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Executive Summary
As significant changes have occurred since 2009, the current report provides an update of the Power
Choices scenario and includes new scenarios focusing on the impacts of possible deviations from an “optimal” decarbonisation pathway to the horizon of 2050.
What has changed? Since November 2009, when the first results of Power Choices were presented we
have seen:











Slower than expected progress in the UNFCCC international climate negotiations. Europe’s decarbonisation objectives to 2050 are clear. But the global UNFCCC negotiations have moved slower
than anticipated. Some countries e.g. Australia, South Korea and now China are introducing climate policies together with national emissions trading systems – but many other countries or
regions still have not made climate change mitigation commitments. Expectations for a global
framework are postponed to the 2015 UNFCCC COP21.
Recession. The 2008-9 financial crisis has been compounded by a Eurozone recession resulting in
lower industrial demand for EUAs, and lower demand for electricity and gas. In January 2013 EUA
market prices dropped below 5€/t – an all-time low. Recession has also brought balance sheet
consolidation and severe capital rationing by companies. In the economy as a whole there is reduced access to capital, government cutbacks on infrastructure spending, and loss of consumer
confidence.
Review of national energy policies. The Fukushima accident has resulted in changed nuclear policies in several Member States. Meanwhile lack of local public acceptance has delayed new build
investments, especially in infrastructure. CCS demonstration has been painfully slow. There has
also been slow progress in European market integration.
Technology assumptions. CCS and nuclear have become more expensive due to the acceptance difficulties, on the contrary PV development has surpassed past expectations and costs are assumed
to be lower and to develop more speedily along the learning curve in the Power Choices Reloaded
scenarios
International fuel prices. The international fuel price projections have also been updated and now
assume the high prices in the short term and a gradual decoupling of oil and gas prices in the longterm due to the exploitation of unconventional gas resources (outside of Europe)
Stronger energy efficiency. Following significant amounts of legislation adopted on energy efficiency the chances of removing non-market barriers are assumed to be larger and this is reflected
in the modelling through more optimistic development of energy efficiency possibilities.

Although these changes cause significant differences in the results, the broad messages of the scenario
remain and the Power Choices Reloaded study confirms the main outcomes of the Power Choices study of
2009 that:





Carbon-neutral power in Europe by 2050 is achievable
The major CO2 reduction in the power sector has to escalate during 2025 to 2040
All power generation technology options, plus robust electricity and carbon markets and policies
to foster energy efficiency, are needed simultaneously
A paradigm-shift is needed on the demand side: intelligent electricity systems should replace the
direct use of fossil fuels

The Power Choices approach is based on systems analysis: energy efficiency and intelligent electrification
in the demand sectors is combined with decarbonisation in power generation, both enabled by substantial development of infrastructure and supported by well-functioning Europe-wide markets, to deliver
reduction of greenhouse gas emissions as required by the EU Roadmap at least and affordable cost. The
“optimal” pathway suggested by Power Choices Reloaded scenario is mainly driven by market-based instruments, such as carbon pricing, complemented where necessary by bottom-up measures aiming at
overcoming non-market barriers and providing positive externalities from technology learning which

ii Executive Summary
needs to occur in a timely manner in order not to jeopardise the achievement of such a scenario, and
supported by successful market coordination to ensure timely development of infrastructure.
To address the high level of uncertainty that surrounds market players’ decisions, in particular related to
policy and regulatory stability as well as stemming from continued slow economic growth and financial
morosity, the present study has quantified a series of scenarios which deviate from the optimal pathway
of the Power Choices Reloaded scenario:



Bn €'2010

Lost Decade scenario: a scenario analysing the effects of not taking any action until 2030
Limited financing scenario: a scenario which shows the effects of continued financing limitations,
due to continued uncertainty in the macro-economic context
 Barriers to energy efficiency scenario: a scenario analysing the effects of low effectiveness in energy efficiency policy and developments in the medium term
 Incompletion of the internal energy market (implying limited cross-border trade) scenario: a scenario verifying the effects of lack of achievement of the internal energy market according to plan
therefore leading to lower trade volumes between countries delayed development of infrastructure projects
 Carbon price driven scenario: a scenario which analyses the consequences of using only the carbon price as a driver for
ES Figure I: Difference of cumulative energy system costs (2011-2050) excl. auction from
the achievement of decarPower Choices Reloaded scenario (in bn€'10)
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ES Figure II: All decarbonisation scenarios emit the same cumulative emission amounts
but follow different emission trajectories

All these scenarios show
that deviating from the
cost-optimal pathway of
the Power Choices Reloaded scenario leads to
increases in energy system costs.
The cumulative cost increases until 2050, compared to the Power Choices
Reloaded scenario, range
from 400 billion€ for the
Limited cross-border trade
scenario to 5.5 trillion€
for the Lost decade scenario.
The Lost decade assumes a
complete lack of action in
the decade 2020-2030
therefore the entire decarbonisation action occurs
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in the last two decades, including the development of infrastructure and technology R&D, which implies
that the scenario projected is barely feasible in true life; transport electrification is also assumed to occur
at a much lower level.
The Limited financing scenario is the second most expensive scenario; although policies are in place to
drive towards decarbonisation the lack of financing greatly limits the developments for R&D developments, infrastructure and construction of power plants, causing delays in action and then high costs when
action is obliged driven by the high marginal cost of carbon.
The CO2 price driven scenario has high prices as in the absence of bottom-up policies driving energy efficiency, the latter occurs at a more limited pace, causing the supply side sectors which are more flexible
to a carbon price to take more action. Transport electrification in this scenario is assumed to occur driven
through other drivers such as pollution concerns.
The main conclusion from the deviation scenarios is the importance of ensuring structural change
achievements and infrastructure developments in the decade 2020-2030. All the scenarios analysed, with
the exception of the carbon price driven and the renewable energy target scenarios, imply a delay before
2030 and the consequences are generally found large and in the case of the Lost decade scenario catastrophic.
ES Figure III: Power Choices Reloaded confirms the importance of improving efficiency in electricity use combined with electricity substituting fossil fuels





Power Choices Reloaded confirms several results from 2009:


Decarbonising the economy will
cause energy costs to rise in in the shortto-medium term, but the all technologies
scenario is the most cost-effective and offers most benefits in the longer-term.

Decarbonising the economy requires a significant share of final use to
switch to electricity, in particular in the
transport sector, thus delivering emissions reductions and efficiency improvements; the Power Choices Reloaded scenario combines strong energy efficiency
measures with transport electrification
and carbon prices inducing the decarbonisation mainly of the power generation sector. In this way energy efficiency
is prioritised to fuel switching which occurs in sectors, e.g. transport, where electrification is the most efficient way to achieve decarbonisation.
In general a CO2 price signal is a very powerful tool for all sectors to efficiently drive low-carbon
investment; but particularly for the supply side sectors and industry. A carbon price signal can
though not induce transport electrification or very large scale energy efficiency, as a carbon price
in final energy demand rather leads to fuel substitution than inducing direct energy efficiency.
For this reason for the transportation sector and for final energy demand sectors the carbon price
signal is complemented by bottom-up measures which overcome market barriers and limit market failures more effectively.
Sensitivities on renewables show benefits from progressively phasing out subsidies to mature
technologies and from avoiding mandatory targets. It is shown that the CO 2 price signal can ensure strong growth in renewables, even with a progressive phase-out of specific incentives for
mature renewable technologies. Not-yet-mature, promising technologies will still need specific
support schemes.

iv Executive Summary







Electricity prices will level out in the long-term, decreasing beyond 2030 in the Power Choices
Reloaded scenario, when fuel costs reduce more than the additional capital costs. However the
Lost Decade scenario shows an extreme price spike in 2030-2040 and a levelling off at the high
price level.
As RES potentials are unequally spread across Europe, high exploitation of the EU potential implies maximum use of interconnecting capacities to share the resources and also share the flexibility and reserve system services to allow for lower overall costs. If this is not the case, as the
Limited Cross-border Trading scenario shows, the overall costs of the energy system will be significantly more expensive, as balancing and reserve capacities as will have to be built locally.
All scenarios show a significant need for CCS after 2030, therefore reminding policy-makers of
the importance of preparatory demonstration and readiness.
Continued need for nuclear – building replacement capacity is a considerably important component of the decarbonisation strategy.

The analysis of deviation scenarios clearly shows that a number of milestones/achievements should occur by 2030 such as:










Meeting of the 2020 targets as set out in the Energy and Climate package to achieve 20% RES in
gross final energy demand and 20% GHG reduction.
Reduction of power generation emissions: in the Power Choices Reloaded scenario specific emissions (tCO2/MWh) from power and heat generation are found to be 52% lower than 2010 specific
emissions.
Building Energy efficiency: substantial amounts of renovations need to take place in the time period to 2030 and beyond. Houses need to be renovated to at least 60% of their original 2010 consumption, wherever possible and be maintained at a low energy consumption throughout the
projection period; new houses require strict building regulations of around 40kWh/m 2 in moderate climates, 30kWh/m2 in warm climates and 50kWh/m2 in cold climates. Renovation rates
need to accelerate significantly beyond historical levels.
Equipment energy efficiency: new appliances need to be of very high standards, implying that
already by 2030 most new appliances should be of the highest available efficiency.
Completion of the grid infrastructure plans and completion of the Internal Energy Market ensuring effective sharing of resources for balancing and reserve power
New nuclear investment and extension of lifetime of old nuclear plants, where possible, in countries that foresee nuclear energy
Storage for CO2: in view of the fast development of CCS transport of carbon needs to be fully developed and storage sites to be enlarged to receive multiples of the CO2 quantities stored from
2020 to 2030 on an annual basis after 2030.
Recharging infrastructure: for transport electrification to occur at the speed necessary to allow
for the massive transport electrification to occur beyond 2030, the recharging infrastructure and
mainly the grid reinforcement needs to have already occurred to a great extent in 2030.

The present study also includes a set of scenario variants for the medium-term development of the EU
ETS market. The results show that harmonizing policy objectives for renewables and energy efficiency so
as not to undermine the ability of EU ETS in conveying a clear carbon price signal to investors is an important constituent of a cost-effective strategy. The variants have also shown the effects of different setaside scenarios: setting aside of allowances may change short term prices, but if allowances are backloaded at a later stage there are hardly any long-term effects. Tacking away allowances from the system
may on the contrary have effects also further into the future.
The analysis has been carried out using the PRIMES energy system model which quantifies projections
for the EU and the individual Member-States. As with all models, PRIMES has limitations and the projections will certainly deviate from reality. PRIMES assumes a deterministic and a good anticipatory decision-making context, contrary to reality where decisions are surrounded by considerable uncertainty.
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Although rich in engineering evidence, the model resolution lags behind the level of detail included in
short-term engineering modelling of power systems. Spatial representation is also limited in PRIMES.
The aim of the modelling is not to forecast the future but to improve learning for decision makers and
facilitate rationality. The scenario projections are illustrative and deliberately contrasting with each
other.
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Part 1: Introduction
Since the Power Choices report (March 2010) was published there has been the confirmation by the European Council –in February 20111- that the European Union (EU) has the objective to reduce its greenhouse gas (GHG) emissions by 80-95% compared to 1990 levels by 20502. Not only is the objective for
2050 important but also the trajectory of emissions reduction, as for climate change the concentration of
GHGs is a crucial element. Several studies and in the UNFCCC process it has been claimed that industrialised countries should aim at achieving an 80-95% emission reduction targets to maintain the world on
track for a global average temperature increase below 2°C: for the EU it has been estimated that cumulative emissions should not exceed 69732 Mt CO2 in the time frame 2011-2050. The confirmation by the
European Council strengthens the need and the necessity for solid analysis for pathways towards decarbonisation. The European Commission published a Climate and then an Energy Roadmap: the first “A
Roadmap for moving to a competitive low carbon economy in 2050” (published in March 2011) and the
second “Energy Roadmap 2050” (published December 2011). Both studies, published after Power
Choices, confirm its main messages that decarbonisation is possible with technologies known today, the
central role of electricity and that using all options is the least cost pathway. Independent roadmaps were
published by the European Climate Foundation (Roadmap 2050- April 2010), and several by the IEA
which include also Europe, as well as by a large number of associations focusing on specific sectors. All
these independent studies confirm the initial finding of Power Choices and that of the predecessor Role
of Electricity (published in 2007) that electricity will have to play a key role in the long process of decarbonisation both in the demand and the supply sides.
It is then natural for EURELECTRIC to update the Power Choices view to the future by taking into account
latest developments, the views expressed by stakeholders in various roadmaps and above all the targets
and orientations set up by the European Commission’s Roadmaps.
The Power Choices Reloaded study is an update of the Power Choices study of 2009 (published 2010).
The study includes an update of the main Power Choices decarbonisation scenario which is projected to
be the ‘optimal’ pathway towards decarbonisation in terms of cost. The updates reflect the latest policies
(up to spring 2012), the latest developments in international fuel prices, including an update of the resource basis for fossil fuels, an update of technology costs reflecting the latest developments for e.g. PV
and reflects the difficulties that CCS and nuclear are facing due to acceptability concerns, as well as the
difficulties in financing.
The present report presents the results of a cost-optimal scenario pathway to achieve the decarbonisation “the Power Choices Reloaded” scenario and analyses a series of deviation scenarios based on issues
which are currently being discussed widely in policy debates, including:







1
2

The role of energy efficiency and the effects of barriers to energy efficiency
The loss of momentum of climate change policy after 2020, and the subsequent necessity to
achieve the decarbonisation within two decades until 2050
The possible effects of prolonged financial difficulties impeding investment
The role of the completion of the EU internal energy market and the benefits of unobstructed free
energy trade
The effects of using only a carbon price to obtain decarbonisation and
The setting of additional renewable energy targets in 2030.

European Council 4th February 2011 -(EUCO 2/1/11 REV 1) (CO EUR 2 CONCL 1)
Provided that the rest of the world regions also undertake strong emission reducing actions.
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Further the study includes also a Reference scenario and variants of such a scenario related to the short
to medium term developments of ETS through possible setting-aside allowances and variations on the
intensity of policy targets for renewable energy sources and energy efficiency in the medium term.
The analysis was carried out using the PRIMES energy system model, developed and operated at E3Mlab
of the National Technical University of Athens. The PRIMES model includes detailed representation of
both the supply and demand sectors. It is a system and market simulation tool which is used to quantify
scenarios about future evolution of the energy system and the markets under assumptions about the
policy and regulation, technology development, world energy market evolution and economic growth
and activities. The scenario context, i.e. the scenario-related assumptions, is described through a set of
exogenous technical and structural parameters and policy drivers. The numerical projections are detailed
by EU member-state and by sector and cover the time period until 2050 in 5-years steps.
The role of the power sector in the decarbonisation process is essential as emissions from this sector
alone represented about 38.5% of total EU emissions in the year 2010. Further electricity has the potential of substituting other fuels in demand side sectors therefore contributing to the decarbonisation of
the rest of the system provided that a variety of options are employed to achieve the decarbonisation of
power generation.
The study is organised in the following way: Part A includes the general assumptions for all the scenarios,
a description of the Reference scenario and of the Power Choices Reloaded scenario; Part B describes the
deviation scenarios from the Power Choices Reloaded scenario; and part C presents the variants for the
short and medium term. Key messages conclude this study.
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Part 2: Macroeconomic and global fuel pricing context
2.1. Economic growth
The world economy is assumed to grow steadily at above 2% per year, with growth above average for
China, India and emerging economies and growth around 1.5% per year in OECD economies. Energy intensive industries are assumed to
be roughly maintained in OECD
Table 1: Average annual growth rate of GDP per capita
countries, but global demand
2005201020202030- 2010growth is assumed to be mostly
(%)
2010
2020
2030
2050
2050
met by plants in emerging economies.
World GDP
2.2%
3.0%
2.3%
1.9%
2.3%
N. America

0.0%

1.5%

1.3%

1.5%

1.5%

W. Pacific

1.0%

1.7%

1.5%

1.3%

1.5%

China

10.3%

8.1%

4.2%

2.5%

4.3%

India

7.0%

6.1%

5.0%

3.9%

4.7%

CIS

3.9%

4.7%

3.0%

2.4%

3.1%

MENA
Emerging economies

2.1%

2.8%

2.6%

1.8%

2.2%

2.8%

2.8%

2.2%

1.9%

2.2%

Rest of World

3.9%

3.1%

2.9%

2.9%

2.9%

EU

0.5%

1.4%

1.5%

1.3%

1.4%

The projection is based on the assumption of a robust global growth
of per capita income with a strong
growth in China, India, the CIS and
MENA (Middle East and N. Africa)
regions. Projection for the EU, Norway and Switzerland are guided by
latest Ageing Report (Spring 2012).
For other world regions IEA projections are followed closely. The
shorter term (to 2015) is derived
from the IMF projections of 2011.

2.2. World energy markets

The world fossil fuel prices for this study are derived from latest updated projection 2010-2050 carried
out in spring 2012 using the Prometheus world energy model.
The Prometheus model was updated to include new economic
and demographic projections, as
Yet to Resources/
well as crucially an update of the
Reserves find re- Production
assumptions about resources
sources ratio 2010
(Table 2). The new assumptions
about resources include: a large
Oil (in Gbl)
1479
1336
89
upward revisions for convenof which unconventional (in Gbl)
0
436
0
tional gas and oil resources folGas (in Gtoe)
171
540
237
lowing estimates by USGS3, BGR4
of which unconventional (in Gtoe)
0
342
0
and IEA5; inclusion of worldwide
estimates of unconventional gas
resources -tight sands, shale gas and coal bed methane- based on new estimates, which were not included
in the previous projection. Further the natural gas resource base increases more than 2.5 times, with
important implications on ultimate price capping.

Table 2: Assumptions about resources

Energy efficiency improvements are assumed to be enabled worldwide by the availability of more efficient technologies and more energy efficiency policies; emission reduction policies assumed are aligned
to Cancun pledges. Further it is assumed that policies promoting renewables are pursued in all countries.
Robust penetration of car ownership in emerging economies underpins oil demand growth. In stationary
USGS: U.S. Geological Survey
BGR: Bundesanstalt für Geowissenschaften und Rohstoffe- German Federal Institute for Geosciences and Natural
Resources
5 International Energy Agency
3
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uses, widespread electrification and penetration of appliances keep global electricity generation growing
by 2.4% pa on average, while very limited electrification of transport is assumed. Natural gas share increases both in final demand and in power generation.
The fossil fuel prices obtained in the Prometheus scenario are broadly in agreement with the IEA World
Energy Outlook 2012 and range between the Current Policy and New Policy scenarios of the latter study
in line with the assumed assumptions for the Prometheus scenario which also lie in between these two
IEA scenarios.
Oil prices remain relatively unchanged in the longer term, but remain somewhat lower than previous
projections reflecting higher resource base assumed. For the shorter term, higher prices reflect failure of
productive capacity to grow in line with demand (fuelled by economic recovery and persistent growth in
emerging regions). The situation eases somewhat around 2020 before declining resource/production –
RP- ratios result in resumption of upward trend.
Considerably lower coal prices in the 2025-2040 period are due mostly to competition with gas, nonetheless in the current projections coal prices are higher than in the IEA’s World Energy Outlook 2012.
In the longer term gas price fails to follow the upward trend of the oil price. This is mostly due to the very
large additional undiscovered resources including unconventional gas that were assumed. Natural gas
prices stabilise at a level that is still high enough to ensure economic viability of unconventional gas projects, around 80$/boe.

Figure 1: International fuel prices
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2.3. Global climate action in the Reference scenario

The scenario for the projection of the fossil fuel prices assumes that the Cancun pledges of the different
countries are respected through carbon pricing and new policies and measures. China, India and CIS meet
not very ambitious pledges, whereas the OECD Western Pacific and North America Pledges are met in the
long run (see Table 3). No climate action is assumed beyond the pledges.
In the EU results of agreed policies and legally binding 2020 targets lead to considerable further emission
reduction.
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Table 3: Pledges assumed in the world fossil fuel price reference scenario

% reduction of CO2 emissions in 2020
Low

Reference year

High

EU27

30%

1990

USA

17%

2005

Japan

25%

1990

Canada

17%

2005

Australia & N.Z.

15%

25%

2000

Russian fed.

15%

25%

1990

China

-40% CO2/GDP

-45% CO2/GDP

2005

India

-20% in C/GDP

-25% in C/GDP

2005

-

-

Brazil

Rest of the World

-3%

The scenario results in increasing CO2 emissions at world-wide level by over 50% between 2005 and
2050. Emissions from all fossil fuels increase with emissions from oil reducing least.
Table 4: World CO2 emissions by sector and fuel in the reference scenario

2005

2010

2020

2030

2050

27.62

30.19

35.61

39.09

48.41

Industry

4.74

5.77

6.59

6.67

7.11

Transport

5.77

6.02

7.41

8.67

10.22

Residential/Commercial

3.32

3.55

3.48

3.54

3.79

Electricity production

9.86

11.82

14.13

15.91

22.39

Other (including bunkers)

3.92

3.97

3.99

4.30

4.91

Coal

11.54

13.11

16.89

17.97

23.55

Gas

5.66

10.89

7.59

8.92

11.84

Oil

10.42

6.19

11.13

12.20

13.03

CO2 Emissions (Gt CO2)
By sector

By fuel

Emissions in the EU and in the rest of the OECD countries are projected to decrease over time under the
assumptions of the reference scenario. The reduction is due to implemented policies as well as the assumption that certain polluting technologies become more efficient over time while energy-depending
activities experience a certain degree of saturation.
In other world regions, the economic growth and the increasing GDP per capita lead to increased emissions in the absence of strong climate policies in the reference scenario. As a consequence, world emissions significantly increase in the future and substantially deviates from sustainable climate scenarios.
World emission concentration to 2050 correspond to climate scenarios which assess unsustainable impacts on global temperature.

9

Power Choices Reloaded

Figure 2: Percentage change in CO2 emissions from 2005 by world region in the reference scenario
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2.4. EU Policy context
The EU has a number of implemented policies and measures which are assumed to directly influence the
future developments of energy supply and demand.
The scenarios developed within the Power Choices Reloaded projections include all policies implemented
at EU level until end 2011, including the achievement of the targets of the EU Energy and Climate package.
The scenarios are all assumed to deliver the targets set within the Energy and Climate Package therefore
20% greenhouse gas (GHG) emission reduction in 2020 compared to 1990 and the 20% share of renewable energy sources
Figure 3: Cumulative ETS allowances 2008-2050
(RES) in gross final energy consumption.6
One of the main instruments in achieving the
emission reduction is
the EU-Emissions Trading Scheme (EU-ETS)
which is fully represented in the modelling
following the latest directive - 2009/29/EC.
Within a reference scenario context, in which
only implemented policies are assumed, the

The RES target is delivered by a combination of implemented bottom-up measures and non-identified policies.
The latter are represented in the model through a marginal renewable value: this can be interpreted as the marginal
value of a RES obligation and is modelled as a marginal benefit of producers using RES. All additional costs are
recovered through consumer prices.
6
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ETS is assumed to continue in its current form until the year 2050, assuming a linear decreasing cap
throughout the projection period of 1.74% p.a. as foreseen by the current directive. CDM offsets, priced
very low, are assumed to be used in the period until 2020, at a maximum permissible amount of 1750 Mt
CO2 cumulatively. The EU ETS, as modelled includes the phase 3 scope therefore includes aviation, process emissions and certain non-CO2 GHGs. It has been estimated that the market will start in 2013 with
an EU-Allowance (EUA) surplus of 1900 Mt CO2, banked from Phase II; the average price in 2012 was
approximately 7 €/tCO2.
The PRIMES model simulates emission reduction behaviour in ETS sectors as a response to current and
future carbon prices; electricity prices are influenced by carbon prices and so emissions in the power
sector also depend on demand which is in turn influenced by electricity prices. Both the emission reduction adjustments and the EUA banking behaviour are looking at forward carbon prices. The EUA price
trajectory is adjusted until the cumulative ETS cap (until 2050) is met provided that the resulting EUA
banking projection is plausible under perfect foresight conditions. Thus, risk-averse or speculative behaviours in EUA banking and their effects on EUA prices are ignored in the model-based projections.
For the non-ETS sectors the most important policies for energy and emissions are, for transport, the regulations on CO2 tailpipe emissions of vehicles (Regulations 443/2009 and 510/2011 for cars and vans
respectively) and the Euro regulations for cars, vans and heavy duty vehicles (HDVs), as well as the fuel
quality directive; the Energy Performance of Buildings Directive (EPBD); the eco-design directives and
regulations; and the effort sharing agreement. All policies are fully included in the modelling within the
timeframe foreseen by the legislation. The reference projection also assumes use of the flexibility mechanisms foreseen by the legislation –for the effort sharing decision in particular. The Energy Efficiency
directive of June 2012 is not included in its current form, although strong energy efficiency is assumed.
For the supply side sectors the modelling includes:









Cogeneration directive
Large combustion plants directives and regulations
IPPC directive (best available technologies)
Completion of the internal energy market directives and regulations (e.g. REMIT)
Nuclear safety and waste directives
Directive on the geological storage of CO2
EEPR (European Energy Programme for Recovery) and NER 300 (New entrance reserve) CCS and
innovative renewables funding programme
TEN-E guidelines and ENTSOE 10-year infrastructure plan

Country specific policies and measures are also included in the projections. This includes the developments on legislation on nuclear and carbon capture and storage.
Several constraints are put on the model such as decisions of Member States not to use nuclear at all
(Austria, Cyprus, Denmark, Estonia, Greece, Ireland, Italy, Latvia, Luxembourg, Malta and Portugal); closure of power plants is assumed to follow published schedules. The nuclear phase-out in Belgium and
Germany is respected, while lifetime of nuclear power plants was extended to 60 years in Sweden and in
France. Nuclear investments are possible in Bulgaria, the Czech Republic, France, Finland, Hungary, Lithuania, Romania, Slovakia, Slovenia, Spain and Poland.
Relating to carbon capture and storage, of the originally proposed six power plants to be built by 2020
through the EU EEPR and NER300 programmes only three seem to be on track to be implemented by
2020 (two in the Netherlands, on in the UK and one in Poland); only these power plants are assumed to
be built. Austria and Latvia have banned storage of CO 2 and other countries have imposed limitations.
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Banns and constraints are directly imposed in the modelling; the difficulties in financing which are currently being observed due to acceptability concerns are also reflected in the modelling through higher
risk premiums and lower or more expensive storage capacities.
Power plant commissioning and decommissioning for the short term fully includes existing plans, as
known in summer 2012.

2.5. Technology context
The scenarios developed within the Power Choices Reloaded, and in general with the PRIMES model,
assume only known technologies today for which different degrees of improvements may be assumed
according to the scenario context. The PRIMES model includes a large variety of technologies of which
the most important, in particular in view of decarbonisation, are the following categories:








End-use energy efficiency (thermal integrity of buildings, lighting, electric appliances, motor
drives, heat pumps, etc.)
Renewable energy for centralized and decentralized power generation, as well as for direct heating and cooling applications
Supercritical coal plants, advanced gas combined cycle plants and CHP
CO2 carbon capture and storage
Nuclear energy including 3rd and 4th generation
Advanced transmission and distribution grids and smart metering
Plug-in hybrid and electric vehicles, both for passenger and freight road transportation

In the context of the Power Choices Reloaded scenario positive development of such technologies is assumed, which requires substantial market-driven and industrial-pulling support much above today’s levels. Electric vehicles, their batteries and the related infrastructure are assumed to develop towards becoming mature cost-competitive technologies.
The techno-economic data for the power generation sector has been updated following the latest suggestions by VGB7 and other sources.

2.6. Reference scenario projection for the EU
The scenario assumed as a Reference projection within the Power Choices Reloaded (Reference-PCR)
study is an update of the Reference scenario used within the Energy Roadmap 2050 of the European
Commission8. The Reference-PCR includes all policies up to spring 2012 and no further policies; it includes the update on fuel prices and technologies as all the scenarios within this study to allow for full
comparability.
This scenario includes a partial update of the 2010 data for electricity demand and a full update of the
power plant database from the Platts database (Spring 2012) and other sources. Macro-economic projections for the EU, taxation and statistical data for all other fuels remain unchanged compared to the
Energy Roadmap 2050 variant. Assumptions about nuclear and CCS have been updated according to the
latest provisions by Member States in spring 2012. International fossil fuel prices have been updated to
the latest Prometheus projection from 2015 onwards; 2010 prices were not modified.
The Reference scenario includes all adopted policies until spring 2012 and assumes achievement of the
EU Energy and Climate package targets. Therefore, already in the Reference scenario primary energy requirements remain below 2005 levels throughout the projection period as a result of policies, such as
eco-design, buildings directive, car regulations, etc. assumed to be implemented between 2015-2020 and

7
8

VGB: Vereinigung der Großkessel-Besitzer e.V.
EC: [SEC/2011/1566] http://ec.europa.eu/energy/energy2020/roadmap/index_en.htm
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Table 5: Percentage annual change of energy intensity

'90'00

'00'10

'10'20

'20-'30

'30'40

'40-'50

-1.77

-0.99

-2.18

-1.97

-1.38

-1.35

Industry

-2.61

-1.09

-1.38

-1.41

-1.03

-0.68

Residential

-1.34

-0.33

-2.08

-1.93

-1.66

-1.49

Tertiary

-2.32

-0.53

-2.28

-1.91

-1.19

-1.24

Transport

-0.25

-0.33

-1.71

-2.05

-1.74

-1.55

%
Entire economy

Figure 4: Primary energy demand and GDP projection
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Figure 5: Energy intensity (primary energy over activity)
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to deliver improvements also in the decade after 2020; the achievement of the legally binding 2020 targets, the high energy prices (imported fuels) and the consequent increase of electricity and
heat/steam prices in the period until
2020 as well as the stagnation or low
growth of energy intensive activities
bring about these results.
Primary energy remains below 2005 levels throughout the projection period,
while being rather stable at approx. 1750
Mtoe in the current decade; the slow increasing pace experienced in the past discontinues after 2006-7. If energy intensity of GDP were frozen to 2010 levels, the
EU would require 51% more primary energy cumulatively until 2050; the current
scenario therefore projects a rather
strong decoupling of GDP and energy
growth (see Figure 4).
Energy intensity9 of final demand improves in all sectors, including in transportation; more intense gains are projected for the time period 2015-2025
when the assumed policies are implemented.
All sectors see a reduction in energy intensity; the highest improvements are in
residential and tertiary in the decade to
2020 due to the pursuance of the energy
efficiency policies. The transport sector
sees the least improvements; the regulations on tailpipe CO2 emissions drive a
downward trend in energy consumption
and emissions to a certain extent, but they
are not strong enough to drive towards
radical changes in the transport sector;
further the improvements in electric vehicles and their components do not allow
for large scale market uptake, therefore

no large scale electrification occurs.
Although primary and final energy demand remain stable or decrease throughout the projection period
electricity demand is projected to increase in all final demand sectors, due to increase in number of appliances and electricity-driven equipment and partly to fuel switching.

Energy intensity is defined in the following way: for the entire economy (gross inland consumption/GDP); for
industry (Energy on Value added); for residential (Energy on Private Income); for tertiary (Energy on Value added);
for transport (Energy on GDP)
9
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Table 6: Volume of electricity trade: Sum of all export and
import flows of electricity as simulated by the model

(TWh)

2010

2020

2030

2050

Nordic

21.6

52.1

54.2

82.7

British islands

5.2

17.4

14.9

19.4

North-West EU

54.8

87.7

100.9

117.1

The projected annual rates of growth of demand for
electricity are generally lower than in the past, except in transport where electricity has a small
share. The slowdown of electricity demand growth
is due to increasing energy efficiency in all sectors
which partly offsets the trend towards increasing
electrification of final demand.

The part of industry in electricity demand decreases (29% of total gross generation in 2050, 5
Central-South EU
60.4
54.9
77.5
93.1
percentage points down from 2010 levels),
Central-East EU
27.3
18.8
28.7
42.5
whereas the parts of tertiary and residential secBaltic States
11.4
4.8
6.5
9.8
tors increase over time (50% in 2050, 2 percentage
South East Europe
32.0
52.8
66.0
75.3
points above 2010 levels). The moderate electrification of mobility projected to take place in the long
CIS and North Africa 23.4
9.0
8.5
4.8
term explains the increasing demand for electricity
Total
248.1 306.9 368.6 465.0
in transport, which nevertheless leads to a share of
5% in 2050 (doubled from 2010 levels), mainly because of rail electrification and slow penetration of
plug-in hybrids, as well as small amounts of pure electric vehicles.
Iberian

12.1

9.3

11.4

20.4

Electricity consumption in the energy branch slightly decreases until 2030, but grows rather strongly in
the longer term. The long term increase is due to self-consumption in power generation because of development of CCS and the increased use of hydro pumping. Despite this increase, energy branch consumption maintains a constant share in total gross electricity demand (roughly 7-9%).
Transmission and distribution losses are projected to increase in the future, maintaining a share around
7% of total gross electricity. The increase is attributed to the development of renewables and the increasing shares of low/medium voltage consumers. In total gross electricity generation grows by an average
annual rate of roughly 1% throughout the projection period.
The PRIMES model optimizes power flows over a broader area of 35 interconnected countries10 (simulating DC linear Optimal Power Flow -OPF- with single bus per country). Interconnection capacities, as
well as Net Transfer Capacity limitations, are assumed to increase in the future, as a consequence of the
10-year Development Plan of ENTSOE and grid reinforcements planned by the national TSOs. The significant variable RES development is supposed to be supported by further grid reinforcements. The model
simulates balancing also through interconnectors, in addition to high development of domestic reserve
resources and hydro pumping.
Both as a result of the Europe-wide economic optimization and because of increasing requirements for
balancing variable RES power, the projection shows increasing volume of electricity trade (sum of imports and exports) over time, which increases by 25% in 2020 relative to 2010 and by 90% in 2050.
Germany and Belgium become significant net importers in the future, whereas Italy also remains a significant importer. Finland and Lithuania are projected to become exporter countries.
The model simulates least cost capacity expansion and power plant dispatching. For capacity expansion
limitation factors are considered (e.g. for nuclear and/or carbon storage, depending on the country), as
well as increasing unit cost curves for certain resources and plant locations, where applicable. Technology costs exhibit decreasing patterns over time following learning curves, which are steeper for RES technologies. Capacity expansion is also influenced by balancing and reserve requirements, especially to
cover random fluctuations of variable RES and forced or unforced outages.

The 35 countries include the EU27, Croatia, Norway, Switzerland, Albania, Bosnia-Herzegovina, FYROM, SerbiaMontenegro and Turkey.
10
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The main drivers for capacity expansion are the RES obligations associated with the 2020 policy package
(simulated through RES supporting policies) and the ETS carbon prices, which escalate especially beyond
2020.
Power generation from renewable energy forms is projected to increase in the future, firstly in 2020,
driven by policies to achieve the targets, and continuously in the period after 2020, driven by increasing
carbon prices. RES represents 32% of total generation by 2020 of which 17% intermittent RES and stays
at a level of 40% with 26% intermittent RES continuously after 2035. RES generation exceeds fossil fuel
generation already before 2030.
Renewables dominate power generation investment (roughly 60% of cumulative capacity additions in
nominal MW) as projected in the Reference scenario. On the contrary, investment in new solid plants
declines over time, despite emergence of CCS in the long term. Investment in gas plants (GTCC and conventional) is the preferred technology for thermal capacity additions. For nuclear power plants investment is projected by the model to be limited to existing sites and capacity additions include retrofitting
of old power plants to a significant extent.
Figure 6: Emissions, EUAs and EUA prices in the Reference scenario
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Figure 7: Emissions by sector in the Reference scenario
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The gas capacities are operating
flexibly and at rather low load
factors, so CCS cannot compete as
it would require higher load factors to become competitive.
Thus, gas capacities are an economically optimum complement
to variable RES plants which
massively penetrate in the power
market. Non CCS solid fuel plants
gradually become non-competitive and they are used for reserve
purposes. Anticipating these long
term trends explains refraining
from solid fuel investment in the
short/medium term.
Driven by carbon prices, the success of RES and the abolishment
of non CCS power plants except
for gas, the power sector displays
an impressive reduction of carbon intensity, throughout the
projection period. CO2 emissions
in power generation decrease by
70% in 2050, relative to 2005
levels (20% lower in 2020) with
CCS capturing and storing 14% of
power sector emissions in 2050
(9.2% in 2040 and negligible capture in the previous time period).
Similar reductions are projected
for industrial steam generation,
thanks to CHP market penetration and the use of less carbon intensive fuels. Carbon intensity of
power generation decreases by
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81% in 2050 relative to 2005; the sector already has 33% lower carbon intensity in 2020 driven by the
targets and implementing policies.
The projection for the ETS shows that EUAs are banked until 2020 and are used in the time period 20212050. The emissions, between 2013 and 2020, are projected to be 1000 MtCO2 lower than allowances
during the same period of time, due to the RES and energy efficiency policies which are intensively pursued until 2020. The surplus by 2020 is estimated at 2900 MtCO2. EUA prices are projected to vary between 10 and 15€/tCO2 in the time period 2013-2020; they would be much lower if risk averse banking
behaviour of EUAs would prevail during the same period of time. EUA prices are projected to escalate
after 2020 and reach a level of roughly 80€/tCO 2 after 2040; this is driven by the progressive decrease
in available EUAs.
Overall emissions are 44% lower in 2050 compared to 2005 in the Reference scenario, driven mainly by
reductions in power generation, as well as energy efficiency and fuel switching.

Part 3: Power Choices Reloaded scenario
3.1. Introduction

The Power Choices Reloaded scenario is an update of the Power Choices scenario of 2009. It is a decarbonisation scenario, implying it has cumulative emissions in line with EU contributions to 450ppm worldwide scenarios; the scenario achieves a reduction of 78.5% GHG emissions compared to 2005 in 2050
and 35% in 2030. Cumulative CO2 emissions 2011-2050 are assumed to be 121844 Mt CO2.
The development of the Power Choices Reloaded scenario is based on the updated Reference scenario.
The Power Choices Reloaded scenario, as the Reference, shows achievement of all the targets of the EU
Energy and Climate policy package (of the so-called “20-20-20” package); it includes all the updates to
the international fuel prices, techno-economic characteristics of technologies, policies, etc. as discussed
in previous sections.
The Power Choices Reloaded scenario, as the Power Choices scenarios, the Energy Roadmap 2050 and the
Roadmap to a low carbon economy confirms that decarbonisation is feasible with currently known technologies which have to develop to commercially mature technologies that can be deployed at a large scale.
It has been verified that total costs stay affordable but that this kind of scenarios are highly capital intensive with final consumers increasingly required to invest in buildings, vehicles and equipment, instead of
paying for energy commodities and thus energy supply business facing diminishing sales while required
to massively invest for decarbonisation.
The Power Choices Reloaded scenario is a scenario where all options remain open; this allows for an optimal allocation of resources hedging against uncertainty and avoiding high costs due to the exhaustion
of potential which would be the case when deploying only a limited amount of technologies/options. The
recommended strategy which delivers the Power Choices Reloaded scenario is based on a systems approach deploying a portfolio of technologies: least cost and realistic decarbonisation is a result of changes
in many sectors delivering effectiveness from synergy.
The key aspects of such a scenario which are shown in detail below are:





A full decarbonisation of the power generation
The use of electricity as a carbon free carrier substituting fossil fuels in inflexible sectors (e.g.
transport, heating)
Saving energy in demand sectors, rather than substituting, because high demand for electricity
makes decarbonisation of power generation more difficult
RES is the long term preferred options to decarbonize power generation, but RES is shown to be
complemented by
o Flexible thermal generation (gas) and by
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o Carbon free dispatchable base-load generation (nuclear, CCS)
Biomass, an important component of RES for power/heat and biofuels, need to be produced by
second generation feedstock and technologies

In this scenario we therefore observe strong energy efficiency which is implemented through the mirroring of specific energy efficiency measures: increased renovation of public buildings, stricter building
codes, eco-design measures for appliances, higher penetration of heat pumps, obligation of energy utilities to show energy savings at customer premises, promotion of energy service companies, more use of
CHP and district heating, more efficient vehicles and penetration of electric vehicles; the discount rates
used by final consumers for energy saving investment are lowered compared to Reference. 11
In addition the main other bottom-up measures, included in the scenario are: electrification in transport,
promotion of heat pumps, development second generation biofuels, incl. development of biofuels for aviation, storage systems, facilitation of renewable energy licensing, further availability of sites for renewable energy development, development of grids supporting RES, smart metering and grid reinforcement.
Further it is assumed that carbon pricing applies in this scenario: until 2020 only an ETS carbon price
applies. After 2020, a uniform carbon price applies to all sectors and all EU Member-States, but in ETS
sectors allowances are auctioned (with exceptions for energy intensive industries where ETS allowances
are auctioned following the provisions of the ETS Directive), whereas in the non-ETS sectors the carbon
price serves as a price signal to enable lower emissions but without entailing direct carbon payments
(only indirectly costs for structural changes). The carbon price used within the decarbonisation scenario
context therefore represents a marginal cost of emission reduction (the cost of the last ton of CO 2 removed) and should not be confused with the ETS as it is currently defined and used; it is used as an incentive to achieve decarbonisation.
The Power Choices Reloaded scenario mirrors the assumption that “all” decarbonisation options are available and develop according to optimistic techno-economic expectations and can therefore be considered
a scenario which follows a close to optimal trajectory towards achieving the strong emission reductions
needed for decarbonisation.

3.2. Combining bottom up energy efficiency measures and carbon pricing

Energy efficiency improvement is among the main decarbonisation options because saving energy implies by definition lower emissions both in demand and in supply sectors. The degree of contribution of
energy efficiency improvement within the decarbonisation pathway depends on relative cost effectiveness of energy saving investment. Investment in insulation of buildings and upfront expenditure for purchasing highly energy efficient equipment and vehicles essentially constitute capital budgeting decisions
of energy consumers and depend on individual discount rates as well as on expectations about future
performance of technologies which are invested and about money savings from lower energy consumption enabled by such investment. The expectations involve uncertainty which may be high especially regarding technologies which have not yet got full commercial maturity but present high potential of learning depending on their choice by consumers. Incomplete information about such technologies is a nonmarket barrier to cost-effective choices for energy efficiency improvement and tapping the learning potential provides a positive externality to consumers. Hence, public policies removing technology uncertainties and ensuring technology support for enabling the positive externalities are advisable to remove
the non-market barriers. Such policies, which may take various forms such as campaigns, demonstration
projects, support of manufacturers of technology, and regulations (e.g. lighting, car regulations, etc.), are

In the reference scenario we use WACCs and discount rates: 8-9% in power sector, 7% for infrastructure, 17%
for households and cars, 12% in services and small industry, 8-9% in energy intensive industries and public
transport. As a result of promoting energy savings through utility obligations and energy service companies the
discount rates of households, services and small industry decrease to 9%.
11
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assumed in the decarbonisation scenarios as means for overcoming barriers that otherwise pure carbon
pricing strategies would be unable or highly costly to overcome.
Capital budgeting decisions by individual consumers are highly decentralized and are taken within a big
variety of different conditions regarding for example access to bank lending, cash flow availability and
access to technical and information support. In case such factors act as restrictions preventing the consumer from selecting the most cost-effective choices in his capital budgeting decision, the consumer is
reluctant to encounter high upfront costs and as a result tapping the energy efficiency potential is adversely affected. In such circumstances the individual consumer implicitly uses a high subjective discount
rate in capital budgeting decisions. This is also a case of non-market barriers to energy efficiency and so
there is also a scope for public policy intervention to remove the barriers and enable collecting gains from
positive externalities. Such interventions may take the form of for example regulation imposing energy
efficiency obligations to large energy utilities in the premises of their customers, or promotion of energy
saving service companies which can manage financial and technical risks in a highly efficient way through
economies of scale and act and are delegated by consumers to undertake the energy efficiency investment, or direct subsidization schemes. Such public policies are also assumed in the decarbonisation scenario, because they address non-market barriers more efficiently than pure carbon pricing strategies.
Another case of possible market failure is when market penetration of efficient energy technologies depend on infrastructure development; examples are the electric vehicles which are highly energy efficient
compared to conventional engine vehicles but which depend on the existence of battery recharging infrastructure and the smart grids which also require high infrastructure investment costs and can enable
energy efficiency at consumer levels through the intelligent metering, automatic controls and the exploitation of highly decentralized energy self-production technologies (rooftop PVs and wind, heat pumps,
micro-CHP, etc.). Market coordination failure are quite often in such cases where massive penetration of
technology at consumer level depend on the development of heavy infrastructure which needs to be
widely (and not incrementally) developed to facilitate relevant consumer choices. Again, a pure carbon
pricing strategy would not be efficient to address and avoid market coordination failures as different
agents with different aspirations are involved and can well be badly coordinated. There is obviously
scope for public intervention focusing on ensuring infrastructure development at an efficient scale and
in a timely manner; this is also assumed to be included in the decarbonisation scenarios.
In essence, the decarbonisation scenarios assume a mix of market-based intervention (carbon pricing)
and non-market based policies such as the above mentioned technology and consumer support for enabling cost-effective choices in energy efficiency. The degree of success of such policy interventions to remove non-market barriers, to reduce the subjective discount rates of consumers and to ensure market
coordination with infrastructure is uncertain. This justifies quantifying alternative decarbonisation cases
assuming different success degrees in promoting energy efficiency. Highly successful energy efficiency
implies lower energy demand and thus lower development of supply-oriented decarbonisation options.
For example, lower demand for electricity achieved thanks to highly successful energy efficiency improvement in demand sectors12, implies less scope for developing nuclear and CCS in power generation,
as these two options raise acceptability concerns, and higher use of RES power which can cover large
parts of the reduced amounts of electricity generation without recourse to expensive RES potential.

3.3. Impact on energy requirements
In the context of the Power Choices Reloaded scenario a combination of assumed measures drives a substantial reduction in final and consequently also primary energy demand. Final energy demand reduces
drastically both in stationary and transportation uses.

Energy efficiency on the demand side is mainly achieved through construction or renovation of highly efficient
buildings as well as use of highly efficient equipment. Shifting towards electricity in some end-use sectors may not
to be the most efficient equipment on the end user side, but taking into account the entire energy system the overall
efficiency is high as electricity from RES –except biomass- has an efficiency of 1.
12

18

Power Choices Reloaded

In stationary uses (industry, households, tertiary, agriculture) final energy demand reduces by 13% in
2030 compared to the Reference scenario and then by 35% compared to the Reference scenario in 2050.
The Power Choices Reloaded scenario includes all the measures of the Reference scenario and additionally includes enhanced energy efficiency measures, as well as assuming the introduction of Energy Service Companies (ESCOs). Further beyond 2020 a penalty in form of a carbon price is applied on all sectors;
this induces strong efficiency improvements as in this scenario the carbon prices are high.
Box 1: Demand side modelling in PRIMES
For each sector a representative decision making agent is assumed to operate, who optimizes an economic objective function. For households and passenger transport a utility maximisation function is assumed, whereas for industrial, tertiary and
freight transport sector a profit maximisation (or cost minimisation) function is assumed. The decision is represented as a
nested budget allocation problem:
Firstly Useful energy demand is determined. At the upper level of the nesting, energy is a production factor or a utility
providing factor and competes with non-energy inputs. Useful energy, as derived, is further allocated to uses and processes (e.g.
water heating, motor drives). Useful energy needs (e.g. air conditioning, lighting, motive power) are met through consuming
final energy, which is determined by optimizing processing costs, involving: endogenous choice of equipment (vintages, technologies and learning), endogenous investment in energy efficiency (savings), endogenous purchase of associated energy carriers
and fuels (demander is price taker). Decisions at each nesting level are based on an equivalent perceived cost reflecting actual
costs, utility (e.g. comfort) and risk premium. Capital decisions use weighted average cost of capital (WACC) and subjective
discount rates. The decisions can be influenced by policies, such as: taxes and subsidies, promotion of new technologies (reducing perceived costs), and promotion of energy efficiency, including standards -e.g. CO2 regulations for passenger car or regulations on minimum performance of lighting.
For industrial energy demand several there is an integration in macroeconomic decisions (production function); sectoral
value added derived with GEM-E3, is translated into physical output indicators for certain heavy industries. A variety of industrial processes (e.g. different energy intensity for scrap or recycling processes and for basic processing) are included as well as a
mix of technologies and fuels, including the use of self-produced by-products (e.g. black liquor, blast furnace gas). Energy savings possibilities are represented in an engineering-oriented way including the possibilities of shifting towards more efficient
process technologies. The adoption of technologies is influenced by standards, emission constraints, pollution permits and technology vintages and dynamics. Interaction with Power and Steam sub-model for industrial CHP and boilers is assumed. Substitutions are possible between processes, energy forms, technologies and energy savings.
Also for residential and tertiary sectors these substitutions are possible. For these sectors useful energy demand, final energy demand, equipment choice, energy efficiency investment and fuel mix derived with utility maximization under budget constraint. Useful energy demand depends on behavioural characteristics partly influenced by costs and prices. The model includes
a distinction of households types according to energy consumption, it further distinguishes agriculture and services are broken
down by sub-sector (e.g. market services, trade); electric appliances are treated separately in all sectors. Final energy demand
is linked with thermal integrity of buildings, with consideration of renovation investment and vintages. The model includes heat
pumps and direct use of RES. As in industry the choices are influenced by standards, emission constraints, pollution permits and
technology vintages and dynamics.

In the residential sector it can be seen that the highest consumption is due to heating of buildings (Figure
9); it accounts for approx. 65% of household consumption in 2010, but only 50% in 2050. Total final
energy demand in households decreases 34% between 2010 and 2050. Although heating remains the
most important component of household energy consumption, it is greatly reduced compared to current
levels. This reduction is driven by a combination of bottom-up energy efficiency measures and carbon
pricing. The former include: full effectiveness of the eco-design legislation leading to higher penetration
of more efficient technologies, through better perception of advanced technologies, incl. heat pumps; and
introduction of ESCOs which reduce the risk for final users as the ESCOs have easier access to capital and
take away part of the risk otherwise borne by the end users, allowing for higher renovation rates. The
bottom-up energy efficiency measures are mainly responsible for the energy efficiency savings whereas
the carbon pricing is mainly responsible for fuel switching in the longer term when the carbon prices
increase significantly. The latter can lead to further efficiency savings due to the higher efficiency of some
fuel/technology combinations (e.g. heat pumps using electricity efficiently) and due to further efficiency
savings due to the higher cost of the alternative fuels and capital investment related to fuel switching.
The effects of the combination lead to strong efficiency savings of approx. 34% and radical changes in the
fuel split consumption: solids, oil and gas consumption decreases from a 58.8% share in total residential
consumption in 2010 to just 8.8% in 2050. The consumption of households in 2050 is dominated by electricity (46.3%) and renewable energy sources (38.9%).
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Figure 8: Final energy demand in stationary uses
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Figure 9: Final energy demand in the residential sector

Final energy demand in residential
by type of energy use

Energy use
shares in %

Fuel shares
in %

350

300

Electric Appliances

7

Lighting

5

Water heating
Cooking
Cooling

250

Heating

14
1

13
9
1

12
9
2

26
2
12
9
2

200

12

17

Mtoe

2

16

15

6

6

6
39
Renewables

23

11
29

34

7

5

Heat/Steam
distr.
Electricity

4

Gas

150

38
65

100

62

Oil

46

33

58

32

Solids

49
50

18
2050

2045

2040

2035

2030

2025

2020

2015

2010

2005

0
2000

19

2010

2020

2030

2050

13

11

3

2

1

2010

2020

2030

9
2050

For the tertiary sector similar drivers lead to similar changes (Figure 10); here also energy efficiency is
driven mainly by bottom up measures, whereas the fuel switching is projected particularly beyond 2030
when there is a strong increase in the carbon pricing. Final energy demand decreases by 43% in 2050
compared to 2010; most significantly this occurs with increasing growth and importance of the sector.
Gains in energy intensity are impressive improving by 80% throughout the projection period.
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Figure 10: Final energy demand in the tertiary sectors
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Figure 11: Energy intensity over value added

In industry also we see a decrease in energy consumption, but limited compared to 14% in 2050 compared to 2010 levels. Although in relative terms the energy efficiency compared to 2010 is somewhat
limited when compared to other sectors, it is very large in terms of energy intensity gains, which improve
by approx. 75%. The increase in value added and the reduction in energy intensity is driven by the use of
more efficient processes, use of heat recovery and by a move away from conventional energy intensive
products towards more elaborated products, which have a higher value added and require less energy
intensive processes.

Power Choices Reloaded

Figure 12: Energy intensity and efficiency gains in industry

There is in the industry sector a strong shift towards electricity, steam and RES -biomass and waste,
driven by carbon pricing which exists throughout the projection period for industries which take part in
the current ETS system and for all sectors beyond 2025. Cost-efficiency considerations imply that an increasing part of the heat is produced mainly in CHP power plants and that exchange of heat/steam among
industries increases.
Figure 13: Final energy consumption in industry, Reference scenario
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Figure 14: Total CO2 emissions from industry (incl. energy and process related emissions) and their abatement13
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As can clearly be observed in Figure 14 the resulting reduction in emissions from industry is substantial,
driven by both energy intensity decreases and use of lower carbon intensive fuels. Further to reductions
in energy consumption and fuel switching which lead to reduction in emissions in energy related CO 2
emissions, there are further considerable reductions in the industrial sectors due to penetration of CCS
for the reduction of process emissions. This technology is assumed to become more mature over time
and becomes competitive around 2040 in the current scenario when carbon prices are projected to be
sufficiently high for this technology to be competitive.
The transport sector in the Power Choices Reloaded scenario undergoes major transformations: private
road transportation electrifies, to a very large extent and there is a large scale introduction of biofuels in
all transport modes, particularly those where electrification is not possible.
Figure 15: Final energy demand in the transport sector (all modes)

13The

graphs upper bound is created by maintaining the energy intensity of industry constant at 1990 levels, but
assuming sectoral value added as used for the current scenario.
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Final energy demand decreases considerably compared to the Reference scenario (see Figure 15). In the
Reference scenario the stabilisation of demand was due to two elements: one related to the relative saturation of transportation demand which implies that the activity projections show a decoupling between
GDP and transport activity growth (particularly for passenger cars, less for freight transportation); and
an increase in energy efficiency of vehicles driven mainly by the regulations on CO2 emissions of vehicles.
In the Power Choices Reloaded scenario additionally to these measures, positive assumptions are made
about the development of battery powered vehicles and about the construction of recharging infrastructure which lead the majority of passenger cars to become electrified by 2050 – electric vehicles are both
pure electric vehicles and plug-in-hybrids. Also for freight road transportation significantly more efficient
vehicles are projected to penetrate and a certain degree of hybridisation and some electrification is assumed- mainly for urban areas and smaller vehicles. A limited amount of modal shift towards rail and to
a lesser extent inland navigation also increases the overall freight transport efficiency.
Box 2: Electrification of transport: necessary developments
Electrification of transport is considered a crucial element of decarbonisation as without it transport would have to either
undergo major changes, e.g. extreme modal shifts, or rely heavily on bio-energy products, putting at significant risk the sustainability of the scenario.
The penetration of electric vehicles (both pure electric and plug-in hybrids) in the transport sector is crucially dependent
on the following three elements:

Improvement in the techno-economic characteristics of batteries,

Development of recharging infrastructure, and

Uptake of electric vehicles by consumers.
Improvement of batteries will likely only occur if there is certainty about the future market uptake of electric vehicles; consumers are going to purchase electric vehicles only under the certainty of the availability of recharging infrastructure; recharging infrastructure will only develop when a high degree of certainty is available that batteries will improve their techno-economic characteristics and there will be market uptake. Each of these sectors is controlled by very different actors, implying that
large scale market coordination is necessary. The latter requires a strong policy framework that ensures the different actors of
the willingness to ensure that vehicle electrification will take place.
A strong driver for vehicles electrification is a CO2 regulation with decreasing standards. This regulation would work as
today’s standards, but would decrease the limit for cars over time. This option was analysed as being the most cost-effective
option in the “White Paper 2011” on transport (EC 2011 -COM(2011) 144final), and was analysed as being an effective instrument also in Clean Transport Systems initiative.14 A CO2 standard is an instrument which penalises emitting technologies in
favour of technologies with zero tailpipe emissions, thus favouring e.g. electric vehicles.

The development of second generation biofuels from ligno-cellulosic crops is also assumed in this scenario; it is assumed that biofuels are used in transportation modes where a shift towards electrification
is not possible: i.e. aviation and long-distance road transportation. This allows for strong emission reduction in transport modes where no technologies are expected to be able to substitute the existing ones in
the time period under consideration.
The composition of fuel consumption in transportation therefore undergoes radical changes: mineral oil
based products go from representing 93% of total transport consumption in 2010 to representing only
45% in 2050. Electricity goes from being a minor fuel used almost exclusively in railways to a major fuel
representing 26% of total transportation demand; biofuels go from representing 3% in 2010 to 30% in
2050. Total demand reduces by 39% from 2010 to 2050.

14

http://ec.europa.eu/transport/themes/urban/studies/doc/2011-11-clean-transport-systems.pdf
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The major changes in the transportation sector are crucially dependent on the following elements:
Figure 16: Final energy consumption in transport by fuel, Reference
scenario
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R&D in battery technologies for vehicles in order to ensure mature and commercially viable electric vehicles

Development of infrastructure for
vehicle electrification, avoidance of market
coordination failure between vehicle and
infrastructure development

Development of R&D for the development of second generation biofuels, and
the transformation of the agriculture sector in order to provide for the necessary
feedstock for the production of biofuels
All these developments require market coordination to ensure that the scenario development as projected in the Power
Choices Reloaded scenario is feasible.

Overall electricity demand in final energy
demand sectors increases throughout the projection period; total electricity demand increase by 29% in
2050 compared to 2010 levels. Electricity demand remains approx. constant in the stationary demand
sectors (industry, households, tertiary) from 2020 onwards. The increase in electricity consumption is
only caused by the transport sector which increases its demand strongly from 2035. The increase in demand for electricity is nonetheless lower than in historical years and in the Reference- PCR projection as
energy efficiency in stationary uses will dominate over substitution of fuels, thanks to the bottom up
measures assumed. In this way although electricity demand in transportation increases , total electricity
demand remains below historic growth and Reference-PCR projections making it possible for the power
generation sector to decarbonise without requiring extreme solutions.
Figure 17: Electricity demand by final energy demand sector
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3.4. Impact on the power generation sector
3.4.1. Introduction
In the Power Choices Reloaded scenario, the power generation sector is projected to make a substantial
contribution to decarbonisation and emissions from the power generation sector are projected to almost
disappear. The model finds that it is indeed a significant effort and requires significant restructuring, but
that it is feasible.
In the Power Choices Reloaded scenario, as in the previous Power Choices 2010 scenario, all options for
power generation are available and their use is dependent on power system economics. Each option has
a potential and the costs increase the closer one gets to the potential. The modelling considers non-linear
cost-supply relationships for all options, including nuclear, CCS and renewable energy sources which are
different by country.
The PRIMES electricity generation model assumes that the actors have perfect foresight over the entire
time period and know the current and future costs of technologies and carbon prices. The market is simulated as being well-functioning ignoring distortions. The power supply is modelled in order to insure
the delivery of uninterrupted supply of good quality and develops, as required, to match demand for electricity. The demand for electricity is in turn affected by the resulting electricity prices. The price of electricity in PRIMES includes the recuperation of all costs, including RES development, infrastructure,
stranded investments etc. (for further details see Box 3).
3.4.2. Drivers of power generation restructuring
In the Power Choices Reloaded scenario, as in the previous Power Choices scenario of 2010, the restructuring and investment in new power generation facilities occurs to comply with the 2020 targets set by
the EU and in the long term due to the necessity to achieve decarbonisation.
Contrary to past trends until 2008, electricity demand has been stable or decreasing over recent years
due to the economic downturn and the implemented energy efficiency policies, with variations mainly
due to warmer or colder weather; few countries are experiencing capacity shortages therefore under notarget conditions investments would only occur to replace obsolete plants and to modify or change power
plants which do not comply with regulations (mainly on pollutant emissions).
With the EU-wide target for 2020 of 20% RES in gross final energy consumption, on the contrary investments do occur in order for countries to comply with their national targets. The investments in power
generation therefore occur in RES because of national policies providing incentives for this capacity, such
as feed-in-tariffs and other facilitations. Most EU Member States have declared they will achieve their RES
target domestically; therefore if implemented policies are assumed to be insufficient a marginal value for
RES is increased until the Member State target is achieved. All costs related to the deployment of RES are
fully recuperated through the prices of electricity. NO further incentives for RES are assumed beyond
2020; from then on investments in RES are only driven by the carbon price.
The ETS carbon price significantly influences developments in the power sector, but prices are assumed
to be relatively low until 2020 so that the influence in the short term is limited. For the long term on the
contrary the carbon price is the main driver for achieving the emission reductions in the power sector,
therefore for investments in RES and other low carbon technologies. For the power generation sector the
marginal cost of carbon used induces actual payments as in the current ETS.
Further it is assumed that public policies facilitating RES develop remain in place and may strengthen in
the mid to long term facilitating access to potential; this is modelled in PRIMES by shifting the cost-supply
curves of RES in order to make higher RES potentials available at lower costs, than in the Reference scenario.
Carbon, capture and storage power plants and storage facilities are also expected to develop faster along
their learning curve due to the anticipation by the actors of the high carbon prices; this implies that more
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storage is available at lower costs and the risk premiums are lower for CCS power plants as the technology is assumed to be more mature. Policy restrictions in place in different Member States are maintained.
Public acceptance issues which have become more acute since the publication of the Power choices 2010
scenarios are reflected in the modelling, so that implementing carbon, capture and storage in the current
scenario is more costly than in the 2010 scenarios.

Box 3: Calculation of electricity prices in PRIMES
The electricity prices in PRIMES are calculated in order to recuperate all costs related to renewables including feed-in-tariffs, grid costs, and investment costs including stranded investments, back-up and reserve costs, etc.
The process to determine the electricity prices in PRIMES can be divided into four steps:
A) Determination of total system costs under least cost unit commitment and least cost expansion conditions mimicking
well-functioning markets. B) Simulation of whole markets by country and estimation of marginal system prices reflecting long
run marginal costs. C) Matching of load profiles of customer-types with the duration curve of long term marginal prices with
customers sorted in descending order of their load factor mimicking bilateral contracting. D) Calculation of prices by sector
based on price levels by customer type calculated in C and the recovery of total system budget including variable generation
costs and annuity payments for capital costs, recovery of additional costs for RES and cost of grid differentiated by voltage type.
Grid cost recovery is based exclusively on load payments at average grid tariffs determined as levelised costs of regulated
asset basis.
The pricing approach corresponds to the Ramsey-Boiteux methodology.
Box 4: Modelling of the power generation sector in PRIMES
The PRIMES model simulates power generation and investment as a result of:
Non-linear optimization of the sector (least total cost) under operational and grid constraints; Reliability and reserve constraints; Demand (load curve with 11 typical segments); and Policy restrictions.
The optimisation is inter-temporal (perfect foresight) or optionally myopic. The model simultaneously solves a unit commitment-dispatching problem, a capacity expansion problem and a DC-linearized optimum power flow problem (over interconnectors).
The optimisation is simultaneous for: Power (HV, MV, LV and auto-producers), CHP, distributed steam, distributed heat,
district heating and industrial boilers.
Supply meets a synchronised chronological load curves of power, steam and heat, which are endogenously resulting from
the sectoral demand sub-models. The model data distinguishes between three categories of producers: utilities, industrial size
production, and highly decentralised production.
The model simulates endogenously investment decisions on: lifetime extension of old plants, premature scrapping and replacement on the same site, new plant on an existing site (depending on site availability), development of new plant on a new
site, auxiliary equipment on a new or old plants such as DeSox, DeNox, ESP and/or CCS (for which 12 types are represented in
the model). Further also hydro lakes and pumping are represented endogenously; intermittent RES are represented through
their deterministic equivalent. Reliability constraints per country are assumed to be met in all circumstances, interconnection
DC power flow constraints are also taken into account. Power storage options are developed endogenously (limited by potential and costs) and include pumped storage and hydrogen production for the longer term.

3.4.3. Power sector trends to 2020
In 2010 fossil fuel installed power generation capacity represented 56% of total installed capacity
(471.1GW), nuclear represented 16% of installed capacity with 131.4GW and RES represented the remaining 29% with 244.6 GW installed; total installed capacity was therefore 847GW. Of the fossil fuel
capacity 180.2GW were solids (21.3% of total capacity) and Gas-Turbine Combined Cycle (GTCC) power
plants were 138.5GW (16.3%); the remaining fossil fuel power plants (152.4GW) were gas and oil peak
devices.
Due to the long lead times required for the construction of power plants, in particular for fossil and nuclear power plants, projecting the development of the power generation sector in the short term implies
the inclusion of power plants already under construction and for which construction has been confirmed.
These power plants are included in the model database and are assumed as irreversible decisions in the
modelling.
The model database was updated in spring 2012 and includes the latest information as available at that
point in time. Due to the lower demand than previously anticipated many projects which were confirmed
are now being stopped and several power plants, particularly gas fired plants, are facing early closure, as
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the current electricity prices and demand are too low to make their running affordable. In the PRIMES
model the predetermined investments have been updated to the best knowledge in spring 2012; all
plants which had confirmed construction until that moment are assumed to be constructed in the model.
Regarding early closures, unless the closure was known during the update, the closure is left to economic
considerations of the model. The cost for stranded investments is fully taken into account in the electricity pricing.
Decommissioning in the time period from 2011 to 2020 accounts for approx. 150GW of which 83% are
fossil fuel power plants and 16% nuclear. New investments are confirmed for 170GW of which 55% are
RES. Of the remaining new investments 88% are RES. This implies that already in the brief time period
to 2020 the share in capacity of RES rises from 29% in 2010 to 45% in 2020 of which 65% will be intermittent RES; in total 30% of installed capacity will be intermittent by 202015. The huge increase in RES is
driven by the incentives, such as feed-in-tariffs which are in place and the obligation to achieve the targets
set out in the EU Climate and Energy package. In the period to 2020 the influence of the carbon price is
existent, but limited due to the low values compared to the effect of the incentives.
The vast majority of the new installed capacity is in wind capacity, second highest investments are in
solar photovoltaics (PV) which has seen a huge increase in capacity and is projected to represent approx.
7% of total installed capacity in 2020. New nuclear capacity is lower than the planned decommissioning,
therefore by 2020 the capacity of nuclear is lower than in 2010 and represents only 11% of installed
capacity. This reduction is driven by the phasing out of nuclear in several EU Member States (Germany,
Belgium). The CCS installed capacity is based on confirmed investment for the prototype power plants as
planned.
Table 7: Summary of power development trends to 2020

Observed
Capacity
in 2010
(GW)
Nuclear
Solids
CCS
GTCC
Gas/Oil Conv.
Biomass
Hydro
Wind
Solar

131.4
180.2
138.5
152.4
23.6
105.8
84.5
30.7

Total

847.0

Market Data
Confirmed
Decomissionconstrucing 2010-2020 tions 20102020
23.1
7.7
59.2
28.1
0.9
6.2
34.5
55.1
4.6
2.1
8.0
0.0
5.5
66.5
0.2
14.3
145.8

170.1

Projections
Capacity
in 2020

Investments
2011-2020

116.8
157.8
0.9
170.8
116.8
47.2
112.8
233.9
69.2

5.0
3.9
8.1
16.5
1.4
83.0
24.4

1026.2

142.2

By 2020, 35% of total net generation is from renewables; total intermittent sources produce 20% of total
electricity demand. This high share of RES implies that additional investments need to occur in flexible

The increasing share of intermittent sources in power generation is a growing challenge for the entire electricity
system. The PRIMES model takes into account the difficulties of increasing intermittent sources and also projects
the capacities and investments needed for storage and for the grid. Further research beyond this study may nonetheless be necessary to analyse in more detail the effects of increasing intermittent sources. Particularly within
countries where the PRIMES model resolution may not take all aspects into account fully.
15
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gas and oil power plants (8.1GW capacity investments are assumed by 2020 in the Power Choices Reloaded scenario additional to the confirmed investments). Due to the changes in the system, capacity increases 21% from 2010 to 2020 while net power generation increases only 10%; the increased use of
intermittent sources requires higher capacities for flexibility and long term reserve power.
The use of co-generation increases and the percentage of electricity from CHP increases from 14.3% in
2010 to 19.4% in 2020. This increase is due to the higher efficiency of CHP and the use of biomass in CHP
powered plants.
The power generation sector sees a considerable change up to 2020 in the Power Choices Reloaded scenario. RES sources exceed nuclear production, and produce over a third of total electricity generation in
2020 in order to achieve the targets as set out in the Energy and Climate Package. Solid fired power plants
reduce most, as decommissioned plants are not entirely replaced by new capacity.
Due to these large changes in the structure of the power generation sector, emissions reduce by 25% in
2020 compared to 2010 levels; average emissions from power generation reduce to 0.228 tCO 2/ MWh
from 0.306 tCO2/ MWh in 2010.
Table 8: Net Power Generation by Source in the power choices scenario until 2020

Power Generation (TWh)

Shares %

2000

2010

2020

2000

2010

2020

Nuclear

892

876

773

31

27

22

Fossil fuels

1530

1680

1491

54

53

43

Solids

878

824

698

31

26

20

0

0

7

0

0

0

254

586

537

9

18

15

0

0

0

0

0

0

Gas/Oil Conv.

380

241

244

13

8

7

Peak devices

19

30

5

1

1

0

Renewables

410

638

1241

14

20

35

Biomass

35

101

226

1

3

6

Hydro

348

360

339

12

11

10

Solar and other

5

28

93

0

1

3

Wind

22

149

583

1

5

17

2832

3195

3505

100

100

100

CCS solids
GTCC
CCS gas

TOTAL

3.4.4. Power sector trends to 2030 and 2050
Beyond 2020 the trend of reducing fossil fuel power generation with renewables continues, no longer
driven by targets, but driven by the increasing carbon prices. To obtain the strong emission reductions
envisaged in the Power Choices reloaded scenario carbon prices increase to 48€/t CO 2 in 2030 and then
to 266 €/t CO2 in 2050; the latter is no longer to be considered a carbon price as for the ETS but a marginal
cost of emission abatement as the carbon price is applied to all sectors beyond 2020.
For the purpose of this scenario it is assumed that:


Additional renewable energy potentials will be available at lower costs due to the implementation
of facilitating policies, grid expansions, exploitation of off-shore wind potential, development of
the agricultural and waste management sectors in order to provide for bio-energy products.
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Carbon capture and storage is assumed to become technically and commercially mature; problems nonetheless remain with public acceptance of storage sites in some countries and legislation
limiting CO2 storage is fully taken into account
New nuclear capacities can be built based on economic feasibility in countries where legislation
allows;
Deployment of small decentralised capacities is assumed to become possible benefitting from
technology progress and smart grids.

Due to the carbon price and the foresight of the actors in the power generation sector in the Power
Choices Reloaded scenario a steady decrease in emissions from power generation is observed throughout
the projection period. The choice of technologies is dependent on economics and all technologies are
assumed to be available.
The power generation sector is projected to almost thoroughly decarbonise in the Power Choices Reloaded scenario by 2050; carbon intensity is reduced to 0.01t CO 2/MWh in 2050. 16 Throughout the projection period emissions are lower than in the Reference-PCR scenario.
Differences between countries remain nonetheless: in 2010 difference ranged between 0.8tCO2/
(MWhe+MWhth) in Estonia to 0.038tCO2/ (MWhe+MWhth) in Sweden. In 2030 in the Reference scenario
emissions in all countries reduce but strong differences between countries remain. The trend towards
decarbonisation in the Power Choices Reloaded scenario leads to reduced differences between countries
already in 2030 and reduced emissions compared to the Reference scenario in all countries: reductions
are particularly strong in countries with high remaining emissions in the Reference such as Estonia and
Greece, almost halving their specific emissions compared to the Reference. By 2050 in the Power Choices
Reloaded scenario emissions are very low throughout the EU, and differences in emissions between countries vary only limitedly. The majority of countries fully decarbonise their electricity system with specific
emissions remaining relatively high in Cyprus -0.21tCO2/ (MWhe+MWhth)- where the options to decarFigure 18: Carbon intensity of power generation

bonise are limited and connections to the EU grid are not assumed to occur and therefore it maintains its
island status entirely.

16 Following

emissions.

Eurostat convention bio-energy products are assumed to be carbon neutral and are assumed to have 0
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The achievement of such low carbon intensity is projected to occur through the use of all main decarbonisation options: renewables, CCS and nuclear, as well as fuel switching to lower carbon intensive fuels i.e.
gas.
The use of fossil fuels declines, in particular solids decreases substantially until around 2035, when the
availability of CCS makes the use of fossil fuels possible again even in the context of decarbonisation. By
the end of the time period, almost all fossil fuel power plants are equipped with carbon capturing devices,
with only few non-CCS gas and oil power plants being used mainly as peak devices.
Figure 19: Carbon intensity of power generation by country

The introduction of CCS starts with the pilot plants built up to 2020; only minor additions are assumed
in the projection until 2030. The total storage capacity required until 2030 is of approx. 60Mt CO 2; between 2030 and 2035 huge investments must take place not only in the power plants but also in the
transport and storage. In total based on modelling results approx. 260 additional Mt CO 2 require storing
in this time period. Throughout the time period to 2050 cumulatively storage for approx. 5915Mt CO 2
storage are required; although this is a substantial amount JRC/IPTS estimate that there is potential for
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Figure 20: Percentage of electricity from CCS by country

storing approx. 100 000Mt CO2 in the EU, already excluding countries that have imposed limits on CO 2
storage. Further in PRIMES it is assumed that no cross-border trade of CO2 is possible therefore the CO2
captured in a country must also be stored in the same country.
The assumptions about nuclear, both related to policies and the availability of in country storage lead to
a very uneven distribution of CCS throughout Europe. The additional development of CCS all occur beyond 2030, until then the development are the same as in the Reference scenario. Beyond 2030 though
the construction and use of CCS develops quickly. The use of CCS is mainly undertaken in countries which
have limited RES potential and limited or no nuclear capacity developments. In the Power Choices Reloaded scenario more countries use CCS to a wider extent due to the higher carbon prices. Nuclear generation sees a decline towards 2020: the number of planned closures due to end of life time is higher than
the planned new investments. In the decade 2030-2040 are the new investments substantially above decommissioning. Most nuclear developments however occur existing nuclear sites or are lifetime extensions through retrofitting of older power plants; of the 136GW new capacity constructed in the projection
period, only 40GW are on new sites. This implies that although nuclear plays a crucial role in this scenario,
its capacity only exceeds today’s capacity by a maximum of 10GW in the decade 2041-2050, reducing to
5GW above current levels in 2050. In share terms nuclear has a declining share throughout the projection

32

Power Choices Reloaded

period, reaching 9% in 2050. Nuclear capacity is limited to countries which allow for nuclear on their
territory. The share of nuclear generation by country remains fairly similar to Reference scenario projections in 2030, whereas in the long-term to 2050 in the Power Choices Reloaded scenario the share of nuclear is lower due to the higher shares of RES in the system. Countries which remain with high nuclear
share even in the Power Choices Reloaded scenario are countries which generally have limited RES potentials and allow for nuclear developments, e.g. the Czech Republic.
Table 9: Details on Nuclear capacity investments

(GW)

2011-20
23.1

2021-30
61.4

2031-40
38.1

2041-50
44.6

2011-2050
167.1

-14.5

-2.0

25.7

-5.0

4.3

Known investments

7.7

2.3

-

-

10.0

Extension of lifetime through retrofitting

0.8

38.9

30.8

2.9

73.5

-

15.3

21.9

11.2

48.3

Decommissioning
Net capacity additions

Investment in existing sites
Investment in new sites

-

2.9

11.2

25.5

39.6

(GW)

2010

2020

2030

2040

2050

Total nuclear capacity

131.4

116.8

114.9

140.6

135.6

Figure 21: Share of nuclear in gross electricity production by country
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By 2050 RES represent 55% of total power generation, the majority of which – 31% of total generationcoming from wind. Solar and wind, therefore the intermittent renewables account for 40% of total generation. Hydro power has declining shares due to the limited additional potential available in Europe. The
share of biomass in power generation increases significantly; biomass and waste are used both in cofiring plants as well as stand-alone plants. CCS power plants with biomass are not included as technologies.
Figure 22: Net Power Generation (TWh)
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22%
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The shares of RES are already higher in the Power Choices Reloaded scenario compared to the Reference
scenario in 2030: the shares in 2030 in the Power Choices Reloaded scenario are partly already higher
than in the Reference in 2050. Shares increase even further to 2050 in the Power Choices Reloaded scenario in all countries with seven countries reaching RES-E shares above 70% and a further seven countries having shares above 50%.
Hydro pumped storage is expanded as much as economically feasible and reaches levels which are close
to the possible technical potential for the technology. To avoid curtailment of RES and therefore maximise
RES use a further storage technology is introduced in the model: hydrogen. It is assumed that through
electrolysers excess RES generation during low load hours is transformed to hydrogen. There are then
two possibilities assumed in the model to use the hydrogen, either burning it during peak load hours in
gas turbines or mixing it with natural gas in the gas grid – up to a maximum of 30%. The latter has the
advantage of reducing the emissions factor of natural gas, which continues to be used in e.g. rural areas
or other areas where substitution with other fuels or a technological shift is not possible. The use of hydrogen for reserve purposes therefore has the advantage of not curtailing RES and of reducing the emission factor of gas.
The scenario assumes full and timely development of the ENTSOe plan related to grid infrastructure, as
well as full implementation of the internal energy market. This implies that flows of electricity between
countries can increases, as also the NTC values will increase, particularly in congested areas.
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Figure 23: RES-E share

In the Power Choices Reloaded scenario the full developments of these plans increases the trade volumes
between countries significantly beyond 2020. Already in the Reference there is an increase in the net
flows throughout the projection period, but in the Power Choices Reloaded scenario the quantity doubles
compared to the Reference scenario. As RES potentials are unequally distributed across EU countries, the
possibility to extensively make use of interconnectors, and new transmission grids allows for cheaper
sites to be used even when these are far away from consumption centres. For example cheap off-shore
wind can be deployed extensively in the North Sea in the UK and the Netherlands and more expensive
options need not be exploited. A full interlinked system allows for optimisation of resources and the relative capacity construction.
Table 10: Volume of electricity traded
in TWh as simulated by the model

(TWh)
2020 2030 2050
Reference 259
300
371
PCR
241
462
652

The Reference scenario already sees an increase of volume of electricity trade increasing to 2050 in most countries. The Power
Choices Reloaded scenario already has significantly higher volume
of trade in 2030 compared to the Reference scenario: Estonia, Luxembourg and Sweden increase their trade volumes by approx. 20
percentage points. Changes in 2050 compared to the Reference are
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larger with a significant amount of countries increasing their trade volumes by approx. 10 percentage
points.
Figure 24: Volume of trade in total electricity demand by country
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3.5. The role of hydrogen
Due to the high share of intermittent RES sources used in the power generation system hydrogen has
been implemented as a storage option, aside the more classical option of pumped storage which had limited further growth opportunities in the EU. In addition hydrogen is assumed to be mixed with natural
gas in the gas grid, in shares up to 35% This allows lowering the average emission factor of distributed
gas and thus maintain gas in small scale applications such as CHP and direct gas uses in the domestic and
industrial sectors.
In the Power Choices
Reloaded scenario hydrogen is projected to
be produced mainly in
12%
periods of excess production from variable
RES sources through
9%
electrolysis which in
the long term consumes
almost carbon free elec6%
tricity; thus the role of
electricity as a carbon
4%
free carrier in enhanced
both by allowing higher
use of intermittent RES
and by contributing
through
hydrogen
mixed with gas distri2010
2015
2020
2025
2030
2035
2040
2045
2050
bution to reduce emissions in various demand sectors. The part of hydrogen serving storage is used again for electricity generation in power
plants mainly in time segments with lower renewable resources.
Figure 25: Share of gross electricity used for H2 production

The use of hydrogen has a number of advantages: i) the production of RES can be fully used at all times;
ii) storage capacities for hydrogen only need to be limited; iii) the emission factor of natural gas reduces
through the blend allowing for continued use of gas in uses where substitution is problematic/not possible; iv) hydrogen can be used in power generation for peak devices avoiding the use of additional fossil
fuels or limited biomass resources.

3.6. Biomass and waste use

The biomass and waste17 consumption increases considerably both in the Reference and in the Power
Choices Reloaded scenarios: a substantial part of this increase takes place in the time period to 2020 to
achieve the 20% RES target in 2020. The Reference scenario projects an almost constant consumption of
biomass and waste for energy beyond 2020 due to lack of further drivers beyond the achievement of the
2020 targets, whereas in the Power Choices Reloaded scenario the consumption continues to increase
throughout the projection period.

Waste consumption in the PRIMES model is allowed in the power generation, district heating and boilers and in
other industry uses. In the transport sector, residential and tertiary sectors only non-waste bio-energy products are
available in the system.
17
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Figure 26: Biomass consumption by sector
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Box 5: Biofuels and bio-energy products
The supply of bio-energy products in the PRIMES model is calculated with the PRIMES biomass supply model -a satellite
model of the main PRIMES energy system model. The model projects optimal use of biomass/waste resources and the necessary
investments in secondary and final transformation, so as to meet a given demand of final biomass/waste energy products, projected to the future by the rest of the PRIMES model. It further projects land, agricultural, forest and waste resources used in
production of bio-energy products and determines endogenously imports-exports of bio-energy products and feedstock. It evaluates energy demand and emissions in bio-energy production and determines the consumer prices of the final bio-energy products. From a technology perspective the model includes both conventional and advanced biofuel production; the model assumes
endogenous learning by doing, therefore if demand for advanced biofuels increases technology will develop at a higher speed.
The PRIMES biomass model ensures that all bio-energy products projected to be used within the PRIMES biomass model
comply with the sustainability criteria (of the following directives: Renewable energy directive 2009/28/EC and Fuel quality
directive 2009/30/EC); it further ensures that the land-use changes do not affect the food supply chain significantly.
The PRIMES biomass supply model uses Ramsey-Boiteux pricing therefore ensuring full recovery of all costs.

In the Power Choices Reloaded scenario the demand for bio-energy products increases substantially both
for biofuels, for solid biofuels for domestics (e.g. pellets) and large scale for power generation, as well as
for biogas. The main use of biomass is in the form of biofuels for the transportation sector particularly
for aviation and long-distance road freight transportation. The increasing demand in these transport
modes leads to the development of advanced biofuels from ligno-cellulosic materials in the medium and
long-term; these can be grown in marginal land, therefore do not compete with land for food and feed
purposes.
Biomass and waste consumption increases 47% in the time period from 2010 to 2020 in this scenario.
The transport sector although having the highest increase in percentage terms is not responsible for large
increase: the power generation and energy branch sectors are responsible for the highest share in terms
of actual growth of bioenergy consumption, only in third place comes the transport sector.
The consumption of the power generation and energy branch sectors is mainly large scale solid biomass
and increased waste use, whereas the transport consumption is due to increased consumption of liquid
biofuels. In the second part of the projection period from 2020 to 2050 the use of biomass and wastes
continues to increase, but in this period the increase is driven by the transport sector and final stationary
uses. The increase in the transport sector implies the introduction of advanced biofuels, for the production of bio-kerosene and road transportation fuels from ligno-cellulosic materials. Final stationary uses,
include both industry where waste is also used and residential and tertiary sectors where mainly small
scale biomass such as pellets are used.
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Table 11: Increases in biomass consumption by sector in the Power Choices Reloaded scenario
2020-2010
share of sector
% increase
in total increase
Transport

2050-2020
share of sector
% increase
in increase

122%

18%

150%

35%

Final stationary demand

8%

4%

79%

35%

Power generation

59%

35%

17%

12%

Energy branch

57%

37%

18%

13%

District heating and boilers

34%

6%

28%

4%

Total

47%

100%

44%

100%

3.7. Emission implications
In the Power Choices Reloaded scenario the emissions reduce by 80% in 2050 compared to 1990 levels
and the emissions are projected to be 40% less than 1990 levels in 2030. The emission reduction is assumed to occur domestically without the use of international credits; using of international credits the
EU could further increase its emission reduction.
Table 12: GHG emissions in Power Choices Reloaded scenario (EU27)

(MtCO2)

1990

2005

2020

2030

2050

5532

5130

4008

3321

1102

100

93

72

60

20

2379

1846

1470

262

100

78

62

11

Non-ETS emissions

1872

1542

1310

348

Index 2005=100
Energy CO2 emissions

100

82

70

19

Total GHGs
Index 1990=100
ETS emissions
Index 2005=100

3947

3080

2471

576

Index 2005=100
Process CO2 emissions

100

78

63

15

304

308

308

35

Index 2005=100

100

101

101

11

Non-CO2 emissions

879

620

541

492

Index 2005=100

100

71

62

56

In the ETS sector emission reduction occurs more quickly than in the non-ETS sector because the ETS
sector has a carbon price throughout the projection period. It is reminded that the ETS scope used in
PRIMES is the phase 3 ETS scope. As described above the power generation sector almost entirely decarbonises as a reaction to the carbon prices projected in the Power Choices Reloaded scenario; in industry
there is a combination of fuel switching towards less emitting fuels e.g. natural gas, electricity and biomass-waste as well as abatement of process CO2 emissions through CCS, when carbon prices are sufficiently high. Industry also has strong improvements driven by market forces as industry continuously
aims at improving its competitiveness. For aviation, aside from energy efficiency which already occurs to
a considerable extent in the Reference scenario, the only option to further reduce emissions is the use of
bio-kerosene; this option is extensively used in the Power Choices Reloaded scenario, with bio-kerosene
rising to 38% of total aviation fuel consumption by 2050.
The non-ETS sector includes non-energy intensive industry, residential, tertiary and the transport sector,
excluding aviation. In the stationary non-ETS the coupling of bottom-up measures with a carbon price in

39

Power Choices Reloaded

the long term incites further changes in the system compared to the Reference-PCR scenario and discourages from using carbon intensive fuels. For the transportation sector the emission reduction is driven
mainly by the electrification of transport which is assumed to occur driven by policies and measures preventing market failures and therefore allowing for simultaneous development and later availability of
technically and commercially mature electric vehicles and recharging infrastructure.
Although emissions reduce considerably in the non-ETS there are remaining emissions; of the energy
related non-ETS emissions transport emissions represent 62% by 2050, rising from 50% in 2005.
Transport and the supply side sectors are the ones contributing most to emission reduction (Figure 27),
compared to the reference scenario in absolute terms. The supply sectors – power generation, steam
generation and the remaining energy branch- increase the emission reduction compared to the Reference
scenario already in the time period 2020-2030. Beyond 2035 the additional emission reduction contributed by transport is significant due to large scale electrification, as well as the use of biofuels. The additional emission reductions in the residential, tertiary and industry sectors are beyond 2035 when the
marginal cost of CO2 abatement is very high.
Figure 27: Energy CO2 emissions by sector

Total emission abatement can be further split between changes in the fossil fuel mix, use of CCS, use of
RES, use of nuclear, energy efficiency induced through policies and measures and autonomous energy
efficiency progress. Figure 28 shows emission reductions compared to a theoretical business as usual
scenario.
In cumulative terms the highest contribution to emission reduction is due to RES, with 32%. The effect of
RES on emission reduction is particularly strong in 2020 due to the large increase in RES driven by the
EU Climate and Energy package targets.
The second largest element is policy induced energy efficiency followed by market driven energy efficiency; if the two energy efficiency elements are added then energy efficiency represents the largest contribution to emission abatement; both types of energy efficiency, market driven and policy driven, are
enhanced compared to the Reference scenario. Market driven energy efficiency is driven by a combination of factors including autonomous technology progress; in the decarbonisation the further availability
of cheaper, more efficient appliances leads to higher market driven efficiency. Further efficiency is driven
by the marginal cost of carbon which pushes toward less emitting and partly more efficient technologies.
Changes in the fossil fuel mix, therefore shift towards gas (and in the later time periods gas including
hydrogen in its mix) is projected to contribute 13% to cumulative emission reduction, nuclear 11% and
CCS represents the smallest contribution with 6% to cumulative CO2 emission reduction.
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Figure 28: Decomposition of emission avoidance in Power Choices Reloaded scenario

Figure 29: CO2 emission per capita by country
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Emissions per capita in the EU are not homogenous between countries varying significantly. The countries with the highest specific emissions are Luxembourg and Estonia, the first due to high consumption,
in particular of transport fuels and in Estonia due to the extensive use of shale oil. In the Power Choices
Reloaded scenario specific emissions already reduce considerably throughout the EU in 2030: emissions
remain higher than 7t CO2/capita only in Luxembourg, a significant change from the Reference-Power
Choices Reloaded scenario where nine countries still had specific emissions above 7t CO2/capita. By 2050
in the Power Choices Reloaded scenario specific emissions are more homogenous across the EU, within
only Luxembourg and Cyprus exceed 1t CO2/capita.

3.8. Pollutant emissions

The pursuance of decarbonisation also has the advantage of reducing pollutant emissions by at least 50%
compared to 2000 levels. The increase in use of RES, as well as the increased use of electricity in all final
energy demand sectors, including transport leads to significant reductions.
Emissions of NOX and SO2 decrease throughout the projection period due to the reduced consumption of
solid fuels, particularly in the demand side sectors which shift towards electricity and RES use. The stabilisation of the emissions toward the end of the projection period is due to the introduction of CCS, which
implies that the solid fuels are again used in the power generation sector, although at a much lower level
than in the past.
For PM and VOC emissions the projections show that, if technologies do not progress – i.e. emission factors are maintained the same as in a Reference scenario case assuming no additional mitigation
measures- emissions of pollutants start increasing again after 2030-2035. The emission reduction in the
first part of the projection period is driven by the strong reduction of use of solid fuels, in the long run
though the increased use of biomass and waste, particularly in the power generation sector implies that
emissions start growing again though remaining well below current levels. It is nonetheless likely that
increased use of biomass may lead to increased regulations regarding their combustion and may therefore this trend may be prevented.
Figure 30: Pollutant emissions in the Power Choices Reloaded scenario (index 2000=100)18
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The emission calculations are based on emission factors derived from the GAINS model; the emissions refer only
to combustion emissions; no additional mitigation options are assumed, emission factors are therefore maintained
constant over time.
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3.9. Implications on import dependence
There is strong concern in Europe about the implications of increasing import dependence and the resulting security of supply. The Reference scenario continues the past trends of increasing import dependence until 2025, after which stays approx. constant over the projection period. Europe is characterised
by depleting of domestic production and variations in domestic demand, in the Reference scenario. On
the contrary the Power Choices Reloaded scenario sees a stabilisation of import dependence at 2010 levels
and from 2025 a decrease which increases steadily over time (Figure 31).
Figure 31: Import dependence in Reference-PCR and Power Choices Reloaded scenario

The shifts in the energy system lead not only to a shift in the amounts of imported fuels but also to the
structure of imports. Whereas in the past the majority of fuel imports were of crude oil, mainly used in
transport, in the Power Choices Reloaded scenario the projection shows past trends maintained until approx. 2030 followed by a drastic drop of imports; oil drops to approx. one third of 2005 imports in 2050.
The import of solid fuels almost entirely disappears in the projection period. Natural gas imports are
projected to remain almost constant over time, as natural gas is required in power plants for balancing
purposes, as well as in some final energy demand sectors where gas is not further substitutable. Biomass
for energy purposes begins to be imported in this scenario although imports (in terms of final energy)
increase considerably within this scenario to 26Mtoe; compared to fossil fuel imports the quantities are
minor.
Figure 32: Net imports by fuel
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The reduction of imports also leads to monetary savings, in particular as fuel prices are increasing over
the projection period. In the Reference scenario the fuel bill for imported fuels is expected to increase
due to both the increased quantities and the increasing fuel prices, in the Power Choices Reloaded scenario
the fuel bill increases slightly in 2030 compared to 2005 levels, although remaining far below the Reference scenario and decreases compared to 2005 levels by 2050, although international fuel prices increase.
Table 13: Differences in fossil fuel bill between Reference and Power Choices Reloaded scenarios

2005
Bln. EUR'10

272

Diff. to 2005

-

Reference-PCR Power Choices Reloaded
2030

2050

563

651

107%

2030

2050

306

139%

243
12%

-11%

3.10. Cost and investment implications

The substantial restructuring of the energy system in the Power Choices Reloaded scenario implies additional costs for final energy consumers, but also requires a radical shift in the cost structure.
In the current structure of costs of the energy system the payments for the energy service mostly represent fuel costs. In the Power Choices Reloaded scenario the structure is radically different due to the large
investments projected in energy efficiency which include among others investments for improvements
of buildings, purchase of more efficient electrical and non-electrical appliances and purchasing of electric
vehicles. Although more advanced and efficient equipment is assumed to improve their techno-economic
characteristics, the capital costs (in annuity terms) per unit of useful energy are nonetheless expected to
be higher than of conventional equipment; further due to the high efficiency the relative expenditures for
energy decrease. The costs of the Power Choices Reloaded scenario are 1.7% higher cumulatively than in
the Reference scenario (see Table 14) or 1.9trillion €’2010 (see Table 14); this translates to 0.3 percentage points of cumulative GDP.
It is reminded that in the Power Choices Reloaded scenario and Reference scenario, as in all other scenarios analysed within the study the same assumptions about international fuel prices have been used.
This implies that the cost projections are fully comparable. If the world-wide action for climate change
would occur, it is probable that international fuel prices would be lower due to lower demand.
Table 14: Total energy system costs

(Bn. €'10)
Reference -PCR
Power Choices Reloaded
Diff. (%)

2010
1455

2020

2030

2040

2050

2011-2050

2324

2868

3264

3599

111321

2330

2875

3344

3699

113233

0.2%

0.2%

2.5%

2.8%

1.7%

In terms of percentage of GDP the Power Choices Reloaded scenario is 0.55 percentage points higher than
the Reference scenario in 2050; this additional cost implies that this amount needs to be taken away from
other uses. The PRIMES model is a partial equilibrium model therefore the effects of these changes on the
overall economy have not been quantified.
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The overall change in costs, which
seems not to be very large in percentage terms, hides the substantial change which occurs in the cost
structure as perceived by final demand sectors. By 2050 only 34% of
total system costs will be for energy
purchases of which 45% are related
to electricity purchases; by comparison in the Reference scenario
49% of total costs were related to
energy purchases of which 37%
were electricity purchases in 2050.
Capital costs account for 60% of total costs in the Power Choices Reloaded scenario of which a fourth to direct energy efficiency. In the Reference scenario capital expenditure represented 47% of total cost of which direct energy efficiency only
approx. 5%. Direct auction payments19 are lower in the Power Choices Reloaded scenario, as although
carbon prices are higher the amount of emissions, for which allowances need to be bought, are significantly lower.
Figure 33: Total system costs as percentage of GDP

Table 15: Structure of costs from the final energy users’ perspective

(Bn. €'10)

2010

2020

2030

2040

2050

280

761

1300

1818

2148

1

86

153

329

562

1174

1483

1437

1328

1261

352

489

521

559

573

Direct auction payments

0

3

6

7

6

Disutility costs

0

84

132

173

250

1454

2330

2874

3326

3665

Capital costs
of which direct energy efficiency
Energy purchase costs
of which electricity

Total costs

The differences in average annual cost by sector show significant differences by sector. The decarbonisation results in significantly higher capital costs for all sectors, and lower energy purchase costs. Costs in
the tertiary and industry sector reduce due to the assumption technologies improving beyond Reference
scenario levels due to higher penetration; further the reduction of market barriers imply that energy efficient appliances and technologies more readily adopted. In the tertiary sector in particular it is known
that because the energy bill represents only a minor part of the costs this is often neglected, even if it is
economically viable; in this scenario it is assumed that the barriers which normally stop energy efficiency
from taking place are removed. Costs over time nonetheless increase by 75% and 82% in industry and
tertiary compared to 2010 levels in 2050.
In the household sector on the contrary costs are significantly higher. As in all sectors we see a shift towards significantly higher capital expenditures and less energy purchases; the lower energy expenditures are nonetheless not able to compensate for the additional capital costs. The different split of costs
between capital and energy purchase expenditure as well as the cost increases lead to issues with the
affordability of the scenario. The higher expenditures from households imply that household expenditures for energy purposes increase, leaving lower availability for other purposes. A further question is

19 Direct auction payments refer to auction payments paid directly by final energy demand sectors (i.e.

industry and
aviation); indirect auction payments –paid by e.g. the power generation sector- are included indirectly through the
costs of energy purchases.
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the true affordability of such a scenario, as in the modelling only average consumers are analysed: in
reality there are different income levels and lower income levels may not be able to undertake or accept
such strong increases in costs. The average household spending on energy will increase from 6% in 2010
to 9.6% in 2050; approx. an additional 3000€/household in 2050 compared to 2010.
Table 16: Changed in average annual costs by sector and category compared to the Reference-PCR

% Changes to Reference 2011-2050
Households

Tertiary

Industry

Transport

TOTAL

Total

6.7%

-2.0%

-2.8%

0.6%

1.6%

Capital Cost

30.7%

69.3%

6.3%

13.4%

22.2%

Energy purchases

-12.8%

-23.7%

-4.9%

-14.7%

-13.7%

Electricity

-9.3%

-23.2%

-7.7%

200.3%

-5.0%

Steam

-5.2%

-1.6%

9.8%

0.0%

5.3%

Fuels

-16.6%

-26.0%

-5.0%

-22.0%

-19.1%

17.0%

-1.5%

0.0%

66.8%

32.6%

Disutility

The differences in average electricity prices for end users between the Power Choices Reloaded scenario
and the Reference scenario are very small (): prices are slightly higher in 2020 due to the different trajectory of the ETS prices which see an increase in 2020 compared to the Reference scenario as it was
found that achieving a 25% overall GHG emission reduction in 2020 is better from a cost optimality perspective than achieving only 20% in the context of decarbonisation; in 2030 the difference in prices is
negligible between the two scenarios and beyond the prices in the Power Choices Reloaded scenario are
lower than in the Reference case. Again the difference –or lack thereof- in absolute costs hides the substantial change in the structure of the price of electricity which undergoes major changes.
Both the Reference and the Power Choices Reloaded scenario see a significant increase in the average
projected prices of electricity between the 2010 and 2020. This significant increase is due to a combination of three elements: the large increase in international fossil fuel prices, the large amount of grid investments planned assumed which are fully consistent with the ENTSOe 10-year plan and the assumption
of the achievement of the 20% RES target in 2020. The combination of these three elements lead to significant electricity price increases between 23 and 26% in the Reference and Power Choices Reloaded
scenarios respectively (average after tax electricity price).
Figure 34: Average end user price of electricity
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In 2050 capital costs in the Power Choices Reloaded scenario represent 38% of the total pre-tax electricity price, whereas in the Reference scenario they represented only 32%; fixed costs are 12% compared
to 10% in the Reference scenario, variable costs are also higher. On the contrary fuel costs are significantly lower, although the underlying assumption about international fuel prices are the same; this implies that the lower fuel costs are due to a change in the power system, as analysed in the previous section,
with more RES which have lower or no fuel costs. As was the case with the direct auction payments for
final energy demand, also taxes on fuels and ETS payments are smaller in the Power Choices Reloaded
scenario compared to the Reference, because although the Power Choices Reloaded scenario has higher
carbon prices, the emissions are less and therefore total payments required are lower. Grid and sales cost
are slightly lower in the Power Choices Reloaded scenario in 2050, but are higher in previous years. Investment in the grid (and therefore the additional grid and sales cost) are necessary in the Power Choices
Reloaded scenario and are necessary at an earlier moment in time than in the Reference scenario due to
the higher amounts of RES already at earlier stages in time.
Total investments are significantly higher in the Power Choices Reloaded scenario. Power generation investments from 2011 to 2050 are 2.2trillion € which is 10% higher than in the Reference scenario. Investment in power grids reaches 1.6 trillion €, 22% higher than in the Reference scenario. The highest
investment increases are in the tertiary and residential sectors, where cumulative investments are 3.2
and 1.6 trillion € respectively, which imply an increase of 147% and 173%.
The effects of such investments and the significant impact the cost structure changes have on final energy
consumers of different income levels, as well as in different countries, are probably large but are not fully
analysed within this study.
Figure 35: Composition of electricity prices
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3.11. Key Milestones to achieve the Power Choices Reloaded scenario

The achievement of a scenario such as the Power Choices Reloaded scenario requires a very strong coordination between policymakers, investors and consumers, in order to create a framework where such
radical changes are possible. The framework for such a scenario to develop need to be set immediately
in order to facilitate the expectations and organise the full collaboration of the different actors. The effort
to achieve the decarbonisation is spread over the entire projection period with a considerable amount of
effort being undertaken by 2030.
To achieve such radical changes the following elements should occur in the time period to 2030:
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Meeting of the 2020 targets: the targets set out in the Energy and Climate package to achieve 20%
RES in gross final energy demand and 20% GHG reduction need to be achieved by 2020.
Reduction of power generation emissions: in the Power Choices Reloaded scenario specific emissions (tCO2/MWh) from power and heat generation are found to be 52% lower than 2010 specific
emissions. The power sector changes in the scenario with a shift towards lower emission fuels
and technologies.
Building Energy efficiency: substantial amounts of renovations need to take place in the time period to 2030 and beyond. Houses need to be renovated to at least 60% of their original 2010
consumption, wherever possible and be maintained at a low energy consumption throughout the
projection period; new houses require strict building regulations of around 40kWh/m 2 in moderate climates, 30kWh/m2 in warm climates and 50kWh/m2 in cold climates. Renovation rates
need to accelerate significantly beyond historical levels.
Appliance energy efficiency: new appliances need to be of very high standards, implying that already by 2030 most new appliances should be of the highest available efficiency.
Storage for CO2: in view of the fast development of CCS transport of carbon needs to be fully developed and storage sites to be enlarged to receive multiples of the CO2 quantities stored from
2020 to 2030 on an annual basis after 2030.
Recharging infrastructure: for transport electrification to occur at the speed necessary to allow
for the massive transport electrification to occur beyond 2030, the recharging infrastructure and
mainly the grid reinforcement needs to have already occurred to a great extent in 2030.
Grid and network developments: large investments are needed to ensure grid stability
Regulatory frameworks: these are needed to give certainty to investors

The Power Choices Reloaded scenario assumes that these developments which allow for the speeding up
of the huge changes required in the last two decades occur fully, allowing for an optimal use of resources.
For this to occur the policy framework needs to give investors and actors of all sectors the security that
decarbonisation is being pursued from a very early stage in time.

3.12. Difference to Power Choices 2009

The power choices reloaded exercise bases on a set of new assumptions which greatly influence results
and were necessary because the new results reflect the changes that have occurred in the past two years,
since the Power Choices was produced. These changes include:
1. Changed prospects for CCS and nuclear to lower potential and more expensive levels:
 Most pilot projects in the EU for CCS power plants have been delayed, because of lack of
financing; further preparation of storage facilities have encountered acceptability issues
in several countries. The modelling takes into account the increased difficulty for storage
capacities and public acceptance issues by assuming increased costs for the storage and
more limited site availability. Risk premiums for power plant investment have also been
increased.
 For nuclear, prospects have also decreased following changes in policy limiting nuclear in
some countries (e.g. Italy), public acceptance problems, higher waste management costs
and increased risk premiums after the accident that occurred in Fukushima-Japan in
March 2011. Country policies reflecting the position on nuclear up to summer 2012 are
fully included in the modelling. Higher risk premiums, less new sites due to public acceptance problems are accounted for in the Power Choices Reloaded scenarios.
2. Higher prices for bio-energy products
 Compared to the Power Choices of 2009 sustainability criteria and concerns, which have
arisen over sustainability of bio-energy product production have been better represented
in the modelling and have led to bio-energy products with higher costs. The fuel quality
directive in respect to biofuel production is now fully accounted for in the modelling.
 The difficulty or lack of other substitution possibilities for sub-sectors such as heavy duty
freight transport, for which electrification is for the most part not possible, and aviation
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leads these sectors to be dependent on biofuels to achieve strong emission reduction; this
implies high marginal prices of biofuels which are now better reflected in the modelling.
3. Improvement in the balancing of electricity
 This is a model improvement which has been undertaken; this leads to a better and fuller
representation of the balancing of electricity in the power supply part of the PRIMES
model.
4. International fuel prices
 In the Power Choices 2010 scenario a context of global climate action was assumed therefore international fuel prices were assumed to be lower in the Power Choices scenario
compared to the Baseline 2009 used as a reference scenario. In the current exercise to be
able to fully compare the costs between the scenarios the no difference in international
fuel prices between Reference and decarbonisation scenarios was assumed.
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Part 4: Deviations from the Power Choices pathway
4.1. Introduction
The Power Choices Reloaded scenario represents an optimal pathway towards the achievement of the
EU objective of reducing emission between 80 and 95% compared to 1990 levels while maintaining cumulative emissions within a boundary which complies with the 2°C trajectory. This optimal trajectory is
assumed to be possible by having: full availability of all decarbonisation options, assuming timely development of technologies and infrastructure and having the necessary financing conditions, as well as the
appropriate policy framework.
Although it is possible to have all these options if the objective of decarbonisation if formalised at an early
point in time, it is nonetheless possible for a variety of reasons that these optimal conditions may not
occur. In the following we therefore analyse the effects of a number of possible delays or failures which
would lead to a deviation from the optimal trajectory. The following scenarios are analysed:






Barriers to energy efficiency
Lost decade 2020-2030
Carbon price driven scenario (no bottom-up measures)
Renewable target for 2030
Underdevelopment of the Internal Energy market

The section is concluded by a comparison of the different deviation scenarios.
To allow for full comparability of the scenarios it is assumed that independent of the failure/delay assumed the deviation scenarios nonetheless need to achieve the same cumulative carbon budget as in the
Power Choices Reloaded scenario, therefore all scenarios are on track for a 2c objective; this is achieved
by varying the marginal cost of carbon until the carbon budget is achieved. The crucial element in this
analysis for comparison is considered to be the carbon budget, due to the importance related to climate
change avoidance, rather than the exact achievement of the 80% or more emission reduction in 2050
compared to 1990 levels; all scenarios nonetheless achieve approx. 80% emission reduction in 2050 compared to 1990.
For scenarios to achieve the emission reduction target there are two main pathways: reduction of emissions through fuel switching, energy efficiency improvements, use of more RES or the reduction of useful
energy services. The reduction of useful energy service, e.g. the reduction of mobility or lower room temperatures, is fully quantified and accounted for in the costs through the concept of disutility; this concept
widely used in economics allows for full comparison of costs even in the case that the model finds that
the target is only achievable through reduction of useful energy services because of the budget constraint
imposed. Disutility costs are a monetization of the reduction of comfort resulting from lower energy services (for further information see Box 6).
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Box 6: The concept of disutility
Disutility costs correspond to a monetary estimation of lower utility of a user. A standard way, widely used in economics, to
quantify these costs is through income compensating variation. This method monetises utility loss, due to the increase of a commodity price, by evaluating the amount of income that theoretically should be given to the consumer in order to allow him to
reach, under increased price conditions, the same utility level as before the price increase. So the additional income compensates
the consumer for the loss of utility due to the variation of prices.
Within the energy system utility is the amount of comfort and services derived from using energy and it is termed useful
energy services which include for example lighting, heating, mobility, industrial production, etc. The tendency over time is to
increase utility with increasing income: this leads to higher mobility, higher room temperatures, larger amounts of heated space
in dwellings, etc.
A reduction of utility in the energy system can be driven by: higher energy prices (e.g. higher taxation, higher oil prices, etc.)
and/or higher energy-related costs (costs for purchasing equipment, investment costs in house insulation, etc.). Policies aiming
at increasing energy efficiency involve more spending in capital terms (more expensive equipment, investment in building renovation, etc.) and less spending in variable cost terms. To aggregate capital and variable costs the consumer uses explicitly or
implicitly a discount rate. Depending on the value of the discount rate, the consumer associates an aggregate value to energy
efficiency spending and perceives either a cost (when capital annuity costs exceed variable cost savings) or a benefit. In case the
consumer perceives a cost then he encounters a loss of utility. The additional energy cost (either because of higher prices or because of a net cost of efficiency investment) tends to reduce disposable consumer’s budget used for non-energy purposes; to maximise overall utility, the consumer tends to reduce the part of utility associated with energy and so he reduces luminosity from
lighting, decreases thermostat controls for heating, eventually heats part of the house, reduces mobility, decreases industrial
production, etc. All these reductions are utility losses which correspond to a cost for the consumer relative to the case without
additional energy costs. This cost is measured as disutility cost through the income compensation methodology. If the consumer
perceives a benefit from energy efficiency investment, in other words he has a net profit, then his overall budget increases, and
he has the tendency to spend more on energy and non-energy products to get higher levels of utility allowed by the increased
disposable budget. In this case the consumer has a utility benefit which can also be monetised through the income compensation
methodology.
Either in view of higher energy prices or in view of an obligation to save on energy consumption, the consumer’s response is
firstly to improve energy efficiency through investment; if such investment implies net costs for the consumer then he also decreases the level of useful energy services and so he encounters a disutility loss.
The PRIMES model implements the above mentioned economic theory for each consumer type in detail. The model measures
disutility as a reduction of useful energy services demanded by the consumer-types which are evaluated simultaneously with
substitutions among energy end-uses, substitutions between energy forms, investment in energy savings, the change in the pattern of purchasing equipment, etc.; this evaluation takes the form of a utility optimisation under budget constraint with control
variables being useful energy service demand, fuel choice, energy saving investments, equipment purchasing, etc. and is influenced by the fuel prices (including taxation) and the energy saving obligations where applicable. Policies aiming at improving
energy efficiency may take various forms in the model, including obligations, subsidies, measures which reduce the implicit discount rates used in capital-budgeting decisions by consumers, measures which reduce the risk factors which are perceived for
choosing equipment with advanced (but yet not wide spread) technologies, etc.
So the PRIMES model derives disutility costs by comparing two scenarios (projections): a business as usual which excludes
policies, and other factors that affect energy costs, and a counterfactual scenario in the context of which energy prices and/or
costs increase. As explained above, the comparison implies reduction of utility levels in the counter-factual scenario and a disutility cost is associated to that scenario.
To further explain the importance of disutility costs when comparing two scenario cases, and also for evaluating benefits
and costs of policy measures, we take a simple example of a tax imposed equally on all possible fuels consumed by cars; assume
that efficiency progress of cars is not possible and also assume that there is no transportation mode other than using a car. In
this simple example the consumer has no possibility to respond to higher taxation by substituting between fuel types or between
transportation modes. The only possible response is to reduce mobility. The consumer then pays more for energy compared to
the case without the additional taxation but less than under unchanged mobility. Obviously to assess total cost of taxation for
the consumer, one has to add additional cash flows payments and disutility costs.
Another characteristic example is the assessment of control policies. Assume that a rationing-type of control applies as a
policy to reduce energy consumption, for example smaller fuses do not allow using all electric appliances and lighting in a typical house. The consumer is obliged to better manage the use of electricity, which implies also lower overall electricity consumption. So from a cash-flow perspective, the consumer is better-off. But when including disutility costs the consumer obviously
bears costs because of the rationing.
There are arguments, however, against including disutility costs in long-term scenarios, in particular regarding energy efficiency improvements in buildings. One type of argument concerns the possible change of utility functions (e.g. different relative
weights on the various services enabling utility) over time in the context of decarbonisation scenarios compared to business-asusual. For example, the decarbonisation context may also push consumers to attribute higher value to products and consumption conditions that do not exist in business-as-usual; for example consumers may get utility from soft mobility (walking, bicycles, etc.), from the living conditions in well insulated houses, from new efficient lighting patterns, from flexibility in using small
electric cars in city-centres, etc. It is true that the economics do not provide any method for monetizing new utility-enabling conditions. Another type of argument points to secondary benefits provided by improved energy efficiency; for example the value of
a house may be higher if well renovated for energy purposes. These ancillary benefits of energy efficiency are not accounted for
in PRIMES and so disutility costs may be over-estimated in some cases.
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4.2. Lost decade 2020-2030
This scenario is characterised by a complete failure to decide on any action after 2020 until 2030 and
further assumes a continuation of the current lack of financing conditions until 2030 resulting from uncertainty about macro-economic developments. This scenario therefore combines financial difficulties
with an absence of strong climate action or targets which implies a complete loss of moment in the time
period to 2030. Investments in all sectors, large scale projects such as grid developments, renovations in
household, investments in power plants, infrastructure for transport electrification are projected not to
develop until after 2030; technology learning is significantly slower and therefore technologies are more
expensive and less efficient also in the time period beyond 2030.
The lack of financing and lack of commitments, implies the scenario projection resembles the Reference
scenario until 2030; the scenario is assumed to meet the targets set in the EU Climate and Energy package
for RES and emissions, but no additional measures or policies are in place. Also the carbon prices reflect
this view and are at the same level as the Reference scenario until 2030. The scenario assumes that “suddenly” in 2030 action for climate action is decided and that the system has to recuperate the entire effort
in the last two decades to 2050 and achieve the same carbon budget. This recuperation is achieved by
implementing a set of bottom-up measures for energy efficiency and developing infrastructure for
transport electrification; the main driver is the carbon price.
Figure 36: Marginal cost of CO2 abatement in the Lost Decade and Limited Financing scenarios

The marginal cost of CO2 abatement skyrockets beyond 2030 following a strongly increasing trajectory,
reaching approx. 750€/tCO2 in 2040 and 950€/tCO2 in 2050 (see Figure 36). Obviously the impacts on
the system are enormous. 20
Total final energy demand is at Reference scenario levels until 2030 and then plummets to the same levels
as the Power Choices Reloaded scenario in 2035. The sectoral composition of final energy demand reveals
that to compensate for the delay; residential and tertiary sectors reduce final energy demand more than
in the Power Choices Reloaded scenario whereas transport and industry are not able to react as fast.
Electricity demand is higher until 2030 but then reduces below Power Choices Reloaded scenario levels
20 It is clear that the most probable consequence in real life would be that the achievement of

the emission reduction
is postponed to 2060 or 2070; but this would change the concentration of carbon in the atmosphere which is the
most important element for maintaining temperatures below 2°C. Climate models have shown (IPPC 4th assessment
report and others) that delaying the reduction of emissions and therefore increasing the concentrations of CO2
greatly jeopardises the probabilities of maintaining global temperatures below 2°C.
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due to the fact that electrification of transport does not occur to the same extent as in the Power Choices
Reloaded scenario.
The transport sector therefore relies on extensive use of biofuels in this scenario to achieve nonetheless
strong decarbonisation. Activity levels are at similar levels as the Power Choices Reloaded scenario until
2030 after which activity in the Lost decade scenario decreases compared to the Power Choices Reloaded
scenario by approx. 7% for passenger transport and up to 10% for freight transport. Aviation and passenger cars reduce activity levels and there is a partial compensation through increased activity in rail
and public transportation; also in freight activity there is a strong decrease in activity of freight road
transportation (decreases up to 16% compared to the Power Choices Reloaded scenario) to the benefit of
rail (increases up to 6%).
Although electricity demand is lower in the second part of the projection period, reaching Power Choices
Reloaded scenario levels only again in 2050, the installed capacity is higher than in the optimal scenario
throughout the projection period. Because of the high carbon prices in the second part of the projection
period there is a surge in the use of RES capacities and nuclear capacities and higher investments, particularly in the latter so that by 2020 there is 20% more nuclear capacity than in the Power Choices Reloaded
scenario. Although the carbon prices are so high CCS does not develop more than in the Power Choices
Reloaded scenario as the costs of CCS are higher in this scenario due to the lack of progress between 2020
and 2030. Although capacity is in place for thermal power plants their use is limited and the average rate
of use of thermal power plants decreases to around 15% in 2035 and 2040 and then increases again to
approx. 23% in 2050. The actual carbon intensity of power and steam generation drops far below all
other scenarios from 2035 onwards as significant amount of installed capacity is not used.
The total share of RES in this scenario is higher than in all other scenarios and the absolute quantities of
biomass required by the scenario are very high, and would according to estimates carried out with the
PRIMES biomass model strain sustainability of biomass production to its limits, as well as increasing imports questionably.
Figure 37: Carbon intensity of power and heat production in the Lost Decade 2020-2030 scenario

From a final demand perspective the capital costs are lower than in the Power Choices Reloaded scenario
while the energy purchase costs (which therefore indirectly include investments in the supply side) are
higher. Fuel purchases are higher in the first part of the projection period, and equal or lower in the second. But the electricity prices are substantially higher in the period beyond 2030 where average pre-tax
electricity prices remain around 136€/MWh while they were decreasing to 122€/MWh in the Power
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Choices Reloaded scenario. The components which increase are the capital, fixed and variable costs which
make up just under 60% of the total pre-tax price. Fuel costs remain at similar levels as in the Power
Choices Reloaded scenario whereas taxes on fuels and ETS payments are lower although the carbon
prices are higher due to the very limited emissions remaining in the power generation sector under the
conditions of this scenario.
Figure 38: Average electricity prices in the Power Choices Reloaded and Lost decade scenarios
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This scenario, with the complete loss of momentum after 2020 until 2030, represents a scenario which
shifts the effort of achieving decarbonisation towards the power generation sector and because of delays
in electrification and energy efficiency leads to lower activity less and therefore causes significant losses
in terms of end user utility.
In particular this scenario also includes delayed transport electrification implying that the transport sector will be strongly dependent on biofuels; as also
Figure 39: Impact of Lost Decade on energy system costs
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Investments in the demand side sectors are approx. the same in between the Lost decade scenario and the Power Choices Reloaded scenario in
the tertiary and industry sectors cumulatively
over the time period, whereas they are significantly lower for the residential sector; supply side
investments on the contrary are approx. 9.5%
higher cumulatively in the time period 20112050, with the majority of investment occurring in
the decade 2031-2040.
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The costs of this scenario are substantially higher than of all other scenarios; cumulative total energy
system costs result in an additional 5.6trillion € compared to the Power Choices Reloaded scenario, an
additional 5%. Costs as a share of GDP reach 17.7% in 2045 before reducing back to 16.7% in 2050 (energy system costs in 2010 were 12% of GDP). The additional costs of this scenario highly question the
affordability of the scenario: the average costs hide the differences that may occur both between Members States and between different income classes across the EU. The additional cost of the Lost Decade
compared to the Power Choices Reloaded scenario implies an additional cost per capita in 2050 of
645€/pers. This additional cost obviously carries significant problems of distribution among income
classes that have not been analysed within this study, but question the affordability of such a scenario.
The split of the additional costs between countries is also significant, with Bulgaria, Romania and Lithuania showing the highest cost increase. Energy system costs as percentage of GDP, in these countries,
increase above 3 percentage points. Energy system costs as percentage of GDP rise more in the new Member States than in the EU15, implying that the effect of delaying has a higher effect on these economy
which are generally characterised by lower GDP than EU15 countries.
The Lost decade scenario, therefore the lack of action in the decade 2020-2030, creates a scenario in
which the achievement of the decarbonisation of the energy system needs to occur in 20 years without
previous preparation: this makes it extremely difficult from a technical point of view, because technologies will not be mature, infrastructure will need to be constructed at incredibly high speed, best practices and attitudes will need to change and the whole procedure will imply incredibly high costs, which
are difficult to sustain from a social perspective. The scenario therefore is very problematic from a true
life perspective.

4.3. Limited financing scenario
To estimate the effects of the limited financing component of the Lost Decade scenario, a further variant
of the scenario was quantified with no delay in policy, but persisting financing problems. This implies
that, as in the Lost decade scenario no ESCOs are assumed to develop and the risk premiums for certain
technologies remain high; technology learning is limited due to the lack/limitation of market driven R&D.
Policies are assumed to be in place, but the effectiveness particularly of energy efficiency policies is somewhat limited by the lack of financing possibilities. Transport electrification is assumed to occur in this
scenario, as the development of transport electrification is assumed not to be based purely on market
mechanisms.
The limited financing context induces delay in the development of strong energy efficiency, which therefore increases the final energy demand, compared to the Power Choices Reloaded scenario, mainly of the
residential and tertiary sectors, as well as to a more limited extent industry; this implies higher consumption of electricity throughout the projection period. Industrial sectors remain mostly unaffected as many
actions are undertaken to remain competitive and therefore industry reduces energy consumption irrespective of the financial conditions. In the services sector on the contrary, limited financing directly impacts investment in enFigure 40: Average electricity price (after tax)
ergy efficiency as such investments occur driven by
both policy and good financial conditions. In the
residential sectors, limited
financial availability implies the capital intensive
investments will take
place more limitedly, as
there is no external agent,
e.g. ESCOs, who are prepared to take over the
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large energy efficiency investments necessary.
The supply sectors are forced to supply approx. the same amount of electricity as in the Power Choices
Reloaded scenario but with adverse financing conditions and higher costs of technologies as technology
learning is delayed. This implies higher effort from the supply side: average electricity prices are projected to be between 2 and 5.5% higher than in the Power Choices Reloaded scenario. The higher electricity prices are due mainly to the higher capital costs, as this scenario assumes that discount rates remain
high throughout the projection period due to the high cost of capital over time.
The effect in terms of additional costs compared to the Power Choices Reloaded scenario is substantial:
this scenario is projected to have additional cumulative costs of 2.98trillion € or 2.6% compared to the
optimal trajectory. Limited financing, even under the assumption of implemented policies greatly hampers the achievement of decarbonisation: the power sector will limit investments both in R&D, therefore
leading costs to be higher in the long-term for new technologies such as CCS as well as having to construct
capacity under worse financial conditions; the demand side sectors investment much lower amounts in
energy efficiency due to the lack of easy financing.

4.4. Incompletion of the Internal Energy market scenario
The Power Choices Reloaded scenario can achieve its optimal cost allocation also by assuming that the
internal energy market fully develops and interconnector capacities between countries are optimised
and expanded. This allows for optimal use of the different uses of energy sources, particularly RES, in the
different countries and therefore minimises balancing and reserve necessities. This pathway assumes
that large grid improvements occur as well as commitments between TSOs which allow for optimal flows.
The scenario Incompletion of the Internal Energy Market (labelled Limited cross-border (XB) trade in tables and graphs) analyses the effects of the lack of such developments in the context of achieving the
carbon budget in line with the 2°C trajectory, therefore the consequences of the underdevelopment of
the Internal Energy Market.
Both the Reference and all decarbonisation scenarios, with the exception of this one, assume the construction and development of interconnectors according the ENTSOe ten-year plan – only in the Lost decade scenario it is assumed that the construction will take 20 instead of 10 years- will take place according
to plan and that further the internal market will fully develop, with increased coordination between European countries. This implies that congestion between countries will be limited and that therefore electricity can be distributed without major barriers between countries allowing an optimal allocation of resources.
In the Incompletion of the Internal Energy Market scenario the ENTSOe plan is not assume to fully develop
causing a limitation to the infrastructure construction. Coordination between national TSO and the lack
of infrastructure construction leads in this scenario to the assumption that net transfer capacities (NTC)
do not increase at all in this
Table 17: Differences between Power Choices Reloaded and Limited scenarios in
power generation capacity
scenario maintaining their
current levels throughout the
Power Choices
Percentage
projection period. The conseReloaded
Limited XB Trade
difference
quence is that countries are
2030
2050
2030
2050
2030
2050
obliged to do their own balancing as is the case today reGW
%
lying only partially on imNuclear
115
136
113
141
-2%
4%
ports. The optimal use of RES,
Solids
121
60
120
59
-1%
-1%
which are unequally distribCCS
1
127
1
136
3%
7%
uted across countries, cannot
Gas/Oil
275
116
279
134
1%
15%
take place in a scenario where
there are strong constraints in
Biomass
55
69
53
68
-4%
-1%
the transmission of electricity
Hydro
115
118
115
119
0%
1%
across Europe.
Int.RES

464

855

459

767

-1%

-10%
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In such a scenario, as the Incompletion of the Internal Energy Market, the model projects very different
development of the capacities for power generation at a country by country level. Particularly such a
scenario implies that large scale RES projects, which require large balancing capacities and large markets
for the capture of such large quantities of electricity, will not be constructed. Projects which will be
strongly affected by such changes are large off-shore projects such as those projected to be built in the
Netherlands and the UK in other scenarios such as the Power Choices Reloaded scenario. These relatively
cheap sources of decarbonised electricity cannot be constructed due to the lack of grids and full accomplishment of the internal energy market as envisaged.
The scenario projections show lower overall capacity than the Power Choices Reloaded scenario due to
significantly less constructions in RES, mainly less wind; this is partly compensated by more capacity in
gas and oil remains throughout the projection period compared to the Power Choices Reloaded scenario.
The capacity of intermittent RES decreases by 10% in the Underdevelopment of the Internal Energy Market scenario compared to the Power Choices Reloaded scenario, whereas the capacity of non-intermittent
power plants increases by 5%. Total RES capacity decreases by 8.5%.
The structure of power generation also changes accordingly. Intermittent RES in 2050 account for approx. 33% of the total power generation compared to almost 38% in the Power Choices Reloaded scenario.
To compensate all other power generation types need to increase their generation: nuclear increases by
just less than 0.7%, solids by 1.3% and gas by 1.8%. This implies that also the share of electricity from
CCS increases to 23.4% from 21.6%.
Figure 41: Share of fuels in power generation in the Limited Cross-border trade and Power Choices Reloaded scenarios
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The RES-E share while remaining similar to the Power Choices Reloaded scenario in 2030, is lower in 2050
with significantly lower countries going beyond the 70% RES-E share mark.
The limited development of the internal market and the lack of development of the ENTSOe plan leads to
lower electricity flows between countries. The volume of electricity trade is projected to be lower even
than the Reference scenario from 2020. By 2050 the volume of trade in the Limited Cross-border trade
scenario is 57% lower than in the Power Choices Reloaded scenario.
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The volume of trade is significantly lower compared to the Power Choices Reloaded scenario, even at a
country by country level and represents a significantly lower share of electricity demand. Already in 2030
the picture at a country by country
Table 18: Volume of electricity trade (TWh): sum of all export and imlevel changes significantly with overport flows of electricity as simulated by the model
all much lower trade volumes particularly in Sweden, but also in Italy.
(TWh)
2020
2030
2050
This trend in the Limited Cross-border
Reference
259
300
371
trade scenario continues until 2050
Power Choices
241
462
652
with only minor changes.
Limited XB
Total system costs are 505M€ above
Trade
217
245
281
the Power Choices Reloaded scenario:
the Underdevelopment of the Internal
energy market scenario leads to lower investment in RES –mainly wind- which is only partly compensated
by higher investments in fossil fuel power plants.
Figure 42: Share of intermittent RES by country in the Power Choices Reloaded and Limited cross-border trade scenarios
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Figure 43: Volume of trade to total electricity demand by country in Limited Cross-border Trade and Power Choices Reloaded scenarios

4.5. Barriers to Energy Efficiency

The achievement of the optimal trajectory towards decarbonisation outlined in the Power Choices Reloaded scenario is crucially dependent on strong energy efficiency particularly in the residential and tertiary sectors. However under the current economic conditions with limited financing possibilities and a
general climate of funding limitations, as well as higher scepticism by consumers to make large investments the strong energy efficiency required to achieve decarbonisation may be impeded particularly in
the time period to 2030. In this scenario “Barriers to Energy Efficiency” such a case is analysed in which
until 2030 only limited energy efficiency occurs in the residential and tertiary sectors.
Some energy efficiency policies are implemented but financing conditions do not improve on account of
ESCOs not developing during the entire projection period; the policies implemented are not sufficient to
improve the perception of more advanced equipment and appliances, there is a general lack of trust by
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consumers, implemented policies are assumed to be weak, without implementing mechanisms. The barriers to energy efficiency are assumed not to effect transport electrification; it is assumed to occur nonetheless driven not by energy efficiency drivers, but by air pollution and general decarbonisation concerns.
The barriers to energy efficiency in this scenario directly and mainly affect the tertiary and residential
sectors; the supply side is indirectly affected by changes in the demand.
For the residential sector final energy demand goes beyond the reference scenario, as some additional
energy efficiency measures are in place but remains between 3 and 8% higher than the Power Choices
Reloaded scenario throughout the entire projection period (Figure 44). The largest differences are in the
time period until 2030 where the delay is assumed to occur, beyond 2030 the gradual introduction of a
non-ETS carbon price induces the partial recovery of the reduction in final energy demand. A similar
pattern is observed for the tertiary sectors. The tertiary sectors have the possibility to react more abruptly to changes as the turnover of appliances is higher and renovations occur more frequently; for this
reason the tertiary sectors are almost able to reduce their energy consumption to levels close to the
Power Choices Reloaded scenario even with the delay.
Figure 44: Final energy demand developments in the residential sector

The delay leads to higher energy consumption and higher emissions in the short term; as by assumption
the scenario needs to achieve the same cumulative emissions, towards the end of the time period emissions need to be lower than in the Power Choices Reloaded scenario.
The driver for the emission reduction is the marginal cost of CO 2 abatement; beyond 2025 the marginal
cost of CO2 abatement increases beyond the values of the Power Choices Reloaded scenario for the remaining part of the projection period.
The increasing marginal cost of CO2 affects both the supply and the demand side. In the demand side, an
increasing shift towards electricity can be observed (Figure 46). The barriers to energy efficiency lead in
the short term to higher electricity consumption because of lower efficiency of appliances and equipment
and in the long term because of the higher consumption and the necessity of more fuel switching to reduce the higher emissions. In this way the barriers to energy efficiency influence also the developments
within the power generation sector which is obliged to produce more electricity under the constraint of
higher marginal costs of CO2.
To satisfy the higher electricity demand, total installed capacity for power generation is 3% and 5%
higher in 2030 and 2050 respectively; all types of capacity increase throughout the time period with both
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Figure 45: Marginal cost of CO2 abatement in the Barriers to Energy Efficiency scenario

intermittent RES and
biomass
increasing
substantially, by 6%
and 7% respectively.
The share of electricity from gas plants is
slightly lower as the
higher demand also
allows for higher
base-load plant investment.

Overall the barriers to
energy
efficiency
mean that more effort
needs to be undertaken to achieve decarbonisation both on
the demand and the
supply side, in the
later part of the projection period. Aside from higher investments and higher energy purchase costs also
the disutility increases; this implies that under the scenario conditions assumed the same level of energy
services can only be achieved through additional expenditures.
The total cumulative costs of the scenario are 1.4trillion € above the Power Choices Reloaded scenario,
or 1.3% higher. This implies almost doubling the additional cost of decarbonisation compared to the Reference scenario.
Figure 46: Total electricity consumption in the Barriers to Energy Efficiency scenario

The Energy Efficiency Barrier scenario shows that not addressing energy efficiency barriers leads to
higher difficulties in achieving the decarbonisation target. The delays in successfully implementing energy efficiency influence also the power generation sector which has to produce more ‘decarbonised’
electricity.
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4.6. Renewable target for 2030
The optimal pathway described by the Power Choices Reloaded scenario includes no further targets beyond the agreed targets of the energy and climate package; the RES development is therefore driven exclusively by the carbon price with no further bottom up policies and a phase out of the feed-in-tariffs. The
scenario analyses what the effects of including an additional target of 30% RES in 2030, to be achieved
by increasing RES in electricity, would be on the energy system and on the achievement of the decarbonisation objective.
This scenario assumes the implementation of an additional target for renewable energy sources on the
pathway to decarbonisation of 30% in 2030. The model projection shows that in the Power Choices Reloaded scenario RES grow throughout the projection period even after the 2020 as the technologies become competitive over time and the carbon price remains as the only driver. In the Power Choices Reloaded scenario the share of RES in 2030 is 25.6% and the scenario projects the achievement of a 30.5%
share only in 2035.
In the Renewable Target for 2030 scenario a target for 2030 is put in place and it is assumed that this
target is achieved by increasing the RES-E share. The implementation of such a target puts an additional
constraint on the model for the achievement of the decarbonisation which leads the scenario to deviate
from the optimal trajectory as projected with the Power Choices Reloaded scenario.
The implementation of a target for RES in 2020 had the effect of introducing national policies to incentivize the introduction into the market of products (RES technologies) which were not yet fully market
mature. The costs of RES technologies have been rapidly decreasing and even technologies such as PVs
are relatively rapidly reaching market maturity; the developments and these rapid decreases in costs are
due to the large scale deployment of these technologies driven also by national incentives which were
triggered by the imposition of an EU wide target for 2020. The costs the technologies reach assumed to
be reached in 2020 due to the large scale deployment are close to market competitiveness and the high
carbon prices lead to these technologies being widely deployed on the market even without further obligations. As technologies are already considered to be market competitive (depending on the carbon price
and technology) beyond 2020, a target in 2030 cannot be fully justified in economic terms. The additional
target can only be justified if the policy target is limited to decarbonisation, but also increasing RES for
security of supply purposes in the midterm, in contexts where the ultimate target is to avoid extensive
use of nuclear or CCS where the latter are e.g. expected to have high prices.
Import dependence is lower in 2030 in this scenario compared to other scenarios, although RES in electricity is higher throughout the projection period, import dependence is approx. the same as other scenarios by 2050, as the lower carbon prices lead to higher consumption of fossil fuels in the demand side
sectors.
The additional target for RES leads to higher investments in RES for power generation throughout the
entire projection period, which lead to 6% higher cumulative investments for power generation compared to the Power Choices Reloaded scenario. The additional RES capacity is to the detriment of nuclear
and CCS capacities, which are lower than in the Power Choices Reloaded scenario.
The scenario requires a lower marginal cost of CO2 due to the additional RES target, but is still overall
more expensive, due to the higher investments required in power generation.

4.7. Carbon price driven scenario

The Power Choices Reloaded scenario assumes an optimal combination of bottom-up policies and economic drivers such as the carbon price. Due to the relative simplicity to apply economic drivers in forms
of carbon taxes or the carbon prices (e.g. ETS), this scenario analyses the effects of achieving decarbonisation exclusively through a carbon price which is applied on all sectors of the economy from 2025 onwards. Electrification of transport is assumed to occur driven by concerns about urban air pollution and
is not assumed to be driven exclusively by carbon prices. If the latter were the case, transport electrification would not occur or would occur at a significantly lower pace.
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Due to the lack of specific energy efficiency measures, beyond 2020, the final energy demand trajectory
slowly diverges from the Power Choices Reloaded scenario trajectory and by the 2050 total final energy
demand is 11% higher than in the Power Choices Reloaded scenario. Final energy demand sectors therefore switch fuels rather than save energy; this is particularly exemplified in the medium term where final
energy demand is similar in absolute terms to the Power Choices Reloaded scenario, but the amount of
electricity induced by the carbon price is significantly higher than in the Power Choices Reloaded scenario.
The higher demand for electricity and
the lower energy efficiency in the
short term imply that the power gen2020
2030
2040
2050
eration sector needs to compensate
for the lower emission reduction of
Final energy demand
2%
4%
5%
14%
the other sectors; emissions by the
Industry
1%
1%
8%
17%
power generation sector reduce earHouseholds
2%
5%
2%
12%
lier in time compared to the Power
Tertiary
5%
10%
11%
21%
Choices Reloaded scenario. Due to the
additional effort of the power generaTransport
0%
0%
-5%
1%
tion investment expenditure is cumulatively 12.5% higher in the carbon
price driven scenario compared to the
Power Choices Reloaded scenario which leads to higher prices also in the demand side sectors which
nonetheless continues using electricity driven by the carbon prices. The higher fuel purchase costs are
nonetheless offset by lower capital investments; capital expenditure in the residential and tertiary sectors is cumulatively 31% and 12% lower than in the Power Choices Reloaded scenario.
Table 19: Increase in electricity demand compared to the Power
Choices Reloaded scenario

Figure 47: Carbon intensity of power generation

The necessity to shift towards lower carbon energy carriers induced by the increasing carbon price also
leads to disutility as the energy carriers are more expensive and therefore less energy service can be met;
this leads to disutility costs which increase the cost of this scenario to 1.1% above the Power Choices
Reloaded scenario level. The additional costs are caused by two thirds by increased disutility costs as
energy purchase costs are compensated by reduced capital costs and by one third due to additional auction payments, due to the higher carbon prices.

4.8. Comparison of the deviation scenarios: electricity prices, marginal costs of CO 2
abatement and total energy system costs
The different deviation scenarios analyse the magnitude of change that the delay or failure of specific
elements cause. In the following electricity prices, marginal costs of CO2 and total energy system costs of
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the deviation scenarios are compared with the cost-optimal Power Choices Reloaded and the ReferencePower Choices Reloaded scenario scenarios.
4.8.1. Electricity prices
Electricity prices are calculated in the PRIMES model so as to fully recover all system costs. The largest
rise in electricity prices is between 2010 and 2020 in all scenarios: the achievement of the EU Energy and
Climate package targets – the 20-20 targets- causes a large change in the power generation sector, by
increasing the share of RES in power generation, which leads to a substantial rise in electricity prices.
Electricity prices rise from an average of 102€/MWh pre-tax in 2010 to at least 126 €/MWh pre-tax in
2020. In all scenarios, including the Reference scenario prices of electricity continue to increase to around
132€/MWh in 2030. In the Reference scenario the electricity prices remain at such a level for the remainder of the time period, as low capital expenditures are compensated by rising fuel costs. In the Power
Choices Reloaded scenario the electricity prices drop towards 2050; although capital costs remain high
these are compensated by reducing fuel costs and ETS and fuel tax payments. Prices remain high in the
Lost decade scenario, because although fuel costs reduce, capital costs are significantly higher than in all
other scenarios in the latter part of the time period. The scenario with the lowest fuel prices in 2050 is
the RES target in 2030 scenario; but this scenario is also characterised by the second highest electricity
prices in 2030 after the lost decade scenario.
Table 20: Composition of electricity prices in all deviation scenarios
Power Choices Reloaded

Reference

(Euro'10 per MWh)

Lost Decade 20202030

Limited financing

2010

2020

2030

2050

2020

2030

2050

2020

2030

2050

2020

2030

2050

Capital costs

34

41

39

42

42

42

46

40

41

55

40

41

50

Fixed costs

13

15

15

13

16

16

15

15

14

16

15

15

15

Variable costs

3

2

2

4

2

2

4

2

2

8

2

2

5

Fuel costs
Tax on fuels and ETS payments

32

41

40

38

40

37

29

40

41

29

40

39

28

1

5

12

9

9

10

4

6

12

3

6

11

2

Grid and sales costs
Average price of electricity
(pre-tax)
Average price of electricity
(After-tax)

23

24

25

25

25

26

25

24

27

26

24

28

26

102

129

132

131

132

132

122

127

137

136

126

135

126

121

149

154

153

154

155

145

147

158

159

147

158

149

RES target in 2030

(Euro'10 per MWh)

Limited XB Trade

Barriers to EE

CO2 price driven

2010

2020

2030

2050

2020

2030

2050

2020

2030

2050

2020

2030

2050

Capital costs

34

43

47

43

42

42

45

41

42

47

40

42

47

Fixed costs

13

16

17

15

15

16

14

15

16

15

15

16

15

Variable costs

3

2

2

4

2

2

5

2

2

4

2

2

5

Fuel costs
Tax on fuels and ETS payments

32

39

36

29

40

38

32

40

37

28

40

37

29

1

8

6

4

9

11

6

9

11

3

9

12

5

Grid and sales costs
Average price of electricity
(pre-tax)
Average price of electricity
(After-tax)

23

25

28

25

25

26

25

25

26

25

24

26

25

102

134

136

119

132

134

126

131

134

123

131

135

126

121

155

159

142

153

156

149

153

156

146

152

157

149

The increase in electricity prices projected to affect all sectors; the differences between sectors start decreasing slightly over time due to higher shares of RES. The RES shares increase over time, but base-load
still continues existing therefore justifying a price differentiation between sectors which use and do not
use base-load. Prices for end-users increase significantly to 2020 because of the achievement of the 2020
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targets; further price increases are limited with the exception of the Lost Decade scenario and the RES
target in 2030 scenario which has higher prices in 2030.
Table 21: Average end-user electricity prices by sector in the deviation scenarios

EUR'10/MWh

Average price

Reference

Power Choices Reloaded

2005

2020

2030

2050

2020

2030

2050

111

153

157

157

156

157

156

Industry

75

105

111

112

107

107

110

Households

141

203

201

197

205

203

191

Services

132

168

169

165

171

168

161

EUR'10/MWh
Average price

Lost Decade 2020-2030

RES target in 2030

2020

2030

2050

2020

2030

2050

149

160

168

157

161

153

Industry

103

115

120

107

108

107

Households

196

205

210

209

210

187

Services

163

172

177

174

173

157

Limited XB Trade

EUR'10/MWh
Average price

Barriers to EE

2020

2030

2050

2020

2030

2050

155

158

160

154

159

157

Industry

107

110

113

107

109

111

Households

205

203

195

201

203

192

Services

171

169

164

168

169

162

CO2 price driven

EUR'10/MWh
Average price

Limited financing

2020

2030

2050

2020

2030

2050

154

160

158

154

160

159

Industry

107

109

111

107

111

111

Households

201

205

196

197

204

197

Services

169

170

164

164

170

165

4.8.2. Marginal costs of CO2
To achieve the strong emission reduction necessary to achieve the objectives, the modelling uses a marginal price of carbon to drive additional emission reductions. Until 2020 this price applies only to the ETS
sectors and can therefore be assimilated to the EUA price. In the ETS sectors, the marginal cost of carbon
is assumed to be paid throughout the time period according to the provisions of the current ETS legislation. The marginal cost of carbon therefore effects the electricity prices, but with emissions reducing
strongly in the power generation sector, the effect of the increasing marginal cost of carbon is hardly felt
on the electricity price, but strongly influences the decision making of investors in the carbon generation
sector. The different assumptions in the deviation scenarios lead to significantly different marginal costs
of carbon.
The only scenario with a marginal cost of carbon lower than the Power Choices Reloaded scenario is the
RES target in 2030 scenario; due to the direct support for RES, the scenario lowers its emission already
in 2030 implying that the carbon prices necessary to achieve to the cumulative emission cap are lower
than in a scenario- such as the Power Choices Reloaded scenario- where there is no direct support for RES
after 2020. All other scenarios have higher carbon prices than the Power Choices Reloaded scenario.
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The scenario with Limited cross-border trade has the lowest marginal price increase compared to the
Power Choices Reloaded scenario; prices are consistently slightly higher throughout the projection period,
with a diverging trend. Prices reach 287€/t CO2 in 2050 compared to 266€/t CO2 in the Power Choices
Reloaded scenario. The scenario requires a higher cost of carbon as the RES cannot be exploited in an
optimal way and therefore fossil fuel power plants need to be equipped with CCS to substitute the difference. The next highest marginal costs are obtained in the Barriers to energy efficiency: due to the reduced
effort on the demand side to obtain the same emission reduction higher effort is required on the supply
side sectors. The CO2 price driven scenario has significantly higher carbon prices throughout the projection period, as no other instrument is assumed to be in place and therefore the marginal cost of carbon
has to drive the entire change towards decarbonisation; transport electrification is assumed to be driven
through measures other than the carbon price. If transport were not pushed by other drivers, the carbon
price would be expected to be significantly higher, and much closer to the Lost Decade scenario. In the
Limited financing scenario with the much higher costs for investing projects marginal costs of carbon
reaching 532€/t CO2 in 2050: this higher difficulty in investments requires the marginal cost of carbon
to drive investments although the costs are significantly higher. In the Lost Decade scenario the marginal
cost of carbon is extremely high; this is mainly due to the lack of transport electrification. The transport
sector is the sector in which the marginal cost of carbon has the least effect as the fuel taxation has a
higher influence.
Figure 48: Marginal cost of CO2

4.8.3. Necessary ETS trajectory for decarbonisation
In the Power Choices Reloaded scenario and all the variants the marginal cost of carbon in the ETS sectors
is equal to the one in the non-ETS sectors. Nonetheless it is possible to calculate ex-post the necessary
linear factor for the reduction of ETS allowances with banking, but no borrowing from the future allowed.
This has been carried out for the Power Choices Reloaded scenario ex-post by assuming the trajectory of
the ETS sectors as given and calculating the necessary yearly reduction in emissions. The result was a 3%
annual reduction linear factor from 2020 onwards compared to the 1.74% annual reduction linear factor
of the current ETS directive (Figure 48). This reduction allows the ETS sector to almost entirely decarbonise by 2050 and assumes no action related to the current allowance surplus in the market –therefore
no set-aside.
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Figure 49: ETS allowances for decarbonisation
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4.8.4. Energy system costs
Costs for the energy system rise regardless if decarbonisation is pursued or not. Already in the Reference
scenario, with only implemented policies, energy system costs almost double compared to 2010. Also in
terms of percentage of GDP the energy system costs under a Reference scenario projection increase by
almost three percentage points. The difference between Power Choices Reloaded scenario and Reference
scenario are limited when comparing total costs; cumulative costs are 2% higher; in terms of percentage
of GDP cumulative costs are 0.3 percentage points higher. As explained in section 3.10. the large difference between Reference and Power Choices Reloaded scenarios is the composition of the system costs:
the share of capital costs in total system costs increases significantly whereas fuel purchase costs decrease significantly.
All the deviation scenarios have a similar cost structure to the Power Choices Reloaded scenario; the trend
of shifting towards higher capital intensity and less costs related to energy purchases remains is typical
for any decarbonisation scenario, although higher energy purchase costs may occur due to less energy
efficiency or higher electricity prices in the scenarios. The highest additional costs are in the Lost Decade
scenario, as this scenario has the greatest deviation from the Power Choices Reloaded scenario: the effects
of not taking any action until 2030 imply very high costs. Even excluding disutility costs and auction payments the costs still remain by far the highest of all scenarios. Second highest are the costs of the Limited
financing scenario which shows that even if all policies are in place, but the financing conditions remain
with high interest rates in the power generation sector and no ESCOs develop to reduce the risk –and
therefore the perceived discount rates-of final consumers, the costs of the scenario are high because of
longer periods of inaction particularly in the essential decade 2020-2030. The Barriers to Energy Efficiency scenario also shows higher costs, but the possibility of higher action on the supply side leads to
lower costs, as only the demand side is delayed in this scenario. In the RES target in 2030 scenario, the
additional costs of the system are partly compensated by lower auction payments, as the necessary marginal cost of carbon to achieve the scenario is lower. The CO2 price driven scenario has higher costs, but
the majority of these costs are due to disutility: the higher marginal cost of carbon in this scenario, without any bottom-up measures for energy efficiency leads the demand side sectors to reduce overall consumption rather than make investments in energy efficiency, as the market barriers to energy efficiency
remain. The Limited cross-border trade scenario has additional costs which are due to higher electricity
prices and related higher energy efficiency investments.
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Figure 50: Diff. of Cumulative Energy system costs incl. auction from the Power Choices Reloaded scenario (bn€'10)
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Table 22: Total System Cost excluding Auction Payments as % of GDP

2010

2020

2030

2050

Cumulative 2011-2050

Reference

15.3

15.8

14.8

15.2

Power Choices Reloaded

15.3

15.9

15.3

15.5

The Lost Decade

15.5

16.1

16.7

16.3

15.3

16.4

15.4

15.7

RES target in 2030

15.3

16.3

15.4

15.7

Limited XB Trade

15.3

16.2

15.3

15.5

CO2 price driven

15.4

16.4

15.2

15.6

Limited financing

15.2

16.3

15.9

15.9

(%)

Barriers to EE

12.02

In terms of percentage of GDP the costs of the scenarios vary between 15.5% of the Power Choices Reloaded scenario and 16.25% in the Lost Decade scenario.21 The increase in terms of percentage share of
GDP occurs up until 2020; in this time period the share of energy system costs of GDP increase by almost
three percentage points, due to the assumed achievement of the EU Energy and Climate Package. The
21 For shares of GDP the total system costs excluding auction payments are assumed, as it is assumed that the auction

payments are recycled at no additional cost in the economy and therefore do not represent a true cost to the economy.
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further increase in share of GDP is below one percentage point, in cumulative terms even in the Lost Decade scenario, whereas on a year by year basis is increases slightly above one percentage point in most
scenarios and 1.2percentage points higher in the Lost decade scenario in 2050.

Part 5: Sensitivity analysis on medium term ETS context
The ETS is currently experiencing very low prices. Discussions are underway on how to reinvigorate this
crucial instrument for achieving emission reduction. At the end of 2012 it is estimated that there were
approx. 1100Mt excess EUAs (EU Allowances for carbon credits) banked; due to the regulatory uncertainty surrounding future developments of the ETS and the uncertainty regarding the achievement of the
renewable energy targets and the effects of the latest energy efficiency policies, prices of EUAs are extremely small.
Two different kinds of sensitivities were carried out related to medium term developments of the ETS: in
allowance set-aside scenarios and different policies and measures for energy efficiency and RES. All the
variants quantified within this analysis are variants of the Reference scenario and therefore do not
achieve the decarbonisation emission reduction target but only the ETS carbon budget resulting from the
prolongation of the ETS reducing emissions by 1.74% p.a. as in the Reference scenario is assumed as a
constraint.

5.1. Set aside scenarios

Following the proposal by the European Commission to set-aside a number of allowances in the following
three different scenarios with three different possibilities to set-aside were assumed and two were quantified with the PRIMES model, for each variant a set aside of 1400Mt CO 2 is assumed:




Scenario sa1: set-aside EUAs in the period 2013-2017 and put them back to the market in the
period 2018-2020
Scenario sa2: set-aside EUAs in the period 2013-2020 and put them back to the market in the
period 2021-2025
Scenario sa3: set-aside EUAs in the period 2013-2020 and are never put back to the market

In the first scenario sa1 it is assumed that the selling of the EUA surplus can only occur because of risk
averse behaviour. The time resolution of the scenario is nonetheless so small that the PRIMES model,
which uses a five year time span, cannot quantify a different ETS price trajectory.
Figure 51: Carbon prices in the set aside variants
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In the Scenario sa2 EUA prices are projected to increase in the time period until 2020, relative to the
reference scenario trajectory and decrease in the period 2020-2025, with negligible changes beyond
2025. The effects are nevertheless rather modest.
Figure 52: Surplus in the set aside variants

In the Scenario sa3 EUA prices are projected to increase more sensibly during the period until 2020 and
stay at a higher level. The energy and economic consequences are more pronounced than in any other set
aside scenario.
A further element of differentiation between the scenarios is the development of the surplus: in the Reference scenario, the surplus of emission allowances presents a peak in 2020, reaching 2900 Mt; in the
set-aside scenario 2, due to the lack of allowances in the period 2013-2020 the surplus decreases to
1600Mt in 2020 and peaks only after the return of the allowances in the market, to the amount of 2300Mt
in 2025; in the set-aside scenario 3 the lack of allowances implies much higher carbon prices (almost
double) that lead to less emissions in the period up to 2020 compared to the other scenarios. Therefore,
the surplus still peaks in 2020 at a lower level of 2300Mt and beyond follows the same trajectory as Reference.
In the set-aside scenarios, the capacity of RES plants increases sooner than in the Reference scenario due
to the increase of carbon prices in the period 2013-2020. It is more obvious in the set-aside 3 scenario,
where capacity of wind increases by 2% in 2015 and in 2020 compared to the Reference. Biomass and
gas oil conventional plants increase also by 1% in 2015. These changes act to the detriment of solid plants,
the capacity of which decreases by 0.5% in 2015 and in 2020. In the long run the energy system structure
remains the same as in the Reference scenario.
Power generation from wind plants increases by 3.7% in 2015 and 2.4% in 2020 in set-aside scenario 3
compared to the Reference. Power generation from solids plants decreases at the same time by roughly
8%. Set-aside 2 presents the same changes but in a rather moderate way, as carbon values are lower than
in set-aside 3.
Electricity prices increase in the set-aside scenarios, in the short term, compared to the Reference. ETS
payments are the main driver of price increases in 2015 and in 2020, due to the increase in carbon prices.
Capital costs also increase in the same period, as investments in RES plants take place earlier compared
to the Reference.
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The average end user price of electricity slightly increases in the set-aside scenario 2 and increases more
in the set-aside scenario 3 (4.7% in 2015 and 4.0% in 2020) compared to the Reference. All sectors are
equally affected. In the long term, end user electricity prices are unchanged from Reference scenario levels.
The set aside scenarios show that changes with a lasting effect only occur when the set-aside implies that
allowances are withdrawn entirely from the market. All other scenarios may lead to very short term recovery of the EUA price, but the effects will be extremely limited and with limited benefits. Scenario 3sa
therefore seems to be the scenario with the most effective developments from the perspective of maintaining the ETS price at a level which allows the ETS to represent an important instrument in view of
climate mitigation.

5.2. Variants with increased EE and RES

The EU Energy and Climate policy package (the so called 20-20-20 policies) is an asymmetric policy package as it combines a price driver (the EU Emissions Trading Scheme –EU-ETS) to reduce emissions with
bottom-up policies to meet separate targets for renewable energy sources (RES) and Energy Efficiency
(EE). The degree of achieving the RES target and EE objectives influences the ETS carbon prices, therefore
in the following we analyse the impacts of increasing the efforts for energy efficiency and RES on ETS
prices for CO2 allowances. For this purpose three further variants of the Reference scenario were quantified:




Energy efficiency push scenario
Renewable energy push scenario
And a combination of the energy efficiency and renewable scenario; a mixed scenario.

Adopting policies and measures which increase energy efficiency and induce higher penetration of RES
in the energy system, lead to lower ETS carbon prices, as the effort to reduce emissions which is required
by the ETS sectors is reduced. The surplus of allowances in such scenarios further increases compared to
the Reference scenario.
The enhanced energy efficiency scenario, decreases the ETS prices in the short term, as it leads to lower
electricity demand and therefore the power generation sector needs to produce less and can emit less
without having to undertake abatement options. In the longer term nonetheless the additional push for
efficiency simulated in this scenario (emulating efficiency savings similar to those envisaged in the energy
efficiency directive of June 2012), fades out and ETS prices increase similarly to the Reference scenario.
The scenario with enhanced RES assumes that incentives for RES increase compared to the Reference
scenario and are enhanced until 2030 and fade out therefore. This scenario projects the lowest ETS carbon prices of the three scenarios as the higher use of RES particularly in the power generation sector
implies lower necessary effort from the ETS sectors.
Table 23: Indicators for the scenario variants with increased EE and RES

2020
ETS price
RES share (% in gross final)
% reduction in primary energy comp. to
2005
GHG emissions (% red. Compared to 1990)

Targets

Scenarios
RES
EE
Reference push push Mixed

>0

15

10

11

11

20

20.3

22.4

20.2

21.4

-4.0

-4.8

-6.0

-5.3

-21.5

-22.4

-22.4

-22.4

-20
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Electricity demand reduces in all scenarios, in the enhanced energy efficiency scenario because of the
higher energy efficiency and in the RES scenario because of the higher prices of electricity resulting from
the higher deployment of RES.
The scenarios shows that there is a very strong correlation between RES development, energy efficiency
policies and the ETS carbon price. Strong policies in the fields of RES and energy efficiency can undermine
the effectiveness of the ETS as the pursued emission reductions (-20% GHG emissions compared to 1990)
are achieved through the bottom-up policies. Achieving or over-achieving the RES target, even with no
additional policies for EE increases the ETS prices risks being low if banking for use beyond 2020 is less
practiced; if the excess allowances of 1bn€ banked before 2012 are liquidated, this is likely to lead to very
low ETS prices. Assuming that EE and RES is pursued at higher levels, only very risk averse banking behaviour can avoid collapsing of the ETS. From the results it is clear that additional efforts for RES or energy efficiency policies under the current framework reduce the ETS price substantially; higher ETS
prices are only because of the assumption of risk averse behaviour of ETS allowance holders.
Corrective measures as suggested in the set-aside scenario variants can help to ensure that the ETS clears
at levels acting effectively as a price signal, otherwise in the context of higher efficiency and higher RES
pursuance the ETS risks losing its effectiveness.
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Part 6: Key outcomes of the study
The Power Choices Reloaded study confirms the outcomes of the Power Choices 2009 study as well as the
2050 Roadmaps of the European Commission that decarbonisation of the EU energy system is feasible
with technologies known today given an appropriate policy and financing framework, allowing for a conducive environment for technology and infrastructure development.
This study bases on a systems approach, allowing to investigate the synergies between the different sectors. The results from the modelling find that least cost pathway towards decarbonisation is achieved
through the deployment of all technologies with several key aspects:
1. Deployment of all technologies: the deployment of all technologies allows for optimal use of
the different technologies. Using many technologies allows for using the technologies at the cost
optimum potential. Further using a variety of technologies allows to hedge against the uncertainty of a technology not performing as initially expected.
2. Decarbonisation of the power generation sector: power generation, having a variety of technologies and possibilities should (almost) fully decarbonise. This allows for the decarbonised
electricity to be used in different sectors where only substitution to electricity is possible. Renewable energy sources are the preferred technology to achieve decarbonisation but should be
complemented by dispatchable power generation such as power from nuclear and carbon capture equipped power plants and sufficient balancing/reserve support by flexible generation.
3. Energy efficiency: energy efficiency needs to be a key priority to reduce energy demand including electricity where possible. Strong energy efficiency allows to save energy wherever possible,
allowing for electricity to be used in crucial sectors, such as heating and transport, where electricity leads both to energy savings and is the only fuel which allows these sectors to effectively
decarbonise. Energy efficiency needs to be driven through bottom-up measures addressing
common market failures such as limitation of financing possibilities, perceived high risks and
lack of confidence in new more advanced and efficient technologies.
4. Grid infrastructure and completion of the IEM: the development of substantial grid infrastructure inside countries and across countries operating under a well-functioning IEM allows
for optimal use of renewable energy source potentials which are otherwise not fully exploitable
and for efficient sharing of balancing/reserve resources; further in-country infrastructure also
allows for better exploitation of decentralised RES.
5. Smart grids: the deployment of smart grids and smart metering is essential for the deployment
of decentralised RES and for the recharging infrastructure of electric vehicles allowing to distribute load over the day in order to reduce the differences between peak and base load hours;
this was found of crucial importance for affordable and system –compatible mobility electrification.
6. Recharging infrastructure and transport electrification development: transport electrification needs to occur in order to allow the transport sector to decarbonise without unnecessary
stress to the biomass production. Recharging infrastructure and battery vehicle technology
need to be supported by a strong policy framework in order to avoid market coordination failure between the actors involved which may cause delays in the mass deployment of transport
electrification.
7. Bio-energy production: energy products derived from biomass are projected to be used
throughout the energy systems particularly in the transport sector – in aviation and long-distance freight transport where electrification is not an option- as well as in heating and power
generation. The quantities required to achieve the 20-20 targets already require a substantial
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change from today’s production levels, but further increases need to be coupled with the development of advanced second and third generation biofuels in order to avoid competition with
land use for food and feed purposes.
A further crucial aspect of the above mentioned development is timing: the majority of these developments needs to be significantly advanced already in the time period to 2030; achieving decarbonisation
without significant development and progress in the decade 2020-2030 causes an extreme situation
where action needs to occur in the time period 2030-2050, which is probably at the limits of actual feasibility.
Within this study different scenarios with delays/failures have been analysed which represent deviations
from the optimal pathway towards decarbonisation.
A complete failure of any action taking place between 2020 and 2030, Lost decade scenario, implies a
scenario which enormous additional costs (estimated at around 5.6trillion€ cumulatively between 2011
and 2050) and a scenario which may be impossible to achieve outside the modelling world due to its
extreme features.
The failure to progress on development of energy efficiency in the time period 2020-2030 –barriers to
energy efficiency scenario- also leads to a more complex scenario where the power generation sector is
obliged to produce more decarbonised electricity leading to higher electricity costs and higher energy
system costs. Additional costs for this scenario are in the range of 1.4trillion€, doubling the additional
cost of decarbonisation compared to the optimal pathway scenario.
Also using only one instrument such as the carbon price or tax, as in the carbon price driven scenario, fails
to address the market barriers which limit the mass deployment even of economical energy efficiency
measures, particularly in the residential and tertiary sectors.
The limited financing scenario shows that also if all policies are in place but the financial problems existing today and the lack of cash availability continue the achievement of decarbonisation is only slightly
easier than in the case of the Lost decade scenario, as essential technology development will not take
place due to lack of R&D investment and demand side sectors will not have done enough energy efficiency. Lack of investment in the transmission and distribution grid and lack of fulfilment of the internal
energy market is also assumed to make the achievement of decarbonisation more expensive and is projected to have a significantly lower RES development, as the use of relatively cheap e.g. off-shore wind
potentials will not be possible.
The Incompletion of internal energy market scenario leading to limited cross-border trade results in
higher costs of decarbonisation due to limitations to the cost-effective exploitation of the RES potential
and the higher costs for maintaining fossil fuel capacities under a national, as opposed to an EU-wide,
perspective of security of supply.
The deviation scenarios all demonstrate the crucial importance of the decade 2020-2030: any kind of
delay in this time period leads to a delay in developments which cause deviation from a least cost solution.
Therefore a certain number of key milestones should be achieved around 2030 in order to pave the path
for a cost efficient decarbonisation.
1. First of all the achievement of the 2020 targets is critical: both the RES targets and the GHG targets
should be achieved whereas the energy efficiency target is not required, although strong achievements for energy efficiency are necessary. The push given to RES to achieve the target leads to
economies of scales for RES and therefore increased learning bringing these technologies closer
to market maturity and therefore requiring only limited further incentives beyond 2020.
2. The power generation needs to already reach strong emission reductions by 2030: this can be
achieved either through an emission reduction target, combined e.g. with a stronger ETS price
signal.
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3. Grid restructuring and expansion: the ENTSOe multi-year infrastructure plan should be completed in order to allow for large scale deployment of RES and so completion of the Internal Energy Market will ensure effective sharing of resources for balancing and reserve power.
4. Energy efficiency: substantial amounts of energy efficiency need to occur. Building codes such
ensure that new buildings have close to passive house standards and renovations should be also
energy oriented. Renovation rates need to increase strongly beyond historical levels. All new appliances should be of the highest energy efficiency standards.
5. Recharging infrastructure for transport and electric vehicle technology: a policy framework giving incentives to transport electrification both for the creation of substantial infrastructure and
for R&D developments should be in place. This framework should be strong enough to create a
climate of collaboration among different market segments in order to avoid market failures.
6. New nuclear investment and extension of lifetime of old nuclear plants, where possible, in countries that foresee nuclear energy
7. Carbon transportation and storage infrastructure: in view of the large scale and fast development
projected after 2030 for carbon capture and storage the legal framework, the sites and transportation infrastructure need all be in place before 2030.

