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Abstract 

Solar photovoltaics (PV) is the second largest source of new capacity among renewable 

energies. The worldwide capacity encompassed 135 GW in 2013 and is estimated to 

increase to 1721 GW in 2030 and 4674 GW in 2050, according to a prospective high-

renewables scenario. To achieve this production level while minimizing environmental 

impacts, decision makers must have access to environmental performance data that 

reflect their high spatial variability accurately. We propose ENVI-PV 

(http://viewer.webservice-energy.org/project_iea), a new interactive tool that provides 

maps and screening level data, based on weighted average supply chains, for the 

environmental performance of common PV technologies. Environmental impacts of PV 
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systems are evaluated according to a Life Cycle Assessment approach. ENVI-PV was 

developed using a state-of-the-art interoperable and open standard Web Service 

framework from the Open Geospatial Consortium (OGC). It combines the latest life 

cycle inventories, published in 2015 by the International Energy Agency (IEA) under 

the Photovoltaic Power Systems Program (PVPS) Task 12, and some inventories 

previously published from Ecoinvent v2.2 database with solar irradiation estimates 

computed from the worldwide NASA SSE database. ENVI-PV is the first tool to 

propose a worldwide coverage of environmental performance of PV systems using a 

multi-criteria assessment. The user can compare the PV environmental performance to 

the environmental footprint of country electricity mixes. ENVI-PV is designed as an 

environmental interactive tool to generate PV technological options and evaluate their 

performance in different spatial and techno-economic contexts. Its potential applications 

are illustrated in this paper with several examples. 

 

Keywords PV Web Service, interactive tool, PV environmental performance, solar 

irradiation data, IEA PVPS Task 12, OGC standard, interoperability.     

 

1. Introduction 

Electricity from photovoltaic (PV) systems is the second largest source of new capacity 

among renewable energies. It constitutes approximately one-third of the current 

renewable energy generation [1]. The worldwide installed capacity is expected to 

increase from 135 GW in 2013 to 1721 GW in 2030 and 4674 GW in 2050 [2], 

according to the high-renewables scenario (hi-Ren) described by the IEA [3]. PV 

systems are fed by an extensive renewable source, namely the sunlight, and cause very 

low emissions during the use phase [4]. However, upstream and downstream processes 
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corresponding to materials extraction, components manufacturing and transport and 

end-of-life management need to be taken into account to quantify the total 

environmental impacts [4-6]. Most of the available studies are based on Life Cycle 

Assessment (LCA) methodology and focus on greenhouse gas emissions and primary 

energy use as environmental indicators [5, 7, 8]. Additional impact categories should 

also be taken into account to evaluate other environmental and human health concerns 

of the existing PV technologies according to a multi-criteria approach [5, 9].  

Technological, economic and planning aspects need to be taken into account to achieve 

the estimated future production level while minimizing environmental impacts [10, 11]. 

Spatially-dependent factors that affect PV performance should also be considered [10-

12]. The development of PV systems requires the access to detailed data that support the 

decision-making process, such as local information on climate and soil characteristics 

(solar irradiance, number of sun hours per day, ground slope…) and technological data 

[11, 13, 14]. PV systems belong to an emerging sector with continuous technological 

changes [4, 15]. Thus, the environmental analyses should rely on updated databases that 

reflect the most recent designs. These data contribute to identify potential benefits and 

orient strategies at early stages of product development and implementation [5, 15]. PV 

systems should also be explored to position this technology within the current energy 

transition debate, in order to anticipate the changing technologies and possible progress 

[16]. 

For these reasons, we propose ENVI-PV (http://viewer.webservice-energy.org/project_iea), 

a new interactive Web Client that provides data and maps of the environmental 

performance of a set of common PV systems including current and future techno-

economic contexts. The calculation procedures are based on LCA, a standardized tool 

for the environmental assessment of products and processes applicable to renewable 

http://viewer.webservice-energy.org/project_iea
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energies [7]. The environmental results are provided at screening level, which means 

that life cycle impacts are calculated for worldwide average production rather than for 

the specific supply chain in each manufacturing country. The tool is based on the life 

cycle inventory updates published in 2015 by IEA PVPS Task 12 [17, 18], as well as on 

PV scenarios from Ecoinvent database v2.2 previously published [19]. ENVI-PV has a 

worldwide coverage with a multi-criteria scope, both in terms of alternative modeled 

systems and available environmental indicators [17-24]. The user can compare the PV 

environmental performance to the environmental footprint of the corresponding country 

electricity mix [25]. ENVI-PV results may allow analyzing the interest of integrating 

PV within national electricity mix across all available environmental indicators. 

Examples of its potential uses are proposed to illustrate the various applications. 

 

2. Web Client architecture  

ENVI-PV provides the environmental performances of PV systems in the form of a 

Web Client invoking a Web Service [11]. A Web Service is a software application built 

with an open standards-based interface that supports direct machine-to-machine 

interactions over the Web [26, 27]. A Web Client is the software that provides the 

human-to-machine interface to access one or several Web Services through a Web 

Browser [28]. In our case, two Web Services, namely Web Maps Service (WMS) and 

Web Processing Service (WPS), combine algorithms for the calculation of PV life cycle 

environmental impacts and annual solar irradiation. 

The interactive tool was developed using a state-of-the-art interoperable and open 

standard Web Service framework from the Open Geospatial Consortium (OGC), which 

includes WMS and WPS. ENVI-PV is available through internet via a new Web Client 

derived from a previous tool developed by our team in 2010 and provides a combination 
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of tailored scenarios. It is integrated within the collection of Web Services and 

applications offered by the Spatial Data Infrastructure (SDI) www.webservice-

energy.org. This SDI aims at providing the users with a unique point of access for 

renewable energy and environment resources from a geospatial data catalogue and a set 

of online interactive tools. It is operated by the Center for Observation, Impacts, Energy 

(O.I.E, MINES ParisTech) since 2008 [11].  

The SDI is currently recognized as a Global Earth Observation System of Systems 

(GEOSS) community portal that connects users to thousands of Web Services. It 

integrates tools based either on standards, formats and protocols from the World Wide 

Web Consortium (W3C) and from the Open Geospatial Consortium (OGC). These 

include Web Service Description Language (WSDL), Simple Object Access Protocol 

(SOAP), Web Feature Services (WFS), WMS, WPS and Sensor Observation Services 

(SOS).  

The interoperability of the described architecture and its standard approach enables the 

access to our results of environmental performance maps obtained via the two Web 

Services. This interoperable architecture gives external entities, such as stakeholders or 

developers, the opportunity to develop new applications reusing these results. 

The architecture based on Web Services facilitates the update of ENVI-PV and other 

future applications because they automatically use internal updates of the Web Services. 

 

3. Environmental assessment and solar irradiation databases 

The algorithms for the calculation implemented in ENVI-PV Web Services couple the 

application of LCA method for the quantification of environmental burdens with solar 

irradiation data computed from the worldwide NASA SSE database [29].  
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3.1. Life cycle assessment approach 

Renewable technologies and particularly PV systems exhibit remarkably lower 

emissions and better environmental performances than fossil sources during their 

utilization phase [4, 30]. However, their impact during manufacturing and installation as 

well as end-of-life management phases should also be quantified to assess their 

environmental sustainability [5, 6, 31]. Life cycle assessment (LCA) is one of the most 

widespread tools recommended for the environmental evaluation of emerging 

technologies such as PV systems [4-6, 8, 12, 16, 32]. LCA is a standardized method that 

aims at assessing the environmental impacts of products and processes over their whole 

life cycle, from the extraction and processing of raw materials to the use and end-of-life 

stages [33, 34]. The main advantage of LCA approach is that it allows quantifying the 

environmental impacts with no underestimations associated with the exclusion of any of 

the stages of the life cycle. Thus, it prevents individual stakeholders from shifting the 

environmental burdens from one stage to another instead of considering the reduction of 

the impact over the whole life cycle [35]. The environmental impacts are quantified by 

classifying the emitted substances and extracted raw materials into specific impact 

categories and converting their values into reference units (e.g., kg CO2-eq to measure 

climate change impacts) through sets of characterization factors [34]. 

In the case of ENVI-PV, the modeled processes are based on the life cycle inventories 

for 3 kWp slanted-roof laminates and panels and 570 kWp open ground PV systems 

developed within the IEA PVPS Program Task 12 [17,18], as well as on previous 

processes from Ecoinvent v2.2 database [19]. The inventoried technologies include 

mono- and multi-crystalline silicon cells (mono-Si and multi-Si), ribbon-silicon cells 

(ribbon-Si), amorphous-silicon cells (a-Si), micro-silicon cells (micro-Si), cadmium 

telluride cells (CdTe) and copper indium gallium selenide cells (CIS). As above-
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mentioned, ENVI-PV outcomes consist in screening level LCA results calculated for 

worldwide average supply chains. The manufacturing countries and regions for each 

technology are listed in Table 1. The relative contributions of Asian & Pacific, Chinese, 

European and North American supply chains are weighted according to world market 

shares specific of each panel component. The inventories correspond to PV systems 

installed within Europe. Variations in transport distances between the production and 

installation locations for the different sites evaluated in section 4 are excluded from the 

LCA results. The latter two assumptions are justified by the fact that PV installation and 

transport have already been identified as marginal contributors to the total 

environmental impact of PV systems (with contributions well below 5%) in previous 

LCA studies [8, 12, 36]. Thus, different approaches to compute their effect are expected 

to have a low influence on the total LCA results.  

Table 1. Regions of PV panel manufacturers per technology according to IEA PVPS Task 12 [17] 

Technology Region / Country 

Mono- and multi-crystalline  Si 

(Silicon) 

China 

Europe 

United States 

Asia and Pacific (mainly South 

Korea and Japan) 

CdTe (Cadmium Telluride) 

Asia and Pacific (Malaysia) 

United States 

CIS (Copper, indium, gallium 

selenide) 
Europe (Germany) 

  

 

 



 

8 

 

 

Figure 1. Available production scenarios provided by the Web Client. Each scenario is defined by 3 

components: power output and mounting, techno-economic context and technology. The links 

between components in this figure represent currently implemented scenarios 

 

Figure 1 summarizes the 27 scenarios available in ENVI-PV (a complete list of 

scenarios is provided in Table S1 of the Supporting Information). Each scenario is 

selected by the user by choosing among 3 different “power output and mountings”, 4 

“techno-economic contexts” and 7 “technologies”. The techno-economic context is 

taken into account by selecting either “current” or “prospective” (future) scenarios. 

Future scenarios are provided for mono-Si and CdTe technologies, according to life 

cycle inventories from IEA PVPS Program Task 12 [17]. Mono-Si PV laminates were 

selected as a widespread technology, since they currently cover approximately 40% of 

annual global production of PV power plants and CdTe was selected as an emerging 

and relatively inexpensive technology with approximately 6% global production [17, 

37]. Additionally, the Web Client allows calculating the environmental footprint of the 
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corresponding current country electricity mix according to the inventories developed by 

treeze Ltd. [25], in full coherence with background data developed for the PV 

inventories from the IEA PVPS Task 12 [17, 18]. 

The selection of available environmental indicators (i.e. impact categories) for the 

implementation in ENVI-PV was based on the description provided by the IEA report 

[20]. The environmental assessment method proposed in the report relies on the 

midpoint indicators of the European Product Environmental Footprint (PEF) 

recommendation [38]. It is here referred to as ILCD 2011 Midpoint+. ENVI-PV also 

includes multi-criteria and single-issue environmental assessment methods reported in 

previous literature, such as IMPACT 2002+, USETox, Cumulative Energy Demand or 

IPCC 2013 [21-24]. 

The geo-localized environmental performances for energy systems are expressed as the 

ratio of their environmental impacts issued from LCA, over the generated energy along 

the whole production period, according to equation 1.  

 nvironmental performance   
 otal impact over        life cycle

 enerated electricity
        ( ) 

The performance is therefore expressed as the target impact in the reference unit 

(specific of each impact category and method) per kWh of electricity generated over the 

expected production period.  

3.2. NASA SSE database for solar irradiation 

The quantification of multi-annual mean of surface solar global irradiations enables 

estimating the total energy production of PV systems at a specific location over a given 

lifetime. The total electricity production is obtained from equation (2): 

    enerated electricity    peak 
 rradiation

    

     ystlife  oss ratio   ( ) 
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where Ppeak = nominal rated maximum power in kWp of the system based on 1 kW/m
2
 

radiation at standard test conditions (STC). 

Irradiation = annual irradiation for the location and the specified orientation and 

inclination angles in kWh/m
2
/yr. 

HSTC = irradiance at STC equals 1 kW/m
2
. 

PR = the performance ratio, which is an indicator of the efficiency of a PV 

system that measures the overall effect of losses on the overall performance [39]. ENVI-

PV uses 80% as the default value, but a more accurate value ranging between 50% and 

90% can be provided by the user [20, 39, 40]. The PR takes into account the effect of 

temperature on the specific PV technology, the incomplete utilization of irradiation and 

component inefficiencies and failures. In general, new systems tend to have higher PR 

than older installations. Thus, values between 50-75% are common in PV systems 

installed in the late 1980s, 70-80% for systems of the 1990s and ratios above 80% for 

systems installed nowadays. More details on the estimation of PR can be found in [39] 

and [40].   

Systlife = PV system lifetime in years, also selected by the user. Possible values 

accepted by the tool range between 20 and 40 years. A default average lifetime of 30 

years is recommended for current scenarios, while values from 30 to 40 years may be 

selected for future scenarios depending on the techno-economic context [17, 18]. 

Loss ratio = a coefficient that accounts for the total efficiency lost during the 

panel life, estimated as 0.7% per year, according to the IEA recommendation [20]. The 

coefficient corresponds to the average loss ratio over the period, which is determined by 

applying equation (3): 

 oss ratio   ∑
        (i  )

   

systlife

i  

   
      7 (syslife  )

   
      ( ) 
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The expected yearly electricity production of the PV systems has been computed by 

applying solar irradiation data from the freely available NASA SSE database 

(https://eosweb.larc.nasa.gov/sse). More precisely, the 1°x1° worldwide maps of multi-

annual average of monthly global and diffuse irradiations over a total period of 22 years 

have been used to compute the expected yearly global irradiations on the tilted plane 

corresponding to the PV systems. The algorithm for the calculation is the same as the 

one applied for the NASA SSE database itself, which corresponds to the RETScreen 

method [29]. The multi-annual monthly global irradiations are estimated with a 3% 

uncertainty. 

4. Results and discussion 

ENVI-PV has been developed as an interactive user interface matching the foreseen 

needs of the users. These needs were identified by the consensus of a panel of experts 

from the main organizations in the field of renewable energies, including IRENA 

(International Renewable Energy Agency) and ADEME (French Environment and 

Energy Management Agency). After the selection of (1) the PV technology (CIS, CdTe, 

mono- i…), (2) the type of system (power output and mounting), (3) the techno-

economic context (current or prospective), (4) the performance ratio, (5) the orientation 

and inclination, (6) the PV lifetime and (7) the environmental impact assessment 

method and impact category, ENVI-PV users can obtain: 

1. Worldwide maps of environmental performance for the selected impact 

category, consisting in screening level LCA results based on worldwide average 

life cycle inventories from existing supply chains.  

2. For each point on the map: the environmental impact, the latitude and the 

longitude, the mean annual solar irradiation and the environmental performance 

(impact / kWh). 

https://eosweb.larc.nasa.gov/sse
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3. And the comparison of the PV environmental performance to the total 

environmental footprint of the corresponding country electricity mix, provided 

as net benefit (in %) for all the country supply mixes inventoried by [25]. The 

complete list of country mixes available in ENVI-PV is provided in Table S2 of 

the Supporting Material. 

The interactive Web Client allows the user to investigate different PV configurations for 

representative 3kWp or 570kWp systems combined with different options of 

installation, orientation and inclination. The techno-economic context defined by 

selecting either “current” or “prospective” scenarios. Regarding future scenarios [17], 

three different approaches are provided to estimate the possible situation of the market 

by 2050:  

1. Business-as-usual (BAU): pessimistic context based on the continuation 

with currently established policies and no additional energy goals set. 

2. Realistic improvements (REAL): realistic context based on an intense 

empowering of renewable energy sources and energy efficient 

technologies, in a context of high priority given to energy politics. 

3. Optimistic improvements (OPT): very optimistic context associated with 

highly ambitious energy policies and high support of efficient 

technologies.   

The main differences in the parameters considered to model current and prospective 

scenarios are shown in Table 2. Electricity mixes were adjusted for the reference year 

2050 according to the three prospective techno-economic contexts (BAU, REAL and 

OPT) following the data from NEEDS project [17, 41]. Detailed unit process data per 

region are provided in the Supporting Information for current and prospective techno-

economic contexts. 
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Table 2. Key parameters for mono-Si and CdTe technologies in current and future scenarios 

according to IEA PVPS Task 12 [17] (BAU=Business-as-usual; REAL= realistic improvements; 

OPT= Optimistic improvement) 

 Mono-Si CdTe 

Parameter Current BAU REAL OPT Current BAU REAL OPT 

Cell efficiency 16.5% 25.0% 27.0% 29.0% 15.6% 22.8% 24.4% 26.0% 

Derate  cell to 

module 

efficiency 

8.5% 8.5% 6.8% 5.0% 13.9% 10.0% 7.5% 5.0% 

Module 

efficiency 
15.1% 22.9% 25.2% 27.6% 13.4% 20.5% 22.6% 24.7% 

Wafer 

thickness/layer 

thickness 
190 μm 150 μm 120 μm 100 μm 4.0 μm 2.0 μm 1.0 μm 0.1 μm 

Electricity 

demand in 

CdTe laminate 

manufacture 

N/A N/A N/A N/A 100% 86% 81% 74% 

Kerf loss  190 μm 150 μm 120 μm 100 μm N/A N/A N/A N/A 

Silver per cell 9.6 g/m
2
 9.6 g/m

2
 5.0 g/m

2
 2.0 g/m

2
 N/A N/A N/A N/A 

Fluidized-bed 

reactor (FBR) 

share of poly Si 

production 

0% 20% 40% 100% N/A N/A N/A N/A 

Glass thickness 4.0 mm 4.0 mm 3.0 mm 2.0 mm 3.5 mm 3.5 mm 3.0 mm 2.0 mm 

Operational 

lifetime 
30 years 30 years 35 years 40 years 30 years 30 years 35 years 40 years 

 

To illustrate what ENVI-PV can provide to users, we propose the following 

applications: 

1. Comparative environmental performance of a given PV system 

depending on the location  

2. Comparative environmental performance of PV electricity production 

according to “current” and “prospective” techno-economic contexts with 

country electricity mixes 

3. Comparative multi-criteria LCA of “current” and “prospective” techno-

economic contexts 

4.  Comparative multi-criteria   A of “current” available technologies 



 

14 

 

4.1. Comparative environmental performance of a given PV system depending on the 

location 

The data visualization obtained with ENVI-PV (http://viewer.webservice-

energy.org/project_iea/) is presented in Figure 2 for the environmental performance of a 

current 3 kWp mono-Si PV laminate integrated in a slanted roof. A 30-year lifetime was 

assumed for the current scenario, following the recommendations of IEA PVPS Task 12 

for mature technologies [20]. South orientation and 45° inclination were considered, 

since they are suitable conditions for PV energy production in the latitude of all the 

evaluated sites (north hemisphere locations). The 80% default value for the PR was 

used, according to average values reported by [39] and [40]. The LCA results are 

provided for the environmental impact category of climate change (analogous to the 

carbon footprint) based on the ILCD 2011 Midpoint + method. ILCD 2011 Midpoint + 

characterization method was selected as a representative method following the specific 

LCA methodological guidelines for the PV sector from IEA PVPS Task 12 and the 

European PEF recommendation [20, 38]. As shown in Figure 2, ENVI-PV allows the 

user to obtain direct comparisons between different installation sites that can be useful 

for the development of a PV project. Thus, the tool provides an intuitive representation 

of the environmental performance of a given PV system depending on the location. The 

locations with best environmental performances are indicated with green tone; the 

locations with higher environmental impacts correspond to the reddish area. Analogous 

maps can be obtained for 27 PV scenarios (including current and future techno-

economic contexts) and 18 impact categories from 9 impact assessment methods, which 

result in 52 different environmental indicators available. 

 

http://viewer.webservice-energy.org/project_iea/
http://viewer.webservice-energy.org/project_iea/
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Figure 2. Worldwide map showing the evaluated sites and the climate change impacts for a 3 kWp 

mono-Si laminate integrated in a slanted roof with a 30 years lifetime, oriented to the south, with a 

45º inclination in the “current” techno-economic context 

 

ENVI-PV also gives the numerical values for a given location by clicking on the map. 

The provided data can be directly copied or visualized in a new window by clicking on 

“export”. They include the geographical coordinates of the selected location (latitude 

and longitude), the yearly irradiation for the specified orientation and inclination angles, 

as well as the environmental impact of the laminate over the whole lifetime, the 

environmental performance (per kWh generated) of the PV system and of the 

corresponding country electricity mix.  
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4.2. Comparative environmental performance of PV electricity production according to 

“current” and “prospective” techno-economic contexts with country electricity mixes 

The net benefit of the PV system compared to the electricity mix is also provided by 

ENVI-PV as the ratio obtained according to equation 3 and expressed as a percentage.  

 et benefit of    system 
relative to country electricity mix

  
 nviron  perf  country mix    nviron  perf     system

 nviron  perf  country mix
      (4) 

It should be noted that all the comparisons obtained by applying equation 4 are 

implemented in ENVI-PV according to the current country mixes. Although prospective 

electricity scenarios in 2050 were estimated for the main PV manufacturing countries to 

obtain the inventories of the prospective PV systems [17], there are no equivalent 

scenarios available for all the countries listed in Table S2 of Supporting Information. A 

comparison of all systems to current electricity mixes was preferred when developing 

ENVI-PV, in order to estimate the net benefit for as many countries as possible. Thus, 

the comparison shall be interpreted as the highest potential improvement of future PV 

systems with respect to current situation, instead of comparing future country mixes to 

future PV systems.  

Figure 3 shows the graphs built upon results obtained from ENVI-PV for the electricity 

production by 3 kWp mono-Si laminates integrated in a slanted roof. The results allow 

the comparison of electricity production according to “current” and “prospective” 

techno-economic contexts with respect to current country electricity mixes for five 

countries. Two locations were selected for each country, so as to have a low PV 

electricity production site (as a result of a low yearly irradiation) and a high PV 

electricity production site (as a result of a high yearly irradiation). The locations are 

indicated in Figure 2 and Table 3. Six indicators of the ILCD 2011 Midpoint + method 

according to the guidelines from IEA PVPS Task 12 [20] were evaluated: climate 
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change, cumulative energy demand (CED, non-renewable), human toxicity (cancer 

effects), freshwater ecotoxicity, land use and particulate matter (respiratory effects). 

 

Figure 3.  nvironmental performances (impact/kWh of electricity generated) of “current” and 

“prospective” mono-Si systems (lifetimes according to Table 2) for a 3 kWp mono-Si laminate 

integrated in a slanted roof; oriented to the south, with a 45° inclination compared to the current 

country electricity mix. Environmental indicators according to ILCD 2011 Midpoint + method [20]: 

Climate change, Cumulative Energy Demand (CED, non-renewable), Human toxicity (cancer 

effects), Freshwater ecotoxicity, Land use and Particulate matter (respiratory effects) 
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Table 3. Geographical coordinates and irradiation data obtained by ENVI-PV for PV systems with 

south orientation and 45° inclination placed in the selected locations 

 

The trend of the comparative results depends significantly on the evaluated impact 

category. For environmental indicators such as CED (non-renewable), the 

environmental impact of the national electricity mix is remarkably higher than that of 

PV production by mono-Si systems, regardless of the analyzed country and techno-

economic context. Thus, the net benefit of PV mono-Si systems, calculated according to 

equation 4, is above 80% for all the evaluated scenarios. For categories such as climate 

change, human toxicity and land use, the net benefit of PV systems depends on the site 

and techno-economic context. For example, the environmental impact on climate 

change and human toxicity (cancer effects) for electricity production by a current mono-

Si laminate installed in site 1 of France (location in the north with low yearly 

irradiation) is only 3% lower than that of the country electricity mix, whereas it is 35% 

lower in site 2 (location in the south with solar irradiation 49% higher than that of site 

1). In the case of land use, no net benefit is expected from current mono-Si laminates in 

site 1, where the PV system results in 1% higher impacts than the current country mix. 

The same technology has 32% lower land use than the country mix when considering 

Country Location Latitude Longitude 

Annual solar 

irradiation 

(kWh/m
2
) 

Difference of irradiation 

values of site 1 and 2 

within each country (%) 

France Site 1 48.49 -2.53 1223 
40% 

 
Site 2 43.39 6.31 1829 

Germany Site 1 54.16 13.06 1132 
11% 

 
Site 2 48.47 10.47 1263 

Japan Site 1 40.41 140.7 1326 
10% 

 
Site 2 32.84 131 1463 

Spain Site 1 43.53 -7.17 1412 
29% 

 
Site 2 37.04 -2.87 1899 

USA Site 1 47.64 -123.5 1334 
41% 

 
Site 2 32.95 -104.3 2023 
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site 2. For locations in the US, the electricity from the national mix has a climate change 

impact about 90% higher than the electricity from the current PV system. The 

contributions to human toxicity and land use are between 70% and 80% higher for the 

country electricity mix than for the PV system. The results for the French case are 

related to the specific characteristics of the French country mix. This country mix has a 

high percentage of nuclear energy (75% of total supply) and low production from fossil 

fuels (9% of total supply), which results in low emissions of greenhouse gases and 

heavy metals. In the second case, the US mix strongly relies on fossil sources. They 

constitute approximately 56% of the total supply. In particular, coal and lignite involve 

73% of total supply from fossil sources. This energy profile explains the high climate 

change, human toxicity and land use impact compared to PV systems. Additional data 

on the electricity supply mixes for the analyzed countries can be found in the 

Supporting Information.  

For other categories such as freshwater ecotoxicity or particulate matter (respiratory 

effects), PV scenarios result in higher environmental impacts than the national 

electricity mix for several countries and scenarios. In particular, electricity from current 

mono-Si laminates has an environmental impact between 1.2 and 3 times higher than 

the country mix in France, Germany and site 1 in Spain. BAU scenario has higher 

impact on freshwater ecotoxicity than the country mix for the same sites, whereas 

REAL scenario exceeds the contribution of the country electricity mix for France and 

Germany. The main subsystem responsible for the high impacts of PV electricity on 

freshwater ecotoxicity is the disposal phase at the end-of-life of the installation, 

associated with high emissions of heavy metals. Regarding the category of particulate 

matter, most of the future techno-economic contexts result in net benefits with respect 

to the country electricity mixes, except for BAU production scenario in the case of 
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France. The main contribution of PV systems to this impact category is related to the 

raw materials for the wafer manufacturing. 

Concerning the geographical dependence of the environmental performance of a given 

PV system within a single country, it can be analyzed by comparing the two sites that 

were selected as limit production conditions. The environmental performances obtained 

for the two representative sites of each country differ within the country in a range from 

9% (for the two sites in Japan) up to 34% (for the two sites in US). France and the US 

are the countries with the highest differences between site 1 and site 2. This is due to the 

high variability of the annual solar irradiation, shown in Table 3, depending on the site 

for these two countries. The yearly irradiation determines the total energy production 

over the expected production period. When comparing all the sites, French site 1 and 

German site 2 present the lowest deviation between each other (3% difference for the 

two environmental performances). The small difference in the environmental 

performance of the two sites is due to the similarity of their irradiation conditions. 

Regarding the greatest difference between locations, site 1 in Germany is the location 

with the highest impact per kWh produced, whereas site 2 in the US is the location with 

the lowest impact. These maximum and minimum values present a 44% difference.  

4.3. Comparative multi-criteria LCA for “current” and “prospective” techno-economic 

contexts 

As mentioned above, the effect of the techno-economic context on the environmental 

results can also be evaluated with ENVI-PV, as depicted in Figure 3. Figure 4 reports 

the environmental performance of the mono-Si current and prospective scenarios but 

with a multi-criteria representation: climate change, non-renewable CED, human 

toxicity (cancer effects), freshwater ecotoxicity, land use and particulate matter 

(respiratory effects). In a radar chart, the relative performance of a scenario B is 
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calculated with respect to a scenario A (which is set as the scenario with a relative 

environmental performance of 100%) according to the following equation: 

 elative environ  performance of      
                  

                 
 
                                

                                
      ( ) 

                  

                 
 is a constant ratio that does not depend on the site. The ratio of the energy 

production for the two scenarios can be expressed, by considering equation 2, as: 
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Since the same assumptions regarding the orientation and inclination were considered 

for all scenarios, the yearly irradiation for each site does not depend on the technology 

and thus 
 rradiation    

 rradiation    
  . Hence, under the assumptions that were considered in this study, 

equation 5 results in the same relative environmental performance for a given 

prospective scenario with respect to the current mono-Si scenario, regardless of the 

installation site.  

According to Figure 4, the results show similar trends compared to the environmental 

performance reported by IEA [17]. Thus, the BAU context may lead to impact 

reductions of 46% for climate change, 43% for the cumulative energy demand, 29% for 

human toxicity, 4% for freshwater ecotoxicity, 34% for land use and 48% for particulate 

matter. The REAL scenario (which considers a lifetime of 35 years instead of 30 years 

for the laminates) would result in improvements between 25% (for freshwater 

ecotoxicity) and 84% (for particulate matter), whereas the OPT scenario (40 years 

lifetime for the laminates) would involve impact reductions between 38% and 93%. 
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Figure 4. Radar chart for the comparative evaluation of the environmental performance of 3 kWp 

mono-Si laminates depending on the techno-economic context (results obtained for south orientation 

and 45° inclination) according to 6 environmental indicators from ILCD Midpoint + method [20] 

 

Although the impact reduction associated with prospective scenarios is the same for all 

sites in relative terms, the absolute environmental effects vary significantly from one 

site to another. Figure 5 illustrates the difference with an example that shows the 

environmental performances with respect to climate change for all 3 kWp mono-Si 

systems installed in site 1 or site 2 in France. In this example, site 2 has a yearly 

irradiation nearly 50% higher than that of site 1. As a result, nearly 50% more electricity 

can be generated in French site 2, which reduces the greenhouse gases emitted per kWh 

generated. Regardless of the site, the current scenario has between 1.5 and 2 times 

higher emissions than the prospective scenarios installed in the same location. For the 

case of France, each PV system has 33% lower emissions when installed in site 2 than 
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when installed in site 1. Due to the different electricity generation from one site to 

another, a PV system characterized by a high total impact can have an environmental 

performance comparable or at least closer to that of another PV system with lower total 

impact if it is installed in a different site. Thus, current 3 kWp mono-Si laminates 

installed in site 1 in France have 85% more emissions contributing to climate change 

than BAU scenario in the same site, whereas the current laminate installed in site 2 has 

only 24% higher emissions than BAU laminate in site 1. Similar trends are observed for 

REAL and OPT scenarios. Consequently, the development of future mono-Si systems 

may allow reductions from approximately 100 g CO2 eq/kWh to less than 20 g CO2 

eq/kWh for the OPT scenario in site 1, given a total reduction of 80 g CO2 eq/kWh. The 

range of reduction in site 2 is limited to approximately 60 g CO2 eq/kWh, which is the 

difference between 70 g CO2 eq/kWh for the current scenario and 10 g CO2 eq/kWh for 

the OPT scenario. 

 

Figure 5. Comparative evaluation of the environmental performance in absolute terms of “current” 

and “prospective”   kWp mono-Si laminates (results obtained for south orientation and 45° 

inclinations in the two sites in France) for the impact category Climate change of ILCD Midpoint + 

method [20] 
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4.4. Comparative multi-criteria LCA of “current” available technologies 

Since ENVI-PV includes several common PV technologies, the tool also offers the 

possibility to compare their environmental performance in the current context. Figure 6 

illustrates this potential use for 3 kWp laminates, for which five different technologies 

are available: CdTe, CIS, micro-Si, mono-Si or multi-Si. As in the case of current and 

future techno-economic contexts, relative environmental performances for the different 

technologies compared in Figure 6 are independent of the location. The demonstration 

is analogous, since equations 5 and 6 are also applied to obtain the comparison. Since 

the same assumptions for the orientation and inclination were considered in this study 

for all the current technologies, the ratio of irradiation for technologies A and B is again 

equal to 1. According to the values obtained with ENVI-PV, CdTe laminates would be 

the most efficient from an environmental perspective, with an impact between 30% and 

70% lower than other technologies. The CIS system may also have significant 

environmental benefits compared to silicon technologies such as micro-Si and multi-Si, 

whereas mono-Si laminates exhibit the highest environmental impacts among the 

evaluated options. The differences between the results depend not only on the PV 

technology but also on the considered impact category. Among the categories presented 

in Figure 7, particulate matter has the highest difference between the technologies with 

the lowest and the highest environmental impacts, whereas freshwater ecotoxicity 

shows the smallest variation. The main reason for the different spread in the results 

depending on the impact category is the share of the common components (inverter, 

electric installation, mounting structure) of each PV system in the total environmental 

impacts. For example, the freshwater ecotoxicity impacts are mainly influenced by 

copper production, which is predominantly used in the inverter and the electric 

installation. Since they are common elements, the five PV technologies do not differ 
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significantly according to this indicator. On the contrary, the particulate 

matter emissions of the mono-Si PV system are mainly caused by electricity generation 

in coal power plants in China. The electricity is used in the supply chain of the mono-Si 

PV module. In contrast, the major part of the particulate matter emissions of the CdTe 

PV system is caused by the production of copper (inverter, electric installation), 

aluminum (mounting structure) and flat glass (PV module). These components are used 

in every PV system, whereas the production of the PV module itself only adds a minor 

contribution to the total emissions for the category. 

 

Figure 6. Radar chart for the comparative evaluation of the environmental performance of 3 kWp 

laminates of different technologies available in ENVI-PV: CdTe, CIS, micro-Si, mono-Si and multi-

Si (results obtained for south orientation and 45° inclination) according to 6 environmental 

indicators from ILCD Midpoint + method [20] 
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Figure 7. Comparative evaluation of the environmental performance in absolute terms of 3 kWp 

mono-Si laminates of CdTe, CIS, micro-Si, mono-Si and multi-Si technologies (results obtained for 

south orientation and 45° inclinations in the two sites in France) for the impact category Climate 

change of ILCD Midpoint + method [20] 

 

The environmental effect in absolute terms of substituting a PV technology with high 

impact by a lower impact technology can be observed in Figure 7 for the example of 

climate change. Again, as in the case of different techno-economic contexts, the 

potential environmental benefits of lower impact technologies may be more or less 

significant in absolute terms depending on the installation site. Thus, micro- and multi-

Si laminates allow reducing the greenhouse gas emissions from more than 100 g CO2 

eq/kWh to nearly 60 g CO2 eq/kWh in site 1. CdTe and CIS systems installed in the 

same site result in environmental performances of 31 and 48 g CO2 eq/kWh, 

respectively. Mono-Si laminates installed in site 2 have an environmental performance 

of 69 g CO2 eq/kWh, which is close to the performance of micro- and multi-Si in site 1.  

The environmental performance of mono-Si laminates in site 2 can only be improved to 
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40 g CO2 eq/kWh approximately for micro- and multi-Si systems, 32 g CO2 eq/kWh for 

CIS system and 20 g CO2 eq/kWh. According to these results, it may be more 

interesting from a combined economic and environmental point of view to invest in 

non-silicon-based technologies in sites with low irradiations, since their potential 

improvement is higher in absolute terms. For sites with high irradiation, the high 

electricity generation potential seems to compensate higher total impacts, so silicon-

based technologies may be suitable. 

5. Limitations of ENVI-PV current version 

It should be noted that the comparison between the different PV scenarios has to be 

carefully interpreted. ENVI-PV results rely on the STC condition. The PV efficiency 

gaps due to inherent deviations from STC are only taken into account within the PR. 

The PR is not defined with respect to the chosen PV technology and the local 

conditions, but is a free parameter. Thus, the user can increase or decrease the PR value 

for a given PV system and local condition according to their own knowledge and the 

available literature [39, 40]. 

Providing screening level results based on average production instead of site-specific 

supply chains increases the uncertainty level, which is not analyzed in this tool. The 

main purpose of ENVI-PV is offering the user the PV environmental performance 

within different countries based on average inventories rather than precise values for 

specific manufacturing sites. Hence, the uncertainty of ENVI-PV results is not included 

in the current version of the tool yet. Future improvements will focus on the addition of 

uncertainty of the obtained LCA results linked to the choices and assumptions for the 

life cycle inventories. The comparison between PV environmental performances and 

country electricity mixes will benefit from this uncertainty assessment, helping the user 

to decide whether the differences between both sources are relevant or not. Moreover, 
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the implementation of modular inventories will increase the accuracy of the LCA results 

by separately modeling each life cycle subsystem. This improvement will also allow 

analyzing the environmental effect of different manufacturing locations. Such modular 

inventories based on country specific markets may come either from future progress 

within IEA PVPS Task 12 or from other existing databases, such as Ecoinvent v3 [42]. 

5. Conclusions and perspectives 

The interactive tool ENVI-PV, developed using an interoperable and open standard 

Web Service framework from the OGC, is the first tool to propose a worldwide 

coverage of environmental performance of PV systems. It combines the latest life cycle 

inventories, published in 2015 by the IEA Task 12, and the solar irradiation database 

computed from the worldwide NASA SSE database for 18 inclinations and 3 

orientations. Although the number of evaluated impact categories is restricted to six for 

simplicity in the provided examples, the impact categories implemented in ENVI-PV 

cover 18 environmental issues. This multi-criteria approach is in line with current 

environmental policies, including the European PEF recommendation [38], and may 

contribute to the optimization of PV systems based on environmental criteria. 

The Web Client can be used as a tool to generate a representative number of 27 

alternative PV scenarios and evaluate PV performance in different spatial and temporal 

contexts. Providing comparisons of the PV performance to the performance of the 

corresponding national electricity mix enhances the understanding to position PV 

relying on a multi-criteria assessment.  

This first version of ENVI-PV provides results at screening level. The aim is offering 

the user a general overview of average PV technologies installed in locations worldwide 

rather than accurate environmental performances for each specific case study. 

Improvements on this tool should focus on the implementation of modular inventories. 
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Modeling the different sub-systems separately would allow evaluating the individual 

contribution of each phase of the life cycle as well as the environmental effect of the 

spatial localization for specific manufacturing sites. Another key issue to be included in 

future versions is the uncertainty level of ENVI-PV results, linked to the implemented 

life cycle inventories.  

Open access to this key information is essential to feed the debate on energy transition. 

Being interoperable and compliant with open standards enables ENVI-PV to be 

included in future developments and exploit this first initiative within LCA for energy 

pathways. Moreover, the same principles and architecture can be applied to other 

renewable energy systems. As an example, a similar tool was developed for offshore 

wind farms within the EU project EnerGEO [43], and analogous Web Services may be 

created in the future to evaluate other systems such as on-shore wind or marine energy 

sources. 
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