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Abstract

The electricity system is particularly susceptible to climate change due to the close
interconnectedness between electricity production, consumption and climate. This
study provides a country based relative analysis of 21 European countries electricity
system susceptibility to climate change. Taking into account 14 quantitative influenc-
ing factors, the susceptibility of each country is examined both for the current and pro-
jected system with the result being a relative ranked index. Luxembourg and Greece are
the most susceptible relatively due in part to their inability to meet their own electricity
consumption demand with inland production, and the fact that the majority of their pro-
duction is from more susceptible sources, primarily combustible fuels. Greece experi-
ences relatively warm mean temperatures, which are expected to increase in the future
leading to greater summer electricity consumption, increasing susceptibility. Norway
was found to be the least susceptible, relatively, due to its consistent production sur-
plus, which is primarily from hydro (a less susceptible source) and a likely decrease of
winter electricity consumption as temperatures rise due to climate change. The findings
of this study enable countries to identify the main factors that increase their electricity
system susceptibility and proceed with adaptation measures that are the most effective
in decreasing susceptibility.

Keywords: thermal electricity production, energy security, heating and cooling
electricity consumption, vulnerability, air conditioners, electricity generation by
source

1. Introduction

Overwhelming evidence indicates that climate change will result in a significant
increase of temperatures in Europe in the years to come [1, 2]. Due to the close rela-
tionship between the electricity sector and climate, changes in the latter will affect the
entirety of the electricity sector including production, imports and exports, distribution
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and consumption [3, 4, 5, 6]. Not every country will be affected in the same way due
to a variety of factors that include not only temperature, but also different heating and
cooling requirements and the variety of sources used for electricity generation among
others [7].

A number of studies on the effects of climate change on electricity production have
been conducted. A study by van Vliet et al. [8] examined the susceptibility of the ther-
moelectric electricity production in the United States and Europe and found significant
negative effects due to reduced river flows and increased river temperatures. Work done
by Rübbelke and Vögele [2], characterized the European electricity system susceptibil-
ity to climate change based principally on the availability and temperature of cooling
water used for nuclear power plants. Eskeland and Mideksa [7] examined the relation-
ship between temperature and electricity consumption demand on a European level.
The study found that the net effect of climate change on electricity demand is small,
but increases in summer electricity consumption and decreases in winter electricity
consumption are likely, depending on the geographic location and climate of a given
country. Further studies indicate that in the north and central parts of Europe, heating
related electricity consumption will decrease due to warmer winter temperatures over
the next decades, and will predominate over increases in cooling related electricity de-
mand and consumption [1, 7, 9]. The opposite is true however for the south of Europe
where increases in cooling related electricity consumption will outweigh any heating
related decreases [1, 7].

The aim of this study is to determine the relative electricity system susceptibility
of 21 European countries to climate change using both quantitative and qualitative in-
dicators, with the goal of ultimately providing a comparative analysis of the countries
based on a number of influencing factors. We examine the relationship between the
electricity system and temperature as well as other influencing factors and look at the
effect of different components of the electricity system on each other. For the pur-
pose of this study, the electricity system is defined as production and consumption only
(transmission is not included) and although there are many effects of climate change in-
cluding precipitation changes, and sea level rise, we only examine the air temperature
change effects to maintain a reasonable scope for the study. In terms of susceptibil-
ity, a general definition that is used in this study is put forward by Costa and Kropp
[10] which characterizes susceptibility as a component of vulnerability that deals with
”socio-economic and physical characteristics of a system that differentiate the magni-
tude of impacts for a given exposure”. This concept can be linked to work by White
et al. [11] which puts susceptibility as a component of vulnerability in a risk-hazard
context as well as the work of Turner et al. [12] in terms of sensitivity in a sustain-
ability context. The countries are referred to in this paper by their ISO (International
Organization for Standardization) 3166-1 alpha-2 abbreviations.

The influencing factors chosen for this study are by no means exhaustive, but were
selected as being significant in terms of their impact on the electricity system and their
ability to demonstrate potential susceptibilities. An important influencing factor is the
direct effect of temperature, both current and projected, which, due to climate change,
has an increasingly large impact on the electricity system as a whole [2, 5, 7, 13]. The
discrepancy between electricity production and consumption was considered in order
to not only identify susceptibilities related to production shortfalls, but also to help
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characterize the electricity system [2]. The electricity production sources and their
change over time of each country included in the study were also chosen as being an
important influencing factor [2, 7, 14, 15]. Cooling electricity consumption is mainly
dependent on air conditioner prevalence which was also included [8, 9, 16, 17, 18, 19,
20].

This paper continues from this point with the Data and Methods section (2), fol-
lowed by Section 3 where the results and findings of the study are presented. Section
4 includes the discussion of the results from the previous section along with a compar-
ison of those findings with existing studies. The paper closes with the conclusions of
the study in Section 5.

2. Data and Methods

The methodology used in this study was an attempt to characterize the effects of
climate change on the electricity system through the development of a ranked index.
The ranked susceptibility index, as described in this section, is based on a number of
influencing factors.

The daily mean temperature data (in ◦C) for the period 2000-2011 [21] with a
resolution of 0.25◦ x 0.25◦ and covering an area of 25N-75N x 40W-75E was averaged
by month and weighted by gridded population data [22] in order to account for the
fact that electricity consumption, and to a lesser extent electricity production, are not
distributed evenly across a country but are often concentrated in areas where people
live. The population weighting of the temperature data was completed in ArcGIS [23],
with the first step being the allocation of the grid cells for both the temperature and
population data sets into their respective countries. The weighting was then completed
for each grid cell (i) in every country (j) using equations (1) and (2).

Wi, j =
popi, j∑n j

i=1 popi, j
(1)

Tmean, j =

n j∑
i=1

Ti, j ·Wi, j (2)

Wi, j: The relative population factor.
popi, j : The population.
n j : The number of grid cells.
Tmean, j: The population weighted monthly mean temperature.
Ti, j: The mean monthly temperature.

The projected temperature increase data was available from the Tyndall Centre,
which included data from 9 global climate models which we averaged [24]. The data
was a prediction of temperature changes for the years 1961-90 compared to 2070-99
for the IPCC (Intergovernmental Panel on Climate Change) A2 scenario.

Due to the non-linear nature of the correlation between electricity production or
consumption and temperature, we divided the temperature data into three parts based
on heating and cooling thresholds in between which no heating or cooling is required
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[25, 26, 27]. Heating is assumed below the mean temperature threshold of 12◦C [28,
29], while cooling is necessary at 21◦C and above [27, 30, 31].

We used monthly electricity data per country (in GWh) for the time period January
2000 to December 2011 [32] that included production (combustible fuels, nuclear, hy-
dro, other sources and total production), as well as imports, exports and total supply
(determined by subtracting the exports from the sum of the production and imports).
Due to a lack of data regarding the actual electricity consumption of a country, the
electricity supplied to the grid is used as a proxy for consumption in this study and will
be referred to as consumption from this point forward.

For the electricity production and consumption versus mean temperature plots cre-
ated for this study, the difference from the annual mean of the electricity data was
calculated. This calculation was necessary in order to facilitate the comparison be-
tween countries as well as to eliminate or minimize the overall increase in data values
over the time period examined due to population and GDP (Gross Domestic Product)
changes along with other factors, which would bias the results.

The residential air conditioner stock data [33] by country was divided by annual
actual and projected population data [34].

2.1. Influencing Factors

Influencing factors considered for the ranked susceptibility index are described in
the following sections. The influencing factors themselves were divided into groups
for the sake of explanation.

2.1.1. Group 1: Production, Consumption and Mean Temperature Slope
Group 1 consists of four influencing factors. The slope values for data points both

above and below the heating and cooling thresholds were determined for the electricity
production and consumption percent difference from the annual average data against
mean temperature. Countries reaching the cooling threshold were considered to be
more susceptible currently, and those with steeper slopes have a higher susceptibility.
Countries that do not reach the cooling threshold, or with fewer than 10 months that did,
were deemed to be currently unaffected in terms of susceptibility. For the values below
the heating threshold however, a steep slope was deemed to decrease susceptibility due
to a more rapid decline of the winter peak as temperatures increase.

2.1.2. Group 2: Production and Consumption
Group 2 includes four influencing factors: the correlation and the discrepancy be-

tween production and consumption calculated for the summer (June, July, August) and
winter (December, January, February) months. In terms of susceptibility, stronger cor-
relation between electricity production and consumption was determined to indicate
lower susceptibility, as it implies a greater ability to deal with changes in the electric-
ity system. The percentage discrepancy value characterizes the system by identifying
countries that are net producers or consumers and to what extent. Net producing coun-
tries were determined to be less susceptible due to the fact that they meet or exceed
their consumption demand with inland production on average.
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2.1.3. Group 3: Thermal Electricity Production Share
The thermal electricity production group includes two influencing factors: the cur-

rent (2011) annual average percentage of total electricity production that is generated
by thermal sources (combustible fuels and nuclear) and the difference between the
2011 and 2000 percentage of thermal source electricity production. The former being
a measure of the current percent of production sources in a country that are deemed to
be more susceptible and the latter was included in order to address changes in thermal
electricity production share over time. Countries experiencing decreases in the share
of thermal electricity production have lower susceptibility than those experiencing in-
creases.

2.1.4. Group 4: Projected Temperature Increase
Summer temperature increases were assumed to increase susceptibility due to prob-

able increases in consumption for cooling, while increases in winter temperatures were
deemed to decrease susceptibility, as heating electricity requirements are likely to de-
crease.

2.1.5. Group 5: Air Conditioner Prevalence
The per capita air conditioner prevalence group included the projected 2030 air

conditioner stock and the percentage increase of air conditioner stock between 2005
and 2030. The 2030 data gives an indication of the magnitude of potential warm
weather electricity consumption in the future, while the growth data provides infor-
mation on the potential change from the current consumption. Susceptibility increases
with higher values for either influencing factor due to the increasing effects of air con-
ditioner use on electricity consumption. It is important to note that the air conditioner
factor is a proxy for all electricity cooling, including for example, industrial cooling
for which there is no available data. There was no data for NO (Norway) and CH
(Switzerland), therefore both influencing factors in this group were excluded from the
index calculations for those countries.

2.1.6. Group 6: Imports and Exports
In order to take into account the magnitude of imports or exports per country we

used the summer and winter absolute export values subtracted from the corresponding
import values (2000-2011). The difference was then divided by total electricity produc-
tion in order to determine the extent to which a country is a net importer or exporter.
Countries reliant on electricity imports for part or all of the year were determined to be
more susceptible as they often do not have the inland production capacity to meet their
electricity demand and are therefore reliant on exports from other countries. Countries
that are net exporters were assumed to be less susceptible because of their ability to
meet or exceed their demand.

2.2. Influencing Factor Correlation
The correlation between all of the influencing factors was determined in order to

identify and eliminate redundant factors (Table 1). Based on the results of the Spear-
man correlation, Group 6, which includes the summer (6.1) and winter (6.2) discrep-
ancy between imports and exports correlated highly (over 0.95) with the summer (2.3)
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and winter (2.4) discrepancy between production and consumption and was therefore
excluded from the index calculations. This makes sense due to the inherent relation-
ship between production and consumption, and imports and exports, as well as the
calculations used to determine the consumption.

Table 1: Influencing Factor Correlation Table. Note: Starred (*) influencing factors do not include CH or NO in their
calculation due to lack of data availability. Bold values indicate correlation above 0.95.

Influencing
Factor 1.1 1.2 1.3 1.4 2.1 2.2 2.3 2.4 3.1 3.2 4.1 4.2 5.1* 5.2* 6.1 6.2

1.1 1.00 - - - - - - - - - - - - - - -
1.2 0.73 1.00 - - - - - - - - - - - - - -
1.3 0.02 0.08 1.00 - - - - - - - - - - - - -
1.4 -0.03 0.09 0.94 1.00 - - - - - - - - - - - -
2.1 0.11 0.02 -0.33 -0.33 1.00 - - - - - - - - - - -
2.2 0.26 0.12 -0.25 -0.23 0.89 1.00 - - - - - - - - - -
2.3 -0.13 0.41 0.11 0.17 -0.21 -0.26 1.00 - - - - - - - - -
2.4 0.34 0.31 0.07 0.10 -0.13 -0.08 0.60 1.00 - - - - - - - -
3.1 0.10 0.31 0.08 0.13 -0.19 -0.33 0.15 -0.20 1.00 - - - - - - -
3.2 0.48 0.29 -0.15 -0.18 0.36 0.36 0.05 0.50 -0.21 1.00 - - - - - -
4.1 -0.16 -0.15 0.30 0.29 -0.39 -0.37 0.07 0.11 0.16 -0.38 1 - - - - -
4.2 0.39 0.25 0.26 0.35 0.13 0.27 -0.15 0.12 0.07 0.25 0.07 1.00 - - - -
5.1* 0.02 0.13 0.60 0.53 0.17 0.07 0.15 0.12 0.02 -0.06 0.29 0.36 1.00 - - -
5.2* -0.13 -0.18 -0.50 -0.54 0.21 0.12 0.18 0.17 -0.20 0.18 -0.28 -0.49 -0.22 1.00 - -
6.1 -0.08 0.42 0.09 0.13 -0.16 -0.19 0.98 0.64 0.09 0.13 0.08 -0.14 0.15 0.14 1.00 -
6.2 0.30 0.28 0.08 0.11 -0.09 -0.06 0.60 0.99 -0.22 0.52 0.11 0.09 0.14 0.13 0.66 1.00

2.3. Final Methodological Structure

The remaining influencing factors (Groups 1-5) are presented in Figure 1. It is
important to note that both influencing factors in Group 6 are not included in this figure
as it is not part of the study from this point onward based on its exclusion due to the
correlation calculations from the previous section.
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Figure 1: Influencing Factors (Blue = influencing factors that decrease susceptibility, Red = influencing factors that increase
susceptibility)

2.4. Index Calculations
The absolute influencing factor values were not used in the index calculation; in-

stead each of the influencing factor values was normalized by the maximum value in the
group. For indicators that have a potentially positive effect on susceptibility, the range
from -1 to 0 is used. Similarly, for influencing factors that potentially have a negative
effect on susceptibility, the range from 0 to 1 is taken. The susceptibility influenc-
ing factors were grouped based on similarities; of which three are current measures
of susceptibility (Groups 1-3) while two are projected (Groups 4 and 5). Because the
discrepancy influencing factors (2.3 and 2.4) could possibly increase or decrease sus-
ceptibility, the countries were first separated based on whether they were net producing
countries (with values >1) or net consuming countries (with values <1). Both sub-
groups were then normalized by their maximum value respectively. The 14 influencing
factors were averaged for each country giving a ranked susceptibility index (equation
(3)).

I =

∑k
x=1 vn

k
(3)

I : The ranked index value.
vn : Influencing factor n (index value).
k : The number of influencing factors.
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Each of the influencing factors was weighted equally for the index calculation, the
most common weighting for composite indicator calculations [35]. While statistical
weighting of the influencing factors could have been possible, it does not add under-
standing or legitimacy to the index, as statistical approaches do not include content
based argumentation. A review of possible statistical weighting options revealed that
there are many possibilities available, leading to quite different ranked index results.
Furthermore, a PCA (Principal Component Analysis) was conducted on the data in
order to determine if the influencing factors themselves were sufficiently independent
and to identify the possibility of significant factor overlap [35, 36]. The results of the
PCA can be seen in the supplementary materials, which show that the variation of the
data can be explained using 5 composite component factors (representing only about
80% of the variation in the data), and only a small number of influencing factors had
factor loadings that were high enough to be noticeable. These results demonstrated
the sufficient independence of the influencing factors, and therefore support the use of
equal weighting among factors.

2.5. Sensitivity Analysis

A sensitivity analysis of the influencing factors included in the ranked susceptibility
index was conducted by calculating the sum of the squared difference between the
original index value and the new index value (calculated using the average influencing
factor value for all countries for the factor in question). The method was taken from a
study by Fraiman et al. [37] and calculated using equation (4).

S i =

n∑
i=1

[
Ii,c − Ic

]2 (4)

S i : Sensitivity value for influencing factor i.
n : The total number of countries.
Ii,c : Index value calculated with influencing factor i removed, for country c.
Ic : Original index value including all influencing factors for country c.

3. Results

3.1. Ranked Index Values

This section presents the results for each of the influencing factors included in the
study, separated into groups. The ranked susceptibility actual and index values for each
influencing factor can be seen in the supplementary materials.

3.1.1. Group 1: Production, Consumption and Mean Temperature Slope
Influencing factors 1.3 and 1.4 show that GR (Greece), ES (Spain), IT (Italy) and

PT (Portugal) are highly susceptible due to the fact that they experience temperatures
that surpass the cooling threshold (Figure 2). On the other hand, for influencing factors
1.1 and 1.2, the Scandinavian countries are among the least susceptible, however PT,
FR (France) and GB (United Kingdom) are also relatively less susceptible, due to steep
slopes below the heating threshold (Figure 2).
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Figure 2: Production and consumption by mean temperature - Slope examples (All countries available in the supplementary
material). Source: adapted from European Climate Assessment and Dataset [21] and IEA [32].

3.1.2. Group 2: Production and Consumption
In terms of the production and consumption correlation, ES and GB are notable

countries for both the summer and winter influencing factors (2.1 and 2.2) because they
have consistently strong correlation between electricity production and consumption.
On the other hand, SK (Slovakia) and CH have a consistently weak correlation between
production and consumption.

Regarding the percentage discrepancy, LU (Luxembourg) is the most extreme ex-
ample of a net consuming country for both summer and winter (influencing factors 2.3
and 2.4) (Figure 3). Only half of the electricity consumption of LU is met by inland
production. CZ (Czech Republic) and FR are notable as well due to their large produc-
tion surplus that is consistent for both summer and winter (2.3 and 2.4) (Figure 3). The
majority of the countries experience seasonal differences and parts of the year are net
consumers and other times net producers, most notable are AT (Austria), CH and DK
(Denmark).

3.1.3. Group 3: Thermal Electricity Production Share
The thermal electricity production share (percentage of electricity production from

combustible fuels or nuclear) provides information about the current susceptibility of a
countries’ inland electricity generation mix (Figure 4). DK and PT are less susceptible,
due to their decline in thermal share over time (influencing factor 3.2). HU (Hungary),
PL (Poland) and NL (Netherlands) produce greater than 95% of their inland electricity
from thermal sources and have the highest current influencing factor values (3.1). All
of the countries produce greater than 40% of their electricity from thermal sources,
with the exception of NO (<%4). In terms of changes in the percent share of thermal
production over time, LU has by far experienced the greatest rise in thermal use while
DK, PT and IE (Ireland) have experienced the greatest decline.
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Figure 3: Monthly production, consumption, imports and exports over time - Percentage discrepancy examples (All countries
available in the supplementary material). Source: adapted from IEA [32].
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Figure 4: Thermal Electricity Production Share (2011) (Left) and Percent Change (2000-2011) (Right) Maps. Note: Darker
colors indicate higher susceptibility. Source: adapted from IEA [32].

3.1.4. Group 4: Projected Temperature Increase
The projected temperature increase influencing factors give a relative indication of

the magnitude of temperature increase expected for both winter and summer (4.1 and
4.2). FI (Finland), SE (Sweden) and NO will see the greatest rise in winter temperatures
(4.1), while ES, HU and CH will see the greatest rise in summer (4.2). IE and GB will
experience the smallest future temperature changes for both seasons. The geographical
susceptibility trend of the actual summer and winter temperature values is evident from
the maps in Figure 5 where a clear north-south gradient is present.
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Figure 5: Actual Summer (Left) and Winter (Right) Temperature Increase Maps (◦C) (Scenario A2 1961-90 to 2070-99).
Note: Darker colors indicate higher susceptibility for the Summer map (Left) but lower susceptibility for the Winter map
(Right). Source: adapted from Mitchell et al. [24].

3.1.5. Group 5: Air Conditioner Prevalence
Countries that historically reach the cooling threshold would logically be the most

likely to have the highest air conditioner prevalence due to their warmer temperatures.
This is not true in all cases however, PT being the exception with relatively few air
conditioners, and limited growth projected in the future (influencing factor 5.2). IT, GR
and ES are projected to have a large stock by 2030 (influencing factor 5.1), however
with moderate or low growth (due to saturation). The countries with higher projected
growth (for example FI, SE and GB) will likely see greater than three times the current
air conditioner stock by 2030 (influencing factor 5.2). A map of the actual projected
air conditioner prevalence and projected air conditioner stock difference can be seen in
Figure 6.
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Figure 6: Projected Air Conditioner Prevalence Map (per capita, 2030) (Left) and Projected Air Conditioner Percent Differ-
ence (2005-2030) (Right) Maps. Note: No data was available for CH or NO. Darker colors indicate higher susceptibility.
Source: adapted from Adnot et al. [33].
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3.2. Ranked Susceptibility Index

The ranked susceptibility index (Table 2, Figure 7) is an average of the influencing
factor index values. The index is therefore a deductive relative indication of the sus-
ceptibility of each country to climate change with equal weighting of each of the 14
included factors.

It is important to note that the least susceptible country in the index is the least
susceptible relative to the other countries in the index, but does not necessarily have
no susceptibility. LU is relatively the most susceptible country by a significant margin,
followed by GR, while NO is the least susceptible in the index.

Table 2: Relative Ranked Susceptibility Index.

Country Mean Index
Value

LU 0.249
GR 0.136
SK 0.091
IT 0.078

HU 0.065
NL 0.064
AT 0.047
FI 0.030
BE 0.022
SE -0.020
CH -0.029
ES -0.041
GB -0.078
PL -0.093
FR -0.100
IE -0.103
DE -0.112
DK -0.136
PT -0.163
CZ -0.195
NO -0.215

12



DK

IE

AT

CZ

FI

FR

DE

GR

HU

IT

SK

BE
LU

NL

NO

PL

PT ES

SE

CH

GB

−0.23 −0.17 −0.11 −0.05 0.01 0.07 0.13 0.19 0.25
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3.3. Sensitivity Analysis

The sensitivity analysis completed for each influencing factor can be seen in Table
3, and shows the relative effect of each factor on the susceptibility index ranking and
values. The index is most susceptible to the projected summer temperature increase
(4.2). Both the slope for production and consumption with mean temperature for the
cooling values (1.3 and 1.4) have the least effect on the index. Some countries are more
susceptible to relative changes in their rank based on the effects of the influencing fac-
tors (this can be seen in the sensitivity analysis figure in the supplementary materials).
NO is consistently among the least susceptible for each influencing omission, while
LU is consistently the most susceptible (see figure in the supplementary materials).
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Table 3: Sensitivity Analysis Values. Note: Factors are listed in increasing order, the index is the most sensitive to the last
factor listed.

Influencing Factor Sensitivity Value

1.3 Production and Mean Temperature Slope (Cooling) 0.0058
1.4 Consumption and Mean Temperature Slope (Cooling) 0.0061
2.4 Production and Consumption Discrepancy (Winter) 0.0189
2.3 Production and Consumption Discrepancy (Summer) 0.0192
1.1 Production and Mean Temperature Slope (Heating) 0.0216
3.2 Thermal Production Change (2000-2011) 0.0253
5.1 Air Conditioner Projection (2030) 0.0254
1.2 Consumption and Mean Temperature Slope (Heating) 0.0257
4.1 Projected Temperature Increase (Winter) 0.0375
5.2 Air Conditioner Percent Difference (2005-2030) 0.0442
2.1 Production and Consumption Correlation (Summer) 0.0567
2.2 Production and Consumption Correlation (Winter) 0.0636
3.1 Thermal Production Percent (2011) 0.0676
4.2 Projected Temperature Increase (Summer) 0.0707

4. Discussion

This section will attempt to identify and explain the underlying reasons for the
relative susceptibilities of selected countries, discuss the reasons certain countries are
more susceptible than others, and examine these results in comparison with existing
findings. Due to the highly complex nature of the electricity system in general, and its
very pronounced subjectivity to country specific conditions, explaining the behavior of
the system is difficult and the findings presented in this report are an attempt to break
down and characterize the effect of some of the most important influencing factors, but
are by no means the entire picture [38].

4.1. Discussion of the Results
4.1.1. Discussion of Selected Countries
LU. LU is, by a wide margin, the most susceptible country in terms of the ranked
susceptibility index. Inland production in LU meets less than half of the consump-
tion demand (influencing factors 2.3 and 2.4) which increases susceptibility, as well as
makes the country reliant on imports [39]. This is most likely due in large part to the
small size of the country as well as the high level of industrial electricity consumption
[39]. In 2002, LU experienced a drastic shift in its electricity system due to a ca-
pacity increase when gas-fired electricity production was introduced which effectively
increased production by 200%, increasing the countries’ susceptibility due to greater
reliance on thermal electricity production (influencing factors 3.1 and 3.2) [40]. LU has
one of the highest per capita electricity consumption rates in the world, and is securely
positioned within the Central-West Europe electricity market which may account for
the country putting little emphasis on increasing inland production [39].

Additionally, LU primarily utilizes combustible fuel as its electricity production
source which will likely experience climate change related decreases in capacity dur-
ing prolonged heat waves or droughts [15]. However, almost a third of the country’s
production is from hydro, which may help increase electricity security depending on
future precipitation patterns, which in northern Europe will likely be an increase, en-
hancing hydro capacity [19, 41, 42]. Between 2000 and 2011 however, the share of
thermal electricity production of LU has increased by more than 40% [43].
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Electricity production and consumption below the heating threshold in LU on the
other hand are not particularly steep in terms of slope to temperature (influencing fac-
tors 1.1 and 1.2) and therefore the effects of projected temperature increases will not de-
crease susceptibility by a significant margin in terms of electricity savings from heating.
Many of the countries examined, including LU, experience large volumes of tourists
at different time periods in the year. The potential effects of the temporary increase or
decrease in population due to tourism on electricity consumption could act as a small
factor in decreasing consumption during summer months for LU where trips surpass
arrivals during that period [34].

GR. GR is the second most susceptible country in the relative index and due to the
fact that it already reaches the cooling threshold (influencing factors 1.3 and 1.4). Sim-
ilar to LU, electricity production and consumption have a steep slope in relation to
temperature, meaning that as temperatures rise, so too does electricity consumption,
primarily due to the high number of air conditioners (influencing factors 5.1 and 5.2).
Furthermore, the expected temperature changes due to climate change indicate a dis-
tinct warming during the summer that outweighs any winter warming meaning that
cooling related electricity consumption will probably increase (influencing factors 4.1
and 4.2). GR is a net consumer of electricity in both summer and winter months and
therefore a consistent net importer of electricity by a large margin (influencing factors
2.3 and 2.4).

FR. FR is considered to have moderate susceptibility in terms of the ranked index,
which is not higher due largely to its production surplus (influencing factors 2.3 and
2.4). FR is striving for energy security and has an investment body, which identifies
electricity production needs to aid in this endeavor [44]. Furthermore, and what might
explain at least part of the production surplus in FR is that while base load electricity
consumption can easily be met, peak consumption is ever increasing, which requires
more production capacity [44].

Currently, FR does not exceed the cooling threshold, however with projected tem-
perature increases for summer months (influencing factor 4.2) and increases in air con-
ditioner stock in the future (influencing factor 5.1), susceptibility will likely increase.
FR may face further problems in the future due to its reliance on thermal electricity
production, mainly nuclear (influencing factors 3.1 and 3.2). Over the past decade, a
number of extreme weather events, which are likely to increase in frequency with cli-
mate change, were problematic to the FR electricity system [2, 7]. The summers of
2003 and 2009 proved particularly problematic due to heat waves impacting cooling
water for nuclear power plants in terms of amount and temperature [2, 14]. In 2009,
a third of the nuclear electricity plants in FR were shut down due to the summer heat
wave, forcing FR to import electricity [2].

CH. CH is moderately susceptible relative to other countries in the ranked index and
total values (no air conditioner data was available however), but behaves uniquely, with
seasonal differences in the system. Electricity consumption and production in CH are
highly correlated (influencing factor 2.1 and 2.2) and CH has a production surplus
during summer months (influencing factor 2.3), due to its utilization and management
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of hydro. Hydro reservoirs are often filled during periods of higher precipitation and
glacier melting (spring months) and stored in summer until times of need or for ex-
port during ideal market conditions [42, 45]. Electricity production for CH also varies
greatly by year however, which is primarily due to precipitation changes affecting hy-
dro electricity production, leading to further discrepancy between production from con-
sumption [41]. Nuclear electricity production decreases during summer months, while
hydro production increases, indicating that nuclear is used to help meet the winter peak
while hydro is used for export. This seasonal shift of production sources may add to
the variability of the system, due to the fact that CH produces the most in times when
it can easily meet its own consumption needs, and thus it has no electricity security
issues for that period. Thus, CH is the only country with a positive correlation between
electricity production and mean temperature for the values below the heating threshold.

CZ. CZ is a less susceptible country in the index mainly due to a large production sur-
plus (influencing factors 2.3 and 2.4). Furthermore, CZ is not expected to substantially
increase its currently low air conditioner stock in the future (influencing factors 5.2),
and will experience only a moderate temperature increase (influencing factors 4.1 and
4.2), which is greater in winter than summer. The combustible fuel and nuclear elec-
tricity production sources on which CZ is almost complete reliant (influencing factors
3.1 and 3.2) will likely be negatively affected by climate change in the future, which
will inevitably increase susceptibility. However, CZ currently has a large reserve of do-
mestic resources (primarily coal and uranium) that is easily accessible and readily used
for electricity production, which will maintain electricity security in the near future
[46].

NO. The least susceptible country in the ranked index is NO with low susceptibility
in the majority of the influencing factors. It is important to note however, that there
was no air conditioner data available for NO, and therefore, the index ranking value
is lower. That being said NO has low relative susceptibility for influencing factors 1.1
and 1.2, meaning that as the climate changes, electricity production and consumption
will decrease during the winter months. Furthermore, NO will benefit the most from
the temperature changes, with the winter rise in temperature being far greater than
the summer increase (influencing factors 4.1 and 4.2). NO has almost no electricity
production from thermal sources (influencing factors 3.1 and 3.2), and relies almost
exclusively on hydro electricity which will experience greater capacity due to precip-
itation increases in the future in the course of climate change, which will therefore be
beneficial for electricity production in the country [1]. Finally, NO is a net producer
of electricity in both summer and winter (influencing factors 2.3 and 2.4) and therefore
has the ability to export the excess.

Universal Trends. All of the countries, to differing degrees, show an increase in monthly
electricity consumption from February to March, which for most countries is against
the generally decreasing electricity production and consumption trend in spring. This
can be likely explained by the 1 hour clock change for daylight savings time, usu-
ally done in March [47]. Daylight savings are designed to increase the number of
daylight hours and therefore reduce electricity consumption due to decreases in heat-
ing and lighting, however studies show that for the first few weeks after the change in
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spring, consumption increases due to earlier wake up times which require more heating
[48, 49].

Day length (the number of daylight hours) varies seasonally and geographically,
and has a potential significant effect on electricity consumption due to lighting re-
quirements. Lighting accounts for approximately 10% of household electricity use on
average in European countries, however the monthly variation of consumption share is
more important than the average [16]. Koroneos and Kottas [50] demonstrate that for
GR, electricity consumption for lighting peaks in the months of January and December,
and is the lowest in the months of June and July. Their study reinforces the seasonal
variation and possible influence of lighting on electricity consumption, especially con-
sidering that GR is one of the southernmost countries examined in this study, which
means it would experience the least variation of day length throughout the year.

The monthly electricity production and consumption from 2000-2011 demonstrates
an overall increasing trend of the variables over time. This increase could be due to
a number of factors, most notable are a rise in GDP and rise in population (except
DE (Germany) and HU experienced no consistent population increase during the time
period) [34]. However, the time frame of only 11 years (due to data availability) does
not provide enough for a sound statement regarding an increasing trend especially due
to the GDP decrease seen among most countries (with the exception of BE (Belgium))
around 2008/2009, which is most likely due to the global financial crisis [51].

4.1.2. Results Correlation with Existing Studies
The ranked susceptibility index correlates well with a number of existing studies,

however no previous work examines the electricity system in the same way or utilizes
the same set of influencing factors. The index aligns well with a study by Eskeland and
Mideksa [7] which identifies the relative effects on heating and cooling due to climate
change in Europe. The study concludes that climate change will induce less heating in
northern European countries, while increasing cooling in southern European countries.
Ultimately, the study identifies GR, IT and ES as countries that will experience cooling
increases that outweigh heating decreases due to climate change. Thus correlating
with the higher susceptibility ranking of GR and IT seen in our index. ES on the
other hand is only moderately susceptible in our ranked index, something that is due
to the inclusion of a wider range of influencing factors especially the production and
consumption correlation, which decreases the susceptibility of ES.

A study by Gnansounou [52], assesses the susceptibility of the energy sector as a
whole (including the electricity sector) on a country level in terms of a much wider
scale which take into account a number of influencing factors including energy inten-
sity, oil and gas import dependency, CO2 content of primary energy supply, electricity
supply weaknesses and non diversity in transport fuels. Despite the very different in-
fluencing factors considered and wider range of countries examined, the ranked index
of susceptibility presented in the study is similar to the findings of this study. GR, LU
and IT were found to be very susceptible, while NO, FR and GB are considered rela-
tively less susceptible. Obviously, due to the examination of the energy, as opposed to
electricity sector, there are some differences to our relative index ranking, and only NO
is consistent with the lower susceptibility, GB is more susceptible in our index mainly
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due to a strong projected increase in air conditioner stock in the future. The reasons for
the increase of susceptibility in FR are explained in Section 4.1.1.

Studies by Rübbelke and Vögele [2] and van Vliet et al. [8] examine the negative
effects of climate change on the electricity production ability in Europe, specifically on
the most susceptible electricity production source, thermoelectric generation. South-
ern and southeastern Europe are identified as being particularly susceptible to climate
change related problems which correlates well with the index for GR and IT, how-
ever not for PT which has very low air conditioner stock [8]. The potential issues are
however, also present for any countries in the index that utilize thermoelectric produc-
tion sources, which includes some of the least susceptible countries in the index, most
notably CZ.

4.1.3. Sensitivity Analysis
The goal of the sensitivity analysis is to identify the relative sensitivity of each influ-

encing factor on the ranked susceptibility index. The sensitivity analysis helps identify
which influencing factors have the most effect on the index value and therefore ranking.
The index is the least sensitive to the slope of electricity and mean temperature for the
cooling values (1.3 and 1.4). This may be explained by the fact that only five countries
reach the cooling threshold. The projected temperature increase in summer (4.2) has
the most effect on the index, likely due to the fact that summer temperatures increases
will have a profound effect on electricity consumption, partly due to air conditioner
use for warmer countries, and decreases in heating trends in colder countries. In both
cases, the summer temperatures will largely dictate future susceptibility. The thermal
production percent (3.1) also has a large effect on the index; this can be explained by
the higher susceptibility of countries with heavy reliance on thermal production.

4.2. Limitations

The major limitation of this study was the access and availability of data. The only
available monthly electricity data for a wide range of European countries included only
the period from 2000 to 2011, and did not cover the entire continent (only 21 countries).
Daily electricity data for that period would have been quite useful however no such data
was found. This is particularly pertinent due to the well documented 2003 summer
heat wave in Europe which caused a number of problems for some countries in terms
of meeting electricity demand and forced changes to the electricity system, but did not
appear in the monthly data due to the shorter time scale of the event [7, 14, 19, 53].

One specific limitation was the air conditioner data, which was published in 2008,
and therefore only the 2005 data values were measured, while the others were projec-
tions. Moreover, the data only reveal information about the number of air conditioners
that exists in a country, and not how or when they are used. The assumption is then that
countries with a lot of air conditioners put them to use when the temperature exceeds
the cooling threshold, however this is not necessarily true. Furthermore, the air condi-
tioner data did not provide values for CH and NO; meaning that the integration of that
data could change the index.

Despite the fact that all electricity generation sources are affected in some way by
climate change, there is no relative quantitative data on the effects on electricity pro-
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duction. Therefore, based on the available research, only thermal electricity produc-
tion (combustible fuels and nuclear) was considered to be susceptible [14, 19]. Studies
concerning the 2003 heat wave in Europe cite thermal power plant output as being
problematic [2, 19, 54]. Furthermore, and perhaps the most compiling evidence of the
increased susceptibility of combustible fuel electricity production is the political and
social objection to these emission intensive and controversial electricity production
sources. Due to an increasing push for lower greenhouse gas emissions by a number
of European countries as well as historical and recent nuclear power disasters, nuclear
and fossil fuel phase out plans have been made. Most notably, DE has planned to close
all of its nuclear power plants by 2022, along with the remaining black coalmines by
2018 [55, 56]. Ultimately, even a country with ample electricity production now, may
see its surplus diminish as thermal production decreases with growing environmental,
social and political pressure, something that will probably not be the case for hydro or
renewable production sources.

Hydro electricity generation is also susceptible to extreme events and changing
precipitation patterns due to climate change, however research into the specific effects
associated with this phenomenon yields contradictory results and the susceptibility may
increase or decrease [6, 18, 19]. Furthermore, the complex interaction between climate
and hydro electricity requires a detailed geographically specific analysis in order to
quantitatively determine susceptibility.

The EU, as a whole has been undertaking extensive integration of renewable elec-
tricity production, which exceeded 20% in 2010, meeting a 2001 target [57]. An even
more ambitious EU renewable electricity target for 2030 has been requested by indus-
try, with the goal of decreasing emissions as well as improving energy security in the
EU, both of which require a move away from traditional thermal electricity produc-
tion [57]. It is likely that along with the planned electricity and energy targets for the
EU, substantial electricity production changes will be undertaken in most countries in
the upcoming years, unfortunately any kind of future calculations or quantification in
terms of the projected impacts of those changes on the electricity system susceptibility
would require extensive country specific analysis.

Electricity storage capacity could affect the susceptibility of the electricity system
of a given country strongly, but was not integrated in this study due to lack of adequate
data [42]. CH utilizes hydro electricity greatly and has a number of planned and exist-
ing hydro pumped storage plants which, if integrated in this study would decrease its
index susceptibility ranking [58]. Besides hydro pumped storage there are a number
of energy storage technologies which, if available, bridge production and consumption
fluctuations [59].

5. Conclusions

Assessing the susceptibility of European electricity systems to climate change on
a country level is a complex issue with a wide variety and number of influencing fac-
tors. It is clear however, that many countries are not only susceptible to climate related
stresses currently, but will become more susceptible in the future. This study provides
an overall outlook of the susceptibility of 21 European countries to climate change,
something that has not been previously undertaken to this degree in terms of geographic
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scope and specific influencing factors examined, but builds on the findings of existing
studies. Ultimately, a ranked susceptibility index was presented that provides a quan-
titative relative indication of susceptibility among the countries included. The study
was successful in identifying those countries that are susceptible to climate change,
along with the specific aspects of their electricity system that are vulnerable. No dis-
tinct pattern was evident in terms of electricity system characteristics or susceptibility
influencing factors between countries ranked higher or lower in the index. This lack
of similarity between countries highlights the complexity and distinct nature of each
country’s electricity system and its relation to climate. The index utilized influencing
factors, both current and projected, all of which were significant enough to affect the
ranking.

The findings of this study are useful in a number of ways. In terms of decreasing
susceptibility, policy makers, scientists and energy managers can examine the most im-
portant influencing factors that increase susceptibility and focus their adaptation efforts
on those areas. Furthermore, due to the relative nature of the susceptibility index, coun-
tries with higher susceptibility can identify countries with less susceptible electricity
systems and use them as a guide to decrease their own susceptibility. Further work
incorporating more influencing factors such as the influence of prices and the elec-
tricity market on consumption, the political and social outlooks and decision making
processes in regard to the electricity system, as well as specific energy plans for each
country could all be beneficial. The inclusion of those additional factors would add an
additional level of understanding to the overall understanding of susceptibility within
the system. We feel that the findings of this study are an important first step towards a
comprehensive analysis of the susceptibility of European countries to climate change.
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