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Lead halide perovskite solar cells (PSCs) are an emerging solar photovoltaic (PV) technology on the cusp
of commercialisation, promising to deliver the lowest cost solar energy to date (<32 $ per MW h).
Owing to the required scale of PV deployment to mitigate climate change, potential limits to
deployment due to materials criticality issues, and the necessity to prevent impacts from PV waste,

Received 15th March 2023, adoption of circular economy is essential for perovskite technologies. Here we examine 3 key themes to
Accepted 3rd July 2023 inform future development towards commercialisation: legislative and economic drivers for adoption of
DOI: 10.1039/d3ee00841j circular economy by the emerging perovskite PV industry; environmental and future materials supply

issues; and current state of research which may enable remanufacturing and recycling strategies to
rsc.li/ees facilitate circular utilisation of key materials in successive product generations.

Broader context

Photovoltaics (PV) are one of the fastest-growing energy technologies, with global cumulative installed capacity exceeding 1 TW by March 2022 following rapid
reductions in levelised cost of energy (LCOE). To mitigate climate change, cumulative installed capacity may reach >10x this quantity by 2050. Market
dominant crystalline silicon (c-Si) PV faces limits to its deployment owing to global materials security issues, and deployment to scale will generate enormous
quantities of waste from which secondary materials cannot be recovered at suitable purity to feed future PV manufacturing given the state of current recycling
technology. Adoption of circular economy for PV is essential to ensure these technologies are sustainable for the future. However, existing technologies suffer
linear lock-in having been designed for a single lifetime with no consideration of end-of-life (EoL) outcomes. Perovskite PV is a promising emerging technology
on the cusp of commercialisation, with calls for adoption of circular economy for this technology to mitigate potential impacts of Pb used in the absorber
materials of these devices. To do so successfully, consideration of design with full lifecycle thinking, now, at this early pre-commercialisation stage is essential.
We review economic, legislative, and environmental drivers for adoption of circular economy for perovskite technology, examining environmental and resource
security issues of common materials used in device architectures, and consider strategies to enable circular retention of materials in successive product
generation to facilitate circular economy.

Introduction Finite natural resources are extracted to create products which
are ultimately discarded as waste. Each stage in this process

Humanity faces global environmental and energy crises.””> The consumes fossil fuels and generates emissions and waste.’®

pursuit of growth via linear economic models (i.e. the ‘take-

make-waste’ economy, Fig. 1) has disrupted the Earth’s natural

systems to the extent we face risks from climate change,

disruption of natural geochemical flows, pollution, land system T T T
change, ocean acidification and the ongoing sixth mass
. . 1,3 . . . . .. TAKE MAKE USE DISPOSE
extinction. DeSplte gl‘antlng PI'OSPEI'lty and lmPTOVed thng Extract and refine Fabrication of Use phase of Products Disposal of products
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standards for billions, increasing population and per-capita
consumption mean we face the limits of linear economy.*™

Linear throughput of materials*

Fossil fuels; energy; water
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Value is created exclusively at the point of product sale, thus
economic growth is strongly coupled to primary material and
energy consumption with associated emissions and waste genera-
tion. Approximately 60% of global greenhouse gas (GHG) emis-
sions and >90% of biodiversity loss and water stress results from
resource extraction.” Achieving the Paris Agreement goal of limit-
ing global temperature rise to 1.5 °C above pre-industrial levels
will not be possible through decarbonisation of energy and
transport networks alone,’ emissions from primary materials
extraction, manufacturing and end-of-life (EoL) processes must
also be reduced.>”° There is also growing concern about access to
critical raw materials (CRMs) with increasing global demand,
particularly for technology metals and other essential materials
needed for low carbon technologies.'”"" Many of these materials
are produced only as minor by-products of other mining opera-
tions, bringing new mines on line takes decades, and CRM
recycling rates from EoL products are low in general due to the
dissipative nature of their applications, so no rapid solutions to
demand spikes or disruption to primary supply exist.’> Due to the
essential role of CRMs in green technologies for a sustainable
future, global resource criticality is a major challenge to address.

Even green technologies required for net-zero cause envir-
onmental impacts during production, use, and EoL when they
become waste electrical and electronic equipment (WEEE, or
e-waste). WEEE is the fastest growing waste stream on the
planet with 53.6 Mt per year generated globally."*> WEEE pre-
sents a major global challenge owing to its hazardous material
content.™ CRM recovery rates are below 1% for many elements
due to low collection rates of EoL products, the dissipative
nature of their applications resulting in low recoverable value
from individual products, and dissipative losses during recy-
cling processes.'? Even recovery rates of high value materials
such as Au and platinum group metals (PGMs) do not exceed
~50%. However, despite barriers to recovery, WEEE represents
a considerable opportunity as a secondary source of CRMs,
many of which are present in greater concentrations than in
mined ores."

Primary
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Materials/Parts
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To meet the goals of the Paris Agreement, GHG emissions
must be reduced across all sectors through deployment of
renewable and low-carbon energy technologies.’® This will
increase reliance on CRMs. Low-carbon technologies currently
account for 20% of global CRMs consumption, and demand
will increase with widescale deployment.’”” " To meet climate
and energy targets in the EU, CRM demand is expected to
increase by a factor of 20 for certain materials®* and studies
projecting CRM demand in future green energy scenarios fore-
cast multiple supply bottlenecks which may limit technology
deployment and our ability to combat climate change."%>373

Cumulative global photovoltaic (PV) waste generation by
2050 has been projected as 60-78 Mt by the International
Renewable Energy Agency (IRENA), with annual generation
reaching 5.5-6 Mt per year.*® This projection is based on
~4.5 TW of cumulative installed PV capacity in 2050 in line
with the 2 °C scenario (2DS) for climate change mitigation
proposed by the International Energy Agency (IEA).'® Strategies
providing the best chance of limiting global temperature rise
to 1.5 °C rely heavily on PV deployment requiring installed
capacity to reach 8.5-14.0 TW by 2050.°2?” This suggests
future PV waste generation and CRM demand for production
could be considerably higher than previous estimates suggest.
To address these issues, there are calls to urgently adopt
circular economy in the lifecycles of PV technologies to improve
their EoL outcomes and lifecycle impacts overall.

Circular economy is an industrial economy inspired by
natural systems which is restorative and regenerative by design,
decoupling growth from consumption to enable sustainable
economic development (Fig. 2), replacing the concept of ‘waste’
with that of ‘resource’.>?*™*? Product lifetimes are extended,
retaining materials at their highest possible value within the
tightest possible loops of the economy for as long as possible.
Thus, flow of materials through the economy is slowed and
primary resource consumption is minimised by adopting waste
hierarchy principles (Fig. 3). To minimise primary resource
consumption and loss of materials from the economy, materials

(closed loop
material flows)

(open loop
material flows)

Industria,

The Wider
Circular
Economy

Fig. 2 Material flows within a circular economy (reused with permission from Charles et al.).*®

3712 | Energy Environ. Sci., 2023,16, 3711-3733

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee00841j

Open Access Article. Published on 26 lipca 2023. Downloaded on 17.10.2025 14:10:48.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

PREPARATION FOR REUSE

REPAIR

RECYCLING / COMPOSTING

UPGRADE
OTHER RECOVERY

' ! DISPOSAL

Fig. 3 The waste hierarchy with refurbishment, repair, upgrade, remanu-
facturing, and repurposing operations incorporated with priority of actions
for waste prevention indicated by the arrow.
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which cannot be retained within closed-product loops should be
cascaded into production of other products through industrial
symbiosis.'>**7"

Adopting circular economy successfully for established PV
technology is a considerable challenge. Crystalline silicon (c-Si)
technology currently accounts for ca. 95% of global PV production
(2020) with cadmium telluride (CdTe) and copper indium gallium
selenide (CIGS) thin-film technologies accounting for 4% and 1%
respectively.”> Take-back schemes deliver Eol, CdTe modules to
recycling processes which recover high purity materials for new
panel production preventing toxic Cd emissions while providing
secondary supplies of critical Te. Promising results have also been
reported for pipeline CIGS recycling processes which achieve
>90% recovery rates for active materials including critical Ga and
In.>** ¢-8i PV recycling generally has poor resource efficiency
outcomes with significant barriers to recovery of materials at
sufficient purity for use in new module production.’*™” The
barriers to adoption of circular economy for c¢-Si PV result from
the fact that these technologies suffer from ‘linear lock in’, having
been designed for a linear economy with focus on product long-
evity over a single useful life without regard to the importance of
materials retention over successive product generations. To facil-
itate retention of products and components requires eco-design of
products and lifecycle processes in tandem. This requires, where
possible, elimination of hazardous and critical materials, incor-
poration of low impact renewable materials, and facilitation of
repair, upgrade, disassembly procedures for remanufacturing and
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efficient materials recovery.*®*°® This must be guided by life-
cycle assessment (LCA) to ensure environmental impacts are mini-
mised throughout product lifecycle and not simply ‘burden
shifted’, with highest impact and non-substitutable ‘critical’
components/materials retained in product
generations.*”*>®””7' These approaches will reduce demand
for primary materials, increasing secondary supply, helping to
ensure green-technology deployment is not limited by supply
bottlenecks.”'>”>77® Circular design principles and holistic
systems thinking must be applied from the earliest possible
stage in development of emerging PV technologies to deliver
truly sustainable technologies that integrate with a wider
circular economy.**7¢7?

Lead halide perovskite solar cells (PSCs) are an exciting
emerging PV technology achieving power conversion efficiency
(PCE) of 25.8% at lab scale,® 20.5% in mini-modules
(63.98 cm®)®" and 17.9% at module scale (802 cm?)** in little over
a decade of development.** The rapid rise in PSC efficiencies is
unprecedented in PV technology development, competitive with
PCESs of ¢-Si (26.7%), CIGS (23.4%) and GaAs solar cells (29.1%).%*
PSCs are on the cusp of commercialisation and promise the
lowest levelised cost of energy (LCOE) of any PV technology to
date due to solution processability.*® Tremendous progress in
scale-up has been achieved with a variety of material sets,
production processes and cell architectures reported, in a race
to stabilise the perovskite layer for viable commercialisation.®®
Common cell architectures are presented in Fig. 4, generally
comprised of a transparent conductive substrate such as trans-
parent conductive oxide (TCO) coated glass or polyethylene
terephthalate (PET) onto which an electron transport layer (ETL,
usually TiO,),*”*® the perovskite, hole transport layer (HTL) and
metallic contacts (typically Au via thermal evaporation) are
sequentially deposited. The ETL and perovskite can be deposited
as distinct layers in planar devices (Fig. 4a) or as a mesoporous ETL
infiltrated by the perovskite (Fig. 4b). The most employed hole
transport material (HTM) to date has been spiro-MeOTAD,* !
although many alternatives have been reported.”® ¢ A variety of
industrially relevant deposition techniques have been used;
slot-die coating,””® blade coating,”®'°" inkjet printing,'®>
spray coating’®®'®* and vapour deposition.'®>'% Inverted
P-I-N architectures (Fig. 4c), with HTL deposited directly onto

successive

Metallic 4

contacts ETL (PCBM)
‘A‘) Perovskite

Porous
Carbon

2r0, | §000000000000000000‘

>
TIO, | 1

Fig. 4 Perovskite solar cell configurations. Some of the most common materials employed are depicted. (a) N-I-P planar configuration; (b) N-I-P
mesoporous configuration; (c) P-I-N inverted configuration; and (d) triple stack configuration.
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the TCO, followed by the perovskite and ETL layers'®’'® have
been studied owing to the possibilities of easier processability
and substitution of organic HTLs with low-cost, stable inor-
ganic alternatives such as NiQ.'%''° Inverted devices also
benefit from less hysteresis compared with traditional planar
PSCs'"'™*% and the possibility of replacing Au contacts with Ag
or AL'MLI21 Ajthough efficiency is usually lower than
traditional mesoporous PSCs, PCEs of 20.5% have been
reported.’®® The inverted perovskite architecture has also proven
to be a better option for perovskite/tandem solar cells due to the
nature of its components (better transmission of the top layer)
and the compatibility of their deposition (vacuum deposition of
fullerene-derived layers as ETL) with the silicon solar cell
components.'"® The ‘triple stack’ perovskite solar cell (Fig. 4d)
has been developed as a scalable configuration in which 3
mesoporous layers consisting of an ETL (TiO,), insulating layer
(ZrO, or Al,03) and carbon counter electrode are sequentially
deposited prior to infiltration of the perovskite throughout the
mesoporous framework."'® This architecture offers good scal-
ability potential with complete screen printability of the meso-
porous structure having been demonstrated, and renders
metallic contacts and HTLs unnecessary.'"” PCEs of 15% for
lab scale devices''® and 6.6% for modules (198 cm®)'*® have been
reported,'*° which is promising for low-cost module production.

Easy manipulation of the perovskite chemical composition
to tune photophysical properties is possible. Gradual substitu-
tion of iodide for a smaller halide such as bromide enables
band gap tuning to a value between 1.6 eV (MAPbI;) and 2.3 eV
(MAPDbBr;),"'%"*'"** a useful feature for tandem solar cell
applications.’®*'?* perovskite/c-Si tandem devices have been
developed'**™**° using wider bandgap perovskite top cells
leading to PCEs of 29.8% (1cm?).%° Caesium-containing triple
cation PSCs with higher thermal stability and 21.1% efficiency
have also been reported, with this chemistry used as the current
standard for high efficiency PSCs.

Drivers for circular economy of
perovskite solar cells

Given the significant requirement for acceleration of PV deploy-
ment, the outstanding properties of perovskite absorbers for PV,
significant advancement in the scaling and stability challenges
facing PSC technology and their potential use in high efficiency
tandems, it is likely they can dramatically disrupt and impact the
market. Couple this with the global drive for sustainability
enhancement, circular economy, and better materials stewardship
then the need to design perovskite devices to integrate within a
circular economy is paramount. Here, we discuss in detail the
drivers for establishing circular economy for perovskite PV. These
include legislation, and the competitive advantage available
through adoption of circular business models.

Legislative drivers

To mitigate impacts associated with WEEE, the EU introduced the
WEEE directive (2012/19/EU)"*° and Restriction of Hazardous
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Table 1 Restricted substances referred to in Article 4(1) and maximum

concentration values tolerated by weight in homogeneous materials as
listed in ANNEX Il of the RoHS directive®®

Maximum concentration

Material (Wt%)
Pb 0.1
Hg 0.1
Cd 0.01
Hexavalent chromium (Cr VI) 0.1
Polybrominated biphenyls (PBB) 0.1
Polybrominated diphenyl ethers 0.1
(PBDE)

Substances (RoHS) Directive (2011/65/EU)"*' to enhance the
industrial ecology and resource-efficiency of the EEE industry.
The WEEE directive emphasises the waste hierarchy (Fig. 3) and
creates a regulatory environment conducive to circular economy,
banning landfilling of WEEE, establishing statutory collection,
recycling and reuse targets and imposing extended producer
responsibility (EPR) on electrical and electronic equipment
(EEE) producers.t EPR makes producers responsible for their
products’ EoL costs ensuring cost is no barrier to appropriate
WEEE management. In the EU, PVCycle act as a producer
responsibility organisation (PRO or compliance scheme) ensuring
compliant collection and treatment of waste PV, charging mem-
bers (PV producers) a fee reflecting their products’ EoL costs
which is used to finance WEEE management systems and R&D to
improve outcomes."*>'** China, the world’s largest PV market,
has equivalent legislation including PV within its scope.'**'*>
Japan and California (largest US PV market) have also adopted
EPR for waste PV with more nations and authorities likely to
follow suit in the near future. This creates an economic incentive
to design for circular economy. The cost of compliance with EPR
will be passed on to consumers in the price that they pay for PV,
ultimately impacting LCOE. PV technologies which can undergo
repair/upgrading, re-use, disassembly, remanufacturing and effi-
cient recycling will have lower EoL costs therefore gaining a
competitive LCOE advantage.

The EU RoHS directive limits permissible levels of hazardous
substances in EEE to protect human health and the environment
(Table 1),"*" and like the WEEE directive, ROHS instruments are
being globally adopted."*® RoHS limits Pb content to <0.1 wt%
in homogeneous materials within products. The definition of
‘homogeneous material’ used in the legislation has caused
debate around permissible quantities of Pb in PSCs."®” The
composition of typical perovskite absorbers in lab-scale devices
exceeds this limit, and if the mixture of TiO,, perovskite and
spiro-MeOTAD is considered a homogeneous layer, lead content
is currently 0.55 wt%, >5x the RoHS limit"*® which may prevent
consumer product integration. However, RoHS aims to avoid
obstructing development of renewable energy technologies so PV
panels to produce energy for public, commercial, industrial and
residential applications are exempt. CdTe PV which contains Cd
in excess of RoHS permissible limits (0.01 wt%, Table 1) holds

+ The producer is defined in legislation as the party responsible for placing EEE
on the market which can include manufacturers or importers.

This journal is © The Royal Society of Chemistry 2023
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such an exemption. This has meant that manufacturers
have had to establish systems for lifecycle management of CdTe
panels to prevent impacts from Cd emissions. Given that Pb-free
perovskites currently offer no performance advantage over Pb
perovskites,"? it is likely that Pb perovskite PV will be granted a
RoHS exemption and be commercialised, accelerating the
urgency to develop robust lifecycle solution to mitigate potential
impacts of Pb, analogous to those adopted for CdTe PV to
mitigate Cd emissions.

Competitive advantage

PV development has always focused on design for longevity over
a single product lifetime as a means of improving LCOE and
commercial attractiveness. This includes module lamination to
prevent degradation during use. However, this feature currently
prevents efficient recovery of materials from c-Si PV. Manufactur-
ing cost analysis of perovskite solar module (PSM) production
processes indicates a cost of US $107 per m?> is achievable,
comparable with commercial PV technologies, and at this cost
PSMs will exhibit competitive LCOE when a PCE of 18% and
lifetime of 20 years is achieved."*® Current LCOE for utility scale
PV is 32-44 $ per MW h,"" with techno-economic analyses
of state of the art PSC manufacturing indicating a competitive
LCOE of <32 § per MW h is achievable,'** with further reduc-
tions through economies of scale once commercially established
holding the potential to cement perovskite PV as a cost leader.®
Materials costs, particularly TCO coated glass substrates, signifi-
cantly impact LCOE. These could potentially be reduced through
recovery from EoL modules. Chen et al., successfully demon-
strated the cost-effective recycling of lead, glass and TCOs from
modules, calculating that materials with a value of $12 per m>
could be recovered for use in new devices consuming materials
worth only $1.35 per m” to do so."*® It is a principle of circular
economy that materials cost savings result from access to
recovered components and materials of sufficient purity and
low toxicity to substitute purchased primary materials. Increased
use of recycled content, as well as refurbishment and remanu-
factured devices could therefore improve perovskite PV LCOE
through materials cost savings, particularly if materials are
retained over successive product lifecycles, which has been
demonstrated to be feasible and is discussed below.”® By capita-
lising on the opportunity to design PSMs with multiple lifecycles
in mind at this pre-commercialisation stage of development,
improved economic and environmental performance of products
could be unlocked. LCOE would be further improved by valorising
module components at EoL to a greater extent than is currently
achievable for c-Si PV, thereby reducing EPR compliance costs
which are ultimately passed on to consumers in the price they
pay. Retention of embodied energy and emissions within compo-
nents will also reduce module energy payback time (EPBT) and
emissions associated with electricity generation (kg CO,-eq per
kW h), providing a means to further decouple energy production
from GHG emissions, and provide an additional marketing
angle which becomes increasingly valuable as global markets
become increasing environmentally conscious."?” Tian et al. have
shown through lifecycle assessment that recycling strategies for

This journal is © The Royal Society of Chemistry 2023
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perovskite PV modules could reduce energy consumption and
GHG emissions associated with producing modules by >70% with
the best architectures having an extremely low EPBT of 0.09 years
and GHG emission factor of 13.4 gCO,-eq per KW h (compared with
1.3-2.4 years and 22.1-38.1 gCO,-eq per kW h for Si PV)."** Further
advantages in this area may result from publicising circular
business models, as resulted for First Solar following their
adoption of recycling systems which positioned them as a
leading environmentally conscious supplier in the PV industry.
If perovskite technologies and lifecycle systems can be proven
to be reliable, then adoption of PSS models in which producers
retain ownership of PSMs, granting use of them to customers at
a fee will remove capital barriers to deployment, potentially
accelerating uptake. This may be particularly important for
electrification in developing regions where capital outlay may
be a barrier to adoption and ensuring collection at EoL to avoid
impacts from informal treatment of PSMs is important.>'*>

Environmental and human health risk drivers

The predominant environmental issue considered in PSC
research has been potential impacts of toxic Pb. The archetypal
absorber layer, MAPI, contains 1/3rd Pb by mass (~500 nm
thick layer in planar device contains <1 g per m* Pb)."*” Even if
PSC modules are RoHS compliant, the solubility of the lead
compounds contained results in its waste being classified as
hazardous, with numerous implications for EoL treatment and
export to recycling facilities. Concerns have been raised about
potential impact on workers during manufacturing and recycling,
and the potential for accumulation in the environment and impacts
on human health if modules are damaged and exposed to
rain.?%¢*® ph is carcinogenic and causes chronic and acute
damage to all organs. Children are particularly susceptible due to
their vulnerable stage of ongoing development with exposure caus-
ing lifelong intellectual impairment. Pbl,, a common degradation
product of MAPI, has a relatively low solubility constant in water
(keq = 9.8 x 107°). In acidic media such as acid rain, solubility
increases presenting a pathway for bioaccumulation.'*® Pb levels in
soil contaminated with rain leachate from a broken PSC module
have been calculated to be 70 ppm in the first centimetre of soil,"*
which is moderate compared to background levels of contamination
in urban areas (400 ppm considered low-level contamination).'*
Khalifa has modelled the human exposure of Pb from accidental
emissions from perovskite PV modules and found the single point
exposure concentrations of Pb in soil, groundwater aquifer and air
even under utility scale catastrophic failure scenarios fall below EPA
regulatory limits."”* However, it should be noted that there is no
natural background Pb level. All detectable Pb in the environment
has accumulated because of anthropogenic activities. Therefore,
even undetectable emissions of Pb to the environment add to this
accumulation and increasingly significant contamination. Minute
traces of Pb can accumulate and concentrate in food chains, so even
undetectable Pb emissions may result in acute effects in organisms
at the top of food chains such as humans. It has been claimed that
any detectable level in the blood is detrimental to human health."
In the UK, the HSE set employee blood Pb action levels at which
point measures to prevent further exposure must be taken and

Energy Environ. Sci., 2023, 16, 3711-3733 | 3715
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Table 2 Action and Suspension blood lead levels for employees set by the
UK HSE®®
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Table 3 Global warming potential (GWP) resulting from mining 1 kg of
metal’®”

Action
level (ug di™)

Suspension

Employee category level (ug di™)

General employees 50 60
Women of child-bearing age 25 30
Young people under 18 40 50

suspension levels as low as 30 pg dl™* for women of child bearing
age (Table 2)."** For these reasons, use of Pb even in such a
potentially beneficial technology as PSCs is controversial, and
circular economy strategies to properly manage potential impacts
throughout all stages of product lifecycles will be crucial.

LCA studies assessing potential impacts of Pb use have
concluded that impacts in production and use of PSCs do not
warrant exclusion of Pb;'** with toxicity impacts from produc-
tion of grid energy consumed in manufacturing far exceeding
any potential impact from Pb emissions.>>'*® Zhang et al.
concluded that Pb in devices only accounts for ~1% of human
toxicity potential."®” "*° Greatest potential impacts from Pb will
occur at EoL if modules are improperly managed, and LCA has
shown that with appropriate EoL infrastructure and handling
to capture Pb, risk of impacts are not significant with Pb
becoming a minor component of overall lifecycle impacts. Sn
is one of the most promising alternatives to Pb for PSCs and
under equivalent circumstances, the global warming potential
(GWP) and ecotoxicity impacts of Sn production are an order of
magnitude higher than for Pb and these will dominate lifecycle
impacts of PSCs.'® It has also been shown that Sn(u) in
perovskite materials rapidly oxidises to Sn(wv) in aqueous envir-
onments leading to HI formation; and that SnI, exposure is
more acutely toxic to zebrafish than Pbl, due to more severe
acidification effects brought about by Sn>* compared with
Pb**.1®1 Alternative metals investigated to replace Pb and Sn
include In*, Ga", Bi*" and Sb*" all of which are commonly
designated as CRMs, with long-term supply concerns which may
impede deployment to the scale required to achieve climate
goals.'® When Pb perovskites are used, numerous strategies have
been demonstrated to prevent leakage from modules including
use of chelating agent additives within functional layers of cells,
use of interface modifiers with hydrophilic groups and inclusion
of Pb absorbing materials within encapsulation materials."®>
Phosphonic and carboxylic acid compounds mixed with encapsu-
lant materials'®® and ion exchange resins incorporated in the cell
structure’® have proven to be particularly effective for lead
capturing, preventing lead leaking in case of cell failure.

Numerous LCA studies on production of PSCs with varying
architectures and materials sets have been conducted to inform
development of more environmentally friendly devices. The
results of these studies however vary considerably owing to
differences in methods and assumptions made. Maranghi et al.
have attempted to harmonise these studies for comparison and
enable ranking of architectures according to environmental
impacts and identification of the materials and processes
accounting for greatest impacts.'®> When used in devices, Au

3716 | Energy Environ. Sci., 2023,16, 3711-3733

Metal (kg CO,-eq)
Pt 14704

Au 12 806

Ag 440

Cu 3

dominates environmental impact owing to its high impacts of
production, energy intensity associated with its deposition
via evaporation and low 