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ABSTRACT: Efficiencies of lead halide perovskite photovoltaics have Materials Energy
increased to 25%, putting them on track for commercialization within
the next 1—3 years. Devices exhibiting the best combination of high
efficiency and long operational lifetimes have used mixed cation
perovskite absorber layers such as cesium/methylammonium/formami-
dinium lead iodide (CstAyFAl_x_beI3). However, the associated
environmental burdens of the supply chains of perovskite precursors
should also be considered when selecting compositions for commerci-
alization. Prior literature based on laboratory-scale data reported a
particularly high environmental burden for FA and warned against using Waste  Emissions

these highest-performing film compositions. Here, we report a Allocation (Air, Water, Soil)
comprehensive study of the environmental impacts of common

precursor salts used to form mixed cation perovskite films, using a life cycle assessment approach. We have used updated data
sources, process scale-up concepts, and sensitivity analysis to build commercial-scale life cycle inventory models for perovskite
precursors that can inform industrial manufacturing choices with more transparent and robust environmental analysis. Our results
indicate that the process-based climate change, cumulative energy demand, and human toxicity impacts of CsI, MAI, and FAI are
similar to each other and lead to iodide (Pbl,) salts on a molar basis. The current cesium supply appears sufficient for near-future
perovskite deployment. Additionally, the impacts of the perovskite precursors are ~1000-fold smaller than those of glass when
considering amounts needed per module area. Therefore, selection of perovskite composition can be based on PV efficiency and
operational stability, without additional constraints of environmental impact.

KEYWORDS: Lead halide perovskite photovoltaics, Life Cycle Assessment, Supply chain sustainability, Material availability,
Sustainable design, Thin film solar cells

B INTRODUCTION technologies.” > Combined with rapid advances in scalable
manufacturing and in operational stability, LHP PV are poised
for commercialization in the next few years.” ® Perovskite thin
films can enter the market as part of single-junction devices,
perovskite-perovskite tandems,” "' or perovskite-silicon tan-
dems.'>"?

The chemical composition of the A-site cation of the
perovskite strongly influences both power conversion efficiency
and film stability.*~"” In addition to requiring high efficiency,
PV modules need to last at least 25—30 years in the field;
degradation of the perovskite film has been one of the main
challenges for commercializing LHP devices. Perovskite solar
cells fabricated with long-studied MA-based formulations suffer
from intrinsic instability even when the device is encapsu-

Solar photovoltaic (PV) technologies are one of the fastest
growing renewable energy sources and can provide clean
electricity and mitigate climate change. PV met 2.5% of global
electricity demand in 2019, and installed capacity of PV is
expected to increase 10-fold in the next 30 years."” Crystalline
silicon (c-Si) technologies currently provide ~95% of the
global PV market, with the balance from thin film technologies
such as cadmium telluride. As energy demand continues to
grow, further cost reductions and performance improvements
are needed to scale up the sustainable electric power supply.
Emerging lead halide perovskite (LHP) materials show
enormous promise as highly efficient, low-cost thin film PV
absorber materials. The perovskite crystal structure has the
chemical formula ABX;, where A denotes a large cation, B is
typically lead (Pb), and X is a halide (primarily iodide, I). The Received:  August 2, 2020 §ﬁs§]§l|§gab|§
most studied cations include organic methylammonium (MA, Revised:  October 7, 2020
CH;NH;*) and formamidinium (FA, CH(NH,),") and Published: October 27, 2020
inorganic cesium (Cs) and rubidium (Rb). Efficiencies of
single junction LHP solar cells rose from 3.8% in 2009 to
25.2% by late 2018, which is in line with the best current PV
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Figure 1. Cradle-to-gate life cycle flow diagram for production of perovskite cationic precursor materials in LHP PV systems. (Photo by Steve

Wilcox, NREL 15539).

lated."®"” Alloying of the A-site cation, and to a lesser extent
the X-site anion, has resulted in the best combinations of high
efficiency and long operational lifetime. MA 4sFAosPbl; has
shown record efficiency of 25.4% for all organic A-site
cations.”” Alloying with inorganic Cs can dramatically improve
the thermal and structural stability of the perovskite phase.
Saliba et al. showed that the triple-cation formulation
Csp10MAg 15FAy7sPb(I33Bry17)5 has a stabilized efficiency of
21.1%, with power output retained for 250 h in an aging test
under operating conditions.”’ Many groups have eliminated
MA altogether. Cs,,sFAy-sPbl; achieved 19.1% efficiency
while maintaining full performance after 150 h at 85 °C in
air.”> The same formulation was also used in a perovskite—
perovskite tandem device with 23.1% efficiency.”® Turren-Cruz
et al. reported promising results with Cs,;sFAygsPbl; and
Cso.10FA9oPbl; which achieved high and stable efficiencies of
17.4% and 19.23%, respectively.”*

To date, research has rightfully emphasized maximizing
power conversion efficiency and operational stability, but the
environmental impact should also be considered.””*® A few
previous life cycle assessment (LCA) studies evaluated the
impacts of mixed perovskite formulations in complete
candidate LHP PV device architectures’” >’ or in the absorber
layer alone.” Toxicity related to lead has been of significant
concern. Our recent study indicated that the direct lead
emissions and toxicity potential per kWh would be significantly
lower for LHP PVs than for representative US grid electricity
mixes under reasonable commercialization scenarios.”’ None-
theless, detailed risk assessments and appropriate industrial
hygiene practices should be implemented before commercial-
ization. Beyond lead, some of the LCA studies found that other
layers could have higher impacts than the perovskite absorber
layer, although the studied device stacks are necessarily
speculative since commercial products do not yet exist. In
some cases, the layers found to have highest impact (e.g,
Spiro-OMeTAD hole transport layer or gold back contact) are
likely unscalable.

Focusing on the perovskite layer along with relevant
sensitivity analysis on module manufacturing hotspots can
provide insightful sustainability feedback until the research
community reaches consensus on commercially viable device
architectures. Perovskite films can be deposited in manufactur-
ing lines using solution-based or vapor-based thin film coating
processes, the former involving an additional step of dissolving
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the precursor salts in an appropriate solvent.>* In either case,
the fundamental chemical reaction takes the form AX + BX, —
ABX;. Assuming high materials utilization efficiency in each
process, both solution and vapor coating should employ similar
amounts of precursor salts in their operation. Depositing mixed
perovskite films would first require the industrial synthesis of
AX and BX, precursor salts through either organic synthesis or
mining and purification of inorganics. Inorganic minerals used
as cations, cesium and occasionally rubidium, are listed in the
top 35 minerals of critical supply in the U.S.*

In a recent effort to compare dependence of environmental
impacts on perovskite composition, Alberola Borras et al
reported that films containing FA have significantly higher life
cycle greenhouse gas (GHG) emissions in comparison to the
canonical MAPbI,.*° This difference arose from a combination
of different impacts calculated for FAI, MAI, and Csl
precursors and the use of a chlorobenzene antisolvent step,
but the relative importance of these two were not clearly
distinguished. Their study warned against deployment of FA-
containing formulations, raising potential concerns about the
environmental sustainability of mixed cation LHP devices.
Their life cycle inventory (LCI) inputs were based on
laboratory-scale literature data and assumptions. However,
the material and energy flows of small-scale production can be
irrelevant to industrial manufacturing, which may involve
different processes and equipment and are typically subject to
greater design emphasis on efficiency. A more detailed analysis
is needed on prospective upscaled production processes to
accurately identify environmental impact-intensive hotspots.

Our objective is to investigate the life cycle environmental
performance and resource requirements of scalable cationic
precursor salts for LHP PVs, examining selected life cycle
impact assessment (LCIA) metrics and critical element supply
constraints, including sensitive inputs that lead to variability in
environmental performance measures. We modeled a pro-
spective production process for each cationic precursor (MAI,
FAJ, and Csl) for the ternary A-site composition space, while
also noting a few specific A-site formulations that appear
promising for commercialization. We also compared impacts of
A-site cationic precursors to those of lead iodide (Pbl,)
precursor and other module components (e.g., glass and PET
substrates). This work aims to improve construction of the life
cycle inventory through scale-up process design projections
that may reduce uncertainty in sustainability evaluation,
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thereby supporting commercial decision-making related to
perovskite PV technology.

B METHODS

This study applies an attributional LCA framework following the
International Organization for Standardization (1S0140/44)** to
investigate the environmental impacts of prospective upscaled
perovskite cationic precursors used in manufacturing LHP PV
systems. We selected a cradle-to-gate system boundary that includes
the life cycle stages from mining and extraction of raw materials to the
entry gate of a perovskite module manufacturing facility (Figure 1).
We followed process design guidelines to calculate mass and energy
balances along with estimating process fugitive emissions to construct
an LCI model for each of the process steps in the system boundary.
We also calculated supply requirements of critical cesium to meet
solar PV electricity generation requirements by LHP PVs over the
next 30 years in U.s.’®

Goal and Scope. We defined three functional units (FU) for
reporting our impact assessment results. A FU of 1 kg of precursor is
relevant for chemical plant operations. A FU of 1 mol is useful for
researchers because chemical composition is reported on a molar
basis. Finally, a FU of 1 m” of solar module defines the amount of
precursor needed to manufacture 1 m?* of perovskite thin film, which
is relevant for comparing impacts with those of other module
components.

The primary impact metrics studied here are climate change,
cumulative energy demand (CED), and human toxicity (HT),
calculated by ReCiPe v1.13.”” We used the 100-year global warming
potential (GWP) to quantify greenhouse gas (GHG) emissions that
induce climate change impact, reported in kg CO, equivalents (eq).
CED quantifies the direct and indirect energy consumption
throughout the life cycle of a defined functional unit, reported in
megajoules (MJ]).** HT quantifies the human toxicity in units of kg of
1,4-dichlorobenzene (DCB) eq. We also use the USEtox model to
distinguish between direct impacts on human health and terrestrial
ecotoxicity of the A-site cationic formulations.*”** We could not use
the USEtox model to evaluate the toxicity of lead halide salts because
the model characterization factors for heavy metals have significant
uncertainty."’ The USEtox model reports the midpoint character-
ization factors for three impact categories: human toxicity- cancer,
human toxicity- noncancer, and terrestrial ecotoxicity, factoring in
environmental fate and exposure. The characterization factors for
human toxicity are expressed in comparative toxic units (CTUY),
equivalent to human disease cases per unit of emitted chemical
substance. Terrestrial ecotoxicity characterization factors are also
expressed in CTUS,, estimating a potentially affected fraction of species
per unit of emitted compound.

We kept transportation and infrastructure steps outside the studied
system boundary due to the large uncertainty about the location of
deployment. We assumed that their effects will be similar among all
precursors and contribute relatively little impact compared to other
process steps. Whenever possible, inventoried processes were kept to
U.S. geography.

We used the LCI of scaled-up Pbl, salt production previously
reported by Gong et al** to carry out a process-based impact
comparison to A-site cation precursors (see Table $17 in Supporting
Information (SI)). Nonetheless, we believe that a robust fate and
exposure (ie., ecotoxicological) risk assessment is still needed to
complement LCA results for toxicity evaluation of lead usage in
perovskite solar cells. We did not consider the impacts of lead(II)
bromide (PbBr,) precursor production because it has many possible
synthesis routes, and we could not determine which one would be
commercially feasible. However, PbBr, can be synthesized using the
same Pbl, process route involving the reaction of a potassium halide
and lead nitrate.*>** In that case, the production processes for halide
salts are reasonably similar except the usage of the respective iodine or
bromine in upstream potassium halide production.* Iodine and
bromine production processes have similar environmental impacts on
a mass basis, where differences are not statistically significant, across
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all ReCiPe impact categories in ecoinvent database libraries. This
makes our compiled LCI of Pbl, production also suitable for
modeling PbBr, production after carrying out a necessary correction
for molecular weight.

Life Cycle Inventory (LCl) model development. We used
Reaxys database libraries to identify high yield, industry-relevant
process synthesis routes for each of the perovskite precursors. Then,
we applied process design guidelines for prospective/ex-ante LCI
models to sketch unit operations.%_51 We used stoichiometry,
thermodynamics, heat transfer, and chemical process modeling by
ASPEN PLUS” to calculate the material and energy balances for unit
operations. Scale-up methods by Piccino et al. were used for heated
liquid-phase batch reactions for specialty chemicals to provide
conservative estimations for upscaled material and energy inputs to
LCI models. Where appropriate for a specific production process (i.e.,
triethyl orthoformate), ASPEN PLUS was used to estimate the energy
consumption (e.g, cooling duty for subzero operating conditions)
along with consulting theoretical approaches in scale-up literature.
The LCA software tools SimaPro 9.1, ecoinvent version 3.6,°* and
USLCI®® database libraries were used to inventory the rest of the LCI
inputs and run impact assessment.

A default electricity value of 0.33 kWh/kg of precursor salt was
inventoried to account for plant-wide electricity consum}’)tion for
pumping synthesis solutions as suggested by Hischier et al.*® Fugitive
emissions to air, water, and soil were estimated based on the phase
and boiling points of the input materials.””*® The waste allocation
decisions were made on a process-specific basis according to U.S.
Environmental Protection Agency (EPA) waste handling guidelines
and were reported in LCIs.>”%" We also list the process selections
made in SimaPro for transparency and reproducibility (see SI).

Production Capacity and Assumptions. We calculated the
precursor salt demand, representing the system reference flow, to
supply a PV manufacturing line of 100 MW of peak power (MWp)
capacity (eq S1) as a reasonable near-future target. We assumed 100%
precursor attribution in the perovskite A-site formulation as an upper
limit estimation for MAI and FAL We calculated CsI demand for
100% Cs and for Cs, ;sFA 5. We assumed a module efficiency of 17%
for all calculations, which is an expected target of commercial single-
junction perovskite modules to compete with existing PV
technologies such as c-Si (16%—22%) and CdTe (179%)°4

We also assumed a film thickness of 1 um. Efficient lab-scale
perovskite cells are made with 200—300 nm films. However,
industrial-scale film coating processes might use thicker films to
achieve better reproducibility and durability. Precursor demand for
film thicknesses in the range of 300—1000 nm are reported in SI (see
Table S3).

B RESULTS AND DISCUSSION

Material Intensity of Perovskite Precursors. A material
demand of 6.5 t (tonnes), 6.6 tonnes, and 10.6 tonnes for MAI,
FAI, Csl are needed per GWp of PV modules, respectively, for
films with pure A-site compositions. One GWp would supply
~1% of the 2020 global PV market. The material required
would decrease slightly with increasing PV efficiency (~0.3
tonnes per 1% absolute) and would decrease proportionally
with smaller film thickness. These relatively small scales (less
than ~500 tonnes/year) can most efficiently be produced by
batch processing in an on-demand production facility
commonly used in the specialty chemicals industry in a
once-a-year fashion,”” or more frequently if shelf life requires it.

The rental of on-demand manufacturing sites provides
common chemical plant industrial equipment while avoiding
the capital and environmental costs of building a new plant.
Another advantage for batch processing is the high adaptability
of unit operations to a wide variety of feeds and products as
relevant for LHP precursor salts. If the LHP PV installation
capacity increases, multiple on-demand production batches per
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Table 1. Life Cycle Impact Results for Climate Change, CED, and HT Categories for Three Functional Units Defined as 1 kg,
1 mol, and 1 m? of Module for Each of the Cationic Precursor Salts for LHP Solar Cells

Precursor salt MAI FAI Csl
Functional Unit (FU) 1 kg 1 mol 1 m* 1 kg 1 mol 1 m* 1kg 1 mol 1 m?
Climate change“b (kg CO, eq ) 38.1 6.06 0.0419 274 4.71 0.0305 20.3 5.28 0.0364
CED" ™M) 463 73.6 0.516 198 34.1 0.221 54.1 14.1 0.0971
HT*? (kg 1,4-DCB eq ) 247 0.39 0.00271 3.62 0.62 0.00403 1.86 0.48 0.00334

“Calculated by ReCiPe v13.1; MJ = megajoules. YCalculated in SimaPro v8; 1,4-DCB = 1,4-Dichlorobenzene.

40 Processes common to all precursors:
] = Electricity
35 ] }—Methylamlne = Heat
— ) Ethanol
g) ] mHI (57wt.%)
= ] _ - .
o 30 1 28.9% 74 1 Spent solvent hazardous incineration
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é\l 1 T/ZJ%
25 | =
O )
g) ] FAA salt
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.E:) 15j uicKiime
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Figure 2. Process contribution analysis for the climate change impact category for the production of perovskite cationic precursors: MAI, FAI, and

Csl.

year may be required. If the demand is high enough
(thousands of tonnes per year), solar manufacturers or their
chemicals contractors might need to build a continuous
production facility for steady precursor supply. However, that
would require LHP PV to exceed the total current PV market.
For the foreseeable future, intermittent batch processing is
sufficient for near-term installations.

Life Cycle Impact Assessment (LCIA) of Perovskite
Cationic Precursors. Table 1 shows the life cycle impact
results for selected midpoint categories across three relevant
functional units based on mass, moles, and module area for the
studied perovskite cationic precursors. The life cycle material
and energy inventory inputs along with emissions and waste
allocations entries for the production of MAI, CsI, and FAI are
shown in Tables S7, S9, and S15, respectively. Climate change
and HT values for upscaled production processes are similar
across all three salts (within a factor of 2 or less). Climate
change impact is slightly worse for MAI than for CsI and FAIL
HT is highest for FAI, followed by MAI and Csl. The CED
category has the highest observed difference between
precursors, with MAI standing out for its undesirably high
embodied energy.

Figure 2 shows a process contribution analysis on a kg basis
for the climate change impact category (see Figures S7 and S8
for CED and HT, respectively). In the subsequent sections, we
outline the modeling approach for each precursor and its
material and energy contributions to LCIA results.

Methylammonium lodide (MAI). MAI Synthesis Route
and Process Scale Up. We modeled a process with a capacity
of 647 kg per year of MAI to supply a 100 MWp market. The
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block flow diagram (BFD) showing the process units, mass and
energy flows, and waste allocation is shown in Figure S2 along
with technical details outlining the calculation of material and
energy flows. We scaled up a synthesis route described by Lee
et al.”* that involves the reaction between excess methylamine,
dissolved in an anhydrous ethanol solution, and hydroiodic
acid under a nitrogen atmosphere and at room temperature.
The process yield for this reaction exceeds 90%. The reaction
is highly exothermic with a standard enthalpy of reaction of
—204.23 kJ/mol. Alternative process routes in the literature
report carrying out the reaction at 0 °C for 2 h.°> We selected
the process route by Lee et al. because it is usually more cost-
effective and a more standardized operating procedure in
industrial settings to use gas purging and cooling to control an
exothermic reaction rather than to run the reaction at low
temperatures. From a safety viewpoint, gas purging at large
scale controls the flammability of methylamine.® In this
reaction case, removal of excess heat during reaction is also
important to maintain high yield and preserve the MAI crystal
structure.®’

MAI Life Cycle Impact Assessment and Process Con-
tribution Analysis. The climate change impact of producing 1
kg of MAI at industrial scale is 38.1 kg CO, eq, which is double
the impact of producing 1 kg of cadmium telluride (CdTe)
semiconductor grade salt (15.6 kg CO, eq in ecoinvent). The
CED is 463 MJ/kg and the HT is 2.47 kg 1,4-DCB-eq/kg. The
rest of ReCiPe midpoint indicators for all impact categories for
MAI are in Table S8. The most affected environmental impact
category is fossil depletion that has a score of 10.3 kg of oil-eq
per kg of MAIL This is caused by the large usage of ethanol
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solvent in the reaction step which places significant demand on
the upstream oil and gas mining operations in the life cycle.

Figure 2 shows the contribution of each major process to the
climate change impact category. Incineration of spent solvents
contributed almost ~48% of the total impacts. The second
highest contributor was the use of ethanol for methylamine
solvation and as a reaction medium, which combined
amounted to ~28% of the impacts. The third highest
contributor was hydroiodic acid (57 wt % HI) production
(~15.6% of total impacts), particularly the natural gas furnace
operations in upstream hydrazine production (Figure S1). The
direct heat and electricity for MAI generation contributed only
~4% of the total impacts.

Formamidinium lodide (FAIl). FAI Synthesis Route and
Precursor Supply Chain. A production capacity of 655 kg of
FAI is needed per year for 100 MWp. The block flow diagram
(BED) of the FAI production process is shown in Figure S3.
The process scale-up calculations were based on the synthesis
route reported by Eperon et al.®® that involves the reaction of
formamidinium acetate (FAA) salt with 57 wt % hydroiodic
acid (HI) at process conditions like those employed in MAI
synthesis.

Formamidinium acetate, also commonly known commer-
cially as methanimidamide acetate, is an organic amidine salt
that has applications in drug synthesis research. The only
synthesis route for FAA salt, reported by one patent and two
literature articles in Reaxys database, involves reacting liquid
triethyl orthoformate (TEOF) with glacial acetic acid under
ammonia refluxing at 135 °C for 45 min (Figure S4 and Table
$11).77! The yield is 84.2%. The procedures report cooling
operations that indicate the exothermicity of reaction, but the
exact heat of reaction could not be calculated due to missing
physiochemical data about the specific enthalpy of formation
of the FAA salt. LCI of TEOF was developed separately
because it is not available in existing LCA databases. We
modeled a process to produce 615 kg of TEOF following the
commercial synthesis route involving the reaction between
hydrocyanic acid (HCN) and anhydrous ethanol under dry
hydrogen chloride (HCI) in petroleum ether solvent at subzero
conditions (=15 °C)”>”* (Figure S5 and Table S13).

FAI Life Cycle Impact Assessment and Process Contribu-
tion Analysis. FAI has climate change impact of 27.4 kg CO,
eq., CED of 198 MJ and HT of 3.62 kg 1,4 DCB-equivalent
per kg of FAIL All impact categories calculated by ReCiPe
midpoint indicators are reported in Table S10. Figure 2 shows
that the highest contributor to the climate change effect is the
large material usage of excess hydroiodic acid (57 wt % HI)
that is required for complete conversion of the FAA salt,
constituting almost 40% of the total climate change impact.
The second highest contributor is the use of FAA salt, at 33%
of total impacts, especially the upstream HCN production
process used to produce TEOF (~5% of total climate change
impacts). The third highest contribution is from the spent
solvent incineration which constitutes about 20% of the total
impacts. The direct heat and electricity consumption
contribute a total of only 1.7% of the total impacts. This
result contradicts that of a previous study that estimated a
dramatically greater electricity and heat consumption for the
FAI production process (~198 kWh/kg compared to 0.352
kWh/kg of FAI reported here), driven largely by the final
drying stage at vacuum for 24 h.>”’* We are skeptical that such
an energy intensive drying process would be performed on an
industrial scale, especially given that it is not necessary in the

synthesis we analyzed here. Even on laboratory scale, the
drying step should be expected to be similar for both MAI and
FAI given that the same solvents are employed in synthesis.

Cesium lodide (Csl). Cesium Extraction and Refining.
Current commercial reserves of cesium are found as cesium
oxide in pollucite ore (Cs(AlSi,Og), which contains 29—34%
cesium oxide (Cs,0), depending on mining location.”>”
Pollucite ore is mined as a byproduct of the lithium mineral
lepidolite. Three possible production pathways for recovering
cesium salts from cesium ores are direct reduction with metals,
decomposition with bases, and acid digestion.””’” Acid
digestion of pollucite ore is the preferred commercial process.
No LCI of cesium ores or compounds is present in commercial
LCA databases to date. We scaled up the process for ore
digestion by sulfuric acid described by the patent published by
Cabot Corporation, the largest cesium ore refiner in the
world.”® The process involves using a 45 wt % sulfuric acid to
dissolve the pollucite ore in a calculated ratio of 0.36 kg of ore
per 1 L of acid at 115 °C for 16 h (Figure S6 and Table S15).”
Other auxiliary chemicals (e.g,, soda ash and lime) are used for
slaking, polishing, and neutralization of excess acids. Further
purification steps are required to separate the cesium salt from
the insoluble cesium alum. Our calculations indicate that 3.03
kg of pollucite ore is required to produce 1 kg of pure CsI salt,
assuming that the average cesium oxide content in pollucite
ore is 29.7% (see SI for sample calculations). The acid
digestion process produces waste gypsum, slag, and aluminum
hydroxide waste. These waste streams can be reused in the
construction industry and therefore sent off for further reuse
allowing for waste allocation cutoff in our model.*” The spent
sulfuric acid waste is sent to incineration as per EPA
regulations. A more optimistic scenario involves distilling the
spent solvents under a vacuum and reintegrating them into the
process; however, this step may be unlikely due to the presence
of heavy metals. Further details are discussed in the section
Hotspot Analysis for Solvent Recovery below.

Csl Life Cycle Impact Assessment and Process Contribu-
tion Analysis. Csl has a climate change impact of 20.3 kg of
CO, eq, CED of 54.4 MJ, and 1.86 kg 1,4 DCB-eq per kg of
Csl. The ReCiPe midpoint impact categories are reported in
Table S16. The process contribution analysis, Figure 2, shows
that the incineration of spent sulfuric acid waste accounts for
54.4% of the climate change impact. The second and third
highest contributions are from hydroiodic acid (57 wt % HI)
usage and direct process heat operations, respectively. The
process is heat intensive (~23.4 MJ per 1 kg of CsI) due to the
long reactor operation time (16 h) at elevated temperature and
the multiple heating steps incurred during reslurrying and
slaking.

Availability of Cesium and Rubidium Minerals. Cesium
and rubidium minerals are listed in the top 35 critical minerals
of U.S. supply.”® Cesium is used in a quantity of few thousand
kilograms per year in U.S.,’° most commonly in the form of
solutions used in oilfield drilling applications, petroleum
cracking, and battery electrolytes. On a much smaller scale,
rubidium is mostly used in the production of specialty glasses
and a few other applications.

Rubidium has the second largest atomic radius of any
monovalent cation, after cesium, and has been used in some
efficient and stable LHP PVs.*"** Rubidium is comined from
similar deposits of cesium and lithium, but in much smaller
quantities, obtained as a byproduct from refining cesium and
lithium from their ores.”” It remains uneconomical to
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Figure 3. Life cycle impact assessment results across the entire ternary phase space for 1 mol of A-site perovskite precursor compositions for (a)
Climate change, (b) Cumulative energy demand, (c) Human toxicity. Formulation symbols: (circles) Csy1oMAg 1sFA 75, (squares) Csg,sFAq 7, and

(diamonds) Csy;sFAg s

exclusively mine for rubidium due to its very low concentration
in deposits. Therefore, rubidium does not have any availability
advantage over cesium for large scale deployment of renewable
energy applications.

Our calculations indicate that only 1.8% of current known
cesium reserves would be needed to meet the entire U.S. solar
PV electricity generation goal for 2022—2050 exclusively
with CsPbX;-based LHP PVs. Only 0.3% would be needed for
state-of-the-art alloys with 15% Cs in the A-site and far less
than that considering the current dominant market share of
silicon PV. Our calculations are based on the current
commercial proven cesium reserves, which are estimated at
~90,000 t.*> The 2020 U.S. Mineral Commodity reports
estimated the total original worldwide cesium reserves to be
~220,000 t, mainly present in Canada, Zimbabwe, Namibia,
Australia, and Argentina. These cesium reserves are estimated
based on the occurrence of pollucite ore. Additional
commercial cesium supplies are expected to be available. For
example, the Taron project in Argentina is reported to have
rich Cs-pharmacosiderite ore deposits, and production phase is
expected to begin in the next few years.**®> To date, the
world’s supply of cesium mainly comes from remaining stocks
in Tanco mines, Manitoba, Canada with estimated original
known reserve of 120,000 t of cesium oxide present in ore.

Given our high-end assumptions about near-future cesium
use in LHP devices, we believe that cesium availability
concerns should not affect the decision to deploy perovskite
photovoltaics. LHP PVs will not disrupt the cesium supply
chain because so little Cs is required. However, competing
demand for cesium from multiple industries, especially oilfield
drilling, could all together place constraints on midterm
supply.*®

Life Cycle Impact Assessment of Mixed Cation
Perovskite Films. In the previous section we reported
environmental impacts of MAI, FAI, and CsI on a 1 kg basis
that are relevant from the prospective of their manufacturing.
Here, we report impact assessment results of the precursor
salts and their alloys per mole to provide useful feedback to
solar PV researchers. Figure 3 shows impacts for climate
change, CED, and HT per 1 mol of cationic alloy composition
across the ternary phase space, including symbols highlight
three promising formulations for commercialization mentioned
above.

Climate Change. The variation between all compositions in
the phase space is less than 30% for the climate change impact
category. MAI has the highest climate change impact of 6.0S kg
CO, eq per mole. FAI and CsI have climate change impacts of
4.71 and 5.28 kg CO, eq per mole, respectively. We note that
the order of impacts from highest to lowest changed when
comparing per mole versus per mass basis because of different
molecular weights. In the comparison on a per-mole basis, CsI
entails higher climate change effect than FAI, because CslI is
more dense than FAI, while MAI remains the highest. The Cs/
FA composition space has the lowest impact region.

Cumulative Energy Demand. The CED indicator shows a
sizable difference in the energy requirements across for-
mulations. MAI, FAI, and CsI incur 463, 198, and 54.1 M]J per
1 mol, respectively. The CED score is much higher for organic
cations, especially MAI-based formulations, than for CsI. The
hotspot analysis of energy consumption shows that the large
solvent usage in MAI production increases demand for
upstream ethylene production process, making the non-
renewable fossil category the highest among all other energy
consumption categories. For FAI production, upstream
hydrogen cyanide production process for TEOF production
is the main source of energy consumption. CED of MAI may
be reduced by replacing or recycling the ethanol solvent.

Human Toxicity. The HT impacts for MAI, FAI, and Csl
are 0.393, 0.623, and 0.483 kg 1,4-DCB-eq per one mole of
cation, respectively. Figure 3¢ shows that the toxicity increases
with increasing fraction of FAI in the perovskite formulation.
The difference between the highest and lowest impact across
potential commercial compositions is only ~4.4%. Usage of
excess hydroiodic acid in direct FAI synthesis and acetic acid in
FAA synthesis carries the largest contribution to HT of FAL
These processes entail upstream lignite mining, and treatment
of waste thereof, for heat production, which is associated with
considerable human health and ecotoxicity hazards. A possible
way to reduce HT impacts for FAI is to reduce the raw
material consumption by reducing the usage of or recycling
acetic acid and hydroiodic acid. We used USEtox model to
distinguish between human health and ecotoxicity.

Figure 4 shows USEtox toxicity contributions for one mole
of cationic precursor. FAI has almost twice the impacts of MAI
in the terrestrial ecotoxicity and human toxicity- noncancer
categories. MAI has the highest impact in human toxicity-
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Figure 4. Toxicity performance of MAI, FAI and CsI on per-mole basis using USEtox model across toxicity categories: (a) Human Toxicity-Cancer
(HT-cancer), (b) Human Toxicity- noncancer (HT- noncancer), (c) Terrestrial Ecotoxicity.

cancer category, but the impact in this category of all three
salts is similar to within ~20%.

Hotspot Analysis for Solvent Recovery. MAI produc-
tion uses more solvent than production of FAI and Csl. The
large ethanol solvent use and its subsequent incineration are
the underlying reasons why MAI carries the highest impacts in
climate change, CED, and human toxicity-cancer categories.
Recycling of the solvents used in precursor synthesis could
reduce the environmental burdens associated with the supply
chain of all precursor salts. Here, we consider the sensitivity of
impact assessment results to solvent usage and disposal. For
small scale, intermittent production capacity, recovering
synthesis solvents might not be economically or technically
teasible. However, if the LHP PV capacity increases to capture
a sizable fraction of the market, precursor production might
need to transition to a continuous process with more
significant volumes of solvent required. In that case, it is
important to note some technical challenges associated with
solvent recovery for each cationic precursor.

For MAI production, our calculations indicate that a
quantity of ~8.5 kg of ethanol solvent per 1 kg of MAI is
needed for methylamine solvation and recrystallization steps.
Spent solvent effluents from unit operations would likely
contain a ternary mixture of ethanol, water, and methylamine.
A possible recovery route could consist of desorbing
methylamine first followed by azeotropic distillation of
ethanol/water mixture. However, this operation seems unlikely
due to high costs of specialized separations systems for batch
scales.

The spent sulfuric acid mixtures from CsI production (~5.6
kg/kg of CsI) possess a greater environmental hazard because
they contain heavy metals (i.e., Cd, Pb) from the ore extraction
process. The acidic waste stream also brings the hazard of acid
mine drainage.””*® Ton exchange and solvent extraction
technologies are among a few promisin% technologies that
are still under research and optimization.*””° Another option is
to collect and send the sgpent acid stream to existing spent acid
treatment operations.gl’ >

The FAI production process and the production of its
associated precursors have more potential for the recovery of
their spent solvents. Recovery of spent petroleum ether solvent
in TEOF production is already reported and modeled in this
study.”® The reactor effluent from FAA production is
composed mainly of ethanol byproduct with some ethyl
acetate forming an azeotropic mixture and unreacted acetic

acid. Finally, FAI production produces a spent solvent mixture
composed of unreacted hydroiodic acid, acetic acid byproduct,
water, and traces of some alkyl iodides. Presence of high
concentrations of hydrogen iodide could lead to difficulty in
mixture separation.”’ Use of additives could improve the
separation yield of the process.”

In our study, solvent recovery was only considered for FAA
production since its simple distillation operation can be applied
relatively easily in a small batch setting. We assumed that the
solvent recovery equipment is available. Building specialized
equipment might offset the benefit of solvent recovery in FAA
case for such a small scale employed. To carry out this
sensitivity calculation, we estimated the distillation utilities
(i.e., steam, cooling water), electricity consumption, and
nitrogen purging and reduced fresh ethanol usage by the
amount of solvent recovered.”””” We considered the climate
change impact category, with a FU of 1 mol of cationic
precursor. Figure 5 shows a comparison of the climate change
impacts of the different perovskite alloy formulations with and
without solvent recovery (see Table S19 and Table S20 for the
rest of midpoint impact categories).

Our results indicate that all formulations lie within a
reasonably small range on a molar basis. FAI may offer
opportunities for solvent recovery that are not practical for
MAI and Csl, reducing climate change impact of cation
precursor manufacture by 6—8% for FA-based compositions.
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Figure S. Climate change impact category (kg CO, eq ) per 1 mol of
MAI and selected mixed cation perovskite precursor formulations
synthesized with and without solvent recovery in FAA production
process.
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Table 2. Comparison of Climate Change, Cumulative Energy Demand, and Human Toxicity Environmental Impacts between
Canonical MAPbI;, Mixed Cation Cs,,sFA,,sPbl;, Solar Glass, and PET Flexible Web (Substrate) That May Be Included in

Manufacturing 1 m? of Perovskite Photovoltaics

Perovskite module component

Amount required per 1 m” panel (kg/m?)

d,e

Climate change per 1 kg of material (kg CO, eq./kg)
Climate change of materials per 1 m* of module (kg CO, eq‘/mz)d’“
CED per 1 kg of material (MJ/kg.)

CEC of materials per 1 m? of module (MJ/m?)*

Human toxicity per 1 kg of material (kg 1,4-DCB eq./kg)

Human toxicity per 1 m* of module (kg 1,4-DCB eq./m”)

MAPbL;* Csg,sFAy,sPbL* Solar glassb PET flexible web“
429 x 1073 432 %1073 15.0 0.24
15.9 13.3 1.00 279
6.82 X 1072 5.74 X 1072 15.0 0.67
74.5 0.492 2.11
0.646 0.322 7.38 0.506
1.99 218 0.136 0.68
8.54 X 1073 9.43 X 1073 2.04 0.163

“Only precursor salts considered. bAssuming 2 sheets for front and back of the panel, 3 mm each; see Tables S3 and S4. “Assuming a thickness of

175 um. “Calculated by ReCiPe v13.1. “Calculated in SimaPro v8.

Comparison to Other Precursors and Module
Components. To this point, we have shown comparative
analyses of impacts for different cation compositions. We now
place those results in context by comparison to other
components required for PV module manufacturing. The
perovskite film formation involves the reaction between the A-
site precursor salt and lead halide salts (i.e., Pbl, and PbBr,)
during either solution or vapor deposition. Lead toxicity has
triggered concerns about sustainability of LHP PV systems, but
our prior study concluded that the intensity and toxicity
potential attributed to possible catastrophic release of lead are
less than those from other life cycle stages and less than
representative U.S. grid mixes, under reasonable commercial-
ization scenarios.”’ Gong et al. modeled LCI for upscaled Pbl,
commercial production,”” and we compiled this inventory
(Table S17) and ran LCIA using ReCiPe v1.13 protocol. Our
results show that Pbl, has climate change impact of 3.85 kg
CO, eq, CED of 19.7 MJ, and human toxicity of 0.844 kg 1,4-
DCB-eq per 1 mol of Pbl,. The A-site precursor salts and lead
iodide salt bear similar impacts on a molar basis.

The perovskite absorber layer is sandwiched between
organic or inorganic electron and hole transport layers,
which are interfaced with front and back contact layers. We
have not calculated impacts from those layers because the
industry has not yet unified around optimal materials for these
layers and research suggests that comparatively high-impact
options such as spiro-OMe-TAD can likely be replaced with
simple oxides or small organic molecules.”® Since no
commercial device stack has been publicized, the results of
preliminary LHP PV LCA studies are speculative and depend
on their assumptions of device architectures, material selection,
and deposition approaches.”

All layers are deposited on glass or flexible plastic (e.g,, PET)
substrates, although devices on PET would likely need to be
encapsulated in glass for stability reasons. Glass substrates
incur a much larger climate change impact than the precursors
for the perovskite layer because of the large mass required.
Table 2 compares mass and environmental impacts of the
combined perovskite precursors (Al + Pbl,), glass, and PET
required per area for module manufacturing. Assuming two
glass sheets with typical thickness of 3 mm and glass density of
2500 kg/m?® 15 kg/m® is needed for modules. Low-iron flat
glass has climate change impact of 1.0 kg CO,-eq/kg
(ecoinvent), resulting in 15 kg CO,-eq/m” In comparison,
Csg,5FAq7sPbl; has a climate change impact per mass of 13.3
kg CO,-eq/kg that is much larger than glass, but only ~4.32 g/
m? is needed for micron film thickness, resulting in climate
change effect of only 0.0574 kg CO, eq/m* The impact per

module area is therefore over 1000x higher for glass than for
the total perovskite chemical precursor salts. For a thin flexible
PET substrate, a thickness of 175 ym is needed.'’® Assuming a
density of 1380 kg/m?, a value of 0.24 kg/m? is needed with
climate change impact of 0.67 kg CO,-eq/m® Although the
impacts of PET substrates are significantly less than glass, the
need for glass encapsulation to act as an environmental barrier
might negate this benefit. Similar results hold regarding relative
magnitudes of CED and human toxicity between module
components. The key findings that impacts are similar across
perovskite compositions and that other module components
have orders of magnitude larger impacts than the perovskite
precursors indicate that environmental impact should not play
a key role in selection of perovskite composition, which can
then be completely driven by PV efficiency and stability.

B CONCLUSIONS

This study showed that the environmental impacts of mixed
cation perovskite alloys and archetypal MA-based perovskite
formulation are similar. The results of this study contradict the
conclusions of a previous study that warned of outsized
environmental impacts of FA, which is used in mixed
perovskite alloys with the best PV performance. We believe
that the previous study overestimated the energy consumption
of the manufacturing processes of perovskite cationic precursor
salt production in their life cycle inventory (LCI) models by
choosing lab-scale conditions over process engineering
assumptions routinely employed in the chemicals industry.
Our study focused on the impacts of production of the
perovskite precursor salts, without convoluting these results
with impacts from their processing into films, which may not
yet be optimized.

By the employment of process design concepts to scale-up
perovskite precursor salts provided, we posit that a more
accurate impact assessment was obtained. The largest process
contribution for improving supply chain sustainability of
perovskite cation precursor salts changed from electricity
consumption to solvent usage for industrial-scale models in
comparison to lab-scale models.

Cesium criticality concerns should not hinder the selection
of optimal perovskite compositions or the scalability of
perovskite PV deployment. Only 0.3% of current proven
cesium reserves would be required to meet the entire U.S. net
electricity generation goals solely with LHP PV systems from
2022 to 2050 for mixed cationic perovskite formulation.

Finally, we conclude that perovskite film compositions
should be selected solely based on efficiency and stability.
There are no significant differences in environmental impacts
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between A-site cation formulations, and the impacts between
cationic precursors and lead iodide are all similar to each other
across climate change, human toxicity, and cumulative energy
demand on a molar basis. A complete LCA study of the entire
scaled-up perovskite module manufacturing process should be
carried out as soon as such commercially viable processes and
device architectures are communicated. However, it is already
clear that the impacts of perovskite precursors are orders of
magnitude lower than those of other module components such
as glass. The commercial-scale LCI models for perovskite
precursor salts provided by this study might aid in more
transparent and robust environmental analysis that can
contribute to sustainable design and manufacturing of LHP
photovoltaics.
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