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Abstract

Perovskite/silicon tandem solar cells (PSTs) have emerged as a promising photovoltaic (PV)
technology that can exceed the theoretical power conversion efficiency limit of single-junction
solar cells. To determine the future potential benefits of PSTs, it is crucial to accurately assess their
environmental impacts and recyclability. Here, we present the first complete life cycle toxicity
assessment of PST panels. For this, we evaluated the toxicity of material procurement,
manufacturing, and use stages, and compared them with the toxicity of crystalline silicon PV and
CdTe PV, as well as other electricity sources. For the end-of-life (EoL) stage, we developed three
variants of panel recycling processes and compared their toxicity impacts with the case of
procuring the materials required to manufacture a new panel. We found that the life cycle toxicity
of PV in general is mainly driven by metal emissions. PSTs in particular emit more metals—and
these are more toxic—than other PVs, but less than conventional sources of energy. A lower silver
content—or more sustainable silver procurement—would be the first step towards making PSTs
more environmentally sustainable. Concerning the EoL analysis, all proposed variants are less
impactful than procuring materials from the market. Their largest benefits can be found in the

recovery of the bottom glass and crystalline silicon sub-cell, the copper cables, and the top glass.



Introduction

Heavy reliance on renewable electricity production is a key pathway to mitigate climate
change.! Thanks to their worldwide development in recent years, photovoltaics (PVs) are today
one of the cheapest sources of electricity.? Perovskite solar cells are among the most promising
emerging PV technologies.> Perovskite solar cells’ power conversion efficiencies (PCE) have
increased from 14.1% to 34.6% from 2013 to 2024.* Moreover, when stacked on top of a silicon
PV cell, perovskite/silicon tandem (PST) can surpass the PCE of single junction cells, and increase
up to 33.7%.* As a result, PSTs have attracted tremendous attention in the last few years as highly
promising to bring very high-performance PV to the market, which is critical to further lower the
levelized cost of electricity from solar energy.’ Practically, having achieved efficiencies well
beyond those of established technologies, current research efforts concentrate on expanding the

operation stability of the cells, and on scaling up the production process for their manufacturing.®

Since their inception, the environmental performance of perovskite PV has been the subject of
several studies.” !* The majority of these studies employed life cycle assessment (LCA), a tool for
the evaluation of potential impacts of products, processes, and human activities from their cradle
to grave.!* Both in and out of the LCA community, the use of lead as part of the perovskite absorber
layer has received close attention due to its acute toxic effects.!>'® To some, lead in perovskite
PVs represents a low level of contamination.!” In terms of freshwater ecotoxicity, despite its low
solubility, it is harmful to zebrafish (Danio rerio) at concentrations as low as 10 pM.'® To human
health, the inhalation of toxic fumes is one of the largest lead-related burdens, and a 100 m? roof
half-covered with perovskite modules could release up to 20 g of this substance.!® Perovskite PVs’

tendency to degrade and potentially leach lead compounds in case of failure has encouraged LCA



practitioners to evaluate scenarios beyond normal operation.!® Celik et al.?* showed that all the
Pbl; from the active layer—and 11.1% of the CuSCN hole transport layer would be released in
less than a year if the panel was to suffer a crack, i.e., 3 cm? of crack area in 1 m? of solar module
surface. The toxicity impacts of these lead and copper emissions would be more significant than
the upstream toxicity generated by the production of the metals themselves. Furthermore, a fire
safety assessment of PST was conducted with a focus on lead-related aspects. The study
demonstrated that, in the absence of glass-glass encapsulation, most of the Pbl> products
evaporated into the atmosphere.?! Despite the importance of a total release of lead, Billen et al.?
indicated that electricity from perovskite PVs resulted in four times less lead than other sources of
electricity in the US, and their emissions are about 20 times less harmful. In a recent study from
Chen et al., it was demonstrated that the use of self-healing encapsulation materials can reduce

lead leakage from perovskite PVs by up to 95%.%

In this study, we aim to conduct a life cycle toxicity assessment (LCTA) of PST focusing on
their metal components and inorganic emissions, while also comparing their impacts with those
other electricity generating technologies. We modeled a complete recycling treatment process, and
for the first time, we evaluated the importance of panel recycling and metal recovery in terms of

LCTA.

Methods

Goal and scope
Our objective is to assess the life cycle toxicity of PST PVs. The purpose of this analysis is
twofold: First, to elucidate if the toxicity potential of PSTs and their metal emissions differ

significantly from other electricity sources; second, to evaluate the potential environmental



benefits of recovering their metal content and other materials at the EoL of the PST (Figure 1).
Our intention is to help PST manufacturers, solar scientists, and recyclers select less harmful
materials and processes. Because of that, we aspire for our results to be used in comparative

assertions disclosed to the public.
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Figure 1 Systems under study in the cradle to end of use and EoL analyses

The system boundaries of our first analysis are cradle to end-of-use (Figure 1). Scenario PST
1 contains material procurement—which in turns includes extraction of raw materials, as well as
their processing, and transport—and the manufacturing of the complete device. As an alternative
scenario, PST 2 also includes the use phase, modeled as an accidental release of lead at the end of
its useful life. For the EoL analysis, we compared the recycling of the PST with the primary
material procurement of its components to assess if currently available recycling approaches have

lower toxicity impacts.



Each analysis has its own reference point for comparison. For the cradle-to-end-of-use
analysis, which aims to compare PSTs with other energy sources, we used 1 kWh of low-voltage
AC delivered as the reference point. This analysis required calculating the energy generated over
the entire lifetime of the solar panels after installation. In contrast, for the end-of-life (EoL)
analysis, we used a 1 m? panel as the reference point. This analysis focused on the material
composition of the manufactured solar panel.”For this LCTA, we evaluated the freshwater
ecotoxicity and human toxicity impact categories according to the USEtox methodology?* using
GaBi.?*> We also built our inventories using this program according to information from literature
from 2020-2022 for commercial or soon-to-be-commercialized PV technologies, and from the

Ecoinvent database 3.6.26%7

Modeling approaches and life cycle inventories

Cradle to end of use analysis

The inventory for the reference PST was first described by Frischknecht et al.?®, which we
adapted for a potential production in the US in our previous work*— see Table 1. The initial
scenario—PST 1 considered the complete reference PST. In PST 2 we added a complete release
of the lead present in the PST to the worst possible compartment, which is fresh water and

agricultural soil for ecotoxicity and human toxicity, respectively.

Table 1 Scenarios for cradle to end-of-use analysis

Scenario Process Source
PST PST 1 PST panel production Ecoinvent 3.6%’, and
. Frischknecht et al?® (adapted
SCenarios | pST 2 PST 1 + lead release in Rodriguez-Garcia et al.?®)
Other solar | SiPV Photovoltaic panel, single-Si, at plant Frischknecht et al.?®
: : : : (adapted in Rodriguez-
CdTe PV gl};tfvoltalc laminate, CdTe, First Solar Series 6, at | Garcia et al.?®)




Other Coal WECC, US only: electricity production, hard coal Ecoinvent 3.6%
sources

US mix US: market group for electricity, low voltage Ecoinvent 3.6%

WECC is the Western Electric Coordinating Council, the reliability council that covers the westernmost part of
the US (https://www.wecc.org/)

The inventories from Frischknecht et al.?® and Rodriguez-Garcia et al.?” were built on an area
basis. To calculate the energy produced by the PSTs scenarios we followed Roffeis et al.'>, and
considered a PCE of 25%, an average performance rate of 76.3%, and a lifetime of 25 years. Also
following Frischknecht et al. 2® we developed two reference scenarios for existing PV modules:
single junction monocrystalline silicon (single-Si) PV and CdTe PV, with PCEs of 22% and
19.5%, respectively.!>3? In addition, we selected three Ecoinvent activities as reference scenarios
for existing electricity-generating technologies in the United States. They are electricity from coal
production in the Western Electric Coordinating Council (WECC) region, and the low voltage mix

for the whole US. These three inventories are based on 2019 data.®

The different metals that make the PST, taken from Ecoinvent as global market activities are
detailed in Table S1. They include the different production processes that make up a substantial
share of the market for a given product. For example, the market for Al frame includes the
production of this material in Europe and the rest of the world (RoW). In addition, market activities
also include average transportation from the production sites to an undefined customer. By
modeling the market activities in detail, we evaluated where the emissions and impacts of the

different metals come from with a higher level of detail.



End-of-life analysis

To quantify the relative importance of EoL in toxicity terms, we developed a treatment process
for the separation and recovery of metals from the reference PST (Figure 1), including three
alternatives for delamination (Figure S1). The treatment train consists of two sub-systems: out-
module, and in-module recycling. The out-module subsystem includes two steps, panel
disassembly and cable and frame treatment. Both are based on the updated Full Recovery End-of-
Life Photovoltaic (FRELP) process, first described by Latunussa et al.*!, and updated by Ardente
et al.* We also modeled the recycling of aluminum and copper recovered from frames and cables
according to these two sources. We modeled tin recovery according to Iannicelli-zubiani et al.>,
and lead recovery according to Ecoinvent.?” In the in-module recycling, we also used Latunussa et
al.>! and Ardente et al.’? for cell separation and bottom cell recovery. We assumed the high-
frequency knife button used to separate PV glass from the rest of the device could also separate

the top and bottom cells of the tandem. For the remaining in-module steps, we followed three

different techniques for the recovery of top glass and Pblz, so both can be used again in the

1-34 1'35

manufacturing of perovskite cells. One is based on Binek et al.”®, another on Li et al.”” and Zhang

1'36 1.37

et al.”®, and the last one on Feng et al.”’ These techniques were initially developed for treating

perovskite cells only, and cells with a different architecture than the one we address here. However,
similar processes have been used for the treatment of cells closely related to those whose recycling
we model.*® Therefore, we assume these techniques could be easily adapted for the delamination
of PSTs. The filtration and drying required for the recovery of Pbl> are modeled based on Peters

1.39

et al.”” We allocated by mass the impact caused by the recovery of the different materials.
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Figure 2 Proposed recycling process for PSK/Si tandem panels.

The three delamination alternative techniques are presented in Figure S1

We presented the relevant layers to recycle in Table S2. The pretreatment and flat glass

separation inventories are taken from Ardente et al.*? on the basis that 1,000 kg of PV waste are

equivalent to 73 m?.3! As modeled, the delamination is based on Binek et al.**, Zhang et al.*°, and

Feng et al.*’ techniques.?® Inventories for the common recycling steps, and the three delamination

techniques can be found in Tables S3-6.

Results and discussion

Cradle to end-of-use toxicity

While toxicity comes both from inorganic and organics emissions, we found that the effect of

the latter is almost negligible for electricity produced by PSTs or the US mix, and relatively minor



when it comes to electricity produced with other PVs—Figure 3. Therefore, the following

comparison focuses on inorganic emissions and the toxicity they generate.

PST 1

PST 1 a)
PST 2 PST 2
. Si PV
SiPV CdTe PV
CdTe PV 0.00E+00 1.00E+02 2.00E+02 3.00E+02 4.00E+02
Coal
US Mix

0.00E+00 5.00E+02 1.00E+03 1.50E+03 2.00E+03 2.50E+03 3.00E+03 3.50E+03
CTU/kWh delivered

PST 1 b)
PST 1
PST 2 F'S‘STP\%
SiPV CdTe PV
CdTe PV 0.00E+00 1.00E-08 200E-08 3.00E-08
Coal
US Mix
0.00E+00 5.00E-08 1.00E-07 1.50E-07 2.00E-07 2.50E-07
CTU/kWh delivered
® Inorganics m Organics

Figure 3 Impacts caused by the delivery of 1 kWh of AC low voltage electricity
a) freshwater ecotoxicity, and b) human toxicity.

We found that electricity from PSTs is more environmentally friendly in terms of both
freshwater ecotoxic, and human toxic than electricity from coal or the current US electricity mix
—between 6 and 26 times less harmful. This is regardless of the impact of a total loss of lead from
PSTs. However, the electricity provided by PSTs is 1.06-1.7 times more impactful than other PVs.
A comparison between single-Si PV and PST shows that the manufacturing of PSTs requires 65%
more electricity, and 10% more materials than manufacturing single-Si PVs, ~3.5 times more
silver. ?® This increases PSTs impacts despite this technology having higher PCE. CdTe PV has
lower emissions and impacts than both PST and single-Si PV. Compared with single-Si PV, CdTe

PV requires 20% less aluminum in its frame, 97% less copper, and no silver, besides having a
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lighter active layer. ® In addition, CdTe’s active layer is far less toxic. On a per-area basis, it
generates less than 0.5% of the freshwater ecotoxicity impact, and less than 5% of human toxicity

than the single-Si active layer—Figure S2.

Figure 3 also shows that it is only in human toxicity terms—as opposed to emission in mass or
to freshwater ecotoxicity—that an accidental release of lead will be relevant. If this lead reaches
agricultural soil at the end of the useful life of the PST, for instance when deployed in agrivoltaics
applications, it will triple its human toxicity impact. A release to other compartments excluding
air would make the effect of these accidental emissions negligible. For example, the
characterization factor for freshwater is more than 1,000 times lower than that of agricultural soil.
Despite this accidental release, electricity from PSTs still has lower human toxicity impacts than
that from coal combustion, or the US electricity mix. Only if the accident occurs within the first
15 months of operation would electricity from PSTs be more harmful than that of conventional

sources.

Figure 4 shows the relative impacts of the different inorganic emissions coming from upstream
processes e.g., mining of metals to be used in panel production, etc. For PSTs, aluminum and iron
are the two largest emissions—45% each, Figure 4.a.—and cause the practical totality of the
ecotoxicity impact of electricity supplied from PST modules—90% and 10% respectively, Figure
4.b. However, we found their impacts were negligible in terms of human toxicity. Most of the

impact in this last category is caused by silver, arsenic, chromium, mercury, and zinc emissions.
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Figure 4 Inorganic emissions as a fraction of the a) mass, b) freshwater ecotoxicity impact, and c¢) combined human
toxicity impact. Unless already included in the figure, other inorganics include Sb, As, Ba, Be, Cd, Cs, Cr, Co, Fe,
Mn, Hg, Mo, Ni, Pa, Rh, Sc, Se, Sr, Te, Tl, Th Ti, W, V, Zn, and Zi. There is neither release of In in any of the processes
evaluated, nor a characterization factor for this metal in USEtox 2.2

Figure 5 shows the sources of inorganic emissions in terms of mass (a), freshwater ecotoxicity
(b), and human toxicity (c). Metal procurement is responsible for 71% of all emissions and their
related ecotoxicity, and for 67% of the human toxicity impacts. The remaining emissions and
impacts come mostly from the fabrication of the single-Si sub-cell—24%—while 2% comes from
the electricity used to manufacture the tandem structure, and the remaining 4% from various other
sources—e.g., transportation, auxiliary chemicals, and other elements of the panel. 43% of all
inorganics released during metal procurement, 45% of the ecotoxicity and 23% of the human
toxicity come as a result of silver procurement—Figure 5. This is particularly relevant when we
consider that the silver—required for the back contact metallization in PST modules—is used in
smaller quantities than other metals (<0.5% of metal weight). Copper cables—~5% of metal
weight—are the second main source of inorganic emissions during metal procurement. Finally,

the procurement of AI—~94% of metal weight— releases only 5% of all inorganics. A detailed
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description of the fraction of different inorganic emissions, broken down by their metal

procurement source can be found Tn tables S7-9.

AR AR 8 _a)
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Figure 5 Sources of inorganic emissions as a fraction of the a) mass, b) freshwater ecotoxicity impact, and ¢) combined
human toxicity impact (See Table S.10 for the raw data of the figure)

Due to the impacts of silver, copper, and aluminum alloy procurement, we evaluated which of
their production processes contributed the most to inorganic emissions—and thus to the toxicity—
of PSTs. For all inorganics assessed, emissions from Al frame procurement are roughly divided
between production in Europe and the rest of the world according to their market shares—33%
and 67% respectively—Figure S3. Emission percentages from copper and silver procurement are
also very similar for all inorganics with the exception of arsenic. However, neither of them follow
market shares. For example, electrowinning represents 17.5% of the copper market, but it emits
more than a third of most inorganics, indicating it is a particularly harmful copper source.
Similarly, primary silver production in the rest of the world—which in this case is the entire world

minus Chile, Quebec, and Sweden—has 76.3% of the market share. However, it is responsible for
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more than 90% of all inorganic emissions excluding arsenic. For that reason, we further evaluated
this production process and found out most of'its emissions came from the impoundment of sulfidic
tailings—see Figure 6. Since silver procurement is responsible for 62% of all the inorganic
emissions released during metal procurement, any improvement in the treatment of these tailings

would translate into a significant reduction of the life cycle toxicity of PSTs.

Other im
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As R |
Al .
Ag []

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Fraction of emissions from primary silver production, per source

Tailings M Electricity ®™ Other direct emissions MOthers

Figure 6 Fraction of inorganic emissions from silver primary production
in the rest of the world (RoW: silver-gold mining operation, with refinery), detailed by source

Assessment of end-of-life

In Figure 7.1, we presented the freshwater ecotoxicity and combined human toxicity impacts
of recovering valuable components and toxic metals (lead) from PST, allocated by mass. It also
included as a benchmark the impacts of procuring those materials from the market, which would
represent the environmental cost of building a completely new device. Overall, recovery of
components from PST is between 7 and 112 times less impactful than procuring those same
materials from the market. The rank between the different techniques from highest impact to
lowest impact is Binek et al. > Feng et al. > Zhang et al.>**%37 The recovery of the top glass drives
this classification. This is because the steps for out-module metal recovery and bottom glass and

cell recovery in-module are all based on FRELP, not on the delamination techniques. The latter
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are unique in how they recover the in-module lead from the absorber and the top glass. Since the
top glass has the largest mass, the cleanest technique would be the one recovering it with the lowest
environmental impact: the Zhang technique®®. We can draw a similar conclusion from Figure 7.2—
both a) and b). There we showed the fraction of the total impacts caused by the recovery or
manufacturing of each layer. The fraction of impacts allocated to the recovery of the top glass in
this technique is much smaller than in the other two. The reason for that is the lack of a drying
process after delamination, which is consistent with the idea postulated in Rodriguez-Garcia et al.>®
that solvent reuse and recovery might be insufficient to make certain recycling techniques
sustainable. Contrarily, the Zhang technique®® presents the highest impact on the recovery of lead.
Like the Feng technique®’, it requires two steps after delamination to recover lead, and although it
uses fewer toxic chemicals, the amount of water needed makes it a less competitive technique.
That said, while the benefits of recovering in-module lead and top glass are limited, the recovery
of the bottom glass and cell is more likely to be beneficial— as it is 200-750 times less impactful
than the initial material. As shown in Figure 7—again, both a) and b)—most of the toxicity

potential of the initial device is in this layer. It is thus, in environmental terms, the key driving

force for recycling PSTs.

The results of the cradle to end-of-use section agree with those presented here. Freshwater and
human toxicity concentrates in the metal components and the single-Si sub-cell, and within the
former, in silver, copper, and aluminum production. This is also shown in Figure 7 a) and b). Since
both the single-Si sub-cell and silver are included in the “bottom glass and cell,” the recovery of
this component is of the utmost importance. We can do that at a low environmental cost during the
common—FRELP—ypart of the recycling process, and clearly benefits the overall result. To a

lesser extent, it is the same situation for copper recovery, but not for aluminum. The recycling of
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this last metal is only slightly less toxic than procuring Al used in frame from the market. Finally,

EoL results also de-emphasized the deleterious role of lead might have. Although we can recover

lead—>both in-module and out-module—at a lower impact than if purchased from the market,

environmental benefits are not as significant as the recovery of the silicon cell, silver, or copper.
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Conclusions

In this study, we have evaluated the life cycle toxicity of PSTs using USEtox 2.2. as impact
assessment method. We then compared their cradle to end-of-use impacts with those of other
electricity sources. We contrasted the impacts of its EoL—three variants of a proposed recycling
process—with those of procuring the materials needed to manufacture a new PST from the market.
We found that the life cycle toxicity of PV in general is mainly driven by metal emissions. PSTs
in particular emit more metals—and these are more toxic—than other PVs, but less than
conventional sources of energy. A lower silver content—or more sustainable silver procurement—
would be the first step towards making PSTs more environmentally sustainable. Concerning the
EoL analysis, all proposed variants are less impactful than procuring materials from the market.
Their largest benefits can be found in the recovery of the bottom glass and crystalline silicon sub-

cell, the copper cables, and the top glass.
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Supporting Information

See supporting information regarding details of the presented data in figures and inventories of the

solar PV manufacturing and recycling process

Acknowledgments

This work was funded by the National Science Foundation (Award # 2138293 and 2350521), and
South Dakota School of Mines and Technology (Nelson Grant, and Starting Grant). Thanks to
Jules Freeman from the Department of Mechanical and Materials at Portland State University for

helping with referencing.

References

(1) Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.; Seyboth, K.; Eickemeier, P.; Matschoss,
P.; Hansen, G.; Kadner, S.; Schlomer, S.; Zwickel, T.; Stechow, C. Von. Summary for
Policymakers. In: IPCC Special Report on Renewable Energy Sources and Climate Change

Mitigation; 2011. DOI 10.5860/CHOICE.49-6309.

(2) Sofia, S. E.; Wang, H.; Bruno, A.; Cruz-Campa, J. L.; Buonassisi, T.; Peters, I. M.
Roadmap for Cost-Effective, Commercially-Viable Perovskite Silicon Tandems for the Current
and Future PV  Market. Sustain. Energy  Fuels 2020, 4 (2), 852-862.

https://doi.org/10.1039/c9se00948e.

18



(3) Zhang, J.; Gao, X.; Deng, Y.; Li, B.; Yuan, C. Life Cycle Assessment of Titania Perovskite
Solar Cell Technology for Sustainable Design and Manufacturing. ChemSusChem 2015, 8 (22),

3882-3891. DOI 10.1002/cssc.201500848.

(4) NREL. Best Research-Cell Efficiencies | Photovoltaic Research | NREL.

https://www.nrel.gov/pv/cell-efficiency.html (accessed 2024-11-18).

(5) Ahangharnejhad, R. H.; Phillips, A. B.; Song, Z.; Celik, I.; Ghimire, K.; Koirala, P.;
Ellingson, R. J.; Collins, R. W.; Podraza, N. J.; Yan, Y.; Heben, M. J. Impact of Lifetime on the
Levelized Cost of Electricity from Perovskite Single Junction and Tandem Solar Cells. Sustain.

Energy Fuels 2022, 6 (11), 2718-2726. DOI 10.1039/d2se00029f.

(6) Khalifa, S. A.; Spatari, S.; Fafarman, A. T.; Baxter, J. B. Environmental Sustainability of
Mixed Cation Perovskite Materials in Photovoltaics Manufacturing. ACS Sustain. Chem. Eng.
2020, 8 (44), 16537-16548. DOI

10.1021/ACSSUSCHEMENG.0C05619/SUPPL_FILE/SC0C05619 SI 001.PDF.

(7) Celik, I.; Song, Z.; Cimaroli, A. J.; Yan, Y.; Heben, M. J.; Apul, D. Life Cycle Assessment
(LCA) of Perovskite PV Cells Projected from Lab to Fab. Sol. Energy Mater. Sol. Cells 2016, 156,

157-169. DOI 10.1016/j.s0lmat.2016.04.037.

(8) Goetz, K. P.; Taylor, A. D.; Hofstetter, Y. J.; Vaynzof, Y. Sustainability in Perovskite Solar
Cells. ACS Appl. Mater. Interfaces 2021, 13 (1), 1-17. DOI

10.1021/ACSAMI.0C17269/ASSET/IMAGES/MEDIUM/AMO0C17269_0007.GIF.

19



(9) Leccisi, E.; Fthenakis, V. Life-Cycle Environmental Impacts of Single-Junction and
Tandem Perovskite PVs: A Critical Review and Future Perspectives. Prog. Energy 2020, 2 (3),

32002. DOI 10.1088/2516-1083/AB7E84.

(10) Basosi, R.; Maranghi, S.; Parisi, M. L.; Sinicropi, A. The Critical Issue of Using
Lead for Sustainable Massive Production of Perovskite Solar Cells: A Review of Relevant

Literature. Open Res. Eur. 2021, 1. DOI 10.12688/openreseurope.13428.2.

(11) Urbina, A. The Balance between Efficiency, Stability and Environmental Impacts

in Perovskite Solar Cells: A Review. JPhys Energy 2020, 2 (2). DOI 10.1088/2515-7655/ab5eee.

(12) Ravilla, A.; Perini, C.-A.; Correa-Baena, J.-P.; Yi Ho-Baillie, A. W.; Celik, I. Life
Cycle Assessment of Low-Dimensional Materials for Perovskite Photovoltaic Systems. Energy

Adv. 2024, 3 (4), 800-811.

(13) Celik, L; Phillips, A. B.; Song, Z.; Yan, Y.; Ellingson, R. J.; Heben, M. J.; Apul, D.
Environmental Analysis of Perovskites and Other Relevant Solar Cell Technologies in a Tandem

Configuration. Energy Environ. Sci. 2017, 10 (9), 1874—1884. DOI 10.1039/c7ee01650f.

(14) Jolliet, O.; Saadé-Sbeih, M.; Shaked, S.; Jolliet, A.; Crettaz, P. Environmental Life

Cycle Assessment. Environ. Life Cycle Assess. 2015, 1-298. DOI 10.1201/B19138.

(15) Roffeis, M.; Kirner, S.; Goldschmidt, J. C.; Stannowski, B.; Perez, L. M.; Case, C.;
Finkbeiner, M. New Insights into the Environmental Performance of Perovskite-on-Silicon
Tandem Solar Cells - a Life Cycle Assessment of Industrially Manufactured Modules. Sustain.

Energy Fuels 2022, 6 (12), 2924-2940. DOI 10.1039/d2se00096b.

20



(16) Ren, M.; Qian, X.; Chen, Y.; Wang, T.; Zhao, Y. Potential Lead Toxicity and
Leakage Issues on Lead Halide Perovskite Photovoltaics. J. Hazard. Mater. 2022, 426 (November

2021), 127848. DOI 10.1016/j.jhazmat.2021.127848.

(17) Fabini, D. Quantifying the Potential for Lead Pollution from Halide Perovskite
Photovoltaics. Journal of Physical Chemistry Letters. American Chemical Society September 17,

2015, pp 3546-3548. DOI 10.1021/acs.jpclett.5b01747.

(18) Babayigit, A.; Duy Thanh, D.; Ethirajan, A.; Manca, J.; Muller, M.; Boyen, H. G.;
Conings, B. Assessing the Toxicity of Pb-and Sn-Based Perovskite Solar Cells in Model Organism

Danio Rerio. Sci. Rep. 2016, 6. DOI 10.1038/srep18721.

(19) Babayigit, A.; Boyen, H. G.; Conings, B. Environment versus Sustainable Energy:
The Case of Lead Halide Perovskite-Based Solar Cells. MRS Energy and Sustainability. Springer

Nature December 1, 2018. DOI 10.1557/mre.2017.17.

(20) Celik, L.; Song, Z.; Phillips, A. B.; Heben, M. J.; Apul, D. Life Cycle Analysis of
Metals in Emerging Photovoltaic (PV) Technologies: A Modeling Approach to Estimate Use

Phase Leaching. J. Clean. Prod. 2018, 186, 632—-639. DOI 10.1016/j.jclepro.2018.03.063.

(21) Conings, B.; Babayigit, A.; Boyen, H. G. Fire Safety of Lead Halide Perovskite

Photovoltaics. ACS Energy Lett. 2019, 4 (4), 873-878. DOI 10.1021/acsenergylett.9b00546.

(22) Billen, P.; Leccisi, E.; Dastidar, S.; Li, S.; Lobaton, L.; Spatari, S.; Fafarman, A.
T.; Fthenakis, V. M.; Baxter, J. B. Comparative Evaluation of Lead Emissions and Toxicity
Potential in the Life Cycle of Lead Halide Perovskite Photovoltaics. Energy 2019, 166, 1089—

1096. DOI 10.1016/j.energy.2018.10.141.

21



(23) Chen, C. H.; Cheng, S. N.; Cheng, L.; Wang, Z. K.; Liao, L. S. Toxicity, Leakage,
and Recycling of Lead in Perovskite Photovoltaics. Adv. Energy Mater. 2023, 2204144, 1-16.

DOI 10.1002/aenm.202204144.

(24) Fantke, E. P.; Bijster, M.; Guignard, C.; Hauschild, M.; Huijbregts, M.; Jolliet, O.;
Kounina, A.; Magaud, V.; Margni, M.; Mckone, T.; Posthuma, L.; Rosenbaum, R. K.; Meent, D.
Van De; Zelm, R. Van. UNEP/SETAC Scientific Consensus Model for Characterizing Human
Toxicological and Ecotoxicological Impacts of Chemical Emissions in Life Cycle Assessment

DOCUMENTATION (Version 1.1) USEtox ® 2.0. 2018. DOI 10.11581/DTU:00000011.

(25) Sphera Solutions GmbH. GaBi. Sphera: Leinfelden-Echterdingen 2021.

(26) Ruiz, E. M.; Valsasin, L.; Symeonidis, A.; Bourgault, G.; Wernet, G.
Documentation of Changes Implemented in Ecoinvent Database v3.6. Ecoinvent Association.

2019.

(27) Wernet, G.; Bauer, C.; Steubing, B.; Reinhard, J.; Moreno-Ruiz, E.; Weidema, B.
The Ecoinvent Database Version 3 (Part I): Overview and Methodology. Int. J. Life Cycle Assess.

2016, 21 (9), 1218-1230. DOI 10.1007/s11367-016-1087-8.

(28) Frischknecht, R.; Stolz, P.; Krebs, L.; de Wild-Scholten, M.; Sinha, P.; Fthenakis,
V.; Kim, C.; Raugei, M.; Stucki, M. Life Cycle Inventories and Life Cycle Assessments of

Photovoltaic Systems 2020; 2020.

(29) Rodriguez-Garcia, G.; Fu, H. C.; Sullivan, P.; Chen, C. J.; Song, Z.; Chen, J.; Yan,
Y.; Feng, D.; Jin, S.; Celik, I. Environmental Performance of Integrated Solar Flow Battery

Systems. J. Clean. Prod. 2023, 397 (March), 136533. DOI 10.1016/j.jclepro.2023.136533.

22



(30) NREL. Champion Photovoltaic Module Efficiencies | Photovoltaic Research |

NREL.

(31) Latunussa, C. E. L.; Ardente, F.; Blengini, G. A.; Mancini, L. Life Cycle
Assessment of an Innovative Recycling Process for Crystalline Silicon Photovoltaic Panels. Sol.

Energy Mater. Sol. Cells 2016, 156, 101-111. DOI 10.1016/j.solmat.2016.03.020.

(32) Ardente, F.; Latunussa, C. E. L.; Blengini, G. A. Resource Efficient Recovery of
Critical and Precious Metals from Waste Silicon PV Panel Recycling. Waste Manag. 2019, 91,

156-167. DOI 10.1016/j.wasman.2019.04.059.

(33) Iannicelli-Zubiani, E. M.; Giani, M. I.; Recanati, F.; Dotelli, G.; Puricelli, S.;
Cristiani, C. Environmental Impacts of a Hydrometallurgical Process for Electronic Waste
Treatment: A Life Cycle Assessment Case Study. J. Clean. Prod. 2017, 140, 1204-1216. DOI

10.1016/j.jclepro.2016.10.040.

(34) Binek, A.; Petrus, M. L.; Huber, N.; Bristow, H.; Hu, Y.; Bein, T.; Docampo, P.
Recycling Perovskite Solar Cells to Avoid Lead Waste. ACS Appl. Mater. Interfaces 2016, 8 (20),

12881-12886. DOI.1021/acsami.6b03767.

(35) Li, M. H.; Yang, Y. S.; Wang, K. C.; Chiang, Y. H.; Shen, P. S.; Lai, W. C.; Guo,
T. F.; Chen, P. Robust and Recyclable Substrate Template with an Ultrathin Nanoporous Counter
Electrode for Organic-Hole-Conductor-Free Monolithic Perovskite Solar Cells. ACS Appl. Mater.

Interfaces 2017, 9 (48), 41845—-41854. DOI 10.1021/acsami.7b12367.

(36) Zhang, S.; Shen, L.; Huang, M.; Yu, Y.; Lei, L.; Shao, J.; Zhao, Q.; Wu, Z.; Wang,
J.; Yang, S. Cyclic Utilization of Lead in Carbon-Based Perovskite Solar Cells. ACS Sustain.

Chem. Eng. 2018, 6 (6), 7558-7564. DOI 10.1021/acssuschemeng.8b00314.

23



(37) Feng, X.; Wang, S.; Guo, Q.; Zhu, Y.; Xiu, J.; Huang, L.; Tang, Z.; He, Z.
Dialkylamines Driven Two-Step Recovery of NiOx/ITO Substrates for High-Reproducibility
Recycling of Perovskite Solar Cells. J. Phys. Chem. Lett. 2021, 12 (19), 4735-4741. DOI

10.1021/acs.jpclett.1c00735.

(38) Rodriguez-Garcia, G.; Aydin, E.; De Wolf, S.; Carlson, B.; Kellar, J.; Celik, I. Life
Cycle Assessment of Coated-Glass Recovery from Perovskite Solar Cells. ACS Sustain. Chem.

Eng. 2021, 9 (45), 15239-15248. DOI 10.1021/acssuschemeng.1c05029.

(39) Peters, M.; Timmerhaus, K. Plant Design and Economics for Chemical Engineers,

Fifth.; McGraw-Hill, 2003.

24



For Table of Contents Use Only

PST Perovskite Life cycle toxicity
Silicon Tandem assessment

P‘il Ag Silver mining is the

main source of toxicity
Accidental lead release
increases human toxicity x3

c’\: PST recycling is

environmentally beneficial

More sustainable solar energy can be generated from PST by reducing silver content or by sourcing

silver more sustainably.
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