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Abstract

The environmental performance of four different device assembly procedures based on
hybrid halide perovskite solar cell (PSC) were assessed from cradle to grave using life
cycle assessment (LCA) methodology. In addition, a new environmental indicator was
defined to measure the time evolution of an impact category, specifically in this case,
human toxicity cancer payback time. PSCs procedures accounted for the probably three
more used basic recipes for laboratory perovskite deposition: 1) spin coating of
stoichiometric precursor solution, 2) spin coating of precursor solution using lead
chloride precursor and 3) the two step deposition method. Also, the two most widely
used substrate configurations (planar and mesoporous substrate) were considered. LCA
included three realistic scenarios for the end of life: 1) residual landfill, 2) reuse and
residual landfill and 3) reuse and recycling. The remaining variable parameters to
assemble the device were fixed in common for all four devices, which were the major
responsible of the whole PSC impact. Lead of PSCs had no significant contribution in
environmental impacts. Beyond shared procedure steps, impacts generated by the two-
step method and the use of mesostructured type substrate were higher. End of life
scenario with reuse and recycling improved the toxicity impact categories.
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1 Introduction

Perovskite solar cells (PSCs) have emerged as a very efficient type of solar cells for the
last few years. As yet, they have shown efficiencies () over 20% on thin film cells
[1,2]. Besides, it is expected they reach as high efficiencies as first-generation (25.3%
for a single crystal Si non-concentrator cell) and second-generation (22.6% for a CIGS
cell) solar cells do, even overstepping their efficiencies in a nearby future [3]. Owing to
its versatility and the possibility of tailoring its energy band gap, perovskite also has a
high potential to be combined with other materials to form a tandem device, thus
reaching higher efficiencies [4]. For instance, an efficiency of 27% of a tandem of
perovskite combined with Si was reported [5]. However, for a final implantation of this
technology, demonstration of long term stability will be needed. Moreover, a technical
and economical assessment of PSCs states that there are some limitations when
manufacturing them at large scale [6]. Although stability should still be proven over a
broad range of conditions [3], promising results have already been delivered [7].

One of the main concerns of PSCs is that the hybrid organic-inorganic perovskite most
commonly used (with general formula MAPbX;, where MA=methylammonium and
X=I, Br) contains significant quantities of lead. Pb is a toxic substance whose intake in
the human body causes damage through mimicry of essential ions such as Ca, Zn and
Fe [8,9]. Furthermore, its use is restricted by the European Restriction of Hazardous
Substances Directive [10]. Encapsulation of PSCs, to impede contact with moisture and
oxygen to improve stability [11], could be a solution for the toxicity issue in order to
contain possible Pb leachates. Besides the toxicity of this element, the Pb extraction
consists of a high-temperature process over 1400 °C, which generates greenhouse gases
and dangerous fumes as by-products [12]. Consequently, further solutions should be
found in order to decrease the environmental impacts of the preparation of PSCs
[13,14].

Solar cells employing hybrid halide perovskite as light harvester material are mainly
composed either a) by a thin film perovskite layer, known as planar configuration or b)
by the perovskite deposited onto a mesoporous scaffold. The light harvesting layer is
sandwiched between a hole transporting material (HTM) and an electron transporting
material layer (ETM), see Figure 1. Once the charges are photo-generated in the
perovskite, the ETM separates selectively the electrons to the front contact, and the
HTM layer transports the holes to the back contact. Both layers are important to ensure
a high performance of the cell, although different architectures are possible [15]. The
most currently used material for the HTM is the Spiro-MeOTAD, initially synthesized
for incorporating in multilayer light-emitting diodes (LED) [16,17], later it was used in
solid state dye sensitized solar cell as HTM [18]. A compact layer of TiO, is widely
used as ETM which is formed in most of the cases through the hydrolysis of the
titanium isopropoxide [19]. In PSCs, the front contact or light side is generally the
transparent conductive oxide SnO,:F (FTO), because of its high transparency in the
visible region and its low resistivity at room temperature of the order of 1 Qcm [20].
Meanwhile, the back contact extracting contact may be made of silver [21], gold [22] or
aluminum [23], among others.
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Figure 1. Perovskite solar cells layers: 1) thin film planar perovskite layer and 2) embedded perovskite in the
mesoporous layer.

In order to lead the manufacture of this promising technology of PSCs to a more
sustainable state, as it is still under development at lab-scale, life cycle assessment
(LCA) methodology should be applied. In this regard, few works have been done thus
far [6,8,14,24-29]. Amongst them, special emphasis should be given to the work of
Espinosa et al. [24], in which two important deposition methods (spin-coating and
vapor-deposition) were compared. With each deposition method, a different architecture
(normal and inverted) was produced and assessed from cradle to gate. Gong et al. [30]
compared two PSCs with different ETM (TiO, scaffold vs ZnO thin film), back contact
(gold vs silver) and front contact (fluorine doped tin oxide vs indium tin oxide). This
study was the first to include the disposal stage into its system boundary. Zhang et al.
[31] evaluated a PSC based on titanium dioxide nanotubes through LCA methodology
with data obtained from laboratory-scale. Alternatively, Celik et al. [26] evaluated a
comparison of co-evaporation and spray perovskite deposition methods, which are more
amenable to manufacturing, rather than laboratory specific deposition methods dipping
and spinning. Recently, a perovskite/Si was assessed through LCA from cradle to grave
[28] contrasting several combinations of materials for the back electrode (Au, Ag and
Al) and HTM (Spiro-MeOTAD vs PEDOT:PSS). Finally, five different perovskites
were compared using Cs, formamidinium (FA), and MA for the monovalent cationic
position; Pb and Sn for the cationic position; and combinations of I, Br and CI- for the
anionic position [29].

The aim of our work was to conduct a comprehensive LCA of four different devices of
PSCs from cradle to grave [32,33], selecting likely the most broadly considered.
Although the best efficiencies have been reached using perovskites with mixtures of
organic cations (MA* and FA") and halides (I and Br) [34,35], for the sake of clarity
and simplicity, we just considered the most extended CH;NH;Pbl; halide perovskite as
light absorbing material and three basic recipes of perovskite deposition: 1) spin coating
of stoichiometric precursor solution of PbCl, and methylammonium iodide (MAI) in 1:3
molar ratio, that we call Device 1 hereafter [36]; 2) spin coating of precursor solution of
Pbl, and MAI, Device 2 hereafter [37]; and 3) the two step method deposition, which
implies the dipping of a spin coated Pbl, film into a MAI solution (Device 3 hereafter)
[38]. Also, for the preparation method of spin coating of precursor solution of Pbl, and
MALI, the two most widely used substrate types (planar and with mesoporous TiO,
scaffold) were considered, the device with mesoporous substrate is called Device 4 [39].
The remaining variables parameters, as substrate, contacts, ETM and HTM, to assemble
the device were fixed in common for all four types of devices, and correspond to the
most commonly used in PSCs field, see Table 1. Due to the unreliable nature of the
amount of electricity consumed in the laboratory environment for a real industrial
scenario, an uncertainty analysis was performed for the most energy consuming
processes.



For the first time, we dipped into three possible scenarios of recycling of the PSCs,
which could significantly improve their lifetime, see Table 1. In scenario 1, PSCs was
inertized and deposited in a residual landfill. The other two scenarios were aimed by
recent researches about the potential regeneration of PSCs [40,41] and they two differ in
their potential treatment at the end of the last regenerative cycle: landfilling in scenario
2 or recycling in scenario 3.

By means of the power conversion efficiencies (PCE) provided in the bibliography
relative to each perovskite solar cell preparation studied [36-39], the lifetime at which
each PSC produces just as much energy as necessary to manufacture it (in laboratory
environment) was determined. Further analyses were performed considering that all
four devices were prepared with an efficiency of 20% with different scenarios of end of
life. Finally, a similar assessment was made to compare the payback time of the human
toxicity impact category on the four PSC devices analyzed during their potential
lifetime. This latter human toxicity cancer payback time analysis was contrasted with a
similar analysis for established photovoltaic technologies.

2 Materials and methods
2.1 Goal and scope definition

This study was intended to lay on the table the environmental aspects of the most
promising ways through which lead halide perovskite solar cells can be conducted. Four
different perovskite based devices were considered, see Table 1. The four different
analyzed devices presented different light harvesting layer but the other parts of the cell
were common. We considered a glass with FTO deposited via sputtering. On FTO, a
compact layer of TiO,, deposited via spin-coating worked as ETM. The next layer was
the perovskite, prepared following three different procedures, and considering both
planar and mesoporous TiO, scaffold configurations, see Table 1. Spin-coated Spiro-
MeOTAD on top of perovskite layer was used as HTM. Finally, Au electrode was
subsequently evaporated on the top of the HTM, see Figure 1. This common system
shared the same impacts and they were relatively very high, as we discuss below. To
analyze deeply the differences within the four cells, the common system was isolated
and on one hand the environmental assessment of the common parts was performed and
on the other hand, the environmental assessment of the four devices focused on their
differences was also implemented.

Table 1. Characteristics of the different PSCs analyzed.

Specific layers
Device Perovskite deposition  Configuration
method
Device 1 Spin-coating 3:1 Planar
Device 2 Spin-coating 1:1 Planar
Device 3 Spin-coating + dipping Planar
Device 4 Spin-coating 1:1 Mesoporous

Common layers

Layer name Material Deposition method
Substrate + Front Glass/FTO Sputtering

contact

ETM TiO, Spin-coating
HTM Spiro-MeOTAD Spin-coating



Back contact Gold Thermal
evaporation

End of life scenarios

Scenario Number of uses EOL treatment
Scenario 1 1 Landfill
Scenario 2 10 Landfill
Scenario 3 10 Recycling

All four devices present common layers prepared in the same way and using the same
materials while the difference is the light absorbing perovskite deposition and method
and configuration

The study was performed on laboratory prepared solar cells. This fact allowed us to
directly measure the consumptions during the solar cell preparation process. Despite
this approach, we consider that important consequences for a future upscaling an
implementation in an industrial environment can be extracted from this work.
Functional unit was 1 cm? of active surface area, assigning, for a first study, to each
kind of device the efficiency reported in the literature under standard solar irradiation
(AM1.5G), which depends on the type of perovskite solar cell preparation [36—38,42].
All devices had an active cell area of 4 cm® and a cell’s substrate area of 25 cm’. A
general description of the system boundary of the four different devices is illustrated on
Figure 2.
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Figure 2. System boundary of the PSCs.
2.2 Life cycle inventory

Life cycle inventory included PSCs synthesis, cell use and end of life. Most inventory
data was provided directly from our lab measures, see Supplementary material for
synthesis details and life cycle inventories of the common system and the specific layers
of perovskite.

Physical characteristics and other inventory data were obtained from literature
[36-38,42—46]. The energy consumption needed in each step of the PSCs preparation



was experimentally established by measuring the electric consumption. However, on
those cases where the power consumption could not be measured, such as the FTO
sputtering, vapor-deposition process and the use of glovebox, the data was obtained
from the literature [45,46] and the devices design characteristics. The environmental
impacts generated by the electric consumption were calculated from the medium
voltage production in Europe (RER data set of Ecoinvent database) [47]. Nitrogen gas
consumption of the glove box, both for the PSC production process and for the reagents
synthesis, was obtained from literature [24]. The contribution of transportation of every
material of the inventory was obtained from the distance between the supplier and the
manufacturing location, taking as reference our laboratory location.

While using the solar cells to cleanly convert sunlight to electricity, there is not any type
of harm to the environment. Therefore, at this stage it is important to convert as much
energy as possible to environmentally recover the energy invested in the manufacturing
of the solar cell. This aim can be improved by enhancing the PCE, because the higher
the PCE is, the lesser the EPBT. In the same manner, high PCE values are also
important to produce as much electricity as possible to enable the covering of the
energetic worldwide demand. Another way of converting more electricity entails
increasing the lifetimes of PSCs to obtain more energy from one single device.
Currently, lifetimes of PSCs are below 1 month, which is far from a desirable time. This
is the reason behind the fact that stability of PSCs must be improved, leading more
efforts towards this issue.

Three scenarios were considered for the end of life, see Table 1 and Supplementary
material for their life cycle inventories. As well as in the LCI of the production process
of the PSCs, some layers were considered common for the four devices, thus, the
corresponding perovskite layers were considered specific of each device. A
consequential approach was applied to model the benefits of recycling. This means that
by-products of the disposal process are assumed to substitute a product manufactured by
alternative means and that the environmental impacts thereby avoided are credited to the
system under study [48], see Table 3 of the Supplementary material. Life cycle
inventory of the residual landfilling of each waste fraction and incineration of the non-
hazardous wastes were modelled with the tool provided by Doka [49].

2.3 Impact categories selection

Lead is a toxic substance whose use is restricted by the European Restriction of
Hazardous Substances Directive. For this reason, toxicity was one of the most
significant impact categories to be assessed. UNEP-SETAC toxicity (USEtox) model
[50] is according with Hauschild et al. [51], Pizzol et al. [52], etc., the best among
existing characterization models for toxicity. The three impact categories of USEtox
model were selected: human toxicity, cancer effects (HTC); human toxicity, non-cancer
effects (HTN-C) and ecotoxicity (ET).

The solar cells considered used other metals like Pd, Sn, Au, etc. (as part of the cell or
involved in the preparation of the cell materials), and also fossil fuels (for energy,
transport and as raw materials for synthesis of other compounds). The model CML 2002
[53], from the Institute of Environmental Sciences (CML), is one of the best among
existing characterization models for scarcity [51]. To show the consumption of mineral
resources, energy and water, the environmental impact of abiotic depletion potential
was selected with the division into mineral and fossil resources depletion potential (AD)
and water depletion potential (WDP).



The cumulative energy demand (CED) was also selected for an ease energy
comparisons. CED assessment was based on the method published by Ecoinvent® [54]
and expanded within the SimaPro® software application.

Finally, the most important impact categories related with energy were also important.
Global warming (GWP) is the most frequent impact category in life cycle assessments
of energy. At midpoint level, Climate Change baseline model of 100 years of the
Intergovernmental Panel on Climate Change (IPCC) is the reference model [55]. The
version of USEtox, scarcity model of CML and climate change of the IPCC included in
the International Reference Life Cycle Data System (ILCD) [56] were used. ILCD and
CED are incorporated within the SimaPro® 8.0.3.14 software.

3 Results and discussion
3.1 Environmental impact of the common system

Table 2 and Figure 3 present the results of the environmental impacts of the common
system equal in the four devices analyzed, whose associated inputs and outputs are the
same for all of them. The results in Figure 3 are presented for the three end of life
scenarios assessed. In order to make the results comparable, each impact category is
related to the values for scenario 1. These results allow readers to identify the hotspots
of a PSC not taking into account the specific systems impact. In the category others of
Figure 3 are included the inputs/outputs with values lower than 5% in every impact
category (ETM, HTM, transportation, process outputs and inputs to reuse the devices).
It has to be noticed that use phase is not included.
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Figure 3. Relative impacts of the common part of the four devices, perovskite layer that differs from device to
device are excluded in this analysis. Each impact category is analyzed for the three different scenarios for the
end of life. Scenario 1: residual landfill, Scenario 2: reuse and residual landfill and Scenario 3: reuse and
recycling.

The results showed the predominant impact of back contact for mineral and fossil
depletion, human toxicity non-cancer and ecotoxicity. Back contact was made of gold,
whose extraction procedure releases many toxic chemicals to the environment (cyanide
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and mercury, among others) and consumes many natural resources [57-59]. In scenario
3, the impact reductions were significant as a consequence of its reuse and recycling.
Although to a lesser extent, the impacts for these categories of the back contact were
also reduced in the scenario 2 thanks to its reuse.

Laboratory production of PSC required high electric energy consumption. Burdens of
electricity production [60—62] were the main hotspots in global warming, cumulative
energy demand and water depletion. The front contact and the nitrogen gas contributed
to these three impact categories as well, due to the high energy consumption during
their production. Energy consumption was also notably present on toxicity impact
categories.

The fact that the Au impact was predominant for the common system is in line with the
results obtained by Gong et al. [30]. As the impacts of the common system were much
higher (Table 2) than the impacts of the perovskite layer, the impacts produced by Au
and also the energy consumption can be considered predominant on the whole cell.
However, for Gong et al. [30], life cycle energy inventory was lower and in
consequence climate change and cumulative energy demand impact categories were
lower.

Disposal has not been usually included in LCA of perovskites, except in Gong et al.
[30], however disposal of the common part was responsible of about 40% in HTC
impact category for scenario 1. Reuse with final disposal or recycling reduced every
impact category in different rate. Two groups of impact categories with different
behaviors were observed. Global warming, cumulative energy demand and water
depletion were included in the first group, in which values for scenario 2 and scenario 3
were almost the same, they were 42-47% respect values of scenario 1. Decision about
disposal or recycling at the end of the ten reuses was not significant for these impact
categories.

Mineral and fossil depletion and toxicity impact categories were included in the second
group, in which values for scenario 2 were decreased to 15.7 respect scenario 1 (AD)
and the reduction was even higher in scenario 3 (the highest improvement was for AD,
values decreased to 2.8%). Recycling for these impact categories was clearly favored at
EOL.

3.2 Comparative assessment

Table 2 includes the impacts of the non-common part (i.e. perovskite layer and TiO,
mesoporous layer for Device 4) of each type of perovskite solar cell in the seven impact
categories selected for scenario 1. The percentages of contribution of each specific
system in respect to contribution of the common system were calculated to help to
visualize the specific weight for each device.

Table 2. Impacts for the common system and specific for the four devices.

Categor  Unit Common Specific for Specific for Specific for Specific for
y system Devicel Device 2 Device 3 Device 4
GWP kg CO,eq 3.54 102 5.17 10* 6.64 10+ 1.36 102 9.5110°

% - 1.44 1.84 27.81 21.19
CED MJ 6.49 10 1.07 102 1.38 102 2.83 10" 1.97 10!



% - 1.62 2.08 30.36 23.33

WDP m’ watereq  2.08 10* 3.50 10°¢ 4.2110° 8.3910° 5.8810°
% - 1.65 1.98 28.73 22.04

AD kg Sb eq 3.20 10°¢ 3.46 10 3.2510° 5.74 10* 4.1110%
% - 0.11 0.10 1.76 1.27

HTC CTUh 6.49 10° 3.67 10" 4.72 10" 9.70 10" 6.77 10"
% - 0.56 0.72 13.00 9.44

HTN-C CTUh 5.48 10°* 1.36 10" 1.7410" 3.56 10° 24910
% - 0.25 0.32 6.11 434

ET CTUe 1.30 3.710° 4.20 10° 8.62 107 6.01 10
% - 0.5 0.32 6.23 443

The results of Table 2 show that, in every case, impacts of the specific part of each
device type were much lower than impacts of the common system, shared by all four
different devices analyzed. A larger number and amount of common inputs may justify
such results, even though the specific part contains Pb. Furthermore, the high impact
produced by the back contact and the energy consumption in the common part may
overshadow the contribution of all the specific parts. Interestingly, the fact that specific
parts had a lower impact in all of the impact categories suggests that Pb content of the
perovskite solar cells does not currently constitute a concerning hotspot, in good
agreement with J. Zhang et al. [31] and N. Espinosa et al. [24].

Impacts generated by Devices 3 and 4 were much higher than impacts generated by
Devices 1 and 2, as a consequence of more complex processes involved and higher
energetic consumption. A closer comparison between Devices 1 and 2 showed that
impacts were slightly higher for Device 2 in all the categories except in mineral and
fossil depletion impact category where Device 2 contribution was vaguely lower. The
reason behind the higher impact in almost all categories was a more quantity of energy
and reagents consumption.

Continuing with the specific systems of the different devices, a comprehensive
evaluation of their inputs is presented in Figure 4 for human toxicity cancer and
cumulative energy demand impact categories and for scenario 1. Impacts are divided in
perovskite layer, energy consumption, disposal at EOL and others (transportation,
process outputs and scaffold for the Device 4).
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Figure 4. Specific impacts for scenario 1: a) Human toxicity cancer; b) Cumulative energy demand. Vertical
axis is in logarithmic scale.

Figure 4 shows that the energy consumption in solar cell synthesis is quite prominent,
with few orders of magnitude higher in all of the categories. For this reason, vertical
axis is represented in logarithmic scale. Again, this fact proved that energy consumption
was the main responsible of most of the impacts generated producing a PSC. This result
is in agreement with previous works (Zhang et al. [31] and N. Espinosa et al. [24]) and
opposite to that of Asif et al. [6]. Energy consumption is a hotspot to be improved
substantially in industrial production.

Figure 4a focuses on the results of human toxicity cancer, a potential critical impact
category as a consequence of the toxicity of lead. Considering the specific systems of
the PSCs and excluding the energy consumption, Device 3 had the lowest impact thanks
to it used the least amount of perovskite and the least amount of solvents. Such impact
was mostly due to the Pb content of the perovskite. However, this specific impact due to
the lead content was 1-2 orders of magnitude lower than the originated from the
common system; consequently the content of Pb could not be considered the main
source of human toxicity cancer of PSCs.

Another worth-focusing impact category for this study was CED. Figure 4b compares
the inputs of the four PSC Devices. Again, excluding the energy consumption, Device 3
had the smallest impact and the perovskite layer predominated in the impact of the four
Devices. Though, this time the impact was mostly generated by iodide production. CED
was used to estimate the energy payback time for the four devices (included in the
Supplementary material), the analysis reflected that Devices 3 and 4 (using two step
deposition method and TiO, scaffold respectively) can just compete in terms of energy
payback time if they can provide higher efficiency than Devices 1 and 2, and even in
that case, the stability of the device had to be long enough to allow the surpass.

The analysis of advantages or disadvantages of reuse with final disposal or final
recycling is shown in Figure 5. The relative impacts of the specific part for scenarios 2
and 3 versus scenario 1 are represented in a way that the value 100% indicates no
change regardless scenario 1. Impacts of the common part were not included. If a
scenario of reuse was followed, Device 4 was the only one with significant
improvement in all impact categories, due to the benefits of reusing the scaffold.
Moreover, Device 4 can also compete respect energy payback time with Devices 1 and
2 if a recycling approach is followed (energy payback time included in the
Supplementary Material).

This fact allowed us to conclude that reuse and recycling the Pb content of perovskites
had no significant improvement in environmental impacts, although lead must always
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be safely disposed and avoid accidentals spillages. Taking into account all the PSC,
reuse and recycling improved the environmental impacts due to the recovery of the
materials present in the back contact and front contact, and the recovery of TiO.,.

ET

Specific relative impacts, Scenarios 2 & 3 vs Scenario 1
100% - e o . -

80%
60%
40%
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0%

Hl Device 153 ¥ Device 152 Device 253 Device 252 [l Device 353 Device 352 [l Device 453 Device
452

Figure 5. Specific relative impacts for scenario 2 vs. scenariol (S2) and scenario 3 vs. scenario 1 (S3).
3.3 Human toxicity cancer payback time

A similar assessment as that made for the energy payback time (included in the
Supplementary Material) was made to compare the time evolution of human toxicity
cancer category impact or human toxicity cancer payback time, called here HTCPBT
(Table 3 and Figure 6). Similar assessments should be performed with the rest of the
impact categories. At the beginning, each device had the human toxicity cancer impact
value corresponding to the materials and production phase. This impact category
diminished as the solar cell produces energy, avoiding conventional electric power
consumption. Concretely, the reduction 1 MJ of electricity (medium voltage, production
RER, at grid) avoided 9.92-10° CTUh.

Table 3. Time evolution of the human toxicity cancer.

Device 1 Device 2 Device 3 Device 4
Initial HTC Y o 9 -0
(CTUh/cm?) 6.53 10 6.54 10 7.46 10 7.1510
HTCPBT 10.98 12.05 9.53 1115
(years)
HTCPBT20S1 6.26 6.27 7.15 6.36
(years)
HTCPBT20S3 1.02 1.03 1.92 1.10
(years)

HTCPBT was estimated with the PCE from the literature. HTCPBT20S1 and
HTCPBT20S3 were calculated considering an efficiency of the device of 20% and
scenario 1 and scenario 3, respectively, at EOL.
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The initial impact sets the position of each solar cell for smaller lifetimes, whilst the
efficiency determines directly proportional the slope of the line to set the position of
each type for larger lifetimes. While Device 1, 2 and 4 lasted approximately 11-12 years
to recover the initial impact generated to produce them, Device 3 lasted approximately
9.5 years, if the efficiencies extracted from literature were considered. Also, this device
avoided more human toxicity impact from the 6th year than the rest of solar cell types
studied.

When efficiencies of 20% were considered for all four devices, the time they lasted to
reach a negative human toxicity impact was obviously shorter. In a recycling approach
and for the same efficiency, Figure 6¢), human toxicity cancer payback time for Device
3 almost doubled the value for the other three devices, conversely, Device 4 presented
similar values with Devices 1 and 2.
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Figure 6. Time evolution of the human toxicity cancer: a) considering PCE from literature; b) considering
20% efficiency and scenario 1 at EOL; c) considering 20% efficiency and scenario 3 at EOL.

In order to make the HTCPBT analysis more straightforward to the readers, a
comparison of established photovoltaic technologies is provided herein. The HTC
impact of diverse established photovoltaic technologies is reported in some works
[63—66]. For instance, the HTCPBT of PSCs is compared in this work with Organic
photovoltaics (OPV) [64].

Here, the HTCPBT analysis was similarly performed as for the four PSCs studied in this
work. For the purpose of estimating HTCPBT scores, the HTC impacts and efficiencies
of OPV was taken from the work of Espinosa et al [64]. In contrast to the data in this
manuscript, the efficiency and the inventory utilized for the analysis of established
photovoltaic technologies correspond to modules instead of cells. Moreover, contrary to
established photovoltaic technologies, PSCs of this study are produced in a laboratory
environment, where they are not optimized as the common system of this manuscript
evidences. These facts generate uncertainty to this analysis. Thanks to a 1.1% of
efficiency for the OPV and an initial HTC impact of 2.21 10"° CTUh/cm?, this analysis
reveals that the HTC generated during the life cycle of the OPV is recovered from 3.85
years, by avoiding usage of electricity from the grid.

This HTCPBT result clearly display that PSCs are worse than OPV. The reason behind
this outcome is a shorter initial HTC, despite the lower efficiency. It is worth mention
that in spite of the low HTCPBT of OPV of 3.85 years, it is still higher than current
OPV lifetimes, which is inferior to 2 years [64].

3.4 Sensitivity assessment
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As clearly depicted in Figure 3 and Figure 4, energy supposes the most detrimental flow
by far. At a certain distance, it is followed by the nitrogen gas consumption. Therefore,
it is expected that a reduction in these flows can modify the results. Either it can
decrease the overall impact or alter which is the most adverse device.

Bearing in mind that the energy was measured experimentally from laboratory
equipment whereby the energetic consumption is not optimized. Therefore, it is
predicted that in an industrially produced device the energy consumed will decrease. In
order to estimate the energy consumed in such industrial scenario the thermodynamic
processes that the solar cell undergoes during its production were considered. Moreover,
a complete thermal isolation of the system was supposed for the estimation. In order to
analyze which device is the most harmful in a theoretical industrial scenario, a reduction
in the energy usage of the specific system was simulated. In particular, five steps of the
deposition of perovskite procedure were perceived as the most energy consuming,
where the reduction was implemented. As shown in Table S4 of the Supplementary
material, they are four annealing treatments practiced after the deposition of each
reagent in device 3, and another annealing treatment after the deposition of the scaffold
in device 4. These processes generally consume one order of magnitude more energy
than the rest. It is important to mention that the actual electricity consumption might be
somewhere between the electricity measured experimentally and that estimated via
thermodynamic phenomena. After obtaining the thermodynamically necessary energy
for these treatments, its impact was added to the impact of the rest of impacts that have
remained constant. The energy was estimated from the specific heat of the materials
involved [67-70], along with the conditions at which the treatments were performed, as
the energy spent to heat the materials was solely considered and no energy losses during
the treatments were assumed. In order to show the outcomes of the drop in energy
consumption, the relative HTC impact in the theoretical industrial scenario and the same
impact in the scenario of electricity measured in laboratory equipment respect to the
impact of the most pernicious device for each scenario were calculated. These results
are presented in percentages for the four devices in Table 4 together with the absolute
values of the HTC impact of the theoretical industrial scenario.

Table 4. Sensitivity assessment: Relative HTC values per device for the deposition of the four specific layers
respect to the HTC value of the most harmful device for lab-measured and industrial scenarios and absolute
HTC values for the industrial scenario.

Device 1 Device 2 Device 3 Device 4
Il_lltel!z(ljti(\;z ;ab-measured 4 5 100 70
ﬁe:,l!acti(\;z ;ndustrial 20 26 34 100
%g‘;‘gflr/‘c‘ﬂl f)"c 367100 47210 630107 1.8510"

The results in Table 4 show that the most adverse device moved from Device 3 to
Device 4 in the new theoretical industrial scenario, as Device 3 present the most
relevant impact drop. Thanks to this impact decreasing for Device 3 together with the
increasing of Device 1 and Device 2, these three devices impact is more similar for the
theoretical industrial approach. Overall, from absolute values a significant reduction of
HTC impact of the specific system of Device 3 and Device 4 is observed in comparison
to the HTC scores in Table 2. In spite of the fact that differences in HTC impacts among
devices were reduced relevantly, Device 3 and Device 4 keep presenting the most
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adverse HTC in respect to Device 1 and Device 2. Furthermore, with the reduction in
consumption analyzed is not expected the overall impact of devices to decrease, because
as the specific system is still lower than that of the common system. Among all devices
studied, Devices 3 and 4 present the best efficiency results; hence it could be worth
addressing an environmental improvement of their life cycle.

4 Conclusions

The environmental performance of four different laboratory-produced lead halide
perovskite photovoltaic devices, with quite common and extended configurations was
assessed from cradle to grave using life cycle assessment methodology. These
procedures accounted for the three most commonly used basic recipes of perovskite
deposition: 1) spin coating of precursor solution within excess of chloride, 2) spin
coating of stoichiometric precursor solution and 3) the two step method deposition. The
two most widely used cell configurations (planar and mesoporous) were considered.
Furthermore, three scenarios for the end of life were assessed: 1) residual landfill, 2)
reuse and residual landfill and 3) reuse and recycling. As far as we know it is the first
time that such detailed analysis is performed for the end of life, and it has a significant
effect in the energy and human toxicity cancer payback times.

Common system of the four solar cell devices was the major responsible of the impact
of the whole PSC. Lead was not among the main current concerns of the use of PSCs,
contrary to the most extended assumption that the lead contained in the perovskite is the
main responsible of the impacts of PSC. This was so even for a theoretical industrial
estimated case where the electricity consumption was diminished.

Considering the four analyzed devices with the same efficiency, Devices 1 and 2 had
lower energy and human toxicity cancer payback times. Devices fabricated by the two
step method (Device 3) or using TiO, scaffold (Devices 4) can only compete in this
categories in a scenario where they had higher efficiency and long enough stability in
order to overcome the initial higher production cost and human toxicity generated
during their fabrication. In addition, devices using TiO, scaffold were specially
benefited with recycling at EOL, achieving energy and human toxicity cancer payback
times’ equivalents to devices fabricated by the one step method.

PSCs constitute a promising technology to produce energy from the sunlight owing to
their low cost and high performances, although much work has to be done in order to
upscale, reduce energy consumption during production and moreover, PSCs have to
increase their stability, which will play a key role to make them feasible for the massive
production.
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