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Abstract
Over the last decade the environmental impact of photovoltaic (PV) panels has extensively been explored, often using a Life Cycle Assessment
(LCA) methodology. However, the manufacturing data in reference databases are typically outdated and the end-of-life treatment is mostly
omitted from the scope of these studies. The objective of the current study is to inform decision-makers about potential environmental impact
reductions, mostly through dematerialization of the manufacturing phase and secondary material recovery at end-of-life. The results show how
taking into account eco-design aspects in the manufacturing stage and a well-designed end-of-life treatment system can further contribute to
lowering the environmental impact of PV panels and thus renewable energy production.
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1. Introduction
Over the last decades the use of photovoltaic (PV) panels for
electricity production has rapidly increased. In 2015, the
cumulative installed capacity of PV panels exceeded 200 GW
by the end of the year, with an increase in installed capacity
that was 25% higher than in 2014 [1]. Even though other
technologies have been introduced, such as thin-film PV,
crystalline Silicon (c-Si) modules still dominate the PV market
with around 90% of the installed capacity in 2015 [2,5,23]. In
recent years the cost of c-Si PV panel production has
substantially dropped in consequence of technological
improvements combined with low material costs for Silicon
[1,3-6].
The environmental impact assessment of PV panels is
commonly performed in a cradle to gate approach, and the endof-life (EoL) treatment is thus typically omitted from the study
boundary [7,8]. Although recycling of PV panels has already
been explored and innovative recycling approaches have been
investigated [9-13], the potential environmental impact of EoL

has not been fully integrated in the lifecycle impact assessment
of PV panels. Life Cycle Assessment (LCA) impact studies
have focused on embedded energy and greenhouse gas
emissions, and thus other impact categories, such as resource
depletion, have mostly been neglected. Finally, the influence of
technological developments over time on the environmental
performance of PV panels has not yet been fully investigated.
2. Life cycle assessment - LCA
The objective of the current study is to inform decisionmakers about potential environmental impact reductions for PV
panels. Using a parametric LCA model, the study takes global
technological trends into account in order to gain insight in
most likely future scenarios. The model is built using SimaPro
8.3 as software tool and ecoinvent 3.3 as reference database.
The “allocation default” system model is used because, for
attributional LCA, partitioning is recommended when dealing
with multi-functionality if it cannot be avoided [14].

2212-8271 © 201 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientific committee of the 25th CIRP Life Cycle Engineering (LCE) Conference
doi:10.1016/j.procir.2017.11.103

390

Ellen Bracquene et al. / Procedia CIRP 69 (2018) 389 – 394

In this study, the lifecycle of PV panels is taken into account
from raw material extraction up to the end-of-life (EoL)
treatment, as shown in Figure 1. However, the use phase is not
included because the electricity generation of the PV system is
highly case specific. Therefore, the Balance of System (BoS)
components, such as inverters, charge controllers, batteries and
mounting structures, have been omitted from the system
boundary. As shown in Figure 1, only recovered material that
can be reused in the same product system is considered.
Secondary materials, potentially downgraded to other product
systems, are not considered.
Although former LCA studies on PV panel have often
reported the environmental impact per kWh, in this study the
reference flow is Wp because the electricity generation is
highly influenced by external factors. Furthermore, the results
expressed per Wp can easily be translated to kWh for a specific
case with the following formula:
(1)
th: CF = con
ersion factor
With:
conversion
Irr = irradiation expressed in kWh/(m².year)
LT = lifetime expressed in year
PR = performance ratio (system efficiency)
Modeff = module efficiency
d = panel capacity expressed in Wp/m²

3. Photovoltaic panel products - Evolution

3.1. Evolution in technology
Although multi-crystalline Silicon (mc-Si) solar cells are
known to have a lower efficiency than single-crystalline (sc-Si)
cells, they have remained popular as they are less expensive to
produce, representing almost 70% of global PV module
production in 2016 [5,24]. If produced at large scale, thin-film
solar cells could potentially be even less expensive to
manufacture than mc-Si cells, however they have not yet
managed to match the commercial conversion efficiencies
achieved by crystalline technologies. Additionally the use of
rare earth elements, with potentially unstable supplies, also
hampers increase in large scale production resulting in a limited
market share of 10% over the last 5 years. Organic thin-film
PV cells are still in an early development stage and have not
yet resulted in stable market products. Solar cells are combined
together in PV modules with a typical capacity between 150 350 W. Modules with a higher capacity have been developed
for specific building-integrated PV systems (BIPV) [5,25]. PV
modules are combined with BoS components to form a PV
System.

3.2. Evolution in manufacturing

Fig. 1. System boundary for lifecycle of PV panel.

In order to compare our results with previously published
results, both the potential impact on climate change expressed
in kg CO2 equivalents [42] and Cumulative Energy Demand
(CED) expressed in MJ [43] will be calculated. Climate
changes factors with a time horizon of 100 years are used.
Additionally the Europe Recipe H/A method [15] is used to
quantify the potential environmental impact for a wide range of
impact categories, including climate change, human toxicity,
particular matter formation, land occupation and resource
depletion.

As described in the previous section, Silicon based PV
technology dominates the current PV market. Therefore this
section describes recent evolution in mc-Si PV panel
production.
Metallurgical Grade Silicon (MG-Si) is produced from
quartz reduction at high temperature. Before the MG-Si can be
used as semiconductor, it needs to be further purified.
Depending on the impurity level it will be named Solar Grade
Silicon (SoG-Si) or Electronic Grade Silicon (EG-Si). Because
the impurity requirements for PV applications are less
stringent, the PV industry mainly relied on the ‘off-grade’
Silicon from electronics until around 2000. Due to increasing
demand, different technologies have been developed to
produce SoG-Si from MG-Si directly. Nowadays most SoG-Si
manufacturers use modified Siemens or Fluidized bed reactor
(FBR) processes. The production efficiency of these
conventional technologies have improved significantly in
recent years, which also has been reflected by a reduction in
Silicon market value [4]. Energy consumption in 2015 reached
less than 55 kWh/kg compared to 80 kWh/kg in 2010 [5].
Current available lifecycle inventory (LCI) databases still
assume 110 kWh/kg [27]. Furthermore, according to a
manufacturer in Norway, innovative production processes are
commercially available with even lower energy requirements
of around 11 kWh/kg [26].
The SoG-Si is molten and casted into crucibles. When
crystalline blocks are sawn into thin wafers, the cuttings,
including broken wafers, are partly reused as input. Both
Silicon Carbide (SiC) and Polyethyleengycol (PEG) are
recycled from the abrasive cutting slurry. This is mostly done
off site by the slurry provider and typical recycling rates are 80-
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90%. An alternative wafer cutting technique is to replace the
steel wire by a diamond-plated wire and the abrasive slurry by
a cooling liquid. Even though the diamond wire sawing
provides advantages, such as higher productivity and reduced
wear losses compared to the steel wires, slurry based wafer
sawing will most likely remain the dominant technology [4]. In
2015, it has been reported that on average 5,6 g of SoG-Si is
used per Wp of solar cell [5]. This represents a reduction of
65% compared to the polysilicon usage in 2004 (16 g Si/Wp).
The reduction is due to thinner wafers on the one hand (from
300 μm to 180 μm), reduced kerf losses and increased SoG-Si
recycling. New wafer manufacturing techniques, such as
kerfless technologies, have been developed in order to further
increase the Silicon efficiency. Despite promising results
reported by both academia and industry [28-30], these
techniques are not expected to gain a market share exceeding
5% in the coming years [4].
Metallization is an important processing step because it has
an important influence on the efficiency and performance of
the solar cell. Screen printed metallization is the main
technique used in industry due to its simplicity, process speed
and cost [31]. The Silver content of the metallization paste has
decreased over the last decade, mainly due to the related cost.
Between 2010 and 2015, the amount of Silver per Wp has been
reduced with almost 67% [32,33]. Although reduction has
become increasingly challenging, the amount of Silver used in
the solar cells is expected to further decrease in the coming
years [34].
The electricity used for the solar cell production has
significantly been reduced from almost 30 kWh/m² in 2006 to
less than 15 kWh/m² in 2011 [20,36].
The most energy intensive production steps are the SoG-Si
production and the solar cell manufacturing. Although Europe
and the U.S. dominated the PV manufacturing industry in early
years, today almost 50% of the SoG-Si and 80% of the solar
cell are produced in Asia [34].

3.3. Evolution in end of life management
Today, the waste stream resulting from PV systems is still
limited, but is expected to gain more importance in the near
future as more PV installations reach their end of life [9,32].
Initially the PV waste stream will most likely be treated in a
similar way as other electronic waste. Material will be
separated through conventional recycling techniques, such as
size-reduction with a shredder followed by magnetic and eddycurrent separation, yielding low quality secondary material due
to impurities, limited separation efficiencies and presence of
hazardous compounds [35]. Although innovative processes are
being researched for Silicon based PV panels [9-11], currently
only a limited amount of valuable secondary material is
recovered and reused [12,13]. In the meanwhile, more efficient
and innovative separation techniques have been developed for
thin film PV panels by the German company Loser Chemie and
U.S.-based manufacturer First Solar. As waste volumes and
raw material cost increase and material efficiency policies are
further implemented, it is expected that PV waste will be
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treated with improved separation technology to enable higher
recovery rates and improved secondary material quality.
4. Photovoltaic panel products - previous LCA studies
Over the last decades the environmental impact of
photovoltaic (PV) panels has been extensively explored using
the Life Cycle Assessment (LCA) methodology. The reported
value for Cumulative Energy Demand (CED) ranges between
20 and 35 MJ/Wp [8,16,17,36-39]. From this range the lower
value corresponds to more recent studies [37-39] and this
reduced energy demand can be mostly attributed to an
increased PV capacity (Wp) per m2. The comparison of Global
Warming Potential (GWP) results is less straightforward
because it is typically expressed in kgCO2e/kWh and the
electricity production of PV panels highly depends on the
assumed location (irradiation), performance ratio, module
efficiency, expected life time and PV capacity (Wp/m²).
The reported GWP results over the last two decades mostly
fall within the range of 1-4 kgCO2e/Wp [8,16-18,21,36-41].
Some recent studies take the actual electricity mix at the
production site location into account, resulting in relatively
high carbon footprint results per m2. For example, Pacca et al
assume the PV panels are made in the U.S. while Desderi et al
assume electricity usage for panel production is taken from the
Chinese grid [17,18]. However, both studies show a lower
potential impact on climate change when expressing the results
in gCO2e per kWh because of the relatively high annual
electricity production [17] or Wp/m² ratio [18] that has been
assumed. On the other hand, some recent studies take increased
efficiencies that have been made along the PV panel supply
chain into account. For example, Stoppato et al take an
increased energy efficiency into account for the transformation
of MG-Si to SoG-Si [19] while Sagani et al include the
recycling of SiC (80%) and PEG (95%) used in sawing fluids.
However when expressed in kWh the result of Sagani’s study
shows a relatively high environmental impact because the
annual electricity production is assumed to be rather low,
which is partly due to the limited irradiation assumed in his
study [40].
Some studies include decommissioning at the end of the use
phase, but they exclude further waste treatment or recycling
activities [20,21]. One study includes both take back and
recycling activities, while also awarding credits for avoided
primary material production [22]. Because this study only
reports an aggregated result and because the assumptions
regarding the avoided primary material are not disclosed, the
overall contribution of the EoL stage is not clear. All other
analysed studies exclude EoL treatment of PV panels.
Even though the results are difficult to compare because of
different system boundaries, environmental impact models and
assumptions, the analysis is still useful to gain more insight in
typical parameters that influence the environmental
performance of PV panel.
5. LCA Results
A parametric LCA model was built to calculate the potential
environmental impact of PV modules over time taking
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technological evolution into account. In this chapter the model
parameters and their evolution over time are discussed in
subsection 5.1. The environmental impact assessment results
are described in subsection 5.2 and further analyzed in
subsection 5.3.

5.1. Inventory analysis
As discussed in the previous section, a number of
technological improvements and material efficiency measures
have taken place at various stages of the PV life cycle.

Fig. 2. (a) Electricity usage Silicon production; (b) Silver usage in solar Cell
production; (c) Silicon usage for wafer production; (d) Electricity usage for
solar cell production.

Based on these industry reports, combined with existing LCI
inventories, the evolution for a number of parameters was
mapped between 2006 and 2015 and extrapolated until 2026.
The results for the most relevant parameters are shown in
Figure 2. These parameters are used to build a parametric LCA
model for PV panels as a function of the production year.
The future electricity requirements for Silicon production
have been estimated based on the observed previous trend and
state of the art technology [26]. The Silver usage for solar cell
production and Silicon usage for wafer production are
estimated based on predicted evolution in trend reports [45,33]. The electricity usage for solar cell production after 2015
has been estimated based on the observed previous trend taking
into account that further reduction will become increasingly
challenging.
To evaluate the end of life of the PV panels, several end of
life options are considered. Until 2007, it is assumed that PV
panels are treated together with other electronic waste. The LCI
data for this process is available in ecoinvent. Between 2007
and 2020, the aluminium frame is manually removed allowing
for full recovery and reuse of the aluminium resources. After
2020, improved recycling technology is assumed to be
implemented allowing solar glass, Silver and Copper to be
recovered and reused as well. Limited data is available for such
innovative recycling process, however the LCI data published
by Latunussa et al is used to estimate the potential
environmental impact [9].
Background system, such as changing electricity mixes by
2026, have not been taken into account in our model. However,
the influence of the electricity mix decreases as the energy
intensity of the production phase declines over time.

5.2. Impact assessment
Based on the LCI parameters assumed for 2016, the GWP
of an average m-Si PV panel is 1,12 kg CO2e/Wp while the
CED amounts to 15,83 MJ/Wp. In the next section these results
are compared to previously published LCA results.
Figure 3 shows the normalized potential environmental
impact using the Europe ReCiPe H/A method for each impact
category. The relatively higher impacts for human toxicity and
marine ecotoxicity are mostly due to the extraction of Copper.
Figure 5 shows the contribution of each lifecycle stage to
the environmental impact using the ReCiPe H/A method for the
reference year 2016. The PV panel assembly has the largest
contribution (30%), which is mainly due to the material usage
of Aluminium (14%), solar glass (6%) and Copper (3%).
Although the Silicon usage has significantly decreased, the
contribution of SoG-Si production remains 29% and is mostly
attributed to the electricity usage (25%). The electricity
consumption (10%) and Silver usage (3%) are the main
hotspots for the solar cell production (18%). For the wafer
cutting (13%), the impact is mostly due to the electricity
consumption (4%), steel wire used for cutting (3%) and
abrasive cutting slurry (2%). The contribution of the Silicon
casting (8%) is mostly attributed to electricity consumption
(6%). Finally, it is important to note that the contribution of
EoL in the current model is based on assumed waste treatment
management at the time of production. It would be interesting
to take the time lag between first use and final waste treatment
into account in future models.

Fig. 3. Normalized potential environmental impact of PV panels using the
Europe ReCiPe H/A method.

5.3. Interpretation
The results of our parametric LCA model are compared with
peer-reviewed results published in academic literature that
have been discussed in the previous chapter of this article.
Figure 5 shows the results of our model and literature values
for a time period from 2000 until 2016. The historic values,
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from previous LCA studies, are plotted in accordance with the
year of publication because the reference year used for the LCI
compilation could not always be retrieved.
Both the CED and GWP calculated historic results are
comparable to previous LCA studies and they follow a similar
trend. From these results it is clear that the PV industry has
achieved some major improvements over the last decade in
terms of environmental impact reductions. Since the
improvement measures with limited investments have already
been implemented, continuing to lower the environmental
impact of PV energy in future will become more challenging.
Nevertheless, as forecasted by industry trends reports, a further
reduction in material and energy usage is expected.
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of Silver used in the metallization paste. By 2026, the main
contributor of the environmental impact of the PV panel will
be the last manufacturing step, the PV assembly, unless further
dematerialization is achieved by using less virgin Aluminum,
solar glass and copper.
By applying effective recycling technology the reuse of
materials can further reduce the impact of PV panels with 6%
for conventional recycling of Aluminum and with 9% if
improved EoL management is implemented allowing Silver,
Copper and solar glass to be recovered as well with a higher
purity. Based on the current estimation, the contribution of endof-life treatment would increase from 3% to 7%, but this would
be more than compensated through the reduced impact of raw
material extraction.

Fig. 5. Contribution to overall single score environmental impact per lifecycle
stage for reference year 2006; 2016 and 2026.

6. Conclusions

Fig. 4. (a) Historic trend of CED for mc-Si PV panels; (b) Historic trend of
climate change for mc-Si PV panels.

Figure 5 shows the contribution of the different lifecycle
stages to the overall environmental impact calculated as a
single score with the ReCiPe H/A method for the years 2006
and 2026. It is obvious that the reduction of electricity use for
the Silicon production combined with the reduced Silicon
usage per Wp have a major impact on the environmental
footprint of PV panels. The total impact of the Silicon wafers,
represented by the SoG-Si production, Silicon casting and
wafer cutting, accounted for 73% of the environmental impact
of PV panels in 2006. Figure 5 shows that the contribution of
the Silicon wafers in 2016 has already been reduced to 49% and
based on expected trends this could further reduce to 35% by
2026. Because of these significant improvements, other
lifecycle stages, such as solar cell production, PV panel
production and EoL contribute to a larger part of the overall
potential environmental impact. The absolute contribution of
solar cell production has however decreased with 6% between
2006 and 2016 due to less required energy and reduced amount

This study shows that is it feasible to model historic and
potential future environmental impacts based on available
information related to evolution in technology, manufacturing,
use and end-of-life treatment of products such as PV panels.
Compared to previous LCA studies, the environmental impact
of PV was often underestimated in earlier years but more recent
results tend to overestimate the potential environmental impact
due to the use of outdated LCI data.
The presented parametric LCA model is used to highlight
past achievements along the PV supply chain between 2006
and 2016: (1) 64% reduction in terms of embedded energy
[MJe/Wp], (2) 52% reduction in terms of climate change [kg
CO2e/Wp] and (3) 50% reduction in terms of overall
normalized environmental impact [eco-points/Wp]. Current
realized improvements have been obtained in previously
identified hotspots such as Silicon wafer production.
Additionally the model enables us to identify potential future
hotspots that will need to be addressed. Based on these results,
we can conclude that it will be vital for the PV industry in the
coming years to invest in proper eco-design of the PV panel to
allow reuse of specific components such as the Aluminum
frame and effective EoL-treatment that enables the recovery of
high quality secondary materials.
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