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Abstract

The generation of electricity has been known to cause important damages to ecosystems and human
health. The recognition of the global challenges posed by climate change and energy security has
guided several countries to change their electricity policies over the past decades. However, have
such changes entailed reduced or increased environmental impacts? Are there any identifiable
patterns that could serve for steering future energy planning? To address these questions, we
applied life cycle assessment to quantify a whole spectrum of environmental impacts caused by
electricity generation in 199 countries for the period 1980-2011, with national differentiation of
energy sources and, wherever possible, technology efficiencies. The results show that (i)
environmental impact burden-shifting has occurred in the past for several countries as a result of
national policies, (ii) all environmental impacts have globally increased since 1980 but with faster
increase rates over the last decade, and (iii) important variations exist in the impact trends across
countries and across impact categories. Our findings therefore demonstrate the need for integrating
quantitative assessments of all relevant environmental impacts associated with foreseen energy
systems when identifying the most sustainable energy pathways. We provide recommendations on
the use of life cycle assessment for such purposes with a strong focus on application at country level
so that it can directly support national energy policy-making.
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1. Introduction

Current worldwide electricity generation is largely relying on the use of fossil fuels. These energy
carriers however pose significant environmental problems, in particular their climate change
footprint.* Since the United Nations Framework Convention on Climate Change and the Parties’
engagements in greenhouse gas reductions taken under the subsequent Kyoto Protocol?, political
incentives have thus increasingly emerged to move towards utilizing low-carbon, renewable energy
sources. In the electricity sector, this has resulted in a growing number of countries establishing
targets for the share of renewable energy sources, e.g. wind power or solar power, in their electricity
mix (e.g. phase-out of fossils in Denmark by 2050;® EU Climate Plan” targeting 20% of renewables
by 2020 and 27% by 2030).

To assess the environmental impacts of electricity systems and evaluate the potential benefits
brought by the switch to renewables, one approach is the use of life cycle assessment (LCA).>°
LCA is a decision-support tool that enables to quantify environmental impacts of a product,
technology or system in a life cycle perspective, i.e. from the extraction of the raw materials
through their manufacture and use or operations up to their end-of-life.> * When performing an
LCA of a system, the resource consumptions and pollutant emissions from that system life cycle are
inventoried and translated into impact indicator scores using substance-specific characterisation
factors embedded in life cycle impact assessment (LCIA) methods.

Several LCA studies have been conducted on electricity generation systems, from assessing single
energy sources and technologies, such as coal-based power plants,® wind power,**? or solar
power,***8 through evaluating and comparing groups of technologies or energy sources taking an
energy output basis,> **# to assessing specific systems in a local or regional context (e.g. Roth et
al.?? focusing on a large utility company in Switzerland; Lund et al.?® studying the electricity supply
in Denmark with a modelling of the related market mechanisms). To the authors’ knowledge, only
one study recently published by Hertwich et al. has undertaken a wider perspective and assessed a
number of environmental impacts, in this case from future electricity supply scenarios, at global

scale, thus demonstrating global environmental benefits of low-carbon technologies.?

Three major observations can be outlined from these studies. First, the inclusion of projections or
different time frames in the LCA studies, as performed in few studies (e.g. Refs. 20, 22-24), is a key
aspect as the energy systems are strongly defined by international and/or national policies, in which
it is often a necessary condition to ensure long-term environmental benefits. Second, as noted by
Treyer et al.?°, a sheer amount of studies have solely focused on greenhouse gas accountings with
disregard for other environmental problems like the impacts of chemical pollution and particulate
matters on human health and ecosystems. This pattern is alarming as studies focusing on climate
change alone might bring the risks of suboptimisation or environmental burden shifting, i.e. when
policies target reduction of specific impacts, e.g. climate change, while inadvertently increasing
others.? Finally, a third observation points out that nearly all the LCA studies have had a focus on
specific technologies or on specific contexts (e.g. a given utility company as in Roth et al.??). Such a
focus is important for product and technology development, for which the main objective is to
minimise environmental impacts as early as possible in the development phase. However, in a
global context, where several international and national policies attempt to define strategic energy
plans that address environmental sustainability, it is necessary to adopt an overarching perspective
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that enables to comprehend the energy systems at a scale matching the reach of these energy
policies, i.e. typically at regional and national scales.

In this study, we therefore conduct multi-scale retrospective assessments of a large variety of
environmental impacts stemming from electricity generation to support future energy policy-
making. We apply LCA to quantify these environmental impacts for each year within the period
1980-2011 at global scale as well as at regional and national scales. To our knowledge, such a wide
and differentiated scoping in geographical, time and impact coverage has not been applied in earlier
studies in spite of its high relevance for energy policy-making. By analysing the time and
geographical differences, we aim to identify potential trends and patterns in the environmental
impacts and provide recommendations to policy-makers for an adequate integration of
environmental sustainability into strategic electricity planning.

2. Methodology
2.1. Country-specific electricity generation data

Historical data on electricity generation were retrieved for 199 countries and territories — termed
“countries” in the following — for each year within the period 1980-2011. The collected electricity
generation data encompass the electricity consumed by the end-users as well as the electricity lost
during the transport and distribution system. Electricity produced from biomass, geothermal,
hydropower, nuclear, solar and tidal wave sources were retrieved from the Data Shift project®® and
the World Bank database.?” To match the availability of technology-specific emission factors (see
Section 2.2), electricity generation data related to specific energy sources were split according to
production volumes in 2008 taken from the ecoinvent 3.01 database.?® Electricity from coal was
thus differentiated between hard coal and lignite sources; electricity from hydropower was
differentiated between reservoir and run-of-river sources; electricity from wind was assigned to
different on-shore and off-shore wind mill types classified by their power capacity; electricity from
photovoltaics was differentiated between different types of installation and power capacity.
Although historical data were complete for most countries, a number of assumptions were necessary
to fill in gaps in the reported electricity generation from energy sources for specific countries and
years. Detailed documentation of these gap-filling procedures along with the evaluation of their
impacts on the outcome of the resulting worldwide electricity mapping are available in ESI-17.

2.2. Life cycle inventories

Life cycle inventories (LCIs) are comprehensive inventories of pollutant emissions and natural
resource consumptions aggregated over the entire life cycle of the power plants, i.e. from the
extraction of the raw materials necessary to the building of the plants, through the consumed
resources and emissions during their operations, to their final decommission. LCIs from ecoinvent
3.01, which is currently the most comprehensive LCI database, were used in this study for the
generation of high voltage electricity from hard coal, lignite, natural gas, oil, nuclear power,
biomass, hydropower (4 types of hydropower plants), wind power (4 types of wind mills), solar
power (16 types of photovoltaic installations).?*° The electricity transport and distribution systems
are not included in these inventories. The ecoinvent 3.01 database provides average LClIs for
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electricity generation specific to 50 countries, which in total represent ca. 83% of the global
electricity production in 2008.%* *° It additionally includes unspecified LCls representing the
electricity generation from different energy sources in the “rest of the world” taken as a whole;
these were used for characterising the electricity generation in all countries unspecified in the
ecoinvent database. The level of disaggregation of the energy sources between the life cycle
inventories and the historical electricity data was different, the former being more differentiated. To
bring the historical electricity generation data to the same level as LClIs, production volumes for the
year 2008 and 2009 were used. Details about the modelling of the inventories are available in ESI-1
(Supplementary Methodst); potential sources of uncertainties are discussed in Section 2.4.

The LCls are based on the electric installations in the world and the country-specific differentiation
primarily depends on the generation technologies and on key country parameters (e.g. wind load
hours for wind power). The data sets, i.e. inputs of infrastructure and materials, outputs of emissions
and by-products, are not time-differentiated and are typically considered to be valid for several
years, which is reflected by the so-called “time period” of the data sets.?® Most of the original data
sets have been collected in the 90s and 2000s,? and, although extrapolations have been made to
make them valid at present time, the time period is still expected to include the 2000s and most of
the 1990s for most of the data sets. Given the long lifetimes of power plants, the inconsistencies that
may arise in the assessment of the 1980s and the beginning of the 1990s are assumed to be of minor
influence on the results and interpretation of this study (see also Section 2.4).

2.3. Environmental impact assessment

The product of the global, regional or national electricity data disaggregated per energy sources
(Section 2.1) with the life cycle inventories of the technologies associated with the electricity
generated from these energy sources (Section 2.2) results in total pollutant emissions and resource
consumptions. These are translated into potential impact indicator scores by use of life cycle impact
assessment (LCIA) methods. The LCIA methods were selected following the International
Reference Life Cycle Data System (ILCD) recommended best practice for the characterisation step
in LCIA.**? LCIA methods can be defined at “midpoint” or “endpoint” level, according to their
coverage of the cause-effect chain. Endpoint methods consider the entire impact pathway from the
emissions of substances to their damages on ecosystems quality, human health and natural
resources, whereas midpoint methods define their indicators at some intermediary point along the
cause-effect chain. The farther the impact pathway is covered, the higher the modelling
uncertainties, thus explaining the very low number of recommended LCIA methods at endpoint in
the ILCD recommended best practice.” ** *2 For this reason, only “midpoint” indicators are
considered in the present study.

Although 17 commonly-assessed impact categories have been evaluated in this study, only ten are
fully analysed as some of the impact indicator scores either were deemed of insufficient
representativeness for the study (e.g. ionising radiation impacting ecosystems®! and water use®; see
also ESI-1t1) or were approximated by other impact indicators. The latter category includes impacts
that correlate well with climate change indicator scores. When assessing electricity generation
systems, climate change scores have been demonstrated to act as an acceptable proxy for other
environmental impacts, including acidification, ground-level ozone formation and terrestrial
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eutrophication.” The ten retained impact categories therefore include climate change, toxicity of
chemicals on human health (termed ‘human toxicity’), differentiated between carcinogenic effects
and non-carcinogenic effects, toxicity of chemicals impacting freshwater ecosystems (termed
‘freshwater ecotoxicity’), eutrophication in freshwater and marine environments, respiratory
impacts caused by inorganics via formation of particulate matters (termed ‘respiratory inorganics’),
ionising radiation impacting human health, land use, and non-renewable resource depletion; Table 1
documents the descriptions and sources of the different LCIA methods for each of these impact
categories.

Table 1. Background information on the LCIA methods considered in the study ?

Impact category

Indicator

Unit

References for the model

Climate change

Radiative forcing as global
warming potential
(GWP100)

kg-CO.eq/pers

Baseline model of 100-year time horizon of
the IPCC*

Freshwater
eutrophication

Residence time of nutrients
in freshwater end
compartment (P)

kg-Peqg/pers

EUTREND model as implemented in
ReCiPe (Struijs et al.*)

Marine
eutrophication

Residence time of nutrients
in marine end compartment

(N)

kg-Neqg/pers

EUTREND model as implemented in
ReCiPe (Struijs et al.*)

Freshwater Comparative toxic unit for CTUe/ers USEtox model (Rosenbaum et al.* and
ecotoxicity ecosystems (CTUe) P Henderson et al.*")

Human toxicity Comparative toxic unit for 36,38
(cancer effects) human health (CTUR) CTUh/pers USEtox model (Rosenbaum et al.”™ ™)
Human toxicity (non- | Comparative toxic unit for CTUN/pers USEtox model (Rosenbaum et al.% %)

cancer effects)

human health (CTUh)

lonising radiation
(human health)

Human exposure efficiency
relative to U235

kBg-U,3seq/pers

Human health effect model as developed by
Dreicer et al.* (ref. Frischknecht et al.*);
use in, e.g., ReCiPe 2008 (Goedkoop et al.*})

Respiratory
inorganics

Intake fraction for fine
particles (PM2.5)

kg-PM, seq/pers

Compilation in Humbert* based on Rabl
and Spadaro®®, and Greco et al.**

Land use

Soil organic matter (soil
quality)

kg-Clpers

Model by Mila i Canals et al.*®

Non-renewable
resource depletion

Scarcity (metals and fossils)

kg-Sbeq/pers

CML 2002 (Guinée et al.*®; Oers et al.*")

2 Table adapted from Hauschild et al.™

2.4. Uncertainties and limitations

Although the assessment was performed with the best available data at the time of study, a number
of uncertainties and limitations were identified. These stem from the three main components of the
assessment: (1) the electricity generation data, (2) the life cycle inventories, and (3) the LCIA
methods.

Historical data on electricity generated from fossil fuels were incomplete for some countries,
particularly in Africa, Central and South America and Asia and Oceania, and extrapolations were
therefore performed (see ESI-1, Supplementary Methodst). This gap-filling procedure primarily
refer to small countries and territories, e.g. islands, hence original data still retain a coverage of
more than 99% of worldwide electricity from fossils (see ESI-1, Supplementary Methodst).
Therefore, global and regional assessments are likely not to be impacted by this uncertainty source,
but national assessments may be associated with uncertainties for some countries, in particular those
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for which the extrapolated data had to be combined with unspecific life cycle inventories, i.e. LCIs
for “rest of the world” —see Section 2.2. Such countries are identified in Table S2 in ESI-17, and
caution is recommended to the reader when analysing and interpreting their associated results.

The alignment between the life cycle inventories and the electricity data based on the 2008
production volumes (see Section 2.2) did not allow accounting for the evolution of the different
technologies over time. For most countries, it is deemed to be of minor influence because the
lifetime of power plants is generally longer than the timeline of 32 years analysed in this study. This
assumption may be particularly true for large-scale power plants that have a relatively mature
technology (e.g. fossils-based power plants, nuclear plants) but it may be less applicable to
renewables-based power plants, for which the technological landscape is likely to have changed
significantly in some countries over the past 35 years (e.g. solar and wind power technologies*®).
The distributions of the technologies based on the 2008 production volumes, e.g. for solar power or
wind power, may therefore not be representative of the distributions in other years, and the lack of
time differentiation prevented to accurately capture the possible shifts in environmental burdens of
the technologies. For this reason, the results were not interpreted at the detailed level of each of
these technologies, and only overall results per energy source are considered (e.g. wind power as a
whole). In addition, the lack of time differentiation for the analysed technologies means that the
feedback of the changing electricity mixes on the environmental performances of the power plants
was not included. Unlike fossils-based power plants, which concentrate impacts during the
operations of the plants, renewables may be sensitive to such exclusion as their impacts primarily
stem from the manufacturing and decommissioning of the power plants.”® This would apply to
countries, for which electricity mix compositions have changed significantly between 1980 and
2011, and may thus lead to underestimation or overestimation of the impacts from renewables in
those countries.

With the exception of climate change, no quantification of the uncertainties associated with the
LCIA methods is currently possible.** Hauschild et al reported three levels of recommendations to
distinguish the quality of the models.3* All but that of climate change were identified in need of
improvements, in particular the models addressing ecotoxicity and human toxicity and those related
to resource use (e.g. land use).Finally, for the regional impacts (all impact categories but climate
change and non-renewable resource depletion in this study), the LCIA methods applied herein are
site-generic and do not include any spatial differentiation, i.e. accounting for the source location and
the environmental conditions of the surroundings.>* Several of these LCIA methods have been
recognised to be globally-applicable (e.g. USEtox-based impact categories via the use of a global
default continent; Rosenbaum et al.*®), but others exclusively rely on European models, i.e. land use
and eutrophication impacts. Hauschild et al.** emphasize that, as no consensus on globally
representative LCIA methods for regional impact categories currently exist, characterisation models
based on sufficiently heterogeneous regions can provide an acceptable basis to determine globally-
applicable characterisation factors. However, they also point out that large variations in the
characterisation factors across different regions could be expected for some impact categories, in
particular for freshwater eutrophication and perhaps marine eutrophication and respiratory
inorganics.® Therefore, the absence of such spatial differentiation in the LCIA methods, which
would allow more accuracy and representativeness in the regional and national assessments, calls
for careful interpretation of the results at those geographical scales. Spatially-differentiated LCIA
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methods are currently under development and should be applied in such a study whenever made
available (e.g. LC Impact, http://www.lc-impact.eu/; IMPACT World+,
www.impactworldplus.org/).

3. Results and discussion

Combining the national electricity data, the life cycle inventories and the characterisation factors
from the LCIA methods, impact profiles for the 10 selected impact categories could be obtained for
199 countries spanning 32 years (1980-2011). In the analysis of the results, impact scores are
studied at global scale (sum of all 199 countries), regional scale (grouping of the countries into 7
regions: North America, Central and South America, Africa, Europe, Eurasia, Asia and Oceania)
and national scale. Key findings are reported below.

3.1. Environmental impacts have intensified globally over the last decade

Table 2 indicates the global per-capita impacts resulting from the electricity generated in 2011.
These numbers can be put in perspective with known global impacts caused by anthropogenic
activities. Taking the value of 8.10 E+3 kg-CO.eq/(person.year) that was calculated for all human
activities for the year 2010,%% about 27% of the global impacts on climate change are therefore
found to stem from electricity generation. This is in line with recent estimates reporting that the
burden of electricity and heat production in the total climate footprint accounted for 25%.
Although of high relevance, such meaningful comparisons cannot be performed for other impact
categories because of discrepancies between this study’s approach and the calculation methods and
data sources used to determine these gauging values (see, e.g., Refs. 54-56).

Table 2. Trends and per-capita impact scores for the impacts stemming from global electricity
generation for the 10 selected impact categories. "

Global trend
Per c_api ta - Global trend (E);Or)-caplta values) (3273é1;;e
Impact category global impact Unit 0
2011 (%)
1980-1990 1990-2000 2000-2010 1980-2011
Climate change 2.19E+03 kg-CO.eq/pers 11% 11% 30% 163%
Freshwater 7.97E-01 kg-Peqg/pers 17% 8% 6% 111%
eutrophication
Marine eutrophication | 2.20E+00 kg-Neqg/pers 11% 11% 32% 172%
Freshwater ecotoxicity | 7.45E+03 CTUe/pers 16% 8% 12% 130%
Human toxicity 6.91E-05 CTUh/pers 18% 8% 8% 121%
(cancer effects)
Human toxicity (non- | 3 54 4 CTUh/pers 19% 9% 12% 132%
cancer effects)
lonising radiation kBg- 0 0 a0 0
(human health) 4.16E+02 Uysseq/pers 104% 8% 3% 217%
Kg-
Respiratory inorganics | 2.55E+00 P?\/I eq/pers 28% 31% 76% 416%
2.5
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Land use 1.07E+03 kg-Cl/pers 4% 2% 25% 121%

Non-renewable
resource depletion

5.37E-03 kg-Sbeqg/pers 39% 7% 17% 180%

% Cells marked in grey are accelerating trends (i.e. higher percentages than in the previous decade).

® Similar table for each considered region is provided in Table S1.

Table 2 and Fig. S1, which illustrate respectively the global and regional trends over the period
1980-2011 for each impact category, show that all environmental impacts have largely augmented
at global scale, with increases between +111% and +416% between 1980 and 2011 (see last column
of Table 2). At regional scale, with the exception of Eurasia, for which impacts have dropped
dramatically following the Fall of Communism, all regions in the world are associated with
increasing impact scores. Asia and Oceania and the Middle East are the two regions associated with
the largest increases, with factors of up to 1-2 orders of magnitude between 1980 and 2011 for some
impact categories (see Fig. S1 and Table S1). To discount the part of those increases stemming from
the population growth, on which policy-makers can difficultly act, the impact scores were
normalised by the population, thus leading to the global per-capita trends displayed in Table 2
(regional trends are also available in Table S1). It can be observed that, with the exception of
ionising radiation, for which a recent decrease is observed, the impact-specific global trends are all
positive, thus indicating that impacts have all increased over the period 1980-2011 for other reasons
than population growth. Causes of these increases are the combined effect of an increasing average
electricity demand per person in the world, primarily driven by developing economies in Asia (e.g.
China) and the Middle East (e.g. Saudi Arabia), and the intensifying draw on fossil fuels, in
particular coal, to absorb that increase in the demand.* *’

Although nearly all impacts had steady (e.g. climate change) or decelerating (e.g. toxic impacts)
increases between 1980 and 2000, all but freshwater eutrophication, human toxicity (cancer effects)
and ionising radiation gained an accelerating increase between 2000 and 2010. In particular, soaring
increase rates characterise climate change, marine eutrophication, respiratory inorganics, land use
and non-renewable resource depletion, thus indicating that not only environmental impacts increase
globally but they increase faster than they were in the pre-2000 decade. However, this alarming
global intensification of environmental impacts is not uniformly geographically-distributed and
important discrepancies exist between regions —see Table S1. Asia and Oceania, and, to a much
lesser degree, Eurasia and Africa (for some impact categories) are the regions associated with rising
impact increase rates over the last decades while other regions are associated with decreasing rates.
North America and Europe are even associated with decreasing impacts (see negative trends in
Table S1). All per-capita impacts have thus decreased by ca. -3% to -17% in North America over
the period 2000-2010, while per-capita impacts in Asia and Oceania have largely increased with
rates comprised between ca. +23% and +134% over the same period (Table S1).

Asia and Oceania, North America and Europe are the driving regions although their contributions to
global impacts differ from one impact category to another, e.g. respiratory inorganics versus
freshwater ecotoxicity (see Fig. 1A). Coal-based electricity generation is largely driving the impact
scores at global scale, with the exclusion of the impact category “ionising radiation’ (driven by the
use of nuclear power plants, ca. 95%) —see Fig. 1B and Fig. S2 (disaggregated distributions at
regional scale). Coal-fuelled power plants are known to cause significant emissions of greenhouse
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gases and inorganics, like nitrogen oxides and heavy metals, which are important contributors to
most environmental impacts.>* >>°® *% |n their striving toward holistic energy planning (see Section
4), policy-makers should therefore give high priority to this issue. The IEA has already emphasized
the importance of phasing-out subcritical coal-fired power plants.®® Other means could include the
enforcement of more stringent emission regulations, not only focusing on greenhouse gases but also
targeting other damaging substances; e.g. specific heavy metals impacting ecosystems and human
health. Furthermore, because the global impacts are predominantly distributed over Asia and
Oceania, Europe and North America (Fig. 1A) whereas their intensifications primarily take place in
Asia and Oceania (Table S1), it can be expected that an increasing share of the global
environmental burden will be placed on Asia and Oceania in the future, thus emphasizing the
particular need for consistent energy planning in that region.
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Fig. 1. Contribution of different regions (A) and energy sources (B) to global impacts in 2011.

3.2. Environmental impact burden-shifting has occurred in the past

Fig. 2 (and Fig. S3) shows that impact trends can vary considerably between countries for a given
environmental impact category, e.g. freshwater eutrophication-related impacts in Italy increasing by
a factor of ca. 4.1 over the period 1980-2011 while those in the United Kingdom being halved in the
same period. Large differences can also be observed between impact categories for a given country
such as climate change impacts decreasing in France by more than 60% between 1980 and 2011
while freshwater ecotoxicity impacts increasing by more than 50% in the same period (Fig. S3).
These discrepancies stem from three main causes reflecting the specificity of each individual
country: (1) the electricity demand, with strong dependence on population growth, (2) the
technology levels/developments of the power plants and (3) the types of energy carriers composing
the electricity mixes. The relative balance between these three parameters at a given point in time
determined the observed impact profiles. For example, analysing the contribution to climate change
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impacts in France between 1980 and 2011 reveals that the increasing electricity demand, which is
partly influenced by population growth, has been counter-balanced by the effective switch from a
fossils-based mix to a nuclear power-based mix, thus resulting in a net decrease of climate change
impacts.

However, Fig. 2 illustrates that the large time variations observed across impact categories have
been associated for many countries with environmental burden-shiftings, i.e. when some
environmental impacts are reduced while other relevant ones increase.” Taking on the
environmental profile of France between 1980 and 2011, it can thus be observed that, while climate
change impacts decrease, other environmental impacts may remain at the same level due to the
necessary production and decommissioning of the facilities and the operations of the power plants,
e.g. toxic impacts on human health (i.e. *human toxicity’ in Fig. 2). Similar trends can be noted for
other countries, e.g. Switzerland (ca. 70% decrease for climate change impacts while 50-75%
increase for toxicity-related impacts between 1980 and 2011) or Austria (ca. 25% increase in
climate change impacts while 65% decrease of respiratory impacts caused by inorganics between
1980 and 2011).
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Fig. 2. Impact trends of selected countries over the period 1980-2011 for (A) climate change, (B)
freshwater eutrophication, (C) carcinogenic impacts of chemicals (*human toxicity - cancer-
effects’), and (D) non-renewable resource depletion. Trends are calculated using impact scores in
1980 as baseline. Similar graphs for all impact categories are provided in Fig. S3.
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3.3. Two general patterns in impact trends have emerged

To identify patterns, impact results were divided by the total electricity generated for each country
in each year (see Table S4 in ESI-21). Among the 3 major causes influencing the impact trends
(Section 3.2), the electricity demand is thus discounted, which allows to investigate the influences
of the technological levels and types of electricity mixes. Because the life cycle inventories used in
the study were not differentiated over time (see Section 2.2 and 2.4), no changes of technological
efficiency between years are included, and only differences in technological levels across countries
are reflected in the results. Therefore, the results can be considered to represent the “cleanness” of
each country’s electricity mixes, and investigating their changes over time can provide an overview
of the trends in impact intensities from a given electricity mix (in impact metrics per unit of
electricity generated).

Fig. 3 shows impact intensities for selected impacts and countries. Detailed results for all countries
and impact categories are also available in ESI-1t (Fig. S4) and ESI-21 (Table S4). Different
rankings of countries are observed across impact categories, with differences of more than one
order of magnitude between the lowest and highest impact intensities for most impact categories.
This demonstrates a strong national specificity in the impact profiles, which originate from each
country’s electricity supply landscapes that include the type of electricity sources composing the
mix and the characteristics of the technology used, such as the plant efficiencies and the emission
standards.

The trends displayed in Fig. 3 and in Fig. S4 and S5 are consistent with those interpreted in Section
3.2, demonstrating that burden-shifting has occurred over the past 30 years for many countries,
particularly in developed economies, where the focus on switching from fossil fuels to renewable
sources has been more important. It is observed that, although climate change impacts have
progressively decreased in many countries in Europe and North America as their grid integrated
more renewable shares, other environmental impacts have stagnated or increased because these
primarily stemmed from the manufacturing and deployment of energy systems, e.g. systems relying
on renewables. In contrast, in developing economies, such as India and China, no burden-shifting
can generally be observed as the majority of impacts have kept increasing since 1980 —see Fig. 3
and Fig. S5.

Therefore, although uncertainties are associated with these findings (see Section 2.4), two general
patterns seem to currently co-exist in the global environmental burden caused by electricity
generation. In developing economies, energy policies have not primarily or have ineffectively
targeted environmental problems, thus leading to high impact intensities, i.e. “dirtier” electricity
mixes. In developed economies, the effect of energy policies towards reducing climate change
impacts and the use of fossils can effectively be observed (lowest intensities for climate change in
Fig. 3). However, although there seem to be some correlations across impact categories (see Fig.
S5), which led to co-decreases of some impact categories, other environmental impacts than climate
change and fossils depletion have largely been overlooked.

11



Energy & Environmental Science Page 12 of 24

—— China - -4 - France ==~ United Kingdom »- Brazil ——USA - = - World
Italy Germany --x-- South Africa - v -EU-28 --+--Russian Feder. & USSR

8.0

>
(ve)

7.0+

6.04
) I o i bm i i B 0 im0

5.0

4.U‘r~vw"~,ar-v-q.,_'1 Mg .
P o e .
T RN v sy .

Climate change (kg-CO,eq/kWh)
Freshwater ecotoxicity (CTUe/k\Wh)

SR D -
0.0 T iy SV

3.0 e e
‘..};“‘ 3‘_."."""’!..&0‘,.
X * .
2.0 <y
“
0.2 | g N ,_._-:_-;..,..:...,__::,.. FUTSTTATES o o . 104 4 I e
o g - : ke o e S
La VRN RRL bR SR pabtbalrabaribass b bt il EsE0nan Ty
e - 0.0 ey
~ BSOS Ao =D A o D003 40 DA DD O Ly 5 I 0,0 A DD DI Y530 DA DD DN
C SEELSEEESEEESESEEEEEETSTETEIEES p FIFEEIESSOSTSTEIESISETTEST
20E3 7 3.0E-3
Mm% Koy ™ P S b o e e B W B R _
R CRAIE o Wi B e bm »= 2= g 2 5E-3
H = 2.0E-3 I
X 15E-34 a T E
g i | K|
2 sl S 80E4 ) cons
" & ek L S kL .
: = ialiialt SO “k, :4\ *
S 10E-3 A A 6.0E-4+ - m W e -® e ey 4]
§ ey e it TPy ' 'g_-‘« o —x-:_:-:;'5’““""!‘*""'*“""K'?"'K""
=4 e -+ w© : -
£ 7.56-4 i 2T P , vevtoned D40 BEELeBETIIT s
=] r 3 - . a e - =~
= vy oy W oy WS 1= . b
3 5.0E-4 - TV~ - o £ . s
@ T T I TV vy vy Ly c (v -
E aa 734‘“**411"*:3“: S 2.0E-4-. 11""*-,-7-1«"1«#-'.‘1 A
§ 2,564 a N s :“A » N *13*4$413333a
= A Ay ke a R K Wl PO L o ST i
Y S e Y e LY 2 1217 I Y Gkttt Y T
ST E LD DD D PP S IS LLL LSO SdV, A " Oy 09 3 G0 o A o ADD O~
E ¢ SSESSSESESSTSSSESESSSSTISETESS F EIXEEEEE XL AL X LRI IS SRS
08 = 50E-6
g )
= A . ke A e e e b A ke g A
i A P A b
% 4.0E-6 PO
~ 2 K
s § ;
= £ 30E6- a
G = .
2 3 ph oA
2 8 20e64 "*"it‘¢* poa R esbEEETE B
) = -1 Rl P X N N N TN Y
3 3 by d VRIS WEEEEZRE e AL T TR LA
I H PEE * g
E ; e - -
& 10E-6-
[
:
....................... I 00
O 0 W dn O A = aia L) L L] LN O L=} ""’\r"‘:l‘g‘r)@‘\‘g)@ r By B Ea ] I Oy O S o o
fangel = oy ol oy OF Gy o g o
SSSEISSETEE SIS S ST Oy 2SS EEIESSEESESSSSSESESESs

Fig. 3. Impact intensities reflecting the “cleanness” of national electricity mixes for 11 selected
countries/regions and 6 impact categories: (A) climate change, (B) freshwater ecotoxicity, (C)
marine eutrophication, (D) respiratory inorganics, (E) land use, and (F) non-renewable resource
depletion. Impact intensities are expressed in impact-specific units per KWh of electricity generated.
Results for other environmental categories are presented in Fig. S4 in ESI-1t. Trends of these
impact intensities over 1980-2011 (baseline: 1980) are provided for each selected country in Fig. S5
in ESI-1t. National results are available in Table S4 in ESI-2t.
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4. Conclusions and recommendations for holistic energy planning
4.1. Integration of life cycle impact assessment into strategic energy planning is needed

The retrospective assessment of the environmental impacts stemming from electricity generation at
global, regional and national scales (see Section 3) revealed that (i) environmental impacts have
globally intensified over the last decade, (ii) burden-shiftings have occurred in many countries
between 1980 and 2011, and (iii) two major trends in environmental impacts seem to emerge
following the two major trends of stable and dynamic power systems. Therefore, in the light of
these past trends and the current emphasis of international and national energy policies on climate
change mitigation, there is a risk that strategic electricity planning might inadvertently lead to
suboptimisation, e.g. where climate change impacts would be reduced at the expenses of other
environmental impacts. In addition, the large variations in environmental impacts observed between
the countries indicate that the environmental profiles of electricity generation systems are far from
being geographically homogeneous. It means that, although low-carbon technologies for electricity
supply recently have been reported to bring environmental benefits at global scale,?* discrepancies
may arise for specific countries, e.g. with the presence of environmental trade-offs. Strong
dependencies on the context and specificities of each country exist, such as the mix of energy
sources used, the resource availability and the type and efficiencies of the power plants.

One of the strengths of LCA resides in its ability to capture such specificities and account for them
in the quantification of environmental performances of electricity systems.>’ We therefore call for
policy-makers to move towards a holistic perspective and routinely integrate life cycle impact
assessment into strategic electricity planning. By nature, LCA is a systemic tool and is thus highly
relevant for evaluating long-term electricity trajectories, which can encompass all electricity supply
systems and their interactions with other systems and society at large.

LCA can support the elaboration of policies to meet global or regional challenges. For example,
environmental goals or targets at regional level (e.g. 2020 or 2030 policy targets at the EU level)
could be met by using LCA as an instrument to distribute the efforts required by each party
involved depending on its energy and societal landscape. At national level, LCA could support the
definition and management of energy policies, to set and control targets while ensuring that
potential environmental trade-offs are identified and future burden-shifting are anticipated and
prevented in time. It can also allow identifying hotspots and refining existing energy policies, e.g.
supporting amendments in national emission standards and prioritizing or targeting specific energy
sources and technologies identified as important causes of impacts in the countries considered.

4.2. Normalisation as a possible tool for prioritisation

To support the use of LCA in policy-making, “sectorial normalisation” can be used to identify key
environmental indicators and target relevant impacts at regional or national level. The impact scores
caused by electricity generation at global scale are taken as normalisation references. For each
impact category, the impacts caused by electricity generation at regional or national scale are then
compared against these references.®* To obtain results that are easier to analyse and communicate,
the impact scores of both the normalisation references and the result to normalise can be divided by
a key parameter that is specific to a given country and year. Below, two examples are provided with
the use of population and generated electricity as key parameters, respectively.

13
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Tables S2 and S3 show the results of the application of normalisation to the 2011 per-capita impact
scores at regional scale and national scale, respectively. Because of the discounted population
growth, it therefore can be used to identify which key impacts are higher than the global average
and should be prioritised within the sector of electricity production. China shows for example large
per-capita impact scores for respiratory inorganics in 2011 (ca. 3.3 times higher than the global
average), and to a lesser extent, for marine eutrophication (ca. 2.1), climate change (ca. 1.7) and
land use (ca. 1.6), all mainly caused by coal-fired plants (see also Section 3.1). Benchmarking
against the global average and assuming an equal weight between impact categories, these four
impacts should therefore be prioritised in electricity generation sector in China.

Normalisation using as key parameter the total electricity generated (in each country and year
considered) can also provide useful support for decision-making. With the scope of the current
study, such approach enables the representation of the “cleanness” of the electricity mixes (see
Section 3.3). Besides giving an overview of the impact intensities (see Section 3.3), an analysis over
time can (i) reveal impact trade-offs from a given electricity mix at a specific point in time, (ii)
unveil potential burden-shifting that may have occurred in the past years or will occur as a result of
energy policies (complementary to the analysis in Section 3.2 because of the normalisation per
electricity output), and (iii) identifying hot spots on which policy-makers can focus to steer future
electricity planning or electricity transition programmes towards more environmentally sustainable
energy systems.

In Tables S5 and S6 in ESI-21, such a normalisation approach is applied. The results of Table S6
are captured visually in Fig. 4, in which the observed horizontal colour changes for a given impact
category symbolise that the ranking of normalised impacts has changed. Illustrating the national
results for the period 1980-2011, Fig. 4 clearly indicates at a glance that environmental burden-
shifting has occurred in the electricity mixes for most countries (assuming equal significance
weighting across impact categories). This graphical method can also support the identification of
hotspots, i.e. largest impacts, in the electricity mix of a given country in a given year that policies
should target. As observed in Fig. 4, a number of impacts, such as climate change, marine
eutrophication, freshwater ecotoxicity, land use and non-renewable resource use are generally
associated with warm colours (dark red-yellow), indicating that they are consistently the largest
environmental impacts within the global electricity generation sector. In contrast, impact categories
such as ionising radiation and freshwater eutrophication are generally consistently the lowest
environmental impacts within the electricity generation sector (albeit with important national
variations). Similar ranking applied across countries in the world, that is in vertical direction, can
also provide information to benchmark the performances of a given country compared to others for
a given impact category.

However, although these normalised results give indications for policy-making on where to
prioritise efforts, they do not reflect which impacts should be intrinsically prioritised because they
consider the electricity generation systems in isolation, i.e. only normalising with global impacts
within the electricity generation sector. The normalisation approaches proposed in the above
therefore do not allow for comparing the environmental burden caused by electricity generation
with the entire global, regional or national footprint caused by human activities and the respective
planetary boundaries defining a “safe operating space for humanity”.®* ® To date, no methodology
exists to consistently make such assessment. Several research efforts currently aim at better refining
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and estimating the planetary boundaries originally defined by Rockstrom et al.?® and at developing

consistent footprinting methodologies (e.g. Refs. 64, 65). When made available, this information
can be expected to be a tremendous support to policy-making as they should enable to define
environmentally sustainable electricity systems that would guarantee no overshoot of the global,
regional or national thresholds imposed by the planetary boundaries.
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Fig. 4. Time-differentiated normalised national impact intensities (world as reference) with ratios
sorted across the ten considered impact categories for each year and country (total of 199 countries
and 32 years). To obtain these normalised results, per-kWh impact scores of each impact category,
year and country were divided by global per-kWh impact scores (same year), thus yielding a
dimensionless ratio. A colour scaling system was then applied at an individual country level for
each year to rank the magnitude of the impact scores for the ten impact categories (from dark blue —
lowest ratio — to dark red — largest ratio). Exact values for each country, year and impact category
are available in Table S6 in ESI-2t.

15



Energy & Environmental Science Page 16 of 24

4.3. Further research needs

The retrospective impact assessment presented in this paper offers a first attempt at providing
backsight knowledge on the environmental impacts of electricity generation systems, on which
policy-makers and stakeholders in the field of electricity sector can draw to establish and steer
strategic electricity plans towards more environmental sustainability. Although it was conducted
using recommended LCIA methods and the most advanced and detailed data available at the time of
the study (LCI and historical data), methodological uncertainties and limitations could be noted (see
Section 2.4). Therefore, in addition to the recommendations provided to energy policy makers in
Section 4.1-4.2, we emphasize below a number of specific methodological developments directed to
improving the reliability of the LCA results and the subsequent support for policy-making:

e Development of a consistent framework for performing foresight studies, i.e. accounting for the
environmental performances of future technologies once deployed on the market (incl.
upscaling effects for emerging technologies) and allowing for integrating anticipated impacts
into decision- and policy-making processes. Such framework should accommodate the
dynamics of the different systems in a short-term, medium-term and long-term perspective,
together with a comprehensive impact assessment module. The use of hybrid approaches,
combining process-based LCA (i.e. as performed in this study) with input-output tables, as the
ones proposed by Hertwich et al.** or Wiedmann et al.®® can be relevant alternatives for that
purpose.

e Adoption of a systemic perspective as holistic as possible in the modelling of the energy
systems. The dynamics of all systems impacted and impacting electricity systems should be
integrated, including their mutual interactions via different technical, economical and societal
mechanisms, e.g. efficiency gains, market effects, human behaviour, etc. (e.g. see review of
energy system modelling in Pfenninger et al.®’). Such perspective is a necessary condition to
prevent impact burden-shifting from one system to another to happen, and should be realised
by the developed framework (see first bullet point).

e Generation of multi-scale data for electricity systems. Spatially-differentiated data about the
characteristics of the systems (e.g. efficiencies, types of technology, etc.) as well as the
associated resource consumption and pollutant emission factors (including all pollutants
emitted to air, water and soil) are needed for individual countries or regions. In the context of
foresight studies, it is necessary to differentiate these data over time (e.g. via use of forecasting
or normative scenarios). Section 2.2 and Supplementary Methods in ESI-1f provide an
overview of the current state of life cycle inventories of power plants, still reflecting important
data gaps for many countries in the world. To our knowledge, no time differentiation is
currently embedded in available life cycle inventories.

e Development of spatially-differentiated LCIA methods that can match the level of details of the
inventory in terms of location of the emission sources. Wherever relevant, a dynamic
perspective should also be included, e.g. for assessing contributions to climate change.®®™

e Integration of environmental, economic and social sustainability assessments to cover all
aspects of sustainability. Strong research needs still reside in the development of methodologies
for assessing economic and social sustainability.””"
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Definition and development of consistent planetary boundaries and environmental footprinting
methods for use in decision support to identify environmentally sustainable energy systems (see
Section 4.1).

o
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Alexis Laurent * and Nieves Espinosa

Brief paragraph (no more than 200 words) putting the work into the broader context, highlighting the
main advances and their impact on energy and environmental science (published as a separate section
within the article):

Current worldwide electricity generation is largely relying on fossil fuels, which pose significant environmental
problems, in particular their climate change footprint. Political incentives have thus emerged to promote a
shift towards low-carbon energy sources. But how effective have such transitions been in the past with
regard to environmental sustainability? Here, with the use of life cycle impact assessment, we made a first
attempt to adopt a wide and differentiated scoping in geographical, time and impact coverage to assess the
environmental impacts of electricity generation systems at scales relevant for energy policy-making.
Covering the period 1980-2011, our assessment demonstrate that impact burden-shifting has occurred for
many countries and that all environmental impacts have globally increased since 1980 with a strong
acceleration after 2000. Strong variations are also observed across countries and impacts, with overall two
contrasting patterns: a relative stabilisation of impacts for the developed economies and a net increase of all
impacts for the developing economies. In a context where long-term energy strategies start being designed
at national and regional scales, we therefore strongly recommend policy-makers to systematically integrate
environmental sustainability assessments with broad impact coverage into energy planning to prevent or
minimise problem-shiftings and ensure an environmentally-sound energy transition.
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