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c We model the effects of 15 climate change mitigation measures in Europe.
c We assess the greenhouse gas emission reduction potential in different sectors.
c The measures could reduce greenhouse gas emissions by 60% below 1990 levels in 2050.
c The approach allows to explore arguably more relevant climate policy scenarios.
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Most modelling studies that explore emission mitigation scenarios only look into least-cost emission

pathways, induced by a carbon tax. This means that European policies targeting specific – sometimes

relatively costly – technologies, such as electric cars and advanced insulation measures, are usually not

evaluated as part of cost-optimal scenarios. This study explores an emission mitigation scenario for

Europe up to 2050, taking as a starting point specific emission reduction options instead of a carbon tax.

The purpose is to identify the potential of each of these policies and identify trade-offs between sectoral

policies in achieving emission reduction targets. The reduction options evaluated in this paper together

lead to a reduction of 65% of 1990 CO2-equivalent emissions by 2050. More bottom-up modelling

exercises, like the one presented here, provide a promising starting point to evaluate policy options that

are currently considered by policy makers.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In order to limit global mean temperature increase to less than
2 1C as mentioned as a goal for international climate policy in
both the Copenhagen Accord (UNFCCC, 2009) and the Cancun
Decisions (UNFCCC, 2011), stringent emission reductions will be
required. For instance, scenarios that limit the increase in radia-
tive forcing to a level of 2.5–3 W/m2 in 2100 (corresponding to a
probability of 50–70% of staying below 2 1C) typically reduce
global greenhouse gas (GHG) emissions by 40–80% by 2050
(Rogelj et al., 2011; van Vuuren and Riahi, 2011; van Vuuren
ll rights reserved.

: þ31 30 274 4479.

d@ethz.ch (B. Girod).
et al., 2007). Given the rapid emission growth in developing
countries, such global emission reductions would require even
steeper emission reductions in high-income countries. In fact, the
European Union (EU) has indicated that a reduction of European
GHG emissions of 80% to 95% below 1990 levels would be required
by 2050 for a 2 1C scenario (European Commission, 2011a).

In the last few years, the scientific community has started to
explore scenarios that achieve such emission reductions. Exam-
ples at the global scale include those by Edenhofer et al. (2010)
and van Vuuren et al. (2011). Most studies in this context look at
emission reductions in a perfect world in which climate goals are
achieved by implementing least-cost emission abatement
options, typically, by imposing a global carbon tax or shadow
price in model simulations. The focus on cost-optimal scenarios is
partly for methodological reasons, but also because modellers
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intend to inform policy-makers about the most cost-effective way
to achieve the required emission reductions. Given the focus on
this generic price instrument, studies pay little attention to what
implementation issues may arise. Clearly, the ‘real world’ situa-
tion is different. Some costly measures are likely to be imple-
mented, while other cost-saving measures are not. For instance, in
several European countries expensive PV solar cells are already
being deployed, whereas much cheaper or cost-saving measures
like building insulation are not always deployed (Boermans and
Petersdorff, 2007). In that light, it is useful to also focus on more
realistic mitigation pathways. Several scenario studies have taken
on this challenge by looking into the impacts of limited participa-
tion of countries in climate policy or limited technology availability
(Clarke et al., 2009; Lüken et al., 2011). The study presented here
takes yet another approach. Instead of implementing a global
carbon tax to induce mitigation measures, it starts from specific
emission reduction options. We quantify GHG emission reductions
resulting from 15 climate change mitigation options in Europe.
This scenario study should be seen as explorative and is intended
to get a better understanding of European mitigation scenarios and
the technical reduction potential resulting from specific mitigation
options.

The main objective of this study is to (1) gain more insight into
the effectiveness of different specific climate policy measures, and
(2) identify trade-offs between sectoral policies in achieving
ambitious climate goals. The set of measures is not meant to be
exhaustive (see Section 2.3). The aim is not to answer the
question whether a European reduction target of 80% to 95% is
feasible, but instead to provide insight into the effectiveness of
some typical measures discussed in the context of fragmented
climate policy—and so get a more concrete feeling of the level of
effort involved in deep emission reductions.

Section 2 describes the methodology, including the baseline,
the models used for this study, and the policy measures that are
assessed. The results are discussed in Section 3. Conclusions and a
discussion are provided in Section 4.
2. Methodology

2.1. Models used

To project the emission reductions from the measures, we
used the TIMER energy model of the IMAGE Integrated Assess-
ment modelling framework, as described by van Vuuren et al.
(2006) and the detailed European power model Power ACE.

TIMER is used to analyse specific mitigation options in indus-
try, transport and the residential sector. It is an energy-system
simulation model, describing the demand and supply of 12
different energy carriers for a set of 26 world regions on a yearly
basis throughout the end of the century. European energy use is
modelled for two regions, i.e., Western Europe and Central
Europe. Together, they include all European Union Member States
and Norway, Switzerland, the Former Yugoslav Republic of
Macedonia, Croatia, Albania, Bosnia & Herzegovina and Serbia.
The TIMER model focuses on several long-term, dynamic relation-
ships within the energy system, such as inertia, learning-by-doing
and resource depletion. Energy carriers can be imported or
exported from/to other global regions. Final energy demand (for
five sectors and eight energy carriers) is modelled as a function of
changes in population, in economic activity and structural
changes in the sectors based on autonomous and price-induced
change in energy intensity (energy conservation) and price-based
fuel substitution. Three explicit energy demand sub-modules are
used in this study, being a residential energy use module
(Daioglou et al., 2012; van Ruijven et al., 2011), a transport energy
use module (Girod et al., 2012) and a heavy industry energy use
module (Boskaljon, 2010). The demand for electricity can be
fulfilled by fossil-fuel or bioenergy based thermal power, hydro-
power, nuclear power and solar or wind. The model selects
specific technologies based on relative costs using a multinomial
log it allocation. The exploration and exploitation of fossil fuels
(either for electricity or direct fuel use) is described in terms of
depletion and technological development.

The power generation sector plays a very important role in
emission reduction strategies. In order to get a more detailed
picture of the possibilities to reduce emissions in this sector, the
electricity supply model Power ACE has been used. This model has
a much higher temporal and spatial resolution than the TIMER
model. Power ACE combines a policy-driven diffusion model with
optimization techniques, which leads to different pathways than a
pure optimization approach. It takes into account national targets
regarding renewable electricity (RE), support policies and prefer-
ences for certain technologies. This way, currently not cost-
efficient technologies, like photovoltaics, show more realistic
growth rates than in optimization approaches.

The diffusion of technologies is described using the agent-based
renewable energy investment model PowerACE-ResInvest (Held,
2011). The model contains detailed techno-economic data on
specific investments, learning rates and generation potentials for
technologies in Europe. The diffusion process is modelled from the
perspective of investor agents, which pursue their rationale by
evaluating potential sites and national support schemes. The latter
are included for the current support scheme, e.g. as quota, and
adjusted by policy agents if national targets are over- or unfulfilled.
This information is used in the PowerACE-Europe model, which
calculates electricity supply in all European countries at hourly time
steps up to 2050, based on work by Sensfuß (2007). The hourly
generation profiles for wind and solar power are based on meteor-
ological data from weather measurement stations and satellite data.
The technological mix complementing the power generation from
RE is optimized in terms of installed capacities and utilisation of
power plants, transmission grids and storage facilities. Overall, the
Power ACE model cluster covers 14 RE technologies and a range of
conventional and nuclear power plant technologies. The modelling
approach is described in more detail in Pfluger and Schleich (2012).

Finally, we look briefly into the emission reduction options
outside the energy sector, using earlier published work by the full
IMAGE model. IMAGE is an integrated assessment model to study
the causes and consequences of global (climate) change up to
2100 (Bouwman et al., 2006).

2.2. Baseline scenario

The baseline scenario used throughout this study is described
in the OECD (2012) Environmental Outlook. The OECD baseline
uses projections for GDP growth rates in line with historic
development, leading to an average annual global growth rate
of 3.5% and for Europe of 1.9% between 2010 and 2050. Population
assumptions are based on the United Nations medium projections
(UN, 2008), in which the global population reaches 9.2 billion
people in 2050, 691 million of which in Europe. In the OECD
Environmental Outlook, energy system developments and related
emissions are elaborated using both the macro-economic model
ENV-LINKAGES and the TIMER model. Here, we use the TIMER
elaboration, with a more detailed description of the transport
system described by Girod et al. (2012). Increase in energy
consumption in the baseline roughly follows the projections of
the IEA (2010) World Energy Outlook and relate to historical
trends and the range found in literature as reviewed by van
Vuuren et al. (2012). In the baseline, we assume that no new
climate policies are implemented.
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Fig. 1. Baseline projections of European CO2 emissions from energy use by source. Emissions are allocated to the sector in which they occur (e.g., emissions from electricity

use in the residential sector are allocated to the electricity sector).
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Fig. 1 shows the historic and projected baseline CO2 emissions
from energy use for the European region. The figure shows that
the power generation, industry, transport and residential sectors
are the largest direct emitters.

2.3. Defining mitigation options

The mitigation options included in this study are described
below; for more details, please see Deetman et al. (2011). The
measures have been selected based on recent discussions on EU
climate policy, and mostly focus on the largest emitting sectors.
Where possible we have used measures mentioned in strategic
policy documents like the Energy Efficiency Plan and the White
Paper on Transport by the European Commission. Some other
measures were included based on available literature, as further
explained below. While most measures focus on CO2 emissions
related to energy use, we have also evaluated the impact of
reducing other GHG emissions, such as methane and black
carbon, and land-use related CO2 emissions, based on earlier
published work using the IMAGE model (PBL, 2010).

Altogether, the measures consist of a wide range of mitigation
options, ranging from purely technical measures to policies and
lifestyle-related changes. As stated in the Introduction, this study
does not attempt to specify an optimal or comprehensive Eur-
opean climate strategy for the 80% to 95% reduction target.
2.3.1. Transport

Transport currently contributes to about 20% of European
energy-related CO2 emissions. According to model projections,
demand for passenger travel will increase by about 40% and
demand for freight transport by about 60% between 2005 and
2050 (Geurs et al., 2011). Transport-related CO2 emissions, how-
ever, are projected to slightly decrease over this period, even
without new climate policy, due to on-going energy efficiency
improvements and adoption of low-carbon technologies.

The European Commission’s roadmap states that a GHG emis-
sion reduction of at least 60% with respect to 1990 is expected
from the transport sector by 2050 (European Commission,
2011b). The vision of the EU is to achieve this objective through
new vehicle technologies, improved infrastructure and through
stimulating new transport patterns.

Scenario studies suggest that there is potential for CO2 emis-
sion reduction in the transport sector without limiting the
transport volume (Girod et al., 2012). This is important, as the
objectives of the European Union are to reduce impacts of
transport without curbing or compromising mobility (European
Commission, 2011b). This approach is not explicitly aimed at
avoiding transport flows, as for example proposed by Dalkmann
and Huizenga (2010), thus relies heavily on efficiency improve-
ments, modal shift and alternative vehicles. Even though conven-
tional internal combustion engines (ICEs) have a potential to
become more efficient, the most promising developments for
reducing climate impacts from passenger cars in the long term are
new vehicle propulsion systems. One other approach is to
promote high speed trains (HST), a relatively low-carbon inten-
sive form of travel over long distances. In this context, in this
study we have focussed on the following measures:

2.3.1.1. A 50% tax increase on fossil fuel combined with a 35% subsidy

on purchase of electric cars. The current European tax on oil
products and natural gas assumed in the model is around 30% of
the fuel price at the filling station. A 50% increase of the tax –
gradually implemented between 2015 and 2030 – would roughly
represent a cost increase per litre of fuel of about h 0.50 (in 2005
Euros). The subsidy on purchase of electric cars is gradually
introduced between 2015 and 2030 as well. Currently, the non-
energy price of battery electric vehicles (BEV) is assumed to be high
(h 0.27/km in 2010) in comparison to a typical modern gasoline car
(h 0.014/km). The non-energy price of the BEV is assumed to
decrease to h 0.06/km by 2035, and the purchase subsidy
enhances the competitive position of electric transport further.

2.3.1.2. A 25% subsidy on capital investments of high speed train

transport combined with a departure tax for air travel. Additional to
the subsidy on HST, a gradual increase of the average door-to-
door speed of high speed rail from 150 in 2005 to almost 175 km/
h in 2050 is assumed. This compares to no improvement of the
speed in the baseline. The departure tax for air travel is gradually
implemented and reaches a level that is twice the departure tax
implemented, but discontinued, in the Netherlands between 2008
and 2009 (Foster, 2010). The tax amounts to h 22 for continental
and h 90 for inter-continental flights, leading to a derived average
tax of h 0.013/km.

2.3.2. Residential

According to the recently published Energy Efficiency Plan
2011 of the European Commission, the greatest energy saving

potential lies in buildings (European Commission, 2011a). Buildings
are responsible for almost 40% of final energy consumption,
of which about two-thirds is attributable to space heating.
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According to (EU, 2010a) EU Member States shall ensure that by

31 December 2020, all new buildings are nearly zero- energy

buildings. We have modelled these ambitions by implementing
high insulation standards in newly built buildings. In addition, we
included a ban on traditional light bulbs and enforcing efficient
appliances as policy options. This results in the following list of
measures in the residential sector:

2.3.2.1. Enforcing advanced water heating technologies and high

insulation standards in new buildings. Efficiency gains reached by
changing from a typical mid-efficiency water heating system to
high-efficiency (condensing) boilers generally lead to an
improvement in heating efficiency of 10%-points (DOE, 2011).
Additional measures, such as external temperature compensated
control and reducing the boiler size, could also lead to significant
energy savings (Peeters et al., 2008). In this study a standard is
implemented, which leads to a gradual improvement of efficiency
in the energy demand for hot water (not used for space heating)
of 10% between 2015 and 2030. Based on the maximum technical
potential for building insulation measures found in Graus et al.
(2011), we also include a standard for heating intensities for
newly built dwellings of 15 kJ per square meter of living space per
heating degree day (HDD1), introduced between 2015 and 2030.
This reduces the energy demand for both heating and cooling
purposes.

2.3.2.2. Banning traditional light bulbs (incandescent lamps). A
traditional 60 W bulb can be replaced by a compact fluorescent
lighting (CFL) unit of 11 to 20 W. In this study, we model the
effects of a phase-out of incandescent lamps as endorsed by
European Union Member States between 2009 and 2012 (EU,
2008), thereby prohibiting the sales after September 2012.

2.3.2.3. Enforcing ‘‘A’’ label appliances. We assume that the average
newly purchased appliance (with an average 15 yr lifespan)
currently has a ‘‘C’’ energy label, based on the European energy
labelling directive (EU, 2010b). Enforcing sales of ‘‘A’’ label
appliances would improve the energy use of dishwashers by
27%, of refrigerators (Aþþ) by 67%, of tumbler dryers by 48%, of
laundry machines by 29%, of televisions by 52%, and of air
conditioners by 24%, all between 2015 and 2030.

2.3.3. Industry

Considerable progress has been made in the energy efficiency
of the industry sector in Europe. Still, the sector accounts for
about 20% of the EU’s primary energy consumption (European
Commission, 2011a). European cement and steel production
amounts to almost 30% of total industrial energy use. Because
TIMER has a detailed description of the energy demand of these
products, this study specifically focuses on the reduction potential
for cement and steel production, by introducing the following
industry specific regulations:

2.3.3.1. Enforcing lower clinker ratios and banning standard cement

plants in the cement industry. Portland cement, the ‘‘ordinary’’
type of cement, uses high shares of clinker, which is an energy-
and CO2 intensive intermediate product of cement. Other types of
cement could reach comparable material requirements by using
less clinker per tonne of cement (Taylor et al., 2006). In this study,
a linear decrease of the clinker ratio from 75% in 2015 to about
65% by 2030 is enforced. This compares to a ratio of 74% by
2030 in the baseline. Furthermore, efficient cement production
1 Heating degree days¼(18 1C—mean outdoor temperature)n days; as applied

by Isaac and van Vuuren (2009).
technologies are enforced by banning newly built standard cement
plants from 2015 onwards. The efficient cement production types
are about 25% more efficient than the standard ones.

2.3.3.2. Enforcing use of advanced type steel furnaces. Due to the
limited availability of steel scrap, blast furnaces (with or without
basic oxygen furnaces) continue to play an important role in the
production of steel. Setting efficiency standards for these
technologies is a starting point for reducing emissions. In this
study, we enforce all newly built steel furnaces to be of the most
efficient steel blast furnaces type, with or without carbon capture
and sequestration (CCS), from 2015 onwards. These advanced
steel furnaces use about half of the energy compared to direct
reduction electric arc furnaces, which up to 2050 are the
prevailing newly built plants in Europe in the model baseline.

2.3.3.3. Improved energy efficiency through ‘good housekeeping’. Energy
efficient production can often be achieved through minor process
adjustments or optimizations with short payback times, often
categorised as ‘good housekeeping’ measures. Examples are efficient
lighting (management), flexibly adjustable motors, optimized com-
pressed air systems (Kaya et al., 2002) and more intensive
(preventive) maintenance. In developed countries, housekeeping
measures typically enable energy savings in the order of 3.5% for
cement production (Worrell and Galitsky, 2008) and 7.5% for steel
production (Worrell et al., 1999). In this study a gradual imple-
mentation of these savings, and a 7.5% saving on the remaining
industries, is introduced between 2015 and 2030.

2.3.4. Power generation

Power generation accounts for one-third of European CO2

emissions (UNFCCC, 2012). Because mitigation options analysed
in the other sectors affect electricity demand, cleaner power
generation is of crucial importance to total European CO2 emis-
sion reductions. For the analysis, a different approach than used
for the other sectors is taken. As mentioned in Section 2.1, the
Power ACE model instead of TIMER is used, because of its higher
technological detail. Instead of analysing specific measures, two
scenarios are analyzed, using the methodology described in
Pfluger and Schleich (2012) and the following assumptions:

2.3.4.1. Implementation of a ‘‘decarbonization’’ policy. This scenario
is characterized by a strong willingness to decarbonizes the
power sector. As a result, CCS power plants are available and
new nuclear power plants can be built in all countries except
those that specifically indicated not to use nuclear2 . Finally, the
renewable energy targets for 2020 as described in the National
Renewable Energy Action Plans (NREAPs) are implemented
(UNFCCC, 2012). Between 2021 and 2050, ambitious national
targets for renewable energies are set in the agent-based diffusion
model. In many cases, these targets exceed current national long-
term targets. The average target of renewable energy is set to 86%
by 2050, with differences between countries being caused by the
available technical potential for RE. The countries apply support
schemes such as feed-in tariffs or quota with certificate trading,
and adjust their policy if the targets are not met.

We assume that transmission grids between countries and
electricity storage facilities are optimized. This optimization
procedure seeks a least-cost capacity portfolio and generation
countries, as they have either a nuclear phase out law in place or have never

actively pursued a nuclear energy programme: Austria, Belgium, Cyprus,

Denmark, Germany, Greece, Ireland, Italy, Luxembourg, Malta, the Netherlands,

Portugal, Sweden, and Switzerland.
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mix based on a carbon tax that increases from approximately
h20/tCO2in 2015 to h80/tCO2in 2050, which is between the
carbon tax levels found in a study by Nordhaus (2010).

2.3.4.2. ‘‘Negative emissions’’. This scenario is identical to the
‘‘decarbonization’’ scenario, except that it additionally assumes
80% of the biomass power plants to be equipped with CCS (BECCS)
after 2021. The BECCS plants’ technical parameters are based on
the IEA (Korneef et al., 2011).

2.3.5. Agriculture

Agricultural CH4 and N2O emissions can be reduced by end-of-
pipe measures. Furthermore, CO2 can be sequestered by decreasing
and reforesting agricultural land or by increasing the carbon content
in agricultural soils. One way to reduce the amount of land needed for
agriculture is the introduction of dietary changes (Stehfest et al.,
2009). A recent study by PBL lists various emission reduction mea-
sures in the agricultural sector, aimed at reducing the demand for
agricultural land and subsequent regrowth of natural vegetation (PBL,
2011). Here we use the results for the following mitigation options:

2.3.5.1. Crop yield increase. In many countries, especially in
Eastern Europe, there is a gap between actual crop yields and
potential yields. In the baseline, the annual increase in crop yield
levels off from about 1% currently to less than 0.5% by 2050. Based
on (PBL, 2011), crop yields increases are accelerated by 50%, up to
a maximum of 1.5% per year.

2.3.5.2. Supply-chain efficiency. Post-harvest food losses in developed
countries are estimated to be between 2% and 23% from production
to retail and over one-fifth from retail to consumption (Engström and
Carlsson-Kanyama, 2004; Lundqvist, 2009). Based on (PBL, 2011),
feed conversion efficiencies are increased by 15% over baseline and
agricultural losses are reduced by 7% of total produce.

2.3.5.3. Healthy diet. According to Willett (2001), a healthy diet
consists of an average level of meat consumption of about 10 g of
ruminant meat, 10 g of pork, 47 g of poultry/eggs and 24 g of fish per
person per day. Baseline meat consumption in Europe is much higher.
In the healthy diet measure, a convergence to a diet with a meat
intake that is 50% above the diet specified by Willet is introduced,
which represents a behavioural change towards a lower meat intake.

2.3.5.4. Forest and protected area management. An expansion of
protected areas to 20% of all biome types is assumed, together
with increased timber supply from forest plantations (to meet
about 50% of global demand by 2050) and application of Reduced
Impact Logging (RIL) techniques for all selective logging.

2.3.6. Non-CO2 greenhouse gases

For several non-CO2 GHGs, at least part of the reduction
potential can be achieved at relatively low costs (EPA, 2006). At
the moment, there is a special interest in reducing emissions of
methane, black carbon and ozone precursors based on the assumed
co-benefits for health (UNEP and WMO, 2011). In this study, we
consider the following set of emission control measures:

2.3.6.1. Methane emission control. For this study no new model
runs were performed, but we rely on methane emission reductions
resulting from the same carbon tax as used in the power
generation sector. The assumptions in IMAGE are based on Lucas
et al. (2007), who projects maximum attainable reductions for
several emission categories, including coal production, oil and gas
production, enteric fermentation (use of different fodder), reducing
emissions from landfills and emission control for sewage and
wastewater. Maximum emission reduction levels resulting from
methane control on these sources lie between 50 and 90%, which
compares to no abatement policy in the baseline.

2.3.6.2. Black carbon emission control. Black carbon (BC) has a high
global warming potential (Reddy and Boucher, 2007) and is also a
harmful air pollutant (UNEP and WMO, 2011). Typically, more
than 90% of the BC is found in the fine fraction of particulate
matter (PM2.5) (Viidanoja et al., 2002). In the baseline, the
development of the emission factors for fine particulate matter
is derived from the GAINS model (GAINS, 2011) and is used as an
indication of the BC emission factor development, which shows a
steep decline in emission intensity between 2015 and 2030. In
this study, we apply the lowest regional values of the emission
factor found per sector and per fuel to European emissions. This
represents the situation in which the most advanced emission

reduction technologies found globally are implemented in Europe,
but in fact is only a slight improvement compared to baseline
development.
3. Results

In Sections 3.1 to 3.6, the effects of the measures per sector are
described, without taking account of interactions, synergies and
trade-offs between sectors. An overview of the combined effect of
all measures is given in Section 3.7.

3.1. Transport sector

The measures targeted at private transport defined in Section 2.3.1
(fossil fuel tax and subsidy on purchase of electric cars) increase the
travel costs of fossil fuelled cars relative to electric cars. Therefore,
electric vehicles change from one of the most expensive passenger
car options to the cheapest option from 2035 onwards. Fig. 2 shows
the projected effect of these relative price changes on the vehicle fleet
shares.

Without the policy measures, battery electric vehicles are not
projected to enter the market by 2050. Implementation of the
measures is projected to have a large effect on the vehicle fleet: in
this case, more than half of the passenger vehicle fleet would
consist of battery electric vehicles by 2050. However, battery
electric vehicles largely replace already quite efficient plug in
hybrid electric vehicles, and not gasoline vehicles.

As a result of the measures targeted at public transport (a
departure tax on air travel and a subsidy on HST), HST would
become cheaper than air travel around 2020, whereas it would
remain more expensive without these measures. As a result,
demand for air travel is partly replaced by travel by HST, without
compromising the total demand for long-range passenger trans-
port in Europe (Fig. 3).

Figs. 2 and 3 show that it is possible, at least in our model, to
change the structure of the transportation sector to less
CO2-intensive forms of transportation, by increasing the share of
electric cars and high speed train. The combination of the
emission reduction measures for transport lead to a reduction of
direct CO2emissions of 36% (Fig. 4). However, the measures
strongly increase electricity demand, which cause a sharp
increase in CO2 emissions from power generation from about
2030 onwards. The total effect on CO2 emissions thus greatly
depends on the carbon intensity of the power generation sector.
In Fig. 4, it is assumed that the intensity is the same as in the
baseline, which would lead to an overall reduction in transport
related CO2 emissions of 13%. Lower carbon intensities of power
generation would decrease indirect emissions, increasing overall
emission reductions from the transport measures.
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3.2. Residential sector

Of the three measures in the residential sector (Section 2.3.2),
the enforcement of advanced insulation has the largest effect by
far: it could halve energy use for space heating by 2050 compared
to baseline. The effects of the measures aimed at improving
efficiencies for lighting and appliances is much smaller. This is
first of all due to their relatively low energy use: even though
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enforcing ‘‘A’’ label appliances would reduce the electricity use of
appliances by 13% by 2050, it would only lead to a reduction of 2%
of total residential energy use. Secondly, baseline developments
limit the potential reductions for some measures. As CFL units
become competitive also without policy measures, the share of
advanced lighting increases substantially in the baseline. This
means that a ban on traditional light bulbs only speeds up a
phase-out, which has anegligible effect on residential energy use.

Combined, the mitigation measures in the residential sector
would decrease total direct and indirect residential CO2 emissions
by 32% by 2050 (Fig. 5). A relatively large share of residential CO2

emissions relate to indirect emissions from power generation.
Therefore, the total CO2 reductions from the measures strongly
depend on the carbon intensity of the power generation
sector—which is assumed to be the same as in the baseline here.
3.3. Industry

Of the measures in the industry sector, the ‘good housekeep-
ing’ measures result in the largest reductions (9%) in final energy
consumption compared to baseline. This is because they address
energy use in the whole industrial sector, whereas the other
measures focus specifically on cement and steel production.

Lowering clinker ratios results in a decrease in demand for
clinker of about 12% compared to baseline by 2050. Banning
standard cement plants has a negligible effect, because even with-
out the ban a gradual switch to advanced installations would occur.
0

50

100

150

200

250

300

2000 2050: Baseline ad
ins

C
O

2 e
m

is
si

on
s 

(M
to

n 
C

)

Fig. 5. Total European CO2 emissions from the residential sector with imple

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

19
70

19
80

19
90

20
00

20
10

20
20

20
30

20
40

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

19
70

19
80

19
9

Fig. 6. Projection of shares in European steel production capacity, (a) in the ba
Combined, these measures lead to a decrease of only 1% of
industrial final energy use.

Due to the ban on less efficient steel furnaces, all newly built
stock consist of advanced coal blast furnaces (Fig. 6). The new
stock composition leads to an expected 4% drop in total industrial
final energy use in 2050 compared to baseline.

The combination of all measures in the industry sector would
result in a reduction of total industrial CO2 emissions by15%
(Fig. 7). More than half of the remaining emissions consist of
indirect emissions from the power generation sector, again
indicating the importance of the carbon intensity of power
generation in total CO2 reductions.
3.4. Power generation sector

As elaborated in Section 2.3.4, CO2 emission reductions from
the power generation sector are modelled using the Power ACE
model. Fig. 8 shows the resulting structural composition of the
power generation sector.

In the mitigation scenarios, the generation mix in 2050 is
radically different than today. Around 2020–2030 gas-fired power
plants are in many cases used for base load as a consequence of
the CO2 tax. Later in the century, the share of renewable energy,
especially wind power, increases sharply. By 2050, wind power
accounts for 43% of total energy supply, while the total share of
renewable energy is 83%. Fluctuating sources like wind and
photovoltaics make up 68% of all renewable electricity genera-
tion. The high share of RE sources in the power sector lies well
vanced
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within the range of other studies, as a recent meta-study by
Fischedick et al. (2012) shows. Losses from transmission, storage
and curtailment of electricity are projected to amount to 10% of
the gross generation.

The change in composition of the power generation sector has
far reaching consequences for CO2 emissions from the sector
(Fig. 9). Both carbon tax scenarios show similar CO2 emissions up
to 2020, as differences between the scenarios are only introduced
after 2020. The availability of BECCS in the ‘‘negative emissions’’
scenario leads to 20% higher emission reductions in 2050 com-
pared to the ‘‘decarbonization’’ scenario without BECCS. Negative
emissions from BECCS could compensate shortcomings in
emission reductions of other sectors by acting as a carbon sink.
However, large scale CCS technology deployment depends on the
adoption of a strong supportive policy framework, and the ability
to deal with local opposition towards pilot CO2 storage projects;
both are currently problematic at least in some European coun-
tries (Johnsson et al., 2010; Reichardt et al., 2012). Furthermore,
the benefits of BECCS are controversial, especially if the assump-
tion that biomass provides carbon neutral energy cannot be taken
for granted (Gough and Upham, 2011).

It is also unclear whether CCS power plants, including BECCS
plants, provide the necessary flexibility for a system with a high
share of fluctuating renewables. Even though flexibly operated
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coal-fired power plants with CCS may not cause insuperable
technical constraints, flexible operation may have economic
trade-offs such as decreased plant lifetime (due to thermal stress)
or reduced capture efficiency at peak demand hours (because
installing economically sensible capture capacity may induce
partial bypassing of the capture unit) (Chalmers et al., 2009). A
reduced (economic) flexibility of BECCS plants would imply a
tradeoff between biomass as a flexible low-carbon technology
and BECCS as a carbon sink. Whether or not the application of
BECCS should be part of a decarbonization strategy depends on
developments in other sectors as well. As biomass can be applied
to mitigate emissions in all sectors, including applications with
few other options to decrease emissions substantially, such as
aviation, the most efficient usage could be determined in a sound
cross-sectoral cost-benefit analysis.

The results shown in Fig. 9 are ceteris paribus (in the other sectors,
no mitigation policies are implemented). As the mitigation options in
other sectors may increase or decrease demand for electricity, an
integrated analysis may lead to different reductions for the power
generation sector. Section 3.7 provides such an integrated analysis.

3.5. Agricultural sector

The mitigation options for the agricultural sector are targeted
at reducing CO2 and are based on PBL (2011). This report provides
results for the combined effects of the measures in Europe.
Overall, the measures cause a 6% decrease in European demand
for agricultural products by 2050 compared to the baseline,
caused by dietary changes and improved supply efficiency. It is
assumed that the measures are implemented globally, thus
accounting for a price decrease in agricultural products as a result
of lower agricultural demand.

The measures listed in Section 2.3.5 decrease net land-use
related GHG emissions by about 43% by 2050, as more agricul-
tural land is converted to natural area (Fig. 10).
3.6. Non-CO2 reduction

The non-CO2 GHG reduction measures focus on black carbon
(BC) and methane (Section 2.3.6). Baseline emissions of BC are
expected to strongly decrease up to 2050. This can be mainly
explained by declining air polluting emissions from the transport
sector, due to current European legislation on air pollution policy
measures up to 2030 (GAINS, 2011). This means that the addi-
tional reduction potential is limited, but nonetheless the mea-
sures achieve a reduction of 11% in BC emissions by 2050 relative
to baseline.

For methane, the reductions are 44% of total baseline emis-
sions by 2050 (Fig. 11). Together, the two measures lead to a
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reduction of about 7% of total baseline CO2-equivalent emissions
by 2050.

3.7. Overview and integrated analysis

Table 1 provides an overview of the emission reduction poten-
tial for all measures, when individually implemented. As expected,
the largest absolute reduction potential is found in the power
generation sector. The main reasons for this are that the power
generation sector is responsible for the highest share of emissions
by 2050 (Fig. 1) and that comprehensive measures are implemen-
ted here (i.e., a carbon tax combined with a renewable target).

The reductions from the individual options in Table 1 cannot
simply be added up as end-use savings influence the supply of
energy. In particular, the measures assumed in the industry and
residential sectors lead to a net reduction of electricity demand
(Fig. 12), while those in the transport sector increase total
Table 1
Projected CO2 reductions from the mitigation options, individually and combined per se

overlap and combinations of options may lead to price effects.

Sector Measure

Transport 50% tax increase on fossil fuel combined with a 35% subsid

electric cars

25% subsidy on high speed rail combined with a departure

travel

Residential Enforcing advanced heating technologies and highest build

insulation standards

Banning traditional light bulbs

Enforcing only ‘‘A’’ Label appliances

Industry lower clinker ratios in cement production

Enforcing advanced type steel furnaces

enforcing good housekeeping

Power generation ‘‘decarbonization’’ scenario

‘‘negative emissions’’ scenario (incl. BECCS)

Agriculturea,b Crop yield increase

Feed conversion and supply chain efficiency

Changing Dietary preferences

Improving forest and nature management

Non-CO2
a Methane control measures on fossil fuel production, anima

landfills and wastewater

BC control measures (mostly transport)

a Reductions resulting from measures aimed at agriculture and non-CO2 GHGs are
b The breakdown of reductions for the options in the agricultural sector is based o
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Fig. 12. Changes to the electricity demand
electricity demand from 2030 onwards as a result of an increased
share of electric vehicles. All measures combined lead to a
reduction in total electricity demand of 7% by 2030 and by 1%
by 2050.

It should be noted that so-far we have not accounted for
rebound effects as a result of changed behaviour. According to
Sorrell (2007), this rebound effect may lead to offset at least 10%
of the energy savings from any efficiency improvement.

We used the TIMER model using the two Power ACE scenarios
to describe the decarbonization in the power generation sector.
Fig. 13 shows that a combination of the reduction measures
discussed in this study could reach a reduction level between 52%
(‘‘decarbonisation’’) and 63% (‘‘negative emissions’’) compared to
1990 levels.

Reductions are slightly larger when non-CO2 GHGs and emis-
sions from land-use are included (Fig. 14). The total GHG emission
reductions with respect to 1990 emission levels end up at 57%
ctor. Note that the reduction percentages cannot be added, as some of the options
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and 65%, respectively for the ‘‘decarbonization’’ and the ‘‘negative
emissions’’ cases.
4. Conclusions and discussion

This study analysed the potential GHG emission reductions in
Europe from specific mitigation options in the main emitting sectors
with the objective to (1) gain more insight into the effectiveness of
different specific measures, and (2) identify trade-offs between
sectoral policies in achieving ambitious climate goals.

The combination of all options could reduce GHG emissions to
65% below European 1990 CO2-equivalent emissions by 2050.
Although this is less than the objective of the EU to reduce
emissions by 80–95% relative to 1990 levels by 2050, this does
not imply that these reduction targets are infeasible. The set of
measures is not exhaustive and does not represent a scenario for
long-term EU climate targets. It does indicate, however, some idea
of the effort involved: considerably more needs to be done than
the already ambitious list of measures evaluated in this paper.

The analysis provides some insights into the effectiveness
of measures across sectors. It confirms the finding of other
modelling studies that the power generation sector is crucial in
reaching deep emission reductions (Williams et al., 2012). The
reasons are that (i) emissions from the electricity sector are
projected to account for the largest share in total emissions by
2050, and (ii) power generation has the potential to achieve
negative emissions by using carbon capture and sequestration
technologies in combination with bio-fuel use (BECCS). The
development of CCS technology and the societal acceptance of
this technology therefore remain important for reaching ambi-
tious climate targets.

This brings forward some points of discussion on the realism
of the assumed measures and the technologies on which they
depend. Besides uncertainties on CCS deployment (elaborated in
Section 3.4), also the presented high shares of wind power and
electric cars require considerable effort. Still, the rapid phase-
down of fossil-fuelled cars presented in this study is not unpre-
cedented in literature. For instance, the IEA Blue Map scenarios
show a similar pathway globally (IEA, 2011). The current techno-
logical advancement and market readiness of electric vehicles in
Europe seem to justify an optimistic penetration rate. Also the
high shares of renewables (particularly wind energy) are within
the range of existing literature.
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While being mindful about the uncertainties, the results of this
study give insight into the following considerations on climate
policy effectiveness.

First of all, the analysis shows that some of the most tangible
measures, like enforcing efficient lighting or appliances, have only
a very limited effect. Other measures that are not fully deployed
under cost-optimal 2 1C scenarios, like advanced insulation,
stimulating electric passenger vehicles, good housekeeping in
industry and general methane control measures do seem to have
a promising potential.

Second, we have seen examples of measures that where
already partly considered in the baseline, such as the ban on
incandescent light bulbs, efficient cement plants and black carbon
control measures. In these cases, high levels of technological
advancement and high energy prices in Europe already ensure
an increasing share of compact fluorescent lamps, efficient
cement production and decreasing emissions of black carbon.

Third, this study found important trade-offs between mea-
sures, both within and between sectors. For instance, a subsidy on
electric cars could have the effect of battery electric vehicles
replacing plugin hybrid electric vehicles, instead of traditional
gasoline cars. This may reduce the effectiveness of such a subsidy.

Finally, we found that a bottom-up modelling of mitigation
options allows for an assessment of the importance of controversial
policies (like lowering meat consumption, or a departure tax on air
travel) or policies that rely on physical limitations (like metal
scarcity due to growth of battery powered transport). We argue
that bottom-up modelling exercises, like the one presented here,
provide a promising starting point to explore such explicit dynamics
and policy choices, which are not covered in cost-optimal mitigation
scenarios based on carbon tax regimes. Thereby, they may con-
tribute to more realistic climate policy scenarios.

The downside of such bottom-up emission reduction studies is
that the mitigation potential resulting from fuel switching is only
partly considered. Fuel switching contributes a large part of the
total mitigation potential in cost-optimal scenario studies, as for
example shown by Blesl et al. (2010). However, fuel switching only
happens at high prices for carbon intensive fuels, which are not
considered in the measures for the residential and industrial sector.
The most important drawback, however, is the fact that insights in
overall costs for climate policy are less obvious. Specific measures
may lead to higher climate policy costs. Then again, including more
costly policy options does not imply that scenarios become less
feasible, as illustrated by the current European commercial and
political interest for electric cars and photovoltaics; two options
that are barely deployed in cost-optimal scenarios.
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Matthes, F.C., Prantner, M., Samadi, S., Venjakob, J., 2012. Power Sector
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