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ABSTRACT: As part of global efforts to thwart the climate change challenge, the integration of renewable energy
systems, including an increasingly dominant solar sector, would contribute by 36% to the reduction of carbon related
emissions. Among current photovoltaic technologies, the focus is on silicon-based technologies dominating the
photovoltaic market with a share of 95% of the total production in 2017. Despite nearly-zero emissions during the
operation, non-negligible environmental impacts of these systems can be associated with the manufacturing stage,
which contributes to 80 — 90 % of the engendered impacts over their lifetime. The electricity mix is a key variable
parameter among others affecting the environmental impact in particular manufacturing and recycling phases. In
order to tackle this variability, the Life Cycle Assessment method along with comprehensive reviews of latest
crystalline-silicon advancements are used in this work to develop a parameterized model. The approach does not only
provide a scientific multi-criterion support monitored by more than 25 input variables but also includes updates to
current databases for photovoltaic systems, dating from 2005. This parameterization shows the relevance of the
model’s modular aspect allowing simulations of various scenarios, ensuring up-to-date LCA data, and serving

uncertainty and sensitivity analyses in the future.
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1 INTRODUCTION

The electric power sector, responsible of 40% of
today’s energy-related carbon dioxide (COz) emissions, is
one of the main contributors to the climate change
challenge [1]. Thus, this induced challenge which
constitutes one of the main and most complex problems
faced by the humanity and the Earth is calling for instant
and effective solutions at the global level [2]. These
solutions should limit and mitigate the engendered
environmental, social, and economic problems [2]. This
has led the International Energy Agency (IEA) to
encourage and project, by 2050, a significant reduction
for the power-sector-resulted emissions in order to reduce
them from 13 to 1.4 gigatons of carbon dioxide CO: per
year [3]. This reduction is interlinked with many
substantial steps which should be implemented; one of
them is the expansion of the integration of renewable
energy systems (RES) such as the photovoltaic (PV) solar
energy which is showing a significant development over
the past years [2]. RES are expected to contribute by 36%
to this reduction by 2040 [1]. However, their quantified
contribution to decrease the greenhouse gases (GHG)
when compared to other energy sources is debatable with
a high level of variability linked with geographical,
technological, methodological, and temporal factors [4].
Other potential environmental impacts should also be
accounted for to obtain a comprehensive environmental
footprint.

It is common that the environmental impacts of the
PV systems are considered negligible when addressing
the use phase only. On the contrary, the assessment of the
raw material extraction and manufacturing as well as the
end-of-life stages may involve significant impacts [5].
For instance, 80 — 90 % of the environmental impacts of
the PV systems can be associated with the manufacturing
stage [6]. Hence, a global analysis accounting for all life
cycle stages of the PV system is imperative and Life
Cycle Assessment (LCA) methodology is one of the most
mature methods to quantify the environmental impacts of
products throughout their life cycle stages including the

raw material extraction, the manufacturing, the use phase,
the transport, and the end-of-life [7, §8].

Addressing  variability of the environmental
performance of PV systems is one of the challenges
encountered when quantifying the environmental impacts
of these systems. For instance, based on a review of 400
LCA studies evaluating PV systems, documented by a
report from the Intergovernmental Panel on Climate
Change (IPCC) [9], the range of GHG emissions varies
between 5 and 217 g-COz-eq/kWh. The majority of the
studies documented a value between 30 and 80 g of CO2
eq/kWh. These values express the carbon footprint of the
systems in grams-carbon dioxide-equivalent/kilowatt-
hour (g-COz2-eq/kWh). This range is considerably wide
due to the variability of the system boundary, the
technologies, the applications and the assumptions.

In order to address this variability related to various
technological,  geographical, and methodological
approaches, an explicit parameterized model for
crystalline silicon (c-Si) systems is developed. It is based
on key variable parameters contributing to this
environmental performance variability. The choice of the
technology is justified by the dominance of c-Si one
among the PV systems: 95% of the total PV production
in 2017 [10]. They were extracted from intensive
comprehensive review of technological and LCA studies
which will be documented in the following paragraphs.
These parameters were grouped and modeled within an
LCA approach using advanced LCA tools and ecoinvent
3.4 database [11], as explained in the next sections. The
results will quantify the impacts and contribution to the
carbon footprint expressed in g-CO2-eq/kWh associated
with the chosen parameters. These scenarios are then
compared to a baseline scenario representing the original
data dated from 2005.

2 PURPOSE OF THE WORK

The objective of this work is to provide a tool
allowing the flexibility to analyze environmental impacts



of a wide range of PV systems. To do so, an explicit LCA
parameterized model has been developed to generate
environmental results in an automatized way by simply
specifying values for a set of key input variables
associated with technological hotspots.

The model allows the user, for the first time, to
monitor technological, geographical, and methodological
parameters to generate tailored life cycle inventories
accounting for the current and prospective technological
advancements of silicon-based PV systems related to the
whole systems’ life cycle. One of the potential
applications of this work is to provide a solution for the
outdated PV data issue while always relying on well-
known and developed available databases. The
integration of these updates is based on an explicit LCA
model  with  variable input parameters. This
parameterization allows a time-effective accessibility to
vary the parameters’ values across the model in order to
elaborate representative environmental assessments. The
integration of such parameterization may help the
propagation of uncertainties across the model for
sensitivity analyses in the future. It also enhances the
accuracy and eases the comparisons with other systems
and scenarios from an environmental assessment
perspective.

3 METHODOLOGY

As the PV market grows, research centers and
industries scrutinize the environmental impacts of these
technologies. LCA methodology is one of the most
widespread techniques to achieve this goal. The adopted
cradle-to-grave LCA accounts for the environmental
impacts of a product or system over its life cycle stages.
In order to represent the models, inventories are used:
they consist of lists of inputs and outputs for each unit
process included in the life cycle. Then, the Life Cycle
Impact Assessment (LCIA) phase translates the
inventories into potential environmental impacts using
characterization factors that describe the environmental
mechanisms behind each impact category [7, 8]. With the
LCA methodology as a basis and taking into account the
current technological improvements which influence the
silicon photovoltaic (PV) industry as well as their
prospective evolution, a parameterized modular PV
model is developed based on a set of technological,
geographical, and methodological parameters (Figure 1).
As shown Figure 1, the multi-criteria LCA results are
first expressed in terms of impact per kWp of installed
capacity then expressed per kWh produced over the
whole lifetime. Each of the boxes on the left represents a
category of input variables which are exerted to control
the modeling according to the user’s choice and their
system.

The open-source LCA framework Brightway2 [12],
relying on Python language, is used to develop the model
able to generate the environmental footprint for a large
set of PV systems and configurations. The inventories
rely primarily on ecoinvent 3.4 database as a basis, then,
are modified and updated according to the latest
advancements proposed either by the experts of task 12
of the International Energy Agency’s Photovoltaic Power
Systems Programme (IEA PVPS) or issued from
industrial data or other LCA data [13-21].

Regarding the functional unit (FU), the results are
expressed per power capacity installed in kilowatt peak

(kWp) or per kWh. In order to calculate the impact per
kWh, geographical parameters are added to calculate the
electricity production [13]. It is advantageous to separate
the impacts related to the technology (manufacturing,
end-of-life, etc.) and those related to the geographical
aspects of the site inducing a large variability (i.e.
irradiation,  orientation, etc.) [4]. Hence, the
environmental performance is calculated based on the
following formula: the environmental Performance is
equal to the environmental impacts divided by the
electricity generation.
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Figure 1: Explicit structure of the parameterized model
(4 boxes on the left: technological input variables, dashed

white boxes: intermediate parameters, orange box:
geographical and production input variables).

Recycling

A multi-criteria approach is considered based on 4
impact categories selected for this particular study after
international standards and initiatives such as the Product
Environmental Footprint (PEF) Guide, the ILCD 2011
Handbook, and IEA PVPS reports [21-24]. The main
characteristics of the analyzed case studies can be
summarized as follows:

- Technological scope: 3 kWp PV installation roof-
mounted with modules of multi-Si technology.

- Geographical scope: A South European case study
(corresponding to specific energy production of 1300
kWh/kWp) with an electricity mix representative of the
world electricity mix.

- Temporal scope: 2005 and 2019 technology horizon.

- Methodological scope: the greenhouse gas (GHG)
emissions are addressed using the IPCC 2013 global
warming potential (GWP) 100a method as recommended
by the Product Environmental Footprint Category Rules
(PEFCR) and Task 12 [23, 25, 26]. Additionally, 3 of the
impact categories recommended by the PEF were
integrated to assess the impacts of PV cells which will be
explained in Section 5. They include the cumulative
energy demand (CED), the respiratory effects inorganics,
and the freshwater ecotoxicity impact categories.

4 SCIENTIFIC INNOVATION AND RELEVANCE

This parameterized LCA model is the first PV model
allowing such a vast flexibility and accessibility to
operational parameters for the silicon technology where
enormous advancements have been achieved lately.
While Marini and Blanc (2014) PV parameterized model
focused on the Cadmium Telluride (CdTe) technology
based on 8 input parameters including both technological
and site-specific aspects, this model accounts for more
than 25 input parameters able to characterize the



technological, geographical, and methodological aspects
of the silicon PV technology. These parameters can be
divided into subcategories such as PV manufacturing,
electricity production, transport and end-of-life. The
proposed model also allows the user to monitor a large
number of operational parameters and to either specify
their own values or use the default set values to calculate
the environmental impacts using the LCA method
without being limited to a set of less recent inventories.
Such model is especially relevant for industrial
stakeholders and academic researchers to face the time-
consuming modeling and accuracy limitations
encountered using traditional LCA tools.

5 RESULTS AND DISCUSSION

By modifying some of the input variables of the
parameterized model, represented in Table I, the impacts
engendered by 1 m? multi-Si PV cell, are compared at the

level of 4 chosen impact categories.

Table I: Input variables related to PV cell manufacturing.

Parameter Original |Adjusted Unit or
value (eco- |value Type
invent 3.4)
Silicon electricity intensity| 110 30 kWh/ kg
Wafer thickness 240 200 pm
Silver amount 10.2 9.6 g/ m?
Cutting Process LAS DW Boolean
Kerf loss 0.5 0.29 fraction
Electricity dataset RER RoW dataset

As shown in Table I and Figure 2, two scenarios were
compared: the original dataset of the multi-Si PV cells
extracted from ecoinvent 3.4 (represented in red) and the
adjusted multi-Si PV cell resulted from the variation of
the input variables of the parameterized model
(represented in green). The choice of showing the
impacts of PV cells, among many other components, is
encouraged by the significance contribution of the cells
to the system’s impacts and the numerous advancements,
found in the literature, at this level, such as: the reduction
of the electricity consumption between the modified
Siemens process (110 kWh / kg of silicon) and the
Fluidized bed reactor (FBR) (30 kWh / kg of silicon) for
the silicon processing [13, 28]; the tendency to reduce the
thickness of the wafer; the reduction of the amount of
silver used for the metallization paste; the shift from the
Loose Abrasive Slurry (LAS) towards the diamond
wiring (DW) cutting process for the wafer [28]; the
reduction of cutting losses during processing; and the
dependency of the impacts on the electricity mix used for
the manufacturing [27, 28].

The results show a reduction of 40-50 % of GHG
emissions, cumulative energy demand, and human health
respiratory effects, along with a reduction of 21-22% of
the freshwater ecotoxicity impact. This is justified by the
reduced amount of material (silver, silicon, etc.) involved
in the manufacturing phase because of the reduction of
the initial amount and the less cutting losses associated to
the manufacturing phase. Additionally, the reduction of
the electricity amount largely contributes to an impact
reduction in the 4 impact categories, even after changing
the mix from a European context to a less favorable RoW
context. The electricity mix is changed from a European

(RER) to a rest of the world (RoW) context for a better
representation of the cell manufacturing market. This
analysis reflects the altered impact associated with a
component of the system: the cells. It helps to identify the
main hotspots at the level of manufacturing.

Comparision of PV Cell Impacts
original cell
(ecoinvent 3 4)
EEE adjusted cell
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Figure 2: Comparison of the impacts of the original PV
cell dataset (ecoinvent 3.4) and the adjusted one
(produced by the parameterized model).

Moreover, in order to address the carbon footprint
with respect to the chosen FU (1 kWh), Figure 3
represents the carbon footprint of the full system
expressed in g-COz-eq/kWh. The first bar represents the
impact of a 3 kWp multi-Si PV system extracted from
ecoinvent 3.4 [11]. The second bar represents the impact
of the same system when analyzed using the
parameterized model. It can be noticed that both have an
impact of around 60-61 g-COz-eq/kWh which validates
the modeling aspect. Since a 210 Wp panel is not
representative of the current technologies, a 280 Wp
considered as a representative current panel is analyzed
[13, 29]. This is equivalent to a better efficiency of
17.5%. As a result, the impact of such system with 280
Wp panel would reduce the impacts to around 47 g-CO»-
eq/kWh. As presented previously in Table I, since the
silicon processing rely more on the FBR process which
consumes less energy than the modified Siemens process,
the impacts are to around 38 g-CO2-eq/kWh when FBR
process is selected. Finally, in order to emphasize the
impact associated with the electricity mix used for
manufacturing, a low carbon mix is tested and
represented in the bottom bar. This low carbon electricity
mix can result in 31-32 g-CO2-eq/kWh carbon footprint.
This significant overall reduction highlights the necessity
to adopt an up-to-date database with representative
technological data to avoid the over-estimation of the
systems’ impacts and accommodate for the rapid
technological enhancement of the PV field with a time-
effective way.

Estimation of PV carbon footprint
(productivity 1300 kWh/kWp, lifetime 30 years)

Ecoinvent 3.4 - 2005 data -
3 kW PV system, module 210 W - N
3 kW PV system, module 280 W =
(17.5 % efficiency)
+ Fluidized Bed Reactor (FBR) process [ N N
+ Norwegian electricity mix | N N RN
0 10 20 30 40 S0 60
carben footprint (gC0zeq/kWh)
Figure 3: Comparison of various scenarios for the PV
system carbon footprint with an assumed productivity of
1300 kWh/kW) and a 30-years lifespan system.



6 CONCLUSION

With the emergence of photovoltaic-based electricity
generation systems and its competitiveness with other
conventional systems and RES, it is important to have an
easy, transparent, and explicit model allowing the users,
researchers, and industrial stakeholders to better model
and compare their systems in terms of their
environmental performance. The proposed parameterized
model answers this need and provides estimates of the
impacts of a 3 kWp multi-Si PV cell and system, as an
example, accommodating for the latest technological
trends in the PV sector within a European context.
Among the studies’ finding, the following key points can
be highlighted:

- There is a significant decrease (21-50%) in the
environmental impacts of the PV silicon cell resulting
from the latest technological advancements associated
with the electricity consumption, silicon manufacturing
process, cutting processes, silver use, source of
electricity, etc.

- This explicit parameterized model enabled to monitor 4
different multi-Si PV systems’ scenarios which showed a
significant reduction of the carbon footprint from 60-61
g-COz2-eq/kWh to 31-32 g-COz-eq/kWh by directly
modifying a set of input parameters. This overcomes the
limitations of some traditional LCA software and less
recent inventories that might reflect misconceptions in
the environmental analyses.

- If users, aside from industries and researchers, are not
aware of certain specifications of their system, there is a
possibility to use the proposed default values based on
the current industrial data and recommendations.

- An optimization could be integrated to the model, in the
future, to address the uncertainties associated with these
systems and the robustness of resulted LCA impacts.

It is worth mentioning that, although a 3 kWp multi-
Si PV system is analyzed, this explicit model allows the
user to investigate the environmental performance for
representative systems ranging from few kilowatt to
several Megawatt (MW) silicon-based PV systems along
with different options of installations, balance of system
(BOS), electricity mixes, etc.

7 ACKNOWLEDGMENTS

This research has been undertaken with the
framework and financial support of the ‘Agence de
I’Environnement et de la Maitrise de I’Energie’, ADEME
(France) as part of the INCER-ACV Project — contract
n°1705C004. The authors would like to thank treeze Ltd.
for their valuable support.

8 REFERENCES

[1] International Energy Agency (IEA). (2019) - Pavarini,
C., & Mattion, F. Tracking the decoupling of electricity
demand and associated CO2 emissions. Retrieved May
14, 2019, from
https://www.iea.org/newsroom/news/2019/march/trackin
g-the-decoupling-of-electricity-demand-and-associated-
co2-
emissions.html?utm_content=buffere5790&utm_medium

=social&utm_source=linkedin.com&utm_campaign=buff
er.

[2] Constantino, G., Freitas, M., Fidelis, N., & Pereira,
M. (2018). Adoption of Photovoltaic Systems Along a
Sure Path: A Life-Cycle Assessment (LCA) Study
Applied to the Analysis of GHG Emission Impacts.
Energies, 11(10), 2806.

[3] International Energy Agency (IEA). (2016). Energy,
climate change & environment. Paris (France). OECD.

Retrieved May 14, 2019, from
https://www.iea.org/publications/freepublications/publica
tion/ECCE2016.pdf.

[4] Marini, C., & Blanc, 1. (2014). Towards prospective
Life Cycle Assessment: how to identify key parameters
inducing most uncertainties in the future? Application to
photovoltaic systems installed in Spain. In International
Conference on Computational Science and Its
Applications (pp. 691-706). Springer, Cham.

[5] Sherwani, A. F., & Usmani, J. A. (2010). Life cycle
assessment of solar PV based electricity generation
systems: A review. Renewable and Sustainable Energy
Reviews, 14(1), 540-544.

[6] Wong, J. H., Royapoor, M., & Chan, C. W. (2016).
Review of life cycle analyses and embodied energy
requirements of single-crystalline and multi-crystalline
silicon photovoltaic systems. Renewable and Sustainable
Energy Reviews, 58, 608-618.

[71 ISO (2006a) 1ISO  14040: environmental
managements—life cycle assessments—principles and
framework. International Organization for
Standardization, Geneva.

[8] ISO (2006b) ISO 14044: environmental
management—Ilife cycle assessment—requirements and
guidelines. International Organization for
Standardization, Geneva.

[9] Edenhofer, O., Pichs-Madruga, R., Sokona, Y.,
Seyboth, K., Kadner, S., Zwickel, T., & Matschoss, P.
(Eds.). (2011). Renewable energy sources and climate
change  mitigation: Special ~ report  of  the
intergovernmental panel on climate change. Cambridge
University Press.

[10] Fraunhofer ISE: Photovoltaics Report, updated: 14
March 2019. Retrieved May 21, 2019, from
https://www.ise.fraunhofer.de/content/dam/ise/de/docum
ents/publications/studies/Photovoltaics-Report.pdf.

[11] Wernet, G., Bauer, C., Steubing, B., Reinhard, J.,
Moreno-Ruiz, E., and Weidema, B., 2016. The ecoinvent
database version 3 (part I): overview and methodology.
The International Journal of Life Cycle Assessment,
[online] 21(9), pp. 1218-1230. Retrieved January 01,
2019 from http://link.springer.com/10.1007/s11367-016-
1087-8.

[12] Mutel, C. (2016). Brightway? life cycle assessment
framework. Retrieved January 01, 2019, from
https://docs.brightwaylca.org/.

[13] Bracquene, E., Peeters, J. R., Dewulf, W., & Duflou,
J. R. (2018). Taking Evolution into Account in a
Parametric LCA Model for PV Panels. Procedia CIRP,
69, 389-394.

[14] Stolz, P., Frischknecht, R., Wambach, K., Sinha, P.,
& Heath, G. (2016). Life cycle assessment of
photovoltaic module recycling. Uster, CH: treeze Ltd.
[15] Frischknecht, R., Itten, R., Wyss, F., Blanc, I.,
Heath, G., Raugei, M., & Wade, A. (2015). Life cycle
assessment of future photovoltaic electricity production
from residential-scale systems operated in Europe.
International Energy Agency, Geneva.



[16] Kumar, A., & Melkote, S. N. (2018). Diamond Wire
Sawing of Solar Silicon Wafers: A Sustainable
Manufacturing Alternative to Loose Abrasive Slurry
Sawing. Procedia Manufacturing, 21, 549-566.

[17] Yang, H. L., Liu, I. T., Liu, C. E., Hsu, H. P., & Lan,
C. W. (2019). Recycling and reuse of kerf-loss silicon
from diamond wire sawing for photovoltaic industry.
Waste Management, 84, 204-210.

[18] Perez-Gallardo, J. R., Azzaro-Pantel, C., & Astier, S.
(2018). A Multi-objective Framework for Assessment of
Recycling Strategies for Photovoltaic Modules based on
Life Cycle Assessment. Waste and Biomass Valorization,
9(1), 147-159.

[19] Libby, C., Shaw, S., Heath, G., & Wambach, K.
(2018, June). Photovoltaic Recycling Processes. In 2018
IEEE 7th World Conference on Photovoltaic Energy
Conversion (WCPEC)(A Joint Conference of 45th IEEE
PVSC, 28th PVSEC & 34th EU PVSEC) (pp. 25%4-
2599). IEEE.

[20] SMA Solar Technology. 2019. AG SMA Solar
Technology AG - Inverter & Photovoltaics solutions. In:
SUNNY HOME MANAGER 2.0 | SMA Solar. Retrieved
January 30, 2019, from https://www.sma.de/en/.

[21] Manfredi, S., Allacker, K., Chomkhamsri, K.,
Pelletier, N., & Maia de Souze, D. (2012). Product
Environmental Footprint (PEF) Guide, European
Commission, Joint Research Centre. Institute for
Environment and Sustainability, Italy.

[22] European Commission-Joint Research Centre -
Institute  for  Environment and  Sustainability:
International Reference Life Cycle Data System (ILCD)
Handbook- Recommendations for Life Cycle Impact
Assessment in the European context. First Edition. EUR
24571 EN. Luxemburg. Publications Office of the
European Union; 2011.

[23] Frischknecht, R., Heath, G., Raugei, M., Sinha, P., &
de Wild-Scholten, M. (2016). Methodology guidelines on
life cycle assessment of photovoltaic electricity (No.
NREL/TP-6A20-65291). National Renewable Energy
Lab.(NREL), Golden, CO (United States).

[24] Wade, A., Stolz, P., Frischknecht, R., Heath, G., &
Sinha, P. (2018). The Product Environmental 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.
Progress in Photovoltaics: Research and Applications,
26(8), 553-564.

[25] European Commission, PEFCR Guidance document
- Guidance for the 14 development of Product
Environmental Footprint Category Rules (PEFCRs),
version 6.3, December 15, 2017. Retreived June 26,
2019, from
http://ec.europa.eu/environment/eussd/smgp/pdf/PEFCR
guidance v6.3.pdf.

[26] Stocker, T. F., Qin, D., Plattner, G. K., Tignor, M.,
Allen, S. K., Boschung, J., & Midgley, P. M. (2013).
Contribution of working group I to the fifth assessment
report of the intergovernmental panel on climate change
(IPCC). Climate change 2013: the physical science basis.

[27] R. Frischknecht, R. Itten, F. Wyss, I. Blanc, G.
Heath, M. Raugei, P. Sinha, A. Wade, 2014, Life cycle
assessment of future photovoltaic electricity production
from residential-scale systems operated in Europe,
Subtask 2.0 "LCA", IEA-PVPS Task 12.

[28] Fischer, M. (2018). ITRPV 9th edition 2018 report
release and key findings. In PV CellTech conference.

[29] Gazbour, N., Razongles, G., Monnier, E., Joanny,
M., Charbuillet, C., Burgun, F., & Schaeffer, C. (2018).
A path to reduce variability of the environmental
footprint results of photovoltaic systems. Journal of
cleaner production, 197, 1607-1618.



