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ABSTRACT: The targeted transition towards an electricity system with low or even negative 

greenhouse gas emissions affords a chance to address other environmental concerns as well, but 

may potentially have to adjust to the limited availability of assorted non-fossil resources. Life cycle 

assessment (LCA) is widely recognized as a method appropriate to assess and compare product 

systems taking into account a wide range of environmental impacts. Yet, LCA could not inform 

the latest assessment of co-benefits and trade-offs of climate change mitigation by the 

Intergovernmental Panel on Climate Change due to the lack of comparative assessments of 

different electricity generation technologies addressing a wide range of environmental impacts and 

using a consistent set of methods. This paper contributes to filling this gap. A consistent set of life 

cycle inventories of a wide range of electricity generation technologies is assessed using the Recipe 

midpoint methods. The life-cycle inventory modeling addresses the production and deployment of 

the technologies in nine different regions. The analysis shows that even though low-carbon power 

requires a larger amount of metals than conventional fossil power, renewable and nuclear power 

leads to a reduction of a wide range of environmental impacts, while CO2 capture and storage leads 

to increased non-GHG impacts. Biomass has relatively modest co-benefits, if at all. The 

manufacturing of low-carbon technologies is important compared to their operation, indicating 

that it is important to choose the most desirable technologies from the outset. 

KEYWORDS: hybrid life-cycle assessment, climate change mitigation scenario, wind power, 

photovoltaics, concentrating solar power, bioenergy with CCS (BECCS), nuclear energy, 

geothermal energy, coal power, natural gas combined cycle 
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1 Introduction 

Electricity production is the most important contributor to anthropogenic climate change, with 

25% of global greenhouse gas (GHG) emissions in 2010. Given the growth of gadgets and 

information technology as well as the replacement of hydrocarbon fuels as energy carriers, the role 

of electricity rises in practically all energy scenarios [1]. A stabilization of the global temperature 

can only be achieved when CO2 emissions from electricity production are reduced radically and 

eventually go to zero. As of 2015, fossil power plants provide two thirds of global electricity [2]. 

Many electricity generation technologies can achieve lower GHG emissions per kWh than 

conventional coal, gas or oil fired power plants: solar, wind, hydro, nuclear, biomass, and 

geothermal power [3-6]. The capture of CO2 from fossil power plants and its storage in geological 

reservoirs will also lower emissions to the atmosphere. The Intergovernmental Panel on Climate 

Change (IPCC) has investigated a wide range of scenarios consistent with the political target of 

limiting global warming to 2°C above pre-industrial level. Virtually all 2°C scenarios depend on 

a phasing out of unmitigated fossil fuel power plants shortly after 2050.[1] Fossil fuel extraction 

and use is also a major source of air, water and soil pollution [7], giving rise to hopes about co-

benefits of climate change mitigation such as reduced health impacts and ecological damages. 

However, low-carbon power technologies also cause environmental impacts throughout their life 

cycle, including in their construction and decommissioning. These impacts differ from technology 

to technology. The potential transition towards a low-carbon energy system presents a major 

opportunity to reduce other environmental impacts as well, but we can realize this opportunity 

only if we understand the environmental impacts of different technologies and choose technologies 

accordingly.  
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The IPCC has relied on life cycle assessment (LCA) to compare different energy technologies 

in terms of the GHG emissions reductions offered per unit of conventional power replaced [3]. 

The IPCC has also reported life-cycle emissions of selected air pollutants of energy technologies 

[1, 8]; however, without attempting any assessment of the resulting environmental impacts. A 

major obstacle in the IPCC’s assessment of the literature was that published studies of individual 

technologies use different assumptions and impact assessment methods, so that results among 

studies as published in the literature are not comparable for indicators other than CO2-equivalent. 

Further, studies often fail to document inventory results, which would facilitate applying a 

common impact assessment method and thus allow a comparison of results [4-6]. Recent reviews 

have reported selected life cycle inventory results [4-6]. The data assembled for IPCC was based 

on a review of the literature, in which the Special Report on Renewable Energy [3] compared data 

as reported in the literature, while the AR5 [9, 10] relied on harmonized emissions [11-16] where 

such were available.  

While a valuable first step, a review of inventory results is not sufficient to meet the need for a 

broader assessment of life-cycle environmental impacts of electricity generation. Policy 

development needs a more systematic effort to model environmental impacts of different 

electricity generation technologies in a comparative manner, using consistent assumptions, 

common life cycle inventories for similar inputs such as materials and transport, and the same 

impact assessment methods. A good example of such a study is the analysis of health effects 

associated with power generation under European conditions [17] conducted using the ecoinvent 

database. Climate research, including climate change modeling and integrated assessment 

modeling of climate change scenarios show the value of large-scale comprehensive studies, model 

comparison exercises, and similar integrative work. LCA has seen a lot of community effort in 
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method development, primarily through the International Standards Organization and the Life 

Cycle Initiative of the United Nations Environment Programme (UNEP) and the Society of 

Environmental Toxicology and Chemistry (SETAC). There has been much less integrative focus 

on understanding what LCA can tell us about climate change mitigation. Analysts may have a 

general understanding of the technologies, but the IPCC must rely on peer-reviewed literature, 

which currently lacks in comparative and forward-looking analysis. The present paper reviews the 

first integrative assessment of the environmental co-benefits and adverse side effects of low-

carbon electricity generation, which was conducted for the International Resource Panel (IRP) 

under the auspices of the United Nations Environment Programme (UNEP) [18]. The work of the 

IRP drew on a broad review of the literature on environmental impacts of electricity generation, 

including ecological studies of specific impacts and projects [19, 20], risk assessments [21], and 

studies of air pollution co-benefits of climate change mitigation [22]. However, such studies 

normally do not take into account life cycle issues, which are important especially for low-carbon 

energy options [23].   

In this paper, we add bioenergy and nuclear power to the technologies analyzed for the 

International Resource Panel (IRP), that is, photovoltaics, concentrating solar power, on-shore and 

off-shore wind power, hydropower, geothermal power, different technologies for coal power 

including supercritical pulverized coal power and integrated gasification combined-cycle systems, 

with and without CO2 capture and storage, and natural gas combined cycle systems.  The present 

work extends our previous analysis of headline results [23] to a broader range of life-cycle impact 

categories, reports the results of the contribution analysis for each individual technology, and 

presents a comparison of the life cycle GHG emissions to those reported by the IPCC in the Special 

Report on Renewable Energy (SRREN) [3] and the 5th assessment report (AR5) [10].  
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2 Methods 

2.1 Integrated Life Cycle Model 

For the purpose of this assessment, a team of scientists including the present authors developed 

an integrated hybrid LCA model representing the global economy in nine world regions[24]. The 

model, THEMIS (technology hybridized environmental-economic model with integrated 

scenarios) was documented in detail in reference [24], where methodological choices were 

identified and justified. This hybrid LCA model combines foreground life cycle inventories 

assembled by expert teams under the auspices of the IRP with a background inventory database 

[25] and a global, nine-region input-output model [26, 27]. Inventories thus comprise both inputs 

of materials and energy carriers from the background database and purchase of services from the 

input-output model. THEMIS is integrated in the sense that the energy technologies described in 

this study are connected to the background and thus constitute the power stations providing 

electricity with which new power stations are manufactured, with an electricity mix based on 

scenario assumptions specified in section 2.3 [18].  

2.2 Life cycle inventories 

Several teams of scientists have provided life cycle inventory data for coal and gas power with 

and without CO2 capture [28, 29], hydropower [30], wind power [31-33], photovoltaics [34, 35], 

and concentrating solar power [36, 37]. In addition to the life cycle inventories assembled for the 

IRP study, we developed inventories covering mainstream biopower technologies and added 

nuclear power.  

For biopower, two systems were analyzed, one representing lignocellulosic biomass production 

from fast rotation energy crops, the second representing forest residue. The operation of biomass 

power plants to produce electricity is modelled based on data from [38]. For bioenergy crops, we 
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utilize inventories of diesel, fertilizer, chemical and irrigation inputs to crop production, as well as 

land use and direct field emissions of CO2, pesticides, nitrogen and phosphorus compounds, 

established by [39]. Here, the basic procedure is as follows: First, establish initial inventories based 

on survey data for existing bioenergy plantations [40], and other data sources; and then, adapt the 

inventories to the multi-regional and prospective THEMIS framework. In the inventory data used 

in present study, biomass yield per unit area and year vary across regions and years under the 

assumption that irrigation is allowed and with no restriction on the type of lignocellulosic biomass 

which may be used. In addition to lignocellulosic biomass from crops, we model forest residue 

biomass, utilizing inventories from [38]. Across all regions and years, we assume biomass is 

supplied by a fifty-fifty split between woody crops and forest residue. The present assessment does 

not include results for indirect land use. Integrated assessment modeling exercises indicate that the 

amount of land use change required per unit biopower depends on policies and is thus highly 

scenario-specific [43]; it does not so much reflect technology characteristics, which are the focus 

of the present work.  

We have also added two nuclear power plant types from ecoinvent 2.2 [44]. We were not 

successful in resolving the issue regarding the large divergence between process-based results and 

input-output-based results identified by previous analyses [15, 45]. As a process-based LCA 

database, ecoinvent does not reflect activities such as planning and security that nuclear power 

requires to a much larger degree than other power plant types, resulting in a cut-off error that is 

likely to be larger than for other technologies. However, it was important for us to capture those 

environmental impacts that are specific to nuclear power, which we do through modeling the 

foreground system.   
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2.3 Scenario adaptations 

 The electricity mixes of each of the nine world regions come from the scenarios of the 

International Energy Agency’s Energy Technology Perspectives (ETP) report [46], which reports 

such data for the years 2010, 2030 and 2050. The operating conditions of power plants, such as 

load factors, efficiencies and resource characteristics, e.g. insolation and wind strength, also vary 

by region reflecting the scenario assumptions of the ETP.  For the present study, we conducted 

attributional life cycle inventory calculations that implicitly assume that a power plant is 

constructed, operated and dismantled using technology (background economy) of those specific 

years representing a specific world region for which the investigated technology is especially 

relevant.  

2.4 Impact assessment 

The life cycle impact assessment was based on the ReCiPe 1.08 method [47] from which the 

following list of indicators is selected: climate change, freshwater ecotoxicity, freshwater 

eutrophication, human toxicity, metal depletion, particulate matter emissions, photochemical 

ozone formation, terrestrial acidification, and land occupation (urban and arable)[47]. Categories 

available but left out are: marine eutrophication and ecotoxicity, excluded because of the high 

uncertainty in the characterization factor development; terrestrial ecotoxicity, excluded because of 

the results’ redundancy with freshwater ecotoxicity;  natural land transformation and water 

depletion, were excluded because relevant stressors were not accounted in some of the foreground 

systems; and fossil resource depletion was excluded because of a high correlation with climate 

change. This smaller number of indicators also better reflects their relative importance in the 

assessment of endpoint indicators, which is broadly in line with the importance of those themes in 
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the comparative burden of disease [48] and the Millennium Ecosystem Assessment [49], see also 

[7].   

3 Results 

An overview of LCA results for all investigated technologies and indicators is provided in Figure 

1, with results reported for both 2010 and prospective 2050 systems. Over their life-cycle, 

renewable energy technologies require substantial amounts of materials, leading to a high metal 

depletion indicator. The fossil energy sources, on the other hand, require large amounts of fossil 

fuels, leading to a higher overall resource depletion indicator (not shown here). In spite of their 

high material demand, renewable energy technologies have significantly lower pollution-related 

environmental impacts. The use of CCS reduces life-cycle greenhouse gas emissions of fossil 

technologies, but increases resource use and most other environmental impacts. These results hold 

broadly, but are sensitive to local conditions and features of specific projects. In the following, we 

address the results for each technology category and indicate some of the sensitivities. 

3.1 Coal power  

Fossil fuels are the dominant source of electricity today. Given the long lifetime of mines, wells, 

transport facilities, and power stations and the versatile nature of the fuel itself, fossil fuels are 

expected to remain an important source of electricity in the foreseeable future in many climate 

mitigation scenarios [50]. In most of these scenarios, CO2 capture and storage plays an important 

role, allowing for a faster and less expensive reduction of CO2 emissions, given assumptions about 

cost developments [51, 52]. The introduction of supercritical and ultrasupercritical coal power 

plants is a significant recent development that has raised the efficiency from 35-37% for subcritical 

to 43-45% for ultrasupercritical plants. Integrated gasification combined cycle plants serve as a 

new technological approach that achieves similar efficiencies, with the promise of further increases 
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[53-55]. The results show a trade-off between GHG mitigation and other environmental impacts. 

Subcritical coal power plants generally have higher impacts than supercritical and integrated 

gasification plants and much higher emissions than natural gas combined cycle plants (
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Figure 1). With CCS, the GHG emissions of these modern power plants can be reduced by about 

three quarters, to 22-26% of existing coal power plants. Comparing modern plants with and 

without CCS indicates that CCS increases almost all impact categories by 20-60% compared to 

the non-CCS alternatives. We have also analyzed the contribution of different life cycle steps 

(Figure S1). For a supercritical power plant, the operation has the largest contribution to climate 

change (95% of life cycle impact), particulate matter exposure (60%) and water use (75%). Coal 

mining, however, stands for the largest contributions to freshwater eutrophication (95%), aquatic 

toxicity (70%), human toxicity (50%) and land occupation (95%). For a supercritical plant with 

CCS, the operation contributes 70% to the life-cycle water use, 65% to greenhouse gas emissions, 

60% to particulate matter formation, and 50% to human toxicity. Coal mining is most important 

for eutrophication, land occupation, and aquatic toxicity. 

3.2 Natural gas combined cycle 

The application of NGCC has grown recently reflecting the abundance of shale gas and the desire 

to address air pollution [2]. NGCC power plants have higher NOx emissions than coal-fired plants, 

which is reflected in their higher terrestrial acidification potential. NOx emissions also contribute 

to particulate matter formation and marine eutrophication. For freshwater eutrophication and land 

occupation, in particular, NGCC’s impact are much lower than coal power, but they are also lower 

for toxicity and climate change. CCS reduces GHG emissions from NGCC by 50-60%, but 

increases all other environmental impacts by 20-80%. As Figure S2 shows, the most important 

contributors to environmental impacts of the NGCC with CCS are the extraction and refining of 

the gas(for land occupation, climate change, freshwater ecotoxicity, human toxicity, particulate 

matter, and water use) and the construction of the power plant (for eutrophication). The operation 

of the power plant is the second most important contributor to all impact categories, contributing 
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5-20%. The large importance of natural gas extraction can be traced to the use of a North American 

gas production process based on the fossil fuel production inventories of Burnham et al. [56] 

implemented in this work. Analyses based on European fuel mixes [57] generally arrive at a lower 

contribution of fuel supply. One significant factor is the difference in methane leakage reported in 

different world regions [28]. In our assessment, leakage rates in North America have received 

more scientific attention and at least partly based on measurements while those in other regions 

are largely based on emission factors reflecting engineering estimates and hence less reliable. 

3.3 Hydropower 

Hydropower is currently the most important source of renewable electricity, providing 6.1% of 

total global energy supply and growing at 3% per year. The environmental and social impacts of 

hydropower have received much attention [58, 59]. Hydropower plants can cause a wide range of 

potential geomorphological and ecological impacts, including habitat change due to changes in the 

flow regime, flooding of the reservoir area, reduced sediment and nutrient flow to flood plains, 

and the obstruction of migration routes. These impacts are heavily dependent on site and project 

characteristics and commonly not assessed in LCA. Habitat changes threaten species adapted to 

fluvial environments. Some of the impacts can be mitigated through appropriate flow management 

regimes or technical adaptations (e.g., fish ladders, environmental flow regimes). 

The material and energy required to build hydropower plants are also site-specific. Both reservoir 

volume and head of a hydropower plant can vary by orders of magnitude. Unfortunately, the 

available literature is limited use given that inventory data is often not reported. A statistical 

analysis of 26 cases indicates a factor 2 variance among similar power plants in terms of key 

inventory items [60]. The life cycle inventories used in this study were based on two planned 

reservoir hydropower plants in Chile that have a lower land use and therefore produce less biogenic 
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GHG emissions than the global average [61]. The remote location of one of the plants leads to 

substantial impacts connected to construction and transport. The impact profiles of these two plants 

are quite different, as 
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Figure 1 shows, but impact are generally lower than those of the 2010 global mix of electricity 

[46], with the exception of land use and metal depletion. Figure S3 shows that the reservoir is the 

dominant cause of land use, while transportation, including the transport infrastructure, is the most 

important cause for other impact categories. For these other categories, the reservoir and dam 

construction are the second most important cause of impacts.  

3.4 Wind power 

Over the past ten years, installed wind power capacity grew at an average rate of 22% per year. 

Most of current installed capacity is onshore (98%). As the size of wind power plants has grown 

and technology has developed further, the capacity factor has grown, leading to lower 

environmental impacts [62, 63]. Some land or water area is occupied directly by wind turbines, 

dedicated roads, and other infrastructure. The presence of wind power plants limits the use of a 

much larger area of land for some purposes, in particular human occupation and habitat for birds 

and bats [64]. This land, however, can be used for agriculture.  
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The life-cycle impacts of wind power are one to two orders of magnitude lower than those of coal 

power for all the assessed impact categories except metal depletion (
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Figure 1). It should be noted that the land use indicator results includes area occupied by 

infrastructure elements of wind farms but does not take into account inter-element spacing. If the 

total wind farm area is considered, land use would be about two orders of magnitude higher and 

thus larger than most other power sources apart from biopower and some storage hydro. Offshore 

systems are more material and energy demanding than onshore, but on the other hand, benefit from 

more favorable capacity factor and lifetime assumptions. Offshore systems cause more 

acidification, photochemical oxidants, and particulate matter [32]. The relative contribution of 

components differs between onshore and offshore systems, however, as is evident from Figure S4. 

Production of wind turbine components contributes 70-90% to all impact indicators for the onshore 

system but less than 20-50% for the offshore system. The installation, operations and 

decommissioning activities contribute significantly to the impact of offshore wind power. The 

contribution of the electrical connections is also larger than for the offshore system. 

3.5 Concentrating Solar Power 

Concentrating solar power (CSP) systems utilize direct normal irradiation to produce high-

temperature heat for electricity generation. Areas particularly suitable for CSP are those with 

strong sunshine and clear skies. We analyzed the parabolic trough and central receiver 

technologies. The trough plant is assumed to be wet-cooled and the central receiver dry-cooled. 

LCA results show that CSP performs well on pollution-related indicators but has a higher metal 

use than fossil power [23]. For land occupation, CSP and global mix are comparable. The area 

occupied by CSP plants typically cannot be combined with larger wildlife or other human uses, 

but CSP plants may provide valuable habitat for smaller animals and various plants and may be 

used for grazing. The collector system, which includes the mirrored surfaces used to concentrate 

direct solar radiation, causes in the order 40-50% of total impact for the central receiver and 30-
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40% for the trough for most impact categories (Figure S5). The trough plant uses a synthetic oil 

heat transfer fluid combined with molten salt heat storage while the central receiver plant uses salt 

as both as a heat transfer fluid and as heat storage medium and hence does not have a separate heat 

transfer fluid system. Much less salt is used in the central receiver plant compared with trough, 

which in large part explains the lower relative contributions from thermal energy storage for the 

central receiver. Results are sensitive to specific plant designs, which may vary considerably 

depending site-specific circumstances and project design.  

3.6 Photovoltaics 

There are a number of viable, substitutable technologies that can provide photovoltaic (PV) 

power. We have analyzed polycrystalline silicon (Poly-Si) produced in China, by collecting 

original life cycle data, as well as cadmium telluride (CdTe) and copper indium gallium selenide 

(CIGS) thin film panel produced in the United States[34]. PV has low impacts on climate change, 

particulates, toxicity, photochemical oxidant and acidification and eutrophication relative to the 

current global mix. However, PV requires more metals, especially copper[65]. The impacts of 

ground-mounted and roof-mounted systems are similar, but different elements contribute (Figure 

S6). Roof-mounted systems have a smaller contribution from the construction and balance of 

system. CdTe and CIGS show lower environmental impacts than poly-Si. Energy use during 

module manufacture contributes most to climate change, particulates and toxicity results. Poly-Si 

requires more electricity and has higher direct emissions during the production of metallurgical 

grade silicon, wafers, and modules. Manufacturing in China contributes negatively due to both a 

lower efficiency and a dirtier energy mix than in Western countries. Hence, for Poly-Si, the 

contribution of the module manufacturing is higher, while for CIGS and CdTe, transformers, 

wiring, and mounting are relatively more important. 
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3.7 Nuclear 

Both for the boiling water reactor and the pressurized water reactor, most of the environmental 

impacts are caused by the extraction and the production of fuel elements. The mining, 

transportation, refining and handling of fuel elements contribute 64% to 97% of all environmental 

impacts assessed except for the impact on land occupation, which is mostly caused by the 

infrastructure (Figure S7). Due to a lack of hindsight on the existing power plants’ end-of-life, 

there is high uncertainty linked to the impacts of the decommissioning phase. According to [66], 

dismantling assumptions can influence widely the life cycle environmental impact of nuclear 

power, namely the energy-intensive component removal and the end of life treatment of nuclear 

waste. Dealing with the legacy of nuclear waste was not assessed here. 

3.8 Biopower 

The range of technologies falling under the term “biopower” is wide. We modelled here a 

combined heat and power (CHP) plant, with and without CCS, coupled with two types of 

feedstocks, energy crops and forest residues. For the sake of proper coverage, the feedstocks 

considered in our inventories are a variety of short rotation woody crops (SRWC)[40, 67], and 

forest residues [38]. The CO2 emissions from land use are not accounted for in the inventories. 

Without carbon capture and storage, the life cycle greenhouse gas emissions of the biopower plants 

modelled here range from 28 to 194 g CO2 eq./kWh (respectively, which is low compared to fossil-

fueled power plants, even equipped with CCS) (Figure S8). Producing electricity from biomass 

with CCS (BECCS) would therefore generate negative net emissions in all our various scenarios. 

For SRWC, diesel combustion in vehicles and machinery contributes most strongly to particulate 

matter, photochemical oxidant formation and eutrophication, while the production of various 

fertilizers contributes most to human toxicity and freshwater ecotoxicity. The main discrepancy 
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with the global mix of 2010 occurs for land occupation, which can increase fortyfold for each kWh 

provided to the grid. 

3.9 Geothermal 

The geothermal plant assessed in this study has a high load factor and a very long assumed 

lifetime [68]. As a consequence, emissions from the production phase are relatively low. However, 

direct emissions are at least one order of magnitude higher than indirect emissions regarding 

greenhouse gas emissions, toxicity, particulate matter emissions, photochemical ozone formation, 

and acidification (Figure S9). This is due to the high geogenic emissions: 83 g CO2/kWh [69], 

0.1587 g SO2/kWh [70], 0.75 g CH4/kWh, 0.06 g NH3/kWh [71] and 4 g Hg/MWh [72]. These 

assumptions can be considered conservative (especially for human toxicity and freshwater 

ecotoxicity, for which the characterization factor of mercury is one of the highest across all 

substances), as most of the environmental impacts are caused by direct site-specific emissions from 

the geothermal fluid during the plant operation [73].  

 

3.10 Comparison of life cycle greenhouse gas emissions 

In  



 20 

 

Figure 2, we compare the results obtained in this study with those reported in the literature, as 

reviewed for the IPCC [10]. For the results of this study, we report the variability among the nine 

different world regions and the specific technologies assessed here. For CSP, for example, the 

differences are to a significant degree the result of differences in insolation between the most and 

least sunny regions of the world, Middle East and Africa, and Economies in Transition, 

respectively. For coal, ranges reflect both differences in technologies and differences in emissions 

from mining, while for natural gas, our results range agrees with the literature except for CCS-

equipped plants where the energy penalty brings the natural gas plant we modelled to the upper 

range of the literature. For coal, ranges reflect both differences in technologies and differences in 

emissions from mining, while for natural gas, the range reflects methane emissions and efficiency 

assumptions. For hydropower, the wide range of methane emissions from reservoirs reported in 

the literature is reflected in the IPCC AR5 numbers, but not the work reported in this study, which 

did not consider those highly emitting plants as viable options for the future. There are no 

systematic differences between the GHG emissions produced in this report and those reported by 
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the literature. The lesson of the harmonization studies is that literature studies differ widely through 

cases, assumptions, system boundary choices, and background[11, 74]. Our work relies on more 

consistent assumptions on allocation and system boundaries, and the same background data. For 

some technologies, such as CSP, our calculations represent a wider range of conditions compared 

to a limited literature, while for other technologies with more case studies in the literature, such as 

hydropower and bioenergy, we have not been able to study as wide a range of conditions. 

4 Discussion 

The method presented here ensures the thoroughness of systems covered, and can yield a variety 

of results that compare with existing literature surveys, even by analyzing a limited set of life cycle 

inventories. To a certain extent, this method saves the LCA practitioner from building specific 

inventories for a region or a year, and instead, takes into account various regional and time 

contexts, according to preset scenarios. Influential regional parameters, such as climatic conditions 

(wind, direct normal insolation, feedstock yield…) can be hardcoded in the model background, so 

that inventories are regionalized as late as possible in the impact assessment process. The approach 

is thus similar to what life cycle harmonization studies have applied retroactively to existing 

literature, but systematically executed. 

Improvements to the present inventories and impact assessment methods can improve the 

reliability of results. For the inventory, further work is recommended in particular for hydropower 

(a larger number of plants covered and development of model to estimate inventories given specific 

site characteristics), nuclear power (more complete inventories also considering the services 

required), bioenergy (a wider range of different feedstocks and conversion technologies) and fossil 

fuels (investigation of methane leakage in other continents). For all technologies, models to better 

estimate the environmental costs and benefits of waste treatment and recycling assuming future 
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conditions of material manufacturing would be beneficial. For impact assessment, metal depletion 

factors for all relevant scarce metals would be desirable, as would be improvements in the 

assessments of eutrophication taking all eutrophying substances into account. Further, we note that 

there is a time horizon issue, where assumptions of the inventory modelling are not congruent with 

the impact assessment. Inventories report the long-term release of substances leaked from landfills, 

while impact assessment methods often have a much shorter time horizon.  There is a need to 

harmonize the treatment of the fate of substances across  impact assessment and inventory analysis. 

Lastly, LCA does not take accidents into account. Research on the effects of accidents has largely 

occurred in parallel and not been integrated into LCA[75, 76]. For some technologies, the 

consequences of accidents may be as large as those of routine operations, for example for nuclear 

power[77]. Efforts to integrate the implication of accidents are hence welcome [76]. 

5 Conclusions 

The results of this work show that power technologies not involving combustion have lower 

environmental impacts for practically all impact categories. CCS increases impacts apart from 

greenhouse gas emissions. Material requirements are higher for low-carbon technologies, 

especially solar and wind, than their fossil-fueled counterparts, but related work shows that the 

demand remains within reasonable limits [23]. Bioenergy has pollution-related impacts that are 

comparable to the present electricity mix, much higher land occupation, but brings the potential 

for carbon-negative energy production when CO2 capture and storage is employed. 
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Figure 1: Radar charts of environmental impacts of different types of power plants compared to the current global 

average power mix. *Biomass with CCS shows net negative greenhouse gas emissions, not shown on the logarithmic 

chart, the results range from -107% to -122% of the 2010 global electricity mix. EXPC: existing (subcritical) 

pulverized coal, IGCC: integrated combined cycle, SCPC: supercritical pulverized coal, NGCC: natural gas combined 

cycle, Poly-Si: polycrystalline silicon, CdTe: cadmium telluride thin-film, CIGS: copper indium gallium selenide, GB: 

gravity-based (concrete) foundation, BWR: boiling water reactor, PWR: pressurized water reactor, W&G: wood and 

grass, ir.: irrigation, Res.: forest residue. 
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Figure 2: Comparison of life cycle greenhouse gas emissions (g CO2 eq./kWh) between this study’s results, the IPCC 

Fifth Assessment Report (AR5)[1], and Special Report on Renewable Energy Sources and Climate Change Mitigation 

(SRREN)[3, 8]. Low-carbon electricity production technologies are shown in the left panel, fossil electricity 

production on the right panel. The range provided in this study reflects different regions and specific technologies 

(e.g., for PV, we assessed roof mounted and ground mounted CdTe, CIGS and Poly-Si technologies). The IPCC 

SRREN presented the range of values reported in the literature, which reflect differences in technologies, sites, and 

product processes, but also differences in LCA practice such as system boundaries, allocation mechanisms, scope and 

other assumptions. The IPCC AR5 presented harmonized literature values, where some assumptions were harmonized 

in an effort lead by the US National Renewable Energy Laboratory (NREL)[11]. CSP: concentrating solar power, PV: 

photovoltaics, CCS: carbon dioxide capture and storage. Notes: 1Includes both onshore and offshore results 
2Aggregated to the onshore results 3One plant, indirect emissions only. 

6 Acknowledgments 

We thank Joseph Bergesen, Evert Bouman, Garvin Heath, Jorge I. Martínez-Corona, Andrea 

Ramirez, Bhawna Singh, Sangwon Suh, and Mabel I Vega for contributing to the inventory data. 

The work was supported by the International Resource Panel through the United Nations 

Environment Programme, and the Research Council of Norway (contracts 206998 and 209697), 

NTNU, and Yale University. 



 25 

7 References 

[1] Bruckner T, Bashmakov IA, Mulugetta Y, Chum H, Navarro ADLV, Edmonds J, et al. 

Energy Systems. In: Edenhofer O, Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, Seyboth 

K, et al., editors. Climate Change 2014: Mitigation of Climate Change. Genevea: 

Intergovernmental Panel on Climate Change; 2014. 

[2] International Energy Agency. Energy Technology Perspectives 2015 – Mobilising Innovation 

to Accelerate Climate Action. In: OECD/IEA, editor. Paris2015. 

[3] Moomaw W, Burgherr P, Heath G, Lenzen M, Nyboer J, Verbruggen A. Annex II: 

Methodology. In: Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Matschoss P, Kadner 

S, et al., editors. IPCC Special Report on Renewable Energy Sources and Climate Change 

Mitigation Cambridge: Cambridge University Press; 2011. 

[4] Masanet E, Chang Y, Gopal AR, Larsen P, Morrow WR, Sathre R, et al. Life-Cycle 

Assessment of Electric Power Systems. Annu Rev Environ Resour. 2013;38:107-36. 

doi:10.1146/annurev-environ-010710-100408. 

[5] Turconi R, Boldrin A, Astrup T. Life cycle assessment (LCA) of electricity generation 

technologies: Overview, comparability and limitations. Renew Sust Energ Rev. 2013;28:555-65. 

[6] Asdrubali F, Baldinelli G, D’Alessandro F, Scrucca F. Life cycle assessment of electricity 

production from renewable energies: Review and results harmonization. Renew Sust Energ Rev. 

2015;42:1113-22. http://dx.doi.org/10.1016/j.rser.2014.10.082. 

[7] Hertwich EG, van der Voet E, Huijbregts M, Suh S, Tukker A, Kazmierczyk P, et al. 

Environmental impacts of consumption and production: priority products and materials. Paris: 

UNEP; 2010. 

[8] Sathaye J, Lucon O, Rahman A, Christensen J, Denton F, Fujino J, et al. Renewable Energy 

in the Context of Sustainable Energy. In: Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, 

Matschoss P, Kadner S, et al., editors. IPCC Special Report on Renewable Energy Sources and 

Climate Change Mitigation. Cambridge, United Kingdom and New York, NY, USA: Cambridge 

University Press; 2011. 

[9] Krey V, Masera O, Blanford G, Bruckner T, Cooke R, Fisher-Vanden K, et al. Annex II - 

Metrics and Methodology. In: Edenhofer O, Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, 

Seyboth K, et al., editors. Climate Change 2014: Mitigation of Climate Change. Genevea: 

Intergovernmental Panel on Climate Change; 2014. 

[10] Bruckner T, Fulton L, Hertwich E, McKinnon A, Perczyk D, Roy J, et al. Annex III - 

Technology-specific cost and performance parameters. In: Edenhofer O, Pichs-Madruga R, 

Sokona Y, Farahani E, Kadner S, Seyboth K, et al., editors. Climate Change 2014: Mitigation of 

Climate Change. Genevea: Intergovernmental Panel on Climate Change; 2014. 

[11] Heath GA, Mann MK. Background and Reflections on the Life Cycle Assessment 

Harmonization Project. J Ind Ecol. 2012;16:S8-S11. 

[12] Burkhardt JJ, Heath G, Cohen E. Life Cycle Greenhouse Gas Emissions of Trough and 

Tower Concentrating Solar Power Electricity Generation. J Ind Ecol. 2012;16:S93-S109. 

10.1111/j.1530-9290.2012.00474.x. 

[13] Dolan SL, Heath GA. Life Cycle Greenhouse Gas Emissions of Utility-Scale Wind Power: 

Systematic Review and Harmonization. J Ind Ecol. 2012;16:S136-S54. 

[14] Hsu DD, O’Donoughue P, Fthenakis V, Heath GA, Kim HC, Sawyer P, et al. Life Cycle 

Greenhouse Gas Emissions of Crystalline Silicon Photovoltaic Electricity Generation. J Ind Ecol. 

2012;16:S122-S35. 10.1111/j.1530-9290.2011.00439.x. 

http://dx.doi.org/10.1016/j.rser.2014.10.082


 26 

[15] Warner ES, Heath GA. Life Cycle Greenhouse Gas Emissions of Nuclear Electricity 

Generation: Systematic Review and Harmonization. J Ind Ecol. 2012;16:S73-S92. 

[16] Whitaker M, Heath GA, O’Donoughue P, Vorum M. Life Cycle Greenhouse Gas Emissions 

of Coal-Fired Electricity Generation. J Ind Ecol. 2012;16:S53-S72. 10.1111/j.1530-

9290.2012.00465.x. 

[17] Treyer K, Bauer C, Simons A. Human health impacts in the life cycle of future European 

electricity generation. Energy Pol. 2014;74, Supplement 1:S31-S44. 

http://dx.doi.org/10.1016/j.enpol.2014.03.034. 

[18] Hertwich EG, Gibon T, Suh S, Aloisi de Larderel J, Arvesen A, Bayer P, et al. Green 

Energy Choices: The Benefits, Risks and Trade-offs of Low-Carbon Technologies for Electricity 

Production. In: Panel IR, editor. Nairobi, Kenya and Paris, France: United Nations Environment 

Programme; 2016. 

[19] Campedelli T, Londi G, Cutini S, Sorace A, Tellini Florenzano G. Raptor displacement due 

to the construction of a wind farm: Preliminary results after the first 2 years since the 

construction. Ethology Ecology and Evolution. 2014;26:376-91. 

[20] Pocewicz A, Estes-Zumpf WA, Andersen MD, Copeland HE, Keinath DA, Griscom HR. 

Modeling the Distribution of Migratory Bird Stopovers to Inform Landscape-Scale Siting of 

Wind Development. PLoS ONE. 2013;8. 

[21] Veltman K, Singh B, Hertwich EG. Human and environmental impact assessment of 

postcombustion CO2 capture focusing on emissions from amine-based scrubbing solvents to air. 

Environ Sci Technol. 2010;44:1496-502. 

[22] Rogelj J, Rao S, McCollum DL, Pachauri S, Klimont Z, Krey V, et al. Air-pollution 

emission ranges consistent with the representative concentration pathways. Nature Clim Change. 

2014;4:446-50. 10.1038/nclimate2178  

[23] Hertwich EG, Gibon T, Bouman EA, Arvesen A, Suh S, Heath GA, et al. Integrated life-

cycle assessment of electricity-supply scenarios confirms global environmental benefit of low-

carbon technologies. Proceedings of the National Academy of Sciences of the United States of 

America. 2015;112:6277-82. 10.1073/pnas.1312753111. 

[24] Gibon T, Wood R, Arvesen A, Bergesen JD, Suh S, Hertwich EG. A Methodology for 

Integrated, Multiregional Life Cycle Assessment Scenarios under Large-Scale Technological 

Change. Environ Sci Technol. 2015;49:11218-26. 10.1021/acs.est.5b01558. 

[25] Frischknecht R, Jungbluth N. Ecoinvent 2. Dübendorf: Swiss centre for Life Cycle 

Inventories; 2007. 

[26] Wood R, Hawkins TR, Hertwich EG, Tukker A. Harmonising national input-output tables 

for consumption-based accounting — Experiences from EXIOPOL. Econ Syst Res. 

2014;26:387-409. doi 10.1080/09535314.2014.960913. 

[27] Tukker A, de Koning A, Wood R, Hawkins T, Lutter S, Acosta J, et al. EXIOPOL - 

development and illustrative analyses of detailed global multiregional, environmentally extended 

supply and use tables and symmetric input-output tables. Econ Syst Res. 2013;25:50-70. 

[28] Bouman EA, Ramírez A, Hertwich EG. Multiregional environmental comparison of fossil 

fuel power generation - the contribution of fugitive emissions from conventional and 

unconventional fossil resources. Int J Greenhouse Gas Control. 2015;33:1-9. 

[29] Ramírez AR, Bakshi B, Bergerson J, Dowd AM, Fan LS, Griffin WM, et al. Fossil fuels and 

carbon dioxide capture and storage. In: Hertwich E, Larderel JAd, Bergesen J, Suh S, Li S, 

Gibon T, editors. Green Energy Choices: The benefits, risks, and trade-offs of low-carbon 

http://dx.doi.org/10.1016/j.enpol.2014.03.034


 27 

technologies for electricity generation. Nairobi and Paris: United Nations Environment 

Programme; 2016. 

[30] Hertwich EG, Peña C, Gibon T, Vega M. Hydropower. In: Hertwich EG, Gibon T, Suh S, 

Aloisi de Larderel J, Arvesen A, Bayer P, et al., editors. Green Energy Choices: The Benefits, 

Risks and Trade-offs of Low-Carbon Technologies for Electricity Production. Nairobi, Kenya 

and Paris, France: United Nations Environment Programme; 2016. 

[31] Arvesen A, Birkeland C, Hertwich EG. The importance of ships and spare parts in LCAs of 

offshore power. Environ Sci Technol. 2013;47:2948-56. doi 10.1021/es304509r. 

[32] Arvesen A, Hertwich EG. Environmental implications of large-scale adoption of wind 

power: a scenario-based life cycle assessment. Environmental Research Letters. 2011;6:045102. 

[33] Arvesen A, Zhongying W, Jingting Y, Mingliang L, Hertwich EG. Wind power. In: 

Hertwich EG, Gibon T, Suh S, Aloisi de Larderel J, Arvesen A, Bayer P, et al., editors. Green 

Energy Choices: The Benefits, Risks and Trade-offs of Low-Carbon Technologies for Electricity 

Production. Nairobi, Kenya and Paris, France: United Nations Environment Programme; 2016. 

[34] Bergesen JD, Heath GA, Gibon T, Suh S. Thin-Film Photovoltaic Power Generation Offers 

Decreasing Greenhouse Gas Emissions and Increasing Environmental Co-benefits in the Long 

Term. Environ Sci Technol. 2014;48 9834-43. 10.1021/es405539z. 

[35] Bergesen J, Suh S, Heath G, Lei S, O’Donoughue P, Gibon T. Photovoltaic power. In: 

Hertwich EG, Gibon T, Suh S, Aloisi de Larderel J, Arvesen A, Bayer P, et al., editors. Green 

Energy Choices: The Benefits, Risks and Trade-offs of Low-Carbon Technologies for Electricity 

Production. Nairobi, Kenya and Paris, France: United Nations Environment Programme; 2016. p. 

307-55. 

[36] Burkhardt Iii JJ, Heath GA, Turchi CS. Life cycle assessment of a parabolic trough 

concentrating solar power plant and the impacts of key design alternatives. Environ Sci Technol. 

2011;45:2457-64. 

[37] Purohit P, Saurat M, Heath G, Viebahn P, Arvesen A, Gibon T. Concentrating Solar Power. 

In: Hertwich EG, Gibon T, Suh S, Aloisi de Larderel J, Arvesen A, Bayer P, et al., editors. Green 

Energy Choices: The Benefits, Risks and Trade-offs of Low-Carbon Technologies for Electricity 

Production. Nairobi, Kenya and Paris, France: United Nations Environment Programme; 2016. p. 

255-305. 

[38] Singh B, Guest G, Bright RM, Strømman AH. Life Cycle Assessment of Electric and Fuel 

Cell Vehicle Transport Based on Forest Biomass. Journal of Industrial Ecology. 2014;18:176-86. 

doi 10.1111/jiec.12098. 

[39] Arvesen A, Luderer G, Pehl M, Strømman AH, Hertwich EG. Approaches and data for 

combining life cycle assessment and integrated assessment modelling. Environmental Modelling 

and Software. 2016:under review. 

[40] Njakou Djomo S, Ac A, Zenone T, De Groote T, Bergante S, Facciotto G, et al. Energy 

performances of intensive and extensive short rotation cropping systems for woody biomass 

production in the EU. Renew Sust Energ Rev. 2015;41:845-54. 

http://dx.doi.org/10.1016/j.rser.2014.08.058. 

[41] Klein D, Humpenoder F, Bauer N, Dietrich JP, Popp A, Bodirsky BL, et al. The global 

economic long-term potential of modern biomass in a climate-constrained world. Environ Res 

Lett. 2014;9. Artn 074017. doi 10.1088/1748-9326/9/7/074017. 

[42] Lotze-Campen H, Müller C, Bondeau A, Rost S, Popp A, Lucht W. Global food demand, 

productivity growth, and the scarcity of land and water resources: a spatially explicit 

http://dx.doi.org/10.1016/j.rser.2014.08.058


 28 

mathematical programming approach. Agricultural Economics. 2008;39:325-38. doi 

10.1111/j.1574-0862.2008.00336.x. 

[43] Klein D, Luderer G, Kriegler E, Strefler J, Bauer N, Leimbach M, et al. The value of 

bioenergy in low stabilization scenarios: an assessment using REMIND-MAgPIE. Clim Change. 

2014;123:705-18. DOI 10.1007/s10584-013-0940-z. 

[44] Treyer K, Bauer C. Life cycle inventories of electricity generation and power supply in 

version 3 of the ecoinvent database-part I: electricity generation. Int J Life Cycle Assess. 2013:1-

19. doi 10.1007/s11367-013-0665-2. 

[45] Lenzen M. Life cycle energy and greenhouse gas emissions of nuclear energy: A review. 

Energy Conversion and Management. 2008;49:2178-99. 10.1016/j.enconman.2008.01.033. 

[46] International Energy Agency. Office of Energy Technology and R&D. Energy Technology 

Perspectives 2010: Scenarios & Strategies to 2050. Paris: International Energy Agency; 2010. 

[47] Goedkoop M, Heijungs R, Huijbregts M, De Schryver A, Struijs J, Van Zelm R. ReCiPe 

2008: A life cycle impact assessment method which comprises harmonised category indicators at 

the midpoint and the endpoint level. First edition: Report I: Characterisation. The Hague, NL: 

Dutch Ministry of the Environment; 2008. 

[48] Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H, et al. A comparative 

risk assessment of burden of disease and injury attributable to 67 risk factors and risk factor 

clusters in 21 regions, 1990-2010: a systematic analysis for the Global Burden of Disease Study 

2010. The Lancet. 2012;380:2224-60. 

[49] Mooney HA, Cropper A, Capistrano D, Carpenter SR, Chopra K, Dasgupta P, et al. 

Ecosystems and human well-being: synthesis.  Millennium Ecosystem Assessment. Washington, 

DC: Island Press; 2005. p. 137. 

[50] Fischedick M, Schaeffer R, Adedoyin A, Akai M, Bruckner T, Clarke L, et al. Mitigation 

Potential and Costs. In: Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Matschoss P, 

Kadner S, et al., editors. IPCC Special Report on Renewable Energy Sources and Climate 

Change Mitigation. Cambridge (UK): Cambridge University Press; 2011. 

[51] Riahi K, Dentener F, Gielen D, Grubler A, Jewell J, Klimont Z, et al. Chapter 17 - Energy 

Pathways for Sustainable Development.  Global Energy Assessment - Toward a Sustainable 

Future. Cambridge, UK and New York, NY, USA: Cambridge University Press; 2012. p. 1203-

306. 

[52] Edmonds J, Luckow P, Calvin K, Wise M, Dooley J, Kyle P, et al. Can radiative forcing be 

limited to 2.6 Wm-2 without negative emissions from bioenergy AND CO2 capture and storage? 

Clim Change. 2013;118:29-43. 

[53] Mansouri Majoumerd M, Raas H, De S, Assadi M. Estimation of performance variation of 

future generation IGCC with coal quality and gasification process – Simulation results of EU 

H2-IGCC project. Applied Energy. 2014;113:452-62. 

http://dx.doi.org/10.1016/j.apenergy.2013.07.051. 

[54] National Energy Technology Laboratory (NETL). Life Cycle Analysis: Integrated 

Gasification Combined Cycle (IGCC) Power Plant. Pittsburgh PA2010. 

[55] Promes EJO, Woudstra T, Schoenmakers L, Oldenbroek V, Thallam Thattai A, Aravind PV. 

Thermodynamic evaluation and experimental validation of 253 MW Integrated Coal Gasification 

Combined Cycle power plant in Buggenum, Netherlands. Applied Energy. 2015;155:181-94. 

http://dx.doi.org/10.1016/j.apenergy.2015.05.006. 

http://dx.doi.org/10.1016/j.apenergy.2013.07.051
http://dx.doi.org/10.1016/j.apenergy.2015.05.006


 29 

[56] Burnham A, Han J, Clark CE, Wang M, Dunn JB, Palou-Rivera I. Life-cycle greenhouse 

gas emissions of shale gas, natural gas, coal, and petroleum. Environ Sci Technol. 2012;46:619-

27. doi 10.1021/es201942m. 

[57] Singh B, Strømman AH, Hertwich EG. Comparative life cycle environmental assessment of 

CCS technologies. Int J Greenhouse Gas Control. 2011;5:911-21. 

[58] Asmal K, Jain LC, Henderson J, Lindahl G, Scudder T, Cariño J, et al. Dams and 

development - a new framework: The report of the World Commission on Dams. London: 

Earthscan; 2000. 

[59] Gracey EO, Verones F. Impacts from hydropower production on biodiversity in an LCA 

framework—review and recommendations. Int J Life Cycle Assess. 2016;21:412-28.doi  

10.1007/s11367-016-1039-3. 

[60] Moreau V, Bage G, Marcotte D, Samson R. Statistical estimation of missing data in life 

cycle inventory: An application to hydroelectric power plants. J Clean Prod. 2012;37:335-41. 

[61] Hertwich EG. Addressing Biogenic Greenhouse Gas Emissions from Hydropower in LCA. 

Environ Sci Technol. 2013;47:9604-11.  

[62] Caduff M, Huijbregts MAJ, Althaus HJ, Koehler A, Hellweg S. Wind power electricity: The 

bigger the turbine, the greener the electricity? Environ Sci Technol. 2012;46:4725-33. 

[63] Arvesen A, Hertwich EG. Assessing the life cycle environmental impacts of wind power: A 

review of present knowledge and research needs. Renew Sust Energ Rev. 2012;16:5994-6006. 

[64] Dai K, Bergot A, Liang C, Xiang W-N, Huang Z. Environmental issues associated with 

wind energy – A review. Renewable Energy. 2015;75:911-21. 

http://dx.doi.org/10.1016/j.renene.2014.10.074. 

[65] Elshkaki A, Graedel TE. Dynamic analysis of the global metals flows and stocks in 

electricity generation technologies. J Clean Prod. 2013;59: 260–73. 

http://dx.doi.org/10.1016/j.jclepro.2013.07.003. 

[66] Seier M, Zimmermann T. Environmental impacts of decommissioning nuclear power plants: 

methodical challenges, case study, and implications. International Journal of Life Cycle 

Assessment. 2014;19:1919-32. 10.1007/s11367-014-0794-2. 

[67] Njakou Djomo S, El Kasmioui O, De Groote T, Broeckx LS, Verlinden MS, Berhongaray 

G, et al. Energy and climate benefits of bioelectricity from low-input short rotation woody crops 

on agricultural land over a two-year rotation. Applied Energy. 2013;111:862-70. 

http://dx.doi.org/10.1016/j.apenergy.2013.05.017. 

[68] Corona JIM, Gibon T, Hertwich EG, Parra-Saldívar R. Hybrid life cycle assessment of a 

geothermal plant: from physical to monetary inventory accounting. Journal of Cleaner 

Production. in review. 

[69] Bayer P, Rybach L, Blum P, Brauchler R. Review on life cycle environmental effects of 

geothermal power generation. Renewable and Sustainable Energy Reviews. 2013;26:446-63. 

http://dx.doi.org/10.1016/j.rser.2013.05.039. 

[70] Kagel A, Bates D, Gawell K. A Guide to Geothermal Energy and the Environment 

Washington, D.C.: Geothermal Energy Association; 2007. 

[71] Bloomfield K, Moore J, Neilson R. Geothermal energy reduces greenhouse gases. 

Geothermal Resources Council Bulletin. 2003;32:77-9. 

[72] Bacci E, Gaggi C, Lanzillotti E, Ferrozzi S, Valli L. Geothermal power plants at Mt. Amiata 

(Tuscany–Italy): mercury and hydrogen sulphide deposition revealed by vegetation. 

Chemosphere. 2000;40:907-11. http://dx.doi.org/10.1016/S0045-6535(99)00458-0. 

http://dx.doi.org/10.1016/j.renene.2014.10.074
http://dx.doi.org/10.1016/j.jclepro.2013.07.003
http://dx.doi.org/10.1016/j.apenergy.2013.05.017
http://dx.doi.org/10.1016/j.rser.2013.05.039
http://dx.doi.org/10.1016/S0045-6535(99)00458-0


 30 

[73] Karlsdóttir MR, Pálsson ÓP, Pálsson H, Maya-Drysdale L. Life cycle inventory of a flash 

geothermal combined heat and power plant located in Iceland. International Journal of Life 

Cycle Assessment. 2015;20:503-19. doi 10.1007/s11367-014-0842-y. 

[74] Brandão M, Heath G, Cooper J. What Can Meta-Analyses Tell Us About the Reliability of 

Life Cycle Assessment for Decision Support? J Ind Ecol. 2012;16:S3-S7. 

[75] Burgherr P, Eckle P, Hirschberg S. Comparative assessment of severe accident risks in the 

coal, oil and natural gas chains. Reliability Engineering and System Safety. 2012;105:97-103. 

[76] Hirschberg S, Bauer C, Burgherr P, Cazzoli E, Heck T, Spada M, et al. Health effects of 

technologies for power generation: Contributions from normal operation, severe accidents and 

terrorist threat. Reliability Engineering and System Safety. 2016;145:373-87. doi 

10.1016/j.ress.2015.09.013. 

[77] Ten Hoeve JE, Jacobson MZ. Worldwide health effects of the Fukushima Daiichi nuclear 

accident. Energy Environ Sci. 2012;5:8743-57. 

 


