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Abstract

Stabilizing global temperature will require a shift to renewable or nuclear power from fossil
power and the large-scale deployment of CO, capture and storage (CCS) for remaining fossil fuel
use. Non-climate co-benefits of low-carbon energy technologies, especially reduced mortalities
from air pollution and decreased ecosystem damage, have been important arguments for policies
to reduce CO, emissions. Taking into account a wide range of environmental mechanisms and
the complex interactions of the supply chains of different technologies, we conducted the first life
cycle assessment of potential human health and ecological impacts of a global low-carbon
electricity scenario. Our assessment indicates strong human health benefits of low-carbon
electricity. For ecosystem quality, there is a significant trade-off between reduced pollution and
climate impacts and potentially significant ecological impacts from land use associated with
increased biopower utilization. Other renewables, nuclear power and CCS show clear ecological
benefits, so that the climate mitigation scenario with a relatively low share of biopower has lower
ecosystem impacts than the baseline scenario. Energy policy can maximize co-benefits by
supporting other renewable and nuclear power and developing biomass supply from sources with

low biodiversity impact.

Introduction

Documented co-benefits of climate change mitigation
can provide a strong rationale to mobilize investments
in new power generation and overcome established
interests [1-5]. At the same time, identifying potential
adverse side-effects of specific strategies serves to
target investments and avoid mistakes that may be
difficult to reverse given the required speed of phase-
out for conventional fossil power [4, 5]. One tool that
makes potential co-benefits, side-effects and trade-offs
visible is life cycle assessment (LCA) [6]. From the
point of view of assessing the implications for climate
policy of LCAs of energy technology, there is a
shortage of literature analyzing life cycle inventories
and presenting the results in a comparative and
integrated manner that can be understood by experts
from adjacent fields. To be identified as a finding that

has a high degree of evidence and confidence in an
assessment by the Intergovernmental Panel on
Climate Change (IPCC), research findings must be
documented in the peer-reviewed literature and a
larger body of research needs to exist that points in the
same direction. The IPCC specifically recommends
that ‘a forward-looking life-cycle assessment (LCA)
can help to reduce undesired lock-in effects with
respect to the construction and operation of large
physical infrastructure’ [7], where a sub-optimal
technology could become engrained and hinder the
introduction of more desirable technologies. Reviews
and analyses of technologies [8—10] address individual
air pollutants under existing conditions; they are a
valuable background but lack the forward-looking and
integrative perspective and do not provide an
assessment of the multiple and aggregate environ-
mental and health impacts of a fundamental

© 2017 IOP Publishing Ltd


mailto:edgar.hertwich@yale.edu
https://doi.org/10.1088/1748-9326/aa6047
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/aa6047&domain=pdf&date_stamp=2017-3-16
https://doi.org/10.1088/1748-9326/aa6047

I0P Publishing

Environ. Res. Lett. 12 (2017) 034023

W Letters

Table 1. Midpoint indicator aggregation, following the ReCiPe 1.11 methodology [14].

Group Environmental mechanism

Endpoint

Land occupation,
transformation
Toxicity

potential

potential, terrestrial ecotoxicity potential
Air pollution

formation potential
Greenhouse gases Global warming potential
Eutrophication,
acidification

Ionizing radiation Ionizing radiation potential

Freshwater ecotoxicity potential, human toxicity potential, marine ecotoxicity

Ozone depletion potential, particulate matter formation potential, photo-oxidant

Freshwater eutrophication potential, terrestrial acidification potential

Agricultural land occupation, land transformation potential, urban land occupation Ecosystem quality

Human health,
Ecosystem quality
Human health

Human health,
Ecosystem quality

Ecosystem quality

Human health

transformation of the energy system [5]. Recently,
prospective studies have addressed the life cycle
impacts of power generation options for Switzerland
[11] and scenarios for the United Arab Emirates [12]
and the United Kingdom [13]. Such studies point in a
valuable direction of interest to policy makers, and
more work in the same vein is needed addressing more
broadly applicable situations.

Here, we present comparative LCA results of
electricity generation, as foreseen by the baseline and
2 °C mitigation scenarios of the International Energy
Agency (IEA) [14], addressing human health and
ecosystem quality endpoints based on recent advances
in impact assessment to integrate the contribution of
many environmental mechanisms to these two
endpoints, human health damage measured in
disability adjusted life years and ecosystem impact
measured in disappeared species (table 1) [15].
Individual technologies and entire generation mixes
following the two IEA scenarios are assessed using an
integrated hybrid life cycle inventory model to account
for impacts associated with the construction, opera-
tion and decommissioning of power plants, including
the energy mix used at the time of construction
[16,17]. In the IEA baseline scenario, global generation
capacity increases from 4.5 TW in 2010 to 10 TW in
2050, with 3.1 TW natural gas, 3 TW coal, 1.5 TW
hydropower, 0.8 TW wind, and 0.6 TW nuclear. In the
mitigation scenario, a diversified portfolio of hydro,
wind, solar and nuclear power accounts for 4.3 TW,
gas supplies 3 TW, of this 0.3 TW with CCS, coal
0.7 TW mostly with CCS, and biomass and waste
contribute 0.4 TW (table 2). The work extends our
earlier, comparative analysis of electricity generation
options [17], which was less integrative (reporting
selected environmental mechanisms, not endpoints)
and covered fewer technologies.

The ecosystem quality and human health impacts
of hundreds of pollutants, resource flows, and three
different land use types were assessed in terms of
species-years of biodiversity loss and disability-
adjusted life years of human health impact, respec-
tively, using the latest available update of a widely
applied set of life cycle impact assessment methods

Table 2. Assumed installed capacity for each technology
considered, adapted from [13]. Non-modelled technologies are in
italics.

Global capacity Reference IEA Baseline IEA BLUE
installed, GW Map

Year 2007 2030 2050 2030 2050

Coal 1440 2605 2958 1138 65
Coal w CCS 0 0 0 201 673
Gas 1168 1972 3152 1935 2647
Gas w CCS 0 0 0 39 333
Biomass & waste 46 147 184 282 348
Biomass w CCS 0 0 0 16 50
Oil 445 328 188 299 182
Nuclear 371 475 610 684 1187
Hydro 923 1362 1556 1391 1635
Ocean 0 3 9 17 49
Geothermal 11 26 42 45 144
Solar PV 8 201 378 410 1378
Solar CSP 1 44 72 146 473
Wind onshore 95 522 658 920 1293
Wind offshore 2 81 119 214 444
Total 4509 7765 9927 7737 10901

[15]. The advantage of this set of methods is that it
allows for the quantification of the aggregate effect of
air pollution (particulate matter, photo-oxidants,
ozone-depleting chemicals), human toxicity, ionizing
radiation, and climate change on a common endpoint,
human health. Similarly, the impacts of land use,
freshwater eutrophication, terrestrial acidification,
freshwater, terrestrial and marine ecotoxicity and
climate change on ecosystem quality are aggregated in
terms of species-years of biodiversity loss. Each
method addresses one environmental mechanism by
which a pressure, such as a pollutant release or land
occupation, leads to a health or ecosystem impact. By
combining these environmental mechanisms, the
methods reduce the assessment to just two endpoint
indicators, for human health and ecosystem quality,
which are more easily taken into account in decision
making than the wide range of mechanism-specific
indicators that are used in life cycle assessment at a
midpoint level. While there is more uncertainty about
the contribution of individual pollutants to total
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damages than there is about the contribution of
individual pollutants to specific mechanisms, such
uncertainty is invariably present in any decision that
seeks to incorporate trade-offs among different
environmental impacts. The endpoint methods used
here have been designed to incorporate the available
scientific knowledge about environmental mecha-
nisms. This approach is potentially superior for
decision-making than decisions based on a mid-point
method, where the decision maker may at best apply
qualitative consideration of that science.

Materials and methods

LCA model

This work builds on an integrated hybrid LCA model,
THEMIS (technology hybridized environmental-eco-
nomic model with integrated scenarios), which has
been developed to evaluate life cycle impacts of global
electricity system scenarios. THEMIS represents the
global economy in nine regions, incorporating
regional adaptations of the ecoinvent LCA database
for materials and selected manufacturing processes
and the EXIOBASE multiregional input-output model
for inputs of services. The 2 °C and baseline scenarios
of the Energy Technology Perspectives of the
International Energy Agency provided parameters
describing region-specific technology performance
and electricity generation mixes in 2010, 2030 and
2050. Prospective LCAs of material production from
the New Energy Externalities Development for
Sustainability (NEEDS) project were used to represent
important technology improvements in the mitigation
scenario. The electricity generation is modeled in the
foreground based on original inventories collected by a
team of experts under the auspices of the International
Resource Panel [17, 18]. A key feature of an
increasingly clean power system is that more of the
environmental impacts occur in the construction of
the power system, and if needed, the provision of the
fuels. Changes in the power system reduce the
pollution caused in particular in manufacturing
processes, creating a virtuous circle. We capture the
positive feedback of clean electricity on the construc-
tion of the power system through integrating the
foreground life cycle inventories of electricity produc-
tion into the background by replacing electricity in
ecoinvent and EXIOBASE. Thus, the model captures
important improvements both in material production
and in the electricity used in manufacturing. The
THEMIS model is documented in a separate method
paper [16] and has been applied in a number of
assessments [19-26].

Life cycle inventories

Life cycle inventories for solar technologies (specifi-
cally photovoltaics and concentrating solar power),
hydropower, wind power, natural gas, and coal power,
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were collected by a team of experts under the auspices
of the International Resource Panel. These detailed
bottom-up life cycle inventories of electricity genera-
tion technologies tally up emissions and resource use
caused by the manufacturing of power plants and
associated infrastructure, the production of fuels, and
the operation and dismantling of power plants. The
450 page report of the Resource Panel offers a
description of the technologies, the inventories, and
further assessments, e.g. of the scientific literature on
ecological impacts. We supplemented the original
technology portfolio with data on nuclear power [26]
and biopower based on forest residues and short-
rotation coppice [27, 28]. Nuclear power inventories
were adapted from ecoinvent 2.2 [29]. Biomass
feedstocks can be classified in four main economic
categories, from lower to higher costs: wastes (e.g.
organic waste, manure), processing residues (e.g.
timber residues, black liquor), locally collected feed-
stocks (e.g. agricultural and forestry residues, energy
crops), and internationally traded feedstocks (e.g.
roundwood or biomethane). These feedstocks may
undergo pretreatment to improve transportation and
conversion processes, such as drying, pelletisation,
briquetting, torrefaction, pyrolysis, or hydrothermal
upgrading [30]. Due to limited life cycle data available
on each of these options, we principally modeled two
types of biomass feedstocks used for electricity
generation: forest residues and lignocellulosic biomass
from short rotation wood crops. Across all regions and
years, we assumed a fifty-fifty split between these two
biomass feedstocks. In energy scenario literature,
dedicated lignocellulosic, woody or grass-type energy
crops is generally expected to be the most important
type of biomass feedstock in the future. Agriculture or
forestry residues, are often important, but their use
varies across models. First generation energy crops,
including sugar cane and palm oil crops, play only a
small role in long-term scenarios [31, 32]. We assumed
that short rotation wood crops is overall representative
for lignocellulosic energy crops in general, a simplify-
ing assumption that is also made in some energy
scenario models (table S1 available at stacks.iop.org/
ERL/12/034023/mmedia in electronic supplement of
Rose et al [31]). For forest residue biomass, life cycle
inventories were adapted from Singh et al [27]. For
crop-based biomass, we used data on the amount of
diesel, nitrogen, phosphorus and potassium fertilizer,
chemicals and irrigation for existing bioenergy crops
[28]. We also included inputs of diesel, fertilizer and
chemicals to the production of cuttings [33]. For
emissions of nitrogen compounds from crops, we
assumed the following factors: 0.016 kg N,O to air
[34], 0.05 kg ammonia (NH3) to air [35], 0.003 kg
NOx to air [35], and 0.3 kg nitrate (NO; ) to water
(derived from [34, 36]) per kg of N fertilizer added.
Assumed emission factors for phosphorus compounds
were: 0.5 kg phosphate and 0.2 kg particulate
phosphorus to water per hectare per year, based on
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values reported in [35, 36]. We treated the use of
herbicides and pesticides as emissions to agricultural
soil. Fuel and auxiliary input requirements and
emissions associated with the operation of biomass
power plants to produce electricity was modelled
based on ref [27]. For biopower, average global yields
for the modelled energy crops were taken to be 190 GJ
ha~' yr~"in 2010, 400 GJ ha™' yr~" in 2030, and 500
GJ ha™! yr71 in 2050, based on the most optimistic
assumptions found in the literature (see figure 3 in
[37]). Sensitivity analysis on feedstock mix is provided
in the supplementary information (figure S3).

Impact assessment

The call for indicators aggregating different environ-
mental mechanisms reflects the limits of considering
many factors in decision making [38, 39]. Further,
environmental impacts are only one aspect of
technologies, along with cost, ease of operation,
reliability, etc. Yet, scientists have been slow to embrace
a comprehensive indicator, citing imperfection in
knowledge that requires value judgments to resolve,
and the incommensurability of risks or damages that
affect different individuals, groups, species or ecosys-
tems [40]. Typically, economists monetize ecosystem
damages through estimates of external costs caused by
pollution. In contrast, environmental scientists model
the strengths of different environmental impacts and
quantify their contribution to a common indicator,
such as human health and ecosystem quality [41, 42].
While both approaches have been used in life cycle
assessment (LCA), we prefer the latter approach,
which is more accepted in LCA and subject to major
research efforts. In this paper we applied ReCiPe [14],
a widely used method for life cycle impact assessment,
with many person-years of dedicated development
effort. Many energy LCAs [16] rely on ReCiPe
midpoint indicators, which express the contribution
of product systems to a large set of environmental
mechanisms (also called impact categories). Human
health impacts of energy LCAs were previously
analyzed by ref [43]. This letter reports the first
assessment of potential damage to both human health
and ecosystem quality caused at the endpoint level of
all major electricity generation technologies, as well as
global power system scenarios.

The ReCiPe indicator for damage to human
health incorporates the aggregate effects of the
following environmental mechanisms: air pollution,
human toxicity (via carcinogenic and non-carcino-
genic damage), ionizing radiation (carcinogenic and
hereditary effects), and climate change (table 1). The
term ‘air pollution” represents the effects of particu-
late matter formation (inhalation exposure to
particulate matter in the air), photochemical oxidant
formation (inhalation exposure to ozone and other
oxidants), and ozone depletion (exposure to in-
creased UV radiation). Human health damage was
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measured in disability-adjusted life years (DALYs),
which combine years lost due to premature mortality,
and vyears lived with a disability, or in poor health
[14]. The ecosystem quality indicator was calculated
from aggregated species diversity effects of the
following environmental mechanisms: terrestrial,
freshwater and marine ecotoxicity (increased con-
centration of toxic chemicals), terrestrial acidification
(change in base saturation), freshwater eutrophica-
tion (algae growth, hypoxia of aquatic milieus), and
climate change (temperature increase and loss of
species). The unit for damage to ecosystem quality is
species.yr, derived from the potentially disappearing
fraction (PDF) approach [44]. PDF is a measure
quantifying the fraction of today’s present species that
will potentially become extinct in a specific geo-
graphical location due to an emission or anthropo-
genic intervention. In that, it is a measure for loss of
species richness, i.e. potential species extinction. PDF
includes losses that happen right after the interven-
tion, and also time-integrated damages. For example,
a pulse of CO, emissions, still leads to species loss
after 100 years. In ReCiPe [14], PDF was developed to
species.yr, to have damages in absolute terms. The
indicator species.yr is based on the species richness of
different environmental compartments (freshwater,
marine, terrestrial), which allows the damages in
these compartments to be combined. ReCiPe is based
on global species densities for these different
environmental compartments, which are multiplied
by the damage in PDF gives a weighted damage over
all species in all compartments (assuming equal
weight for all species). For the sake of legibility in
presenting the final unit results, midpoint indicators
with an endpoint characterization factor were
aggregated into six distinct groups, as shown in
table 1.

Scenario methods

Scenario assessment results were based on vintage
capital modelling, as in [16, 45]. The electricity
system life cycle inventories were broken down by
life cycle stages: construction, operation and
maintenance, and decommissioning. For every year
from 2010 to 2050, the total environmental impact
from the electricity sector was calculated as the sum
of the environmental impacts of capacity increase
(construction), the operation of existing plants, and
the repowering of retired plants. The capacity figures
were derived from the IEA’s Baseline and BLUE Map
scenarios’ data on power plant installed capacities
(table 2) [13]. Combining these capacity values with
the lifetime of the various technologies, we were able
to derive the capacity increase, operation, decom-
missioning and repowering rates for each technolo-
gy and region. Finally, the indicators were all scaled
to 100 in 2008 to show their relative variation
until 2050.
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Figure 1. Unit results for the damage to human health (a) and ecosystem quality () of one kilowatt-hour of global mix electricity at
grid. Environmental impacts from 2010 to 2050 following 2 °C and baseline scenarios (), displaying human health, ecosystem quality,
as well as indicators for greenhouse gas emissions, land occupation, which are the two most important environmental mechanisms.
Panels (a) and (b) represent the impacts of global average electricity by technology in 2010. The figure summarizes results calculated
for 9 regions, 12 technology clusters representing 37 systems, and the years 2010, 2030 and 2050 [15]. Regional, system, and time
variations are represented by error bars, indicating the extremes of results for each technology. Regional variation is the range of results
among regions for a given technology cluster, system variation is the range of results for systems within that technology cluster, and
time variation is the variation in global average impacts of that technology cluster over the 2010-2050 timeline. All global results are
based on a weighted average of regional production by more specific technological system. DALY stands for disability-adjusted life-
years. Bio: Biopower, CCS: CO, capture and storage, CSP: concentrating solar power, NG: natural gas combined cycle power, Nuc:
nuclear fission, PV: photovoltaics, CC: climate change (measured by CO, equivalents), LO: land occupation, HI: human health

Results

The results of our technology comparison indicate that
renewable energy sources and nuclear power have
lower human health impacts than coal or gas power
(figure 1(a)). This advantage is mostly due to the lower
impacts from climate change, which tend to dominate
health impacts for all technologies including renew-
able energy. However, even without considering

climate change, renewable and nuclear power perform
better than fossil power. Solar, wind and hydropower
have lower emissions for all classes of pollution than
coal and gas power (see supporting material). We
found lower human health impacts for coal and gas
with CCS than without, given the reduced impacts
from climate change. The impacts from all other
environmental mechanisms were increased with CCS
due to the additional energy and infrastructure
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required for the capture process. CCS thus offers CO,
emission control but no co-benefits over fossil power
with advanced pollution control equipment. Biopower
is able to offset the climate impacts of fossil
technologies when CCS is employed to ensure negative
emissions. These avoided climate impacts are larger
than the impacts of combustion-related air pollution
and fuel-chain greenhouse gases, resulting in a net
health benefit of biopower with CCS. Without CCS,
the human health impacts of biopower are lower than
those of fossil fuels but higher than those of other
renewables and nuclear power. Solar or wind power
plants, experience a significant variation of per-kWh
impact across regions reflecting the quality of the
resource (see figure S1 for a closer view of renewable
technologies), whereas the widest variation for fossil-
powered plants is over time, as more efficient
technologies become mainstream and regulations
more stringent. When employed on a large scale
according to the 2 °C scenario, low-carbon technolo-
gies cut human health impacts from power generation
in half by 2050. Without additional climate policy
measures, increased electricity use and the large
increase in coal power in the baseline scenario would
more than double human health impacts (figure 1(c)).

Comparing the technologies in terms of impacts
on ecosystem quality per kWh, we found the impact of
land occupation for biopower to be of similar
magnitude to the impact of GHG emissions from
coal power. Even taking into account the ability of
bioenergy with CCS to remove CO, from the
atmosphere, bioenergy’s ecological impact was as
high as that of fossil power with CCS. For solar, wind,
hydro and nuclear power, in contrast, we found very
low impacts from all environmental mechanisms
assessed here. CCS reduced ecosystem quality impacts
from climate change, more than offsetting the
increases in all other environmental mechanisms
(figure 1(b)).

Our work relied on the implementation of power
systems in average locations in each of the nine world
regions, but ecosystem impacts of land occupation
vary substantially depending on the ecological richness
of the site. The choice of land on which biomass will be
grown will affect ecosystem impacts substantially.
Climate mitigation scenarios assume large increases in
biomass yields, from 190 to 500 GJ ha~! a~! between
2010 and 2050 in the case of the IEA [46], which can
also reduce ecosystem impacts of land occupation.
Integrated land use modelling indicates that such yield
increases might result from a dedicated policy of
protecting natural landscapes, whether it is for
preserving carbon storage on land through land
carbon pricing [47] or for protecting ecosystems [48].
However, without such policies, economics favors
expanded over intensive land use, which our results
indicate would have an adverse ecological impact.

Assuming short of 4% of electricity from biomass
and substantial increases in yield, ecosystem quality
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impacts in the 2 °C scenario would decrease by more
than a half by 2050 given the significantly reduced
impacts from climate change. By contrast, ecosystem
quality impacts would more than double in the
baseline scenario, due to climate change. With the
exception of biopower, the diversified technology
portfolio of the 2 °C scenario, in which nuclear, hydro,
solar and wind power each produce more than one
sixth of the global electricity [46], clearly offers
ecological co-benefits over the coal-dominated base-
line scenario. Non-climate ecological impacts grow in
the 2 °C scenario, but slower than in the baseline
scenario (figure S2).

To investigate the role of the yield, we conducted a
break-even analysis of its influence on the damage to
ecosystem quality of various biopower systems
compared to fossil fuels (figure 2). The impact on
ecosystem quality is inversely proportional to energy
yield. The ecosystem impact of biopower, as used in
the global mix in our assumptions (in blue on figure
2), breaks even with the impact of coal power at
127 GJ ha™" yr™" and of natural gas power at 293 GJ
ha™' yr~'. The ecosystem impact of biopower with
CCS breaks even with coal power with CCS at 156
GJ ha' yr~' and with gas power CCS. Assumptions
of global average energy yield from the literature on
energy scenarios [37] are indicated in figure 2 for
reference. These yields were anywhere between 162
GJ ha ! yr~! (without irrigation, IMAGE [Integrated
Model to Assess the Global Environment] [49]) and 491
GJ ha™'yr! (with irrigation, ReMIND [Regionalized
Model of Investments and Development]/MAgPIE
[Model of Agricultural Production and its Impact on
the Environment] [50, 51]) in 2030. The human health
and ecosystem impacts of irrigation systems did not
contribute substantially to any of the mechanisms
investigated here, but the achieved yield increases may
be important to prevent biodiversity damage from
biopower. If residues were not available and only
short-rotation crops were used (in green on figure 2),
the break-even yields with coal power were quite high
and only achieved in the explicitly optimistic
ReMIND/MAGPIE scenario.

Discussion

Assessing ecosystem impacts from bioenergy

The high ecosystem impact of biopower, with land use
largely offsetting the benefits of CO, emission
mitigation, is a novel finding. We hence would like
to discuss bioenergy in more detail.

We do not account for potential land use change
related emissions or the difference in timing between
the emission of CO, and its uptake [52]. Life cycle
GHG emissions of our biopower systems come mostly
from fuel production and harvesting. Disregarding the
impact of climate change, we find that the combus-
tion-related emissions from fossil power and biopower
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Figure 2. Influence of the energy yield, in GJ ha™' yr™", on the ecosystem damage score of biopower technologies, in species.yr/kWh.
Break-even values are shown for yields that bring the impact of biopower equal to that of coal or gas, with and without CCS. The 2030
value of three different models are shown in gray for comparison. ‘Bio, global mix’: biopower with global feedstock mix, ‘Bio, SRWC’:
biopower with 100% short-rotation wood crops as feedstock. No irrigation is considered for yields under 150 GJ ha™" yr™', 100%
irrigation for yields over 250 GJ ha™' yr™', irrigation rate is linearly interpolated relatively to land use between these values.
Interpretation: biopower causes less damage to ecosystem quality than coal power if the assumed feedstock energy yield is higher than
214 GJ ha™' yr ', or 255 GJ ha™' yr™" if both plants are built with CO, capture equipment.

cause larger human health impacts than technologies
that do not rely on combustion for primary power
generation.

Biopower shows a relatively high contribution to
the ecosystem damage indicator from terrestrial
ecotoxicity. The metolachlor used as herbicide during
the agricultural phase is responsible for most of this
contribution (more than 90%), due to a substantially
larger ecotoxicity characterization factor. If this
herbicide use is avoided, as it is for most of the
biomass sources involved in the survey underlying our
data [28], the ecotoxicity levels of biopower would fall
below those of its fossil counterparts. Although
classified as a potential carcinogen by the U.S.
Environmental Protection Agency [53], metolachlor
is widespread in the United States. The actual toxicity
of metolachlor on humans and ecosystems is still being
analyzed [53-56], and actual effects are difficult to
assess because acute toxicity mostly occurs in
combination with other substances [57].

Regarding land occupation, biomass plantations
require about two orders of magnitude more surface
area than any other technology, although the impact of
this land use is less per unit area than that of coal
mines. The high pressure of agricultural systems on
ecosystems through land occupation is reflected in the
endpoint indicators: the potential damage to ecosys-
tems from biopower is comparable to the impact of
coal power through climate change. One should note
that land transformation (land use change) and land
occupation (land use) are different impacts, with
different consequences. Occupation impacts are
impacts caused by ongoing land use, thus maintaining
a changed ecosystem quality in comparison to a
reference state, which effectively accounts for the delay

in potential recovery. Transformation impacts relate to
the one-time event of land use change, which in
ReCiPe is modeled as the change in species richness
during a recovery period [58].

We found that the choice of biomass feedstock
supply considerably alters land occupation impacts of
bio-sourced electricity generation. Depending on the
feedstock, and its assumed energy yield, these impacts
may be as large as 0.46 m”a kWh™' for crop-based
biomass with CCS if implemented today, to as little as
0.06 for forest residues and 2050 efficiencies. At a
global level, the feedstock mix influences significantly
the stress on land occupation (figure S3). For forest
residues as feedstock, we did not account for the land
occupation associated with the forest area from which
the residues are sourced because timber is the main
output of forestry, and the choice to harvest forest
residues (in addition to timber) does not increase the
forest area needed. Implementing methods for
assessing the ecological impact of removing this
extra biomass from the forest would require more
information on the operations on the ground [59],
but could potentially nuance our results. Adopting an
endpoint perspective on the deployment of low-
carbon electricity generation—that is, focusing on
the ultimate damage to ecosystems and human health
—shows that land occupation may become a major
contributor to the threat to ecosystems. This finding
is not surprising, because land use is already one of
the main drivers of global biodiversity loss [60].

In general, methods for quantifying impacts on
ecosystem quality in LCA are fast developing,
including the introduction of additional stressors,
finer spatial detail and inclusion of taxa-specific
characteristics or vulnerabilities. As is also the case for
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this study, land use very often turns out to be a
dominant driver of impacts on biodiversity and
therefore deserves special attention. In the last decade
numerous methods for quantifying impacts from land
use have been proposed in an LCA context, ranging
from methods specific to individual countries or
taxonomic groups to methods that are applicable on a
global level and for multiple land use types, spatial
levels and taxonomic groups. Curran et al [61] provide
an overview of 20 land use models developed for LCA
assessments. The dominant metric for current land
use methods is ‘species richness’ (16 of the models in
Curran et al), which restricts the assessments to
changing species numbers, but does not include other
information, such as abundance or vulnerability. Most
of the currently used and proposed land use methods
are related to endpoint indicators, very frequently the
potentially disappeared fraction of species (PDF).
However, discussions whether absolute species losses
(instead of relative ones) would not be more
meaningful are ongoing [58], especially because losses
at local and global levels can be wrongly assumed to be
the same [42]. Currently, midpoint indicators used for
land use assessments are usually restricted to the
quantification of the amounts of land used or
transformed, which the inventory parameters [58].
While this is easy to quantify, it does not reflect
impacts very well.

The UNEP-SETAC life cycle initiative has recently
made a first recommendation for a land use
assessment method, which is quantifying impacts
for 6 different taxonomic groups for 6 different land
use types in all 825 terrestrial ecoregions of the world
and includes the vulnerability of species. However, the
method is also only developed on an endpoint level
and, due to its novelty and therefore limited
experience in test cases, recommended for hotspot
analyses only [62].

Also, while spatial aspects have gained attention in
recent years, this is much less the case for temporal
aspects, such as dependencies on the timing of
harvesting of agricultural crops [58].

The methods we employed to quantify environ-
mental impacts are state-of-the-art, however, the
characterization factors used to convert life cycle
inventory values to environmental impact scores
would be more accurate if they were spatially explicit.
The characterization factors represent an average of all
global ecosystems and habitats, but the impacts
depend on local circumstances. In emerging spatial-
ly-explicit impact assessment methods, such as LC-
Impact [63], spatial differentiation includes ecoregion,
watershed or even pixel level detail, and leads to widely
varying characterization factors due to differences in
ecosystem sensitivity or species richness [59]. For
example, the ecosystem impacts of land use can vary
by up to four orders of magnitude among the various
ecoregions and land use types [64]. This wide range
leads to a larger variation in results. However, the

W Letters

poorest ecoregions are not very productive, so the
actual impact for realistic biomass supply scenarios
will not vary as much. These emerging spatially
explicit assessment methods could not be applied to
the present inventory results because the energy
scenarios that are available do not specify the location
where biomass is harvested. Employing spatially
explicit impact assessment would require systematic
spatial detail in energy scenarios and life cycle
inventory data. Given the importance of land use
for the ecosystem impacts of future energy systems, it
would be pertinent to develop such scenarios and
inventory data in order to explore the potential of
growing biomass in areas of lower ecosystem diversity,
which again can be used to derive policies that ensure
that feedstock will in fact be sourced from such low-
impact regions. Such scenarios would consider a wider
variety of biomass sources and conversion technolo-
gies.

Robust co-benefits

Our LCA results are robust with respect to the
substantial co-benefits of replacing coal and gas with
solar, wind, hydro and nuclear power for both human
health and ecosystem quality. These co-benefits are a
result of the significant air and water pollution caused
by extraction, transport and combustion of coal and
gas, as well as the substantial land use associated with
coal mining. These patterns were already suggested by
analyses of individual environmental mechanisms [16]
or individual pollutants [8—10] rather than integrated
endpoints. High non-CO, pollution impacts for CCS
have been consistently found in the LCA literature
[65—67], although other works suggests that impacts
may be comparable [11]. Our work confirms these
findings but also indicates that the avoided climate
change impacts are larger than the additional non-
climate pollution impacts.

There are significant trade-offs for ecosystem
quality associated with biopower and smaller trade-
offs associated with pollution from fossil power with
CCS. From a co-benefit perspective, the reliance on a
large-scale utilization of biopower, not least to achieve
negative emissions after 2050, appears to be a weak
point of present mitigation scenarios [68]. To
understand the potential ecosystem damage of
increased land occupation and changed emissions
better, future research should develop scenarios for the
location of biomass plantations and power plants,
allowing the application of methods for site-specific
impact assessment [64]. A larger variety of biomass
supplies may be explored, with value-chain specific
ecological impacts. Our present analysis considers a
combination of forest residues and fast rotation
croppies, which have relatively small land use impacts
compared to conventional forestry or agriculture. To
limit ecosystem quality impacts, policy makers should
seek technology and management options for ensur-
ing a biomass supply with lower than average land use
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impacts. Our findings also provide a rationale for
investigating alternative carbon-negative technologies
that lead to lower land use impacts.

The findings of our work should put to rest
residual myths about adverse health and ecosystem
impacts associated with the high energy use and
material requirements of producing and installing
solar and wind power plants and put in perspective the
health impacts associated with ionizing radiation from
nuclear power. Adopting the right mix of low-carbon
technologies for electricity generation brings multiple
benefits to human and ecosystem health while having
the potential to stabilize global temperature.
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