
1 

 

Perspectives for Sustainability Analysis of Scalable Perovskite 1 

Photovoltaics 2 

Xueyu Tian1, Samuel D. Stranks2, Jinsong Huang3,4, Vasilis M. Fthenakis5,6, 3 

Yang Yang7,8, Fengqi You1,9,10* 4 

 5 

1 Systems Engineering, College of Engineering, Cornell University, Ithaca, NY 14853, USA 6 
2 Department of Chemical Engineering and Biotechnology, University of Cambridge, Philippa 7 

Fawcett Drive, Cambridge CB3 0AS, UK 8 
3 Department of Applied Physical Sciences, University of North Carolina at Chapel Hill, Chapel 9 

Hill, NC 27599, USA 10 
4 Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, 11 

USA 12 
5 Center for Life Cycle Analysis, Columbia University, New York, NY 10027, USA 13 

6 Department of Earth and Environmental Engineering, Columbia University, New York, NY, 14 

USA 15 
7 Department of Materials Science and Engineering, University of California Los Angeles, Los 16 

Angeles, CA 90095, USA 17 
8 California Nano Systems Institute, University of California Los Angeles, Los Angeles, CA, 18 

USA 19 
9 Robert Frederick Smith School of Chemical and Biomolecular Engineering, Cornell University, 20 

Ithaca, NY 14853, USA 21 
10 Cornell Atkinson Center for Sustainability, Cornell University, Ithaca, NY 14853, USA 22 

 23 

 24 

 25 

 26 

This manuscript has been accepted by Energy & Environmental Science 27 

and is now at the proof stage 28 

  29 

 

* Corresponding author. E-mail: fengqi.you@cornell.edu 



2 

 

Summary 30 

Halide perovskite photovoltaics (PVs) are poised to become a critical high-efficiency renewable 31 

energy technology in the fight against climate change. This perspective aims to ensure the viability 32 

of perovskite PV as a sustainable technology by focusing on key areas such as end-of-life 33 

management and sustainability analysis. It highlights the current lack of comprehensive 34 

frameworks that incorporate circular solar economy principles, ecosystem impacts, and climate 35 

commitments. To address this gap, we propose a multi-scale analytical and modeling framework 36 

specifically designed for perovskite PVs. This approach integrates dynamic material flow analysis 37 

and life cycle assessment to reshape our understanding of material usage, with an emphasis on 38 

critical material demand and recycling opportunities. It seeks to provide in-depth insights into the 39 

socio-economic and environmental impacts of material consumption, particularly as perovskite 40 

PVs become more prevalent. Additionally, future research should explore distributed 41 

manufacturing to optimize costs and reduce environmental impacts, as well as evaluate the benefits 42 

of integrating perovskite PVs with agriculture to promote sustainable sector coupling. 43 

  44 
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Introduction 45 

With the development of increasingly reliable and cost-effective photovoltaic (PV) modules, a 46 

gateway has opened for an amplified integration of solar PV into the electricity grid. This paves 47 

the way for a dynamic clean energy transition, driving us towards the attainable goal of Net Zero 48 

Emissions by 2050.1 According to the Energy Information Administration (EIA),2 solar electricity 49 

accounted for 4 % of the US total electricity generation from all energy sources in 2023 and is 50 

projected to reach 7% by 2025. The most rapidly increasing sector is utility solar which as of 2023 51 

has reached 73.5 GW that is 6% of the US power capacity.2 The International Energy Agency (IEA) 52 

also forecasts the installed power capacity of solar PV systems is on track to overtake that of 53 

natural gas by 2026 and coal by 2027, becoming the largest in the world.3 In light of such trends, 54 

the solar industry stands on the brink of unprecedented opportunities, while also grappling with 55 

unique challenges. 56 

 57 

PV technologies offer an environmentally friendly means of converting solar energy into electricity. 58 

Over the past few decades, these technologies have made significant strides, positioning 59 

themselves as a leading and critical source of renewable energy production. The first-generation 60 

solar cells, which continue to dominate the PV market,4 are primarily based on silicon wafers and 61 

have achieved laboratory-based power conversion efficiencies (PCEs) of ~ 27% and ~ 20-23% for 62 

the best modules operating in the field.5, 6 The second-generation PV technologies are based on 63 

thin-film amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium gallium selenide 64 

(CIGS), with a chemical formula of CuInxGa(1-x)Se2, where the value of x can vary from 0 (pure 65 

copper gallium selenide) to 1 (pure copper indium selenide).7, 8 Third-generation PV technologies 66 

incorporate solar dyes, inks, conductive polymers and nanomaterials, with enhanced scalability 67 

and increased flexibility over traditional counterparts. This latest generation of PV modules shows 68 

promise towards higher efficiency beyond single junction limits by virtue of not only new materials 69 

but also device architectures, such as tandems, thus enabling further cost reductions. 70 

 71 

Since their initial demonstration in 2009, perovskite solar cells have rapidly ascended as a 72 

promising contender in the realm of third-generation PV technologies, thanks to their high PCEs 73 

and potentially low production costs for both single-junction and tandem devices. The PCE of 74 

perovskite solar cells has risen dramatically from 3.8% in 2009 to a certified record of 26.7% in 75 
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2024.9 Perovskite-based tandem solar cells, meticulously engineered to capture a wider range of 76 

the solar spectrum, exhibit superior efficiency compared to their single-junction counterparts and 77 

outperform certified record single-junction silicon cells, with minimal supplementary energy and 78 

material consumption. Recently, all-perovskite tandem cells have achieved a certified record PCE 79 

of 29.1%,6 while devices incorporating established silicon technology as the bottom cell have 80 

reached an impressive 33.7% PCE.9, 10 Composed of abundant elements,11 perovskite materials 81 

exhibit low formation energy during deposition,12 positioning them as an ideal candidate for high-82 

volume manufacturing processes.13 Perovskite solar cells embrace the potential to be compatible 83 

with high-throughput production methods, such as roll-to-roll manufacturing,14 ultimately 84 

facilitating widespread adoption and deployment of this PV technology. 85 

 86 

The favorable attributes of perovskite are the main reason behind its prominent standing, primarily 87 

due to certain key material properties. These include, but are not limited to, free charge generation 88 

at room temperature, high absorption coefficients,15, 16 excellent charge transport,5 readily tunable 89 

bandgaps,17 and long carrier diffusion lengths.5 While perovskite PV is also indeed an appealing 90 

contender for harvesting and recycling indoor light into usable electrical power,18 the discussion 91 

in this paper is related to outdoor PV; thus, unless specifically stated, perovskite PV mentioned in 92 

this paper refers to outdoor PV. 93 

 94 

In spite of the multi-fold benefits and incredible potential of perovskite solar cells, a series of 95 

current challenges create obstacles to the large-scale integration of perovskite-based PV 96 

technology. The foremost challenge is achieving long-term stability alongside maximum efficiency, 97 

due to operational stability challenges caused by instabilities in absorbers and interfaces, including 98 

ion migration during operation. Addressing these issues is critical to enhancing the 99 

competitiveness of both single and tandem cells for long-term deployment, ensuring they maintain 100 

efficiency and stability over time. Second, the majority of perovskite solar cells, initially devised 101 

at a laboratory scale, encounter significant hurdles in adhering to the same fabrication protocol 102 

during the scale-up process.11 It is imperative to develop and employ scalable deposition strategies 103 

for high-throughput and uniform coating of all functional layers. Third, like established silicon-104 

based and thin-film PV technologies, commercial products inevitably generate considerable waste, 105 

and adequate end-of-life management is necessary to avoid significant environmental impacts.19, 106 
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20 Addressing these challenges in perovskite PV research and pinpointing promising future 107 

research trajectories necessitate a comprehensive and systematic review of pertinent studies. This 108 

approach will shed light on the existing panorama of perovskite solar cell advancement and the 109 

knowledge gaps therein, while offering insights to inform future research and development 110 

perspectives. 111 

 112 

 113 

Fig. 1 Connection of reviewed content and proposed future perspectives in this study. This diagram 114 

illustrates how the emerging research area of perovskite PV is situated within the broader context 115 

of established research domains (in the following five sections), paving the way for the proposed 116 

future research directions. PCE: power conversion efficiency. 117 

 118 

In our main analysis of existing literature, we prioritize the sustainability aspects of perovskite 119 

solar cells, with a particular emphasis on end-of-life management and life cycle assessment. These 120 

two research directions are relatively nascent with limited investigations on these topics thus far. 121 

To support our primary analysis towards future perspectives in perovskite PV research, the 122 

following five sections delve into the evolution of perovskite solar cells over the past decade, 123 

which highlight significant advancements in materials, scalable manufacturing processes, and 124 

additive engineering, all of which have markedly improved the devices’ stability and PCE. By 125 
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examining hazardous materials like lead and critical materials like indium, we highlight the 126 

challenges and opportunities in optimizing performance while managing toxicity and supply risks. 127 

In this context, our analysis of existing literature elucidates a gap in the current body of perovskite 128 

PV research, in integrating aspects of circular solar economy, ecosystems, and climate 129 

commitments. To address this knowledge gap, we propose a multi-scale systems analytical and 130 

modeling framework, tailored specifically for perovskite PVs. Three perspectives assessing the 131 

projected critical material needs, the potentials of perovskite PVs in distributed manufacturing, 132 

and energy-food-water nexus are then discussed within this framework. The connection of the 133 

aforementioned reviewed content and proposed future perspectives in this study is shown in Fig. 134 

1. 135 

 136 

Device architectures of perovskite solar cells 137 

Over the years, single-junction perovskite solar cells have been developed in various layered 138 

structures, broadly classified into four types: mesoporous, planar, inverted planar, and inverted 139 

mesoporous,21 as shown in Fig. 2(a)-(d). Recently, there has been a notable shift in focus away 140 

from mesoporous types, indicating a trend towards exploring and optimizing the other structural 141 

configurations for improved performance and applicability. A typical perovskite solar cell consists 142 

of an electron transport layer (ETL), a perovskite absorber layer, and a hole transport layer (HTL), 143 

which are deposited between a transparent conductive oxide (TCO)-coated glass substrate and a 144 

metal back electrode. The order of layer deposition and structure differentiate the four types of 145 

perovskite single junctions. Cascading two or even more sub-cells with complementary absorbers 146 

to form tandem or multi-junction configurations has the promise for a higher PCE exceeding the 147 

Shockley–Queisser limit for single junctions, by minimizing the absorption loss of low-energy 148 

photons and thermalization of high-energy photons. Typical tandem architectures include four-149 

terminal (4T)22 and two-terminal (2T) perovskite solar cells,23 as shown in Fig. 2(d)-(e), where 150 

perovskite top-cells are electrically connected with bottom cell, typically silicon,24 CIGS,22 or 151 

perovskite itself.25-27 In 4T tandem, the top- and bottom-cells are stacked mechanically and 152 

contacted individually, enabling both sub-cells to operate at their best performances. In contrast, 153 

the two sub-cells in 2T tandem are monolithically connected in series to make a single electrical 154 

device, requiring only one transparent electrode thus potentially lowering the material and energy 155 

inputs, as well as the manufacturing costs. 156 
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 157 

 158 

Fig. 2 Schematic of widely investigated layered structures in perovskite single junctions and 159 

tandems. a, mesoporous. b, planar. c, inverted planar. d, inverted mesoporous. e, four-terminal 160 

tandem. f, two-terminal tandem. 161 

 162 

Recent advances of perovskite solar cells 163 

Power conversion efficiency and stability 164 

In this section, we briefly review and analyze relevant research articles published since 2009, 165 

focusing on the record evolution of different perovskite solar cell designs. Particular attention is 166 

given to metrics such as PCE, total cell area, and long-term stability. T80, the time at which the 167 

performance of a perovskite solar cell attains 80% of its initial value in ambient conditions,28 is 168 

selected as the stability indicator because specific stability testing standards, such as the 169 

International Summits on Organic Photovoltaics Stability (ISOS) protocols, have not yet been 170 

uniformly adopted for perovskite solar cells.29, 30 The first organic-inorganic lead halide perovskite 171 
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solar cell was unveiled in 2009, featuring a liquid electrode, a modest PCE of only 3.8% and a 172 

lifetime of just a few minutes.31 To develop competitive alternatives to conventional PVs, three 173 

primary research goals have been identified: achieving higher PCE, enlarging the active area of 174 

perovskite solar cells, and enhancing stability against oxygen, moisture, and chemical degradation 175 

to extend the device lifetime. Fig. 3(a) and (b) tracks the historical evolution of PCEs and total cell 176 

area of the annual champion perovskite solar cells since 2009. The certified record PCE of single 177 

junction perovskite solar cells has attained 26.7%,9 close to that of the certified silicon PV (27.6%). 178 

A highly promising approach for surpassing the approximately 33% radiative efficiency limit of 179 

single-junction cells involves the use of multijunction configurations. These systems utilize 180 

multiple absorber layers, each designed to capture different, complementary regions of the solar 181 

spectrum, thereby enhancing overall efficiency. Perovskite-perovskite tandems recently achieved 182 

a certified record PCE of 29.1%,6 and devices using established silicon technology as the bottom 183 

cell has reached 33.7% PCE.9, 10 All-perovskite triple-junction solar cells have achieved an 184 

efficiency of 24.3%  (23.3 % certified quasi-steady-state efficiency).32 Though multi-decade 185 

lifetimes are yet to be proven for the emerging perovskite solar cells, increasing perovskite solar 186 

cells have a T80 lifetime of multi-thousand hours under full maximum power point operations, as 187 

shown in Fig. 3(a). 188 

 189 

 190 

Fig. 3 Chronological evolution of perovskite solar cells. a, power conversion efficiency (PCE) and 191 
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T80 lifetime of perovskite solar cells in bubble chart.33 b, total cell area of annual champion 192 

perovskite solar cells.33 T80 refers to the time at which the performance of a perovskite solar cell 193 

attains 80% of its initial value in ambient conditions. 194 

 195 

Current commercialization activities and significant achievements 196 

Perovskite PV technology has made remarkable strides toward commercialization, driven by 197 

advancements in efficiency, scalability, and innovative production techniques. Companies like 198 

Oxford PV and Swift Solar have established pilot production facilities to refine manufacturing 199 

techniques and increase output.34, 35 Other companies like Microquanta Semiconductor and Wuxi 200 

Utmost Light Technology (UtmoLight) are at the forefront of these efforts, producing certified 201 

high-efficiency, large-area perovskite modules, such as the 21.8% perovskite minimodule (19.35 202 

cm2), 19.5% submodule (810.1 cm2), and 18.2% standard module (0.72 m2).36 A global map of 203 

prominent perovskite PV companies showcases the widespread interests and investment in this 204 

technology (Fig. 6). Key innovations, including slot-die coating, enable the fabrication of high-205 

quality, large-area films,11 while the solution-processable nature of perovskites facilitates 206 

integration with existing high-volume manufacturing technologies, further reducing costs and 207 

enhancing scalability. These advancements position perovskite PVs for large-scale energy 208 

production, with a low levelized cost of electricity comparable to market-leading PV 209 

technologies,37 making them a strong candidate for future terawatt-scale renewable energy 210 

generation. 211 

 212 

However, the foremost challenge toward commercialization remains achieving long-term stability 213 

alongside maximum efficiency in large-area modules. Significant progress has been made in 214 

improving stability through advanced encapsulation techniques,31 which enhance the durability of 215 

perovskite PVs, ensuring their suitability for commercial deployment. Further efforts to develop a 216 

circular solar economy for perovskite PVs, through recycling and remanufacturing components 217 
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like glass and aluminum, enhance their sustainability.38-40 This recycling strategy could accelerate 218 

the market entry of perovskite tandem solar cells, despite their relatively shorter lifespan.38 With 219 

ongoing efforts to improve both stability and scalability, perovskite PV technology is well-220 

positioned for large-scale adoption in the future. 221 

 222 

A wide variety of materials for perovskite solar cells 223 

One of the paramount benefits of perovskite-based technology lies in its versatility. An extensive 224 

range of materials can be utilized in the fabrication of perovskite solar cells without compromising 225 

its efficiency. 226 

 227 

Transparent conductive oxide 228 

Analogous to the thin-film PVs, TCOs, including indium tin oxide (ITO) and fluorine tin oxide 229 

(FTO) are widely adopted in perovskite solar cells as the front electrodes. Though ITO have been 230 

mainly used due to its low electrical resistivity and high transparency, this material is not 231 

compatible with commercial perovskite solar cell manufacturing since it contains indium, which 232 

has limited resource reserve and has been classified as critical metal by the Department of Energy 233 

(DOE).28 To this end, more cost-effective aluminum-doped zinc oxide (AZO) and FTO are 234 

investigated more to substitute the ITO film. Another indium-free substitute, Nb:TiO2-x (NTO), 235 

derived from earth-abundant materials, exhibits both low electrical resistivity and ideal 236 

transparency. However, its synthesis necessitates high-temperature processing steps,41 which 237 

inadvertently makes it even more expensive than the ITO film. 238 

 239 

Electron transport layer and hole transport layer 240 

Perovskite solar cells are distinguished by their unique structure, operating either in n-i-p or p-i-n 241 

configurations, which have different requirements in terms of stability, fabrication methods, etc. 242 

Titanium oxide (TiO2) was the most selected ETL in n-i-p perovskite solar cells due to its suitable 243 

band alignment in early stage.42 Over the past five years, tin oxide (SnO2) has become the material 244 

of choice to replace the TiO2, due to its better long-term stability, high open-circuit voltage, small 245 

current-voltage (J-V) hysteresis and negligible photocatalytic effect. The most efficient perovskite 246 
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solar cells typically utilize an n-i-p architecture. In this configuration, the perovskite layer is 247 

applied over an n-type electron-selective collecting layer, often made of high-quality SnO2 coated 248 

on FTO-coated glass substrate. A p-type collecting layer, usually consisting of doped small 249 

molecules like Spiro-OMeTAD or conducting polymers, is then deposited on top of the perovskite 250 

layer. This assembly is completed with the addition of metal electrodes. However, implementing 251 

SnO2 at a large scale for perovskite solar cell manufacturing is still challenging due to the difficulty 252 

in depositing thin pinhole-free layer on substrate, especially rough substrates like FTO, and poor 253 

thermal stability against high-temperature processing.11 Also, the electrochemical reaction of these 254 

oxides with perovskite, particularly under Ultraviolet (UV) light, may impose a big threaten to the 255 

stability of perovskite solar cells. The high cost of commonly used HTL materials, like Spiro-256 

OMeTAD and PTAA, is primarily driven by their complex synthesis processes.43 Spiro-OMeTAD 257 

costs between $170 and $475 per gram,44 accounting for approximately 10% of the total cost of 258 

perovskite solar modules.45, 46 PTAA, however, is more than twice as expensive as Spiro-259 

OMeTAD.47 These high costs, combined with issues of long-term instability, may hinder the 260 

practicality of these materials for large-scale production. Currently, no effective alternatives have 261 

been identified for these organic compounds in high-performance n-i-p perovskite solar cells,48 262 

posing a significant challenge for further commercialization efforts. 263 

 264 

In addition to the n-i-p setup, the p-i-n or “inverted” architecture is gaining traction. Although it 265 

operates similarly to n-i-p systems and achieves comparable efficiencies, it follows a reverse 266 

deposition order.5 In the p-i-n structure, the HTL is deposited first, using materials such as organic 267 

PTAA, inorganic NiOx, or emerging carbazole-based self-assembled monolayers (SAMs) like 268 

2PACz,49 which are anchored to an ITO-coated glass substrate. This is followed by the deposition 269 

of a ETL, typically consisting of C60 or solution-processed fullerene derivatives, and finally the 270 

metal electrodes,50 further exemplifying the versatility and adaptability of perovskite solar cell 271 

designs. While NiOx is a low-cost alternative to organic HTL materials, it tends to result in lower 272 

efficiencies.51 Additionally, fullerenes are expensive both economically and environmentally,52 273 

with no effective alternatives yet available. Therefore, finding more affordable and stable HTL and 274 

ETL materials is essential for the large-scale production of perovskite solar cells. 275 

 276 

Perovskite layer 277 
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Hybrid organic-inorganic perovskites have been recognized as a transformative category in the 278 

field of light-harvesting materials. The most explored three-dimensional (3D) perovskites 279 

generally adhere to the ABX3 formula. Herein, A represents a monovalent cation, which could be 280 

methylammonium (MA+), formamidinium (FA+), or caesium (Cs+). B signifies a divalent metallic 281 

cation such as lead (Pb2+), tin (Sn2+). or germanium (Ge2+). X corresponds to a halide anion, which 282 

could be chlorine (Cl-), bromine (Br-), or iodine (I-).53, 54 While MAPbI3 is the most frequently 283 

employed composition in early stage, it tends to decompose much faster than others due to its easy 284 

deprotonation capability.55, 56 FAPbI3, when considered independently, also presents instability 285 

within a cubic structure. Therefore, to stabilize the perovskite structure, FAPbI3 is alloyed with 286 

smaller cations, including but not limited to MA+ or Cs+.11, 57 Moreover, hybrid lead-tin perovskite 287 

solar cells have garnered significant attention due to their compelling advantages, including low 288 

toxicity, adjustable bandgap, and potential applicability in the development of all-perovskite 289 

tandem solar cells.58 290 

 291 

Additionally, recent advances have been directed to 2D perovskite with enhanced stability because 292 

the bulky organic cations serve as a protective layer shielding the inorganic perovskite slabs from 293 

moisture and minimizing ion migration,59 paving a promising avenue for achieving stable tin-based 294 

perovskite solar cells. However, 2D perovskites come with their own challenges, including the 295 

large bandgap, inadequate charge transportation, high exciton binding energies,60, 61 and reaction 296 

of many 2D large cations with FA+.62 These factors contribute to a compromised PCE in perovskite 297 

solar cells. To overcome these individual limitations inherent in both 3D and 2D perovskites while 298 

simultaneously capitalizing on their respective strengths, a 3D layer with a thin 2D capping 299 

passivation layer is proposed to concurrently increase their efficiency and stability.63, 64 Another 300 

promising strategy involves the use of anion engineering to control the growth and orientation of 301 

quasi-2D perovskites, bypassing the need for 3D structures and thereby distinguishing it from the 302 

traditional 2D/3D structures.59, 65-68 This method demonstrates promising potential of attaining an 303 

optimal balance of increased stability and PCE. 304 

 305 

Back electrode 306 

The back-contact layer of perovskite solar cells is typically composed of metals with high 307 

conductivity, including nickel (Ni), copper (Cu), silver (Ag), gold (Au), and aluminum (Al), mostly 308 
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deposited via thermal evaporation in laboratory-scale perovskite solar cell fabrication. However, 309 

this protocol can hardly be extrapolated from laboratory scale to industrial scale. Replacement of 310 

the thermally evaporated metal electrode is a major challenge to overcome and is a key to realizing 311 

high-throughput perovskite solar cell manufacturing. It is clear that industry and academia have 312 

different preferences when it comes to the tools they use, particularly in the context of high vacuum 313 

point source tools. While academic labs often employ these tools for evaporating metals, this 314 

practice is largely dictated by the resources and equipment readily available to them. In contrast, 315 

the industry might not opt for such methods, seeking alternatives that align better with their 316 

operational scales and efficiency requirements. Sputtering has been less explored for electrode 317 

deposition in perovskite solar cells, although the process is more favorable for large-scale 318 

fabrication as it is less dependent on the vacuum level and generally has shorter processing times 319 

than evaporation, and its damage could be minimized by lowering the sputter power density.69 320 

Sputtering can be used to deposit not only metallic films, but also alloys or more complex 321 

compounds, such as TCOs including ITO and AZO, commonly used in semi-transparent devices 322 

and tandem applications. Processes that do not require a vacuum for depositing back contacts are 323 

highly sought after to fully harness the benefits of solution processing in perovskite solar cells. 324 

Recently, printed electrodes made from carbon-based pastes and inks have emerged as a feasible 325 

vacuum-free substitute for evaporated metal electrodes, displaying high electrical conductivity and 326 

an appropriate work function for charge transfer.70-74 Carbon-based electrodes are more cost-327 

effective and possess the necessary mechanical strength to endure repeated bending stress.75, 76 328 

 329 

Critical materials in perovskite solar cells 330 

In this section, we conduct a review of the potential critical materials used in perovskite solar cells. 331 

This analysis forms the foundational basis for the primary analysis in the “Recycling, reuse, and 332 

re-manufacturing of perovskite solar cells” section. The US DOE's Critical Materials Institute 333 

defines critical materials as substances employed in technology with supply risks and limited 334 

substitute options. Different governmental organizations, however, categorize critical materials 335 

distinctively. For instance, the DOE classifies rare earths such as dysprosium, terbium, europium, 336 

neodymium, yttrium, lithium, and tellurium, as well as Cu, as critical materials,77, 78 while the 337 

European Commission also includes natural graphite and titanium metal in a similar list.79 In the 338 

context of perovskite solar cells, indium, an essential component of TCOs, is globally recognized 339 
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as a critical material, due to its scarcity and high cost – with high usage already in the display 340 

industry. FTO has been employed as a substitute for ITO, offering satisfactory performance, 341 

straightforward processing, and minimal stability reduction. Nevertheless, FTO still contains tin, 342 

which is regarded as a strategic material in the European Union (EU) owing to its limited 343 

substitution potential and the small number of producing countries. The back electrode of 344 

perovskite solar cells incorporates metals such as gold, silver, copper, aluminum, and nickel, which 345 

are costly and widely utilized in various industries. Though gold and silver can facilitate easy 346 

prototyping of perovskite solar cells in academic laboratories, they are not likely to be adopted in 347 

commercialized devices.48 Additionally, the European Commission also assesses copper and nickel 348 

as strategic raw materials in line with the Critical Raw Materials Act,80 though they do not meet 349 

the critical raw material thresholds. The ambitious energy policy objectives, coupled with the 350 

rapidly soaring demand for PV panels, present a great challenge to the PV industry. Meeting this 351 

need in the forthcoming decades will require a concerted effort in addressing the escalating critical 352 

metal supply. Lead, another crucial element in perovskite structures, is considered a critical 353 

material by both the Canadian and Dutch governments. While lead-free perovskite solar cells, such 354 

as tin-based devices, have been developed to bypass the contentious toxicity of lead-based 355 

alternatives, they exhibit lower PCE, and stability compared to their lead-based counterparts. 356 

Unexpected PV module failure scenarios, such as fire accidents may also lead to the accidental 357 

leaching of lead.81 Therefore, it is crucial to thoroughly address and evaluate the potential toxicity 358 

issues associated with lead in the development of perovskite solar cells. Iodine is one of the Earth's 359 

rarest non-metallic elements, with production concentrated in Chile and Japan, making it 360 

susceptible to price volatility due to geographic and environmental factors. For instance, the price 361 

of iodine has experienced significant fluctuations, dropping from $ 93 to $ 30 per kilogram in 2013, 362 

underscoring its economic sensitivity and scarcity.28, 82 363 

 364 

Scalable, high-performance perovskite solar cell deposition 365 

Solution-based deposition techniques 366 

In laboratory-scale deposition, perovskites are first dissolved in organic solvents, including N,N-367 

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), etc. to form the precursor solution, 368 

which is then deposited layer-by-layer via spin coating. Generally, spin coating has extremely low 369 

material utilization efficiency (even lower than 10%).11, 83 Additionally, the wet-solution film is 370 
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thinned and smoothed by centrifugal force from spinning, which is hard to replicate in scaled 371 

deposition processes. 372 

 373 

Scalable solution-based deposition techniques for perovskite solar cells, include, but are not 374 

limited to, blade coating, slot die coating, spray coating, inkjet printing, screen printing, and 375 

electro-deposition.11 In the blade-coating deposition, the precursor solution can be uniformly 376 

bladed across substrates to form wet thin films. The film thickness is controlled by the 377 

concentration of the precursor ink, the gap between the blade and substrate, and the speed of blade 378 

motion along the substrate, with much higher material utilization efficiency of 95% than spin 379 

coating.84 In the roll-to-roll case, the blade is stationary and flexible substrate moves with the roller. 380 

In slot die coating, an ink reservoir with a thin slit is used to apply precursor onto the substrate. 381 

Slot die coating generally presents higher throughput and reproducibility compared to blade 382 

coating, with material waste of less than 5%.85, 86 As for spray coating, a nozzle is used to disperse 383 

tiny liquid droplets onto substrates, with 5% of material waste.87, 88 Spray coating methods can be 384 

further categorized based on the techniques employed to create droplets. These include pneumatic 385 

spraying, which utilizes rapid gas flow; ultrasonic spraying, facilitated by ultrasonic vibrations; 386 

and electro-spraying, achieved through electrical repulsion.11 In inkjet printing, nozzles are 387 

adopted to disperse the precursor ink, with fine control of the droplet size and trajectory. This 388 

approach can generate a material waste of less than 1%.89, 90 In screen printing, a patterned mesh 389 

screen is used to hold and transfer ink onto the substrate. The film thickness is controlled by the 390 

mesh size and thickness of the emulsion layer, which is compatible with thicker film deposition 391 

(1-10 μm).91 The advantage of electrodeposition is the use of a non-toxic and environmentally 392 

friendly solvent,11 typically an aqueous solution. Other solution-based deposition techniques, such 393 

as brush coating,92 dip coating,92 and air-knife-assisted coating,93 have also been demonstrated for 394 

perovskite layer deposition. 395 

 396 

Vapor-based deposition techniques 397 

Despite the dominance of solution-processed perovskites, there is an increasing shift towards 398 

exploring solvent-free deposition methods, driven by their potential for better scalability and 399 

reproducibility.94 Thermal evaporation of perovskite precursors is a particularly promising solvent-400 

free technique. It provides precise control over the thickness and composition of films, enabling 401 
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the production of multilayer stacks on a wide range of substrates.95-97 This versatility underscores 402 

its potential to significantly advance perovskite-based technologies. However, the adoption of co-403 

evaporated precursors in perovskite solar cells achieving PCE over 20% remains limited,98-102 404 

largely due to a relatively shallow understanding of thermally evaporated perovskites. A major 405 

challenge with the vapor deposition method is its difficulty in introducing passivators to the grain 406 

boundaries, although surface passivation can still be achieved through vacuum-based deposition 407 

techniques. Recognizing these challenges, the need for a dual approach in analysis to pinpoint 408 

areas for improvement has been emphasized,103 which is crucial for driving further advancements 409 

in this promising technology. 410 

 411 

Additive engineering 412 

Over the last decade, additive engineering has emerged as a crucial factor in optimizing both the 413 

performance and long-term stability of perovskite single-junction and multi-junction PVs due to 414 

passivation of defects,104, 105 in addition to advancements in device preparation methods, the 415 

optimization of halide perovskite compositions as mentioned above. Additive engineering can be 416 

categorized into two main approaches based on the processing route: 1) additive engineering 417 

during perovskite formation and 2) additive-assisted interface optimization (referred to as interface 418 

engineering hereafter).106 In the case of additive engineering during perovskite formation, 419 

additives play a crucial role in influencing perovskite crystallization, film formation, and defect 420 

passivation within the bulk material. Common additives used for this purpose include Lewis acids 421 

(metal cations and fullerene derivatives), Lewis bases, ammonium salts, low-dimensional 422 

perovskites, and ionic liquids.106 423 

 424 

Data indicates that nearly half of the perovskite solar cells reporting a PCE over 21% benefited 425 

from interface engineering, highlighting its critical role in device optimization.107 Interface 426 

engineering addresses two main challenges: the impact of interface defects on the device's 427 

photoelectric performance, including issues related to energy band alignment and charge 428 

distribution, and the influence of the interface on device stability, particularly through its effects 429 

on ion migration and material degradation. To mitigate these issues, strategies have involved 430 

modifying interface characteristics or adding additional interlayers, with a significant focus on the 431 

ETL/perovskite and perovskite/HTL interfaces. The interface between perovskite and ETL plays 432 
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a vital role in device performance due to its considerable influence on electron extraction and J-V 433 

hysteresis. Modifications at the ETL/perovskite interface primarily aim to passivate surface defects 434 

in the perovskite layer, inhibit ion migration, and optimize interfacial energy-band alignment. 435 

These modifications help reduce non-radiative recombination at the interface and maximize the 436 

open-circuit voltage (VOC). In comparison to the modifications at the ETL/perovskite interface, 437 

there seem to be fewer material limitations at the perovskite/HTL interface.107 Moreover, 438 

modifying the external interfaces between the perovskite layer and the charge-transport layers 439 

above can shield the perovskite absorber from moisture and oxygen-induced degradation, thereby 440 

enhancing device stability. Additionally, interface modification is essential in controlling the 441 

morphology of the perovskite film, which is critical for achieving optimal device performance and 442 

durability. Improving the interior interface between the perovskite layer and the underlying charge-443 

transport layer can boost the crystallinity and film quality of the perovskite absorber. Such 444 

improvements lead to perovskite films with larger grains, fewer pinholes, and a more uniform 445 

distribution, all of which are beneficial for advancing device performance. 446 

 447 

Recycling, reuse, and re-manufacturing of perovskite solar cells 448 

Recycling end-of-life solar modules involves dismantling and processing worn-out solar cells to 449 

recover valuable materials for the production of new products. Reuse, in contrast, focuses on 450 

repurposing still-functional components without altering their original form. Remanufacturing, a 451 

combination of recycling and reuse processes, rejuvenates used PV cells to like-new condition by 452 

properly repairing or replacing specific layers, thereby extending their operational lifespan.108 453 

Based on our review of critical materials in the previous section, recovering valuable components 454 

and recycling toxic metals from end-of-life devices is essential to comply with international 455 

regulations and address public concerns about potential risks associated with lead. The current 456 

challenge with recycling mature PV technologies, such as silicon-based PVs, primarily stems from 457 

the insufficient scale and separation processes necessary to render recycling economically viable. 458 

Emerging perovskite solar cells present a prime opportunity to develop recyclable modules from 459 

the very beginning. In this section, we review and analyze the recycling strategies implemented 460 

for perovskite solar cells in recent studies. Further, we provide insights and information regarding 461 

future recycling, reuse, and re-manufacturing strategies to enhance the circularity of perovskite 462 

solar cells. 463 
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 464 

The options for end-of-life management of PVs are region- or country-specific and should be 465 

adapted appropriately before implementation. Since 2012, PV-specific waste regulations have 466 

come into place in the EU. EU regulations mandate 85% collection and 80% recycling of the 467 

materials used in PV panels through the Waste Electrical and Electronic Equipment (WEEE) 468 

Directive.109-111 Similar regulations are proposed in China,112, 113 one of the largest PV markets 469 

worldwide. In the US, the end-of-life disposal of solar products is regulated by the Federal 470 

Resource Conservation and Recovery Act (RCRA), which is based on leaching potential, as well 471 

as state policies that govern waste disposal and other forms of disposition. A previous study 472 

estimated that the leached lead concentration from perovskite films on both glass and PET 473 

substrates exceeds the RCRA limit of 5 mg L-1 and thus direct landfilling of these hazardous wastes 474 

is not permitted.114 There is currently a lack of recyclability of mature PV technologies, such as 475 

silicon PVs, because the panels are not designed in a way to be deconstructed easily, making 476 

crushing of the panels, after removing the junction box, copper wire and aluminum frame,115 the 477 

most viable waste management method. In addition, the recovery of components through crude 478 

processing, such as metals, is insufficient to ensure the economic viability of the whole recycling 479 

process without relevant incentives. Rich opportunities exist for emerging PV technologies to 480 

develop recyclable modules from the outset and thus better future-proof their sustainability. 481 

Extensive research efforts have been directed to explore the recycling and reuse potentials of 482 

perovskite solar cells, focusing on the TCO-coated substrate (possibly along with ETL 483 

materials),116 absorbers, and back electrodes,117 due to their toxicity, high economic value, and 484 

limited resource. Selective dissolution has been widely investigated to recover FTO-coated glass 485 

with or without the ETL made of TiO2 using DMF,118-120 and to recover ITO-coated glass using 486 

KOH aqueous solution.121 The recovered TCO-coated substrate can then be reused for perovskite 487 

solar cell re-fabrication after cleaning without substantial performance loss. DMSO, DMF, 488 

chlorobenzene have been identified as effective solvents for the selective recovery of degraded 489 

perovskite layers.119, 122, 123 Lead within the absorber can typically be recovered in the form of PbI2, 490 

which could be reused for perovskite deposition for cyclic utilization, either via water extraction 491 

followed by DMF dissolution,124 through NH3·H2O and HI treatment,125 or through dissolution-492 

recrystallization by butylamine.126 A low-cost and environmentally friendly method via selective 493 

dissolution and electrodeposition using a deep eutectic solvent is proposed by Poll et al. to recover 494 
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pure lead from the absorber.127 To sustainably recover lead from the non-aqueous liquid pollutants 495 

generated during perovskite solar cell fabrication, synthesized iron-incorporated hydroxyapatite 496 

has been reported as a novel method for both the separation and recovery of lead.128 Back 497 

electrodes are typically recovered using straightforward adhesive methods124 or by filtration after 498 

dissolving other components in strong solvents.116, 117 Additionally, specialized processing is 499 

developed to recover and reuse all major components within the degraded perovskite solar cells, 500 

from back electrodes, through absorbers, to the substrates.129-132 501 

 502 

Although there have been significant advancements in laboratory-scale recycling strategies for 503 

perovskite solar cells, there remains a substantial gap in the thorough and systematic investigation 504 

of scalability and the lack of comprehensive techno-economic analyses. These recycling strategies 505 

are often complex and tailored to specific structures, which may lead to suboptimal economic 506 

outcomes. Apart from a notable exception by Chen et al.,132 there is a significant lack of in-depth 507 

evaluation that could hinder their applicability to a broader range of perovskite solar cell types. 508 

This limitation underscores the need for more generalized and economically viable recycling 509 

methods that can be applied across different perovskite solar cell configurations and at different 510 

scales. Trade-offs between the complexity of recovery processes and component recovery rate 511 

must be meticulously evaluated. Since most reviewed studies use organic solvents for key 512 

component recovery, the regeneration of exhausted solvent should be also considered towards 513 

scaled remanufacturing routes. 514 

 515 

Sustainability analysis of perovskite PVs 516 

Life cycle assessment (LCA) is a comprehensive scientific methodology designed to evaluate the 517 

environmental impacts and overall sustainability of a product or system across its entire life cycle. 518 

Early LCA studies on perovskite solar cells primarily focused on laboratory-scale designs, aiming 519 

to identify energy and environmental hotspots in existing technologies. However, these studies 520 

lacked a forward-looking perspective and faced challenges related to scalability and commercial 521 

viability. Recognizing the limitations of these early assessments, researchers in the LCA field have 522 

shifted their focus toward more industry-relevant architectures, materials, and manufacturing 523 
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processes inspired by advancements in perovskite solar cell research. This transition marks a 524 

critical step in aligning LCA practices with the practical demands of commercialization. Numerous 525 

LCA studies have since been conducted to support the development of perovskite solar cells 526 

towards market readiness.21, 39, 133-141 Early research aimed at commercializing perovskite PV 527 

modules has explored cost-effective production methods. Notably, one study evaluated the 528 

environmental impacts of two perovskite devices fabricated using spray and co-evaporation 529 

techniques, assessing their footprint from cradle to gate.133 Subsequent analyses compared several 530 

tandem configurations incorporating perovskite,21, 134-137 where the potential to outcompete the 531 

silicon benchmarks was identified. Numerous studies have also scrutinized the substitution of lead 532 

with tin in the perovskite layer, meticulously evaluating the benefits and drawbacks of this 533 

alteration.135, 138 Several studies have investigated the environmental benefits of alternative 534 

electrode materials and processing steps that are more suitable for large-scale manufacturing. 535 

These alternatives include carbon electrodes replacing conventional metal electrodes,139, 142 536 

graphene transparent electrodes replacing their ITO-based counterparts,143 and inkjet printing 537 

replacing spin-coating.144 Leccisi et al. introduced the concept of scalability factor for perovskite 538 

PVs,140 and conducted an LCA on crystalline-Si-perovskite tandem solar cells, which are nearing 539 

the production stage.141 However, most studies at this stage used a truncated system boundary, 540 

typically limited to “cradle-to-gate” or, at best, “cradle-to-grave,” with insufficient attention given 541 

to end-of-life management considerations. Potential material recovery methods were investigated 542 

at laboratory scale, inspiring the “cradle-to-cradle” analyses with recycling as the end-of-life 543 

scenario. Since then, multiple studies have incorporated recycling processes into their LCA system 544 

boundaries and concluded effective recycling of exhausted perovskite solar modules has the 545 

potential to significantly reduce both the energy demands and the environmental repercussions 546 

associated with their production and deployment.39, 108, 145 The integration of experimental 547 

investigation with systems-level analysis has also opened up innovative solutions that could 548 

accelerate the commercial deployment of perovskite PV in the near term, such as periodic module 549 
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rejuvenation. This approach, aimed at enhancing the longevity and circularity of perovskite tandem 550 

PVs, offers a promising avenue for overcoming initial stability challenges and facilitating early 551 

market entry.38 Note that the solution processability of perovskite PV can be a double-edged sword. 552 

While it allows for low-cost, fast production and facilitates material recovery through selective 553 

dissolution,145 it can also impose a significant environmental burden due to the extensive use of 554 

solvents in the manufacturing process. To address this issue, multiple studies have been conducted 555 

to assess the environmental benefits of solvent recycling or the use of green solvents.146, 147 Such 556 

advancements underscore the evolving nature of LCA studies in perovskite solar cell research, 557 

reflecting a growing synergy between experimental developments and environmental 558 

sustainability efforts. 559 

 560 

Perspectives for sustainability analysis of perovskite PVs for circular solar 561 

economy and climate commitments 562 

Analysis of existing literature highlights the nascent state of research in both end-of-life 563 

management and sustainability analysis of perovskite PVs. By contrast, amplified research efforts 564 

have been directed to improvements in materials, manufacturing processes, and additive 565 

engineering that have contributed to better stability and PCE, contextualized in previous sections. 566 

To bridge the absence of an established framework that integrates circular economy principles with 567 

ecosystem and climate commitments for perovskite PVs, we propose a multi-scale analytics and 568 

modeling framework with the aim to provide a comprehensive view, seamlessly integrating 569 

different components of the perovskite PV value chain. The schematic of the proposed multi-scale 570 

modeling and analytics framework is depicted in Fig. 4. This comprehensive framework consists 571 

of four intricately interconnected layers: materials, manufacturing processes and systems, the 572 

circular solar economy, and the climate and ecosystem. Each of these layers, arranged from the 573 

foundational to the highest level, lends its distinct and vital contribution to the framework's 574 

collective structure. Materials science and investigation on advanced manufacturing technologies 575 

should be organically integrated with the context of circular solar economy, ecosystems, and 576 

climate commitment. In the Circular Solar Economy panel (Fig. 4), we aim to incorporate effective 577 

end-of-life recycling and re-manufacturing strategies into the sustainability analysis of the 578 
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perovskite PV supply chain. This “cradle-to-cradle” approach encompasses the entire life cycle of 579 

perovskite PV, integrating various sectors such as manufacturing, transportation, potential 580 

applications like co-location with agriculture, and end-of-life management. To address 581 

geographical variations, we emphasize regional differences in solar incentives and electricity mix, 582 

which can significantly impact the sustainability outcomes in different locations. In the Climate 583 

and Ecosystem panel (Fig. 4), our goal is to introduce a temporal dimension to systematically 584 

forecast the environmental consequences of transitioning from silicon PV to perovskite PV in the 585 

context of long-term climate goals and various transition pathways. These pathways are shaped by 586 

a combination of factors, including socio-economic development trajectories, global warming 587 

temperature limit, and technological advancements, such as improvements in PCE, lifespan, and 588 

varying market share and end-of-life module recycling. Recent studies have underscored the 589 

potential of perovskite PV in agrivoltaic settings,148 exploring their role within a broader energy-590 

food-water nexus, rather than merely focusing on energy generation. Perovskite PV-based 591 

agrivoltaics represent an emerging system that warrants comprehensive, systems-level 592 

investigation to fully understand its diverse environmental, economic, and social impacts. This 593 

includes examining the system’s metabolism and resilience. To navigate these complexities, we 594 

propose three key perspectives for evaluating perovskite PV in terms of materials, manufacturing, 595 

and potential applications. These perspectives will guide our exploration of their sustainability 596 

within the frameworks of a circular solar economy and climate commitments. Through this holistic 597 

analysis, we aim to advance the understanding of perovskite PV’s role in achieving sustainability 598 

goals across multiple dimensions. 599 

 600 
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 601 

Fig. 4 Schematic of the multi-scale analytics and modeling of perovskite PV value chain. From 602 

top to bottom, four systems layers regarding different temporal and spatial scales typify the level 603 

of materials, manufacturing, circular solar economy, and climate and ecosystem, respectively. The 604 

systems scale grows from top to bottom, whereas the modeling details and resolutions increase 605 

from bottom to top. 606 

 607 

Critical materials and environmental footprint in scaling perovskite PVs under climate 608 
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commitments 609 

While perovskite solar cells are not expected to see widespread outdoor use in the near future, they 610 

hold significant promise for large-scale applications in the longer term. Perovskite technology has 611 

the potential to revolutionize solar energy markets due to its use of earth-abundant elements, low 612 

energy requirements during deposition, and low-tech, high-throughput processing techniques 613 

similar to those used in nano-Si and CIGS PV systems. Current research primarily employs static 614 

LCA methods, which rely on average or device-specific inventory data and offer limited forward-615 

looking perspectives.149 This approach may result in conservative or inaccurate estimates of future 616 

scenarios, particularly concerning climate commitments for decarbonization.43, 150. Since it will 617 

take several years for perovskite tandems to gain a substantial market share, it is essential to assess 618 

the long-term environmental impacts of this technology through prospective LCA. 619 

 620 

The Integrated Assessment Model (IAM) is a comprehensive and powerful tool for investigating 621 

the long-term, systems-level environmental consequences of deploying perovskite solar cells. As 622 

shown in Fig. 5, the dynamic material flow analysis (DMFA) proposed in this study, provides fresh 623 

insights into the patterns and proportions of material usage, the impacts of material stocks on raw 624 

material requirements, and the potential for waste recycling, while enabling a comprehensive 625 

understanding of the associated economic, environmental, and societal profiles.151, 152 DMFA itself 626 

could offer prospective insights into critical material requirements across various scenarios of 627 

perovskite PV penetration and climate commitments. Moreover, it could generate input data for 628 

LCA and techno-economic analysis, resulting in more accurate forecasts of future perovskite solar 629 

cell deployments (Fig. 5). For energy transition scenarios, two frameworks - Shared Socio-630 

economic Pathways (SSPs) and Representative Concentration Pathways (RCPs) - are combined, 631 

resulting in an integrated set of SSP-RCP scenarios. The SSP framework outlines five primary 632 

scenarios, each reflecting distinct socio-economic development trajectories. These include 633 

sustainable development (SSP1), a middle-of-the-road scenario (SSP2), regional rivalry (SSP3), 634 

inequality (SSP4), and a fossil-fueled development (SSP5).151, 153 On the other hand, the RCP 635 

offers a model of greenhouse gas concentration trajectories, not emissions, endorsed by the 636 

Intergovernmental Panel on Climate Change (IPCC).154 These trajectories are denoted according 637 

to potential radiative forcing values by the year 2100. IAM model such as IMAGE could be 638 

organically integrated with Ecoinvent database to generate the corresponding prospective life cycle 639 
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inventory dataset and streamline future scenario analyses. 640 

 641 

To fully understand the long-term socioeconomic dynamics and development trajectories of the 642 

solar industry due to the rise of perovskite technology, it is necessary to expand the aforementioned 643 

IAM scenarios. These scenarios should be based on not only SSP and RCP, but also capture the 644 

uncertainties in technological advancements, such as improvements in PCE and lifespan, as well 645 

as varying levels of market penetration. The transition from silicon PV technology to perovskite 646 

will be gradual, with hybrid perovskite-silicon systems likely serving as an intermediate step 647 

before moving toward silicon-free, all-perovskite systems. This expanded scenario setting will 648 

provide a more accurate picture of how the solar industry might evolve in response to technological 649 

innovations and market dynamics. A lower global temperature rise limit indicates a greater degree 650 

of decarbonization in sectors such as transportation and energy. Similarly, a higher penetration of 651 

perovskite PV by the target year suggests that more silicon PV will be replaced by perovskite 652 

tandem technologies. In the long term, all-perovskite tandem cells are expected to replace 653 

perovskite-silicon tandems (as an intermediary step in the short term), offering significantly lower 654 

embedded emissions in both material and energy consumption during production, while 655 

maintaining comparable PCE to silicon PV. Consequently, the combination of a stricter 656 

temperature rise limit and increased market share of all-perovskite tandem cells would lead to a 657 

substantial reduction in greenhouse gas emissions. The derived insights could be efficiently 658 

leveraged to evaluate the potential impacts of the transition to perovskite PV technology on the 659 

solar economy of a specific region or country, thereby informing policy decisions. 660 

 661 
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 662 

Fig. 5 Overview of the dynamic material flow analysis-based life cycle assessment of perovskite 663 

PV. The methodology is comprised of two components, including a two-level dynamic material 664 

flow analysis (material and module levels) and life cycle assessment. The climate and energy 665 

transition pathways could be modeled based on the Shared Socio-economic Pathways (SSPs) and 666 

bridged with decarbonization and climate targets. Different perovskite PV penetration scenarios 667 

are examined to assess the impacts on the solar economy, compared to the silicon or thin-film PV-668 

dominant market. 669 

 670 

Evaluating the long-term demand for critical materials and the environmental impacts of 671 

perovskite PV is essential for guiding the transformation of the PV industry toward a circular, 672 

perovskite solar economy and meeting climate commitments. However, this evaluation presents 673 

several research challenges. The first challenge involves gathering comprehensive and reliable 674 

data on various factors, including geographical scope and territorial division, market data for 675 

silicon and perovskite solar technologies, the remaining lifetimes of devices in service, total solar 676 

capacity, energy mix, and material recycling and climate policies across different regions. The 677 
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second challenge is establishing representative future scenarios that expand on the SSP and RCP. 678 

These scenarios should consider evolving device efficiency, lifespan, technological diffusion rates, 679 

and final penetration levels specific to perovskite PV. The third challenge is managing the 680 

combinatorial uncertainty that arises from each layer of the dynamic material flow analysis DMFA 681 

model, as well as the LCA implementation. This is necessary to generate robust projections of 682 

perovskite solar deployment from a forward-looking perspective. Addressing these challenges will 683 

help fill the knowledge gap related to the limited exploration of long-term critical material demand 684 

and the environmental implications of perovskite solar deployment under various socioeconomic 685 

scenarios, which has been hindered by uncertainties about the future and data availability. 686 

 687 

Local material acquisition for resilient perovskite PV supply chains under circular solar 688 

economy 689 

To support the fast growth of PV that is much needed for climate change mitigation, it is imperative 690 

that the PV industry further improves resource sustainability and addresses end-of-life 691 

management. Responsible upscaling requires that the industry reduces costs, material utilization, 692 

and environmental impact at every step.155 Throughout the solar PV supply chain, raw material 693 

and module shipping as well as the energy mix used in PV manufacture are two critical factors.156 694 

 695 

As solar PV has become a strategic technology to fight against climate change, the importance of 696 

delocalization of the PV supply chain is highlighted, not only to reduce logistics costs and 697 

embedded emissions but also to ensure uninterrupted component supply. Distributed 698 

manufacturing poses a challenge for conventional silicon PV, since the cost of silicon PV modules 699 

is significantly sensitive to the manufacturing capacity owing to economies of scale.37 A recent 700 

study reveals that the low-tech processing involved in perovskite solar cell manufacturing makes 701 

it not only feasible but also affordable even for low- and lower-middle income countries 702 

(LLMICs).37 For countries or regions where distributed manufacturing of perovskite solar cell is 703 

viable, this strategy presents multifold advantages: 1) For solution-processed PVs, it is possible to 704 

achieve relatively low manufacturing costs at smaller scales due to the minimal contribution of 705 

roll-to-roll tooling capital expenditures to the final module cost.157 2) It boosts the local economy 706 

by enhancing competitiveness, creating jobs, and reducing unemployment, especially in low-707 
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income areas. 3) Reduces dependency on international supply chains, which are often vulnerable 708 

to disruptions, thereby enhancing energy security and supply chain resilience.158 4) Minimizes 709 

carbon emissions and energy use by eliminating the need for long-distance transport of materials 710 

and products. 5) Avoids import tariffs that can significantly increase retail prices,37 promoting local 711 

energy independence. 712 

 713 

Developed countries, such as the US, stand on the brink of an unprecedented opportunity amid 714 

their energy transition projected towards 2050. Enhanced manufacturing capabilities for solar 715 

panel components, coupled with favorable policy incentives like the Inflation Reduction Act 716 

(IRA),159, 160 and competitive electricity prices relative to many developed nations,161 position the 717 

US as a viable contender for advancing the distributed production of perovskite solar cells. Fig. 6 718 

shows the current locations of perovskite PV companies in the US. This proposition necessitates a 719 

comprehensive exploration of its potential benefits not only to the PV industry and energy sector, 720 

but also to society at large. Consequently, a rigorous multi-scale analysis is essential to 721 

systematically examine the economic, environmental, and social impacts of distributed perovskite 722 

solar cell production. Such an investigation should consider factors such as the state-specific 723 

electrical grid, policy incentives, and the availability of solar panel developers and perovskite 724 

material providers (Fig. 6). 725 

 726 

There are multiple research challenges to surmount for developing a holistic multi-scale analysis 727 

model to determine the most favorable region for distributed perovskite PV manufacturing. The 728 

first challenge is associated with data collection of information of perovskite material providers, 729 

such as material categories, annual yield, feedstock manufacturing route, since the manufacturing 730 

of perovskite solar cell involves a variety of niche materials, whose market is still immature at the 731 

current stage. The second challenge is incorporating recycling processes into the manufacturing 732 

infrastructure. Due to the shorter device lifetime of perovskite solar cells compared to established 733 

PV technologies, it is essential to model end-of-life management strategies from the outset to 734 

enhance their competitiveness under circular solar economy, with explicit considerations of 735 

solvent and solid waste treatment. The third challenge is to continuously assess the impact of 736 

increased perovskite PV penetration in the grid on future perovskite solar cell manufacturing and 737 

related policymaking. This recursive evaluation will help to understand the evolving dynamics and 738 
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growth of the perovskite PV sector. Another challenge is associated with the quantification of the 739 

improved supply chain resilience by virtue of distributed manufacturing, compared to delocalized 740 

supply chain. 741 

 742 

 743 

Fig. 6 Overview of distributed manufacturing of perovskite solar panels. Herein, “distributed 744 

manufacturing” denotes a production method that prioritizes the use of locally or domestically 745 

sourced materials through a shortened supply chain, emphasizing geographical origin over 746 

production scale. Given geographical scope and territorial division, differences lying in the solar 747 

incentives, electricity mix, material source and supply, manufacturing process, and treatment of 748 

waste solvent and solid waste are explicitly considered. Future analyses should investigate the 749 

economic, environmental, and sociological standings of perovskite PV systems to identify 750 

potential distributed manufacturing sites. The data identifying the locations of perovskite solar 751 

panel developers, material providers, and equipment manufacturers are presented in Tables S1 to 752 

S3 of the Supplementary Information. 753 

 754 

Perovskite PVs in energy-food-water nexus for energy and ecological transition 755 

The global population is expected to reach 9.8 billion by 2050,162 which underscores a growing 756 

demand for energy, food, and water. This projection highlights the critical nature of the energy-757 
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food-water nexus, emphasizing the need for integrated solutions to manage these interdependent 758 

resources efficiently. Agriculture, occupying 52% of the US base land as of 2021,39 stands as the 759 

primary land user, positioning the sector at the center of increasing land competition. Such 760 

competition not only exacerbates environmental challenges, including biodiversity loss and 761 

increased water use, but may also contribute to emissions due to indirect land use changes.163 In 762 

response to these challenges, fostering a synergistic relationship between solar PVs and agriculture 763 

emerges as an effective strategy. This approach not only addresses the imminent issues by offering 764 

a dual-purpose solution that enhances energy production and agricultural productivity but also 765 

delivers ecological benefits, thereby mitigating the environmental impacts associated with land 766 

use intensification. 767 

 768 

Agrivoltaics, conceived from the symbiotic integration of agriculture and PVs, fundamentally 769 

represents a comprehensive energy-food-water nexus system. Both agriculture and PV systems 770 

require land, and in some cases, the same land may be suitable for both purposes. Typical dual-use 771 

applications encompass: 1) PV greenhouse, with solar panels installed on the surface of greenhouse 772 

for power and heat supply, wind prevention, evaporation reduction, and precipitation collection, 773 

etc.; 2) integrated open-field PV and crop production, with crops grown in between and/or 774 

underneath solar panels; 3) integrated open-field PV and animal husbandry, with grazing in 775 

between and/or underneath solar panels.164 (Fig. 7a) This co-location strategy enhances land-use 776 

efficiency, conserves water, reduces soft costs, and can improve crop yields. In water-scarce 777 

regions, agrivoltaics moderates climate challenges by passively redistributing limited rainfall, 778 

reducing evaporation and thus lowering plant water demands, and increasing soil moisture 779 

retention (Fig. 7b),165, 166 while also creating resilient microclimates that counter environmental 780 

stresses such as heat and drought.167 In summary, agrivoltaics systems offer multiple potential 781 

ecosystem services, including energy and economic benefits, increased crop yields, water 782 

conservation, biodiversity preservation, etc.168 (Fig. 7c) However, potential risks, such as human 783 

toxicity from the leakage of critical elements from PV panels, should not be overlooked and require 784 

careful management to maximize the benefits while mitigating any environmental and health 785 

concerns. 786 

 787 
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 788 

Fig. 7 Overview of the sustainable energy-food-water nexus by integrating semi-transparent 789 

perovskite PVs for agrivoltaics applications. a, three typical agrivoltaics applications include 790 

greenhouse solar, animal husbandry, and crop production, with installation of perovskite solar 791 

panels on the roof of the greenhouse or adjacent land, grazing in between and underneath panels, 792 

and vegetation grown in between and underneath panels, respectively. b, agrivoltaics’ role in water 793 

saving. c, Potential benefits associated with agrivoltaics systems. 794 

 795 

Though most existing agrivoltaics systems rely on monocrystalline PV for grazing, habitat, or crop 796 

production applications, silicon PVs are not the most suitable option for agrivoltaics applications. 797 

First, crystalline silicon is not suitable for developing transparent PVs due to the intrinsic 798 

opaqueness of the material itself. Tuning the crystalline silicon PVs for higher transparency that 799 

ensure sufficient light can pass through the solar cells to be utilized by photosynthesis of crops 800 

would further increase the already high manufacturing cost through specialized processing and 801 

significantly compromise the PCE.169 Second, being rigid and brittle in nature is another challenge 802 

that impedes the conventional silicon crystalline PV in agrivoltaics applications.170 803 

 804 

There is an urgent need for innovative PV technologies to rejuvenate the field of agrivoltaics, and 805 
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perovskite PVs stand as a particularly promising option. First, semi-transparency of perovskite 806 

solar cells can be achieved in various ways: 1) utilizing a thin perovskite film; 2) enabling self-807 

assembly of the perovskite on a photoanode, which creates transparent regions without 808 

compromising light-harvesting efficiency; 3) leveraging solvent properties to induce dewetting, 809 

forming perovskite islands on the surface; and 4) incorporating transparent contacts that render the 810 

solar cell fully semi-transparent.171 In this paper, we do not explore the details of processes such 811 

as the self-assembly of perovskite for semi-transparency, as these are more relevant to innovations 812 

in materials science and fall outside the scope of this review. Instead, our primary focus is on 813 

highlighting key developments and overarching trends in the sustainability analysis of scalable 814 

perovskite solar cells. For a more comprehensive understanding of self-assembly processes for 815 

semi-transparency, we encourage readers to consult recent publications dedicated to this topic.172-816 

174 Moreover, the adjustable bandgap of perovskite materials offers the flexibility to tailor the solar 817 

spectrum and intensity, which are crucial for optimizing plant growth conditions. Second, 818 

perovskite solar cells are compatible with flexible substrate for light-weight applications, making 819 

temporarily removing or adjusting the solar panels for maximum sunlight exposure easy. Though 820 

organic solar cells also present outstanding PV performance while benefiting the survival rate and 821 

growth of the crops,175 its PCE is much lower than that of perovskite PV. It is important to 822 

recognize that CIGS, CdTe, a-Si, and nano-Si PV technologies are also suitable for use with 823 

flexible substrates and semi-transparent applications. Consequently, when evaluating the 824 

performance of perovskite-based agrivoltaics systems, a thorough comparison with these other PV 825 

technologies is essential to ensure a comprehensive understanding of their relative efficiencies, 826 

applicability, and sustainability. 827 

 828 

The solar industry is increasingly shifting its focus toward perovskite-silicon tandem solar cells, 829 

largely due to their potential to significantly enhance PCE while incurring minimal additional cost 830 

and weight. These tandem cells are particularly advantageous in that they capture a broader 831 

spectrum of sunlight, thereby increasing energy output per unit area. This gain in efficiency is 832 

especially critical in agrivoltaics systems, where land must be efficiently utilized for both energy 833 

generation and crop cultivation. Nevertheless, it is important to acknowledge that perovskite-834 

silicon tandem solar panels present their own set of challenges. The increased complexity of their 835 

structure may render them more cumbersome in operational contexts, such as installation, removal, 836 
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or cleaning. While their improvements in efficiency are evident, these operational difficulties may 837 

be comparable to those encountered with traditional silicon systems. As such, despite the clear 838 

technical advantages offered by tandem configurations, they do not necessarily address all 839 

practical challenges associated with agrivoltaics applications in the short term. Looking toward the 840 

future, the potential transition away from silicon-only systems in agricultural settings signals a 841 

broader movement toward more advanced and adaptable technologies. The long-term objective in 842 

agrivoltaics development is the implementation of semi-transparent perovskite-perovskite tandem 843 

solar cells, which would eliminate reliance on silicon entirely. These semi-transparent panels offer 844 

the added benefit of allowing greater sunlight penetration to crops beneath them, thereby 845 

enhancing plant growth while simultaneously generating electricity. Additionally, their lightweight 846 

nature and potentially simpler maintenance requirements address many of the logistical challenges 847 

associated with conventional silicon PV systems. In conclusion, while the current perovskite-848 

silicon tandem systems present notable improvements in efficiency, they do not fully resolve the 849 

operational challenges associated with agricultural applications. The ongoing transition toward 850 

silicon-free systems, particularly semi-transparent perovskite-perovskite tandem solar cells, 851 

represents the most promising path forward in overcoming the limitations of traditional silicon PV, 852 

ultimately achieving an optimal balance between energy production and agricultural productivity. 853 

 854 

Systematically evaluating the potential of implementing perovskite solar cells in agrivoltaics 855 

applications poses several challenges. Food security for the perovskite agrivoltaics should be 856 

systematically evaluated due to the Pb-related risks. Certainly, the concern of Pb leaching from 857 

perovskite solar cells in the case of encapsulation failure introduces a specific challenge to the 858 

application of perovskite agrivoltaics,176, 177 particularly as crops are grown directly beneath the 859 

panels. It is crucial to implement effective safeguards to monitor and prevent the inadvertent 860 

release of lead leachate, ensuring the protection of agricultural productivity and environmental 861 

health. Among the methods for lead retention are the use of self-healing polymers for encapsulation 862 

modification178 and lead-adsorbing molecular films with phosphonic acid groups.179 While these 863 

methods hold promise, they could potentially increase manufacturing costs. Hence, the primary 864 

challenge lies in striking a balance between developing cost-effective perovskite agrivoltaics and 865 

effectively managing lead exposure.180 The second challenge is to determine the material selection 866 

and device architecture of the perovskite solar cells suited for various agrivoltaics applications. 867 
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This requires a systems-level rigorous evaluation and screening among the various potential 868 

perovskite solar cells, while accounting for maximization of compatibility and synergistic benefits 869 

between each stack design and agricultural activity. The synergistic benefits include improved 870 

systems resilience, increased yield, and reduced water consumption, etc. Simultaneously 871 

accounting for the three dimensions of the energy-food-water nexus is also challenging. There are 872 

also challenges associated with the system boundary definition, data collection for sustainability 873 

analyses benchmarked against the silicon PV-based agrivoltaics systems and conventional 874 

agriculture or PV systems alone. The fifth challenge is associated with modeling the periodic 875 

cleaning and replacement schemes of perovskite solar cells to ensure the normal operations of the 876 

co-located systems under circular solar economy. The final challenge is to quantitatively model 877 

such land use change and its impacts and footprints on the ecosystems under the future projected 878 

environmental stress involving increased global temperatures and water stress. 879 

 880 

Conclusions 881 

Perovskite materials offered excellent light absorption, charge-carrier mobilities, and lifetimes, 882 

resulting in high device efficiencies with opportunities to realize a low-cost, industry-scalable 883 

technology. Achieving this potential would require overcoming barriers related to stability and 884 

environmental compatibility, but if these concerns were addressed, perovskite-based technology 885 

held transformational potential for rapid TW-scale solar deployment. The basic materials 886 

properties had also sparked interest in using hybrid perovskite semiconductors in a broader class 887 

of energy applications that spanned traditional electronic and optical systems. We comprehensively 888 

reviewed recent advances of perovskite solar cells in terms of embedded critical materials, scalable 889 

deposition approaches, and end-of-life management. Future research that employs the integrated 890 

DMFA and LCA methodology proposed in this study would offer new perspectives on material 891 

usage trends and ratios, the influence of material stocks on raw material demands, and the recycling 892 

possibilities of waste. This approach facilitated a holistic understanding of the economic, 893 

environmental, and social impacts associated with material use during the PV transition across 894 

various scenarios of perovskite PV penetration and climate commitments. Further research could 895 

be directed to exploring the potential of distributed manufacturing of perovskite solar panels for 896 

costs, embedded energy, and environmental impacts minimization to determine the best region for 897 

investment in perovskite solar panel manufacturing by considering technical, economic, 898 
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environmental, and social aspects; assessing the synergistic benefits and sustainability of co-899 

location of perovskite PVs with agricultural activities in energy-food-water nexus with a sector 900 

coupling consideration. The sustainability analysis of perovskite PVs should not be examined in 901 

isolation at the material and manufacturing levels. Instead, it should be comprehensively 902 

contextualized within the broader framework of a circular solar economy and under climate 903 

commitment. 904 
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