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Life cycle assessment (LCA) was employed to evaluate the environ-
mental impacts of various lead (Pb) recycling processes in perovskite
solar cells (PSCs). The analysis identifies solvent recovery and reuse as
critical factors in reducing environmental harm, highlighting the need
for optimized recycling methods to enhance the sustainability of PSCs.

PSCs have emerged as highly promising candidates in the
renewable energy field due to their rapid technological
advancements and numerous advantages, accelerating their
commercialization. However, as these technologies approach
maturity, it is increasingly important to consider the manage-
ment of their entire life cycle, particularly in addressing the
environmental impacts associated with their production,
usage, and disposal. PSCs face several challenges, particularly
environmental concerns, due to the presence of toxic and rare
substances such as Pb and other novel metals."* Especially, Pb
is commonly used in perovskite materials because it contri-
butes to high device efficiency. However, it poses significant
environmental and health risks if released during production,
use, or disposal.” Researchers have explored alternatives like
Sn, but these have shown lower performance and stability.> LCA
is a systematic and effective methodology for evaluating the
environmental impacts associated with a product’s entire life
cycle, from raw material extraction to end-of-life (EoL) disposal.

Recent efforts have focused on assessing the environmental
impacts of PSC technologies using LCA, particularly as the
importance of managing PSCs after their EoL has gained
attention.*”® LCA is a valuable tool for evaluating perovskite
solar cells (PSCs) by analyzing environmental impacts across

“School of Advanced Materials Science and Engineering, Sungkyunkwan University,
2066, Seobu-ro, Jangan-gu, Suwon-si, Gyeonggi-do 16419, Republic of Korea.
E-mail: hsjung1@skku.edu

b SKKU Institute of Energy Science and Technology (SIEST),

Sungkyunkwan University, Suwon, 2066, Seobu-ro, Jangan-gu, Suwon-si,
Gyeonggi-do 16419, Republic of Korea

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cc05121a

i J. M. L. and H. ]. K. contributed equally to this work.

1850 | Chem. Commun., 2025, 61, 1850-1853

Jae Myeong Lee,;® Hee Jung Kimi® and Hyun Suk Jung

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Life cycle assessment of lead recycling processes
in perovskite solar cellst

*ab

their entire lifecycle, from raw materials to disposal. It is
particularly effective in assessing the environmental impact of
each individual process step. This provides detailed insights
into areas where improvements are most needed. LCA helps
identify key contributors to environmental impacts, offering
guidance for selecting more sustainable materials and pro-
cesses. In addition to carbon footprint, LCA considers broader
environmental concerns, including human health, ozone
depletion, and eutrophication. This quantitative approach
enables clear comparisons between materials and technologies,
aiding in the optimization of processes for sustainable engi-
neering. LCAs have been conducted to suggest effective options
for the disposal and recycling of discarded PSCs. Alberola-
Borras et al. explored the environmental benefits of reusing
the TiO, scaffold instead of focusing solely on Pb recycling,
demonstrating an improvement in the environmental profile.*
Another LCA study has also highlighted the varying environ-
mental impacts of different recycling techniques for PSC sub-
strates, emphasizing the importance of selecting appropriate
methods to minimize environmental harm.? Rodriguez-Garcia
et al. evaluated the environmental impacts of 13 recycling
techniques for substrates using LCA, revealing that the use of
N,N-dimethyl-formamide (DMF) is a major contributor to envir-
onmental impact and suggesting that solvent recovery could
potentially be more environmentally favorable compared to
producing fresh coated glass.® However, there is still a notable
lack of comprehensive LCAs that systematically focus on the
recycling of toxic Pb for PSCs. Pb is essential for high-efficiency
PSCs and must be managed within their lifecycle to minimize
environmental pollution and human exposure.

In this study, we conduct an LCA to evaluate and compare
the environmental impacts of several Pb recycling processes.
Typically, Pb recycling involves three key stages: dissolution,
recovery, and crystallization, as depicted in Fig. 1. The dissolu-
tion process involves using appropriate solvents to dissolve
each layer of the waste module. During the dissolution process, the
specific layers of PSCs can be dissolved using various solvents,
which are categorized into multi-step and single-step methods. The
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Fig. 1 Schematic illustration of typical Pb recycling process from PSCs
including dissolution, recovery, and crystallization steps.

multi-step dissolution method involves selectively dissolving
each layer of the PSCs (e.g., hole transport layer (HTL), per-
ovskite layer, electron transport layer (ETL)) separately, allow-
ing for more targeted materials treatment. In contrast, the
single-step method involves dissolving layers, including per-
ovskite layer, in a single solution, offering a simpler process.
The recovery process focuses on extracting lead materials from
a solvent mixture containing various components. Once dis-
solved, Pb is recovered from the solution using two distinct
methods: precipitation, where an additive is introduced to
induce Pb compound formation, and an adsorbent-based
method, where adsorbents selectively bind to Pb ions for
extraction. The final step is crystallization, in which solid
Pbl, forms from its dissolved Pb. This is achieved through
either the use of halide salts (e.g., KI, HI, Nal) as additives or by
adjusting the solubility through temperature control. Although
the primary goal of Pb recycling is to reduce environmental
impacts, the processes can also lead to other environmental
challenges. These include waste generation and the additional
consumption of energy and raw materials, which raise concerns
about the practical viability of these methods.

We reviewed and selected five previously reported studies on
Pb recycling in PSCs that represent distinct Pb recycling pro-
cesses and summarized them in Table 1. The life cycle inven-
tory (LCI) of the overall materials and energy process is detailed
in Tables S1-S5 (ESIt). The LCI inputs and outputs were derived
from laboratory-scale literature data and assumptions, with
each process designed to handle the recycling of 1 kg of PbL,.
Two of the most common impact categories were selected:
global warming potential (GWP) and human toxicity potential
(HTP). GWP is considered the most critical indicator in the
energy field, as it measures the potential contribution of the
recycling processes to climate change.” In contrast, human
carcinogenic toxicity potential (HTPc) specifically addresses
the environmental and health concerns associated with the
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presence of Pb in PSCs, making it a crucial factor in evaluating
the safety and sustainability of Pb recycling methods.” We
conducted LCA modeling using SimaPro 9.5.0.2 software in
conjunction with the Ecoinvent 3.9.1 database. The environ-
mental impacts were evaluated using the ReCiPe 2016 Midpoint
(H) method, which include 18 impact categories.

Fig. 2 compares the LCA results in terms of GWP and HTPc
across five different Pbl, recycling methods, denoted as R1-R5
(Table 1). Results for other environmental categories are pro-
vided in Tables S6-S10 (ESIt). The GWP profiles in Fig. 2a
reveal significant variation among the five recycling methods.
Methods R1, R2, and R4, which incorporate DMF as a solvent,
exhibit higher GWP values. Notably, R2 presents the most
substantial GWP impact, primarily due to the use of multiple
solvents, including DMF, DI water, and ethyl acetate (EA). The
multi-step dissolution process in R2 results in cumulative
contributions from each solvent, significantly elevating the
overall GWP. Similarly, the GWP of R1 and R4 is significantly
influenced by the use of organic solvents such as DMF. How-
ever, their lower total solvent usage, as detailed in Tables S1-S5
(ESIY), leads to a lower GWP compared to R2.

In contrast, R3, which utilizes hot DI water, shows the lowest
GWP, highlighting the environmental advantage of water-based
recycling methods. Even though R3 utilized hot water as the
dissolution solvent, this did not significantly increase the
overall GWP impact due to its relatively low temperature of
50 °C. Furthermore, it is evident that the impact of the
adsorbent is minimal compared to the overall environmental
impact. The cationic resin in the R4 method accounts for 1.05%
of the total environmental profile, while whitlockite in the R5
method accounts for 0.0023%. Similarly, the HTPc profiles in
Fig. 2c indicate the highest value for R2, primarily due to the
use of multiple solvents, with DMF being a significant con-
tributor. In contrast, R3 and R5 show significantly lower HTPc
values, suggesting that water-based processes not only reduce
global warming impacts but also mitigate potential human
carcinogenic toxicity.

The contribution analysis further emphasizes the impact of
solvent selection on both GWP and HTPc (Fig. 2b and d). In R2,
DMF and EA contribute 39.59% and 34.15% to the GWP and
49.34% and 44.88% to the HTPc, respectively, underscoring
their significant environmental burden.

Conversely, in R4, where isopropanol (IPA) is used in similar
amounts to DMF (Table S4, ESIY), it contributes 19.49% to the
GWP and 20.78% to the HTPc, which is relatively low compared
to that of DMF, indicating that greener solvents can reduce the
impact depending on the process specifics. This is further
emphasized by the fact that the water used in all recycling
processes contributed only 0.02% to 2.20%. Detailed LCA
results for each solvent used in Pb recycling are provided in
Table S11 (ESIt). The LCA results for human non-carcinogenic
toxicity potential (HTPnc) are also presented in Fig. S1 (ESIT)
and exhibit a trend consistent with those observed for GWP
and HTPc.

The evaluated environmental impacts of all Pbl, recycling
methods (R1-R5) are significantly higher compared to the

Chem. Commun., 2025, 61,1850-1853 | 1851


https://doi.org/10.1039/d4cc05121a

Published on 26 December 2024. Downloaded on 11/14/2025 12:19:57 PM.

ChemComm

View Article Online

Communication

Table 1 Pb recycling methods of Perovskite solar cell reported in previous researches

Pb
Pb adsorption recovery
Absorbents Solvent Recycle methods rate (%) rate (%) Ref.
R1 Zhang — DMF Dissolution by DMF and precipitation by NH,OH and crystal- — ~957 8
et al. lization HI
R2 Binek — EA, water,  Dissolution by EA, water and DMF and crystallization by cooling — ~94 9
et al. DMF
R3 Schmidt — Water Dissolution by hot-water and crystallization by cooling — ~100 10
et al.
R4 Chen Ion-exchange DMF Dissolution by DMF and adsorption by ion-exchange resin and ~99.6 ~99 11
et al. resin crystallization by Nal
R5 Hong Whitlockite ~ Water Dissolution by water and adsorption by whitlockite and ~100 — 12
et al. crystallization by KI
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Fig. 2 LCA results and contribution analysis for Pbl, recycling across five methods (R1-R5): (a) GWP profiles, (b) contribution analysis for GWP, (c) HTPc
profiles, (d) contribution analysis for HTPc. (1) DMF, (2) D. | water, (3) EA, (4) isopropanol (IPA).

production of fresh PblI,, which has a GWP of 8.35 kg CO,-eq
per 1 kg produced.” Although PbI, occupies a small volume
within PSCs, the recycling process requires solvents based on
the total volume of the PSCs. This leads to a significant use of
organic solvents, which greatly contributes to GWP. However,
it’'s important to consider that, in the PbI, recycling process for
PSCs, the insoluble substrate and electrodes are typically
recycled simultaneously. This simultaneous recycling compli-
cates a direct comparison with the production process of fresh
Pbl,, as it can provide additional environmental benefits by
reducing the need for new materials. Nevertheless, the key to
reducing the environmental impact of the recycling process lies

1852 | Chem. Commun., 2025, 61, 1850-1853

in the efficient use of dissolution solvents.'* The solvents used
in PbI, recycling are typically discarded after Pb ions are
removed during the recovery and crystallization process. How-
ever, they can be reused as dissolution solvents again at the
EoL stage.

Fig. 3 shows that how much the environmental impact was
reduced with the reuse of solvents. Detailed information on the
number of solvent reuses and reduction late in environmental
impact is provided in Tables S12-S14 (ESIf). After only
10 reuses, the GWP impact of the R2 method, which initially
exhibited the highest value, is reduced by 89.55%, resulting in a
GWP significantly lower than that of R1 (inset of Fig. 3a).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 LCA results of Pbl, recycling methods (R1-R5) versus the number
of dissolution solvent reuses (a) GWP, (b) HTPc.

Furthermore, after 34 reuses, it becomes lower than R4 and R5,
indicating that R2 is more sustainable Pb recycling process
than R1, R4, and R5 when solvents are reused. Conversely, for
the R3 and R5, the reuse of water used during Pb recycling
process has negligible effects compared to the other methods.

In the HTPc impact category, similar to the trend in the
GWP impact results, R2 initially has the highest HTPc impact
but significantly decreased with an increasing number of reuse
(Fig. 3b and Fig. S2, ESIf). The number of reuses needed to
reach the levels of other recycling methods is greater than that
for GWP. This may be caused by the different contribution
proportions of used solvents compared to GWP. Similar to
GWP, the reuse effect is not significant for R3 and R5, where
water is used as the dissolution solvent. The HTPnc impact
category is also provided in Fig. S3 (ESIY).

Although increasing the number of solvent reuses can
effectively reduce environmental impact, the limits of solvent
reuse should also be considered. These limits can include
factors such as solubility, solvent loss during the process, and
concentrated residuals."® Prolonged processing increases envir-
onmental impacts due to higher energy consumption from
extended equipment use. In addition, solvent evaporation dur-
ing prolonged processing can further exacerbate these impacts.
Furthermore, the trade-off between recycled PblI, quality and
PSC efficiency after repeated recycling must be considered.'
Another approach to reducing environmental impacts is to
optimize the usage of dissolution solvents by utilizing their
maximum solubility. Table S15 (ESI{) presents the solvents and
their Pbl, solubility used in the R1-R5 methods. In the R1, R2,
and R4 methods, the solubility of DMF is not fully utilized. By
optimizing this, it may be possible to develop a recycling
process with a lower environmental impact.

In conclusion, we assessed five distinct Pbl, recycling pro-
cesses for PSCs from previous studies, with a focus on GWP and
HTP through LCA. Our analysis indicates that the utilization of
organic solvents such as DMF and EA substantially increases
environmental impacts, whereas using water results in signifi-
cantly lower impacts. Energy consumption and the use of
additional adsorbents contributed minimally to the overall
environmental footprint. Notably, in the R2 method initially
exhibited the highest environmental impact. However, after
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reusing the solvent 10 times, the GWP impact was reduced by
89.55%, demonstrating the effectiveness of iterative solvent
reuse. Thus, to advance a more sustainable PbI, recycling
process for PSCs, it is imperative to minimize the use of toxic
solvents. Additionally, implementing robust strategies for sol-
vent reuse, thereby achieving significant reductions in environ-
mental impacts.
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