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Climate change is expected to have impacts on the power sector, leading to, among others, a need for adaptation
measures in the sector in the near future. This paper analyses the need to adapt to climate change impacts for
power generation technologies in Europe until 2100. Europe is broadly divided into four geographic climate
zones, for which regional climate change impacts are quantified with the help of the ENSEMBLES RT2b data.
The European future technology mix is based on two Eurelectric energy scenarios: ‘Baseline 2009’ and ‘Power
Choices’. A Risk Assessment Model is formulated which assesses the cost to power plants for adapting to climate
change. The analysis shows that thermal generation units most urgently need adaptation measures against
floods, whereas off-shore wind power plants would need to take adaptation investments against sea level rise.
Furthermore, electricity grids need to adapt to the increased incidence of storms. Finally, hydro generation in
the Mediterranean regions needs to adapt to lower levels of precipitation.
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Introduction

Climate change, as indicated in the IPCC’s Fifth Assessment Report, is
expected to heavily impact on today’s society, including the power
sector (IPCC, 2014). Effects of climate change include an increase in
the frequency of extremeweather conditions, an increase in mean tem-
perature and modification of the regional water and wind cycles. These
climate change indicators are expected to have an impact on the power
sector such as causing supplementary infrastructural needs or not
allowing machinery operations at 100% due to the impacts of climate
change. For these reasons, it is foreseen that there will be a need to in-
vest in climate change adaptationmeasures for electricity generating fa-
cilities in the near future and the quantification of these investments is
one of the purposes of this paper, as well as estimating the costs for lost
generation due to climate change.
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The European Strategy on adaptation to climate change, adopted in
June 2013, established climate change adaptation as a core feature of
the EU’s climate change policy (EC, 2009a, 2009b; European Council,
2013). Climate change mitigation aims at reducing possible future im-
pacts by dealingwith the drivers of climate change (e.g. reducing green-
house gas emissions), while climate change adaptation aims at
minimising the impacts and negative consequences of climate change
by building resilience into sensitive systems or by exploiting potential
benefits. Clearly mitigation is not coming about quickly enough, due
to the stalled conference of parties (COP) negotiations and as a result
adaptation measures need to be considered urgently to prepare for
the impact of climate change.

The power sector is particularly sensitive to climate change, as its
successful operation depends on a number of climate-related condi-
tions. Changes to these conditions could strongly impact the entire
value chain of the power sector, affecting electricity generation and in-
frastructure, as well as electricity consumption patterns.

The European Strategy on adaptation to climate change proposes a
framework, following the published Commission’s Impact Assessment
of April 2014, for EU-wide policy action strategy at EU, Member State
and local levels (EC, 2007, 2013). It enlists the possible climate change
impacts on the power sector, particularly through its link to water sup-
ply, rising sea levels and coastal area management. The Impact Assess-
ment suggests that existing legislation should be integrated, e.g.
d.
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1 Alternatively other scenarios could also have been followed. However, these two sce-
narios were among the first to have a time horizon until 2050 at the time when our re-
search was undertaken. Such other scenarios are not evaluated in our paper. Such
scenarios could also include additional small-scale distributed solar PV and importation
of concentrated solar-generated power from North Africa, among others.

2 The two energy scenarios used in this study also have demand projections. Wewould
like to stress that these scenarios also show two paths of demand development. The elec-
tricity demand in the baseline 2009 scenario is expected to grow slower than in the Power
Choices scenario. This reflects opportunities to replace electricity generationwith low car-
bon renewable technologies in achieving a 75% reduction in greenhouse gas emissions.
Hence, demand could vary and are dependent, in part, on changes in climate. This is espe-
cially true for year to year changes in periods of excessive heat (expected to increase with
climate change) andperiods of excessive cold (expected to decreasewith climate change).
The paper points out the adaptation costs for power plants under these extreme events.
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European Water Framework Directive, European Floods Directive, and
the European Marine Strategy Framework Directive. It also sheds
some light on future policy developments. Change in water supply, in-
creased incidence of floods and sea level rise can be considered a
major threat for operating power plants.

IPCCWorking Group 1 (Solomon et al., 2007) expects the global av-
erage temperature to increase by about 0.2 °C per decade for the next
two decades. Moreover, the impacts of climate change vary regionally;
Northern Europe is expected to experience increased annual precipita-
tion and higher winter temperatures, while Mediterranean Europe is
expected to experience decreased precipitation and will be most vul-
nerable to increased summer temperatures and droughts. The average
wind speed is likely to increase, leading to an increase of extreme
weather events and a higher output of wind generation. In Central-
Eastern Europe, precipitation is likely to decrease in summer, with
more frequent droughts, and increase in winter. The snow season is
very likely to become shorter and snow depth across most of Europe
is projected to decrease. The increased occurrence of heat waves, for in-
stance, is likely to affect the cooling of nuclear and gas-fired power
plants, but could also lead to increased demand from peak plants (gas
turbines and pumping stations). Droughts would reduce the output
from hydro power plants, due to lower levels of water inflows into the
hydro reservoirs. Electricity networks may be overloaded because of
sudden increases in the power demand for cooling, which increases
also the chances of contingencies due to extraordinary hot weather
events.

Parry et al. (2007) provides a detailed overviewof possible effects on
the power sector in the 21th century and regional variations of the im-
pacts. This is important as the regions have different electricity genera-
tion mixes, available resources and climate- or electricity-related
policies and agreements. Climate change impacts will vary depending
on the electricity generation technology concerned (i.e. fossil fuels, re-
newable energy sources (RES) and nuclear). Following Parry et al.
(2007), one of the purposes of this paper is to categorise and assess
the impact of the different climate change effects per electricity genera-
tion technology.

This paper is original in its focus on adaptation measures to climate
change throughout the power sector value chain. Seljom et al. (2011)
identify the effects of climate change to the power system in Norway
and shows, among others, that the reduction in cooling demand far out-
weighs the increase in heating demand. Dowling (2013) takes this one
step further by identifying the impacts of climate change on the EU en-
ergy system and concludes, for instance, that the impacts will be larger
in Southern Europe than in Northern Europe. Taseska et al. (2012) stud-
ies the climate change impacts on energy demand in Macedonia and
looks especially at the costs of no action and benefits of adaptation.
Chu andMajumdar (2012) discuss the challenges for reaching a sustain-
able energy future and focus on climate changemitigation.Mideksa and
Kallbekken (2010) make a review of the impact of climate change on
the electricity market, while Tung et al. (2013) apply this to the
Taiwanese power market. Hence, climate change impact adaptation in
the power sector is not well-covered in the literature.

Themain researchquestions of this paper are:Which climate change
impacts are relevant for electricity generation technologies? What will
be the severity of these impacts? To address these research questions,
this paper details the possible impacts of climate change effects for
each electricity generation technology. From a policy perspective, this
paper aims at detailingpreventive investments andoperational changes
that can be taken by power plant operators in the EU to reduce possible
climate change impacts in the power sector. This is done by pointing out
the differences in climate change impacts per technology and climate
zone, since the technology mix and the local conditions differ between
climate zones. The main objectives of this paper are, first, to quantify
the costs due to lost generation by power generation units by adapting
to climate change impacts and, second, to identify investment needs to
make power units more resilient against climate change impacts.
The outline of the paper is as follows. The next Section presents the
underlying energy scenarios fromwhich the future technology mix can
be derived, whereas the third Section presents the climate change sce-
narios used, which aims at sketching a possible future with substantial
mitigation effort (Power Choices, over 90% greenhouse gas reduction
by 2050 in the power sector) or no substantial mitigation effort (Base-
line 2009). The method for risk assessment for climate change adapta-
tion by power plants is presented in the fourth Section, whereas the
fifth Section motivates the quantification of costs needed for climate
change adaptation by power plants. The results are presented and
discussed in the sixth Section. The final section concludes and provides
recommendations.
Energy scenarios

In order to estimate the size of the EU power sector, the level of gen-
eration in 2050 by various technologies in the “Baseline 2009” and the
“Power Choices” scenarios of Eurelectric (2010) are used. Themain rea-
son for working with these scenarios is that they have a relatively long
time horizon, namely until 2050, and it includes all existing climate and
energy policies implemented or planned to be installed by 2020, and
these are also being used for EU policy making. The Baseline 2009 is in
line with the IPCC A1B climate change scenario, whereas the Power
Choices scenario is a situationwithmore ambitious and successfully im-
plemented mitigation measures. In the latter scenario the climate
change impact is lower, namely a global average temperature increase
of 2 °C as compared to an increase of 3.4 °C in the Baseline 2009. There-
fore, the climate change impacts under Power Choices are 41% (1–2/3.4)
lower than in the Baseline 2009.1

Hence, two energy scenarios of Eurelectric (2010) are followed:

Baseline 2009: A baseline scenario, where today’s trends are extrapo-
lated until 2050.

Power Choices: A mitigation scenario, where a 75% greenhouse gas
reduction target will be achieved overall by 2050
(over 90% in the power sector).

Table 1 shows the development in terms of the share in main tech-
nologies in 2010 and 2050 and the changes in demand which drive
the two Eurelectric (2010) scenarios.2

Thermal power plants, including biomass combustion, can be con-
sidered jointly together in the sense that all would not respond well
to floods and that they have a need for cooling. They differ when the de-
mand forwater is concerned (Macknick et al., 2012),where stand-alone
gas turbines need negligiblewater, if any. Hydrowill be particularly sen-
sitive to thewater cycle, which is also sensitive to climate change. Final-
ly, mostly intermittent, renewable technologies are relatively new and
largely insensitive to climate change impacts. The transmission and dis-
tribution grid, however, even today, is already quite susceptible to
weather conditions (Mei et al., 2011) and will be in need of precaution-
ary measures to adapt to climate change.



Table 1
Share of main generation technologies and the demand increase in four decades.

Baseline 2009 Power choices

2010 2050 2050

Nuclear 28% 28% 27%
Fossil fuels 53% 39% 35%
Hydro 10% 8% 7%
Other RES 9% 25% 31%
Demand 0% +42% +61%
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Climate change scenarios

For the development of climate change scenarios it is important to
have a thorough understanding of the complexity of climate data, as-
sumptions, uncertainties and restrictions. There is no single global cli-
mate model that can take into account the overall dynamism of
climate systems and exogenous meteorological influences. Therefore,
there are multiple Global Climate Models (GCMs), with accompanying
scenarios, that focus on specific climate change related issues that may
be relevant for any specific region, climatic zone or climatic feature.
The IPCC scenarios are projected by about 25 GCMs leading to multiple
outcomes for the IPCC scenarios that would need to be reviewed and
analysed in relation to one another.

Also on a regional level there is no single climatemodel that can pro-
ject all relevant regionalized climate variables. The complexity of Re-
gional Climate Models (RCMs) differs from that of the global climate
models in that they trace more localised climate change effects which
are filtered out of the GCMs. However, the uncertainty about the
projected output is higher than in the GCMs as the range of scenario
output is smaller, and as such the accuracy level of RCM output is
lower than that of GCMs.

Working with climate change scenarios, therefore, involves uncer-
tainty. In practice this means that different climate change scenarios
(both GCMs as RCMs) are used in combination with reservations. The
following scenarios are the basis of our analysis:

• The IPCC A1B scenario is chosen as the point of departure (also the
point of departure in theBaseline 2009 energy scenario). This scenario
is referred to and used in comparable studies as the baseline develop-
ment (IPCC, 2007). In this scenario, the impacts of climate changewill
be most severe and more adaptation measures are needed in the
power sector to avoid these climate change impacts.

• The experiments of the ENSEMBLES RT2b project scenario database
(RCM) have been used to divide the IPCC A1B scenario into regional
and localised climatic impacts (Ensembles, 2009). The RT2b data is
based on the IPCC A1B scenario. The ENSEMBLES RT2b project scenar-
io projects monthly data for the European climate system within the
IPCC A1B scenario boundaries until 2100. In other words, the RT2b
data can be used for scaling down the global IPCC A1B scenario
(GCM) to a regional level.

To identify regional differences in climate change impacts, the EU
has been divided into four different climate zones. The following quali-
tative criteria for allocating EU Member States to a climate zone were
taken into consideration: North versus South Europe, coastal versus
non-coastal location and limiting the climatic differences within a re-
gion and maximising the differences between regions. This led to the
following four climate zones (see Fig. 1): Baltic region (Region A),
North Sea region (Region B), Central and Eastern Europe (Region
C) and Mediterranean region (Region D).

This bundling of the EU into ‘climate zones’ helps to distinguish be-
tween relevant aspects regarding electricity generating technologies,
climate change impacts and investment needs on a regional level, with-
out needing to go into the tedious details at the country level. For exam-
ple, the conditions for generating electricity in the North are different
compared to the South. Furthermore, the electricity generation technol-
ogy mix in broad terms varies greatly within these four climate zones.

Table 2 shows the difference in generation technologies across the
EU by presenting their share in the four climatic zones in the EU for
the Baseline 2009 scenario for the year 2050. This shows for instance
that nuclear is mainly concentrated in the North Sea region (France is
located here), whereas hydro has the highest concentration in the Baltic
region (even though Norway is excluded). Table 2 also shows that in
spite of regional differences from 68% in the Baltic region to 77% in the
North Sea region, thermal generation will still be the dominating tech-
nology in 2050.

The ENSEMBLES RT2b project scenario data has been retrieved via
the Climate Data Explorer of the Dutch Meteorological Institute of The
Netherlands (KNMI). The Climate Data Explorer covers several datasets
of the ENSEMBLES framework programme. Several experiments are
available within these ENSEMBLES RT2b datasets, each individually
representing specific climatological or geographical impacts. The exper-
iments within the RT2b datasets are projected by different European
meteorological institutes with different RCMs that have different sensi-
tivity levels for the climate variables, namely wind, precipitation and
surface temperature. These main climate variables were identified as
most important for electricity generation according to the sector and ex-
pert groups.

In order to get the regional climate change impacts in the four cli-
mate zones as identified in Fig. 1, average values of climate variables
are taken in a square area bounded by longitudes and latitudes (left
lower corner, right upper corner) as shown in Table 3. Since the lati-
tudes and longitudes have been selected such that the country borders
of all allocated EUMember States are included, there can be some over-
lay between the different climate zones.

The climate change scenarios were accordingly developed fol-
lowing the experiments in the ENSEMBLES RT2b data, based on the
extremes (in terms of experiment data outputs). The experiments
have been selected in such a way that a wide coverage is possible
for the key climate change variables wind, temperature and precipi-
tation. As a result, the following experiments have been selected as
proxies for the scenarios:

• Wind scenario (CNRM experiment); name: WIND;
• Temperature scenario (HadRM3Q0 experiment); name: TEMP;
• Precipitation scenario (KNMI experiment); name: RAIN.

The data for climate change variables for each of the climate zones
were obtained from these experiments. In other words, monthly data
(1950-2100) per climate variable and climate zone was downloaded,
and aggregated to an annual basis.

The following eight relevant climate change variables were identi-
fied could be quantified using RT2b data. These relate to changing
weather patterns, e.g. the level of precipitation, cloud coverage, temper-
ature profiles, wind intensities and flows (where the proxy for quantify-
ing the climate change impact is given in the brackets):

1. Water temperature changes (proxy: sea surface temperature);
2. Air temperature changes (proxy: 2-meter land surface temperature);
3. Precipitation changes (proxy: % change in precipitation levels);
4. Wind speed changes (proxy: 10-meter land surface wind speed);
5. Sea level changes (proxy: average temperature (air + water)

changes times IPCC sea level increase factor (0.13 m/°C tempera-
ture rise));

6. Occurrence of floods (proxy: % change in intense precipitation
events);

7. Occurrence of heat waves (proxy: % change in 2-meter land sur-
face maximum air temperature);

8. Occurrence of storms (proxy: % change in 10-meter land surface
maximum wind speeds including gust).

Climate is relatively stable, whereas weather is changeable. There-
fore, climate data should be averaged over a longer time period for a
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Region A Baltic

Region B North Sea

Region C Central Europe
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Fig. 1. Geographic climate zones in the EU. Note: At time of the research Croatia had not yet joined the EU and therefore the map shows the EU with 27 Member States.
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meaningful analysis. The data range (1950-2100) of the retrieved cli-
mate variables was therefore averaged into two aggregates, namely
the reference period (1950-2000) and 2080 (2060-2100).

Fig. 2 reports the results for three key climate variables for two situ-
ations based on two energy scenarios (Baseline 2009 and Power Choices
as introduced in Section 2). These three variables are chosen, as they
have the most distinct variation and their variations also drive the var-
iability of the other five climate variables. They are based on the average
values from the three regional climate change scenarios (WIND, TEMP
and RAIN), as explained above. Since the Baseline 2009 scenario corre-
sponds with A1B, the values as derived from the three regional climate
change scenarios can be used directly. The Power Choices scenario cor-
responds to a less severe climate change impact due to substantially
more mitigation efforts, namely that the temperature increase will not
exceed 2 °C by 2080. The Baseline 2009 scenario corresponds to an ex-
pected temperature increase of 3.4 °C until 2080. Hence, the climate
change impacts are expected to be 41% less severe under Power Choices
by 2080. This assumption has been applied to all climate change effects.
It is further assumed that the climate change impacts under Power
Choices are 10% less severe than under the Baseline 2009 for 2050 to
represent a gradual path to 2080. In this way the energy and climate
change scenarios have been aligned.

Perhaps the most important impact of climate change is an increase
in the average world surface temperature varying between 1.5–3.5 °C
Table 2
Share of generation technology per climatic zone in 2050 (Baseline 2009).

Region A Region B Region C Region D EU

Nuclear 34% 43% 15% 22% 28%
Fossil 17% 30% 52% 43% 39%
Hydro 22% 4% 8% 8% 8%
Other RES 27% 23% 25% 27% 25%
Thermal total 68% 77% 73% 70% 73%
Share in generation in EU 8% 34% 31% 26% 100%
until 2100 (see Fig. 2). The projected changes in precipitation patterns
show an interesting regional variation. Depending on the scenario, but
on average, the level of precipitation is projected to increase in the Baltic
region (Region A), it will decrease in the Mediterranean region (Region
D), whereas the change is undecided in the North Sea (Region B) and
Central and Eastern European (Region C) regions. The change in wind
speed is variable and is a relatively minor climate change impact, with
a tendency towards a slight decrease.

Climate change impacts and risk assessment

Qualitative climate change impacts in the power sector

In 2010, for all generation technologies, power plant operators and
regulators have been interviewed in all EU Member States to identify
and quantify the climate change impacts that will affect the power sec-
tor in the EU.3 Table 4 shows the qualitative interpretation of these in-
terview results, namely whether there is a link between generation
technologies and transmission networks and eight climate change im-
pacts (as identified in Section 3), together with the expected severity.

Table 4 shows the technology-wise vulnerability to various climate
change indicators. It is important to note that these technology-wise
vulnerabilities are perceived vulnerabilities rather than calculated im-
pacts. The table shows that an increased occurrence of floods is assessed
as having the most severe impacts, influencing nuclear, hydro, biomass
and fossil fuel generation technologies. Furthermore, sea level rise will
severely affect offshore wind parks, whereas higher temperatures and
storms will severely affect grids. Under a scenario of climate change,
these impacts are expected to be severe and preventive investments
3 The detailed questionnaires, nine in total, which is specific for each type of technology,
can be found in DG Energy (2011). These questionnaires are not repeated here to reduce
the size of the paper.



Table 3
Latitudes and longitudes for climate zones.

Baltic North Sea Central & Eastern Europe Mediterranean

Latitude 54.13 70.13 43.63 57.88 41.38 54.63 35.88 46.63
Longitude 7.88 30.63 -10.63 6.88 7.13 27.88 -9.88 25.63
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Fig. 2. Values of three key climate change variables and different climate zones in Europe. Note:Δ Temperature is expressed in percentages, where a 1% change is equivalent to a temper-
ature increase of 0.1 °C,Δ Precipitation=% change inprecipitation amounts,ΔWind speeds=% change in averagewind speeds.Here thedifference between 1950-2000 and 2060-2100 is
shown. The figure shows the average values of the three selected experiments: WIND, RAIN and TEMP.
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will be needed to adapt to the new climatic situation. The other
medium to small climate change impacts, would generally only
lead to a loss in generation, without the need for adaptation
investments.

The table also shows that thewater cycle is particularly important
for hydro, where floods are graded as the most serious threat for
which dams need to be further strengthened. Furthermore, regional
changes in precipitation patterns will also affect hydro generation;
with an increase in precipitation by about 10% in the Baltic region
and decrease in precipitation bymore than 10% in theMediterranean
region (see Fig. 2). In addition, offshore wind is considered to be par-
ticularly sensitive to sea level rise. Obviously, wind is also sensitive
to changes in average wind speeds (which will not change signifi-
cantly in the climate change scenarios) and storms. Next, biomass
has the same climate change sensitivities as thermal generation
technologies. Furthermore, the relatively new solar technologies
and geothermal show only minor climate change sensitivities and
only under some extreme events. Finally, grids are themost sensitive
to climate changes, with high sensitivities for air temperature
(reduction in current carrying capacity or thermal ratings) and in-
creased storm damage, whereas other extreme events also need to
be taken into consideration even though the climate sensitivity is
relatively low.

Formulation of the risk assessment model

The quantitative assessments of the interviews fed into the
quantitative assessment of climate change impacts that are de-
scribed below. Here, the quantitative climate change and energy
scenarios are joined together with adaptation cost estimates in
the Risk Assessment Model, which goes through the following
steps:

• Divide EU into four climate zones, with maximum difference
between the zone and minimal difference within the zones
(Fig. 1).
• Linking climate change impact indicators to generation technolo-
gies and networks, and identifying the relevant indicator-
technology pairs (Table 4).

• Quantification of climate change indicators using three relevant
regional models (Fig. 2).

• Estimate climate change adaptation cost functions (Table 5),
namely:

- Loss of generation (gradual/incremental loss).
- Investment needs after critical threshold.
• Electricity scenarios to estimate the generation volume per technolo-
gy (Section 2).

• Estimate total costs for adapting to the situation in 2080 (Section 5).

Depending on the severity of the impact, a threshold point needs to
be found beyond which investments are necessary to be able to contin-
ue power plant operation. Fig. 3 shows that climate change can lead to a
gradual/incremental loss in power generation (slope effect) or lead to
an investment need once a certain threshold value of climate change
is exceeded.

Costs for climate change adaptation measures at power plants

There are threemajor climate change impacts which have serious fi-
nancial consequences for power plants, namely higher air and water
temperatures and precipitation changes. These are presented and
discussed below.

Higher air temperature

The main effect of higher average air temperatures (which also lead
to more extreme summer heat waves) is that the efficiency of turbines
will decrease due to the lower difference between outside (ambient)
and turbine temperature. The interviews with power plant operators
showed that this is mainly relevant for natural gas, oil and nuclear, but
negligible for coal and biomass where the outside temperature would
not affect power plant operation. In addition, the output of gas turbines



Table 5
Quantifying climate change effects: the cost of lost generation and investment need after a critical threshold is crossed.

Climate
change effect

Technology Lost power generation
€/MWh/climate change effect

Investment
Need €/kW

Threshold
value

Remark

Change in air temperature Nuclear 0.07 50 5 0.1% less per 1 °C increase
Biomass 0 150 5 Negligible impact
Natural gas 0.07 75 5 0.1% efficiency decrease per 1 °C
Coal 0 100 5 Negligible impact
Oil 0.07 85 5 0.1% efficiency decrease per 1 °C
Grids 0.14 40 5 0.2% extra transmission losses per 1 °C

Change in water temperature Nuclear 0.14 50 5 0.2% per 1 °C increase
Biomass 0.14 150 5 Small plants have larger cost per unit
Natural gas 0.14 75 5 Low investment costs
Coal 0.14 100 5
Oil 0.14 85 5 Higher than natural gas

Change in precipitation Hydro -70 250 10% In the Mediterranean, to maintain the same reliability for yield,
reservoir storage must increase by between 12% and 38% in 2050.
High loss value taken due to unit of measurement in %.

Change in wind speeds Wind onshore -4.7 350 100% 1% lower yield for 0.15 m/s lower average wind speed according
to stakeholder. Need for more sensitive rotor

Wind offshore -4.7 500 100%
Change in sea level Wind offshore 0 500 25% Need for alternative foundation (current 20-year return period

wave in the North Atlantic may occur every 4–12 years by 2080).
Occurrence of floods Nuclear 0 100 25%

Hydro 0 100 25%
Biomass 0 150 25%
CSP 0 200 50% CSP plants are in arid areas
Geothermal 0 200 50%
Natural gas 0 100 25%
Coal 0 150 25%
Oil 0 110 25%
Grids 0.07 40 50%

Occurrence of heat waves Nuclear 0.7 50 100%
Biomass 0.7 150 100% Heat waves are mainly an issue in the Mediterranean area
PV 0.7 250 100%
Natural gas 0.7 75 100%
Coal 0.7 100 100%
Oil 0.7 85 100%
Grids 0.07 40 100%

Occurrence of storms Hydro 0 250 100%
Wind onshore 0.7 100% Loss of power generation due to storms
Wind offshore 0.7 100% Loss of power generation due to storms
PV 0 250 100% Extreme events would have only minor effects on PV
CSP 0 250 100% Extreme events would have only minor effects on CSP
Grids 0.07 50 25% Stronger construction needed

Table 4
Qualitative link between technologies and climate change effect.

Technology Δ air temperature Δ water temperature Δ precipitation Δ wind speeds Δ sea level Floods Heat waves Storms

Nuclear 1a 2 - - - 3 1 -
Hydro - - 2 - - 3 - 1
Wind (onshore) - - - 1 - - - 1
Wind (offshore) - - - 1 3 - - 1
Biomass 1 2 - - - 3 1 -
PV - - - - - - 1 1
CSP b - - - - - 1 - 1
Geothermal - - - - - 1 - -
Natural gas 1 2 - - - 3 1 -
Coal 1 2 - - - 3 1 -
Oil 1 2 - - - 3 1 -
Grids 3 - - - - 1 1 3
Total count 6 5 1 2 1 9 7 6

a 3 = Severe impact, 2 = medium impact, 1 = small impact, - = no impact.
b CSP = concentrated solar power.
Note: Adapted from Table 14 in DG Energy (2011).
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will be lower due to lower atmospheric pressure under higher temper-
atures. Furthermore, the losses of electricity networks increase with ris-
ing temperatures due to reduction in thermal ratings of power lines.4
4 Thermal rating measure the current carrying capacity of power transmission lines.
A-
n-
o-
t-
h-
er
major issue with power transmission is sagging lines, where due to
higher temperatures lines may hit tree tops and lead to an outage. A
too low air temperature could lead to icing problems, but under a tem-
perature increase scenario such events are projected to become less fre-
quent, hence having a small positive impact. However, this small
positive impact will be offset by the previously mentioned negative cli-
mate change impacts and as a whole there will be a negative impact on
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power transmission lines due to global warming. There are also indirect
effects of higher temperatures in the day to day demand patterns,
where the level of demand in summer grows more quickly, which is
also the period when the power plants are most vulnerable, leading to
new challenges in balancing the power system. In summary, we derived
from the interviews with power plant operators, the following quanti-
fied climate change impacts:

• This effect of higher air temperatures can be roughly quantified as
0.1% efficiency reduction for every increase in temperature by 1 °C
for natural gas and oil fired power plants, which translates into a
0.2%/°C loss in power generation. This translates into higher genera-
tion costs, due to higher fuel consumption;

• For nuclear it is estimated that there is 3 MW less available per °C. For
an average plant size of 3000 MW this translates into a 0.1%/°C loss in
power generation;

The following investment needs are identified:5

• Preventive investment is possible by constructing a cooling tower.
This is often a standard equipment of new combined cycle natural
gas fired power plant, which is often designed to quickly ramp up
and down during the day to follow price incentives in the power
spot market due to real time demand and supply changes. Cooling
towers are also quite common for various coal fired power plants;

• 2.5 M€ (≈2.5 €/kW) is the cost to refurbish 4 existing cooling towers
leading to 2–3 °C cooler water. Four new cooling towers would cost
around 80M€ (≈80 €/kW), whichwould bemore expensive than re-
furbishment;

• To avoid “thermal inversion” (rare but possible at outside tempera-
tures of 45 °C) walls can be constructed around the chimney which
would cost around 1 M€ (≈1 €/kW), which is a relatively low cost,
but also with a relatively low benefit;

• High-temperature transformers, gas-insulated lines and real-time
temperature rating can help reduce the temperature impacts on net-
work capacity.

Higher water temperature

The main effect of higher water temperatures is that the allowable
cool-water inlet temperature can become too high for cooling the tur-
bines (generally during a summer heat wave, which will be longer and
more frequent under higher average temperatures). Then the ability to
generate will reduce due to cooling constraints. This is relevant for all
5 We would like to add a disclaimer to this paper that cost estimates are uncertain and
may change due to new technological developments, global market sentiments and vola-
tile prices of material costs, among others. This paper tries to make a cautious estimate of
the order of magnitude for the EU power sector to adapt to expected climate change im-
pacts, given the currently commonly used generation technologies.
Rankine cycle power plants that use water for cooling, including biomass
and nuclear, due to regulatory requirements concerning discharge water
temperatures. The water temperature of interest is that coming out of
the cooling tower, which is determined by wet bulb atmospheric tem-
perature. Hence, this is mainly a regulatory risk. Cooling is technically
possible, but is not (and probably rightly should not be) allowed for,
due to considerations for negative impacts on nature (aqua life and
bio-organisms) from an increasedwater temperature. Also a distinction
is needed between river/lake and sea water, where the latter has much
less temperature variation and could only pose a problem in the Medi-
terranean region.

The following investment needs are identified:

• Preventive investmentmay be needed to increase the pumping capac-
ity to circulatemorewater to keep thewater outlet temperature at the
desired level as needed by regulation;

• Another investment need could be an algae cleaning system to purify
sea water, with an estimated cost of 1.5 m€ (≈1.5 €/kW). This is rel-
evant for coastal power plants, where algae blooming will intensify
with higher temperatures.

Precipitation changes

This is mainly a regional shift, where precipitation is expected to in-
crease in the Baltic and decrease in the Mediterranean region. In total
thehydro output in Europewould be about equal, whereas a higher out-
put in the north would compensate a lower output in the south. An in-
crease (decrease) in precipitationwould lead to a higher (lower) output
of hydro power. Indirectly, power plants that are cooled with river
water could also be affected when the amount of available cooling
water drops or if the amount of flow increases, leading to a higher
flooding risk. This can disrupt both power generation facilities and
transmission network infrastructure. As a regulatory constraint the
flux of water can be constrained as well, which will also lead to a loss
in power generation.

Another climate change impact is the increased frequency of storms,
which is expected even though the average wind speed is not expected
to change or to drop somewhat. These increased storm events would
also lead to a higher intensity of lightning, which would in particular af-
fect networks.

The following investment needs are identified:

• The availability of cooling water could be controlled by constructing a
dam and reservoir to regulate the level of water in the river (but this
solutionwould not always bepossible, for instance in relativelyflat re-
gions). Construction of a dam and reservoir is often part of the initial
investment cost, but longer and more frequent droughts would need
larger reservoirs to guarantee power generation. Water management
should therefore take a comprehensive approach to harmonising
competing uses of water;

• The possibility of a flood is a serious risk that certainly needs to be
avoided, for instance by constructing a protection wall for power
plants exposed to river flows and by placing critical equipment at a
sufficient height. Alternatively a dike could be built or discharge
pumps would need to be installed and needs to be stand-by.

Quantification of power plant adaptation costs

Table 5 indicates per climate change effect and electricity generating
technology:

1. the lost power generation (in €/MWh/climate change effect, mea-
sured as °C for temperature changes and % for other climate change
effects);

2. the investment needs (in €/kW), also for adding additional genera-
tion capacity to make up for the generation shortfall;



17W. Lise, J. van der Laan / Energy for Sustainable Development 28 (2015) 10–20
3. the threshold value for which a climate change effect will create an
investment need (see Fig. 3).

As has been discussed in the previous section, the determination of
the data in Table 5 is motivated by the discussion in Sections 5.1–5.3,
which is based on extensive stakeholder interviews, using the question-
naires as presented in the Annex D to DG Energy (2011) and expert
judgment.

Table 6 shows the assumed capacity factors for each of the electricity
generation technologies. The multiplier to convert investment needs
from €/kW to €/MWh follow an interest rate of 5% and an economic
life of 20 years. The capacity factors are commonly used values, e.g.
ECF (2010).

The cost of generation loss is based on the assumption of an average
wholesale power price of 70 €/MWh. For instance, if the loss in genera-
tion is 1% per 1 °C, then the cost per 1 °C is 0.7 €/MWh.

Results

Figs. 4 and 5 present the results of the risk assessment analysis in
monetary terms for the four climatic zones in the EU in 2080 for two sce-
narios, where the monetary impacts are much larger for the Baseline
2009 (Fig. 4) than for the Power Choices scenario (Fig. 5). The figures
present the aggregated results over the three regional climate change
scenarios, expressed per generation technology and the transmission
grid and the predefined climatic zones. The bars indicate the adaptation
cost. A distinction has to be made between “investment needs” and in-
cremental costs of adaptation. The bars with solid border indicate that
there is an investment need where the critical climate change threshold
value for that technology and region has been crossed. In otherwords, in-
vestments for that technology in that region are critical for the continua-
tion of successful electricity generation as operations would otherwise
risk a shut-down. The other bars indicate the incremental costs of adap-
tation,when electricity generation technologies in that climatic zone face
efficiency losses. However, the critical climate change threshold value for
that technology and climatic zone are not crossed yet and investments
are not needed for the successful continuation of electricity generation.

The main results in terms of climate change adaptation costs by
power plants in the EU in the year 2080,withmain focus on the Baseline
2009 scenario, are as follows:

• Gradual increases in climate change impact lead to lower amounts of
generation output, whereas additional investments are needed for ad-
aptation for the following two cases:

- lower precipitation severely affecting hydro in the South;
- Sea level rise affecting off-shore wind.

• Changes in precipitation benefits the North, but the estimated total
cost to the South is at least two times greater.
Table 6
Technology-wise capacity factor and the resulting multiplier to convert investment needs
from €/kW to €/MWh.

Capacity factor Multiplier

Nuclear 80% 0.011
Hydro 40% 0.023
Wind (onshore) 30% 0.031
Wind (offshore) 35% 0.026
Biomass 70% 0.013
PV 18% 0.051
CSP 25% 0.037
Geothermal 70% 0.013
Natural gas 75% 0.012
Coal 75% 0.012
Oil 25% 0.037
Grids 60% 0.015
• Extreme events pose the greatest adaptation challenge:

- Floods would affect nuclear, hydro and biomass and fossil fuel fired
power plants;

- Storms would mainly affect networks;
- Extreme events cost most to Central Europe and the South,
whereas only the North Sea region needs no investments in this
respect.

Hence, this paper finds that possible effects of climate change
are that certain renewable energy technologies will become
more difficult to realise, whereas the efficiency of thermal power
plants tends to decrease. This would lead to more fossil fuel con-
sumption and thereby exacerbating the GHG emission and climate
change problem. This effect would be most pronounced in the
Baseline 2009 scenario, whereas it could be considered insignifi-
cant in the Power Choices scenario. This is a further motivation
for implementing the Power Choices scenario.

In this paper investment needs are identified in four of the eight con-
sidered climate change indicators and these are considered as severe cli-
mate change impacts:

• A decrease in precipitation will require preventive investments for
hydro power plants in the Mediterranean region (1429 million € in
Baseline 2009; 479 million € in Power Choices).

• An increase in the sea level will require preventive investments for
offshore wind power plants (5172 million € in Baseline 2009; 2198
million € in Power Choices).

• An increase in the occurrence of floods will require preventive in-
vestments for thermal generation technologies (5846 million € in
Baseline 2009; 745 million € in Power Choices and only in Central
Europe).

• An increase in the occurrence of storms will require preventive in-
vestments for networks (3868 million € in Baseline 2009; 565 mil-
lion € in Power Choices and only in Central Europe).

Next, two other climate change impacts are qualified as medium,
meaning that these climate change impact are not yet expected to re-
quire investments for the consulted scenarios, but would need invest-
ments in the event that climate change impacts would be more severe
than expected:

• An increase in water temperature would decrease the output of all
thermal generation technologies.

• The changes in the level of precipitation ismixed,with increases in the
North, no impacts in central Europe, while there is a projected de-
crease in the south.

Finally, a number of climate change impacts will only have a minor
impact on power plant operation leading to a relatively small drop in
generation output:

• An increase in air temperature would decrease the output of all ther-
mal generation technologies.

• A decrease in average wind speeds would decrease the output of on-
shore and offshore wind parks.

• A higher frequency of flooding events could pose a threat to concen-
trated solar power, geothermal and grids.

• A higher frequency of heat waves would decrease the output of all
thermal generation technologies, but also of solar PV and could lead
to a reduction in current carrying capacity or thermal ratings of grids.

• A higher frequency of storm events would decrease the output of var-
ious renewable generation technologies, namely hydro, onshore and
offshore wind, solar PV and concentrated solar power.

Planning for new generation technologies needs to prepare the
power plant operator for the possible impacts of climate change and
avoid unexpected disruption of generation, where, in addition to the



Fig. 4. EUwidemonetary impacts of climate change onpower plant operation for four climatic regions (Baseline 2009). Note:On the vertical axis the electricity generation technologies are
listed, including the climatic zones classification. On the horizontal axis the adaptation cost are presented, where a ‘positive’ adaptation costs are an increase in operational costs, whereas
‘negative’ adaptation costs are an increase in operational benefits. These costs are yearly costs expressed in 2010 million € and are needed in the years when the climate change impacts
materialise.
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climate change impacts mentioned above, the expected lifetime of a
power plant is an important aspect to consider as well.

Conclusions, synthesis and recommendations

The analysis of this paper has mainly focused on potential vulnera-
bility of power generation technologies in Europe. Planning of new gen-
eration technologies is needed, which could prepare the power plant
operator for the possible impacts of climate change and avoid unexpect-
ed disruption of generation. Ideally, older power plants will ultimately
be retired and replaced – in time – with the latest technologies, which
will need to be more resistant to climate change. This will be true
both for thermal and renewable generation technologies. Especially
the generation technologies and plants with a relatively short lifetime,
like wind, have the capability to adjust as time progresses, because the
technology is renewed and replaced relatively often.

The challenge will be greater for technologies and plants with rela-
tively long lifetimes, like nuclear and coal. Here all possible climate
change impacts will have to be anticipated in the long lifetime ahead
and there are great uncertainties about the rate that climate change
impacts might materialize. Hence, it can be concluded that for planned
or installed power plants it is key that climate change impact risk as-
sessments are considered and undertaken, however, a change in aware-
ness and behavior is a necessary condition.

It is common in the power industry to assume particular (economic)
lifetimes for generation technologies. This paper has used 20 years for
each technology considered. This is an in-between assumption, where
a 10 years financing period is often used by bankers, whereas the phys-
ical lifetime could bemuch longer, e.g. 50 years for coal/nuclear, or even
up to 100 years for hydro. Making lifetime an integral part of the Risk
Assessment Model would be an area for future research.

The analysis in this paper is driven by two energy scenarios which
have thermal generation as the dominant technology in Europe to gen-
erate electricity for the coming decades until 2050. This analysis has
identified investment needs up to the year 2080, given the state of tech-
nology as of 2010, relating to four of the eight considered climate
change impacts:

• A decrease in precipitation will require preventive investments for
hydro power plants in the Mediterranean region;



Fig. 5. EUwide monetary impacts of climate change on power plant operation for four climatic regions (Power Choices). Note: On the vertical axis the electricity generation technologies
are listed, including the climatic zones classification. On the horizontal axis the adaptation cost are presented, where a ‘positive’ adaptation costs are an increase in operational costs,
whereas ‘negative’ adaptation costs are an increase in operational benefits. These costs are yearly costs expressed in 2010 million € and are needed in the years when the climate change
impacts materialise.
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• An increase in the sea level will require preventive investments for
off-shore wind power plants in all European Seas;

• An increase in the occurrence of floods will require preventive invest-
ments for thermal generation technologies all over Europe, except for
the North Sea region;

• An increase in the occurrence of stormswill require preventive invest-
ments for networks all over Europe, except for the North Sea region.

All other climate change impacts, such as changes in water and air
temperature, changes in wind speeds and heat waves, can be compen-
sated with the current technology without making investments, possi-
bly at the cost of a gradual loss of output.

In practice hardly any investment needs to adapt to climate change
have been identified. This is because climate change has not yet crossed
a critical threshold, but without mitigation, it is becoming likely that it
will cross this threshold within the 21st century. Climate change, being
gradual, has an impact on the operation of power plants, which need
to be compensated with some limited additional investment together
with better harmonization of supply and demand so that less reserve ca-
pacity will be needed.

The main recommendations from this paper are:

• Planning of new generation technologies is needed which
could prepare the power plant operator for the possible impacts
of climate change and avoid unexpected disruption of genera-
tion;

• The adaptation costs to climate change for renewable energy technol-
ogies are much higher in comparison with thermal generation;

• Nuclear and fossil facilities have incorporated climate change risks
and formulated long term strategies more than renewable technolo-
gies;

• Most attention is needed for renewable energy technologies to cope
with climate change effects. However, since the renewable energy
share is still relatively low and technology development is ongoing,
adaptation to climate change can be expected.
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