario with a CO; price of 100 €/tCO,
Source: MESSAGE

Power sector

The shifts are most prominently visible in the power sector. The extent to which coal still plays
a role in electricity generation, depends on how the models estimate the costs and potential of
CCS. Some growth for nuclear power is foreseen, mainly depending on the maximum growth
limits imposed by the models, reflecting the public and political acceptance of nuclear energy.
The models agree that renewables, particularly wind and biomass, gain considerably. When en-
hanced technological progress is assumed, some models show an accelerated growth of solar PV
due to the combined impact of the CV and TP.

3 This probability distribution is based on consultation of experts in a Delphi exercise carried out in the
SAPIENTIA project (2004), and indicates that experts regard the take-off of worldwide climate policy of this am-
bition level unlikely.
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Figure 6.5 Final demand in the European transport sector; case TP-CV (POLES: road trans-
port only)

Transport sector

A strong climate policy is particularly important for the transport sector, because its emissions
are still strongly increasing, and technological developments are crucial to provide alternatives
to the conventional technology, e.g. the internal combustion engine with petroleum based motor
fuels. There are great differences in projections of the future mix of transportation fuels in the
baseline, and these are reflected in the assessments of the impact of the carbon value, which
may reduce oil consumption with 15-65% with respect to the baseline. Petroleum based fuels
are substituted by biofuels (MARKAL, MESSAGE) or CNG (GMM, MARKAL), and demand
reductions of some 5% are reported. Hydrogen has a moderate share according to most of the
models, although this share may be considerably larger when the assumptions of enhanced tech-
nological progress are applied.

Emissions

The carbon policy does what it is intended for: a reduction of CO, emissions. At world level, the
reduction ranges from a mere 40% according to MESSAGE to as much as 67% according to
DNE21+, by 2050 and relative to the baseline. It is important to notice here that the baseline
projections for CO, emissions in 2050 among models differ substantially, as illustrated in Figure
6.6, due to different estimates for the role of renewable technologies and in particular learning
effects for wind energy and biomass. At European level, the shift to renewables, coal with CCS,
and possibly nuclear power allows CO, emissions to be reduced with 21%-54% in 2050, with
respect to the baseline. When the possibility of enhanced technological progress is added, the
transport sector, thanks to the breakthrough of fuel cell cars, may contribute with up to 10% ad-
ditional emission reduction.

52 ECN-E--06-054



2 200% [

el

B 150% -

:

S 100% -

o

To]

R= . M Baseline
g% - O TP-CV

g <

=2 ©

5

8 -50% -| } biofuels and H,
g transport sector
‘© 400% Lo m e

(@]

E World - World - Europe - Europe -

O, DNE21+ MESSSAGE POLES MARKAL

Figure 6.6 Change in CO, emissions in 2050, relative to the year 2000, under baseline
conditions and with ambitious climate policy combined with enhanced technological

progress.
Source: selected models.

Security of supply

For the energy dependence of regions with relatively few resources of their own, such as Europe
and Japan, the introduction of a carbon tax does not necessarily provide a framework in which
the dependence on critical resources, especially oil and gas, is reduced. As the DNE21+ model
illustrates, a strong carbon policy may result in a substantial increase in natural gas consump-
tion, leaving at the same time the consumption of oil almost unchanged, for a region like Japan
that has few options for massive production from renewable resources.

Economic impacts of the carbon value

In the global general equilibrium model NEWAGE-W the carbon policy case has been studied
in detail, differentiating between a combined action from Western Europe (WEU) and Pacific
Asia and Oceania (PAO) and a single action by Europe. A direct effect is a decrease of exports
of solid fuels from PAO in the case of a single action by Europe. This holds not only for exports
to WEU, but also for exports to other world regions, because of negative GDP induced spill-
over effects. At the same time, it results in higher imports of oil and gas into the PAO region.

In case of bilateral action by the WEU and PAO regions the impacts on welfare for these two
regions are roughly of the same order of magnitude - a little over 2% for WEU against a little
under 2% for PAO. Quite interesting is the small difference between the bilateral and unilateral
policies for the welfare in Europe. This indicates that for the time period studied with the model,
it matters little for Europe whether Pacific Asia and Oceania enters the carbon policy scheme. It
does however raise the question what North America entering the scheme would bring, particu-
larly regarding the welfare eftects for the respective regions.

6.3 High oil and gas prices: the return to coal?

If the price of oil increases up to 110 $/barrel in 2050, and natural gas prices also rise substan-
tially above the baseline level, as is projected in the high oil and gas price (OGP) scenario, the
contribution of oil to the primary energy consumption is substantially reduced, as well as the
consumption of natural gas, at least in the European models. The world models show less
agreement on this, which is related to the presence of gas fields in several world regions. Once
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the import prices of gas reach a certain height, demand will drop and it becomes more attractive
to use domestic gas resources. As a consequence, and according to two of the models, the gas
consumption in production regions then may reach higher levels than in the baseline.

Share in Europe's energy consumption in 2000 Share in Europe's energy consumption in 2050, baseline
(inner) and OGP case (outer)

W Gas

B Oil/liquids

I Coal/solids
M Nuclear

W Renewables

Figure 6.7 Global energy consumption in 2000 and 2050, under baseline conditions and in a

scenario with high oil and gas prices.
Source: MARKAL.

Power sector

Again, the largest shifts are visible in the power sector and the transport sector. For other sec-
tors, the high oil and gas prices merely induce a reduction of demand, and an enhanced deploy-
ment of biomass. In the power sector, the search is for alternatives to natural gas. Nearly all
models expect drastic reductions in gas input for power generation, and generally, this is com-
pensated by an increase in coal-based electricity production. In principle, nuclear power is a cost
effective alternative to gas in the power sector, its expansion, however, depends on political de-
cisions.

Transport sector

The transport sector is most sensitive to increases in oil prices, and to some extent, gas prices. In
Europe, according to POLES, by 2050, the consumption of oil-based automotive fuels (diesel
and gasoline) could be reduced by more than a quarter (compared to baseline developments) and
substituted mainly by hydrogen. The MARKAL model expects an even faster adjustment of the
transport sector and shows a large penetration of biofuels, which could replace virtually all oil in
2050. The passenger car fleet consists largely of ICE cars on biofuels and some 10% CNG cars.
The enhanced technological progress gives momentum to the hydrogen based passenger cars,
mainly fuel cells cars. Thus, in the TP-OGP case, models estimate 20-95% of the European pas-
senger car fleet in 2050 to be based on hydrogen.
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Figure 6.8 Consumption of oil in the transport sector relative to the year 2000, cases OGP and
TP-OGP

Source: selected models.

The global picture gives additional insights. On world level the enhanced technological progress
is more influential, and according to POLES results, it is not Europe where the highest increase
in H, use takes place. It is rather concentrated in the North American and Asian regions. This is
probably due to the fact that in 2040 and beyond the largest demand for new cars emerges out-
side Europe. The other world models, as well as PRIMES for Europe, show only marginal re-
sponses in the transport sector. An important determinant seems to be the existence of alterna-
tives in the model. While hydrogen is an option in two out of three models, this substitution op-
tion plays only a modest role up until 2050 (see the discussion on hydrogen below).

Emissions

The impact of the high oil and gas prices on the global CO, emissions is to increase levels
somewhat, which is reflected in all world models. The main reason for the increased emissions
is a ‘return to coal’, particularly in the power sector. The European models show very moderate
reductions, compared to the baselines, mainly due to the penetration of hydrogen in the transport
sector.
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Figure 6.9 Change in CO, emissions in the scenario with high oil and gas prices, relative to the
baseline

Security of supply

As far as security of supply is concerned, Europe’s oil import dependence is generally reduced,
although the assessments of the remaining dependency of Europe’s transportation sector on oil
strongly differ among models. For Japan the DNE21+ model indicates that as far as the ‘strate-
gic’ fuels are concerned a considerable decrease in oil and gas consumption occurs so that in all
the security of supply in Japan seems positively influenced by high oil and gas prices.

However, as most models indicate that the dependence on oil-based products remains strong in
the transport sector, an important sector remains highly vulnerable, and possibly all the more so
if one assumes that the high prices are an indication of strategic behavior of producers, or politi-
cal turmoil, and thus a forebode of possible interruptions in supply.

100

m2000
2050 Baseline
#2050 OGP case

oil import/gross oil consumption gas import/gross gas consumption

Figure 6.10 Changes in Europe's import dependency for oil and gas under baseline conditions

and in a scenario with high oil and gas prices.
Source: POLES (EU-30)
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6.4 Enhanced technological progress

The impact of enhanced technological progress by itself is quite limited, all models agree, par-
ticularly when looking at aggregated results such as primary fuel consumption, CO, emissions
or security of supply. In itself this is not surprising, as the enhanced progress is assumed to
come on top of the (substantial) technological improvements that occur in the baseline and pol-
icy cases. However, when looking at individual technologies, the enhanced progress may have a
profound effect, such as a strong growth in use of wind energy, hydrogen, or solar PV. Such re-
sults are quite dependent on the specific assumptions for respective technologies, as is illus-
trated by the lack of consensus with regards to the technology-specific growth prospects.

In case of a combination of technological progress with a carbon policy, or high oil prices, or
both, the impacts on the energy system are generally of the same order of magnitude as for the
baseline case. Some of the models, however, indicate that for hydrogen, the additional techno-
logical progress - in combination with carbon policy or high oil prices - may be essential for a
breakthrough in the transport sector. Additional cost decreases of not only fuel cells, but also of
other components such as H, storage tanks appear to be necessary for fuel cell cars to become
competitive. Another remarkable observation is that the enhanced progress may hamper the in-
troduction of renewables, because other emission-free technologies become more cost-
competitive. A striking example is provided by Japan, where low-cost wind energy sites are
sparsely available, and progress of CCS technologies brings a cheap competitor in the market.

The macro-economic models (global NEWAGE-W, EU-specific PACE and NEMESIS) agree
on the impact of technological progress by itself, even though the impact on the details of the
power sector differs substantially. All models foresee a small positive effect on the Hicksian
Equivalent Variation (HEV), of the order of a few tenth of a percent by 2030. However, the
agreement totally disappears as soon as the enhanced progress is combined with a carbon pol-
icy. Here NEWAGE-W expects effects of the same order as in the baseline, while PACE fore-
sees that the negative effects of the carbon policies are reduced by 1/3.

Another interesting outcome of the global NEWAGE-W model is that the impact of the techno-
logical progress is substantially more pronounced for the PAO region than for the North Amer-
ica (NAM) region, in all cases. This is due to the more pronounced growth in the electricity sec-
tor in the region, and particularly to the role that nuclear power production can play here.

The stochastic evaluation results derived from PROMETHEUS are in line with the individual
outcomes of the various deterministic models. Indeed enhanced technological progress has a
different effect on different technologies depending mainly on their maturity (new technologies
are more probable to register additional improvements than mature technologies). In addition
the synthetic probabilistic evaluation indicates that technological progress for the majority of
technologies is more likely in the presence of high fuel prices.

6.5 Prospects for hydrogen

It is generally believed that a strong carbon policy could stimulate the introduction of hydrogen,
it being a flexible fuel with high potential to replace oil-based products in the transport sector.
As such, a high oil and gas price scenario could also favour hydrogen, and definitely a combina-
tion of the two drivers would seemingly provide a very strong case for hydrogen.

All models that include a description of the hydrogen sub-system (GMM, MESSAGE,
MARKAL and POLES) reflect the strong reaction of hydrogen production and consumption to
external drivers such as climate policy and oil prices. In all models, both the introduction of the
carbon policy and the enhanced technological progress are stimuli for the deployment of hydro-
gen technologies. But this is about as far as the agreement goes.
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On a global level, the level of hydrogen production in 2050 in the baseline ranges from a little
over 3 EJ according to GMM, to almost 23 EJ according to MESSAGE, while the maximal pro-
duction in 2050 ranges between almost 14 EJ in GMM to almost 34 EJ in MESSAGE. In GMM,
the main consumption of hydrogen is in the transport sector, especially in the scenarios with
high levels of production. The models provide different views on the major consumption sectors
of hydrogen, with almost complete dominance of the transport sector to a share as high as 50%
of all hydrogen consumed in stationary applications in residential, commercial and industry sec-
tors according to POLES, or possibly even higher in case of strong competitors in the transport
sector, as in MESSAGE.

Ranking of drivers

More in general, the ranking of the drivers is quite different between the models. According to
GMM, the most important factor is climate policy, followed rather closely by the high resource
prices. Technological progress compared to these is only a minor driver. Furthermore, the com-
bined effect of climate policy and high prices is less than additive, while a combination of either
or both of these drivers with enhanced technological progress gives rise to less favorable cir-
cumstances for hydrogen. In MESSAGE, also climate policy is the most important driver, but
the order of enhanced technological progress and high oil and gas prices are reversed. What is
more, due to the alternative transport fuels and natural gas being the preferred feedstock, high
prices are even a negative driver for hydrogen. And like in GMM, the combination of techno-
logical progress and another driver does not lead to synergy effects, but quite contrary poses
barriers for quick take-up of hydrogen. In POLES the major driver is technological progress,
followed by resource prices. On a global scale the introduction of a climate policy is slightly
negative for hydrogen, although on the scale of Europe the combination of any driver with an-
other leads to increased penetration. In MARKAL, technological progress is the essential factor
required to achieve a breakthrough of hydrogen, particularly in the transport sector.

Hydrogen production and consumption

There is as little agreement on the preferred feedstock for hydrogen, as there is on the overall
production level or the importance of drivers. While GMM and MESSAGE agree on the impor-
tance of biomass and natural gas, they differ completely on the relative importance of the two.
At the same time, POLES sees a more balanced production portfolio, with a slight preference
for coal as feedstock.

6.6 Macro-economic impact of carbon policies and high resource prices

The impact on the economy as a whole of the various policy cases studied here has also been
assessed using macro-economic models. In the global NEWAGE-W the carbon policy case has
been studied in detail. In the EU-specific models PACE and NEMESIS both the carbon policy
case as well as the high oil price case have been studied.

GDP and welfare

The models show quite some variance in the impact of the policy cases on the overall CO,
emissions. The impact of the carbon policy on welfare shows a similar variation amongst the
models, the model NEWAGE showing effects roughly twice as high as the European PACE
model, as can be seen in Figure 6.11. The figure shows welfare measured in terms of Hicksian
Equivalent Variation (HEV)'*.

4 NEMESIS gives results only for GDP, but these are comparable to the effects on GDP in the two other models.
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Electricity price effects

With PACE an analysis of the introduction of a carbon policy as well as high resource prices on
the generation costs for electricity has been made. Obviously, both will lead to increases in
costs, and as such will lead to a diminished demand for electricity. A remarkable feature here is
that although the carbon policy leads to relatively higher generation costs, the decrease in elec-
tricity demand is less than for the high oil and gas prices. This is due to a high increase in elec-
tricity imports. An essential assumption here of course is that the carbon policy is limited to
Western Europe.

Variation over EU Member States

The results from NEMESIS show that there may be quite some differences between the various
Member States. While the average impact on European GDP is close to -1.5% in 2020 accord-
ing to this model, the individual countries show deviations of over plus or minus 1% compared
to this value. This difference is strongly related to the importance of energy prices for an econ-
omy, as well as dependent on inflationary reactions in each Member State. As in the other
macro-economical models, the combined case shows that the two cases are not just additive, as
the European average lays around -2.5%, and the variation remains of the order of plus or minus
1%.

6.7 Conclusions

Enhanced technological progress

In this case study, enhanced technological progress in terms of investment cost reductions has
been modelled to reflect the impact of additional R&D policies on top of the considerable tech-
nological progress already represented in the baseline and policy cases. It should be stressed that
this case set-up does not cover all possibilities for progress in the techno-economic characteris-
tics of technologies. Looking more closely at the role and contribution of the enhanced techno-
logical progress, it appears to have the most significant impacts on hydrogen production, storage
and consumption and on the use of renewables (wind and solar PV) for power generation. This
may lead to a reduction of Europe’s dependence in electricity imports. All energy system mod-
els indicate that the enhanced technological progress leads to a decrease in overall costs of a few
percent, both for the carbon policy as well as for the high oil and gas price scenario. While in
itself such impacts may seem minute, it is important to realize that the assumed additional cost

' See text for an explanation of the model-specific scenarios.
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reductions involve only a limited section of the energy system, and that from this perspective
the cost savings may be substantial.

Furthermore, models with endogenous technological learning show the most sizeable impacts of
technological progress, because the impacts of the other drivers (carbon value, high oil and gas
prices) are reinforced by the stronger cost reductions as a result of higher volumes of carbon-
free technologies. Since this reflects the effect of learning-by-doing, it indicates that the impact
of enhanced technological progress may in reality be stronger than what has been shown by
most of the models in this case study. However, it remains a challenge to design R&D policies
that actually achieve these stronger cost reductions.

Hydrogen can play a significant role in meeting challenges posed by the introduction of climate
policies or increasing oil and gas prices. Enhanced technological progress in general does not
necessarily lower the barriers for hydrogen, as competitors may also profit from increased re-
search efforts, but if the effort is aimed specifically at hydrogen technologies, technological
progress will considerably speed up the uptake of hydrogen in the energy system.

Climate policy

The global energy system can meet the challenge of a strong climate policy, with carbon prices
up to 100 €/tCO,, through a mix of options. In the power sector, penetration of renewable and
nuclear technologies up to 50% combined with the deployment of carbon capture and storage
can result in emission reductions up to 40%. Similarly, in Europe, CO, emissions can be re-
duced with 21%-54% in 2050. The contribution of coal remains uncertain, as it depends on the
estimates for costs and potential for CCS.

Regarding the setup of a climate policy, for Europe it seems to matter little if its current allies
participate in the policy, as this will change the welfare effects by a few tenth of a percent at
most. The main question remains what would happen in welfare terms if North America would
join Europe in setting a carbon tax up to 100 €/tCO,.

High oil and gas prices

The implications of high oil and gas prices are not necessarily environmentally favourable, as
there is a tendency towards coal, even though renewables also benefit. The additional effect of
technological progress again is strongest in the transport sector, where it can stimulate hydro-
gen, but also biofuels, to reduce the dominance of petroleum-based automotive fuels.

As illustrated, finally, by the ‘combined case’, a carbon value could counter the adverse envi-
ronmental impacts of high oil and gas prices. This would specifically provide opportunities for
renewable energy technologies, which have shown to possess a large potential for learning and
associated cost reductions. Alternatively, the prices of oil and gas could be decoupled, to pre-
vent the undesired shift to coal without CCS.
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7. Overall conclusions from the models involved

7.1  MESSAGE: a global energy system model

The model used for the CASCADE MINTS study at IIASA, MESSAGE, is a ‘bottom-up’ sys-
tems-engineering optimisation model of the energy system that disaggregates the world in a
number of regions. The model provides a framework for representing the global energy system
with all its interdependencies from resource extraction, imports and exports, conversion, trans-
port, and distribution, to the provision of energy end-use services. MESSAGE model was used
in all work packages studied under the part 2 of the CASCADE MINTS project, except for the
study on nuclear.

A common conclusion for several of the individual studies made is that holistic policy instru-
ments are often much more effective in producing sustainable results; subsidies targeted only
for renewable electricity generation proved to be much less efficient in reducing CO, emissions
and increasing the share of renewable energy sources on the primary energy level than schemes
where also other sectors, e.g. transport, would have renewable energy sources subsidized. Simi-
larly, imposing strict standards for carbon capture technologies proved to be significantly more
costly than a direct emission cap applied for all sectors and technologies. In both of these cases
the asymmetrical use of policy instruments moves fossil fuels to the sectors where their use is
not punished, therefore creating an inter-sector ‘carbon leak’.

Another interesting finding is that there exists a complicated interplay between the drivers of the
energy system and when several of these drivers are changed simultaneously, interesting results
can often observed. This was clearly observed in the case were fuel prices, carbon taxes and the
speed of technological progress were studied. The results showed that the effect of several driv-
ers altered together is clearly different from a sum of the effects of single drivers changed and
with some combinations single drivers may even pull in different directions than when used
alone.

As both of the general conclusions presented here suggest, a possibly fruitful area for future re-
search may be in studying scenarios where the dynamics and interplay of several key drivers are
studied simultaneously and exhaustively. Such an exercise may offer advice in defining the
combinations of developments of individual drivers that may lead the energy system into direc-
tions deemed preferable - or to directions that are to be avoided.

7.2 GMM: a global energy system model

PSI used the GMM model for the CASCADE MINTS project. GMM (the Global MARKAL
Model) is a ‘bottom-up’, partial equilibrium energy-systems model that provides a relatively de-
tailed representation of energy supply technologies and a stylized representation of end-use de-
vices. It addresses technology dynamics in the energy system by indigenizing learning-by-doing
for selected electric and synthetic fuel technologies. Also, demands for energy are self-adjusted
to increased marginal cost of energy services that results from the imposition of policy con-
straints.

Renewable technologies

Three levels of subsidies for renewables are introduced in GMM and a sensitivity analyses is
performed assuming learning-by-doing for power generation systems including biomass and
geothermal energy. The conclusion was that the design of subsidies should always take the re-
gional resources and technology specific conditions into account and help to avoid lock-out of
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systems like solar PV or to avoid support of systems that are already competitive, i.e., to avoid
potential over- and under-subsidizing. Policies to design efficient subsidies measures should be
further investigated and identified.

Nuclear Technologies

The study on nuclear technologies has quantified different scenarios related to nuclear break-
through in combination with carbon taxes. The main conclusion is that nuclear energy is an im-
portant component of the portfolio for carbon mitigation strategies and for the security of sup-
plies and needs to be supported by policies in favour of cost and performance improvements.
Needed technology improvements for a nuclear breakthrough include: introduction of inherent
safe reactor systems; standardization and modularity in plant construction; better utilisation of
fissile materials in advanced fuel cycles; reduction of the amount of nuclear wastes for final dis-
posal; reduction of proliferation risk by adopting appropriate fuel cycles and reactor designs. All
these options require a detailed technology assessment model with specific software develop-
ment for the representation of the advanced and generation IV reactor concepts.

Carbon Capture and Sequestration: CCS scenarios analyzed include CCS Standards, a carbon
constraint without standards and a carbon constraint with subsidies. CCS standards for fossil-
based power generation might be potentially a powerful policy instrument to reduce substan-
tially CO, emissions but, technologies should first become matured, and a gradual adoption of
such standards is needed to reduce the associated cost penalty. This smooth penetration will be
better obtained if supporting policy are defined following market oriented principles instead of
CCS standards.

Technological Progress (TP) synthesis study concluded as follows:

Hydrogen production is mainly based on biomass and gas as a primary source of energy at low
gas prices and follows the regional resource availability. Hydrogen production gets its maxi-
mum level when high oil and gas prices together with an active climate policy are applied and is
mainly used to substitute for oil in private transportation and less for decentralized power gen-
eration.

The combination of objectives related to climate policy and security of supplies, as obtained un-
der the TP and Carbon policies, is very attractive. In that case, we realize not only a better re-
sponse of consumers to price changes but also a technology portfolio consisting of renewables,
nuclear and coal with CCS systems (while the captured CO; is disposed to geological sinks) to-
gether with biomass farming for the production of hydrogen to displace oil in the transport sec-
tor. Enhanced R&D should be always a function of the policy objective we are aiming for. Our
analyses indicate that an enhanced benefit for each € spent on R&D could be obtained if the tar-
gets of climate policy and the security of supplies are simultaneously followed.

7.3 DNEZ21: a global energy system model

The DNE21+ model is a linear programming model that employs a bottom-up approach for the
technologies of the energy supply side and minimizes the total cost of world energy systems.
The model considers a time range that covers the first half of the 21st century. The model disag-
gregates the whole world into 77 regions: US, UK, Germany, France, Japan, China, Russia, etc.,
in order to consider regional differences in energy resources, growth in energy demands, etc.
Four case studies were carried out by using the DNE21+ model. The overall conclusions are as
follows.
® RES case: The assumed subsidy in RES case is not enough for deep penetrations of renew-
ables, because of their high costs and their unpromised supply capacities for instantaneous
peak demands of electricity. As a result, the effect on CO, emission reduction is limited.
The optimal technological portfolio can achieve the same amount of CO, emission reduc-
tion with a smaller energy system cost increase by 0.2 percentage points.
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e NUC case: The influence of phase out of nuclear is negligibly small because the phase out
is also observed in the case without the constraint for nuclear. For Breakthrough case, the
relatively large use of nuclear power is achieved. When R&D costs for the breakthrough are
not counted, the energy system cost increase is reduced by 0.6% relative to Phase out case.

e (CCS case: The achieved CO, emission reduction in CCS case is 17.2 GtCO,/yr in 2050; this
standard has a large impact on the emission reduction. The optimal technological portfolio
can achieve the same amount of CO, emission reduction with a smaller energy system cost
increase by 1.6 percentage points. However, CCS contributes a large emission reduction
also in the optimal technological portfolio and therefore this CCS standard policy would be
effective when a large amount of emission reduction is required.

e TP case: Here, ‘TP (technological progress)’ means the acceleration of the cost reductions
of wind power, PV and CCS technologies. The global impacts by the assumed TP are in-
crease in the usage of wind power and PV and decrease in CCS usage. However, regional
differences in the potentials of these technologies affect the results significantly and the op-
posite impacts are observed in such regions with small potentials of the renewables as Ja-
pan.

Generally, achieving bottom-up type targets of CO, emission reductions in specific sectors or
technologies are more expensive than top-down type targets, e.g., a fixed amount of emission
reduction. On the other hand, international agreements with respect to bottom-up type targets
seem to be reached with smaller difficulty than top-down type targets. The trade-off relationship
exists between bottom-up type and top-down type targets; this study represents quantitative
evaluations of differences in the cost between the bottom-up type and top-down type targets in
RES and CCS cases, and will support the policy decisions.

According to existing regional differences in energy resources, energy demands, technology po-
tentials etc., optimal technology strategies and policy measures are different over regions for
emission reductions, which justifies such models having high regional resolutions as DNE21+.

Currently, regional cooperation arguments for technology development, transfer and diffusion,
e.g., Asia-Pacific Partnership of Clean Development and Climate (APP), are exploring energy
efficiency improvement and CO, emission reductions in addition to the frameworks under the
UNFCCC. This study will contribute also to such tasks orienting bottom-up type targets.

7.4 POLES: a global energy simulation model

The POLES (Prospective Outlook for Long-term Energy Systems) model is an Integrated En-
ergy-System Simulation Model applying systems dynamics methodology. It is characterised by
a detailed representation of both energy demand, and supply technologies (the latter includes
end-use, conversion and production technologies). Demand sectors are disaggregated into indus-
trial sub-sectors and processes, residential and service categories, and transport modes. Demand
and technology developments are driven by exogenous scenario assumptions, mainly GDP and
population growth rates.

The POLES model stands out with its global perspective of the world energy system with 47
regions. The model covers the whole demand and supply sides, which makes it well-fitted for
modelling global and regional, highly interconnected energy markets. Typical example are the
crude oil and natural gas markets, where prices are estimated through endogenous price setting
mechanisms, generally a lacking feature in other (regional or country specific) models.

In summary the following main conclusions could be drawn from the performed model experi-

ments:

1. An active renewable support policy (aiming at the target similar to the present long term EU
targets of 12 to 20% renewable share in the primary energy consumption) requires signifi-
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cant amount of subsidies, similar to the present base-load electricity prices in Europe. The
model projections also indicate that this level of subsidisation should be maintained through
the whole time-span (i.e. 2001-2030) in order to reach the proposed targets. According to the
POLES results the power generation sector stands out with its contribution to the renewable
base. In primary energy terms, around 40% of green electricity generation is projected by
2030. Both the carbon emission reduction potential and the impact on the security of supply
indicators are significant and very positive for this policy instrument.

2. Various levels of carbon emissions constraints were modelled in the different case studies -
through exogenous carbon value paths representing the existing and planned trading schemes
- and all of them showed the efficient functioning of the instrument. Interestingly the impact
on the security of supply indicators is ambiguous, depending on the influence on the natural
gas markets. Through increasing natural gas consumption, the final effect of this policy in-
strument could be slightly negative. Carbon capture and sequestration (CCS) technologies
could significantly contribute to carbon reductions. However the model indicates that main-
taining their capacities in the long term requires continuous support for them (stable support-
ing mechanisms or obligations).

3. The technological progress (TP), carbon capture and sequestration and nuclear case studies
in combination with the carbon constraint scenarios show that nuclear based energy tech-
nologies could play an important role in the future energy system. They could offer a solu-
tion to many problems coming from the development of the global energy system, but re-
quire the fulfilment of two conditions: the new nuclear designed (NND) technology will be
available in the foreseen future, and secondly this technology will be accepted by the nest
generations. The nuclear phase-out scenario shows that a carefully planned capacity phase-
out is also feasible, but as a consequence the climate change and security of supply issues
become even more challenging. Technical aspects (availability of the NND technology) and
non-technical aspects (inherent social values, perception and attitude toward the use of nu-
clear power) make the future of the nuclear energy highly uncertain.

4. Policies aiming exclusively at the power generation and energy intensive industrial sectors
show their limitations in achieving the serious commitments of the EU for the sustainable fu-
ture developments of its energy system (with global consequences). From this point of view
the expected development of the transport sector (both personal and freight) is a key issue.
Policy portfolios that fall short to regulate this sector are deemed to failure. In this context
hydrogen does not offer a quick solution in the near future. The model results suggest that
significant amount of hydrogen use could be expected only after 2030.

7.5 PROMETHEUS: a global stochastic model

This is a summary of the conclusions derived using the PROMETHEUS stochastic model to as-
sess the case studies analysed within Part 2 of the CASCADE MINTS project.

The output of PROMETHEUS consists of a massive Monte Carlo set representing at least 1000
alternative scenarios; it can thus be considered that the different case study assumptions, to the
extent that they are probable at all, are incorporated in the ‘baseline’ results. Moreover, the in-
troduction of specific values for given stochastic variables or even the calibration of the model
to reproduce such values as means, is contrary to the philosophy of the model.

On the other hand, PROMETHEUS being a stochastic model can be used to perform uncertainty

analysis regarding the assumptions and the evolution of exogenous variables of the Case Stud-

ies. The uncertainty analysis was performed in order to:

e Provide assessments on the likelihood of the different assumptions one by one.

e Provide evidence of joint variance of the different variables in order to identify possible sto-
chastic dependence.

e Provide joint probability assessment by evaluating the assumptions synthetically in order to
assess the likelihood of their occurrence at the same time.
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Using PROMETHEUS three case studies were examined assessing the effects of different tech-
nology policies on greenhouse gases, the security of supply and cost and investigating the trade-
offs and synergies of alternative technology policies.

PROMETHEUS is capable of refined security of supply analysis in that it can measure impacts
in terms of changes in probability of an adverse event, which corresponds closer to the notion of
security than more traditional measures such as import dependence and diversity indices. The
usual supply concerns relate to oil price shocks. In this direction, the uncertainty analysis sug-
gests that under the baseline assumptions, there is a substantial probability (almost 50%) that a
sudden price hike of more than 15 $95 in the oil price will occur by 2030.

However given the low penetration of oil in the power generation sector (especially in Europe),
it was deemed more appropriate to also address the question of security of gas supply, since gas
is projected to take a substantial share in power generation in the next two decades. The meas-
ure of security retained was the highest increase in imported gas prices over any 3-year period to
the year 2030. According to the results the probability that the highest increase in gas price will
exceed 50 €;p0/toe is 64% for the baseline scenario and 58% for the combined policy (doubling
R&D spending on renewables and introducing 2.5 €ctyoe0/kWh direct support) of the renewables
case study. The same probability for the threshold value of the 100 €,yp/toe is about 10% and
8% respectively.

Baseline results indicate that the probability that energy related CO, emissions worldwide more
than double between 1990 and 2030 is nearly 85%. By evaluating the outcomes of the Renew-
ables Case Study it was found that the 1cent/kWh direct support policy and the R&D on renew-
able policy are about equivalent in meeting the renewable targets (target levels: 28% and
37%).The R&D scenario implies a certain cost which is 20% higher than the mean cost of the
direct support scenario. However, when the costs are expressed in terms of avoided CO, emis-
sions, the direct support policy is substantially more expensive. Looking at the CO, effective-
ness of the stronger policies it is worth noting that the combined case (doubling R&D spending
on renewables and introducing 2.5Ec00/kWh direct support) compared to its almost equivalent
in terms of achieving the target direct support policy case (of 4Ec00/kWh) is much cheaper on
average. Moreover, the probability to achieve the 28% target is ~87% while the same probabil-
ity as regards 37% target is ~59%.

The CCS Case Study results indicate that the introduction of stringent requirements for CCS
with fossil fuel plants improves the chances of penetration considerably but the policy risks be-
ing costly. However, the prospects of renewables and nuclear are just as likely to improve from
such requirements therefore the main element determining the chances of CCS making major
inroads is the possibility of intensive climate policy in general. Subsidies work equivalently but
to the extent that they enable lower overall policy intensity the effect tends to be neutralized.
The probabilities in cases 2'° and 3'° of the CCS Case Study are much higher than in case 1'°
and the reference case due to the higher (on average) carbon value imposed, since the higher the
carbon value level the faster the convergence of the production costs. However, in case 1 the
higher probabilities (compared to the reference case) are attributed to the learning by doing ef-
fect. Biomass gasification combined with CCS offers prospects for negative costs in cases of
very high carbon values but in probability terms, it is the least likely option for major CCS in-
troduction because of considerable risks of high capital cost.

Case 1: All fossil based fuel plants (excluded CHP, peaking devices, biomass gasification) had to be equipped
with a capture facility (2015 developed counties, 2025 LDCs)

Case 2: The cumulative CO, emissions of Case 1 was used as a constraint on average

Case 3: The cumulative CO, emissions of Case 1 was used as a constraint on average and the capital cost of CO,
capture and storage facilities was subsidized
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In the Case Study ‘Trade-offs and synergies for renewables, nuclear, CCS and hydrogen’ tech-
nological improvement (50% additional reduction in the capital cost difference between 2000
and 2030) was assumed to a selection of technologies (renewable, biomass, nuclear, carbon cap-
ture, hydrogen related). The evaluation of PROMETHEUS correlation matrix indicates that
clustering among technologies, climate policy intensity and fossil fuel prices affect the techno-
logical progress of the technologies. More specifically, the cost improvement of biomass based
technologies are strongly correlated since they share common components as members of the
same cluster matrix (i.e. biomass handling). The cost improvement of Renewable based tech-
nologies are strongly correlated as well. These technologies are influenced by the same condi-
tions since their learning by doing induced technological progress is affected by climate policy
intensity and high fossil fuel prices. The same conditions influence the technological progress of
the CO, capture group of technologies the cost improvement of which is also strongly corre-
lated. The cost of H, Internal Combustion Engine and On Board Hydrogen Storage are also
highly correlated with Gas Steam Reforming. The improvements in these technologies depend
partially on learning by experience (technology take-up) which in its turn depends on the avail-
ability of reasonably priced hydrogen and Gas Steam Reforming is the most likely option in the
medium term. However, hydrogen production technologies since on the one hand do not belong
to a specific cluster and on the other they consume different fuels, do not appear to co-vary with
regard to technological progress.

Finally an attempt is made to consider the Case Study assumptions synthetically in order to ad-
dress the issue of their overall likelihood. In this context four scenarios were evaluated namely:
‘high technological progress’, ‘high technological progress and high oil/gas prices’, ‘high tech-
nological progress and high carbon value’ and ‘high technological progress, high oil/gas prices
and high carbon value’. The analysis was performed for each technology separately.

PROMETHEUS synthetic analysis results indicate that the technological progress for the major-
ity of technologies is more probable to happen with high fuel prices than without them. For ex-
ample the New Nuclear (4™ gen.) displays 35.3% on the probability proximity index to achieve
high technological progress with high fuel prices while the same value without high fuel prices
falls to the level of 16.6%. Analogous conclusions can be drawn regarding the technological
progress of hydrogen internal combustion engine passenger car (index with high prices: 69.5%-
index without high prices: 29.2%), fuel cells (index with high prices: 28.8%- index without high
prices: 10.4%), Pre-combustion CO, capture for electricity production (index with high prices:
17.8%- index without high prices: 33.5%), etc.

7.6 PRIMES: a partial equilibrium model for Europe

This report summarises the key findings of the case studies examined in the context of Part 2 of
the CASCADE MINTS project using the PRIMES energy model. PRIMES is a partial equilib-
rium model for the European Union energy system developed in the context and with the finan-
cial assistance of a series of research programmes of the European Commission. In its present
version it covers all EU-25 Member States, the remaining EU candidate countries, Norway and
Switzerland. The present analysis is based on a new baseline energy scenario for Europe which
has been constructed in late 2005 and published in 2006 by the European Commission. This
scenario has been harmonised to the assumptions underlying the analysis within Part 2 of the
CASCADE MINTS project. The case studies have been built as a result of assumptions varying
from baseline with the aim to provide insights on the effects of different technology policies on
promoting sustainable development.

In this context two renewables cases (‘Low’ and ‘High’ target cases setting 12% and 20% target
shares for renewables in the EU-25 primary energy consumption for the year 2020) have been
examined using PRIMES. Additional runs have been performed to estimate the subsidies re-
quired to achieve these targets. The results indicate that in both cases biomass/waste play the
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most significant role in achieving the targets, whereas the contribution of hydro, wind and solar
energy is less significant. Promoting renewable energy forms results in substantially reduced
emissions and lower import dependence relative to the baseline for the EU-25 energy system.
However the need for additional policies towards improving energy efficiency in the EU-25 en-
ergy system has been identified in order to achieve high shares of renewable energy forms since
available options - especially on the demand side - are highly exploited.

In the context of the nuclear case PRIMES has been applied to examine four scenarios designed
to assess the potential role of nuclear energy in the evolution of the EU-25 energy system. The
nuclear phase out scenario results in substantial reduction (81.5%) of electricity generation from
nuclear power plants. The gap generated is covered by an increase in electricity production from
natural gas, intermittent renewable energy forms and biomass-waste. In the higher carbon value
case the EU-25 power generation sector adjusts to the introduction of stricter emission reduction
constraints showing a continuing trend away from solid fuels towards production from nuclear
and renewables. The nuclear technology breakthrough leads to substantially increased electricity
generation from nuclear plants relative to the baseline which again occurs mainly to the detri-
ment of solid fuels. As a result of energy intensity gains and changes in the fuel mix towards
less carbon intensive energy forms CO, emissions in the EU-25 energy system are substantially
reduced relative to the baseline, ending up in 2030 at lower than 1990 levels in all cases consid-
ered. Changes in the fuel mix towards the use of indigenous energy forms (such as nuclear and
renewable energy forms) lead to lower import dependency in the nuclear breakthrough cases.
The reverse trend is projected for the nuclear phase out with stricter CO, emissions reduction
targets case (mainly affecting solid fuels, one of the main indigenous energy forms in the EU-
25) which leads to increased import dependency.

All scenarios examined in the context of the ‘Technological progress’ (TP) case produce higher
than baseline demand for nuclear and renewable energy forms; the opposite outcome emerged
for oil and natural gas energy requirements. Demand for solid fuels varies with the intensity of
the climate policy: in the cases assuming the implementation of a higher carbon value demand
for solids declines substantially from baseline levels whereas higher oil and gas price assump-
tions lead to a higher deployment of solid fuels in the EU-25 energy system. The role of renew-
able energy forms but also nuclear energy in satisfying electricity requirements becomes even
more pronounced in the presence of stricter policies towards reducing CO, emissions. Hydrogen
is projected to make some - albeit limited - inroads in electricity generation on the assumption
of higher oil and gas prices. On the other hand Fuel Cells are particularly influenced by the sce-
narios involving faster technical progress which produce shares in total installed capacity of up
to 5.8% by 2030 for this technology.

In all TP scenarios examined CO, emissions grow at a slower than baseline rate. Although high
oil and gas prices encourage the use of solid fuels and increase the carbon intensity of the sys-
tem, CO, emissions in 2030 are slightly lower than baseline levels mostly due to energy inten-
sity improvements emerging from higher energy import prices. The assumption of stricter car-
bon emissions constraints and faster technical progress gives rise to a stronger reduction of CO,
emissions for the EU-25 energy system (-22.1% from Baseline levels in 2030) which is even
sharper when higher oil and gas prices are combined (-24.6%). These scenarios are the only
ones producing lower than 1990 emissions in 2030. Finally, improvements in import depend-
ency of the EU-25 energy system emerge from all TP cases examined, on account of both en-
ergy intensity improvements and changes in the fuel mix towards the use of indigenous energy
forms (such as nuclear and renewable energy forms).

7.7 MARKAL: an energy system model for Europe

One of the models used in the CASCADE MINTS scenario studies was the MARKAL-WEU
model describing the energy system for Western Europe (EU1S5 plus Norway, Switzerland and
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Iceland). The MARKAL-WEU is a bottom-up model that optimises the total system cost for the
whole time period at once. This perfect foresight feature of the model makes it possible to treat
endogenously cost decreases through capacity build-up (learning by doing). Below the main re-
sults on the two key-issues of this study are given.

Climate change

Several policy measures to reduce CO, emissions have been analysed, some direct measures
like imposing a tax on the use of carbon (carbon containing fuels), but also indirect measures on
stimulating less carbon intensive technologies. It turned out that stimulation of renewable elec-
tricity by a 33% target in 2020 has hardly any impact on the overall CO, emissions. In the
transport sector, taxation of conventional fuels such as diesel and gasoline, equivalent to 100
€/tCO,, on the other hand, can lead to a significant decrease of CO, emissions. The effect of
CO, capture facilities as a standard on new power plants will in the long run be limited to a 10%
CO; reduction in 2050 compared to the 2000 level. Moreover, it turned out that this emission
reduction could be reached in a much cheaper way by defining an overall CO, reduction target,
thus involving more sectors. Taxing directly the use of CO, showed to be a very effective tool.
With an increasing CO, tax to 100 €/tCO, the emissions in 2050 will be half that of 2000. In all,
one can conclude that for significant reduction of CO, emissions direct measures in the form of
taxing carbon are most efficient.

The results described above were all derived under moderate oil and gas prices. Some analyses
have also been done with high fuel price assumptions. High fuel prices will lead to less CO,
emissions. This is mainly a consequence of a shift in transport fuels from gasoline and conven-
tional diesel to biodiesel and hydrogen. However, hydrogen is used only when optimistic as-
sumptions on the (cost) improvement of hydrogen technologies are made. Combining high oil
and gas prices, high taxation of CO, and assuming an increased technological progress of less
carbon intensive or carbon free technologies leads to a reduction of 60% of CO, emissions in
2050 with respect to 2000.

In many of the scenario studies the role of nuclear was modest at best, but to a large part this
was due to the assumption that it can not grow beyond its current capacity. This assumption was
introduced to reflect current and assumed future political preference in the Member States,
where some may allow for a growing contribution, but such a growth is compensated by the
phase-out in others. Even under such a constraint, the contribution generally decreased, except
for the cases with intense carbon policies or high oil and gas prices, in which case the maximum
on the installed capacity was indeed a limiting factor. Only in the break-through case, nuclear
attained a substantially larger share in electricity production, to a level where one might even
question the realism of the outcome because of the required abrupt capacity build-up. However,
a general conclusion that can be drawn from the scenario studies is that nuclear power could
play a role in meeting strong climate policy target, but that its role will only significantly in-
crease when there is a change in the political landscape.

Security of supply

Although security of supply was the other key-issue in this project, it was less stressed out and
often more seen as a side benefit. Clearly, all cases under investigation tended towards a high
penetration of renewables, be it introduced through a specific target or by replacing fossil fuels
under high carbon taxes, and resulted in increases in Europe’s security of supply and contrib-
uted to a higher diversification.

Recommendations for future research

For future research it would be interesting to combine and study policies and measures other
than a carbon tax under different fuel prices assumptions. With regards to high oil prices, it
would be interesting to investigate the impact on the price of oil of synthetic fuels produced
from coal, and of shifts to more renewables. Finally, it would be interesting to study the impact
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of enhanced energy saving, and in particular whether higher fuel prices due to policy measures
could help to reduce final energy demand.

7.8 TIMES-EG: an energy system model for Europe’s electricity and
gas markets

A liberalized electricity market with the option of free choice regarding the electricity genera-
tion technologies is a basic requirement for a cost efficient electricity market. If GHG reduction
is an energy policy objective, specific policies such as renewable quotas, standards or subsidies
for CCS technologies are less cost efficient than absolute GHG reduction targets or CO, certif-
cate prices. A common European solution for the electricity market without a one-sided focus-
ing on a single technology group appears to be more favourable compared to national targets as
it achieves similar CO, emissions reductions with lower costs.

The target for a given national or EU-25 quota of 33% RES-E in 2020 will only be reached, if it
is possible to double the wind power generation and the use of biomass. In order to achieve this
significant increase the wind offshore technology will have to reach its technical maturity con-
cerning the supply system and its integration into the electrical grid.

The role of nuclear does not only depend on technology progress, but also on the acceptance
and possibility of investment. Until 2010 the nuclear phase out will not have a large influence
on the CO, emissions from the European electricity generation. In case of a CO, price develop-
ment with a linear path of 10 €/tCO; in the year 2010 and 100 €/tCO, in 2030 combined with a
nuclear phase out, the total amount of natural gas consumption in all sectors (including the end
use sectors) will increase by 80% compared to the consumption in 2000. This is 20% point
higher than in the scenario with the steady use of nuclear. Additionally the gas consumption can
only be covered by a significant share of over 25% of LNG. If nuclear remains an option it
plays an important role in the electricity market regardless of the further cost reductions, climate
policies or higher oil and gas prices.

In general, the enhanced technology progress has less influence on GHG-emission reduction in
the future than policy measures. If no substantial cost reduction of the technology for electricity
production from renewables will be realized, it would result into a significant increase of costs
for the final consumers and/or the entire electricity production.

A combination between higher oil and gas prices and climate policy promote the share of bio-
energy plants and CHP within the total electricity generation. The effects of high oil and gas
prices do not automatically lead to a GHG-emission reduction, due to a shift to coal-based
power generation. The share of coal fired power plants already increases without additional pol-
icy measures.

CCS technologies, mainly combined with coal fired power plants, only enter the market under
the conditions of high carbon value prices or if CCS standard will be given as a policy measure.
Subsidies for CCS of 35% of the investment cost for power plants with CCS technology will not
be enough to reduce the costs and efficiency handicaps of power plants with integrated CCS
technology. Until 2030 the CO, storage capacity of all EU-25 countries is not the limiting re-
striction for CCS.

7.9 NEWAGE-W; a global general equilibrium model

In order to reach national and international emission targets, various technological options for
CO, mitigation have been analyzed within the CASCADE MINTS project using the CGE-
model NEWAGE-W. The most striking results regarding the deployment of electricity genera-
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tion technologies based on renewable energy sources, nuclear power plants, the use of carbon
capture and storage technologies as well as the implementation of a carbon value will be briefly
discussed in the following.

In the analyzed renewable energy scenario the share of renewable electricity generation in
Western Europe that has to be achieved is 22% in 2010, 33% in 2020 and 40% in 2030. The
greater penetration of renewables leads to a decrease in CO, emissions of approximately 27 mil-
lion ton of CO, in 2010, 68 million ton in 2020 and 117 million ton in 2030. Regarding the eco-
nomic impact, a decrease in GDP due to rising generation costs is observed. The GDP in West-
ern Europe decreases by approximately € 46 billion, i.e. 0.3% compared to the baseline scenario
in 2010, € 137 billion (0.8%) in 2020 and € 325 billion (1.7%) in 2030.

The renaissance of nuclear energy in Western Europe, e.g. induced by a decline in specific in-
vestment costs due technological progress or state-run subsidies, has a positive impact on CO,
emissions, GDP and welfare. The CO, emissions from electricity generation decrease by 46% in
the year 2030 compared to the baseline in which a premature nuclear phase-out in some Euro-
pean countries is assumed.

Regarding an increase in the deployment on carbon capture and storage technologies for elec-
tricity generation, it can be observed that, given the very low initial capacity in the regarded
base year 2001, only slight environmental and economic impacts occur. Focusing on the overall
economic impact in Europe, the carbon capture and storage induced effects can be disregarded.

Implementing a carbon value to lower overall CO, emissions in Western Europe has a strong
impact on the environmental and economic development. CO, emissions decline by 43.5% in
2030 compared to the baseline. Combining the carbon value with an increase in technological
progress leads to slightly enhanced emission reductions of 44.2%. However, given the emission
reductions in Western Europe, leakage effects increase CO, emissions in North America by
3.8% in 2030. Regarding Pacific OECD and Asia, leakage effects result in increased CO, emis-
sions by 2.8% and 3.0%, respectively. The decrease in Europe’s CO, emissions is mainly
caused by lower consumption of fossil fuels. Concerning coal, energy use is reduced by 85% in
2030 compared to the baseline. Moreover, the consumption of gas is reduced by 20%, whereas
oil consumption is reduced by 24%. Along with the lower fossil fuel consumption, region spe-
cific exports of the various energy carriers face significant changes. Regarding coal exports
from Pacific OECD to Europe, a nearly complete decrease in 2030 can be observed. Gas exports
from Former Soviet Union to Western Europe decrease by 13%. Regarding the carbon value in-
duced impact on macroeconomic parameters, it is projected that GDP in Western Europe will
decline by 2.5% in 2030 compared to the baseline. The negative impact on GDP can partly be
mitigated if an increase in technological progress is assumed. In this case the expected GDP loss
is 2.3%. Due to trade related spill over effects, GDP in North America decreases by 0.2%.

Further research

The model-based analyses of the economic impact of energy-related policy measures as well as
technological progress would benefit from a more detailed representation of the energy tech-
nologies and a better understanding of the interaction within innovation processes.

7.10 PACE: a general equilibrium model for Europe

The scenario analysis in Part 2 of the CASCADE MINTS project is carried out within the
framework of a recursive-dynamic version of the computable general equilibrium (CGE) model
PACE for the EU-15. The model features a bottom-up description of different power generation
technologies for the electricity sector. These technologies are characterized by their specific cost
structure based on techno-economic data, their physical capacity constraints, and their output
shares in the benchmark equilibrium. The model is calibrated on the European Commission’s
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assumptions on non-uniform growth rates for GDP and projections on fossil fuel production and
use. Similar to energy system models, CGE models allow to determine the effects of alternative
policies on electricity production and technology mix. It furthermore quantifies macroeconomic
repercussion effects due to behavioural changes, which are neglected in energy system models.

The analysis with PACE focused on three issues: renewable energy, nuclear energy, and techno-
logical progress. The findings are multifaceted and depend on the detailed implementation of
the different policies. For example, encouraging renewable energy by subsidies increases over-
all electricity production by 5% in 2020 and triggers a major shift from conventional technolo-
gies to wind and biomass (production increase of more than 170%). From the sectoral viewpoint
this development induces large employment shifts from conventional to renewable technologies.
Due to the subsidies, electricity production costs slightly decrease and thus electricity demand
and supply is positively affected. The results also reveal a small decline in economic welfare.

Not surprisingly, a nuclear phase-out reduces electricity production while it increases in the case
of a nuclear phase-in. Consequently, a phase out (phase in) leads to lower (increased) electricity
production from the nuclear technology, increases (decreases) production costs and electricity
imports, and reduces (increases) electricity supply. Welfare is slightly lowered in both scenarios
mostly because of the additional introduction of the carbon value.

Technological progress that reduces the technology specific costs of nuclear, wind and biomass
by 50 percent more than through the baseline leads to major increases in electricity production
and especially in the production from those technologies (wind, biomass) that are favored the
most. This lowers production costs and thus raises electricity supply and demand. Economic
welfare is slightly improved from stand-alone technological progress due to the cost advantages
but is lowered if technological progress is combined with a carbon value, higher oil and gas
prices or both.

All three scenario results suggest reduced carbon emissions. The decrease is very modest in the
renewable scenario where emissions are reduced by 2.6% in 2020. Both a nuclear phase-out as
well as a phase-in when combined with a carbon value lead to larger reductions in carbon emis-
sions by 13-16% (a phase-out alone would increase carbon emission). Stand-alone technological
progress also implies modest decreases in carbon emissions which is simply due to the rising
electricity production. Technological progress in a carbon constraint world or with higher gas
and oil prices leads to a much larger reduction in carbon emissions of 25-30% in 2020. Combin-
ing technological progress with a carbon value and higher oil and gas prices has the most favor-
able effect on CO, emissions which decline by more than 40%.

There are two recommendations drawn from the analysis. First, future research could focus on a
further development of the integration of CGE models with energy system models (e.g. distin-
guish between peak and base load). Second, technological progress in the current analysis is im-
plemented as exogenous cost advantage. Interesting enhancements would be to allow for en-
dogenous technological change.

7.11  NEMESIS: an econometric model for Europe

The NEMESIS model (New Econometric Model for Environmental and Sustainable develop-
ment and Implementation Strategies) is a macro-sectorial econometric model aimed at develop-
ing tools for decision making in the fields of energy, environment and economic policies.

The contribution of renewable to a sustainable energy system

Using a subsidy of 2.4 €5000ct/kWh in 2005-2020 leads mainly to a sharp rise for renewables at
the expense of a gas, coals and solids. The most significant renewable sources come from hydro
power, biomass and wind. They represent in 2020 respectively 7% of total energy consumption
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for hydro, 4.1% for biomass and only 3.3% for wind. The electricity production slightly de-
creases by almost 25% for gas and by 18% for coal/solids. The development of renewables has a
positive impact on Europe dependency on imported fuels, as described by an increase of the
Shannon diversity index.

The contribution of nuclear to a sustainable energy system

In the context of nuclear case with a carbon value equal to 50 €,000/tCO,, the ‘phase-out’ case
leads to a reduction of primary energy consumption from nuclear with an increase of renew-
ables, whereas in the ‘break-through’ scenario nuclear sources mainly increase at the expense of
gas and coal/solid. The nuclear case leads gradually to an increase in security supply in the
‘break-through’ scenario, which means that the reliance on few primary energy sources de-
creases as nuclear capacities are unconstrained.

Several policy cases

In 2020, the different policy case scenario implemented in NEMESIS on the Carbon value,
Oil/gas price (OGP.) and Technological progress (TP.) leads to more efficient energy consump-
tion due to increasing use of energy-efficient technologies, a substantial shift in the structure of
energy consumption away from gas, coal/solids, oil/liquids towards renewable energy. This im-
plies a further decline in the importance of energy-intensive sectors, in favour of less energy-
intensive production.

Macroeconomics consequences

The impacts of various policy scenario obtained with NEMESIS are shown in Table 7.1. The
macroeconomic effects in 2020 are significant and comparable for all scenarios expect for the
development of renewable sources. The inflationary trends in all scenarios, due to the higher en-
ergy prices, induce a negative on European competitiveness, resulting in a rise of imports and a
fall of exports. The policy case studied also lead to a sharp change for employment explained
mainly by an increase in the nominal wage and due to competitiveness losses. However, the fall
on employment level is limited by the reduction of the real wage.

Table 7.1 Macroeconomic impacts of alternative cases in 2020 (w.r.t. the baseline)

Nuclear
case with
Renewable Renewable the post-
low target high target  Kyoto OGP Cv OGP+CV
scenario scenario scenario scenario scenario scenario
GDP -0,03% -0,18% -1,25% -1,42% -1,45% -2,42%
Private consumption -0,02% -0,18% -1,34% -1,56% -1,65% -2,66%
Price index 0,21% 0,83% 3,49% 2,25% 2,86% 4,16%
Employment -0,03% -0,15% -1,00% -0,86% -1,08% -1,62%
Exports -0,07% -0,28% -2,30% -1,66% -1,97% -3,07%
Imports 0,05% 0,11% 0,87% 2,25% 2,86% 4,16%

The combination of C.V. and O.G.P. is less recessive than the sum of results on GDP of each
separate shock. This is contrary to the pure energy results for which the energy costs of the com-
bination are more important than the sum of the costs of the separate shocks. It is easily ex-
plained by the labour market functioning that lowers the wages with recession and limits the de-
crease of GDP, such as this latest effect is more than proportional and then the compound scenar-
ios are less recessive than the sum. The directions of the macroeconomic impacts are different in
each European country, as a consequence of different energy system for consumption and pro-
duction added to different labour market structure.

Environmental consequences

The table below shows the evolution of energy-related CO, emissions in 2020 with respect to
the baseline in the different scenario implemented in NEMESIS. The expected evolution of final
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energy consumption shows significant sectoral reduction in CO, emissions, excepted for the
‘phase-out’ nuclear case. This is due to the shift in energy production and consumption towards
less polluting sources (renewable, gas, nuclear). Relatively high prices for energy consumption
in the scenario will encourage industry to make further investments in energy-friendly technolo-
gies with a view to more efficient energy consumption and the development of renewable
sources. The change in industrial energy consumption is confirmed during the simulation as the
consumption from solid and liquid fuels shift downward. The market penetration of renewable
sources contributes to increase the reduction of CO, emissions. Nuclear sources also contribute
to a reduction of CO, emissions. Technological progress has a very slight effect reduction of
CO, emissions as it induces no change in production and consumption.

Table 7.2 Impacts of alternative policy scenario on CO, emissions in 2020 (w.r.t. the baseline)

Nuclear
Nuclear case
Renewable Renewable case scenario
low target high target scenario Break- TP oGP Ccv TPOGP TPCV  TPCVOGI
scenario scenario  Phase-out through scenario scenario scenario scenario scenario scenario
Total from energy sector -0,72% -5,12% 0,83% -1,93% -0,18% -9,18% -14,32% -9,43% -14,62% -22,13%
Power sector -2,87% -20,23% 3,33% -7,81% -0,63% -2,02% -22,04% -2,94% -23,15% -30,51%
(other) conservation -0,24% -2,03% 0,37% -0,81% 0,00% -1,71% 0,18% -1,71% 0,18% -1,64%
Industry 0,09% 0,47% 0,18% -0,43% -0,02% -24,82% -30,08% -24,85% 30,11% -43,31%
Residential, commercial 0,04% 0,25% 0,02% -0,04% 0,00% -15,01% -13,21% -15,01% -13,22% -23,89%

and service sector

Emissions caused by the power sector are expected to decline sharply in 2020 in all case with
respect to the baseline. The evolution of power generators in the simulation anticipates the car-
bon value implemented in NEMESIS, which leads to a significant progress of less polluting
sources replacing solid and liquid fuels by renewables and nuclear. Emissions caused by house-
holds and services should rise slowly in the renewable scenarios whereas it decrease in the other
context. In addition to CO, emissions caused by industry remains constant in the renewables
scenario due to a structural shift in energy consumption away from solid and liquid fuels and
towards gas and electricity.
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8. Overall conclusions

The transition towards a more sustainable energy system requires a portfolio of technological
options. The problems faced by Europe and the world are of a magnitude for which no single
technology is the solution. Some of the options benefit both the climate problem and security of
supply, and thus provide synergies, while others represent trade-offs for the policymaker.

8.1  Trade-offs
Solid fuels

The case studies have shown that high oil and gas prices induce a shift towards solid fuels, as
coal is a cheaper and more abundant alternative to other fossil fuels (oil and gas), with more and
more applications, not only for power generation, but through a gasification process also for
synthetic fuels that can be used for transportation. Given the fact that coal resources are rela-
tively abundant and well spread over different world regions, European security of supply defi-
nitely improves with an increased share of coal. However, the use of coal potentially is a threat
to the environment, and it needs clean technologies such as CCS to prevent environmental
drawbacks. Furthermore, coal mining is also not always done in a sustainable way and is a
source for non-CO, greenhouse gas emissions.

Nuclear power

The role of nuclear power largely depends on the public and political acceptance of this option.
The scenarios analysed in this report have shown that, when this acceptance is no limiting fac-
tor, and investment costs drop with 25%, nuclear energy could have a share up to 50% in the
European power generation mix, and 30% in the global power mix, as it is attractive in terms of
costs and hardly generates polluting emissions. Europe’s security of supply would benefit from
a larger penetration of nuclear, as uranium resources are mainly found in Australia, Canada and
Kazakhstan. However, the trade-off with other options here involves questions of safety, prolif-
eration, and nuclear waste storage for many centuries to come. Conditions for increased accep-
tance would therefore comprise the development of inherent safe reactor systems, better utilisa-
tion of fissile material and shortening of waste lifetime. The scenarios also show that a nuclear
phase-out is feasible, even under a strong climate policy, but does increase dependency on natu-
ral gas, CCS, and renewables.

Hydrogen

Hydrogen in transport can certainly play a role in meeting challenges posed by climate change
and scarcity of fossil fuels. Hydrogen is mainly used to substitute oil in private transportation,
where the main competitors for fuel cell cars are biofuels (in case of climate policy) and fossil
methanol or CtL (in case of high oil prices). The models have shown considerably different
penetration speeds. To some extent, this is due to the difference between simulation and optimi-
sation models, and this illustrates the difference between incremental and radical innovation.
For hydrogen, which needs strong cost reductions of the drive train, and imposes new infrastruc-
ture requirements, strong hydrogen specific policies with a long-term vision will be particularly
important, because general policies supporting incremental innovation will probably not be suf-
ficient to lower these initial barriers. High oil and gas prices seem to provide a stronger incen-
tive for hydrogen use in the transportation sector than ambitious climate policy, while the appli-
cation of CCS is essential for successful market introduction of fossil-based hydrogen in a car-
bon constrained world. However, the introduction of hydrogen is most strongly influenced by
assumptions on technology learning.
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Biomass

In many of the scenarios analysed, particularly those on renewables, the key role of biomass has
become clear. An increasingly important trade-off will be where to apply the scarce biomass re-
sources, in view of competing applications in the power, transport and heating sectors, apart
from the non-energy uses such as food production. Security of supply might be a stronger driver
than greenhouse gas emission reduction, because of the lack of alternatives for oil in transport
sector, and because biomass is not carbon-free but rather carbon neutral. Other sustainability is-
sues, such as land use, biodiversity, emissions due to fertiliser use, and water requirements are
also becoming increasingly important. It is expected that in the future, most biomass will be
used in gasification processes with many different applications.

Natural gas

From the range of fossil fuels, natural gas fits best in a carbon constrained world. Although in
the baseline, gas demand grows faster than total consumption, this level is usually not achieved
in the policy scenarios, where its prospects depend on the success of competitors such as renew-
ables or nuclear in the power sector, or biofuels in the transport sector. Natural gas has a key
role when it comes to security of supply. A strong climate policy may induce an increasing role
for natural gas, which can further increase Europe's dependency on gas imports which is already
very high. However, in case of higher CO, prices than the 100 €/tCO, assumed in this project,
the role of natural gas will probably become more marginal.

CO; capture and storage

Finally, as already alluded to, CO, capture and storage (CCS) appears to be an important tech-
nology for the perspectives of hydrogen in a carbon-constrained world, while it is also vital for
the prospects of coal. According to the scenarios assessed in this project, CCS on coal-based
power plants, notably IGCC, is preferred over gas-fired plants. This implies that especially for
countries with a booming demand for cheap (often coal-based) energy, CCS could still allow for
a low-carbon energy supply. The application of CCS could lead to an increased reliance on coal,
thus increasing security of energy supply.

However, there is still a large uncertainty on the potential for CCS and when it will become
available, while legal issues, risks and public acceptance also play a role. The only incentive for
CCS is in climate policy, but here it can complement other technologies in a useful way. More-
over, if the world is moving towards a more coal-intensive energy system, it is crucial to stimu-
late the timely development of affordable CCS technologies in order to counter the climate ef-
fects.

8.2 Synergies

Energy efficiency
One of the most robust options is energy efficiency as it provides a significant contribution to

reducing both import dependency and mitigation of CO, emissions at negative or low cost.
None of the policy cases in the CASCADE MINTS project has specifically focused on the pos-
sible contribution of energy efficiency. There are indications (Uyterlinde et al., 2007) that high
oil and gas prices may induce energy intensity improvements that counterbalance the increase in
carbon intensity resulting from the expected shift to solid fuels.

Renewable energy

Another apparent option for a sustainable energy system is renewable energy, as most renew-
able sources - with the exception of biomass - are both indigenous and emission-free, thereby
benefiting both climate objectives and security of supply. The main barriers are in terms of high
costs and limited potentials. For most technologies, large cost reductions are still possible. The
case study has shown that enhanced technological progress, which can be operationalised
through R&D and increased deployment, can make a difference for wind and solar PV. Fur-
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thermore, a combination of high prices for oil and gas, and ambitious climate policy provides a
strong incentive for renewable energy, although coal with CCS can be a serious competitor. A
high penetration of renewables imposes additional challenges due to their intermittent nature,
and may take time. The introduction of hydrogen produced by means of electrolysis may in-
crease the potential share of intermittent renewable options.

Transport sector

Finally, a synergy can be found in policies targeting at the transport sector, as these can achieve
both emission reduction and increased security of supply, when the dependence on oil is signifi-
cantly reduced. The case studies have shown that major shifts in the structure of the transport
sector are technically possible, up to completely phasing out petroleum based fuels in Europe by
2050. However, is conditional on the success of the 2nd generation of biofuels, as these have a
larger energy density per hectare of land, and on a strong cost reduction of the drive train of hy-
drogen vehicles.

mitigates climate change
100%

no other environmental

externaliies ®improves security of supply

affordable — availability/potential no constraint
——coal ——gas —— nuclear biomass
wind&solar energy efficiency - = = CCS (coal) H2

Figure 8.1 Illustration of trade-offs and synergies

Finally, Figure 8.1 provides an overview how the different technological options perform
against the most important policy objectives and criteria. Options should ideally mitigate cli-
mate change and improve security of supply, while being affordable, available, and without
other environmental externalities. It demonstrates that while energy efficiency, intermittent re-
newable resources, nuclear and CCS (with coal) are robust in that they serve both objectives,
they are no ‘silver bullet’, and a portfolio approach should be used to employ mixes of options,
also depending on regional potentials and preferences.

8.3 Policy instruments

A common conclusion for several of the policy case studies is that generic policy instruments
are often more effective in producing sustainable results. Subsidies targeted only to renewable
electricity generation proved to be much less efficient in reducing CO, emissions and increasing
the share of renewable energy sources on the primary energy level than schemes where also
other sectors, e.g. transport, would have renewable energy sources subsidized. Similarly, impos-
ing strict standards for carbon capture technologies proved to be significantly more costly than a
direct emission cap applied for all sectors and technologies. In both of these cases the asymmet-
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rical use of policy instruments moves fossil fuels to the sectors where their use is not punished,
therefore creating an inter-sector ‘carbon leak’.

However, this conclusion mainly holds for proven technologies. In the stage of market introduc-
tion, there must be sufficient technology-specific incentives. Generic policy instruments may
lead to lock-in situations where only the more mature technologies are supported, whereas the
innovative alternatives may not be developed in time. The models used in this project usually
assume perfect markets and therefore these mechanisms are less highlighted in the case studies.

Targets for renewables

For Europe, 20% renewables in 2020 will require strong policies, and it is recommended to pur-
sue energy demand reductions simultaneously. Implementation of renewables is currently most
straightforward in the power and transport sector, but to achieve further growth towards 2020,
applications should involve other end-use sectors. For instance the potential in the building sec-
tor, including renewable heating and cooling options, such as solar thermal water heaters or
biomass-based district heating should be further exploited. Bio-energy is one of the key renew-
able options because of its large potential and its different possible applications. A strong
growth of biomass deployment is required for achieving ambitious renewables and climate tar-
gets. Policies in different areas such as energy, agriculture, and environment should be further
streamlined in order to overcome current barriers.

A variety of policies have been implemented in the different models in order to achieve a 20%
penetration of renewable energy sources in Europe. Most of the models have incorporated a
separate target for the power sector of 33% renewable electricity consumption. There seems to
be some consensus on a subsidy level up to 40 €/MWHh, a level that would be comparable to the
electricity commodity price. However, the design of the policy instrument differs, ranging from
feed-in tariffs to quota/certificate systems. Moreover, a well-designed policy should differenti-
ate support instead of providing a flat rate for all technologies, implying that the average sub-
sidy would probably be lower. A comparison of a scenario of certificate trade in the EU-15 to a
scenario where all 15 Member States achieve their targets domestically shows that trade leads to
cost reductions for most of the countries, whereas expensive technologies, such as PV, experi-
ence a larger growth when the targets are met without trade.

Policies to stimulate CO, capture and storage

The main policy instrument analysed, which obliges new fossil power plants to install CCS
technologies as of 2015, shows that 16% to 30% of global CO, emissions could be captured in
2050, while for Europe, due to a more limited growth of the power sector than in some other
world regions, this would amount to some 20%-25% of total CO, emissions. These amounts
could be regarded indicative of the maximal CCS penetration achievable by 2050, as the more
flexible global CO, emissions cap induces a much lower CCS uptake, while at the same time
there are several mechanisms limiting the effectiveness of any policy focusing exclusively on
CCS.

A larger penetration is limited by several factors. First, the inertia in the power sector will slow
down the penetration of CCS technologies, as retrofitting is expensive, existing plants will
probably operate without CCS until the end of their lifetime. Secondly, imposing a strict stan-
dard requirement on one sector alone may lead to adverse effects such as moving the carbon in-
tensive fuels to sectors where no such requirements are imposed. Third, it is difficult to target
such a policy well, as it may easily provide an incentive for fossil-based technologies not cov-
ered by the standard, such as peak-load gas plants. Finally, the introduction of a CCS standards
policy is often much more costly than imposing a CO, cap that reaches the same emission re-
duction. Therefore, a prerequisite for the implementation of this type of regulatory measure is
that CCS technologies are both available and affordable for large-scale application. It is recom-
mended to gradually adopt such a policy, in order to reduce the associated cost penalty. In the
meantime, new power plants could already be built 'capture ready'.
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Technological progress

In this case study, enhanced technological progress in terms of investment cost reductions has
been modelled to reflect the impact of additional R&D policies on top of the considerable tech-
nological progress already represented in the baseline and policy cases. It should be stressed that
this case set-up does not cover all possibilities for progress in the techno-economic characteris-
tics of technologies. Looking more closely at the role and contribution of this enhanced pro-
gress, it appears to have the most significant impacts on hydrogen production, storage and con-
sumption and on the use of renewables (wind and solar PV) for power generation. This may
lead to a reduction of Europe’s dependence in electricity imports. All energy system models in-
dicate that the enhanced technological progress leads to a decrease in overall costs of a few per-
cent, both for the carbon policy as well as for the high oil and gas price scenario.

Furthermore, models with endogenous technological learning show the most sizeable impacts of
enhanced technological progress, because the impacts of the other drivers (carbon value, high
oil and gas prices) are reinforced by the stronger cost reductions as a result of higher volumes of
carbon-free technologies. Since this reflects the effect of learning-by-doing, it indicates that the
impact of enhanced technological progress may in reality be stronger than what has been shown
by most of the models in this case study. However, it remains a challenge to design R&D poli-
cies that actually achieve these stronger cost reductions.

Hydrogen in transport can play a significant role in meeting challenges posed by the introduc-
tion of climate policies or increasing oil and gas prices. Enhanced technological progress in
general does not necessarily lower the barriers for hydrogen, as competitors may also profit
from increased research efforts, but if the effort is aimed specifically at hydrogen technologies,
enhanced technological progress will considerably speed up the uptake of hydrogen in the en-
ergy system.

Different policy objectives

Climate policies do not necessarily result in increased security of supply - depending on the role
of natural gas. When Europe’s energy system faces carbon prices of up to 100 €tCO,, it will
respond mainly with a shift to renewables, natural gas and possibly nuclear power, allowing
CO; emissions to be reduced with 21% to 54% in 2050, compared to the baseline. The changes
largely take place in the power sector, where the contribution of coal remains uncertain, as it
depends on the estimates for costs and potential of CCS. On the global level, the trends are simi-
lar, as the models are unanimous about the decreasing share of oil and particularly coal, while
there is some uncertainty over to the role of natural gas, ranging from an increasing contribution
in two of the models to a decreasing contribution in another model. In all, the potential role for
natural gas in a world with a strong carbon policy is strongly linked to the success of its com-
petitors.

Security of supply policies do not automatically lead to CO, emission reductions. The implica-
tions of high oil and gas prices for Europe are not necessarily environmentally favourable, as
there is a tendency towards coal, even though renewables also benefit. In principle, nuclear
power is an alternative to gas in the power sector, its expansion, however, depends on political
decisions.

The combination of a strong climate policy and high oil and gas prices is a strong incentive in a
sustainable direction. As illustrated by the ‘combined case’, Europe could introduce a carbon
value to counter the adverse environmental impacts of high oil and gas prices. This would spe-
cifically provide opportunities for renewable energy technologies, which have shown to possess
a large potential for learning and associated cost reductions. Alternatively, the prices of oil and
gas could be decoupled, to prevent the undesired shift to coal without CCS.
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