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Abstract
Greenhouse gas emissions from burning fossil fuels are routinely counted in energy and climate
policies, yet the immediate health burden of air pollution emissions from combusting these fuels is
rarely quantified alongside. Particularly, the European Union (EU) comprises countries with
diverse energy mixes, emission characteristics, reduction technologies, and policy frameworks,
leading to large variations in the impacts of energy consumption on climate, air quality, and public
health. Understanding these country-level variations is critical to optimize regional energy policies
and reduce climate and health disparities in the EU. This study quantifies the regional variations in
both climate and health impacts of energy consumption across EU countries. In countries where
coal or oil dominates power supply, the health impacts of electricity consumption can be larger
than climate impacts by more than ten times (e.g. Bulgaria, Romania, and Greece), highlighting
the necessity of incorporating health impacts into climate and energy policies. We found a
significant variability in health impacts per electricity usage (1.4–1508 € MWh−1) among EU
countries, largely driven by their energy source mix. The health benefits of sustainable energy
strategies can be notably higher in Eastern Europe countries than those in Western or Northern
Europe. For instance, saving the same amount of electricity in Estonia could achieve health benefits
1043 times greater than in Sweden. Furthermore, our results suggest that energy policies and
reports with biomass lumped into renewables can overlook its potential health burden. The dataset
of climate and health impact factors produced in this study can be useful for future research,
practice, and policymaking to quantify the burdens of energy consumption or assess the benefits of
energy efficiency measures in the EU.

1. Introduction

Combusting fossil fuels for energy generation emits
greenhouse gases (GHGs) that are the major driver
of global climate change. In response, the European
Union (EU) has published the European Climate Law
that EU countries must reduce GHG emissions by
at least 55% by 2030 (compared to 1990 levels) and
become climate neutral by 2050 [1]. Furthermore,
burning fossil fuels generates air pollutants that pose
an immediate public health burden. For example, the

energy consumption in buildings was responsible for
44% of PM10, 58% of PM2.5, 37% of black carbon,
46% of CO, 17% of SO2, and 9% of NOx emissions
in the EU in 2020 [2]. Air pollution in the EU is asso-
ciated with around 300 000 premature deaths and a
significant number of diseases such as asthma, lung
cancer, and cardiovascular problems each year [3].

Therefore, developing energy efficiency strategies
and policies across sectors such as buildings, trans-
portation, and industry is a key step to combat press-
ing energy, climate, and environmental challenges
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in the EU. To meet the EU’s 2030 climate goal, the
EU published the Energy Efficiency Directive in 2012
and revised the directive a few times through 2012–
2023 [4]. The latest directive requires EU countries
to collectively achieve an additional 11.7% reduc-
tion in energy consumption by 2030, compared to
the projected reference scenario in 2020. EU coun-
tries must achieve an average annual energy sav-
ings rate of 1.49% from 2024 to 2030. As a result,
overall EU energy consumption in 2030 should not
exceed 992.5 Mtoe for primary energy and 763 Mtoe
for final energy [4]. In addition, the EU released
guidelines focused on different critical sectors such
as the Energy Performance of Buildings Directive
[5] and Sustainable and Smart Mobility Strategy
[6]. Achieving these goals will help the EU protect
the environment, mitigate climate change, enhance
energy security and affordability, and support the
sustainable growth of economy [4].

While the Energy Efficiency Directive sets the EU-
level guidelines and targets, it allows each member
state to devise its own strategies and measures to
meet these goals [4]. EU Member States have diverse
energy mixes, emission source characteristics, emis-
sion reduction technologies, meteorological condi-
tions, socioeconomic conditions, and policy frame-
works. For example, the share of energy from renew-
able sources ranged from 14.4% to 66.4% across EU
countries in 2023 [7]. The GHG emission intensity
of electricity production varied significantly from 8–
690 gCO2e/kWh among EU countries in 2023 [8].
Knoop and Lechtenböhmer [9] reviewed studies on
energy efficiency potentials in the EU and found large
variations by country. Thonipara et al [10] repor-
ted that the impacts of regulatory standards of build-
ing energy performance may vary significantly in dif-
ferent EU countries. These data and findings sug-
gest potential regional variations in the implications
of energy consumption and energy efficiency meas-
ures on climate, air quality, and public health across
the EU. It is imperative to capture these variations to
optimize the benefits of regional energy policies and
reduce climate and health disparities in the EU.

Furthermore, GHG emissions are routinely coun-
ted in energy and climate policies in the EU, yet
the health burden of air pollution emissions is rarely
quantified alongside [5, 11, 12]. This could lead
to policy decisions that inadvertently overlook the
health impacts of energy consumption, such as the
transition to energy sources with low carbon foot-
prints but high air pollutant emissions (e.g. biofuels)
[13]. Therefore, it is critical to consider both climate
and health impacts when assessing energy policies
and practices. However, limited information is avail-
able on the regional variations in climate and health
impacts of energy consumption among EU countries
that could be used for guiding policy making and

sustainability development. Given this background,
the aim of this study is to provide a holistic assess-
ment of climate and public health impacts of energy
consumption across EU countries and characterize
the country-level variability. The study results can be
used to evaluate the climate and health burdens of
energy consumption or to predict the co-benefits of
energy efficiency strategies andpolicies in the EUwith
the consideration of disparities across countries.

2. Methods

2.1. Estimating GHG and air pollutant emissions of
energy consumption
We calculated the emissions of GHGs (CO2, CH4, and
N2O) and air pollutants (PM2.5, SO2, and NOx) from
energy consumption using the following equation:

Emissionssourcei, pollutantj,countryk
= Energy Usesourcei,countryk
× EFsourcei, pollutantj, countryk (1)

where Emissionssourcei, pollutantj, countryk is the emis-
sions of pollutant j from energy source i in
country k, Energy Usesourcei,countryk is the energy
consumption from source i in country k, and
EFsourcei, pollutantj, countryk emission factor (EF) is the
emissions of pollutant j per unit of energy use from
source i in country k. Grid electricity consumption
is one of the most critical sources of energy use. To
estimate EFs for electricity consumption at differ-
ent EU countries, we first retrieved the EFs of CO2

equivalent (CO2e) for grid electricity production in
all EU countries from the European Environment
Agency (EEA) [14]. We then collected emission data
of CO2e as well as pollutants (CO2, CH4, N2O, PM2.5,
SO2, and NOx) from the Emissions Database for
Global Atmospheric Research (EDGAR) [15]. Using
these data, the EF of pollutant j for grid electricity
generation in country k (EFgrid, pollutant j, countryk) was
estimated using the following equation [16]:

EFgrid, pollutant j, countryk
= Emissionsgrid, pollutant j, countryk

×
EFgrid, CO2e, countryk

Emissionsgrid, CO2e, countryk

(2)

where Emissionsgrid,pollutantj, countryk and
Emissionsgrid,CO2e,countryk

are the annual emissions
of pollutant j and CO2e, respectively, from electri-

city generation in country k.
EFgrid,CO2e, countryk

Emissionsgrid,CO2e, countryk
is the

reciprocal of annual electricity generation responsible
for pollutant emissions. Next, we adjusted the EFs
for electricity generation to EFs for electricity con-
sumption using the country-specific data of power
transmission and distribution losses provided by
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International Energy Agency [17]. The calculation
results of EFs for electricity consumption are sum-
marized in table 1 and figure S1. Regarding EFs
for sectors other than electricity generation, such
as building on-site combustion, we retrieved the EFs
of different fuels from IPCC Guidelines for National
Greenhouse Gas Inventories (for GHGs) [18] and
EMEP/EEA air pollutant emission inventory guide-
book (for air pollutants) [19]. For instance, tables
S1 and S2 summarize the EFs for building on-site
combustion based on fuel and building types.

2.2. Assessing climate and health impacts of
emissions
We used the social cost of carbon (SCC) to estim-
ate the potential monetary impacts of climate
change attributed to GHG emissions from energy
consumption [20, 21]. A detailed description of this
method is provided in supplementary text S1. We
evaluated the health impacts of air pollutant emis-
sions based on the data provided in Zhang et al [22].

Zhang et al estimated the annual worldwide pre-
mature deaths attributed to the increase in ambi-
ent PM2.5 exposure due to the air pollution emit-
ted in Western Europe and Eastern Europe, respect-
ively. However, the data reported in Zhang et al
[22] were the overall death cases attributed to the
emissions of six pollutants (black carbon, organic
carbon, SO2, NOx, NH3, and CO), and they did
not report the death cases due to the emission of
each pollutant. In order to apportion the relative
contributions of air pollutants examined in this
study (PM2.5, SO2, and NOx), we referred to the
study of Shindell [23] that reported the contribu-
tions of global emissions of PM2.5 (black carbon and
organic carbon), SO2, and NOx to ambient PM2.5

concentrations, which were 37.5%, 37%, and 8%,
respectively. Accordingly, we estimated the worldwide
death cases due to a metric ton of pollutantj emit-
ted in regionz (Western Europe or Eastern Europe),
Deaths-per-ton of emissionspollutantj, regionz , as fol-
lows:

Deaths-per-ton of emissionspollutantj, regionz

=
Total death cases due to pollution emissions

regionz
×Relative contributionpollutantj

Emissionspollutantj, regionz
. (3)

The data of overall death cases due to air pollution
emitted in regionz, Total death cases due to pollution
emissionsregionz , and the emissions of pollutant j in
regionz, Emissionspollutantj,regionz , were collected from
Zhang et al [22], while the data of relative con-
tribution of pollutantj to ambient PM2.5 expos-
ure, Relative contributionpollutantj , were culled from
Shindell [23], as discussed above. Table 2 provides the
estimates of Deaths-per-ton of emissions. The uncer-
tainty ranges were calculated based on 95% confid-
ence intervals of data provided in Zhang et al [22].
Table S4 and figure S2 present the EU countries clas-
sified intoWestern Europe or Eastern Europe accord-
ing to the Global Trade Analysis Project (GTAP), as
suggested in Zhang et al [22].

Next, we quantified the monetary health impacts
of emissions of pollutant j from energy source i
in country k (HealthImpactsourcei, pollutantj, countryk ) as

follows:

HealthImpactsourcei, pollutantj, countryk

= Emissionssourcei, pollutantj, countryk

×Deaths-per-ton of emissionspollutantj, regionz

×Value of Statistical Life (4)

where Emissionssourcei, pollutantj, countryk are the annual
emissions of pollutant j from energy source i in coun-
try k. The Value of Statistical Life (VSL) is a com-
monly used metric to estimate the monetary bene-
fits of mortality risk reductions for analysis of regu-
latory impact and public health policy [24]. We used
a VSL of 9.75 million (in 2018 Euro) based on previ-
ous studies [21, 25, 26].

To facilitate comparisons across studies, we
applied our model to estimate the climate and health
benefits of electricity savings due to the green building
movement in Germany and compared the results to a
previous study of MacNaughton et al [16]. As repor-
ted in MacNaughton et al, the total electricity savings
from the green building movement in Germany was
estimated as 0.51 billion kWh. By using our model,
the climate benefit of this energy saving was estimated
as $10.1 (3.0–15.2)million, and the health benefit was
$22.4 (14.3–33.8) million. These estimates are within
the uncertainty ranges reported by MacNaughton
et al [16] that are $5.3–26.4 million for climate and
$8.3–75.4 million for health. The maximums of our
estimates are lower than that study likely because we
used grid EFs for 2018, while they used the data for
2010. This is consistent with the grid EFs decreasing
from 2010 to 2018 in Germany [14]. Additionally, the
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Table 1. Pollutant emission factors (g kWh−1) for electricity consumption in European Union (EU) countries.

Country CO2e CO2 CH4 N2O PM2.5 SO2 NOx

Mean of EU 323.0 321.1 0.0098 0.0056 0.0174 1.3629 0.6360
Austria 107.4 107.0 0.0060 0.0008 0.0011 0.0251 0.0889
Belgium 217.9 217.1 0.0150 0.0014 0.0043 0.0083 0.2061
Bulgaria 447.4 445.5 0.0049 0.0057 0.0307 8.2076 0.5882
Croatia 142.1 141.6 0.0058 0.0011 0.0355 0.6659 0.3527
Cyprus 698.9 697.7 0.0110 0.0034 0.0590 3.4907 1.8886
Czechia 468.4 461.5 0.0069 0.0226 0.0202 0.9861 0.6614
Denmark 198.9 197.7 0.0124 0.0033 0.0057 0.0892 0.3422
Estonia 947.4 944.9 0.0296 0.0056 0.0248 11.153 5.1904
Finland 116.8 111.0 0.0043 0.0192 0.0037 0.1620 0.1089
France 56.8 56.5 0.0038 0.0008 0.0039 0.0871 0.0995
Germany 427.4 424.9 0.0115 0.0072 0.0075 0.2342 0.2322
Greece 696.8 694.3 0.0181 0.0071 0.0595 3.3439 1.2149
Hungary 264.2 263.3 0.0091 0.0022 0.0051 1.1674 0.4020
Ireland 371.6 370.3 0.0152 0.0030 0.0302 0.3070 0.1639
Italy 261.1 259.7 0.0117 0.0037 0.0042 0.1626 0.1754
Latvia 145.3 145.1 0.0040 0.0003 0.0029 0.0252 0.1515
Lithuania 68.4 68.2 0.0042 0.0005 0.0038 0.0782 0.0568
Luxembourg 72.6 72.0 0.0096 0.0012 0.0032 0.0097 0.3928
Malta 374.7 373.9 0.0262 0.0007 0.0376 0.4228 1.2823
Netherlands 464.2 462.5 0.0185 0.0042 0.0063 0.1386 0.2872
Poland 830.5 819.8 0.0100 0.0351 0.0218 1.9165 0.9049
Portugal 326.3 325.1 0.0081 0.0033 0.0127 0.1930 0.4373
Romania 306.3 305.3 0.0039 0.0030 0.0526 2.6061 0.9204
Slovakia 144.2 141.4 0.0026 0.0093 0.0061 0.3906 0.3539
Slovenia 261.1 259.9 0.0040 0.0035 0.0031 0.3879 0.1480
Spain 290.5 289.5 0.0074 0.0030 0.0254 0.5339 0.5132
Sweden 13.7 13.4 0.0017 0.0008 0.0002 0.0064 0.0084

Table 2.Worldwide death cases due to a metric ton of pollutants emitted in Western Europe and Eastern Europe (deaths/ton). The
country classification is according to the Global Trade Analysis Project (GTAP). CI: confidence intervals.

PM2.5 SO2 NOx

Mean 95% CI Mean 95% CI Mean 95% CI

Western Europe 0.1293 0.0588–0.2100 0.0171 0.0118–0.0253 0.0018 0.0011–0.0028
Eastern Europe 0.1412 0.0450–0.2625 0.0116 0.0063–0.0185 0.0042 0.0020–0.0062

previous study [16] adopted a global-averaged value
of Deaths-per-ton of emissions, while we used the
data specifically for Western Europe.

3. Results and discussion

Figure 1 presents the climate and health impacts
per MWh of electricity consumption (€ MWh−1),
i.e. impact factors, across EU countries in 2018.
There were notable regional variations in both cli-
mate and health impact factors. The climate impact
factors varied from 0.5 to 32.4 € MWh−1 across
the EU (figure 1(a)). Estonia (32.4 € MWh−1),
Poland (28.4 € MWh−1), Cyprus (23.9 € MWh−1),
and Greece (23.8 € MWh−1) had the highest cli-
mate impact factors. Sweden (0.5 € MWh−1), France
(2.0 € MWh−1), Lithuania (2.3 € MWh−1), and
Luxembourg (2.5 € MWh−1) had the lowest impact
factors. The health impacts per electricity consump-
tion varied from 1.4 to 1508 € MWh−1 (figure 1(b)).
Estonia (1508 € MWh−1), Bulgaria (995 € MWh−1),

Cyprus (690 € MWh−1), and Greece (654 € MWh−1)
had the highest health impact factors, while Sweden
(1.4 €MWh−1), Austria (7.2 €MWh−1), and Belgium
(10.5 € MWh−1) had the lowest impact factors. One
of the main drivers behind these large variations was
the difference in energy source mix for electricity
production among countries. Figure S3 and table S5
provide the energy mix for electricity generation in
EU countries in 2018 [7]. The countries with high
climate and health impact factors generally had solid
and/or liquid fossil fuels as dominant energy sources
for power. For instance, in 2018, solid fossil fuels
accounted for 76.2% and 76.8% of electricity pro-
duction in Estonia and Poland, and liquid fossil fuels
accounted for 90% in Cyprus. By contrast, the coun-
tries with low impact factors generally had signific-
ant shares of renewables and/or nuclear for power
generation. For example, in 2018, the combined con-
tribution of renewables and nuclear to electricity
generation was 97.8%, 91.6%, 83.3%, and 78% in
Sweden, France, Lithuania, and Austria, respectively.
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Figure 1. Climate and health impacts per MWh of electricity consumption across the EU in 2018. Note that non-EU countries in
2018 such as Switzerland, Norway, and the United Kingdom are not included.

Moreover, the health impact factor in a country can
be significantly higher than its climate impact factor,
with ratios of health to climate from 1.4 to 65 (table 3
provides a full dataset of climate and health impact
factors in EU countries). In countrieswhere coal or oil
dominated power supply such as Bulgaria (health/cli-
mate ratio = 65), Estonia (health/climate = 47),
Romania (health/climate = 39), Cyprus (health/cli-
mate = 29), Greece (health/climate = 27), and
Czechia (health/climate = 13), the health impact
factor can be larger than climate impact factor by a
factor greater than 10.

Furthermore, figure 1 reveals that the regional
variation in health impact factor was more dramatic
than that in climate impact factor (1.4–1508 vs 0.5–
32.4 € MWh−1). One of the main reasons is that for
different fuels, the variations in EFs of air pollutants
are generally larger than those of GHGs [18, 19]. For
instance, natural gas has an EF of CO2 about 50%
lower than coal, while its SO2 EF can be two orders
of magnitude lower [18, 19]. Besides energy source
mix, the performance of pollutant control technolo-
gies in power plants is another key factor [27]. For
example, coal-fired power plants with different tech-
nologies yield larger variations in emissions of air pol-
lutants than in emissions of CO2, since emissions of
NOx, SO2, and PM2.5 are driven in large part by the
quality and chemical makeup of the coal, efficiency
of combustion, and use of pollution control devices
[28]. This factor was incorporated in our model by
applying country-specific grid EFs.Moreover, the fact
that GHGs have their impacts mixed globally while
air pollutants have impacts regionally also contributes
to a larger regional variation in health impacts than

in climate impacts [26]. This factor was accounted
for in our model by using global SCC of GHG emis-
sions while region-specific values of deaths/ton of air
pollutant emissions. Previous studies also reported
greater regional variations in health impacts of energy
production than in climate impacts in the US [25,
26] andworldwide [29].Overall, these results demon-
strate the necessity of incorporating the immediate
health burden of air pollution emissions when devel-
oping energy and climate policies to understand their
full impacts. The policies should be formulated to
minimize both carbon and air pollution emissions.

Figure 2 displays the climate and health impacts
per electricity consumption in the EU, with the
countries grouped into four sub-regions (Eastern,
Northern, Southern, and Western Europe) based on
their geographical locations [30]. Note that this coun-
try classification is different from that in our cal-
culations of Deaths-per-ton of emissions (table 2),
which classified all EU countries into Western and
Eastern Europe based on the GTAP [22]. The figure
shows clear geographic patterns in climate and health
impact factors of electricity use in the EU. In com-
parisonwith other regions, there weremore countries
in Eastern Europe that had markedly high health and
climate impact factors, including Estonia, Bulgaria,
Romania, Poland, and Czechia. The countries in
Southern Europe exhibited two distinct patterns: the
Southeastern countries (Greece and Cyprus) had
noticeably high impact factors, while others (e.g. Italy
and Portugal) had relatively low impact factors. The
countries in Northern Europe (Sweden, Finland, and
Denmark) had low climate and health impact factors
due to their development of renewable and nuclear
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Figure 2. Climate impact vs. health impact per MWh of electricity consumption in EU countries in 2018. The countries are
grouped into four sub-regions according to [30].

energy. The countries in Western Europe also had
relatively low health impact factors, whereas a few
of them (Netherlands, Germany, Ireland) had relat-
ively high climate impact factors. This was primar-
ily due to their reliance on coal and natural gas for
power production (figure S3). These results imply
that deploying sustainable energy strategies in regions
with more fossil fuel usage (e.g. Eastern Europe
and Southeastern Europe) could yield higher health
and climate benefits than in areas that already had
high levels of renewables (e.g. Western Europe and
Northern Europe). For example, saving the same
amount of electricity in Estonia could achieve 1043
times more health benefits and 67 times more climate
benefits than in Sweden.

Furthermore, figure 2 indicates that the health
impact factor of electricity consumption in a coun-
try does not necessarily scale with its climate impact
factor. For example, Estonia and Poland had com-
parable levels of climate impact factors (32.4 and
28.4 € MWh−1, respectively) due to their similar
shares of solid fossil fuels (76.2% and 76.8%) and
renewable energy (16.1% and 13.0%) for electricity
generation. Nevertheless, the health impact factor

in Estonia (1508 € MWh−1) was five times that in
Poland (284 € MWh−1). One of the key reasons was
the use of biofuels in Estonia. Figure S4 and table S6
summarize the shares of different renewable energy
sources for power production in the EU countries.
The major renewable energy used in Estonia was bio-
fuels (65.7% of renewable energy), which are con-
sidered carbon neutral but have considerable emis-
sions of air pollutants and associated health impacts
[13], whereas the main renewable energy in Poland
was wind (58.1% of renewable energy). Another
reason is that the dominant solid fuel in Estonia was
oil shale, which has an SO2 EF twice that of hard coal,
the dominant fuel in Poland, despite their comparable
CO2 EFs [7]. Similarly, inHungary the climate impact
factor was relatively low (9.0 € MWh−1) due to its
60% share of nuclear and renewable energy for power
supply. However, its health impact factor was much
higher (155.6 € MWh−1), largely due to its use of
biomass (accounting for 61.0% of renewable energy).
These results suggest that detailed information on
disaggregated energy sources is essential to under-
stand the full impacts of energy consumption. Energy
reports with biofuels lumped into renewables may

6
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overlook the potential health burden of air pollution
from combusting biofuels.

The climate and health impact factors described
in figures 1 and 2 (and summarized in table 3) are
useful to quantify the climate and health burdens
of electricity consumption or to predict the bene-
fits of energy saving methods in EU countries. As a
demonstration, we calculated the total climate and
health impacts (in billion €) due to electricity usage
in EU countries in 2018, as presented in figure 3.
It shows that the health burden of electricity usage
in EU countries could be significantly higher than
the climate impact. Poland, Germany, Greece, Spain,
and Bulgaria had the largest impacts of electricity
use. These countries had either large climate and
health impact factors (e.g. Greece and Bulgaria), high
levels of electricity usage (e.g. Germany and Spain), or
both (e.g. Poland). For example, electricity usage in
Germany (521.8 TWh) was one order of magnitude
higher than that in Greece (51.1 TWh). However,
Greece and Germany had similar levels of total bur-
den of electricity use (34.63 vs. 35.06 billion €) since
Greece had a health impact factor (654 € MWh−1)
that was one order of magnitude larger than that in
Germany (52.6 € MWh−1). Therefore, EU policies
should be developed considering the regional vari-
ations in both total energy consumption and impact
factors. Table 3 summarizes electricity usage and
related climate and health burdens in EU countries
in 2018.

Figure 4 displays the relative contributions of SO2,
PM2.5, andNOx to the health impacts across the EU in
2018. Unlike climate impacts (contributions of CO2

were>94% for all EU countries), health impacts were
dominated by different air pollutants across coun-
tries. SO2 was dominant for most EU countries (24
out of 27). There were two main reasons. Firstly, in
most EU countries, SO2 EFs of electricity consump-
tion were one to two orders of magnitude larger than
PM2.5 EFs, as shown in table 1. The average ratio of
SO2 EF to PM2.5 EF across all countries was 78. In
countries with SO2 contributions above 80% such
as Bulgaria, Estonia, and Hungary, the ratio of SO2

EF to PM2.5 EF can be larger than 200. Secondly,
although the differences between SO2 EFs and NOx

EFs were less dramatic (average ratio of SO2 EF to
NOx EF = 2.14), the Deaths-per-ton of emissions
value of SO2 was 10 and 3 times higher than that
of NOx in Western and Eastern Europe, respectively.
Consequently, SO2 dominated health impacts inmost
EU countries. Luxembourg and Latvia had NOx as
the dominant driver for health impacts, mainly due to
their large shares of natural gas in fossil fuel usage [7].
The health impacts in Belgium were dominated by
PM2.5. It was likely attributed to their minimal usage
of solid and liquid fossil fuels and relatively more use
of biofuels [7]. These results are consistent with a pre-
vious study in the US, which reported that SO2 drives

the health impacts in regions where coal dominates
the power generation, whileNOx drives where natural
gas dominates [26]. Overall, this pattern of dominant
air pollutants should be considered to develop effect-
ive air pollution reduction plans in the EU.

There are a few limitations of this study. Firstly,
our estimates of health impacts were based on prema-
ture mortality associated with air pollution, yet mor-
bidity outcomes, such as asthma, stroke, heart attack,
and hospitalizations were not included. Although
previous studies in the U.S. found that mortality gen-
erally makes up more than 99% of the monetized
impacts of air pollution [31, 32], our results of health
impacts should be considered conservative. In addi-
tion, we only considered the PM2.5-related impacts
of SO2, PM2.5, and NOx emissions from energy pro-
duction. Ozone-related health outcomes and other
air pollutant emissions, such as volatile organic com-
pounds, NH3, and CO, were not included due to lack
of related data, which may lead to underestimation of
the health impacts [33]. Secondly, our model is cur-
rently focused on the EU member states since there
are relatively well-documented data for grid EFs. We
will extend our data libraries and include the estim-
ates for non-EU countries in future work. Thirdly,
the EF data from EEA and the emission data from
EDGAR are both for year 2018 (the latest year that
the air pollutant data are available in EDGAR). The
results should be updated when more recent data
become available. Fourthly, we did not include the
impact of international trade of electricity when cal-
culating EFs of electricity consumption. In practice,
imported electricity of a country was included in
the country’s electricity consumption but its related
emissions were not included in the country’s emis-
sion profiles. Emissions associated with the exported
electricity of a country, on the other hand, were alloc-
ated to the emissions of the country, although the
exported electricity was not included in the country’s
electricity consumption. Therefore, countries with
net electricity exports were likely to have overestim-
ated EFs of electricity consumption, while those with
net imports might have underestimated EFs [34].
However, accurately incorporating this factor would
require detailed information about electricity trade
among countries around the world and EF invent-
ories of GHGs and air pollutants for all countries
involved, which is currently limited. Future work is
warranted to include this factor and better under-
stand its influence. Fifth, we adopted data in two
separate studies [22, 23] with different years and
inputs to calculate Deaths-per-ton of emissions due
to unavailability of more consistent data. Particularly,
Shindell [23] reported global-average values of relat-
ive contributions of different air pollutants to ambi-
ent PM2.5 concentrations. However, the relative con-
tributions of pollutants may vary by region because
of local meteorological conditions, geographical and
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Figure 3. Total climate and health impacts (in billion €) of electricity consumption in EU countries in 2018. The error bars are
calculated based on the uncertainty ranges of climate and health impact factors.

Table 3. Summary of climate and health impact factors of electricity consumption (in 2018 € MWh−1), total electricity consumption
(collected from the Eurostat Energy Statistics [7]), and total climate and health impacts due to electricity use in EU countries in 2018.
For the climate impact factor, the reported values are at a 3% discount rate and the uncertainty ranges are based on discount rates from
2.5% to 5%. For the health impact factor, the reported values are means and the uncertainty ranges are 95% confidence intervals.

Country Climate impact factor Health impact factor Electricity use Climate impact Health impact
(€ MWh−1) (€ MWh−1) (TWh) (Billion €) (Billion €)

Mean of EU 11.0 (3.32–16.6) 216 (123–339) 96.0 0.98 9.71
Austria 3.67 (1.10–5.50) 7.15 (4.48–11.0) 65.9 0.24 0.47
Belgium 7.45 (2.24–11.2) 10.5 (5.66–16.6) 84.2 0.63 0.88
Bulgaria 15.3 (4.59–23.0) 994 (529–1594) 31.4 0.48 31.23
Croatia 4.86 (1.46–7.29) 139 (63.4–232) 16.6 0.08 2.31
Cyprus 23.9 (7.17–35.8) 690 (456–1034) 4.7 0.11 3.22
Czechia 16.0 (4.82–24.1) 202 (132–303) 61.3 0.98 12.36
Denmark 6.80 (2.04–10.2) 28.0 (17.2–43.0) 31.9 0.22 0.90
Estonia 32.4 (9.72–48.6) 1508 (797–2389) 8.3 0.27 12.51
Finland 4.03 (1.21–6.04) 33.5 (21.9–50.4) 84.0 0.34 2.82
France 1.94 (0.58–2.91) 21.2 (13.3–32.2) 448.6 0.87 9.51
Germany 14.6 (4.39–22.0) 52.6 (33.7–79.5) 521.8 7.62 27.44
Greece 23.8 (7.15–35.7) 654 (432–980) 51.1 1.22 33.41
Hungary 9.03 (2.71–13.6) 156 (81.8–248) 40.9 0.37 6.36
Ireland 12.7 (3.81–19.1) 92.1 (54.4–141) 27.6 0.35 2.54
Italy 8.93 (2.68–13.4) 35.5 (23.0–53.6) 303.4 2.71 10.78
Latvia 4.96 (1.49–7.44) 13.1 (5.78–21.1) 6.7 0.03 0.09
Lithuania 2.34 (0.70–3.51) 16.4 (7.58–27.3) 11.3 0.03 0.19
Luxembourg 2.48 (0.75–3.73) 12.6 (7.17–19.7) 6.5 0.02 0.08
Malta 12.8 (3.85–19.2) 140 (84.0–216) 2.4 0.03 0.34
Netherlands 15.9 (4.76–23.8) 36.2 (22.7–55.0) 113.5 1.80 4.10
Poland 28.4 (8.54–42.7) 284 (145–456) 151.4 4.31 42.98
Portugal 11.2 (3.35–16.7) 55.9 (34.2–85.6) 48.9 0.55 2.73
Romania 10.5 (3.14–15.7) 405 (201–661) 50.0 0.52 20.25
Slovakia 4.94 (1.49–7.4) 67.1 (33.6–108) 26.9 0.13 1.80
Slovenia 8.93 (2.68–13.4) 54.2 (28.1–86.9) 13.8 0.12 0.75
Spain 9.93 (2.98–14.9) 130 (81.5–198) 246.1 2.44 32.02
Sweden 0.47 (0.14–0.70) 1.45 (0.93–2.18) 130.6 0.06 0.19
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Figure 4. Relative contributions of SO2, PM2.5, and NOx to the health impacts of electricity consumption across the EU in 2018.

topographical features, pre-existing pollution levels,
and regional regulatory and mitigation measures.
Therefore, our calculations of regional variation in
health impacts should be considered conservative.

4. Conclusions

Our study provides insights into the regional vari-
ations of climate andhealth impacts of electricity con-
sumption across the EU, which can inform country-
level policies to approachEUclimate targetwhile con-
sidering immediate air quality-related health impacts.
Our results show that the health impact of elec-
tricity use can be more than 10 times larger than
its climate impact in countries where coal or oil
dominates power supply, demonstrating the neces-
sity of including health impacts into the assessment
of energy and climate policies. Moreover, we found
a dramatic degree of variation in health impacts
of electricity use across EU countries (from 1.4 to
1508 € MWh−1), which is largely driven by their
energy sourcemix. This highlights that health benefits
of renewable energy deployment, energy efficiency,
and other energy interventions may be higher in
countries in Eastern and Southeastern Europe than in
Western or Northern Europe. The climate and health
impact factors generated in this study (table 3) can be
useful for future research, practice, and policymak-
ing aimed at evaluating the environmental burden
of energy consumption or predicting the benefits of
energy saving measures in the EU.
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