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Abstract. Sustainable energy production is one of the major goals for society to address climate change, with
the aim of reducing fossil fuel consumption and greenhouse gases emissions. One of the main alternatives to
burning fossil fuels is solar energy conversion; therefore, scientific research has moved towards the development
of photovoltaic devices that are able to harvest solar radiation and convert it into electric energy, such as
perovskite solar cells (PSCs). Several production processes for PSCs exist, differing in the deposition technique
of PSCs layers as well as energy and material consumption. One of the main challenges is then to minimize the
environmental impact of PSC manufacturing, which can be assessed through Life Cycle Assessment. The aim of
this work is to evaluate and compare the eco-profiles of four different PSC production line at mini-module scale,
namely, Spin Coating, Blade Coating, Spin Coating + Press and Blade Coating in Glovebox. Results disfavour
the latter manufacturing route, showing that its burden is higher than the alternatives. Differently, the Blade
Coating process results to be the one having the lowest environmental impact among the proposed solutions,
whereas Spin Coating and Spin Coating + Press lines show almost the similar intermediate result.
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1 Introduction

The main source of energy that is used to produce electricity
worldwide is currently the combustion of fossil resources in
centralized thermoelectric power plants. According to the
international agreements for climate and to the energy
policies promoted by most of the countries, fossil fuels
consumption shall be diminished to mitigate greenhouse gas
(GHG) emissions and global warming effects towards a green
energy transition [1-4]. One of the most attractive solutions
to produce low-carbon electricity is represented by novel
technologies for the conversion of solar energy, that is widely
distributed all over the planet, abundant and almost
inextinguishable [5-7]. However, although solar energy
technologies do not imply direct emissions of GHG during
operation, they determine environmental burdens along
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with their manufacturing chain [8,9]. For such reason,
the production of solar panels requires energy, that can be
produced from both renewable and fossil resources; this issue
can strongly affect the environmental burden of solar panels,
especially when they are produced in countries that are
powered by carbon intensive electricity production mixes
(i.e. China, that is currently the main producer of PV cells)
[10,11]. Also, all the materials employed for the construction
of solar energy technologies are subject to extraction,
transport and transformation processes that determine
the release of GHG and other pollutants. Moreover, the
depletion of natural resources (i.e. fossil fuels, minerals,
metals, water and land) and the emission of several
pollutants to the environment also represent concerning
environmental issues as well as GHG emissions. Therefore,
in principle, all renewable energy conversion systems can be
responsible for relevant environmental burdens, and the
production of environmentally friendly solar energy harvest-
ing devices is one of the main challenges. Accordingly,
Life Cycle Assessment (LCA) is one of the main methodolo-
gies allowing for an early-stage evaluation of all the
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above-mentioned environmental issues as it considers the
wholelife cycle of the process, including the manufacturing of
solar cells [12,13].

Today, one of the most promising technologies is the
perovskite solar cell (PSC): these devices contain a
photoactive material called perovskite (PSK); after several
years of research and development, these cells are now
considered as very competitive in terms of economic
convenience, thanks to the adopted low-cost printing
techniques, and energy efficiency due to their high
absorption coefficient and charge carrier mobility
[14-18]. Moreover, PSC technology efficiencies reached
values up to 26.1% for the single junction and 33.7% in
tandem with silicon in a decade [19]. The high efficiency of
PSCs is expected to further increase and it represents the
main advantage compared to alternative PV technologies
such as crystalline silicon cells (whose efficiency is currently
around 26%) [14-18]. Moreover, the PSCs’ characteristic of
being coloured and semi-transparent make them suitable
for more applications compared to silicon modules,
especially in the buildings sector [20-22].

PSCs are made of several layers that are deposited one
onto the others on top of a TCO (Transparent Conductive
Oxide) covered flexible or rigid substrate, which can also be
used as a counter electrode. The PSK layer is in between a
p-type (HTL, Hole Transporting Layer) and n-type (ETL,
Electron Transporting Layer) material to improve the
charge extraction from the absorber [15,23]. A metal
(Au, Ag, Cu) or a carbon-based material acts as counter-
electrode [24]. The fabrication processes differ in the
techniques employed for layers deposition and thus for the
raw materials (i.e. solvents) and for the energy demanded
by the manufacturing process. PSK film fabrication
processes can be divided into two categories: one-step
and two-step [25,26]. In one-step processes PSK layer is
formed by nucleation and growth process of a solution
containing all the precursors; this process is usually assisted
by heating and subsequent evaporation of solvents. Two-
step processes are characterized by different deposition
steps for each different precursors (i.e. lead (Pb) halide or
lead based adduct and liquid, vapour or solid organic salt)
and PSK formation assisted by thermal treatment; precise
reaction path of this process has been described [27]. PSK
film formation methods can be further classified into
solution-based and vapor-based [28]. Solution-based tech-
niques comprehend spin coating, meniscus coating, spray
coating and inkjet printing. In the spin coating process,
precursor solution is dropped over the substrate that is
subsequently rotated at a controlled velocity in order to
spread the solution evenly. Blade, bar and slot-die coating
techniques are kinds of meniscus coating, where a coating
tool is used to spread the material over the substrate. In the
case of the slot-die the solution is continuously distributed
through a feed slot between the two dyes. The spray
coating process involves spraying a mist of precursor
solution onto the substrate and can be pressure-assisted,
electro-assisted and sonication-assisted. In the inkjet
printing method, the precursor solution is deposited onto
the substrate in the form of ink droplets, and subsequently
dried. Vapour-based techniques include thermal vacuum
deposition, Chemical Vapour Deposition (CVD) and

Hybrid Chemical Vapour Deposition (HCVD). Thermal
vacuum deposition consists of vaporizing sources in
vacuum and then depositing them onto the substrate; it
is usually used for metals or inorganic salts. CVD exploits
the reaction of one or more gas reactants leading to the
formation of the desired film on the substrate and it is
usually used for organic salts. HCVD mixes these latter
techniques combining a thermal vacuum deposition for
inorganic salts and CVD for organic ones; the two vapours
will then react, forming the film perovskite onto the
substrate [23,26,29,30]. The described methods play a
fundamental role in the upscaling from lab-scale cells to
modules of the PSC technology to obtain reproducible and
homogeneous layers [31,32]. A module is the interconnec-
tion in series or in parallel of a number of cells to mitigate
the sheet resistance of the conductive substrates [33,34].
The existence of different fabrication processes for PSK
solar energy systems entails that their sustainability
depends on the environmental impact of the fabrication
techniques that are employed to produce it. Useful
methodological guidelines to perform a LCA in the
photovoltaics sector are available from Frischknecht
et al. [35] and Wade et al. [36]. Moreover, several studies
published in the scientific literature employ LCA method-
ology to assess the environmental impact of PSK solar
energy systems. Zhang et al. [37] evaluated the environ-
mental burdens of 5 PSC architectures, differing in the
PSK layer composition: methylammonium tin triiodide
(MASnI;_,Br,), methylammonium lead iodide (MAPbDI3),
formamidinium lead iodide (FAPbDI;), cesium lead iodide
(CsPblz) and methylammonium lead iodide chloride
(MAPDI,Cl). They performed LCA both “from cradle to
gate” and “from cradle to grave” stating that MAPbI3 and
FAPDI; have the largest environmental impact comparing
1 em? of active area, due to higher amounts of solvents
used. Considering the production of 1 kWh as functional
unit, results strongly depend on the relative conversion
efficiencies of the cells. The manufacturing phase results to
have the largest environmental impact among all the
others, mostly due to gold production and solvent use for
cleaning. Such impact can be reduced by substituting gold
with silver or aluminium for counter-electrode contacts,
and recycled solvents for fresh ones. Furthermore, tin and
lead, although being of great concern particularly for their
diffusion in the environment [38], are assessed as just minor
factors influencing the overall eco-profile of the cell
according to the authors, because they represent a small
portion within the bill of materials [37]. Alberola-Borras
et al. [39] applied a “from cradle to grave” LCA to four
different PSCs devices, considering MAPbI; as photoactive
layer deposited following different procedures. They are
spin coating of PbCly and MAT 1:3 solution (Device 1), spin
coating of Pbl, and MAI 1:1 solution (Device 2), dipping of
a spin coated Pbl, film into a MAT solution (Device 3) and
spin coating of Pbly and MAI 1:1 solution but with a
mesoporous TiOs scaffold instead of the planar one (Device
4). Results show that the issues of the production process
were the ones in common among the four analysed systems.
Moreover, Devices 1 and 2 are the most eco-friendly,
while Devices 3 and 4 can compete only if they have
high efficiency and stability long enough to overcome
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production costs. On the other hand, Device 4, thanks to its
architecture, seems to be the most benefitting from a
recycling end of life scenario [39]. Okoroafor et al. [40]
performed a “from cradle to gate” LCA on a PSK produced
exploiting the inkjet printing materials deposition method
and comparing it with the spin coating fabrication. They
also investigated the consequences of substituting the
solvents usually used with a novel type of green solvent, i.e.
eliminating dimethylformamide (DMF). Researchers
found out that the major contribution to the environmental
impact is the electricity consumption. Employed materials
also play a key role due to the use of silver as back contact.
In addition, scientists stated that, among all layers, the one
contributing the most to the overall impact is the HTL,
since it accounts for the 72% of the total used energy.
Furthermore, according to the results, the use of DMF-free
solvent significantly improved the eco-profile of the device,
and the inkjet printing method shows a lower burden than
the spin coating, due to lower electricity consumption and
higher efficiency [40]. Krebs-Moberg et al. [41] evaluated
and compared the environmental impact of three different
type of solar cells, namely multi-crystalline silicon (m-Si),
organic (OSC) and inorganic photovoltaic cells through a
“from cradle to grave” LCA, investigating different end of
life scenarios. Results indicate that m-Si solar module is the
device with the highest environmental impact, due almost
entirely to the energy consumed during the manufacturing
process of the silicon wafers [41]. The above-mentioned
literature studies are focused on small size PV modules; the
issues associated with solar cell size upscaling has been
addressed by Vesce et al. [42] with an LCA perspective.
Such study demonstrates that scaling up the size of mini-
modules to sub-modules allows enhancing the resource
efficiency of their manufacturing, and, thus, the overall eco-
profile of PSK devices. However, according to Vesce et al.
[42], if the material architecture of the module remains the
same, there are other environmental burdens that are not
mitigated by the scaling up; this is the case, for example,
when considering the percentage impact contribution of
gold in PSK sub-modules at the characterization level that
is overall higher than in small PV mini-modules.

In this study we selected some of the PSK manufactur-
ing processes among those mentioned in the introductory
remarks, based on the suitability and representativeness of
the data inventories reported. When needed, the data
extracted from the selected studies have been integrated
with primary information provided by the Centre for
Hybrid and Organic Solar Energy (CHOSE) to develop
robust LCA models for different manufacturing techniques
that can be considered as alternative solutions to fabricate
one PSK mini-module. The aim of this work is to compare
the eco-profiles of such production processes, selected
based on LCA data availability, and to provide detailed
data regarding energy and material consumptions, thus
attempting to fill the literature gap in this regard.

Although LCA of PSK cells is a topic already discussed
in the literature, a consistent LCA comparison among
several techniques to produce the same PSK solar device
has not been considered as a specific focus so far. As
demonstrated by the literature review presented in the
previous paragraphs, the studies published by previous

scientists are strongly materials-focused and they are
mostly aimed to the impact assessment and the comparison
of different PSK cells architectures. On the other hand, to
the best of our knowledge, the fabrication techniques
(extensively described in Sect. 2) have never been
compared in the literature using a LCA perspective. Given
this context, a direct comparison with the results obtained
in other LCA analyses available in the scientific literature is
out of the scope of this study because such comparison
would be affected by several methodological inconsisten-
cies as described in the Supporting Information. Moreover,
the literature lacks transparent and reproducible life cycle
datasets for the environmental evaluation of PSK solar
devices.

2 Description of the analysed system

This section contains the description of all the manufactur-

ing techniques that are considered for comparison in this

study. In particular, four manufacturing routes will be
compared, namely Spin Coating, Blade Coating, Spin

Coating + Press and Blade Coating in Glovebox.

The first fabrication step is the P1 scribing used to
insulate the different cells on the TCO. Cleaning substrate
is the next step made with ultrasonic bath in solvents with
different polarity (Acetone, Ethanol, Isopropanol). All the
considered works adopted the mesoscopic n-i-p structure:
first compact TiO, and then mesoscopic TiOy were
deposited through spray pyrolysis at 450°C and spin/
blade coating followed by 500 °C annealing, respectively.
After ETL, perovskite deposition is carried out with
different approaches according to the precursor, the
ambient deposition and the deposition technique (see next
paragraph). The deposition of the hole transport material
with blade or spin coating is the last step before P2 laser
process, where the entire stack is removed till TCO to
guarantee the vertical series connection between the cells.
Finally, gold is evaporated in high vacuum chamber and P3
process complete the device patterning with the metal
contact etching. The described steps are depicted in
Figure 1. Taking as a reference the Spin Coating process,
identical steps are highlighted in green, while different
characterizing steps are highlighted in red. More specifi-
cally, characterizing steps are the ones devoted to the
deposition of HTL, ETL and the photoactive PSK layers.
Moreover, the process “Blade Coating in Glovebox”
presents differences also in the Cleaning step.

Such mini-modules manufacturing processes, whose
architectures are graphically represented in Figure 2, are
labelled referring to the PSK layer deposition methods
adopted:

— “Spin Coating” [43]: the layers deposition is made using
the spin coating technique, namely pouring the perov-
skite precursor solution onto the glass substrate and
rotating it at a certain velocity in order to spread evenly
the solution. An annealing step follows to dry the film.
This process is carried out in a Ny environment glovebox.

—“Blade Coating” [43]: the layers deposition is made using
the blade coating technique, namely depositing the
perovskite precursor solution onto the glass substrate
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Fig. 1. Workflows of the processes Spin Coating [43], Blade Coating [43], Spin Coating + Press [44] and Blade Coating in Glovebox
[45]. Steps highlighted in red are the ones characterizing each different manufacturing techniques.

Gold Gold

c-TiO, c-TiO,
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Fig. 2. Graphical representation of the minimodules. (a) Structure on the left is the one produced by Spin Coating, Blade Coating and
Spin Coating + Press; (b) structure on the right is the one produced by Blade Coating in Glovebox. The only difference is the
replacement of m-TiO, for Cgg.
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using a blade, that moves in the opposite direction of the
glass at a constant velocity. PSK precursor solution is
deposited first; as the blade passes over the glass, the
solution is pre-dried, and then the antisolvent deposition
follows. This is performed in ambient air condition.

— “Spin Coating + Press” [44]: the PSK deposition is made
using the Soft-cover technique. PSK precursor solution is
spread evenly onto the glass substrate applying pressure
with a polyimide sheet (Kapton). Moreover, the solution
comes from gas-solid reactions between Pbl, and

— “Blade Coating in Glovebox” [45]: the PSK layer

deposition is made using the blade coating technique.
Unlike the other blade coating process, this one is
performed in a N, environment glovebox and compre-
hends a dipping in diethyl ether, the antisolvent.

3 Materials and methods

LCA is a methodology developed to evaluate and improve
the environmental impact of products, processes and
services. The technical references for this methodology are
the ISO 14040 [46] and ISO 14044 [47], which are the
international regulations describing how a LCA should be
carried out. Namely, the LCA methodology follows 4 steps:

— Goal and scope definition: The objective of the study is
defined as well as the system boundaries, the functional
unit and other methodological assumptions. Pointing out
the system boundaries entails the definition of all the life
cycle stages and all the input and output flows that are
considered in the analysis. The functional unit represents
a quantifiable measure to which the results should be
referred to and it should be coherent with the function of
the system.

— Life Cycle Inventory (LCI): In this step, all input and
output fluxes of energy and matter exchanged between
the environment and the product system are compiled
and quantified grounding on primary data representative
of the analyzed product system, integrated with second-
ary data derived from the literature and specific
databases.

— Life Cycle Impact Assessment (LCIA): This step regards
the environmental impact evaluation; all the materials
and energy flows identified at the LCI step are associated
to environmental categories and they are converted to
environmental impacts through the multiplication with
specific characterization factors. Therefore, it is possible
to evaluate several impact categories (such as Climate
change, Ozone depletion, Particulate matter, Resource
use, fossils or Resource use, minerals and metals) which
depend on the selected LCIA method. The above-
mentioned environmental impact categories, also called
Midpoint results, can be normalized and weighted to
evaluate a single score environmental impact frequently
used in comparative environmental assessments.

— Interpretation: Results are rationalized and interpreted
in order to check the consistency among the objectives
stated in step 1, the LCI outlined in step 2, and the LCTA
results evaluated in step 3.

3.1 Goal and scope definition

The aim of this paper is to compare the environmental
performances of four different techniques to manufacture
PSC mini-modules. These multi-step processes are
described in Section 2 and they are named “Spin Coating”,
“Blade Coating”, “Spin Coating + Press”, and “Blade
Coating in Glovebox”. The cross evaluation among the
four analyzed techniques is detailed by each step of the
fabrication in order to identify the most critical environ-
mental issues affecting the eco-profile of each process
through a contribution analysis. The function of all the
analyzed processes is fabricating a PSC mini-module. Since
the sizes of the mini-modules that are compared in this
study are in the range from 10 cm? to 64 cm?, the functional
unit is set to lcm® In order to propose a coherent
comparison of all the manufacturing techniques, a single
location is considered as the geographical site of mini-
modules manufacturers. The selected location is Italy
because the primary LCI data provider is the CHOSE,
whose headquarters are set in Rome (Italy).

The LCA presented here is performed “from cradle to
gate”; this definition entails that, coherently with the goal
of the analysis, the study is focused on the manufacturing
phase of the PV mini-modules, thus neglecting their
operation phase and disposal. Figure 3 depicts a flow chart
representing all life cycle stages included in the system
boundaries, marked with a dashed black line.

3.2 Life Cycle Inventory (LCI)

The LCI of the PSK mini-modules fabrication techniques is
based on the integration of primary data measured at the
CHOSE laboratory [43], and on secondary data derived
from other scientific studies and the Ecoinvent database
version 3.7.1 [48], which does not include all the substances
employed in the manufacturing processes, therefore ad-hoc
datasets created by the authors were also used [49].

The LCI of PSK mini-modules produced by “Spin
Coating” and “Blade Coating” are entirely based on onsite
tests carried out at the CHOSE laboratory. All the mini-
modules fabricated by CHOSE for this study have
approximately the same aperture area (31.36 cm2). More
specifically, all inputs and outputs of the LCI of these mini-
modules are directly based on consumptions and emissions
at lab scale.

On the other hand, the LCI of the fabrication
techniques “Spin Coating + Press” and “Blade Coating in
Glovebox” are respectively based on the integration of the
data provided by CHOSE and the information extracted
from [44,45]. Therefore, the LCI of the process “Spin
Coating + Press” are created through the manipulation of
the “Spin Coating” inventory, whereas the inventory of the
process “Blade Coating in Glovebox” grounds on the LCI of
“Blade Coating”. In particular, the data measured for “Spin
Coating” and “Blade Coating” at laboratory scale have been
used as proxies to fill the lacks in “Spin Coating + Press”
and “Blade Coating in Glovebox” datasets. For instance, in
order to adapt the LCI of the process “Spin Coating” to
“Spin Coating + Press”, the energy consumption of the
pressing operation is estimated based on [44] and it is added
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Fig. 3. System boundaries of the cradle to gate environmental assessment.

to the model. Therefore, the output of all the fabrication
processes is one PSK mini-module having an aperture area
equal to 31.36 cm?. More specifically, the LCI of all steps of
the production lines analysed in this paper are modelled
using the following inputs:
— The amount of materials consumed.
— The energy employed.

A detailed inventory underlining differences among the
production lines, in terms of consumed materials and
energy, can be found in the Tables S1-S3.

3.3 Life Cycle Impact Assessment (LCIA)

Calculations are performed with the software SimaPro
version 9.3.0.3. The database used is the Ecoinvent version
3.7.1. The calculation method selected for impact assess-
ment is the EF 3.0 Method (adapted) v1.01 with EF 3.0
normalization and weighting set. The results are discussed
both at Midpoint and at Endpoint level.

Midpoint environmental indicators express the LCA
results with a problem-oriented logic because midpoint
impact categories are associated with some environmental
issues. For instance, the life cycle emissions of greenhouse
gas affect the indicator “Climate Change” whereas the
consumption of freshwater affects the category “Water
use”. These environmental indicators are calculated
through the classification and characterization steps, that
are mandatory according to the ISO regulations.

On the other hand, Endpoint indicators are calculated
with a problem-oriented approach: normalization and
weighting steps allow to sum up the environmental impact
results of Midpoint categories, that can be expressed with a
Single Score measured in Eco-Points (Pts). The latter
approach, although not mandatory according to the ISO

regulations, is frequently used to compare several product
systems. In this study, the EF 3.0 normalization and
weighting factors are used to calculate the single score.

4 Results and discussion

This section contains the presentation and discussion of the
LCA analysis in terms of environmental impact values
obtained through the Characterization and the Single
Score calculation.

The manufacturing techniques analysed in this study
are firstly evaluated separately (Sects. 4.1-4.4). More in
detail, the results allow to evaluate the percentage burden
of each manufacturing step. The results are presented
focusing on those steps that are responsible for the major
environmental impact contribution (pointed out by setting
a 5% cut-off) and on the most representative steps on each
fabrication techniques. All other steps are gathered in the
“Others” voice. Moreover, for each process considered in
this study, a single score is used to represent the
environmental impact of each fabrication step: each
column of the histogram chart that is reported in the
following section represent the overall environmental
burden of each manufacturing stage of the processes.

Then, Section 4.5 summarizes the comparison between
the analysed processes using both Midpoint and Endpoint
impact indicators.

4.1 “Spin Coating” production line

Figure 4 represents as stacked columns histograms the
environmental contribution of the most important
manufacturing steps of the process labelled as
“Spin Coating”; each column represents a different
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Fig. 4. Environmental impact results obtained with EF /3.0 Characterization of Spin Coating process. Detailed percentage values for

each contribution can be found in the Table S4.
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Fig. 5. Environmental impact results obtained with EF/3.0 Single Score of Spin Coating process.

environmental impact indicator proposed by the LCIA
method EF3.0. A general overview of Figure 5 under-
lines that the most impacting steps are the glass
substrate (Step 01), the ¢-TiO, deposition (Step 04), the
PSK deposition (Step 08) and the gold counter electrode
deposition (Step 11).

The production of the glass substrate impacts mainly in
the “Human toxicity, non-cancer” and “Resource use,
minerals and metals” categories for which its contribution
is, respectively, 25.4% and 12.3%. Differently, for all other
categories, the contribution of the glass layer is assessed
below 10%. The burden of the glass layer can be almost
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Table 1. Impact contributions of gold and electricity
consumption in gold deposition step expressed in percen-
tage values.

Gold  Electricity

Climate change 8% 92%
Ozone depletion 4% 96%
Tonising radiation 10% 90%
Photochemical ozone formation 24% 76%
Particulate matter 30% 70%
Human toxicity, no-cancer 60% 40%
Human toxicity, cancer 33% 67%
Acidification 17% 83%
Eutrophication, freshwater 63% 37%
Eutrophication, marine 25% 75%
Eutrophication, terrestrial 26% 74%
Ecotoxicity, freshwater 75% 25%
Land use 26% 74%
Water use 5% 95%
Resource use, fossils 7% 93%
Resource use, minerals and metals  97% 3%

entirely attributed to the FTO-Glass production, to the
soda ash consumption and to the cutting and bevelling
operations. In addition, the consumption of tin remarkably
affects the categories “Ecotoxicity, freshwater”, “Eutrophi-
cation, freshwater” and “Resource use, minerals and
metals”, whereas the use of silica sand mostly affects the
“Land use” indicator. Moreover, the main contribution to
the impact category “Ozone depletion” is related to the
aluminum oxide consumption.

Concerning the c-TiO, deposition step, its percentage
impact is also relevant and it can be approximately
estimated between 14% and 26% in all categories, except
for the indicator “Resource use, minerals and metals” where
it is negligible. The environmental impact of this step is
mostly related to the consumption of the energy that is
necessary for the deposition of c-TiOs.

The deposition of PSK by Spin Coating represents
another environmental issue for the manufacturing process
analysed in this section for all the impact categories; as
highlighted by the results, its contribution is assessed
between 17.5% (“Human toxicity, non-cancer”) and 35.7%
(“Tonising radiation”) and this is largely due to the
electricity demanded by the deposition of this material.
An exception to this consideration is represented by the
category “Resource use, minerals and metals” for which the
consumption of PSK determines a negligible contribution.
However, the consumption of monochlorobenzene and lead
determines a remarkable burden for the categories “Human
toxicity, cancer”’, “Human toxicity, non-cancer” and
“Resource use, mineral and metals” respectively.

Figure 4 highlights that the gold deposition step,
necessary to produce the counter-electrode, overall repre-
sents a very critical environmental issue for the manufactur-
ing of this solar mini-module. The environmental

contribution of this stage is estimated between 23.8%
(“Human toxicity, cancer”) and 82.9% in “Resource use,
minerals and metals”. Therefore, it is possible to observe that
all impact categories are strongly affected by the consump-
tion of gold, especially those categories expressing the
consumption of mineral and metals resources. However, the
electricity necessary to the deposition of the golden counter-
electrode also determines a relevant impact contribution for
all categories. Gold plays a key rolein the impact of categories
“Human toxicity, no-cancer”’, “Eutrophication, freshwater”,
“Ecotoxicity, freshwater” and “Resource use, minerals
and metals”; all other categories are mostly affected by the
electricity consumed during the gold deposition, as summa-
rized in Table 1.

Figure 4 underlines that the spin coating deposition of
TiO, and Spiro, both characteristics of this process,
provide a very small impact in all categories. The cleaning
process also shows a limited burden that, for certain
categories, achieves a percentage of 10% at max due to the
use and disposal of isopropanol and acetone. The category
“Others” comprehends all the steps not characteristic of the
production line with a percentage burden lower than 5%.
Overall, its impact contribution goes from 13.0% in the
category “Water use” to 2.3% in the category “Resource use,
minerals and metals”.

From the single score results, represented in Figure 5,
readers can observe that, considering all the above-
mentioned impact categories, the total environmental
burden of the “Spin Coating” production line is dominated
by the gold deposition stage. Particularly, the most critical
environmental indicator for this process is the “Resource
use, minerals and metals”. Furthermore, gold deposition is
followed by the spin coating of PSK and the CLD deposition
stages and by the consumption of the FTO-Glass.

4.2 “Blade Coating” production line

Concerning the “Blade Coating” process, similar consider-
ations to the results related to the “Spin Coating”
manufacturing can be done. The reason is that the two
processes are almost equivalent except for the technique
used for the deposition of the materials, including the PSK.
According to Figure 6, the most impactful steps of the
process are the use of a FTO-glass substrate, the c-TiO,
deposition, and the gold deposition. Interestingly, the
Blade Coating of PSK does not imply a very relevant
environmental burden as the Spin Coating; the reason for
this relevant difference is that the Blade Coating technique
is less energy-intensive, due to the absence of the glovebox,
and less materials-intensive than the Spin Coating.
Accordingly, the percentage contribution of the PSK
deposition step is assessed between 2% and 8%.

As consequence of the lower impact of the PSK
deposition, the relative contribution of all the other stages,
such as the Cleaning step, increases compared to the results
illustrated in Figure 4. In particular, the golden counter
electrode deposition turns out as the most impacting stage
because its impact contributes to more than 34% of all
environmental indicators. For the categories “Futrophica-
tion, freshwater” and “Ecotoxicity, freshwater” the per-
centage contribution of gold deposition is around 56% and
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Fig. 7. Environmental impact results obtained with EF/3.0 Single Score of Blade Coating process.

58% respectively, whereas for the indicator “Resource use,
minerals and metals” it is almost 84.4%. The second most
impacting process of the manufacturing chain is the
Compact Layer Deposition.

The Endpoint results, represented in Figure 7, are in
line with the observation made in the former paragraph:
the Single Score environmental burden takes into account

all Midpoint impact categories and it shows that the
indicator “Resource use, minerals and metals” results as the
most critical one because of the gold depletion involved in
the production of the counter electrode. On the other hand,
the TiO, deposition step shows a slightly bigger value due
to higher electricity consumption of the blade coater
compared to the spin coater. The single score impact of the
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values for each contribution can be found in Table S6.

PSK deposition in this production line is strongly mitigated
due to the benefits given by replacing Spin with Blade
Coating.

4.3 “Spin Coating + Press” production line

The PSK solar cell manufacturing technique labelled as
“Spin Coating + Press” is derived from the process called
“Spin Coating™ the two fabrication lines differ for the
use of a press for the deposition of the PSK. According
to Figure 8, the most relevant changes to the eco-profile
of the product system implied by the use of the press are
the mitigation of the relative impact of PSK deposition
from 35.7% to 31.5% for the category “Ionising
Radiation”, and from 32.3% to 22.0% for the category
“Human toxicity, cancer”. This evidence mathematically
implies bigger contributions coming from other steps of
the manufacturing process. The main reasons for the
impact of the PSK deposition step are related to the
electricity consumption, with a partial contribution from
the methylamine consumption, especially in the indicators
“Human toxicity, cancer” “Ionising radiation” and “Resource
use, minerals and metals”. Using the press in the production
line results then in a slightly lower environmental impact
compared to the Spin Coating process. The main reasons
for this outcome are a lower electricity consumption
equal to 0.8Wh/cm? and the absence of any solvents (see
Tabs. S1-S3).

The single score plot represented in Figure 9 underlines
that, because of the employment of gold, the impact
category “Resource use, minerals and metals” turns out as
the most critical Midpoint indicator among those proposed
by EF3.0. This outcome is similar to the one that has been

obtained by analysing the “Spin Coating” process in
Figure 5. More in general, the overall pattern of the eco-
profile of the “Spin Coating -+ Press” substantially reflects
that of “Spin Coating”.

4.4 “Blade Coating in Glovebox” production line

Concerning the manufacturing process in which the PSK
layer is deposited on the solar cell by Blade Coating in
Glovebox, the PSK deposition step turns out as the most
impactful fabrication step (Fig. 10). Its contribution varies
as a function of the impact category from about 50% to
81.1%, except for “Resource use, minerals and metals”
where it reaches 27.9% for which the gold deposition shows
a dominant contribution. The additional impacts of the
Blade Coating in Glovebox are mostly due to the use of
diethyl ether to submerge the PSK cell that is responsible
for the major environmental burdens in all indicators.
Differently, the electricity demanded by the glovebox is the
main contributor for the categories “Ozone depletion” and
“Jonising radiation”; the use of the glovebox accounts for an
electricity consumption equal to 1.3 Wh/ em?.

As a consequence of the increasing contribution of the
PSK deposition process to all impact categories, the
percentage impact of the gold deposition for the counter-
electrode is smaller than in the previous processes. However,
its contribution is still remarkable especially for the category
“Resource use, minerals and metals” where it reaches 60.3%
and both the depletion of gold and the consumption of
electricity are responsible for such high percentage value.

Concerning the other steps of the process, the Cleaning
phase and the Spiro deposition step also show minimal
contributions while the tin consumption in FTO-glass has a
relevant impact only in three categories: “Human toxicity,
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Fig. 10. Environmental impact results obtained with EF/3.0 Characterization of Blade Coating in Glovebox process. Detailed

percentage values for each contribution can be found in Table S7.

non-cancer”’; “Eutrophication, terrestrial* and ‘“Resource
use, minerals and metals” where it reaches 13.1%, 5.3% and
9.0% respectively.

Also, the CLD step shows relevant impact contribution
because of the 1-butanol consumption and the electricity
demanded by the process.

Figure 11 represents the single score results relative to
the manufacturing steps; it can be observed that,
coherently with the results expressed at midpoint level,

the most impactful step is the one related to the PSK
deposition. According to the outputs returned by the LCA
model, the most critical indicators that contribute to the
burden of the deposition of the PSK layer are “Climate
change”, “Resource use, fossils” and “Resource use,
minerals and metals”. Also, similarly to the solar cells
manufacturing techniques analyzed in the former para-
graphs, the gold deposition is a strongly impacting
process.
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percentage values for each indicator can be found in Table S8.

4.5 Comparative LCA results

The former paragraphs describe separately the eco-profile
of all production lines for the fabrication of PSK solar cells.
In this subsection, a global comparison of all the
manufacturing solution considered in this study is

presented as midpoint environmental indicators and as
single score results. Figure 12 represents a histogram chart
in which the environmental indicators of each process are
represented as relative results compared to the most
impacting manufacturing technique whose burden value is
set to 100%.
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From the environmental characterization results, rep-
resented in Figure 12, it can be observed that the process
“Blade Coating in Glovebox” turns out as the most impacting
for all the environmental impact categories. Such evidence is
motivated by the high environmental burden of the PSK
deposition stage, whose environmental sustainability is
negatively affected by the consumption of diethyl ether and
the electricity consumption of the glovebox. As underlined in
Figure 12, the environmental impacts of the other
manufacturing processes is considerably lower than the
process “Blade Coating in Glovebox”, especially the catego-
ries "Resource use, fossils”, “Photochemical ozone forma-
tion”, “Particulate matter” and “Climate change”, for which
the LCA results of the other manufacturing processes are
approximately between 18% and 34% compared to the
impact of the process “Blade Coating in Glovebox”.

Concerning the process “Spin Coating” and “Spin
Coating + Press”, the results shows that their eco-profiles
are very similar; the most remarkable differences between
these two processes are related to the indicators “lonising
radiation”, “Human Toxicity, cancer”, “Ecotoxicity, fresh-
water” and “Land use”. In particular, a general overview of
the midpoint results shows that the process “Spin Coating +
Press” is slightly less impacting than “Spin Coating”. The
results demonstrate that, although the use of a press requires
the consumption of energy, which is lower than the amount
required by the usage of the spin coater in glovebox, overall
it allows to mitigate the consumption of solvents, such as
dimethyl sulfoxide and monochlorobenzene.

According to the results, the least impactful solar cells
production route turns out to be the “Blade Coating”. The
impact of the mini-modules produced with this technique
are 5% — 10% lower than the spin coated devices in almost
all categories; for certain indicators, such as “Ozone
depletion” and “lonising radiation”, this percentage
achieves 20%. This is because blade coating overall implies
the lowest consumption of electricity and materials; in
addition, also the use of more environmentally friendly
solvents, like isopropanol instead of monochlorobenzene,
results to be effective to improve the eco-profile of the final
product. Concerning the category “Resource use, minerals
and metals”, the environmental performance of the
processes “Spin Coating”, “Blade Coating” and “Spin
Coating + Press” are very close; this is due to the elevated
impact of gold deposition step that dominates this category
and that is equal for all processes. All midpoint impact
categories for all the manufacturing techniques are
available in Table 2.

In the previous paragraphs, four different manufactur-
ing processes are cross-evaluated as function of the LCA
impact category. However, in order to compare the above-
mentioned processes using a single indicator summarizing
all Midpoint impact indicators, their single score is
represented in the histogram illustrated in Figure 13. This
Figure demonstrates that, coherently with the interpreta-
tion of the LCA characterization, the “Blade Coating in
Glovebox” process exhibit a very high Pt value, as the
impact value results to be more than doubled in respect to
the other 3 processes. This is because for this process, both
the PSK and the gold deposition represent critical
environmental issues, the former for the categories

“Climate change” and “Resource use, fossils”, and the
latter for “Resource use, minerals and metals”. Among the
other fabrication processes, the differences in terms of
single score are not strongly remarked. For all of them, the
previous sections underline that the most critical
manufacturing step is the gold deposition, which is
equivalent in all the fabrication processes compared in
this study. However, “Blade Coating” turns out as the less
impactful manufacturing technique since blade coating
PSK deposition allows for a considerable mitigation of the
“Climate change” compared to the solutions based on spin
coating, whose single score impacts result to be approxi-
mately equivalent.

The previous section underline that the most critical
manufacturing step is the gold deposition, which is
equivalent in all the fabrication processes compared in
this study. For this reason, gold replacement is a game
changer in the PSC fabrication also from the environmen-
tal point of view independently from the PVK deposition
technique. In the last years many efforts were focused on
the research for gold-alternatives and low carbon-footprint
materials. The most important emerging materials for
single junction PVK photovoltaics are certainly carbon-
based electrodes [49-51|. Carbon electrodes are generally
made from a mixture of carbon black and graphite which
are embedded in an organic binder [52]. In this way the
carbon paste or ink can be processed through vacuum-free
and ambient air scalable techniques (blade coating, hot
press, lamination) [53-56]. Moreover, carbon electrode is
thermally and chemically stable, naturally hydrophobic
and has intrinsic p-type behavior which is useful for HTM-
free devices [52,57,58]. Depending on the binder used, it can
be processed at low temperature (<120°C) with a
competitive efficiency of 20% on small area device [59].
Other new routes are in continuous exploration, also with
remarkable results, such as solution-processed electrode
based on nickel-bismuth alloy presented by Li et al. with an
exceptional efficiency of 21% [60] or carbon nanotubes
composites with Poly(methyl Methacrylate) (PMMA) or
Polycarbonate (PC), materials that mixed together can
provide electrical connection and a proper encapsulation of
the device [61].

4.6 Discussion

From the results reported in the previous section, it can be
deduced that the Blade Coating technique is the least
impactful. This evidence is mostly due to (i) a minor
electricity consumption, resulting from the absence of the
glovebox, (ii) a higher efficiency in the use of materials, and
(iii) the usage of less harmful substances, like isopropanol
instead of monochlorobenzene.

Spin Coating and Spin Coating + Press techniques
have very similar eco-profiles; they only differ in the
PSK deposition step. The Spin Coating process’ eco-
profile is determined by the presence of more toxic
substances, like monochlorobenzene, DMSO, DMF and
various lead compounds. On the other hand, Spin
Coating + Press, although consuming fewer toxic mate-
rials, is characterized by a strong deployment of
methylamine to produce the PSK precursor solution.
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Table 2. Environmental impact in absolute value for all processes in all impact categories.

Spin Blade Spin Coating Blade Coating Unit
Coating Coating + Press in Glovebox
Climate change 2.54 x 1072 1.94 x 1072 2.56 x 1072 7.52 x 1072 kg CO, eq
Ozone depletion 3.12 x 107° 2.31 x 1077 3.14 x 107° 451 x 107° kg CFC11 eq
Tonising radiation 3.03 x 1073 2.13 x 1073 2.87 x 1073 3.65 x 1073 kBq U-23 eq
Photochemical ozone 6.18 x 107° 4.86 x 107° 6.16 x 107° 2.31 x 107* kg NMVOC eq
formation
Particulate matter 4.93 x 10710 3.94 x 1071 4.92 x 10710 1.75 x 107° disease inc.
Human toxicity, non-cancer ~ 2.26 x 107" 1.91 x 107" 223 x 107" 441 x 107" CTUh
Human toxicity, cancer 840 x 107" 567 x107'* 733 x 107 204 x 107 CTUh
Acidification 1.15 x 107* 8.92 x 107° 1.15 x 107* 244 x 1074 mol H' eq
Eutrophication, freshwater 7.70 x 107° 6.35 x 107° 7.68 x 107° 2.35 x 107° kg P eq
Eutrophication, marine 1.93 x 107° 1.51 x 107° 1.94 x 107° 4.45 x 107° kg N eq
Eutrophication, terrestrial 2.15 x 1074 1.69 x 107* 2.16 x 1074 4.84 x 1074 mol N eq
Ecotoxicity, freshwater 453 x 107* 3.76 x 107! 4.38 x 1071 8.36 x 10" CTUe
Land use 6.87 x 1072 5.28 x 1072 6.81 x 1072 1.27 x 107! Pt
Water use 1.24 x 1072 9.27 x 1073 1.24 x 1072 3.95 x 1072 m? depriv.
Resource use, fossils 3.81 x 107! 2.89 x 107! 3.82 x 107! 1.60 MJ
Resource use, minerals and 1.01 x 10°¢ 9.97 x 1077 1.01 x 10°° 1.40 x 10°¢ kg Sb eq
metals
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Fig. 13. Environmental impact results obtained with EF/3.0 Single Score of comparison between all processes.

Moreover, the soft cover deposition entails the use of a
Kapton sheet, which is not clear from the literature [44]
if can be reused or not. The use of a spin coater in
glovebox results in a slightly increase of electricity
consumption compared to the use of a press, going from
1.1 Wh/cm? to 1.9 Wh/cm?,

Blade Coating in Glovebox process turns out to be the
least environmentally friendly, mainly due to the high
consumption of diethyl ether, which is absent in the other
processes. Furthermore, such technique uses toxic solvents,
like monochlorobenzene and THF, even in the ETL
deposition step. From the energy requirement perspective,
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the use of the glovebox in every deposition step entails the
consumption of more electricity compared to the other
process.

Concerning the critical issue of using lead in PSC
production, many studies show the possibility of lead
sequestration in PVK devices by functionalization of the
encapsulant material and sustainable pathway for recy-
cling lead from dead devices [62-65]. Indeed, identifying
and consolidating lead sequestration and recycling strate-
gies would be potentially very important for future PSC
development [66]. Materials with Pb-sequestering proper-
ties can be thiol-functionalized nanoparticles or porous
polymer-metal organic framework (MOF) composite
material [65] or multifunctional mesoporous amino-
grafted-carbon net [68]. In another concept [69], hydroxy-
apatite nanoparticles (HAP NPs) are blended with TiO,
NPs to prepare mixed mesoporous scaffolds which are
used to prepare high efficiency PSC and to limit the
Pb-concentration in water. Lead-absorbing film (e.g.
MOF or P,P’;-di(2-ethylhexyl)methanediphosphonic acid
— DMDP) can be deposited on the glass side of the front
transparent conductive electrode and on the back electrode
side [70]. We envision that the Pb-sequestering materials
eventually will make PSC safe for the environment, thus
becoming a necessary component in the device fabrication
chain.

The construction process of a single-Si photovoltaic cell
turns out to have an environmental footprint very close to
those of Spin Coating and Spin Coating + Press techniques,
although the former is slightly lower. Nevertheless, the
Blade Coating and Blade Coating in Glovebox technique
remain respectively the least and most impactful among
the five. Single score values calculated for this comparison
can be found in Table 3, while a deeper inspection
concerning the comparison accounting for the manufactur-
ing of a single-Si photovoltaic cell can be found in
Figures S1-S3.

4.7 Sensitivity analysis

A sensitivity analysis of the studied techniques has been
conducted by comparing 3 scenarios differing for the
electricity mix compositions. Among all the main contrib-
utors to the environmental profile that could be selected for
the sensitivity analysis, we chose to focus on the Italian
electricity mix because energy production pathways are
expected to rapidly change in parallel with the sustainable
energy transition [71,72].
The proposed scenarios have been built as follows:

— Scenario 1: baseline scenario in which the electricity
comes from the current Italian energy mix, dominated by
natural gas [48].

— Scenario 2: future scenario foreseeing the evolution of the
Italian energy mix in 2030 according to current policies
(BASE). In this scenario, a higher penetration of
renewable energy sources is expected. This includes an
increase in the share of hydropower from 10% to over
15%; the contributions of wind and solar power will rise
respectively from 5% to 7.5% and from 7% to almost 10%
[71,72].

Table 3. Environmental impact results obtained with
EF /3.0 Single Score of comparison between the four

manufacturing techniques and mainstream single-Si
photovoltaic cell.

pPt/cm?
Blade Coating in Glovebox 7.8310
Blade Coating 2.7355
Spin Coating 3.2071
Spin Coating + Press 3.2007
Single-Si Cell 3.1428

— Scenario 3: future scenario foreseeing the evolution of
the Italian energy mix in 2030 according to the
“Integrated National Energy and Climate Plan”
(INECP) [71,72]. According to the INECP projections,
a complete phase-out of coal is planned while the share of
solar power in the national electricity mix is expected to
exceed 20%.

Accordingly, the contribution of renewable energy
sources to the Italian electricity mix increases from
Scenario 1 to Scenario 3.

Single score results of the four production lines are
presented in Figure 14. Remarkably, the ranking among
the manufacturing techniques is not affected by the
electricity mix, and Blade Coating results as the most
environmentally sustainable solution in all scenarios.
However, a slight environmental impact mitigation can
be observed for all the techniques due to the increasing
contribution of renewable energy sources. As expected, the
most impactful scenario is the one based on the current
Italian energy mix and scenario 3 presents the lowest
environmental impact. Nevertheless, the single score
results among different scenarios are very similar,
presenting only very small differences. Spin Coating and
Spin Coating + Press are the most influenced techniques by
the change in the electricity mix, reducing their impact by
about 21%. Blade Coating is less affected, lowering its
impact by about 17% while Blade Coating in Glovebox can
benefit from an 8% decrease. These results entail that the
electricity consumption has major importance for the eco-
profile of Spin Coating and Spin Coating + Press, slightly
less for Blade Coating and it affects the Blade Coating in
Glovebox only for 8%. These results can be explained
considering that the Blade Coating technique is less energy
intensive than the competitors, while for the Blade Coating
in Glovebox a major contribution comes also from the use
of diethyl ether. It is important also to notice that, changing
the electricity scenarios, the overall impact of Spin Coating
and Spin Coating + Press tends to be the same.

Process contributors to the overall impact of the
technologies do not vary for all impact categories regardless
of the selected scenarios, except for the burden of electricity
consumption that decreases when moving towards a
transition to renewable sources.

More extensive results can be found in Figures S4-S7.
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Fig. 14. Environmental impact results obtained with EF/3.0 Single Score of comparison between all processes among the three

scenarios.

5 Conclusions

This study addresses the comparison among 4 manufactur-
ing processes of PSK solar mini-modules. These fabrication
processes are composed of several steps, but the main
difference among them is the deposition method of PSK
material that can be accomplished through Spin Coating,
Blade Coating, Spin Coating assisted by a Press, and Blade
Coating in Glovebox environment. However, some minor
differences can be observed along with the whole produc-
tion chain of the mini-modules.

A consistent LCA model is developed to cross-evaluate
the environmental performances of all these fabrication
techniques by focusing on several environmental indicators
proposed by the LCIA method EF3.0 and on a single score.

Among the four manufacturing lines, the most
environmentally sustainable is the Blade Coating, featur-
ing as the most optimized process, since it consumes less
energy and toxic substances. Spin Coating and Spin
Coating + Press present little differences from an environ-
mental impact point of view, underlining that there is no
difference between the Spin Coating and the Soft Cover
perovskite deposition. Blade Coating in Glovebox results
as the most impactful techniques, due to both energy-
intensive production steps, and the large use of toxic
solvents. It must be considered that results are strongly
affected by electricity and gold consumptions, thus making
the gathering of very accurate data essential.

As a limitation of this study, it should be noted that
these results are valid only for lab scale ~30cm? and
calculations might lead to quite different conclusions if
scale up is considered. Then, further studies can be focused
on a prospective LCA analysis aimed to assess the future
environmental impacts of PSK production processes when
they will reach an industrial scale manufacturing level, and

PSCs will be more technologically mature. Moreover, the
system boundaries could also be extended beyond the
cradle-to-gate level to include the operation and end of life
stages of mini-modules.
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