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Abstract

Despite being renewable, photovoltaic energy is not burden-free, since energy and

materials are necessary to manufacture, maintain, dismantle, and recycle photovoltaic

systems. Over its life cycle, the assessed carbon footprint of silicon-based photovol-

taic energy published in the literature often ranges from 40 to 110 gCO2eq/kWh.

However, most of these estimations rely on life cycle inventory (LCI) data that repre-

sent the early-stage performance of the photovoltaic industry. Indeed, collecting LCI

data is time-consuming and practitioners often reuse existing outdated data, which

becomes problematic as the photovoltaic industry has been rapidly and significantly

evolving. This analysis relies on the parametrization of existing LCI data to better

account for the progress already accomplished by the photovoltaic industry. A Life

Cycle Assessment (LCA) model, called PARASOL_LCA, is thus developed. The results

of the analysis highlight that the use of outdated LCI data leads to an overestimation

of environmental impacts of photovoltaic energy by a factor of 2 or even more for

the best current available technologies. The analysis also shows that PARASOL_LCA,

with its numerous parameters, can also serve to assess the environmental perfor-

mance of prospective photovoltaic technologies and to identify impact reduction

levers through sensitivity analysis.
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• A generic method to develop parameterized LCA models is presented.

• A strong reduction trend of the environmental impacts of PV electricity is

highlighted.

• A considerable update for the carbon footprint of PV electricity is observed: from

70 to 15–30 gCO2eq/kWh.

• A multicriteria sensitivity analysis is performed to identify levers to improve PV

environmental performance.
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1 | INTRODUCTION

The solar photovoltaic (PV) industry has considerably improved over

the last 20 years as evidenced by the PV price drop. This spectacular

cost decrease, which is due to economies of scale and technological

improvements,1 has led to the installation of almost 140 GWp in

2020.2 This is 18% more capacity in comparison with 2019. Initially,

first PV systems were deployed to provide electricity in remote areas:

to power satellites onboard electronic, relay masts or buildings located

far from national electricity grid such as in mountain huts.3 At that

time, such systems were not specifically aiming at reducing the envi-

ronmental impacts of electricity production but rather at providing

electricity in off-grid and specific environments. Nowadays, the situa-

tion is different as grid-connected PV systems are promoted as a

technological solution, among others, to reduce fossil fuel dependency

and mitigate greenhouse gas emissions and more generally environ-

mental impacts related to their use. However, this increase in PV

capacity is also justified, in an increasing number of regions, by eco-

nomic considerations independently of the environmental concerns.1

It is also worth to highlight that PV energy is expected to play an

increasing role in the world energy mixes as the share of PV in the

electricity production is rising, as well as the share of electricity in the

world's final energy consumption.4

Despite relying on solar radiation, a renewable energy source, PV

systems are not environmentally burden free as energy and materials

are necessary to manufacture, maintain, and dismantle those sys-

tems.5 For technologies that do not require fuel, such as PV systems,

environmental impacts mainly occur during their construction rather

than in the electricity generation phase. Quantifying these environ-

mental impacts over the life cycle of PV systems becomes necessary

to ensure that their installation within the energy transition context

presents environmental benefits compared with their fossil-fuel based

alternatives and are compatible with energy transition goals.5 These

impacts can be assessed using Life Cycle Assessment (LCA).

Life Cycle Assessment is a systemic and multicriteria method to

assess environmental impacts over the whole life cycle of a product or

a system.2 Many LCA of PV systems have been published in the litera-

ture, including a meta-analysis published in the IPCC special report

based on a review of 400 studies of PV systems.6 Most of these

studies concern crystalline silicon-based PV systems that represent

more than 90% of the PV market.7 The assessed carbon footprint,

representing the life cycle impact on climate change, of photovoltaic

energy varies between 5 and 217 gCO2eq/kWh.6 Results of the

meta-analysis indicate carbon footprint quartile ranging from 45 to

110 gCO2eq/kWh for single-crystal silicon and 40 to 85 gCO2eq/

kWh for multicrystalline silicon. It is important to note that the meta-

analysis was published in 2012, meaning that the underlying studies

were published even before. Data harmonization was performed by

the NREL following the IEA PVPS task 12 recommendations.8 The

analysis highlighted that once the solar irradiation level, the operating

lifetime, the module efficiency, and performance ratio are harmonized,

the interquartile dispersion is reduced by 65%.9 Other factors such as

the electricity mix used for PV panel manufacturing, the type of instal-

lation, and, to a lesser extent, its size can influence the carbon foot-

print of photovoltaic energy production. System boundaries, data

quality, and methodological choices can also explain the remaining

variability.10,11 With harmonized values corresponding to an average

Southern Europe solar irradiation level and PV system performance in

2012, the median value obtained is around 50 gCO2eq/kWh.9 Higher

carbon footprints are expected for locations with a lower solar irradia-

tion. Moreover, other environmental impact categories are relatively

less addressed by the scientific literature compared with the clear

focus of the latter on the climate change impact category.

The PV industry has considerably evolved and improved over the

last decade, as evidenced by the cost reduction by a factor 10 within

the last 10 years.1 The cost decrease is multifactorial, but among the

factors explaining it, we can cite the increase of the panel efficiency,

meaning that for a given surface of PV systems, more energy is pro-

duced. The environmental impacts per kilowatt hour are therefore

lower since more energy is produced with the same amount of mate-

rial. Besides, a study published in 2016 by Gorig et. al showed that

the energy learning curve follows a trend similar to the cost learning

curve.12 The two main factors are the panel efficiency increase and

the improvement of the silicon production process. A recently pub-

lished study confirmed the environmental impact reduction trends of

crystalline silicon-based photovoltaic systems.13 The study concludes

that considering past improvement results in an increase in the energy

return on investment ranging between 20 and 50, depending on solar

2 BESSEAU ET AL.

 1099159x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3695 by U

niversity O
f O

ttaw
a L

ibrary, W
iley O

nline L
ibrary on [08/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



irradiation. This study also addressed another impact category with

the acidification potential, but, to the knowledge of the authors, there

is no LCA addressing the impact evolution on a wider set of impact

categories.14 LCA addressing multiple impact categories is, however,

essential to allow the identification of potential burden shifting from

an impact category to another and enable a comprehensive life cycle

impact analysis.

Previously published studies highlighted the need to consider

updated data in the LCA of photovoltaic systems to avoid a misrepre-

sentation of its environmental impacts.10,15 Indeed, past eco-design

considerations have already improved the environmental performance

of PV energy.16,17 In addition to past or present environmental foot-

prints, prospective environmental footprints should be assessed and

used to know if the expected evolution of photovoltaic industry will

contribute to enhancing the environmental performance of PV. This

would confirm or infirm the potential of this technological solution to

mitigate greenhouse gas emission and justify to be promoted as

such.14 However, most PV-related life cycle inventories (LCI) present

in the widely used ecoinvent database18 are representative of the PV

performance in 2005, which, as previously explained, may misrepre-

sent the technological improvement in the sector. An obstacle to the

use of up-to-date data is the time-consuming aspect of LCI data col-

lection. In addition, access to such updated data is also often limited

by confidentiality consideration: Industrials are often reluctant to

share the updated data necessary to build LCI.

To overcome those challenges, the study proposes to rely on the

parametrization of existing LCI data resulting in tailored-made inven-

tories of PV systems that can easily be adapted to changes in the cho-

sen parameters. A parametric approach was proposed by Miller et al.

in 2019 to assess the life cycle greenhouse gas emissions from photo-

voltaic power.19 However, except the electricity mix used for

manufacturing, all the parameters considered are related to the

assessment of the electricity production of the PV system. The conse-

quence is that, despite being published relatively recently (2019), the

study overestimated greenhouse gas emissions with typical carbon

footprint of 60–70 gCO2eq/kWh. To overcome this issue, which is

the objective of the present article, the proposed approach is to

parameterize the LCI based on a comprehensive set of input parame-

ters, rather than only focusing on parameters related to the electricity

production. Indeed, the parametric approach was first applied to PV

panels by Bracquene et al. in 2018.20 The present work proposes to

go further by (i) formalizing the method to identify parameters,

(ii) introducing in the model a comprehensive selection of parameters

to account for identified sources of improvement of the PV sector not

included in Bracquene et al.,18 (iii) providing a method and the associ-

ated tool to analyze the influence of parameters on a multicriteria

basis, and (iv) providing the code as an open source LCA model. As a

result, the user is provided with an open-source model that allows the

environmental performance to be automatically assessed for many

configurations, including prospective configurations, without the need

to build a new LCI through a conventional time-consuming approach.

Therefore, an LCA model called PARASOL_LCA is developed in this

study to assess crystalline silicon-based PV systems. This

parameterized model enables to account for improvements already

accomplished by the PV industry and to explore the prospective envi-

ronmental performance of PV systems with a multicriteria perspective

by varying the large set of parameters defined, which can be of inter-

est to PV stakeholders in an eco-design perspective.

This paper contains four sections. Section 1 introduces and sets

the context for the study. Section 2 describes the parameterized

model development in this analysis. This method is general and can be

applied to any energy technology or other products or services. In

Section 3, the environmental performance of past, present, and near-

future crystalline silicon PV systems is assessed and discussed.

Section 4 concludes and summarizes the main implications of the find-

ings of this analysis.

2 | MATERIAL AND METHODS

LCA is a method for evaluating the potential environmental impacts

of products or systems from the extraction of raw materials to the

treatment of waste at the end of life. It is also a multicriteria method

that allows the evaluation of the impacts on climate change, depletion

of fossil resources, mineral resources, and impacts on human health

and ecosystems. Thus, LCA allows, by its holistic nature, the identifi-

cation of potential burden shifting. It is why LCA is the most com-

monly used method for environmental assessment.21 Its use also

allows the different actors of an industrial sector to better know and

understand the impacts they cause, which is an essential step before

taking rational and effective measure to mitigate them.22 It also con-

stitutes a valuable decision-making tool for governmental authorities

in the context of environmental impact limiting policies.22

LCA is standardized by ISO 14040 and ISO 14044 which describe

the good practices to adopt when conducting an LCA consistent with

its initial objective. It follows a four-step approach:

1. the goal and scope definition where the underlying problematic,

the system boundaries, and the functional unit are defined ulti-

mately aiming for comparable studies;

2. the inventory analysis where the flow of resources, materials, and

pollutants are modeled to represent the studied system;

3. the impact assessment where the impact categories are selected

to translate the inventories into environmental impacts; and

4. the interpretation where the results are analyzed to provide

recommendations.

Parameterized LCA models are designed to account for the tech-

nological, spatial, and temporal variabilities of systems. In this study,

the method is applied to PV systems but it is not specific to energy

system and could be applied to other types of systems. These parame-

terized models rely on a set of input parameters ranging from very

few up to several dozens to describe the inventory flows of the stud-

ied system. Building a parameterized LCA model for a given energy

sector aligns with the same four steps of the general LCA framework.

First, in the goal and scope definition, the foreseen use of the model,
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its functional unit, and system boundaries are defined. Second, in the

inventory analysis, a parameterized LCI is built from the following iter-

ative approach, depicted in Figure 1:

1. analysis of the variability of the environmental impact results pub-

lished in the scientific literature;

2. analysis of the characteristics of the studied energy systems, which

will then constitute the set of input parameters, and their

variability;

3. analysis of existing LCIs and the systems they represent. Sources

of inventories can be

a. the ecoinvent database,

b. inventories published in the scientific literature, and

c. environmental declarations of various products (EPD);

4. identification of the main contributors to the environmental

impacts, both in terms of life cycle stages and individual compo-

nents, of the studied energy systems by exploring the tree struc-

ture of existing LCIs;

5. in-depth analysis of the past and future evolutions of the pro-

cesses identified as nonnegligible sources of impacts; and

6. building of a parameterized LCI model from the comparison and

fusion of existing LCIs including parameters for the processes with

most environmental impacts or expected to evolve a lot with time.

Third, the potential environmental impacts of the parameterized

model are quantified, and finally, in the interpretation phase, the

results are analyzed for consistency and compared with available

literature.

2.1 | PARASOL_LCA: A parameterized LCA model
for crystalline silicon-based PV systems

PARASOL_LCA is developed to assess the environmental perfor-

mance of crystalline silicon-based PV systems including both mono-

crystalline silicon and the multicrystalline silicon systems, whether

roof or ground mounted. The final functional unit considered is 1 kWh

of electricity generated. In some particular cases, an intermediate

functional unit of 1 kWp of nominal capacity of the PV system can be

used. PARASOL_LCA includes the following life cycle stages: raw

material extraction, manufacturing, assembly, use phase, and end of

life. In addition, the system boundary of this study includes the trans-

port of equipment and workers considered for the installation of the

power plant, its maintenance, and decommissioning. A recycling end-

of-life scenario is included based on the available data, even though

these are very scarce, thus limiting the accuracy of the assessment for

this particular life cycle stage. The PV system consists of the PV mod-

ules but also the mounting system, the inverter, and the components

of the electrical installation such as cables or circuit breaker, which

were accounted for in the study. No additional storage system is

considered.

The ecoinvent cut-off version of the database is used. This ver-

sion is based on the “polluter pays” principle. The impacts of recycling

are attributed to the first user of the material not the user of the

recycled product. Other approaches to allocate impact recycling exist

that deduce impacts of the producing system when materials are

recycled at their end of life, but the cut-off approach was preferred as

it supports the so-called strong sustainability principle.23 The model

was initially developed with ecoinvent 3.4 and has been updated to

the most recent version to date: ecoinvent 3.7.18

As LCI data of PV-related datasets were collected typically more

than 15 years ago, those data are analyzed to identify values that

could have evolved over that period. The identification of those

parameters is achieved following the method presented in Section 2.2

and based on secondary data from an in-depth review of the reports

elaborated by the experts of task 12 of IEA PVPS along with other

studies and industrial data.20,24–27 Aside from Task 12 reports, Brac-

quene et al.20 represent the main advancements and challenge for the

c-Si technology based on the expertise of 55 leading international

panels and systems' producers and suppliers.

Environmental impact assessment is conducted using the open-

source LCA framework Brightway2. Life cycle inventories are param-

eterized using lca_algebraic,28 a Python library specifically developed

to build parameterized LCA models and perform sensitivity analysis

in a very efficient manner by relying on symbolic calculus. Environ-

mental impacts are calculated for the ILCD 2.02018 midpoint impact

categories recommended by the European Commission in the Inter-

national Reference Life Cycle Data System (ILCD).17,29 The set of

F IGURE 1 Iterative six-steps method
to develop parameterized LCA models.

4 BESSEAU ET AL.
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impact categories enables to address the environmental impacts

related to climate change, ecosystems, human health, and resource

depletion.

The last step of the LCA, the interpretation, can be found directly

in Section 3. This step includes the assessment of the evolution of the

environmental performance of PV systems with technological

improvements, as well as the realization of sensitivity analysis. Indeed,

sensitivity analysis can be used to identify the influence of parameters

on the studied environmental impact categories and thus help to iden-

tify impact reduction levers. Such results can be used to inform

decision-making regarding the potential and prioritization of research

and development efforts to efficiently reduce the environmental foot-

print of PV electricity. Sensitivity analysis is particularly relevant in

our case due to the important number of parameters. Performing mul-

ticriteria sensitivity analysis is an important step to interpret the

weight of the various parameters considered, for the various impact

categories.

2.2 | PARASOL_LCA: Description of the model and
its parameters

The following paragraphs detail the modelling of the LCI of the PV

system from the mounting systems, inverter, PV modules, and so

forth, to the transport of equipment. The ecoinvent database, as the

most exhaustive and widely used LCA database,18 is the starting point

for the LCI.

The ecoinvent database contains two datasets for photovoltaic

mounting systems. One of them describes open ground installations

(photovoltaic mounting system production, for 570-kWp open ground

module), and the other one corresponds to slanted-roof installations

(photovoltaic mounting system production, for slanted-roof installa-

tion). These systems have a total weight of 11.5 and 4.5 kg/m2,

respectively, with 4 and 2.8 kg/m2 being aluminum. However, current

systems can be considerably lighter and contain much less aluminum,

which has a nonnegligible environmental impact when sourced from

primary production. For example, a system for steel roofing can weigh

only 3 kg/m230 and is composed of 80% aluminum (corresponding to

2.4 kg/m2). Regarding the open ground mounting system, the global

weight is coherent with the value orally communicated by mounting

system manufacturers, but the aluminum content can be much lower

than the 4 kg/m2 indicated in the inventory. The Helios RC3

system,31 which only accounts for the interface between panels and

the structure, weights between 3.5 and 5.5 kg/m2 and is composed of

only 15% aluminum corresponding to less than 1 kg/m2. No precise

data were found for the total weight of the structures that are mainly

made of galvanized steel. Following these observations, the aluminum

content is defined as a parameter (‘Mounting_system_weight_alu’). Fur-
ther, a parameter is added to allow considering a wood-based mount-

ing system (‘Mounting_system_weight_wood’). The amount of steel is

calculated from the subtraction of the total mounting system weight

(‘Mounting_system_weight_total’) and the amount of aluminum

and wood.

As the ground-mounted dataset was more exhaustive than the

rooftop one, it was also used to model the rooftop system after

removing the unnecessary flows related to the use of cement. The

PARASOL_LCA model therefore relies on this inventory parameter-

ized with the weight of steel, aluminum, and potentially wood. In addi-

tion, the land footprint was adapted since the one considered in the

ecoinvent inventory was overestimated. The ground coverage ratio

considered was 21%, while current practices are closer to 45%. In fact,

when PV panels were more expensive, they were more spread out to

maximize the production per panel. Since nowadays, the price of PV

panels has dropped, it is often more economical to orient panels not

to maximize their power output per panel but rather the power output

per land square meter.

In ecoinvent, two datasets describe the photovoltaic electrical

installation for (1) a small 3-kWp power plant (photovoltaics, electric

installation for 3kWp module, at building) and (2) an open ground

570-kWp power plant (photovoltaics, electric installation for

570-kWp module, open ground). Once divided by their total weight,

the two datasets reflect very similar material compositions. Conse-

quently, one of the two datasets was copied and expressed per kilo-

gram of material.

While the material composition was kept as expressed in ecoin-

vent, the mass-to-power ratios were modified depending on the nom-

inal power of the installation. In fact, the weight of the electrical

installation calculated for the 3 and 570 kWp lead to 10.7 and

2.7 kg/kWp, respectively. Those values are not in line with current

practices. Current components' weight communicated by a small PV

cooperative32 and the associated PV engineering office33 are as

follows:

• around 13 m/kWc for PV array cables (DC) corresponding to less

than 1 kg/kWc with a weight of 75 kg/km;

• around 1 kg/kWc for the grid injection cable (AC), considering a

hypothesis of 50 m between the inverter and the grid injection

point; and

• 10 kg for a 9 kWc, 20 kg for a 36 kWc, and 30 kg for a 100 kWc

for the general low voltage panel.

Those data lead to mass-to-power ratios ranging between 2.2

and 5 kg/kWp depending on the installation size. As a result, the

PARASOL_LCA model uses the material composition per kilogram

(‘Electrical_installation_specific_weight’) of the ecoinvent datasets,

while the total mass of the equipment is expressed using a parameter

for the mass-to-power ratio. Three datasets for PV inverters, namely,

of 0.5, 2.5, and 500 kW, are listed in ecoinvent. These datasets,

respectively, correspond to weights of 3 kg, 18.5 kg, and 3 t. Divided

per nominal capacity, it, respectively, corresponds to 6, 7.4, and

6 kg/kW.

Figure 2 compares the normalized weights, calculated from the

ecoinvent inventories, to the ones extracted from the technical data

sheet of the SMA product portfolio. Current inverters are consider-

ably lighter, leading to a reduction of the amount of material per unit

of power. By default, a value of 2 kg/kW is considered in

BESSEAU ET AL. 5
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PARASOL_LCA. This value is still a bit conservative as modern prod-

ucts are even lighter inverters such as the new sunny tripower core

2 weighing as low as 0.85 kg/kW.

The material composition of ecoinvent inventories for the

inverters varies significantly between the 2.5- and 500-kW inverter.

The inverter dataset modeled in PARASOL_LCA therefore includes a

parameter describing the weight per power capacity (‘Inverter_-
weight_per_kW’) discussed above multiplied by the shares of the dif-

ferent materials linearly interpolated between the 2.5- and 500-kW

ecoinvent inventories.

Crystalline silicon has photovoltaic properties that are exploited

in PV systems. Silicon, which represents 27% of earth crust, is abun-

dant but a high amount of energy is required to produce crystalline sil-

icon that is pure enough to be used for PV applications. The

ecoinvent database indicates 110 kWh/kg of electricity and 185 MJ/

kg of heat to transform metallurgical grade silicon into solar grade sili-

con. On top of that, 85 kWh/kg of electricity are necessary to turn

the solar grade silicon into a crystalline making this production espe-

cially energy—and electrically intensive. However, with the develop-

ment of the PV industry, the energy efficiency of those processes has

dramatically improved leading to the spectacular cost decrease of

solar grade silicon. Modern fluidized process reactors limit energy

consumption to 30–40 kWh/kg,34 and some companies, such as REC

Solar, announced a certified value as low as 11 kWh/kg.35

PARASOL_LCA accounts for this development by including

parameters describing the electricity (‘Silicon_production_electricity_in-
tensity’) and heat consumption (‘Silicon_production_heat_intensity’) of
the silicon cell. Processes related to the cutting of silicon ingots have

also improved with, among others, the recycling of some products

involved in the cutting process and the development of diamond wir-

ing processes. With the traditional cutting process, a cutting liquid,

also called the slurry, is used. It consists of a mixture of poly (ethylene

glycol) (PEG) and silicon carbide (SiC) particles solution that circulate

while the cutting is happening.36 The inventories, developed by Stolz

et al.,24 have served as a basis to create the LCI model for the

recycling of silicon carbide. The silicon carbide recycling is related to

the advancements of the traditional cutting process (loose abrasive

slurry). The progress of their recycling has resulted in the use of their

recycled material recovered. A parameter (‘SiC_recycled_share’) was

introduced in PARASOL_LCA to specify the amount of recycled silicon

carbide used.

Nevertheless, the diamond wiring cutting method has almost

replaced the slurry-based technology to cut the silicon panels due to

its promising results at different levels especially the economic sav-

ings.37 Despite its benefits, the main limitation is the lack of industrial

and scientific data to be able to integrate its full inventory. In this

case, an estimation based on Bianco et al.38 was used, first, to high-

light the importance to include this process and, second, to determine

the influence on the environmental impacts of eliminating the silicon

carbide (SiC) and the triethylene glycol (TEG), replacing the TEG by

water used for slicing, and adding the diamond wire required. It should

be noted that Bianco et al.38 addressed the supply chain of stone

technologies, for which the diamond wiring cutting process plays an

important role. A Boolean parameter (‘Diamond_wiring_cutting’) is

used to consider either a diamond wire cutting process or a conven-

tional hard steel wire process.

To account for these improvements related to cutting/kerf losses

and thinner wafers, both the thickness of the wafer (‘Wafer_thickness’)
and the kerf loss (‘Kerf_loss’) are parameterized. The kerf loss corre-

sponds to the share of material that is lost in the form of powder dur-

ing the cutting process.

As for silicon production, the necessary amount of energy is likely

lower today than at the time of data collection of the inventory. A

parameter called manufacturing efficiency gains has been introduced

in PARASOL_LCA to consider the effect of a potential improvement.

This parameter also serves to adjust the amount of energy for cell pro-

duction and panel production. However, no sourced data have been

found to justify a reduction. As a consequence, this parameter was set

by default to the original value, but it remains useful to explore the

effect of such an improvement.

A metallization paste is used to electrically connect PV cells and

collect electron–hole couple created by the photovoltaic effect. This

paste often contains silver due to its excellent conductivity. The high

conductivity minimizes the size of the electrical contact and maxi-

mizes the production per surface area. In absence of a reduction trend

in the use of silver in metallization paste, silver has been identified as

a potential factor limiting a massive PV deployment. Silver production

dedicated to PV represented in 2020 around 10% of the global silver

supply.39 Silver alone also accounts for 10% of a PV module cost. For

those reasons, alternative solutions, especially based on copper, are

developed40 and already commercialized.41 To model this evolution, a

parameter (‘Silver_content’) is introduced in PARASOL_LCA to adapt

the amount of silver used in the paste, by substituting it with copper.

The amount of each metal is calculated based on this parameter and

considering the conductivity ratio between both metals.

The design of PV panels has also improved over time. For

instance, the weight of the aluminum frame is lower today than some

years ago. The ecoinvent inventory model assumes 2.6 kg aluminum/

F IGURE 2 Comparison of the inverter weight normalized per
power capacity. [Colour figure can be viewed at wileyonlinelibrary.
com]
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m2 of module, whereas more recent studies indicate 1.5 kg/m2.42

Some PV panels are even frameless. Besides, there is an increasing

trend to use thinner glass on PV panels.43 A parameter corresponding

to the weight per surface area of the aluminum frame (‘Aluminium_fra-

me_surfacic_weight’) and another one describing the glass thickness

(‘Glass_thickness’) were therefore introduced in PARASOL_LCA.

Another evolution is the existence of bifacial modules. In such

modules, the tedlar backsheet is replaced by glass, which has the ben-

efit to be transparent. Such modules, for which the market share is

rapidly increasing, produce more energy for a given PV panel surface

taking advantage of both panel's sides. A Boolean parameter (‘Bifacia-
le_modules’) was implemented in PARASOL_LCA to consider a back-

sheet PV panel or a glass–glass PV panel.

PV panel's efficiency has also remarkably evolved over time. The

ecoinvent datasets consider around 12% efficiency, whereas recent

commercialized PV panels can reach 20% efficiency, with a maximum

of 22.8% for already commercialized products.44 PARASOL_LCA

therefore includes the PV panel's efficiency (‘PV_module_efficiency’) as
additional parameter.

In PARASOL_LCA, the recycling rates per material are parameter-

ized as well as the amount of electricity (‘Electricity_consumption_for_-

recycling’) and heat (‘Heat_consumption_for_recycling’) necessary to

recycle the PV panels based on the IEA task 12.45

Parameters describing the transport distance by boat (‘Transport_-
distance_boat’), train (‘Transport_distance_train’), and lorries (‘Trans-
port_distance_lorry’) are included in PARASOL_LCA. Additional

transport of 300 km by car and van is considered for transport of

workers for the installation, maintenance, and dismantlement of the

power plant.33

Finally, the annual electricity production of the PV system, which

strongly depends on the location, and to a lower extent, on the orien-

tation of the panel, was parameterized. The lifetime of the PV system

was also parameterized, as well as that of the inverter, which might

need to be replaced over the PV system's lifetime. The parameters are

summarized in Figure 3.

3 | RESULTS AND DISCUSSION

The parameterized LCA model enables the assessment of the life cycle

environmental impacts of a crystalline silicon-based PV system

defined according to 35 input parameters (Figure 3). The model was

validated by applying the same assumptions as those of the original

ecoinvent dataset and comparing both results.

3.1 | Evolution of the PV environmental
performance

Figure 4 shows the evolution of the climate change potential of pho-

tovoltaic energy accounting stepwise for the different technological

improvements. Based on ecoinvent data, the climate change impact is

around 70 gCO2eq/kWh for an installation producing 1200 kWh/

kWp annually for over 30 years. The assumption of 1200 kWh/kWp

corresponds to a typical annual production of an installation in

France.33 The successive and cumulative improvements leading the

considerable decrease of the PV carbon footprint are analyzed in

details.

F IGURE 3 Graphical representation of PARASOL_LCA parameters. [Colour figure can be viewed at wileyonlinelibrary.com]
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When considering the same efficiency for the PV module and sili-

con production and the same mass for the various components of a

PV system, PARASOL_LCA estimates a similar climate change impact.

When considering the large increase of PV panels' efficiency (‘PV_mo-

dule_efficiency’), the assessed climate change impact drops to around

50 gCO2eq/kWh. It is worth highlighting that a higher efficiency leads

to, per capacity installed or energy generated, material savings not

only for the panel but also for the mounting system.

The assessed climate change impact drops to 35 gCO2eq/kWh

when considering a more efficient Fluidized Bed Reactor for silicon

production (‘Silicon_production_electricity_intensity’). Additional

improvements such as the use of recycled silicon carbide and diamond

wiring lead to further reductions of the assessed climate change

impact. The reduction of the weight of ancillary equipment such as

the inverter (‘Inverter_weight_per_kW’) or the electrical installation

weight (‘Electrical_installation_specific_weight’) leads to a climate

change impact of 30 gCO2eq/kWh.

The fact that less aluminum is used for the frame of the PV panels

(‘Aluminium_frame_surfacic_weight’) or that the glass thickness is

reduced (‘Glass_thickness’) leads to an even lower value. We can also

observe some benefits of scale considering a bigger PV installation

compared with the previous installation size (‘Power_plant_capacity’),
which corresponded to a small residential installation of 3 kWp. Such

a carbon footprint is in line with the recent assessment from the work

of Fthenakis et al.13 that highlight a reduction of the carbon footprint

of PV energy as well as its energy payback time. Fthenakis et al.'s

work13 is also consistent with the result obtained by the Fraunhofer

Institute showing in February 2022 confirming a strong reduction of

the embodied energy of PV energy.7

The use of a highly efficient panel that currently corresponds to

the top-of-the-range of PV modules, but is expected to become

increasingly common in coming years, leads to a climate change

impact below 25 gCO2eq/kWh. Even lower climate change impacts

can be reached for locations with higher irradiance than the one con-

sidered here. It is possible to reduce the carbon footprint further by

producing the PV panel in Europe. The reduction is mainly due to the

use of electricity with a lower climate change impact than the world's

average one. The absence of impacts from the boat transport is a

plus, but the benefit is low compared with using low-carbon energy.

The consequence is that a PV system with lower climate change

impact is not necessarily a locally produced one but rather the one

produced with an electricity mix with low climate change impact,

even if the panels have to travel over thousands of kilometers by

boat. An analogous reasoning applies to other environmental impact

categories.

Finally, the climate change impact of bifacial PV modules is also

assessed. An increase in the annual production of 15% was consid-

ered for the bifacial module.46 The production increase can be higher

or lower depending on the local albedo. Despite a higher electricity

production, the impact remains similar as the previous configuration.

The ground mounting system is heavier and has a higher impact coun-

terbalancing the benefits of a higher production. Since the climate

change impact of PV modules decrease, the share of impact coming

from ancillary components of the system increase, an additional

opportunity to reduce the climate change impact even further can be

the use of a wood-based mounting system. In the configuration of a

very efficient PV system, manufactured with low carbon electricity,

the climate change impact can almost drop to 10 gCO2eq/kWh, for a

relatively modest annual productivity of 1200 kWh/kWp. It is worth

noting that the panel efficiency considered corresponds to products

already available in the market, though situated on the top of range. A

system manufactured with low carbon electricity, with an even higher

efficiency, or installed in a location with higher irradiance, can present

an even lower carbon footprint.

Figure 5 presents similar trends, for the 16 considered impact cat-

egories, to the one presented for the carbon footprint in Figure 4.

There were initially 19 impact categories, which included several indi-

cators for the climate change impact corresponding to the contribu-

tion of land use and biogenic and fossil greenhouse gases. Only the

total indicator for climate change is represented in Figure 5. The

reduction trend observed for the climate change impact is similar for

most of the other impact categories, although the proportion is differ-

ent depending on the incremental evolution considered for each

parameter. For example, the reduction is lower for the freshwater

ecotoxicity impact category than for climate change. Another point to

notice is the increase of impact for land use, but it is due to the

change from a roof installation to an open ground installation. If we

compare with the ecoinvent ground installation, the impact is lower

because the assumed ground coverage ratio is higher than it was in

the past as previously discussed. As the direct land use impact of PV

F IGURE 4 Estimation of
photovoltaic carbon footprint with
technological improvements
(considering an annual productivity
of 1200 kWh/kWp and a 30-year
lifetime). [Colour figure can be
viewed at wileyonlinelibrary.com]
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system dominates its land use impact, this reduction is mainly due to

the increase of panel efficiency.

3.2 | Sensitivity analysis

Given the uncertainty and variability on the many parameters of the

model, it is interesting to perform sensitivity analysis to identify the

most influential ones. The tools used to build the model, namely,

Brightway2,47 and the additional layer, lca_algebraic, ease the imple-

mentation of such analyses.28

Figure 6 presents a sensitivity matrix based on a one-at-a-time

sensitivity approach, that is, when each parameter is varied separately

while keeping all others in their default values. For each parameter,

the variability range is established based on an analysis of the

scientific literature as well as industrial data. Those data with the asso-

ciated references can be found in supplementary information. The

x-axis corresponds to the 16-impact categories and the y-axis to the

parameters of PARASOL_LCA. The colors of the cells represent

the extents of the variability of the impact for the considered impact

categories when the considered parameter varies from a lower limit to

a higher limit divided by the mean value. Thus, parameters with a high

coefficient of variation are represented in dark red, whereas those

with a low coefficient appear in light orange. It is a synthetic way to

represent and identify the influential parameters. We can see that the

annual production (‘Normalised annual PV production kWh per kWp’) of
the installation and its lifetime (‘Power plant lifetime’) are the most

important parameters for all impact categories. However, some

parameters are influential for a limited number of impact categories or

even a single one. For example, the parameters defining whether the

F IGURE 5 Multicriteria LCA of photovoltaic energy with technological improvements. [Colour figure can be viewed at wileyonlinelibrary.
com]
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installation is ground mounted or not and the ground coverage ratio

are key for the land use impact category but not for the others. The

use of wood (‘Mounting system weight wood’) for the support is also

influential for this impact category.

Focusing on the impact of PV panels on mineral depletion, it

seems that the reduction of silver content in the PV panel, the

increase of module efficiency, and the reduction of inverter weight

are the three most influential parameters. Parameters related to the

recycling have low to no influence. This is due to the use of a cut-off

approach for the LCA modeling, as no impacts are deduced when

materials are recycled. However, it remains highly relevant to recycle

such resources whose reserves are limited and extractions are

F IGURE 6 Multicriteria sensitivity analysis matrix. [Colour figure can be viewed at wileyonlinelibrary.com]
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particularly harmful to the environment. Regarding the climate change

impact, apart from the parameters determining the amount of electric-

ity produced over the lifetime of the PV panel, the amount of electric-

ity used to produce the silicon wafer (‘Silicon production electricity

intensity’) and the carbon content of the electricity mix used (‘Electric-
ity mix CO2 content’) throughout the systems' lifecycle are also key

parameters.

It is important to note that some parameters present dependen-

cies to each other. For instance, the sensitivity, in terms of environ-

mental impacts, of parameters determining the amount of energy

consumed will increase when the environmental impacts of the

energy used increase. To consider those aspects, one-at-a-time sensi-

tivity analyses are insufficient and global sensitivity methods become

necessary. Functions were introduced in the lca_algebraic library to

perform such analyses as detailed in the publication of Jolivet et al.28

This work was achieved in the dedicated project INCER-ACV. In

addition to the global sensitivity method, an interactive online plat-

form has been developed and provides a friendly-user access to the

PARASOL_LCA model (http://viewer.webservice-energy.org/incer-

acv/app/). Otherwise, the model written in Python and relying on

Brightway2 and lca_algebraic can be found in supplementary

information.

4 | CONCLUSION

Despite being renewable, PV energy is not environmental impact-free

over its whole life cycle. An LCA study is therefore necessary to prop-

erly assess its potential environmental impacts. Many LCAs of PV

panels exist in the literature, but they often rely on outdated LCI data,

which can be found in widely used databases. As the PV industry has

considerably improved over the last decade, the use of outdated data

leads to a remarkable overestimation of the PV environmental perfor-

mance and hinders the accurate assessment of the environmental per-

formance of current or prospective PV systems.

In this study, a new approach is proposed to update the existing

but outdated life cycle inventories of PV systems with the elaboration

of a parameterized LCA model. This update relies on the collection of

the most recent data by interacting with PV stakeholders. The applica-

tion of the proposed iterative six-step approach to the crystalline

silicon-based PV system led to the development of a parameterized

LCA model named PARASOL_LCA. With more than 30 parameters,

this proposed model enables the assessment of the environmental

performance of current PV systems and could be further applied to

explore prospective PV systems.

Results highlight a reduction by a factor 2 or more of the cli-

mate change impact for a modern PV system compared with the

assessment made from the default LCI in existing databases. The

latter implicitly corresponds to a PV system manufactured in 2005.

This important reduction of environmental impacts is largely linked

to the increase of the PV system efficiency as well as the enhance-

ment of the efficiency of processes involved in the production of

silicon cells, other factors contributes but to a lesser extent. When

the PV panels are manufactured with low carbon electricity, the car-

bon footprint can be as low as 15 gCO2eq/kWh (with a moderate

irradiance corresponding to an annual production of 1200 kWh/

kWp).

The considerable reduction of the climate change impact of pho-

tovoltaic energy is also observed for all the other environmental

impact categories considered, although the extent can be higher or

lower. A sensitivity analysis matrix was represented to describe, in a

synthetic way, the influence of all the input parameters of the model

for all the impact categories considered. This analysis and representa-

tion enable, for a given impact category, the identification of the most

influential parameters and, consequently, the levers to improve the

environmental footprint of PV energy. Therefore, the results of this

study could be particularly useful to support the decision-making pro-

cess and the research and development strategies for the advance-

ment of the PV industry stakeholders.

As a perspective, the PARASOL_LCA model could be extended to

allow the environmental impact assessment of tandem cells PV panel

or other thin-film technologies. The associated python code relying on

Brightway2 and lca_algebraic is transparently published. The method

developed in this study and, thus, applied to a crystalline silicon-based

PV system is generic and can be applied to other energy systems,

renewable or not, and even to systems that are not related to the

energy sector.

ACKNOWLEDGEMENTS

This work was partly conducted in the framework of the INCER-ACV

project (contract 1705C0045). INCER-ACV, funded by ADEME in the

framework of the call “Sustainable Energy” (APR-ED 2017), aims to

contribute to the consolidation of quantification methods to account

for the effects on the environmental impact results of possible param-

eter variations compared to average scenarios. We also thank Rolf

Frischknecht for sharing some knowledge and life cycle inventories on

the topic.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available in the

supplementary material of this article.

ORCID

Scarlett Tannous https://orcid.org/0000-0003-2562-3725

REFERENCES

1. Fu R, Feldman D, Margolis R. U.S. solar photovoltaic system cost

benchmark: Q1 2018, renewable energy. 2018;63.

2. European Commission. Joint Research Centre., Supporting informa-

tion to the characterisation factors of recommended EF life cycle

impact assessment methods: new methods and differences with

ILCD., Publications Office, LU, 2018. doi:10.2760/671368 (accessed

October 14, 2021).

3. Moine G. L'électrification solaire photovoltaïque: systèmes autono-

mes, systèmes hybrides, miniréseaux, Observ'ER, 2016. https://

librairie-energies-renouvelables.org/

4. IRENA, Global renewables outlook: energy transformation 2050.

2020.

BESSEAU ET AL. 11

 1099159x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3695 by U

niversity O
f O

ttaw
a L

ibrary, W
iley O

nline L
ibrary on [08/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://viewer.webservice-energy.org/incer-acv/app/
http://viewer.webservice-energy.org/incer-acv/app/
https://orcid.org/0000-0003-2562-3725
https://orcid.org/0000-0003-2562-3725
info:doi/10.2760/671368
https://librairie-energies-renouvelables.org/
https://librairie-energies-renouvelables.org/


5. Sherwani AF, Usmani JA. Varun, life cycle assessment of solar PV

based electricity generation systems: a review. Renew Sustain Energy

Rev. 2010;14(1):540-544. doi:10.1016/j.rser.2009.08.003

6. IPCC, Renewable energy sources and climate change mitigation: spe-

cial report of the Intergovernmental Panel on Climate Change, choice

reviews Online 49 2012; 49-6309-49–6309. doi:10.5860/CHOICE.

49-6309, 11.

7. Ise F, GmbH PP. Photovoltaics report, 2022;52.

8. G. Heath. Systematic review and harmonization of life cycle GHG

emission estimates for electricity generation technologies, 2012.

https://www.nrel.gov/docs/fy12osti/54871.pdf (accessed November

9, 2021).

9. Hsu DD, O'Donoughue P, Fthenakis V, et al. Life cycle greenhouse

gas emissions of crystalline silicon photovoltaic electricity generation.

J Ind Ecol. 2012;16:S122-S135. doi:10.1111/j.1530-9290.2011.

00439.x

10. Gazbour N, Razongles G, Monnier E, et al. A path to reduce variability

of the environmental footprint results of photovoltaic systems.

J Clean Prod. 2018;197:1607-1618. doi:10.1016/j.jclepro.2018.

06.276

11. Pérez-L�opez P, Gschwind B, Blanc P, et al. ENVI-PV: an interactive

web client for multi-criteria life cycle assessment of photovoltaic sys-

tems worldwide. Prog Photovolt: Res Appl. 2017;25(7):484-498. doi:

10.1002/pip.2841

12. Görig M, Breyer C. Energy learning curves of PV systems. Environ

Prog Sustain Energy. 2016;35(3):914-923. doi:10.1002/ep.12340

13. Fthenakis V, Leccisi E. Updated sustainability status of crystalline

silicon-based photovoltaic systems: life-cycle energy and environ-

mental impact reduction trends. Prog Photovolt Res Appl. 2021;29(10):

1068-1077. doi:10.1002/pip.3441

14. Blanco CF, Cucurachi S, Guinée JB, et al. Assessing the sustainability

of emerging technologies: a probabilistic LCA method applied to

advanced photovoltaics. J Clean Prod. 2020;259:120968. doi:10.

1016/j.jclepro.2020.120968

15. Tannous S, Besseau R, Prieur-Vernat A, et al. A parameterized model

for the estimation of life cycle environmental impacts of crystalline

PV systems, EUPVSEC. 2019;6.

16. European Commission. Joint Research Centre., Preparatory study for

solar photovoltaic modules, inverters and systems: final report. Publi-

cations Office, LU, 2020. doi:10.2760/852637 (accessed February

27, 2023).

17. Wade A, Stolz P, Frischknecht R, Heath G, Sinha P. The product envi-

ronmental footprint (PEF) of photovoltaic modules—lessons learned

from the environmental footprint pilot phase on the way to a single

market for green products in the European Union. Prog Photovolt: Res

Appl. 2018;26(8):553-564. doi:10.1002/pip.2956

18. Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E,

Weidema B. The ecoinvent database version 3 (part I): overview and

methodology. Int J Life Cycle Assess. 2016;21(9):1218-1230. doi:10.

1007/s11367-016-1087-8

19. Miller I, Gençer E, Vogelbaum HS, Brown PR, Torkamani S,

O'Sullivan FM. Parametric modeling of life cycle greenhouse gas

emissions from photovoltaic power. Appl Energy. 2019;238:760-774.

doi:10.1016/j.apenergy.2019.01.012

20. Bracquene E, Peeters JR, Dewulf W, Duflou JR. Taking evolution into

account in a parametric LCA model for PV panels. Proc CIRP. 2018;

69:389-394. doi:10.1016/j.procir.2017.11.103

21. Campos-Guzmán V, García-Cáscales MS, Espinosa N, Urbina A. Life

cycle analysis with multi-criteria decision making: a review of

approaches for the sustainability evaluation of renewable energy

technologies. Renew Sustain Energy Rev. 2019;104:343-366. doi:10.

1016/j.rser.2019.01.031

22. Wolf M-A, Pant R, Chomkhamsri K, Sala S, Pennington D, European

Commission, Joint Research Centre. The International Reference Life

Cycle Data System (ILCD) Handbook: Towards More Sustainable

Production and Consumption for a Resource-Efficient Europe.

Luxembourg: Publications Office; 2012. doi:10.2788/85727 accessed

June 18, 2020

23. Frischknecht R. LCI modelling approaches applied on recycling of

materials in view of environmental sustainability, risk perception and

eco-efficiency. Int J Life Cycle Assess. 2010;15(7):666-671. doi:10.

1007/s11367-010-0201-6

24. Stolz P, Frischknecht R, Heath GA, et al. Water footprint of European

rooftop photovoltaic electricity based on regionalised life cycle inven-

tories, 2018. doi:10.2172/1561520

25. Frischknecht R, Itten R, Wyss F, et al. Life cycle assessment of future

photovoltaic electricity production from residential-scale systems

operated in Europe, 2015. doi:10.2172/1561524

26. Libby C, Shaw S, Heath G, Wambach K. Photovoltaic recycling pro-

cesses, in: 2018 IEEE 7th World Conference on Photovoltaic Energy

Conversion (WCPEC) (A Joint Conference of 45th IEEE PVSC, 28th

PVSEC & 34th EU PVSEC), IEEE, Waikoloa Village, HI, 2018; 2594–
2599. doi:10.1109/PVSC.2018.8547376

27. Heath GA, Silverman TJ, Kempe M, et al. Research and development

priorities for silicon photovoltaic module recycling to support a circu-

lar economy. Nat Energy. 2020;5:502-510. doi:10.1038/s41560-020-

0645-2

28. Jolivet R, Clavreul J, Brière R, et al. lca_algebraic: a library bringing

symbolic calculus to LCA for comprehensive sensitivity analysis. Int J

Life Cycle Assess. 2021;26(12):2457-2471. doi:10.1007/s11367-021-

01993-z

29. Biganzioli S, Laurentiis FD, Diaconu S. Supporting information to the

characterisation factors of recommended EF life cycle impact assess-

ment methods. 2018;49.

30. Dome Solar, Kogysun i+: procédé pour fixation panneau solaire toi-

ture, Dome Solar. 2021. https://dome-solar.com/fixation-panneau-

photovoltaique/kogysun-i/ (accessed December 21, 2021).

31. Dome Solar, Fixation photovoltaïque pour ombrières de parking:

Hélios RC3, Dome Solar. 2021. https://dome-solar.com/fixation-

panneau-photovoltaique/helios-rc3/ (accessed December 21, 2021).

32. GPWatt, GPWatt notre expertise au service du photovoltaïque, GP

Watt. 2021. https://www.gpwatt.eu/ (accessed December 21, 2021).

33. Sauvage E. Hacsé: habitat coherent et solutions énergétiques, 2021.

https://www.hacse.eu/ (accessed December 21, 2021).

34. Woodhouse MA, Smith B, Ramdas A, Margolis RM. Crystalline silicon

photovoltaic module manufacturing costs and sustainable pricing: 1H

2018 benchmark and cost reduction road map, 2019. doi:10.2172/

1495719.

35. REC Solar, wp_-_recs_leading_energy_payback_time.pdf, 2018.

https://www.recgroup.com/sites/default/files/documents/wp_-_

recs_leading_energy_payback_time.pdf

36. Henley FJ. Kerf-free wafering: technology overview and challenges

for thin PV manufacturing, in: 2010 35th IEEE Photovoltaic Special-

ists Conference, IEEE, Honolulu, HI, USA, 2010;001184-001192.

doi:10.1109/PVSC.2010.5614096

37. Kumar A, Melkote SN. Diamond wire sawing of solar silicon wafers:

a sustainable manufacturing alternative to loose abrasive slurry

sawing. Proc Manuf. 2018;21:549-566. doi:10.1016/j.promfg.2018.

02.156

38. Bianco I, Blengini GA. Life cycle inventory of techniques for stone

quarrying, cutting and finishing: contribution to fill data gaps. J Clean

Prod. 2019;225:684-696. doi:10.1016/j.jclepro.2019.03.309

39. PV magasine, Silver accounts for 10% of PV module costs, Pv Maga-

zine International 2021. https://www.pv-magazine.com/2021/03/

04/silver-currently-accounts-for-10-of-pv-module-costs/ (accessed

December 21, 2021).

40. PV magasine, Copper metallization process reaches pilot production

in Germany, Pv Magazine International. 2021. https://www.pv-

magazine.com/2020/10/06/copper-metallization-process-reaches-

pilot-production-in-germany/ (accessed December 21, 2021).

12 BESSEAU ET AL.

 1099159x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3695 by U

niversity O
f O

ttaw
a L

ibrary, W
iley O

nline L
ibrary on [08/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1016/j.rser.2009.08.003
info:doi/10.5860/CHOICE.49-6309
info:doi/10.5860/CHOICE.49-6309
https://www.nrel.gov/docs/fy12osti/54871.pdf
info:doi/10.1111/j.1530-9290.2011.00439.x
info:doi/10.1111/j.1530-9290.2011.00439.x
info:doi/10.1016/j.jclepro.2018.06.276
info:doi/10.1016/j.jclepro.2018.06.276
info:doi/10.1002/pip.2841
info:doi/10.1002/ep.12340
info:doi/10.1002/pip.3441
info:doi/10.1016/j.jclepro.2020.120968
info:doi/10.1016/j.jclepro.2020.120968
info:doi/10.2760/852637
info:doi/10.1002/pip.2956
info:doi/10.1007/s11367-016-1087-8
info:doi/10.1007/s11367-016-1087-8
info:doi/10.1016/j.apenergy.2019.01.012
info:doi/10.1016/j.procir.2017.11.103
info:doi/10.1016/j.rser.2019.01.031
info:doi/10.1016/j.rser.2019.01.031
info:doi/10.2788/85727
info:doi/10.1007/s11367-010-0201-6
info:doi/10.1007/s11367-010-0201-6
info:doi/10.2172/1561520
info:doi/10.2172/1561524
info:doi/10.1109/PVSC.2018.8547376
info:doi/10.1038/s41560-020-0645-2
info:doi/10.1038/s41560-020-0645-2
info:doi/10.1007/s11367-021-01993-z
info:doi/10.1007/s11367-021-01993-z
https://dome-solar.com/fixation-panneau-photovoltaique/kogysun-i/
https://dome-solar.com/fixation-panneau-photovoltaique/kogysun-i/
https://dome-solar.com/fixation-panneau-photovoltaique/helios-rc3/
https://dome-solar.com/fixation-panneau-photovoltaique/helios-rc3/
https://www.gpwatt.eu/
https://www.hacse.eu/
info:doi/10.2172/1495719
info:doi/10.2172/1495719
https://www.recgroup.com/sites/default/files/documents/wp_-_recs_leading_energy_payback_time.pdf
https://www.recgroup.com/sites/default/files/documents/wp_-_recs_leading_energy_payback_time.pdf
info:doi/10.1109/PVSC.2010.5614096
info:doi/10.1016/j.promfg.2018.02.156
info:doi/10.1016/j.promfg.2018.02.156
info:doi/10.1016/j.jclepro.2019.03.309
https://www.pv-magazine.com/2021/03/04/silver-currently-accounts-for-10-of-pv-module-costs/
https://www.pv-magazine.com/2021/03/04/silver-currently-accounts-for-10-of-pv-module-costs/
https://www.pv-magazine.com/2020/10/06/copper-metallization-process-reaches-pilot-production-in-germany/
https://www.pv-magazine.com/2020/10/06/copper-metallization-process-reaches-pilot-production-in-germany/
https://www.pv-magazine.com/2020/10/06/copper-metallization-process-reaches-pilot-production-in-germany/


41. SunPower, Our Technology, SunPower - United States. 2014.

https://us.sunpower.com/why-sunpower/maxeon-solar-cells

(accessed December 21, 2021).

42. Müller A, Friedrich L, Reichel C, Herceg S, Mittag M, Neuhaus DH. A

comparative life cycle assessment of silicon PV modules: impact of

module design, manufacturing location and inventory. Sol Energy

Mater sol Cells. 2021;230:111277. doi:10.1016/j.solmat.2021.

111277

43. PV Manufacturing, PV-Manufacturing.org, PV-Manufacturing.Org.

2021. https://pv-manufacturing.org/glass-glass-modules/ (accessed

December 21, 2021).

44. E.N.F. Ltd, ENF Ltd. 2021. https://fr.enfsolar.com/pv/panel (accessed

December 21, 2021).

45. Stolz P, Frischknecht R. Life cycle assessment of current photovoltaic

module recycling, 2018;37.

46. Gu W, Li S, Liu X, Chen Z, Zhang X, Ma T. Experimental investigation

of the bifacial photovoltaic module under real conditions. Renew

Energy. 2021;173:1111-1122. doi:10.1016/j.renene.2020.12.024

47. Mutel C. Brightway: an open source framework for life cycle assess-

ment. J Open Source Softw. 2017;2(12):236. doi:10.21105/joss.00236

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Besseau R, Tannous S, Douziech M,

et al. An open-source parameterized life cycle model to assess

the environmental performance of silicon-based photovoltaic

systems. Prog Photovolt Res Appl. 2023;1‐13. doi:10.1002/pip.

3695

BESSEAU ET AL. 13

 1099159x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3695 by U

niversity O
f O

ttaw
a L

ibrary, W
iley O

nline L
ibrary on [08/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://us.sunpower.com/why-sunpower/maxeon-solar-cells
info:doi/10.1016/j.solmat.2021.111277
info:doi/10.1016/j.solmat.2021.111277
http://PV-Manufacturing.org
https://pv-manufacturing.org/glass-glass-modules/
https://fr.enfsolar.com/pv/panel
info:doi/10.1016/j.renene.2020.12.024
info:doi/10.21105/joss.00236
info:doi/10.1002/pip.3695
info:doi/10.1002/pip.3695

	An open-source parameterized life cycle model to assess the environmental performance of silicon-based photovoltaic systems
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  PARASOL_LCA: A parameterized LCA model for crystalline silicon-based PV systems
	2.2  PARASOL_LCA: Description of the model and its parameters

	3  RESULTS AND DISCUSSION
	3.1  Evolution of the PV environmental performance
	3.2  Sensitivity analysis

	4  CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


