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the environmental performance
of perovskite-on-silicon tandem solar cells – a life
cycle assessment of industrially manufactured
modules†

Martin Roffeis, *a Simon Kirner,b Jan-Christoph Goldschmidt,c Bernd Stannowski,d

Laura Miranda Perez,e Christopher Casee and Matthias Finkbeinera

LCA studies of perovskite-on-silicon tandem (PST) cells have so far been heavily reliant on laboratory data

and process data from test facilities to project environmental impacts, producing results that differ

significantly from one another. This paper reports on potential environmental impacts of an industrially

manufactured PST module. Based on process data from a volume manufacturing line in Brandenburg,

Germany, a comprehensive life cycle assessment (LCA) was performed using the ReCiPe 2016 v1.1

method. The production of one module was estimated with a global warming potential (GWP) of 434 kg

CO2 eq., terrestrial ecotoxicity potential of 598 kg 1,4-DB eq., freshwater consumption (FWC) of 14 m3,

and fossil and metal depletion potential (FDP and MDP) of 164 kg oil eq. and 2034 g Cu eq., respectively.

In line with other studies, the environmental performance of the PST module was largely influenced by

the amount of energy consumed in the course of production, making the silicon wafer production the

determining process step in most impact categories considered. Exceptions were found with the metal

depletion potential (MDP) and terrestrial ecotoxicity potential (TETP), where copper, aluminum and float

glass implemented in the cell manufacturing and module production process decisively determined the

impacts of production. The built-in lead, on the other hand, had no significant influence on the result of

the toxicity-specific impact categories in ReCiPe, even if complete lead emission was assumed. The

results were also analysed and compared to those of a silicon hetero-junction solar cell (SHJ) module,

modelled analogously to the PST production process. While we found the overall environmental impact

of the PST module per piece to be higher than that of the SHJ module in most impact categories (up to

7%) due to the additional process steps, a comparison made on the basis of kW h produced shows

advantages for the PST module with 6–18% across all impact categories, as a higher efficiency

overcompensates the higher environmental burden of production, assuming the same lifetime for both

modules.
1. Introduction

Photovoltaic (PV) technology has taken major steps in devel-
opment in the last few years and shows great potential to play
a key role in the energy transition during the next decades. As
a result of the learning curve of the manufacturing of PV
tainable Engineering, Straße des 17. Juni
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, Mead Road, Oxford OX5 1QU, UK

mation (ESI) available. See

22, 6, 2924–2940
technologies, together with a continuous increase in the power
conversion efficiency (PCE), PV is now among the cheapest
technologies for energy production.1 One of the greatest recent
advances in this regard is hybrid metal halide perovskites
(MHPs), a new class of hybrid organic–inorganic semi-
conductors. MHPs are materials with the perovskite structure
where the inorganic framework is formed by a divalent metal, in
general lead or tin or a mixture of both, and halides and the
organic molecules are located between the octahedra of the
inorganic cage. MHPs show expedient optoelectronic proper-
ties, sporting a large absorption coefficient, small exciton
binding energy and a band gap that can be tuned to ideally
function as a single junction cell, or as a sub cell in a multi-
junction solar cell.2,3 Applied as a thin lm on top of a second
lower band gap absorber, for instance a crystalline silicon
bottom cell, such perovskite-on-silicon tandem (PST) cells are
This journal is © The Royal Society of Chemistry 2022
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able to achieve PCEs well above the limit of single junction solar
cells. Only recently, PST cells developed by Helmholtz-Zentrum
Berlin4 and Oxford PV5 certied with PCEs of 29.15% (HZB),
29.52% and 29.80%,6 respectively, set new world records
according to the international standards.

Now with the 30% PCE landmark within close reach, interest
in the application potential of PST cells is further increasing. In
addition to the economic potential and the technical feasibility,
it is above all questions of possible environmental benets that
are attracting public attention.7–9 This is generally based on the
notion that higher efficiencies reduce the environmental impact
per unit of energy produced. What is neglected here, however, is
that changes in the manufacturing process and material
composition also change the environmental impact of a PV
device, and rarely in an immediately predictable way. This
applies in particular to the addition of manufacturing steps or
materials with potentially high environmental impacts, such as
lead used in the synthesis of the perovskite absorber layer,
which due to its acute toxic effect, can disproportionately
increase the environmental burden in toxicity-specic impact
categories.10,11 Hence, environmental characterization of all
material and energy ows involved in the production, use and
disposal of a PV device, i.e., “from-cradle-to-grave”, is required
in order to make reliable statements about possible environ-
mental effects.

There have been quite a few studies in recent years looking
into whether and to what extent PST cells offer environmental
advantages over conventional PV technologies. To estimate the
environmental impact, the majority of studies employed life
cycle assessment (LCA), a method most widely used for this type
of analysis.11–13 However, as a technology under development,
studies have so far been heavily dependent on process data
from laboratory and test facilities, using linear extrapolations to
project the environmental impact of industrially manufactured
devices. These ex ante studies oen produce very different
results depending on the methodological decisions and
assumptions made.11–14 This is particularly evident in assump-
tions relating to the design of industrial production steps and
the lifetime of PST modules under eld conditions, which are
difficult to make on the basis of laboratory or experimental
production settings and, therefore, vary greatly between studies.

Aiming to make a decisive contribution to closing this
knowledge gap, this paper examines the environmental
performance of one of the rst industrially manufactured PST
modules. Using process data from Oxford PV, a comprehensive
life cycle inventory (LCI) was modelled, recording all essential
material and energy ows involved in the industrial scale
production of a 2 m2 PST module (i.e., from the cradle to plant
gate). The environmental performance of the LCI model was
assessed using the ReCiPe 2016 v1.1 method and the results are
compared to those of a hetero-junction solar cell (SHJ) module
of almost identical build as the bottom cell in the tandem
device. The analysis of the environmental impacts related to the
production and per unit of electricity generated, points to
environmentally critical aspects in the production of PST
modules and thus could offer inspiration and guidance for
This journal is © The Royal Society of Chemistry 2022
future research, strategic planning, and commercial decision-
making.
2. Materials and methods

An LCA enables the assessment of potential environmental
impacts of a product, process, or service throughout its entire
life cycle, starting from raw material extraction and processing/
cradle, through the product manufacture, distribution and use,
to its end-of-life by way of recycling or disposal of the materials,
from which it is built.15 Following the internationally recog-
nized LCA guidelines provided in ISO 14040 (ref. 15) and ISO
14044 (ref. 16) standards (not third-party reviewed against ISO
14040), this LCA study was carried out in four operational
phases: (1) goal and scope denition, (2) LCI modelling, (3) life
cycle impact assessment (LCIA) and (4) interpretation. In the
following sections we will detail all methods and materials
relevant to the results presented.
2.1 Goal and scope

This study aims at estimating the environmental performance
of an industrially manufactured PST module. The main goal is
to assess whether the efficiency gain of a tandem device
compared to that of a silicon single junction cell can compen-
sate for the additional environmental loads added through the
manufacture of the perovskite top cell. The life cycle study is
expected to (1) detect environmentally critical aspects of
commercial production; (2) reveal potential trade-offs between
PCE and environmental impact, and (3) provide reference
points for future research and development activities to
improve the environmental performance of current production
designs.

In order to full these objectives, an attributional LCA is
carried out, in which a comprehensive LCI of a volume
manufacturing line is characterised with environmental impact
data using the ReCiPe 2016 v1.1 method. Because of numerous
existing inconsistencies, e.g., regarding the build and capacity
of cells researched, the modeling of the product system, and
choices concerning the impact assessment methods, setting of
system boundaries and the handling of co-products, the study
results are not compared with those of the previously published
LCA studies examining the environmental performance of PST
cells or any other PV technology, for that matter. However, to
gauge whether the PST device offers environmental advantages
over established PV technologies, the estimated impacts related
to the production of the PSTmodule are compared with those of
a SHJ module of the same dimension, modelled analogously to
the PST production process.

2.1.1 Product system. The PST module studied here is
assumed to be manufactured at the Oxford PV Germany GmbH
(Oxford PV) production site in Brandenburg an der Havel,
Germany. The technology has already been successfully trans-
ferred to the industrial wafer format, e.g. M4 or even M6.17 The
module studied here shall consist of 72 cells in the M4 format
and is expected to deliver 500 Wp over a 2 m2 module area.
Sustainable Energy Fuels, 2022, 6, 2924–2940 | 2925
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The environmental performance of the 2 m2 PST module, is
estimated in this study using a representative life cycle model.
The life cycle of the PST module can be divided into 6 life cycle
stages: wafer production (A), cell manufacturing (B), module
production (C), installation (D), operation (E), and end-of life (F)
(see also Fig. 1).

Material and energy ows transcending the system bound-
aries outlined in Fig. 1 in one or the other direction determine
the environmental life cycle performance of the PST module.
Since insufficient data are yet available on the behavior of PST
modules under eld conditions (e.g., failure rates, maintenance
intervals, etc.) and possible disposal and recycling concepts
have not yet been adequately researched, this study does not
account for material and energy ows related to the module
installation (D), operation (E) and end-of-life (F). The life cycle
model under research thus covers all relevant material and
energy ows related to the sourcing and processing of materials
and energetic resources used in wafer production (A), manu-
facture of the PST cell (B) and module production (C), i.e., from
“cradle to gate”. Though the use phase (installation and
Fig. 1 System boundaries and relevant life cycle stages of the examined
gray are not part of the life cycle model and are only taken into accoun

2926 | Sustainable Energy Fuels, 2022, 6, 2924–2940
operation) and end-of-life are not included by way of modelling,
decisive factors inuencing the environmental performance of
the module, such as module capacity, lifetime and potential
emissions from disused modules, are quantitatively assessed as
part of a scenario analysis and interpretation of the results (see
Section 2.2.1).

The environmental performance of the PST production
model is measured against the reference ow of one PST
module provided to a generic market in Germany. To better
understand the causes and drivers of the environmental
performance, the assessment results are analysed using two
different functional units (FUs): (1) a production-related FU,
where impacts are calculated per module produced and (2)
a performance-based FU, where impacts are expressed as the
number of kW h produced. All relevant performance charac-
teristics and framework conditions dening the production and
function of the module are summarized in Table 1.

With a specic surface area of 258 cm2, the PST cell delivers
an output of 6.94 Wp corresponding to 26.9% cell efficiency.
Seventy-two PST cells connected in series provide 500 Wp over
product system (schematic representation). Life cycle stages shaded in
t to a limited extent when examining the environmental impact.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Key parameters of the SHJ and PST modules examined

Parameter Unit SHJ PST DSa

Production line
Factory output Modules per a 483 538 483 538 PD

MW a�1 213 213 PD

Module
Wafer area (M4 format) cm2 258 258 PD
Cells per module pcs 72 72 PD
Silicon area per module cm2 18 576 18 576 PD
Gross module area cm2 20 000 20 000 PD
Module efficiency (silicon area) % 24 27 PD
Module efficiency (total area) % 22 25 PD
Module capacity Wp 440 500 PD

Performance
Lifetime a 25 25 PD
Average degradation rate %/a 0.7 0.7 SD18

PRb (initial) % 80 80 SD18

PRb (incl. average degradation during lifetime) % 73.6 73.6 SD18

Annual average irradiation (Germany) kW h m�2 1250 1250 AS
Annual yield kW h/2 m2 405 460 CA
Yield over lifetime kW h/2 m2 10 125 11 500 CA

a Data source: PD – primary data (data obtained from surveys carried out between July 2018 and February 2021 as part of the ProTandem project); SD
– secondary data; AS – assumption; CA – calculated. b PR – performance ratio.
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View Article Online
a 2 m2 module area, which corresponds to a module efficiency
of 25% when measured monofacially (see also Table 1).

A key challenge for the commercialization of PST cells has
long been the operational stability of perovskites. Lead-based
perovskites can be unstable, if not appropriately protected
against environmental inuences, which can lead to their rapid
decay when exposed to oxygen, light and heat, i.e. the very
conditions in which they are meant to generate electricity.12,19

The consequences can be a short service life/lifetime and the
release of potentially hazardous substances into the environ-
ment. The latter relates in particular to the emissions of lead,
a known neurotoxin that can disrupt the hematopoietic, renal,
reproductive, and central nervous systems in animals and
humans, even in very small amounts.10,11,20 By adapting the
formulation and synthesis of the perovskite and the cell design
and encapsulation optimization, Oxford PV succeeded in miti-
gating stability-related decits and aims at providing future
buyers of their modules with the industry-standard 25 year
performance guarantee. Estimated conservatively, this study
assumes an initial performance ratio of 80% and an annual
degradation rate of 0.7%, which is summarized in an average
performance ratio of 73.6% over 25 years of service (Table 1).
Due to the proven stability improvements, no distinction is
made between the PST and SHJ modules with regard to the
degradation rate. Assuming installation in Germany under
annual average irradiation on an optimally oriented module
plain of 1250 kW h m�2, a 2 m2 PST module with a peak power
of 500 Wp is thus capable of generating 460 kW h annually and
11 500 kW h over its estimated lifetime. With the same
dimensions, but a lower module efficiency of 22% (440 Wp), the
SHJ module, with which the environmental performance of the
PST module is to be compared, achieves lower yields generating
This journal is © The Royal Society of Chemistry 2022
405 kW h annually and 10 125 kW h over 25 years. It is worth
mentioning here that the capacity factor in Germany is relatively
low compared to other regions where PV is installed on a larger
scale. At a sunnier location, the module output and thus the
yield over 25 years would be considerably higher, which would
also be reected in a relatively lower environmental impact per
kW h.

The performance ratio of modern PV systems depends on
many factors such as module orientation and mounting (xed
versus single- or dual-axis tracking), shading, and ambient
temperature and wind conditions. Also, the type of solar cell has
an impact: SHJ cells for example are known for their low
temperature coefficient. Perovskite cells can have even lower
temperature coefficients,21 presumably overcompensating the
small effect because PST solar cells are more sensitive to natural
spectral changes of irradiation.22 Due to a lack of eld data,
a relatively low performance ratio was assumed for both cell
types. It is worth noting, however, that modern systems in
Germany are capable of reaching the initial performance ratios
of 0.85 and higher, making higher yields possible.

2.1.2 Cell and module design. Certain details related to the
device stack and the manufacturing method given in the
following sections were intentionally altered to protect the
respective intellectual property from unwanted disclosure.
Alterations relate in particular to the exact absorber composi-
tion and the formation of the contact layers. However, care was
taken to do this in a manner that does not distort the results
shown in any signicant way.

The PST cells consist of a�160 mm thick SHJ bottom cell and
a perovskite solar cell on top. Fig. 2 shows the layer stack of the
PST cell in greater detail.
Sustainable Energy Fuels, 2022, 6, 2924–2940 | 2927
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Fig. 2 Layer stack of the PST cell under research (relative thickness of
the crystalline silicon layer has been adjusted by factor 10�2 for better
illustration). FS ¼ front-side; RS ¼ rear-side.

Fig. 3 Layer stack of the PST module under research.
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The tandem solar cell consists of a bottom silicon cell with
a perovskite cell on top. The bottom cell stack resembles the
typical silicon heterojunction solar cell (SHJ), which was pio-
neered by, among others, Sanyo/Panasonic, and which is well
known for its superior performance to conventional (PERC)
silicon solar cells. In this SHJ device, a phosphorous (n-type)
doped crystalline silicon wafer is passivated on both sides by
thin layers of intrinsic amorphous silicon (a-Si), followed by a p-
type a-Si layer on the rear side and an n-type a-Si layer on the
front side. Indium tin oxide (ITO) layers on either side form the
electrodes. Located on top of the SHJ bottom cell is the perov-
skite top cell, which in this case consists of a poly(triaryl amine)
(PTAA) p-type layer, the methylammonium lead triiodide
(MAPbI3) “perovskite” absorber layer and a zinc oxide n-type
layer. Another ITO layer forms the top electrode. The tandem
cell is completed by a grid electrode consisting of silver (cf.
Fig. 3). The module material stack is illustrated in Fig. 3.

Unlike most conventional PV modules, the PST module has
glass covers on both the front and rear sides. In between,
embedded in a transparent layer made of ethylene and vinyl
acetate (EVA), are the PST cells (Fig. 3). The PST cells are
provided with 10 mm thin silver ngers (silver electrode), which
are screen-printed onto the surfaces of the top and bottom of
the cells. “Multiwires” made of copper are soldered perpen-
dicular to the silver ngers. The silver ngers collect the elec-
trical current generated by the PST cells and pass it on to the
copper-core multiwires, which are connected to a junction box
via metal bars.
2.2 Life cycle inventory (LCI)

The life cycle model detailed in this section was created between
June 2018 and February 2021 as part of the ProTandem project;
a consortium of experts from science and industry that received
funding from the Federal Ministry for Economic Affairs and
2928 | Sustainable Energy Fuels, 2022, 6, 2924–2940
Energy (BMWi) with the aim to support the development of
industrial mass production towards market maturity, for which
the assurance of environmental compatibility is a prerequisite.

2.2.1 Foreground system. Both primary and secondary data
were used in the modeling of the product life cycle. The primary
data used were either (1) collected during visits to the produc-
tion site in Brandenburg, (2) made available by Oxford PV on the
basis of detailed questionnaires, or (3) determined in the
context of workshops and project meetings with domain
experts. Secondary data used were extracted primarily from
published LCI data collections and case studies investigating
the environmental impact of PST and SHJ cells. The selection of
suitable inventory data was based on criteria of applicability,
recency, and, in order to reproduce the global diversity of
dominant production routes, the geographical reference of
accessible data sets. In a few places where neither primary nor
secondary data were available, assumptions were made or
approximate values were used. Assumptions regarding the
sourcing and production of base materials, the wafer produc-
tion and energy supplying processes correspond to the busi-
ness-as-usual scenario in the respective geographical context.

The process data gathered in this way facilitated the
modelling of an industrial scaled production process
comprising all relevant energy and material ows involved in
the provision of a PST module to a generic market in Germany
(Fig. 4). The wafer production (A) and associated upstream and
downstream process chains, such as the mining of energy and
material resources, the production of operating and auxiliary
materials, energy generation and water supply processes, or the
disposal of solid and liquid waste, were modeled predominantly
on the basis of secondary data. As it matches current procure-
ment practices in the PV industry, it was assumed that wafers
were sourced from China. The wafer production (A) model
draws on data sets found in the LCA database 3.5 of the
ecoinvent Association, which were adapted according to the
given geographic context and wafer type used. In this rst life
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Data basis and geographical context of all life cycle stages and associated unit processes considered in the modelling of the PST module
production.
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cycle stage, a distinction was made between (A.01) wafer fabri-
cation, (A.02) wafer packaging, and (A.03) transport of wafers
from China to Germany.
This journal is © The Royal Society of Chemistry 2022
The production process of the PST module was largely
modeled on the basis of primary data (Fig. 4). Where the
primary data gathered were incomplete or information on
Sustainable Energy Fuels, 2022, 6, 2924–2940 | 2929
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synthesis routes was not available, datasets were complemented
with averaged industrial data available in the literature, or
substituted by equivalent processes (i.e., processes with equiv-
alent function and suspected environmental impact), as was the
case with the hole transporting material (HTM) poly(triaryl
amine) or PTAA, instead of which the synthesis and deposition
of Spiro-OMeTAD are assumed (Fig. 4).

The production model entails all relevant energy and mate-
rial ows driving cell manufacturing (B) andmodule production
(C), i.e., from the provision of required raw materials and the
manufacturing of intermediate products for the assembly and
packaging of the nished module. The output of unit process
A.03, i.e., imported M4 wafer, provides the basis for the
manufacturing of the PST cell. The wafers are then cleaned and
textured (B.01), before they are coated with a-Si by means of
plasma enhanced chemical vapor deposition (PECVD) (B.02).
The waste water from cleaning and texturing are neutralized in-
house (X.04) to minimize waste stream. Residual gas is burned
and scrubbed (X.01), and is washed in the second step together
with other acidic and caustic exhaust streams (X.07 and X.08).
Sputter coating is used to deposit the front, back and interme-
diate ITO layer (B.03, B.04 and B.09). The trays used to hold the
cells are cleaned in-house, accounted for in unit process X.02.
The top cell fabrication starts by evaporating the PTAA p-layer,
or Spiro-OMeTAD used as proxy (B.05), followed by the evapo-
ration of MAPbI3 (B.06), a curing step (B.07), and the deposition
of a ZnO n-type layer (B.08). The tandem cell is completed by
screen printing of the silver paste (B.10) and curing to form
a silver grid (B.11). The nished cells are tested (B.12) and
contacted with the multiwires, connected into strings, lami-
nated and assembled into a module (C.01). The assembled
modules then go to the packaging unit (C.02), which marks the
end of the production process as modules – being packed in
cardboard boxes and stacked on EURO pallets – are made ready
for distribution. Central facility systems include the ultra-pure
water fabrication (X.03), process cooling (X.05), air compressor
(X.06), process exhaust ventilator (X.09) and exhaust lter
systems (X.10).

Aiming to reproduce the site conditions at Oxford PV, it is
assumed that cell manufacturing (B) and module production
(C) take place in Brandenburg, Germany. However, as it
concerns most relevant environmental determinants, such as
electricity grid mix, ways of water supply and wastewater treat-
ment, applicable limits for air pollutants and available
processes for recycling, and disposing of solid waste, the site
conditions in Brandenburg are representative for all of
Germany.

Although studies have not yet established that the lead
contained in perovskites poses increased environmental risks,
persistent concerns are understandable, given the high toxicity
potential that lead emanates.10,23 Since the study focuses
primarily on the production process, the effects of possible lead
emissions, which are expected to occur predominantly in the
use phase and end-of-life of the PST module,10 could only be
mapped to a limited extent in the life cycle model. However, in
order to take this issue into account when calculating the
environmental performance, a worst-case scenario was
2930 | Sustainable Energy Fuels, 2022, 6, 2924–2940
assumed that all of the lead built into the PSTmodule is emitted
into the environment. Information about the proportions of
lead emitted to soil, air or water was taken from a study by
Hauck et al. (2017).24 More information on the model assump-
tions in this regard can be found in the ESI S1, Table S1.†

For better interpretation of the results and to analyse
whether the PST technology offers any environmental advan-
tages over established PV technologies, the environmental
performance of the PST module is compared with that of a SHJ
module of the same dimension and build as the bottom SHJ cell
used in the PST tandem device. The production process of the
SHJ module was modeled analogously to that of the PST
module. The production base (M4 wafer) and the module build-
up correspond to those of the PST module. Notable differences
can be found primarily in the cell manufacturing process, where
the unit processes responsible for the synthesis and the appli-
cation of the second absorber layer are omitted (Fig. 5). In
addition to changed performance characteristics, this results in
noticeable differences in the bill of materials, as a comparison
of a selection of inventory data shown in Table 2. However, the
omission of unit processes also affects the capacity utilization of
processes that are present further upstream and downstream,
such as water and energy supplying processes or processes
facilitating exhaust abatement and wastewater treatment.
Moreover, presuming that the maturity of the technology
reduces the probability of production errors, we assumed that
the reject rate in the SHJ module production is lower than that
in the production of the PST modules. This changes the input
and output ows even in processes that are otherwise (qua
modeling) identical in the SHJ and PST module, although
differences in the inventory ows are less pronounced here
(Table 2).

A detailed list of all input and output ows taken into
account in the modelling of the SHJ and PST product system
and information on the origin of the data used can be found in
the ESI S2.†

2.2.2 Background system. In order to calculate the envi-
ronmental impact of the SHJ and PST production model, the
inventory ows in the foreground system must be linked to the
corresponding upstream and downstream process chains
facilitating either their provision or disposal. A majority of the
material and energy ows pertaining to the background system
of the PST and SHJ module production could be modeled using
data sets available either in ecoinvent 3.5 (ref. 25) or the GaBi
database SP40.26 Whenever suitable datasets were not available,
concerned materials and processes were modeled according to
process inventories found in the literature up to a level that
allowed links being made to processes available in either of the
two LCA databases (ecoinvent 3.5 or GaBi SP40). The modelling
and linkage of upstream and downstream processes forming
the background system was done using the LCA soware GaBi
9.2.27

When selecting the data sets used for the modeling of the
background system, care was taken to ensure that the
geographical reference of data sets corresponds to that of the
individual life cycle stages modeled in the foreground system.
All processes involved in the background system reect the
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Unit processes considered in the modelling of the SHJ cell manufacturing process.

Table 2 Selection of relevant inventory flows involved in the production of the SHJ and PST module. Differences between the PST and SHJ
inventory data expressed in percentage relative to the SHJmodule. Inventory items with amass flow of less than 1� 10�4% of themodule weight
are not shown. A list of all the material and energy flows taken into account in the modelling of the product systems is available in the ESI S2

Inventory data (input/output) Unit (per module) SHJ (amount) PST (amount) Diff. (%)

I M4 wafer [at plant gate DE] pcs 72.8 73.3 +1
I Hydrouoric acid [49% in H2O] ml 107.9 108.8 +1
I Hydrogen chloride [36% in H2O] ml 103.7 121.5 +16
I Potassium hydroxide [50% in H2O] ml 259.0 391.2 +51
I Natrium hydroxide [50% in H2O] ml 146.9 165.0 +12
I Sulfuric acid [95% in H2O] ml 57.5 58.0 +1
I ITO target [97% In2O3/3% SnO2] g 3.5 3.0 �14
I Poly(triaryl amine) – PTAA mg — 26.9 —
I Methylammonium iodide [CH3NH3I] g — 2.1 —
I Lead iodide [PbI2] g — 6.2 —
I Zinc oxide [ZnO] g — 0.1 —
I Ag-paste [95% Ag, 5% solvent] g 8.2 5.2 �37
I Copper wires [Cu] kg 0.2 0.2 +1
I Float glass kg 22.6 22.7 +0
I Interconnection ribbon [Cu] g 77.5 78.2 +1
I Encapsulant [EVA] g 3.1 3.1 +1
I Multiwires [Cu] kg 0.2 0.2 +1
I Oxygen [O2, gas] l 19.5 19.7 +1
I Argon [Ar, gas] l 3.0 3.9 +30
I Nitrogen [N2, gas] l 3107.6 3943.0 +27
I Silane [H4Si, gas] l 1.1 1.1 +1
I Nitrogen triouride [NF3, gas] l 0.2 0.3 +1
I Diborane [B2H6 in H2, gas] l 1.1 1.1 +1
I Phosphine in [PH3 (1%) in H2, gas] l 0.6 0.7 +1
I Hydrogen [H2] l 10.8 10.9 +1
I Electricity kW h 69.9 83.5 +19
I Industrial city water [cooling, tap water] m3 2.2 3.6 +64
I Ultra-pure water [deionized] m3 0.2 0.2 +17
I Industrial city water [process, tap water] m3 0.4 0.4 +1
I Clean dry air (CDA) m3 8.7 9.8 +12
O Slurry from in-house WWTa g 28.7 41.4 +44
O Mixed metals g 30.8 31.0 +1
O Defective parts (cells/modules)b g 10.6 16.4 +55
O Module [ready for operation] pcs 1.0 1.0 0

a Waste water treatment. b Cells/modules that were rejected as part of quality control due to defects or damage.

This journal is © The Royal Society of Chemistry 2022 Sustainable Energy Fuels, 2022, 6, 2924–2940 | 2931

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

9:
52

:0
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2se00096b


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

9:
52

:0
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
current state of technology, taking into account the geograph-
ical context. More detailed information on the data sets used in
the modelling of the background system can found in the ESI
S2.†

2.2.3 Allocation. Following recommendations in ISO
14044,16 allocation of impacts between two or more co-products
was avoided, either by dividing concerned processes and co-
products into a set of sub-processes until multi-functionality was
resolved, or by using system expansion, i.e., “expanding the
product system to include the additional functions related to the
co-products, .”.16 Allocations can therefore only be found in
processes from LCA databases that complement the process
chains in the foreground and background system. How multi-
functionality problems were dealt with methodically in those
processes is detailed in the publicly available documentation of
the respective database. Information on the processes used and
which database they were taken from is contained in the ESI S2.†

2.3 Life cycle impact assessment (LCIA)

In the LCIA, the material and energy ows recorded in the LCI
model are translated into environmental impacts by means of
characterization factors. The potential environmental impacts
of the SHJ and PST production model are assessed using the
ReCiPe 2016 (v1.11) method.28 In ReCiPe, impacts are calculated
for 18 ReCiPe impact categories at the midpoint level, of which
only a selection is discussed in more detail in this study. The
environmental characterisation of the LCI models followed the
hierarchist perspective, i.e., a set of methodological choices
representing the scientic consensus with regard to the time
frame and plausibility of impact mechanisms.28 The optional
components of the impact assessment (normalization,
grouping and weighting) are not included in this study due to
their subjective character.16

2.4 Data quality and uncertainty

The modeling of the SHJ and PST module production included
a number of assumptions and approximations both in the
foreground and background system, which, in addition to the
risk of amplication of measurement errors, can undermine the
predictive value of the LCA results. Since the data used in
modeling are mostly single-point data without any degree of
variability, an estimation of the model parameter uncertainty
using statistical uncertainty propagation approaches such as
the Monte Carlo analysis or the fuzzy set theory was only of
limited use. However, a comprehensive impact analysis is
carried out to illustrate the relative contribution of inventory
items to the overall results and thus highlight model parame-
ters that are most inuential on the assessment results.

As no comparison of the results with other LCA studies is
sought and characterization methods and background data-
bases used are the same for the SHJ and PST production model,
no analysis for method-related uncertainties was carried out.
Uncertainties owing to the applied characterization methods,
i.e., ReCiPe 2016 (v1.11), and the databases used (ecoinvent V
3.5 and GaBi SP40) are well documented and can be recalcu-
lated from the data shown here and in the ESI† if necessary.
2932 | Sustainable Energy Fuels, 2022, 6, 2924–2940
3. Results and discussion

The results of the LCI analysis and the LCIA are presented and
discussed in the following sections. In order not to suggest an
unrealistic degree of accuracy, the results are rounded to one
decimal place in the decimal form or scientic notation or given
as a percentage without a comma for relative values.
3.1 LCI analysis

In order to better understand how the LCIA results presented
later came about, the LCI model of PST module production was
analysed with regard to the dominant energy and material
ows. First, it was examined which model elements mapped in
the foreground system account for the greatest mass ow in the
production of the PST modules. As can be seen in Fig. 6,
auxiliary and operating materials, i.e., materials that are
consumed during the production process and, if at all, only
indirectly become part of the product, dominate the mass
balance. Industrial city water (tap water), which is mainly used
for cooling (to a greater extent, especially in processes B.02, B.04
and B.06) and for the production of ultra-pure water and, to
a lesser extent, for cleaning purposes, represents the largest
mass ow in the PST production model at around 1285 kg per
module produced. The ultra-pure water produced on site from
tap water is mainly used in the wet bench and exhaust abate-
ment processes and, at around 238.5 kg, it represents the
second largest mass ow. Float glass, mounted on the front and
rear side of the module for better encapsulation, shows the
third largest mass contribution with 22.7 kg, all while making
up approximately 82% of the module weight (27.6 kg). Only in
6th to 9th position, well aer the input of clean dry air (11.7 kg)
and nitrogen (4.9 kg), further module parts are ranked such as
the module frame made of aluminum (3.4 kg), the 72 M4 wafers
(0.8 kg), the J-box set (0.5 kg) and copper wires (0.4 kg). Lead
iodide (PbI2) and methylammonium iodide (CH3NH3I), the two
essential components of perovskites, make a rather small mass
contribution in the PST module production with an input of
about 6 g and 2 g per module, respectively (Fig. 6).

Studies examining the environmental impact of PST tech-
nology have consistently identied the energy used in the
production process, particularly in the manufacture of crys-
talline silicon, as the determining factor.11,12,23,29–31 The same
can be observed in the LCI results of this study. Fig. 7 shows
that the renewable and non-renewable energy resources
consumed in the wafer fabrication alone, at 6466 MJ, account
for around 67% of the energy used throughout the PST module
production (9685 MJ per PST module). With an equivalent of
2089 MJ, the module assembly (C.01) step shows the second
highest energy consumption, which can be traced back to the
built-in aluminum (module frame) and oat glass, and the
energy used in the curing process. Unit processes within the
cell production stage (B) only account for approx. 10% of the
renewable and non-renewable energy resources used, largely
attributable to the wafer cleaning/texturing (B.01) process and
the application of the perovskite and Spiro-OMeTAD layer
(B.06 and B.05) (Fig. 7).
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Mass contribution of inventory items mapped in the foreground system expressed in kg per PST module produced. Inventory items with
a mass flow of less than 1 � 10�4% of the module weight are not shown.

Fig. 7 Renewable and non-renewable energy resources used in the production of one PSTmodule accounting for all material and energy flows
mapped in the background and foreground system of the life cycle model. The LCI results expressed in MJ per PSTmodule provided to a generic
market in Germany.

This journal is © The Royal Society of Chemistry 2022 Sustainable Energy Fuels, 2022, 6, 2924–2940 | 2933
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3.2 LCIA analysis

The LCIA results are summarized in Table 3. In the interest of
clarity and legibility, this section focuses only on a selection of
ReCiPe midpoint categories. The assessment results for all 18
ReCiPe impact categories are presented in the ESI S3.†

The production of a 2 m2 PST module with a capacity of 500
Wp is estimated with a global warming potential (GWP) of 434
kg CO2 equivalent. As in the case for most impact categories, the
GWP is determined in large by the energy consumption of the
individual life cycle stages. Most of the energy and heat
consumed in China, and also Germany and Europe for that
matter, is provided through the combustion of non-renewable
and renewable resources.32,33 This increases the score of emis-
sion-sensitive characterization factors, like the GWP, the ne
particulate matter formation (PMFP), or factors indicating
eutrophication and acidication potentials (MEP, FEP, and
TAP), and also inuences the results of other impact indicators,
such as fossil depletion potential (FDP), freshwater consump-
tion (FWC), or freshwater and marine ecotoxicity (FETP and
METP), indicating environmental impacts that result from the
extraction, processing, or cultivation of the respective energy
resource (Table 3).

Similar to the result patterns observed for the consumption
of energy resources, 69% of the GWP is owed to material and
energy ows involved in the wafer production stage, followed by
the module production (22%) and cell manufacturing (10%)
stage. A detailed breakdown of the GWP result shows which
materials and processes involved in the PST module production
require the most energy and thus indirectly determine the GWP
(Fig. 8). In the wafer production stage, the sourcing and energy-
intensive production of silicon carbide (8%) and silicon crystal
(53%) are the biggest contributors. The electricity consumed in
China during the fabrication of the M4 wafer only contributes
3% to the overall results. In addition, there are signicant
contributions from aluminum (9%) and oat glass (6%), both of
Table 3 Estimated environmental impacts of one PST module provided t
in total per module and broken down according to the relative contribu

Impact category CFma (abbr.) Unit (per module)

Climate change, default GWP kg CO2 eq.
Particulate matter formd PMFP g PM2.5 eq.
Fossil depletion FDP kg oil eq.
Freshwater consumption FWC m3

Freshwater ecotoxicity FETP kg 1,4 DB eq.
Freshwater eutrophication FEP g P eq.
Human toxicity, non-cancer HTP(NC) kg 1,4-DB eq.
Ionizing radiation IRP kBq Co-60 eq.e

Marine ecotoxicity METP kg 1,4-DB eq.
Marine eutrophication MEP g N eq.
Metal depletion MDP g Cu eq.
Terrestrial acidication TAP g SO2 eq.
Terrestrial ecotoxicity TETP kg 1,4-DB eq.

a Characterisation factor at midpoint. b Wafer production (A), cell manufac
to assumed lead (Pb) emissions. d Fine particulate matter formation. e kB

2934 | Sustainable Energy Fuels, 2022, 6, 2924–2940
which are materials whose manufacture is considered energy-
intensive. With regard to oat glass, it should be noted that it is
theoretically possible to carry out encapsulation with other
types of glasses, such as rolled glass. Compared to oat glass,
rolled glass requires less energy to produce, which in turn
would reduce the environmental impact in energy-sensitive
categories. The gures given here can therefore be regarded as
the upper limit.

In the case of metal depletion potential (MDP), the contri-
bution analysis shows a somewhat more balanced result. The
cell manufacturing stage (B) is, with 37%, the biggest contrib-
utor (Table 3 and Fig. 9). This is mainly due to silver contained
in the soldering paste and the Spiro-OMeTAD synthesis for
which larger amounts of magnesium are required i.e., in the
course of the 2,20,7,70-tetrabromo-9-90-spirobi [9H-uorene]
preparation (ESI S2†). Other notable MDP contributions come
from the steel-made printing screens (4%) used in the contact
formation/metallization process (B.10) and lead iodide (2%)
used in the perovskite synthesis (Fig. 9). The module assembly
(C.01) and module packaging (C.02) process together account
for 36% of the estimated MDP. Copper and aluminum used in
C.01 contribute a total of 32% to the MDP and thus explain the
largest part of the contribution allocated to the module
production stage (C). The 28% contribution made by the wafer
production stage (A) is essentially owed to steel and crystalline
silicon used in the course of the wafer fabrication (Fig. 9).

It is worth mentioning that lead built to the module, which
was assumed to be completely emitted, only marginally affects
the environmental performance of the module, as estimated by
the ReCiPe method (Table 3). A contribution greater than 0.5%
was found only for the human toxicity (non-cancer) and
terrestrial ecotoxicity potential (HTC(NC) and TETP). A more
detailed breakdown of the TETP results shows that toxicity does
not arise primarily from acute toxic substances, such as lead
iodide or hydrogen uoride, used in the cell production stage
(B), but is rather attributed to materials and intermediate
o a generic market in Germany. Presentation of environmental impacts
tion of individual life cycle stages, and assumed lead emissions

Amount (amount)

Life cycle stageb

Pbc (%)jAj (%) jBj (%) jCj (%)

434 69 9 22 0
684 77 8 15 0
164 75 7 18 0
14 94 2 4 0
4 85 11 4 0
210 90 7 3 0
421 74 19 5 1
71 95 1 3 0
5 72 23 5 0
31 83 9 8 0
2034 28 37 36 0
1577 74 6 19 0
598 57 10 31 1

turing (B), andmodule production (C). c Contributions of impacts owing
q Co-60 eq. to air.

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Contribution analysis of the global warming potential (GWP) associated with the provision of a PST module to a generic market in
Germany. Mapping of inventory items with contributions greater than 0.1% to the total result.

Fig. 9 Contribution analysis of the metal depletion potential (MDP) associated with the provision of a PST module to a generic market in
Germany. Mapping images of inventory items with contributions greater than 0.1% to the total result.

This journal is © The Royal Society of Chemistry 2022 Sustainable Energy Fuels, 2022, 6, 2924–2940 | 2935
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products with a signicantly higher mass ow, such as the
silicon wafer, copper wires or the oat glass (compare Fig. 6 and
11). The latter two, which are installed in the module assembly
(C.01) process, together already contribute 24% to the total
TETP. The module frame (aluminum), electricity (curing), the J-
box set and packagingmaterials contribute the remaining 7% to
35% TETP caused by the module production (B) stage (Fig. 10).
In the wafer production stage, which accounts for the largest
part of the estimated TETP with 57%, the toxicity potential
originates in particular from the production processes of crys-
talline silicon (31%), silicon carbide (5%) and steel (5%). Added
to this are brass and triethylene glycol, which each contribute
3% to the total TETP. The built-in lead, shows an insignicant
inuence with 1% contribution on the TETP result, even though
complete emission is assumed (Fig. 10).

While lead contained in the device makes a rather insignif-
icant contribution to toxicity-specic impact categories from
a global perspective (i.e., LCA perspective), the results do not
provide any information about possible local hazards. Infor-
mation on these possible local effects requires in-depth case-
specic toxicological investigations, which are advisable in view
of the acute dangers emanating from emitted lead.

It is noticeable that some of the processes identied as
inuential in the contribution analysis were modelled solely on
the basis of secondary data (see also Fig. 4). The use of
secondary data is always associated with uncertainties, since
methodological inconsistencies can lead to distorted results
Fig. 10 Contribution analysis of the terrestrial ecotoxicity potential (TETP
Germany. Mapping images of inventory items with contributions greater

2936 | Sustainable Energy Fuels, 2022, 6, 2924–2940
and thus wrong conclusions and recommendations. Although
great attention was paid to ensuring that the selected secondary
data sets are consistent with those of the rest of the LCI model,
certain deviations had to be accepted, for example with regard
to the level of detail and the temporal and geographic reference
of the data sets. The wafer fabrication (A.01) process, whose
environmental load shows a consistently determining inuence
on the LCI and LCIA results, was modelled based on the data set
“RoW: single-Si wafer production, photovoltaic hu-soi” found in
the LCA database ecoinvent 3.5 (ESI S2†). Although other
studies also concluded that wafer production is the determining
factor for the environmental impact of a PV system, it seems
worthwhile to investigate whether the underlying technology
(time reference 2018) is still state of the art and how recent
technological developments in wafer manufacturing would
affect the overall results. Another aspect that would be worth
exploring in follow-up studies is how the results change when
other HTMs are used instead of Spiro-OMeTAD. In this study
Spiro-OMeTAD acted as a proxy, as data on the synthesis of the
HTM actually used, PTAA, were not available. However, the
relative contribution of Spiro-OMeTAD to the overall environ-
mental impact is partly pronounced, especially when it comes to
the consumption of energy resources (Fig. 7) and MDP (Fig. 10).
The use of HTMs with a lower environmental impact would
certainly measurably reduce the environmental impact of the
PST module in associated categories.
) associated with the provision of a PST module to a generic market in
than 0.1% to the total result.

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 Estimated environmental impacts per kW h produced for a SHJ and PST module operating in Germany for 25 years. Impact of the PST
module expressed in percentage relative to the impact of the SHJ module in each impact category.
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3.3 Comparison with SHJ production with and without the
use case scenario

In view of the additional materials and manufacturing steps
involved in the manufacture of the PST module, it is to be ex-
pected that the module will show a higher environmental
impact than the SHJ module (Fig. 4 and 5). A comparison of the
LCIA results of both modules reects this line of thought, even
if this does not apply to all impact categories (Table 4).

Concerning the results of MDP, GWP and PMFP, in partic-
ular, the environmental impact of the SHJ module is noticeably
lower than that of the PST module. In impact indicators whose
results are primarily determined by material and energy ows of
the wafer production, such as FWC, FETP, FEP and IRP, hardly
Table 4 Comparison of the estimated environmental impacts associate
Germany. Differences between the SHJ and PST module expressed in p

Impact category CFma (abbr.) Unit (per mo

Climate change, default GWP kg CO2 eq.
Particulate matter formc PMFP g PM2.5 eq.
Fossil depletion FDP kg oil eq.
Freshwater consumption FWC m3

Freshwater ecotoxicity FETP kg 1,4 DB eq
Freshwater eutrophication FEP g P eq.
Human toxicity, non-cancer HTP(NC) kg 1,4-DB eq
Ionizing radiation IRP kBq Co-60 eq
Marine ecotoxicity METP kg 1,4-DB eq
Marine eutrophication MEP g N eq.
Metal depletion MDP g Cu eq.
Terrestrial acidication TAP g SO2 eq.
Terrestrial ecotoxicity TETP kg 1,4-DB eq

a Characterisation factor at midpoint. b Impacts of the PST module relativ
Co-60 eq. to air.

This journal is © The Royal Society of Chemistry 2022
any differences can be made out between the results of the
modules (compare Tables 3 and 5). A different picture emerges,
however, with the results of HTP(NC) and METP, where the
environmental impact of the SHJ module is higher than that of
the PST module (Table 4). The reason for this is that about 37%
less silver is used in the contact formation/metallization
process (B.10) of the PSTmodule than in the SHJ module, which
is mirrored by the HTP(NC) and METP result, given the high
toxicity of silver (compare Tables 2 and 5). Less silver is neces-
sary for the PST cell in comparison to the SHJ cell, because the
electrical current of the individual solar cells is roughly 50%
lower (operating voltage is much higher) and thus less metal-
lization is required to keep losses from the series resistance at
d with the provision of a SHJ and PST module to a generic market in
ercentage relative to the impact of the SHJ module

dule) SHJ (amount) PST (amount) Diff.b (%)

411 434 +6
644 684 +6
157 164 +4
14 14 +1

. 4 4 0
209 210 0

. 440 421 �4
.d 70 71 +1
. 6 5 �7

29 31 +4
1900 2034 +7
1510 1577 +5

. 578 598 +3

e to those of the SHJ module. c Fine particulate matter formation. d kBq
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Table 5 Comparison of the estimated environmental impacts associated with one kW h produced by a SHJ and PST module operating in
Germany for 25 years. Differences between the SHJ and PST module expressed in percentage relative to the impact of the SHJ module

Impact category CFma (abbr.) Unit (per kW h) SHJ (amount) PST (amount) Diff.b (%)

Climate change, default GWP g CO2 eq. 40.6 37.7 �7
Particulate matter formc PMFP mg PM2.5 eq. 63.6 59.5 �6
Fossil depletion FDP g oil eq. 15.5 14.3 �8
Freshwater consumption FWC l 1.4 1.2 �11
Freshwater ecotoxicity FETP mg 1,4 DB eq. 348.6 307.0 �12
Freshwater eutrophication FEP mg P eq. 20.6 18.3 �12
Human toxicity, non-cancer HTP(NC) g 1,4-DB eq. 43.5 36.6 �16
Ionizing radiation IRP Bq Co-60 eq.d 6.9 6.2 �11
Marine ecotoxicity METP g 1,4-DB eq. 0.6 0.5 �18
Marine eutrophication MEP mg N eq. 2.9 2.7 �9
Metal depletion MDP mg Cu eq. 187.7 176.5 �6
Terrestrial acidication TAP mg SO2 eq. 149.1 137.4 �8
Terrestrial ecotoxicity TETP g 1,4-DB eq. 57.1 52.0 �9

a Characterisation factor at midpoint. b Impacts of the PSTmodule relative to those of the SHJmodule. c Fine particulatematter formation. d Bq Co-
60 eq. to air.

Fig. 12 Operating time of a PST module at which its environmental
impact per kW h is equal to that of an SHJ module that has been
operated for 25 years.
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the same level. In a tandem device the solar spectrum is
distributed between the two sub-cells, thus the current is
roughly halved, while the voltage is considerably higher due to
the reduction of thermalisation losses.

Overall, the differences between the results in the range of
�7% to +7% are small. Given the inherent uncertainties of any
LCA study, such numerical differences are usually not deemed
signicant. Due to the high consistency of the LCI models
applied, the results for the more robust impact categories GWP,
FDP, FEP, MEP and TAP are deemed signicant, nevertheless.

The result is a different one, however, when environmental
impacts of the modules are compared on the basis of kW h
produced (Table 5). Here the PST module shows a superior envi-
ronmental performance with sizeable advantages being evident in
the toxicity-specic impact categories FETP, HTC(NC) and METP,
in particular. Likewise, with respect to the previous comparison
per module, the advantages of the PSTmodule are the lowest with
the results of GWP, PMFP and MDP (Table 5 and Fig. 11). For
a general classication of the results, a comparison of the envi-
ronmental impacts per kW h of the PST and SHJmodule with that
of the German grid mix can be found in Table S2 in the ESI S1.†

Assuming a performance ratio of 73.6% (average annual
degradation rate of 0.7% included) and an annual average
irradiation on an optimally oriented module plain of 1250 kW h
m�2, the 440 Wp SHJ and 500 Wp PST module would have
produced 10 125 kW h and 11 500 kW h respectively by the end
of their 25 year performance guarantee. The PST module would
thus be able to generate roughly the same amount of energy in
22 years as the SHJ module over 25 years.

Aer 22 years, however, the environmental impact of the PST
module would not have yet equaled that of the SHJ module, at
least not in all of the impact categories considered (Fig. 12). For
example, a PST module would have to generate electricity for at
least 23 years in order to be on par with the GWP, PMFP, FDP,
MEP, TAP and TETP of an SHJ module that has been in oper-
ation for 25 years. In the case of the MDP, the PST module
would have to stay operational for at least 24 years (Fig. 12).
2938 | Sustainable Energy Fuels, 2022, 6, 2924–2940
With the HTP (NC) and METP, the PST module would only
show the same environmental impact as an SHJ module aer 21
and 20 years respectively, though in both cases the PST module
would have produced less electricity than a 25-old SHJ module,
entirely apart from the fact that aer this time the module
would still show environmental disadvantages in the previously
mentioned categories (Fig. 12).
4. Conclusions

This paper reports on the environmental performance of
a perovskite-silicon tandem (PST) module, which was esti-
mated via a comprehensive LCI model of a volume
manufacturing line in Brandenburg, Germany, using the
ReCiPe 2016 (v1.11) impact assessment method. The results
were analysed for a selection of impact categories and
compared with those of a silicon heterojunction (SHJ)
module of the same dimension and build, modelled accord-
ing to the same principles as the PST module LCI. In
This journal is © The Royal Society of Chemistry 2022
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agreement with other studies, the environmental perfor-
mance was largely inuenced by the amount of energy
consumed during production, which made the wafer
production stage the determining process step in most
impact categories considered. Exceptions were found for
MDP and TETP, where copper, aluminum and oat glass
installed in the cell manufacturing and module assembly
process, signicantly determined the estimated environ-
mental performance of the module. The built-in lead, on the
other hand, showed a marginal inuence on the results,
including toxicity-specic impact categories, even when
complete emission was assumed as a worst-case scenario.
However, the LCIA results should always be interpreted with
caution, as they provide a rather rough approximation of
possible environmental impacts from a global perspective
and reveal little about actual hazards on a local scale. To
address such acute effects at a local scale is beyond the scope
of LCA and requires detailed and case-specic toxicological
investigations. Consideration should also be given to the
uncertainties that result from the LCI modeling. This applies
in particular to the wafer production step, which was
modeled almost exclusively on the basis of secondary data
and shows a consistently determining inuence on the LCI
and LCIA results.

While the overall environmental impact of the production of
the PST module was found slightly higher than that of the SHJ
module per piece, with a small difference of up to 7%, when the
comparison is based on the kW h produced, advantages are
given for the PSTmodule in all impact categories in the range of
6–18%. A higher PCE of the PST module reduces the relative
input of materials and energy per unit of energy produced,
which in turn benets its environmental impact in comparison
to that of PV devices with lower efficiency, such as the SHJ
module. However, these environmental advantages over estab-
lished PV technologies can only materialize under the condition
that the PST module can meet a comparable lifetime (here 25
years) under eld operation. According to calculations made in
this study, a PST module that fails to maintain 80% of its
original capacity for more than 21 years would produce energy
with a higher environmental impact per unit than a less effi-
cient SHJ module operated for 25 years.
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G. Chistiakova, T. Bertram, J. A. Márquez, E. Köhnen,
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21 M. Jošt, B. Lipovšek, B. Glažar, A. Al-Ashouri, K. Brecl,
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