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Abstract 

An increasing concentration of greenhouse gases and pollutants in the Earth’s 

atmosphere endangers survival of humans and ecosystems. Recently, a series of 

summits gathered world political leaders to tackle the challenge of alleviating these 

threatens to an extent in which human life on Earth is guaranteed. Besides, the fossil 

energy sources are found to be in serious risk of depletion. These issues highlight the 

necessity of changing the energy model that nowadays powers societies, mostly 

based on fossil fuels. The most promising alternative to the current model is based 

on renewable energy sources, in which photovoltaics play an important role. 

Among photovoltaic technologies, recently emerged a new class with halide 

perovskite as the main material. Perovskite solar cells promise top efficiencies 

produced through a simple manufacturing process. However, their development 

faces diverse shortcomings since their emergence, such as low lifetime and risk of 

toxicity. This thesis aims to assist the development of the novel photovoltaic 

technology based on halide perovskite towards commercialisation, in terms of 

sustainability. Life Cycle Assessment is used as tool for this purpose. Further details 

of the justification and the goal and scope of this thesis, together with the objectives, 

the hypotheses, the methodology and the structure are given in Chapter 1. 

The state of the art of the developments of perovskite photovoltaics in terms of 

sustainability are described in the Chapter 2. A review of the environmental impacts 

generated by perovskite solar cells at the early days of the technology through 

prospective life cycle assessment is presented. Results of studies treating the toxicity 

caused by lead present in halide perovskites are also described. A discussion of Life 

Cycle Assessment studies dealing with perovskite photovoltaics processes and 

devices in a more advanced technology readiness is included. Studies contrasting 

perovskite photovoltaics with other photovoltaic technologies are also discussed. 

Studies about the cost of are finally treated in the review. A subsection highlights the 

relation of the studies exposed in each section with the objectives of the thesis. A 

final summary of these subsection is exposed at the end of chapter. 

In the subsequent chapters the main body of the thesis is presented as a 

compendium of three articles. At the beginning of the development of halide 

perovskite photovoltaics, different cell architectures and assembly processes were 

developed at laboratory scale. In Chapter 3, the environmental performance of such 

initial developments is assessed through life cycle assessment. A comparison of three 

different perovskite deposition methods and two cell architectures is performed. 

Environmental impacts of the common layers of the four devices evaluated are 

found to be the highest. However, the sequential deposition method for perovskite 
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and the mesoporous configuration result more detrimental than the rest. Three end 

of life scenarios are designed from methods reported in the literature and are 

evaluated. Reusing and recycling the devices at the end of life diminishes the 

environmental impacts. 

Improved stability, reproducibility and efficiency is achieved by combining 

methylammonium cation with formamidinium and caesium in the perovskite 

composition, together with different halides in the anionic position. The 

environmental impacts of four perovskites combining these cations and anions 

deposited in lab-scale solar cells is compared in Chapter 4. The environmental 

impacts of a plain methylammonium lead iodide perovskite are also determined to 

stablish a benchmark. Perovskites combining different cations and anions show 

worse environmental impacts because of the impacts generated by the lead halide 

reagents and the energy consumed for the deposition. However, for the abiotic 

depletion category the methylammonium lead iodide perovskite has a higher impact 

because it uses more amount of lead iodide. Finally, an estimation of the cost of each 

of the perovskites treated is presented. 

Further progression of the technology entails improving perovskite photovoltaics 

manufacturing at pilot scale, in larger sizes. A pilot-scale manufacturing process, 

called in this thesis pre-industrial, produces perovskite solar modules in a carbon 

stack configuration. This manufacturing process is evaluated in terms of 

environmental performance in Chapter 5. Their environmental impacts are 

contrasted with those of an ideal manufacturing process, which is simulated from 

this pre-industrial process. The energy consumption for the deposition of the 

perovskite layer results the most detrimental impact, which highlights the necessity 

of decreasing the energy consumption for a more sustainable commercialisation of 

the technology. 

Finally, the conclusions of the thesis are presented in Chapter 6, comprising the main 

conclusions arising from the three previous chapters. Herein, it is also exposed a 

description of how the objectives of the thesis are reached and how the hypotheses 

are verified or rejected. 
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Resum 

La creixent concentració de gasos d’efecte hivernacle i compostos contaminants en 

l’atmosfera de la Terra posen en greu perill la supervivència d’essers humans i 

ecosistemes. Recentment, s’han reunit líders polítics d’arreu del món en una sèrie 

de cimeres per tal d’intentar minorar aquestes amenaces de manera que la vida de 

l’esser humà a la Terra estiga garantida. Addicionalment, els recursos fòssils 

d’energia es troben en risc seriós d’esgotament. Aquests problemes recalquen la 

importància de canviar el model energètic que a dia de huí cobreix les necessitat 

energètiques de les nostres societats, el qual es basa majoritàriament en 

combustibles fòssils. L’alternativa més prometedora a l’actual model es basa en fonts 

d’energia renovable, entre les quals l’energia fotovoltaica juga un paper important. 

Entre les tecnologies fotovoltaiques, recentment ha sorgit una nova classe amb 

perovskita d’halogen com a material principal. Les cèl·lules solars de perovskita 

prometen eficiències d’alta gama, mentre es produeixen mitjançant un procés 

simple. No obstant això, el seu desenvolupament afronta diverses falles des que van 

emergir. Entre aquestes falles es troben baix temps de vida útil i risc de toxicitat. 

L’objectiu d’aquesta tesi és la d’ajudar en el desenvolupament d’aquesta tecnologia 

fotovoltaica novella basada en perovskita d’halogen de camí a ser comercialitzada, 

des del punt de vista de sostenibilitat. L’Anàlisi del Cicle de Vida s’usa com a 

ferramenta per a aquest propòsit. Al Capítol 1 s’hi poden trobar més detalls de la 

justificació i de l’objectiu i abast d’aquesta tesi, juntament amb els objectius, 

hipòtesis, metodologia i estructura. 

Els antecedents del desenvolupament de la tecnologia fotovoltaica de perovskita des 

del punt de vista de la sostenibilitat es descrit al Capítol 2. Es presenta una revisió 

dels impactes mediambientals generats per les cèl·lules solars de perovskita a les 

beceroles de la tecnologia mitjançant Anàlisi del Cicle de Vida prospectiu. També es 

descriuen els resultat dels estudis que tracten la toxicitat causada pel plom present 

als dispositius fotovoltaics de perovskita d’halogen. S’hi inclou una discussió dels 

estudis d’Anàlisi del Cicle de Vida que tracten processos i dispositius fotovoltaics de 

perovskita en un estat més avançat de disponibilitat tecnològica. S’hi analitzen una 

sèrie d’estudis que comparen la tecnologia fotovoltaica de perovskita amb altres 

tecnologies fotovoltaiques. A l’últim punt de la revisió s’hi tracten estudis de cost. 

Una subsecció recalca la relació dels estudis descrits en cada secció amb els objectius 

de la tesi. Estes subseccions són resumides en una secció al final del capítol. 

En els següents capítols es presenta el cos principal de la tesi com a compendi de 

tres articles. A les beceroles del desenvolupament dels dispositius fotovoltaics de 

perovskites d’halogen, diferents arquitectures de cèl·lula i processos d’acoblament 
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foren desenvolupats a escala de laboratori. En el Capítol 3, la conducta 

mediambiental d’aquests desenvolupaments inicials s’avalua mitjançant Anàlisi del 

Cicle de Vida. S’hi comparen tres mètodes de deposició de perovskita i dues 

arquitectures de cèl·lula diferents. Els impactes mediambientals de les capes 

comunes en els quatre dispositius avaluats s’identifiquen com als més alts. No 

obstant això, el mètode de deposició seqüencial i la configuració mesoporosa 

resulten més perjudicials que la resta. Tres escenaris de final de vida s’hi dissenyen 

a partir de mètodes reportats en la literatura i s’hi avaluen. Reutilitzar i reciclar els 

dispositius al final de la vida útil disminueix els impactes mediambientals. 

S’aconsegueix major estabilitat, reproductibilitat i eficiència quan es combinen 

cations metilamoni amb cations formamidini i cesi en una mateixa composició de 

perovskita, juntament amb halògens diferents en la posició aniònica. Es comparen 

els impactes mediambientals de quatre perovskites que combinen aquests cations i 

anions depositat en cèl·lules de escala de laboratori al Capítol 4. Els impactes 

mediambientals de la perovskita de metilamoni plom plana també s’hi determinen 

per tal d’establir un punt de referència. Les perovskites que combinen cations i 

anions diferent mostren pitjors impactes mediambientals a causa dels impactes 

generats pels halurs de plom y l’energia consumida per la deposició. No obstant això, 

per a la categoria d’esgotament de recursos abiòtics, la perovskita de iodur de 

metilamoni plom té un impacte major a causa de l’ús d’una major quantitat de iodur 

de plom. Finalment, s’hi presenta una estimació del cost de cadascuna de les 

perovskites tractades. 

Una major progressió de la tecnologia implica millorar la producció de dispositius 

fotovoltaics de perovskita a escala pilot, en grandàries majors. Un procés de 

manufactura a escala pilot, anomenat preindustrial en aquesta tesi, produeix mòduls 

solars de perovskita en configuració apilament de carboni. La conducta 

mediambiental d’aquest procés de manufactura s’avalua al Capítol 5. Els seus 

impactes mediambiental s’hi contrasten amb aquells d’un procés de manufactura 

ideal, simulat a partir d’aquest procés preindustrial. El consum d’energia per a la 

deposició de la capa de perovskita resulta l’impacte més perjudicial, la qual cosa 

recalca la necessitat de disminuir el consum d’energia per tal d’abastar una 

comercialització de la tecnologia més sostenible. 

Finalment, les conclusions de la tesi es presenten en el Capítol 6, les quals consten 

de les principals conclusions dels tres capítols previs. També s’exposa aquí una 

descripció de com els objectius de la tesi s’abasten i com les hipòtesis es verifiquen 

o es refusen. 
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Resumen 

La creciente concentración de gases de efecto invernadero y compuestos 

contaminantes en la atmósfera de la Tierra ponen en grave peligro la supervivencia 

de seres humanos y ecosistemas. Recientemente, se han reunido líderes de todo el 

mundo en una serie de cimas para intentar menguar estas amenazas de manera que 

la vida del ser humano en la Tierra esté garantizada. Adicionalmente, los recursos 

fósiles de energía se encuentran en riesgo serio de agotamiento. Estos problemas 

recalcan la importancia de cambiar el modelo energético que hoy en día cubre las 

necesidades energéticas de nuestras sociedades, el cual se basa mayoritariamente 

en combustibles fósiles. La alternativa más prometedora al actual modelo se basa en 

fuentes de energía renovable, entre las cuales la energía fotovoltaica juega un papel 

importante. 

Entre las tecnologías fotovoltaicas, recientemente ha surgido una nueva clase con 

perovskita de halógeno como material principal. Las células solares de perovskita 

prometen eficiencias de alta gama, mientras se producen mediante un proceso 

simple. Sin embargo, su desarrollo afronta varias fallas desde que emergieron. Entre 

estas fallas se encuentran un bajo tiempo de vida útil y riesgo de toxicidad. El 

objetivo de esta tesis es el de ayudar en el desarrollo de esta tecnología fotovoltaica 

nobel basada en perovskita de halógeno en su camino a la comercialización, desde 

el punto de vista de la sostenibilidad. El Análisis del Ciclo de Vida se usa como 

herramienta para tal propósito. En el Capítulo 1 se pueden encontrar más detalles 

de la justificación y del objetivo y alcance de esta tesis, juntamente con los objetivos, 

hipótesis, metodología y estructura. 

Los antecedentes del desarrollo de la tecnología fotovoltaica de perovskita desde el 

punto de vista de la sostenibilidad se describen en el Capítulo 2. Se presenta una 

revisión de los impactos medioambientales generados por las células solares de 

perovskita en los inicios de la tecnología mediante Análisis del Ciclo de Vida 

prospectivo. También se describen los resultados de los estudios que tratan la 

toxicidad causada por el plomo presente en los dispositivos fotovoltaicos de 

perovskita de halógeno. Se incluye una discusión de los estudios de Análisis del Ciclo 

de Vida que tratan procesos y dispositivos fotovoltaicos de perovskita en un estado 

más avanzado de disponibilidad tecnológica. Se analizan una serie de estudios que 

comparan la tecnología fotovoltaica de perovskita con otras tecnologías 

fotovoltaicas. En el último punto de la revisión se tratan estudios de costes. Una 

subsección recalca la relación de los estudios descritos en cada sección con los 

objetivos de la tesis. Estas subsecciones son resumidas en una sección al final del 

capítulo. 
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En los siguiente capítulos se presenta el cuerpo principal de la tesis como un 

compendio de tres artículos. En los inicios del desarrollo de los dispositivos 

fotovoltaicos de perovskitas de halógeno, diferentes arquitecturas de célula y 

procesos de ensamblaje se desarrollaron a escala de laboratorio. En el Capítulo 3, la 

conducta medioambiental de estos desarrollos iniciales se evalúa mediante Análisis 

del Ciclo de Vida. Se comparan tres métodos de deposición de perovskita y dos 

arquitecturas de célula diferentes. Los impactos medioambientales de las capas 

comunes en los cuatro dispositivos evaluados se identifican como los más altos. Sin 

embargo, el método de deposición secuencial y la configuración mesoporosa 

resultan más perjudiciales que el resto. Tres escenarios de final de vida se diseñan a 

partir de métodos reportados en la literatura y se evalúan. Reutilizar y reciclar los 

dispositivos al final de su vida útil disminuye los impactos medioambientales. 

Se consigue mayor estabilidad, reproducibilidad y eficiencia cuando se combinan 

cationes metilamonio con cationes formamidinio y cesio en una misma composición 

de perovskita, juntamente con halógenos diferentes en la posición aniónica. Se 

comparan los impactos medioambientales de cuatro perovskitas que combinan 

estos cationes y aniones depositados en células de escala de laboratorio en el 

Capítulo 4. Los impactos medioambientales de la perovskita de metilamonio plomo 

llana también se determinan para establecer un punto de referencia. Las perovskitas 

que combinan cationes y aniones diferentes muestran peores impactos 

medioambientales debido a de los impactos generados por los haluros de plomo y la 

energía consumida por la deposición. Sin embargo, para la categoría de agotamiento 

de recursos abióticos, la perovskita de yoduro de metilamonio plomo tiene un 

impacto mayor debido al uso de una mayor cantidad de yoduro de plomo. 

Finalmente, se presenta una estimación del coste de cada una de las perovskitas 

tratadas. 

Una mayor progresión de la tecnología implica mejorar la producción de los 

dispositivos fotovoltaicos de perovskita a escala piloto, en tamaños mayores. Un 

proceso de manufactura a escala piloto, denominado preindustrial en esta tesis, 

produce módulos solares de perovskita en configuración apilamiento de carbono. La 

conducta medioambiental de este procesó de manufactura se evalúa en el Capítulo 

5. Sus impactos medioambientales se contrastan con aquellos de un proceso de 

manufactura ideal, simulado a partir de este proceso preindustrial. El consumo de 

energía para la deposición de la capa de perovskita resulta el impacto más 

perjudicial, lo cual recalca la necesidad de disminuir el consumo de energía para 

alcanzar una comercialización de la tecnología más sostenible. 

Finalmente, las conclusiones de la tesis se presentan en el Capítulo 6, las cuales 

constan de las principales conclusiones de los tres capítulos previos. También se 
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expone una descripción de como los objetivos de la tesis se alcanzan y como las 

hipótesis se verifican o se rechazan. 

 





 

xxxv 

Graphical Abstract 

 

 





 

 

 

 

 

 

 

 

 

 

 

Chapter 1 Introduction 
 





Introduction 
 

─ 3 ─ 

1.1 Goal and Scope 

The present thesis aims to assist decision-making of researchers in charge of the 

development of the novel halide perovskite technology for photovoltaics (PV) from 

the most elementary state towards commercialisation, in environmental terms. The 

assistance consists in evaluating the environmental impacts produced during the life 

cycle of these devices in order to provide guidance to researchers of this particular 

field. In particular, the readiness levels of this PV technology covered by this thesis 

range from laboratory to pilot plant. The tool used to analyse the environmental 

impacts of this technology is Life Cycle Assessment (LCA). The halide perovskites 

studied in this thesis are principally methylammonium lead halide perovskites. Some 

additional reagents with which enhance the performance parameters of this 

elementary formula such as caesium iodide, formamidinium iodide (FAI) and 5-

ammonium valerate acid iodide (AVAI) are also considered. Halide perovskite layer 

depositions analysed are spin-coating, “anti-solvent” method and infiltration. 
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1.2 Justification 

Since the beginning of civilisations energy consumption becomes a vital issue for 

people’s survival. So much so that energy availability establishes the prosperity level 

and technological development of a given civilisation. In modern times, energy is 

elementary to sustain the exponential technological growth that notably commands 

our societies. However, it is among the main responsible assets of the environmental 

crisis that threats our societies. 

For instance, usage of an immoderate amount of energy coming from fossil fuels is 

behind the global warming effect, which whether not stopped will certainly bring 

irreversible changes that pose a menace to life on Earth as we know it [1]. Carbon 

dioxide (CO₂) is the most pernicious responsible of the global warming effect in the 

Earth’s atmosphere. Methane (CH₄), nitrous oxide (N₂O), perfluorocarbons (PFCs), 

hydrofluorocarbons (HFCs), sulphur hexafluoride (SF₆) and nitrogen trifluoride (NF₃) 

are also included in the list of responsible gases of the climate change according to 

the Kyoto protocol [2]. As shown in Figure 1, CO₂ is present in our atmosphere with 

a concentration of 411.44 ppm, an unprecedented level far larger than the historical 

record of 300 ppm less than 350,000 years ago, and even larger than its previous 

concentration to the last ice age [3]. As a result, average global temperature has 

roughly risen 1 or 1.2 ºC since 1850 [4,5]. Adverse and even fatal consequences of 

this average global temperature rise are manifold; namely extreme weather events, 

disrupted water systems, rise of sea level and altered crop growth [6]. In turn, our 

societies may witness an increase in deaths and plagues, unbreathable air, poisoned 

oceans, food scarcity, perpetual economic collapse and permanent war [7]. 

Most of CO₂ emissions are generated since the start of the industrial era, with 5 Gt 

CO₂ yr⁻¹ emitted in 1950, 22 Gt CO₂ yr⁻¹ emitted in 1990 and roughly 36 Gt CO₂ yr⁻¹ 

emitted nowadays [5]. In terms of Greenhouse Gases (GHG), emissions increased an 

average of 1.3%·yr⁻¹ from 1970 to 2000 and 2.2%·yr⁻¹ from 2000 to 2010, until GHG 

emissions reached 49 Gt CO₂ eq yr⁻¹ in 2010 [1]. The Paris Agreement reached in 

2015 by 175 political leaders mainly aimed to limit the global temperature rise this 

century well below 2 ºC respect pre-industrial levels, besides pursuing efforts to limit 

this rise even below 1.5 ºC [8]. The Intergovernmental Panel on Climate Change 

(IPCC) recently recommended to target limiting a rise of 1.5 ºC out of pre-industrial 

levels as many of the adverse impacts of climate change will still come at the 1.5 ºC 

mark [9]. For the 1.5 ºC scenario, if peak happens in 2019 CO₂ emissions cannot 

surpass a budget of 600 Gt CO₂ (from 2018 to 2100 or reaching a net-zero CO₂ 

emissions), without any negative GHG emission technology [10,11]. Under the same 
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conditions but for the 2-ºC scenario, the maximum CO₂ emissions possible increases 

to a budget of 1200 Gt CO₂ [10]. 

 

Figure 1 Global annual average CO₂ concentration in parts per million from 500,000 BC to present [3]. 
Global annual average CO₂ concentration is represented from the year 1000 to present in order to 
appreciate the CO₂ emissions rise since the pre-industrial era. Long-term trends in CO₂ concentrations 
can be measured at high-resolution using preserved air samples from ice cores. 

Air pollution, with severe negative impacts in our health, also represents another 

menace to our environment caused by the exorbitant usage of energy from fossil 

fuels [12–14]. Aerosols possess the ability to travel vast distances, with hazardous 

pathways originating from highly industrial regions such as Asia [15,16]. This is again 

risking the most vulnerable sectors of population, such as the poor and the future 

generations [14]. Pollutants such as polycyclic aromatic hydrocarbons (PAH), fine 

particulate matter (M₂.₅), black carbon, mercury, SO₂, nitrogen oxides (NOₓ) and 

volatile organic compounds (VOCs), forming ground-level ozone (O₃), are responsible 

of multiple health impacts such as infant mortality, low birth weight, allergy, asthma, 

neurodevelopmental disorders and cancer [17]. Overall, the World Health 

Organization stated that air-pollution (both indoor and outdoor) is a public health 

emergency [18]. 

A third consequence of the usage of non-renewable energy resources to power our 

societies affects our world by depleting those resources. Specially, economies of 

countries with a poor availability of those resources in their domains can be the most 

damaged [19]. In 2018, 97 million barrels of oil were consumed each day around the 

globe, accounting for all types of oil [20]. Oil is the most required source of primary 
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energy because it is almost the unique fuel in the transport sector thanks to its high 

Energy Returned on Energy Invested (EROEI) ratio and its versatility. For instance, 

31.8% of the energy consumed in the world during 2017 came from oil [21]. This 

percentage includes oil consumption in manifold sectors such as industry, the 

beforementioned transport, residential, commercial and public services, 

agriculture/forestry, fishing or non-energy. It contributed to generate electricity with 

a 3.7% in 2018 [20]. 

The rate of availability of non-renewable energy sources theoretically resembles the 

bell curve relationship with time [22,23]. Experts claim that we have already 

overtaken the oil zenith [24,25]. Therefore, the amount of oil supplied is foreseen to 

decrease progressively in the coming years, which may cause a row of severe price 

spikes [26], which in turn become economic recessions, until its eventual fall. 

Reliance in other non-renewable sources is also improbable. Currently, coal is used 

for residential and agricultural purposes, in the cement and metallurgy industries, 

and for electricity and heat production. Its contribution to the production of 

electricity had the largest share of 37.04% in 2018 [20]. However, its contribution to 

the supply of primary energy was the second largest for 2017 with a share of 27.1% 

[21]. According to other projections, the zenith of coal could have been already 

occurred or will have been occurred in the following years [27]. 

Natural gas is principally used for residential and industrial purposes. Although in 

smaller amount, it is also used for commercial and public services, non-energy and 

transport purposes. Natural gas contributed to the global primary energy supply with 

a 22.2% in 2017 [21], being the lowest contributor among fossil fuels. Nonetheless, 

it was the second most important fuel used to produce electricity in 2018, accounting 

for a 22.22% out of the total [20]. The feasibility of exploiting natural gas will 

ultimately be determined by the remaining amount to use, which is optimistically 

estimated to last for 50.9 years, that is between 2068 and 2069, where 

unconventional gases are supposed to be included [28]. 

A last non-renewable source of energy is uranium. Its contribution to the primary 

energy production in the world was 4.9% [21]. Uranium’s rate of production may 

have already reached the zenith [29] or it may peak between 2025 and 2040. 

1.2.1 Renewable sources of energy as a solution 

Renewable sources of energy guarantee the entire population unlimited provision of 

the energy currently needed to power our societies. In addition, usage of current 

technologies that convert the energy from renewable sources to energy that humans 

can handle significantly reduces the GHG emissions respect conventional fuels, even 
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when the former has been mostly manufactured with the latter [30]. Besides, these 

technologies have the capacity to diminish the emission of pollutants to the 

environment [31]. Although it is not a flawless option, a thorough transition to a 

system capable to supply energy based on renewable sources is one of the few 

solutions available to this threefold challenge [32,33]. 

The levelized cost of energy for technologies that use renewable sources is currently 

competitive respect conventional technologies fed by non-renewable sources. For 

instance, the unsubsidised levelized cost of electricity of conventional sources (coal, 

nuclear, gas peaking, and gas combined cycle) ranges from 44 to 199 $/MWh, 

whereas that from renewable resources (Solar PV on residential, commercial and 

industrial rooftop, Thin Film PV utility scale, and Wind Power) ranges from 28 to 242 

$/MWh [34]. At global scale, a completely renewable electricity mix can be feasible, 

restricted with some possible constraints [35]. 

Power technologies reliant on fossil fuels are currently predominant worldwide as 

demonstrated by a superior demand thereof in 2017 for primary energy, depicted in 

Figure 2. In addition, the main energetic output of energy stemming from renewable 

sources is electricity, produced in the most presently deployed windmills, water 

reservoirs and PV fields. In 2017, nearly 585 EJ were globally supplied, out of which 

around 97 EJ were supplied via electricity; among which 4 EJ from PVs, 4 EJ from 

wind power, 14 EJ from hydropower and 4 EJ from other renewable energy 

technologies [21,36]. Accepting that power infrastructures are an asset hard to 

massively renew, switching to a worldwide system of infrastructures powered by 

renewable sources represents a challenge. 

A successful transition to a post-carbon energy system will also require an 

increasement of primary energy from non-renewable sources for at least a couple of 

decades [37]. However, this last requirement is also constrained by the temperature 

rise ceiling of 2 ºC [8], which limits CO₂ emissions to 1160 Gt [10]. Ultimately, 

decreasing the energy demand at a global scale is deemed to be an inexorable 

measure to overcome peak oil [38–40]. 

Another critical aspect about the viability of a full energy transition to a post-carbon 

energy system is the scarcity of the materials used to manufacture some energy 

technologies capable to transform energy from renewable sources. In the case of PV, 

while this is not a major problem for 1st PV generation based on silicon, it is the case 

for 2nd PV generation due to usage of highly scarce materials such as indium, 

gallium, selenium or tellurium. Conventional crystalline Si PV, recently overcame the 

criticality issues arising from the usage of silver as cathode, replacing it by metallised 

copper [41]. Meanwhile, caesium is a potential component of PVs based on 
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perovskite, whose availability may be threatened as reserves are mostly controlled 

by a single country [42]. Not only PVs contain critical raw materials, concentrated 

solar power relies on silver for its mirrors, which is a limiting material [43]. 

 

Figure 2. World primary energy supply distribution sorted by source for the year 2017 [21]. 

1.2.2 Photovoltaics as a powerful source of energy 

Earth receives from the sun approximately 432 EJ in one hour, out of which 18 EJ per 

hour are reflected off from the surface and lost into space [44]. Despite the fact that 

this amount of energy is available to be directly converted to usable electric energy 

by PVs, nowadays this power technology is just converting about 4 EJ per year [20]. 

Converting all this incident energy would suppose nearly 158 thousand EJ per year, 

which greatly exceeds the 585 EJ of primary energy consumed in 2017 [21]. This fact 

makes solar power technologies converting incident sunlight into usable electric 

energy, hence PVs, powerful candidates to ease the environmental issues derived 

from the present system of energy production. However, the potential of PVs to 

provide electricity to our societies in a post-carbon energy system is limited by the 

theorical Shockley-Queisser limit of efficiency to which single-junction PV devices are 

subject to [45]. This theoretical limit is very low, limiting single-junction solar cells 

with a restricted bandgap range (0.94 eV to 1.60 eV) can theoretically surpass an 

efficiency of 30% under standard conditions [46]. 
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There currently exist different PV types, which present different characteristics and 

different levels of technological maturity. Crystalline Si PVs represent the most 

deployed type with 95.5% of the market share [47], because it presents moderately 

high operating efficiencies between 20% and 22% [48], and constitutes the so called 

1st PV generation. On the other hand, synthesising pure silicon for this type of cells 

is highly energy-demanding [49,50], which lowers the EROEI. Furthermore, it is a 

highly optimised technology, which leaves little margin for enhancing the efficiency 

[51]. An advantage of this technology in a large production scenario is that it can be 

entirely produced with relatively abundant materials, as silver cathodes can be 

replaced by copper [41]. 

Thin-film PV types possess the remaining 4.5% of the market share, according to 

production data of 2017 [47], forming the 2nd PV generation. This type of PV 

technology needs less energy in the manufacture process, which may enhance their 

EROEI [52,53]. However, among the absorbing materials used for this technology, 

large-scale production of CdTe and Copper indium gallium selenide (CIGS) cells are 

constrained by the scarcity of Te and In raw materials [35]. The highest efficiency for 

a single-junction device belongs to GaAs absorbing material [54], despite its Ga 

content also supposes a bottleneck for large-scale deployment [55]. In contrast, 

amorphous- and nano-silicon thin-film technologies do not present this bottleneck 

provided that the Indium Tin Oxide compound in the electrode is substituted by ZnO 

[55]. Alternatively, by tuning these chalcogenide materials, promising absorbing 

materials are obtained [56]. Absorbing materials with similar optoelectronic 

properties could be deposited consuming a comparable amount of energy to that of 

CdTe and CIGS, without risking their large-scale deployment [57,58]. 

Contribution of other technologies to the market share is marginal, namely multi-

junction PVs and emerging technologies. Multi-junction present the highest 

efficiency at the expense of a more complex manufacturing cost [59], which 

increases the initial energetic investment. A remarkable maximum efficiency of 

86.8% is stablished for multi-junction devices with multiple stacks [60], which can 

possibly lower their EROEI. Emerging technologies consume relatively low energy for 

their production [61], while the absorbing material is made from abundant materials. 

However, they are not currently commercialised because of diverse shortcomings, 

such as low efficiencies or low stability. 

1.2.3 Emergence of halide perovskite as a promising photovoltaic 

material with outstanding outcomes. 

Among all the types of currently-existing PV technologies, those based on halide 

perovskite raise much interest among the scientific community, as they offer high 
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efficiencies at a low cost [62]. In roughly a decade since hybrid organic inorganic 

methylammonium lead halides in a perovskite crystal arrangement were discovered 

as a promising absorbing material for dye-sensitized solar cells [63], their record 

efficiency for a little area cell is positioned at 25.5% [64]. This efficiency is 

comparable to that of already commercialised PV technologies with the highest 

efficiencies, such as crystalline silicon, CIGS, CdTe and GaAs [65]. 

A second pillar standing for their potentiality is that they can be manufactured 

through solution-processing, which is a simple and cost-effective process of 

production [66]. Halide perovskite solar cells (PSC) whose perovskite has been 

deposited through solution-processing require low temperatures to be 

manufactured [67]. Therefore, if deposition of other high energy-demanding layers 

such as TiO₂ is avoided, PV devices manufactured with this process present a 

diminished energy consumption [68]. 

A myriad of methods can be used to deposit the halide perovskite layer, 

encompassing laboratory scale and large scale methods [69]. This process also 

enables to deposit the absorbing material onto a flexible substrate, which makes PSC 

suitable for an enhanced amount of purposes [70,71]. In addition, low amounts of 

material are required to form the cell, as thicknesses of the absorbing layer are 

within a range of hundreds of nanometres due to the large absorption coefficient of 

halide perovskites [72]. 

Stability was one of the first drawbacks of PSC, as they were initially operative only 

tens of minutes until perovskite dissolved in the liquid electrolyte [73]. This problem 

was partly solved when the liquid electrolyte was replaced by a solid hole 

transporting material, quickly enhancing the stability to 500 h in those days [74,75]. 

Although this problem still remains as the most important challenge of PSC towards 

commercialisation [76], paramount advances in that sense have nevertheless been 

achieved. Thus far, the longest lifespan for PSCs is superior to 9,000 h [77] and 10,000 

h [78]. 

Reliable and standard stability tests are also crucial for PSCs towards 

commercialisation [79]. For the moment, IEC61215:2016 tests originally intended for 

crystalline silicon cells recently replaced the specific tests for thin-film solar cells 

IEC61646:2008 [80], despite not being the most appropriate assessment [81]. The 

cell lifetime is proposed as the time that solar cells retain at least 80% of their initial 

efficiency [82]. Recently, the amount of energy that a PSC produces during the first 

day has been proposed as a benchmark so as to account for the diurnal efficiency 

variation [83]. 
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Several factors affect stability of PSC, namely damp, heat, oxygen, light and electrical 

bias [84]. Rectifying structural stability of PSCs issues, while producing them with a 

low environmental burden, do not pose a significant challenge [85]. For instance, 

enhancing the PSCs temperature to 330 K, which is within its operational 

temperature range, to produce the black perovskite phase change may produce a 

self-healing effect on their structure [86]. Another approach consists in depositing 

the perovskite layer using an optimised mixture of solvents which enhances the 

uniformity and density of the perovskite layer leading to hysteresis-free devices [87]. 

Combining different cations to synthesise the halide perovskite has been proven to 

improve significantly both efficiency and stability [88]. Despite the fact that this last 

approach is estimated to be detrimental for the environment [89], improvements in 

the synthesis procedures of some key precursors could reduce this impact. 

Additionally, introducing PbS nanoplatelets in a FA-based perovskite matrix 

enhances the stability of its optoelectronic properties, while also improving its 

reproducibility [90]. 

Optimising the interlayers is another manner to improve the stability of PSCs while 

not implying an additional toxicity burden [85]. Instead of Spiro-MeOTAD, which was 

the first to replace the highly unstable liquid electrolyte, the usage of transition 

metal oxides is examined as hole transporting layers to enhance the stability [91,92]. 

On the other hand, carbon based interlayers suppose a low-cost approach to 

increase the stability [93], which can be placed in various positions into the stack 

[94]. In particular, a carbon stack structure replaces precious metals in the electrode 

[95], while sacrificing the hole transporting layer [96,97]. Apart from presenting 

relatively high efficiencies and stabilities, the environmental impacts generated 

during its production reveal a clear candidate structure to become commercialised 

[98]. A last approach falling into the interlayers engineering is stacking 2D/3D 

perovskite layers, as the successful combination of ammonium valerate acid and 

methylammonium reflects, producing stabilities above 1 year [78]. 

A prominent technic to ensure enduring PSCs preventing them from photo-oxidation 

and decomposition is to shield them with an encapsulation [99]. From glass [100] to 

a variety of polymers [101] can act as a barrier to protect PSCs, each one of them 

presenting different physical properties. Recently, a PSC sealed with a low-cost 

polymer/glass pressure-tight encapsulation passed the IEC61215:2016 Damp Heat 

and Humidity Freeze tests [102]. Apart from protecting the PSC device from the 

environment, a metal-organic framework polymer composite sealant has the ability 

to prevent the lead from leaking into the environment [103]. Other polymeric 

materials such as P,P′-di(2-ethylhexyl)methanediphosphonic acid and 

ethylenediamine tetra(methylene phosphonic acid blended with poly(ethylene 
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oxide) have also been proven as an useful barrier to retain lead of PSCs from leaking 

into the environment [104]. 

Other interesting features of halide perovskites are that they can be tailored 

according to the application on purpose [105,106]. Therefore, perovskite’s bandgap 

can be tuned to match with other PV technologies in a multi-junction stack [107]. It 

is even possible to combine two perovskite types in a tandem cell [108]. 

Alternatively, they have demonstrated a great potential when combined with the 

traditional monocrystalline Si, reaching a record efficiency of 29,5%, which is slightly 

higher than that of GaAs thin-film [64].  
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1.3 Objectives 

The beforementioned goal of this thesis is to assist the research community to 

sustainably conduct the PSCs development towards their final commercialisation. 

The present thesis addresses the specific objectives listed below: 

1. To provide information about the environmental performance of PSCs at an 

elementary state of development, while making available original inventories of 

their life cycle. 

1.1. To apply LCA to three of the most promising PSCs assembly processes at 

laboratory scale; comprising spin-coating of 3:1 (MAI:PbCl₂) perovskite, 

spin-coating of 1:1 (MAI:PbI₂), and sequential deposition of 1:1 (MAI:PbI₂). 

1.2. To apply LCA to two of the most common perovskite layer configurations 

used for PSCs, which are planar and mesoporous. 

1.3. To apply LCA to a halide perovskite deposition method useful at laboratory 

scale that needs the usage of an additional solvent. 

2. To provide information about the environmental performance of different halide 

perovskite compositions intended to improve stability, reproducibility and 

efficiency of PSCs, while making available original inventories of their life cycle. 

2.1. To apply LCA to four different perovskite compositions containing caesium, 

formamidinium and methylammonium as cations; also iodide and bromide 

as anions. 

2.2. To compare these four multication perovskite compositions with a 

canonical methylammonium lead iodide perovskite. 

3. To provide information about the environmental performance of a PV device 

based on halide perovskite at a pre-industrial development stage, while making 

available original inventories of their life cycle. 

3.1. To apply LCA to a pre-industrial production process of a large area carbon-

stack photovoltaic module based on halide perovskite. 

3.2. To evaluate the level of optimisation of this pre-industrial process in terms 

of a newly defined ideality coefficient. 

3.3. To evaluate the environmental performance of three end-of-life scenarios 

for PSCs from recycling methods proposed in the literature.  
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1.4 Hypotheses 

The research conducted in the present thesis pursues to provide a response to the 

subsequently described hypotheses. 

1. As PSCs are a promising PV technology because, among other advantages, 

their assembly needs relatively little energy, the environmental impacts 

arising from this input are not expected to be remarkable. 

2. In line with the results of previous toxicity analyses to the lead content of 

PSCs, it is not expected to pose such a hazard to reject its usage. 

3. Due to the amount of materials used to produce PSCs is marginal, the time 

of functioning of the PSCs necessary to offset the toxicity generated to 

produce them is relatively low. 

4. End-of-life scenarios are expected to improve the environmental 

performance of the life cycle of PSCs as their materials are reused and 

recycled. 

5. The “anti-solvent” perovskite deposition method is expected to increase the 

environmental impacts because it uses an additional amount of an organic 

solvent. 

6. The price of the canonical halide perovskite is expected to be lower than the 

multication halide perovskite for the former uses more ordinary reagents. 

7. The pre-industrial production process is expected to notably improve the 

environmental performance respect the laboratory scale process.  
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1.5 Methodology 

The methodology followed in the present thesis is as exposed below: 

The first step to perform the studies included in this thesis consists of an extensive 

literature review to find the latest trends in the research field of the PSCs. From this 

review, the most recent materials and techniques employed to produce the PSCs are 

extracted. Once these are known, a study to evaluate their environmental 

performance can be proposed, with the intention of providing guidance to 

researchers to improve them from a sustainable point of view. In addition, works 

with similar intention are reviewed so as to obtain ideas, with which support our 

proposed study. 

After the literature revision process, the study proposal is further developed. An 

outline comprising the goal and scope, together with the system boundary is made. 

A selection of the environmental categories according to product to evaluate is also 

plotted. From this outline, the necessary models of the inputs and outputs of the 

proposed system are searched in the Ecoinvent and International Reference Life 

Cycle Data System (ILCD) databases using SimaPro software. These models that are 

not available in the databases, must be modelled from other studies. When their 

inventory is not found in other studies a search of information to model their 

inventory must be made. In parallel, the amounts of each of the inputs and outputs 

must be gathered in the system inventory. From the system inventory and the 

models of the materials and process involved into it, a simulation of the 

environmental performance of the PSCs or related materials thereof during their life 

cycle is executed. Therefore, the environmental impacts of the categories selected 

are obtained. 

Once the results are known, an evaluation of them is performed. The impacts of each 

category are compared among different devices, materials or parts of a device. These 

results are finally exposed in a manuscript, supported with some comments about 

them.  
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1.6 Structure of the dissertation 

The present thesis is divided into 6 chapters. Apart from the introduction in Chapter 

1 and a state-of-art about the supporting studies to the development of PSCs (into 

which LCA studies applied to PSCs are found) in Chapter 2, the thesis is organised as 

a series of articles published in peer-reviewed research journals. The post-print 

version of a total of 3 articles appears in the main body of this thesis. A final chapter 

includes the general conclusions of the thesis and some suggestions for future 

research. The overall conclusions reached in this thesis are exposed in Chapter 6. A 

summary of the chapters forming the principal body of this thesis is described below. 

1.6.1 Relative Impacts of Methylammonium Lead Triiodide Perovskite 

Solar Cells Based on Life Cycle Assessment 

In Chapter 3, the environmental performance of four promising PSCs assembly 

processes at laboratory scale is evaluated through LCA from cradle to grave. The four 

resulting devices comprise three planar PSCs where halide perovskite is deposited 

through three different methods, and a mesoporous PSC where perovskite is 

deposited through one of the methods used for the planar PSCs. The three 

deposition methods encompass 1) spin-coating of a mixture of reagents including 

lead chloride and an excess of methylammonium iodide, 2) spin-coating of an 

equimolar mixture of precursors, and 3) deposition of reagents solution through a 

two-step process. The three end-of-life scenarios assessed comprise the following 

fates after PSC devices use stage: disposal in a residual landfill, reuse and final 

disposal in a residual landfill, and reuse and recycling. In addition, a new 

environmental indicator is proposed, which represents the time of functioning of the 

PSC necessary to offset the toxicity generated during its production. 

1.6.2 Evaluation of multiple cation/anion perovskite solar cells through 

life cycle assessment 

In Chapter 4, the environmental performance of four PSCs using different halide 

perovskite compositions containing multiple cations and anions as absorbing layer is 

evaluated through LCA. The cations considered in this study are Cs, FA and 

methylammonium (MA), whereas the anions are iodide and bromide, by far the most 

extended combinations used in the development of PSCs. The “anti-solvent” method 

of deposition of perovskite is considered in these four devices because of its 

improved efficiency and stability results. Additionally, the environmental 

performance of these four devices is compared with that of a PSC using a canonical 

perovskite, methylammonium lead iodide, as absorbing layer. This conventional 

device is considered to be deposited via spin-coating. The environmental 
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performance of layers other than the absorbing layer are not counted because they 

are considered similar for all five devices. The study is supplemented with an 

economical assessment of the reagents used for each halide perovskite composition. 

1.6.3 Halide perovskite photovoltaic modules: life cycle assessment of 

pre-industrial production process 

In Chapter 5, the environmental performance of a large area PV module based on 

perovskite is subject to LCA. The process of production of this PV module is 

considered suitable for being produced at large scale, because the 

techniques/equipment used in its production and the carbon mesoporous 

architecture of the device are so considered. From the so-called pre-industrial 

production process used for this PV module, an ideal process of production is 

simulated in order to establish a benchmark with which test its technological 

development in terms of environmental performance. A process with the same 

intention is simulated from a laboratory scale process extracted from the study 

exposed in Chapter 3. A comparison of the relation of both pre-industrial and 

laboratory scale processes with their own ideal process is analysed to verify that the 

technology is progressing appropriately, from a sustainable point of view. 
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2.1 Brief introduction to the state of the art 

As halide perovskite solar cells (PSCs) are conceived to directly generate electricity 

from the sunlight energy, their main advantage lays in the fact that they can generate 

electricity for a wide variety of purposes from a renewable source, without 

generating neither emissions nor residues in the process. However, are not the 

whole of a product impacts solely generated during its use stage, but during the 

entire life cycle. Although devices based on perovskite are produced via a relatively 

simple process, it becomes necessary to verify that impacts generated during their 

whole life cycle are acceptable. 

In the present chapter, the current state of the art of the studies evaluating the 

environmental and economic viability of photovoltaics (PVs) based on halide 

perovskites is described. In the second section (2.2), prospective analyses supporting 

the development of PSCs at their most fundamental state of development are 

summarised. The environmental evaluation of an improvement in the composition 

of halide perovskite is also included in this section. In the third section (2.3), special 

attention is given to the toxicity of lead. The different approaches through which the 

toxicity of lead is tackled are included in this section. Such approaches comprise the 

Life Cycle Assessment (LCA) studies, the empirical analyses, and the analyses of its 

substitution. The environmental and economic performance of PSCs in an advanced 

state of development is evaluated in the fourth section (2.4). Theoretical studies 

about their commercialisation, suitable perovskite deposition processes, the carbon 

stack configuration, and their end of life are the topics treated in this section. The 

pros and cons of perovskite PVs versus other PV technologies is discussed in the fifth 

section (2.5), with a special part addressing tandems with perovskite. The analyses 

treating the cost viability of PVs based on perovskite are discussed in the sixth section 

(2.6). Each section is finished with a brief summary, contrasting the main findings 

encountered in the described studies. At the end of the chapter (2.7), a last section 

summarises the studies performed in the literature from all the sections described 

above. 

2.2 Prospective analyses applied to early development 

of laboratory scale PSCs 

With the goal of evaluating the environmental impacts along the entire life cycle of 

PSCs at an elementary state of development in mind, LCA emerges as the most 

appropriate tool. This goal emerges as a starting point on the way of providing 

guidance about the environmental performance of the developers of a novel 

technology such as PSCs. However, inherent complications to apply it arise from the 
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incipient state of development of PSCs technology, increasing the uncertainty of the 

LCA outcomes. Several pitfalls are identified as responsible of these difficulties. For 

instance, there is a low availability of data of the fate, transport and toxicity of the 

novel involved substances [109]. Nevertheless, a few years after the arrival of PSCs, 

the first LCA studies about this technology were performed. Although, some of the 

prospective LCA studies on PSCs are developed using inventories from a reduced 

number of studies [53]. 

In the previously described context, the first LCA study was focused in comparing 

two lab-scale perovskite layer deposition processes, which are solution- and vapour-

based processes [110]. As a result, halide perovskite was vapour deposited onto a 

normal configuration device and spin-coated onto an inverted configuration device. 

Results of this work reveal that the principal environmental hotspots are the 

perovskite layer and the electricity required for the production. Authors conclude 

that there is a lack of strong reasons to dismiss perovskite to produce PV devices. 

A subsequent LCA evaluated PSCs where the halide perovskite is deposited with a 

sequential method, in which the PbI₂ reagent is spin-coated whereas MAI is dipped 

[111]. The main goal of this study was to compare two devices using TiO₂ and ZnO as 

an electron transporting layer (ETL). The gold cathode, the energy used to deposit it 

through thermal evaporation, the Indium tin oxide (ITO) glass substrate and the 

organic solvents are found the most detrimental inputs for the production of both 

PSCs. 

A third LCA study evaluated a device where halide perovskite is deposited through 

the same two-step deposition method [112]. Although this PSC differs when it comes 

to the interlayers, as it has an ETL composed with titanium dioxide nanotubes and a 

liquid hole transporting layer (HTL). PSCs inherited this type of HTL from dye-

sensitized solar cells, but it was soon identified as an instability inducer, and so 

replaced it with the solid-state HTL [62]. This study finds the organic solvents and the 

energy used during the device production as the main sources of environmental 

impact. 

After these abovementioned studies were published, the present thesis was initiated 

in order to contribute to the development of laboratory-scale PSCs, while also 

providing the manufacturing inventories of some substances to the field. Therefore, 

the Chapter 3 of this thesis reports an LCA study where the environmental 

performance of four laboratory-scale PSCs are compared [113]. In these four devices, 

three of the most common laboratory-scale PSC assembly routes back then are 

included, together with the two of the most usual PSC configurations. The outcomes 
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of the study point out that the majority of the impact generated by the four devices 

stem from the energy consumption and the gold cathode. 

2.2.1 Analyses applied to compositional engineered PSCs 

From then on, several LCA studies applied to PSCs were focused on analysing new 

perovskite compositions to mainly improve their performance properties stability, 

reproducibility, and efficiency. The principal difference in their composition 

supposed the introduction of formamidinium (FA) and caesium cations, totally 

replacing the conventional methylaminium (MA) cation. For instance, introducing FA 

cation boosted its power conversion efficiency (PCE) above 20% [114]. Through the 

so-called compositional engineering, researchers sought improving the PCE and 

stabilising the perovskite phase [115]. Both properties were also improved while 

tuning the perovskite’s bandgap, by combining Cs with FA in the cationic mixture 

[116]. Recently, the stability was further optimised by introducing Rb to the 

perovskite composition [117]. 

The first LCA study of the kind contrasts from cradle to grave the environmental 

impacts of distinct halide perovskite compositions, each in a single device [118]. This 

study includes three perovskite compositions with each of those three cations, 

together with a perovskite combining I and Cl anions. This study attributes the higher 

consumption of embodied energy and mass of MAPbI₃ and FAPbI₃ devices to the 

system manufacturing stage. Usage of gold for the cathode, alongside to usage of 

organic solvents to clean the Fluor Tin Oxide (FTO) and the perovskite layer are 

responsible of most of the environmental impact generated during the 

manufacturing stage. 

Also including the end-of-life stage in the system, an additional work compared a 

conventional MAPbI₃ PSC with a proposed CsₓFA₁₋ₓPbI₃₋ᵧBrᵧ PSC [119]. For the Cs-FA-

containing PSC, copper and CuSCN are used for the cathode and the HTL, 

respectively. Most of the environmental impact is attributed to the gold cathode for 

the conventional module. Meanwhile, most of the environmental impact generated 

by the proposed module is caused by the FTO layer. Substituting the gold cathode by 

for instance copper is considered as a necessary step towards commercialisation of 

PSCs. 

When FA and MA cations are combined the stability of the overall perovskite is 

preserved whereas the efficiency is enhanced above 18% [115,120]. By further 

adding Cs, perovskites’ stability and reproducibility is improved [88]. Therefore, an 

LCA study presented in the Chapter 4 of the present thesis compares different 

proportions of these cations in a sole Csₓ[MA₀.₁₇FA₀.₈₃]₁₋ₓPb[I₀.₈₃Br₀.₁₇]₃ perovskite 
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with a canonical MAPbI₃ perovskite [89]. The multicationic perovskites are deposited 

through the anti-solvent method, whereas the canonical perovskite is deposited 

through spin-coating. All the compositions are intended to be the absorbing layer of 

a PSC, the rest of layers of the PSC are however excluded from the system because 

they are similar. Perovskites combining the three cations get the worst 

environmental results because of the usage of both chlorobenzene as a solvent for 

the anti-solvent deposition and FAI as reagent. PbI₂ reagent generates the most 

pernicious impact for all perovskite compositions. 

2.2.2 Summary of prospective analyses 

After the discovery of the fact that perovskite holds excellent photoconversion 

properties, a reduced number of prospective LCA studies were performed to 

evaluate this technology in an incipient state [110–112]. In these studies, scarce 

configurations and production methods typical of laboratory environment are 

evaluated. Few additional inventories were generated in these preliminary studies 

[53]. With the objective of evaluating further configurations and production 

methods whilst providing their inventories, the Chapter 3 of this thesis evaluates the 

most likely successful lab-scale configurations and deposition methods to provide 

relevant information about their environmental performance to researchers [113]. 

An important improvement in the photoconverting properties of halide perovskites 

achieved modifying its composition is evaluated in subsequent LCA studies. Two LCA 

studies tackle this improvement by evaluating halide perovskite compositions with 

the innovative cations separated or barely combined [118,119]. Results of these 

studies are aligned with those evaluating PSCs with just MA as cation. They provide 

limited extra information about the environmental burden of the beneficial halide 

perovskite composition. With the objective of evaluating several halide perovskite 

compositions presenting the optoelectronic benefits attributed while providing their 

inventories, an LCA study of the three cations combined is presented in the Chapter 

4 of this thesis [89]. 

2.3 Environmental concerns posed by lead in PSCs 

Lead is a controversial element owing to its capacity to mimicry essential elements 

once it enters the human body [121]. Despite its extended use in the ancient times, 

its use is currently restricted in a crucial market for PVs as it is the European Union 

[122]. A methylammonium lead iodide perovskite layer with 0.6 µm of thickness 

contain roughly 0.8 g of lead [123], which is more than 32% and 0.13% of lead by 

weight in the perovskite layer and in the whole PSC, respectively. Such lead content 

could have a detrimental influence in consumers acceptance [124]. As a result, 
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understanding lead of PSCs toxicity behaviour has essential consequences on the 

final commercialisation of this technology. 

2.3.1 LCA studies addressing the toxicity of PSCs 

The concern surrounding PSCs lead content concentrates part of the research 

attention. Few LCA studies focused on evaluating the toxicity of lead in PSCs are 

found in the literature [118,125–127]. Nevertheless, an important number of the LCA 

studies about PSCs mention in their conclusions that the toxicity risk posed by lead 

is of low relevance [110,111,113,128–130], among which the Chapter 3 of this thesis 

is found. 

Two of the LCA studies focusing on the toxicity of lead in PSCs compare impacts of 

lead in PV devices based on perovskite with those of the electricity from the grid 

[125,126]. In both studies the production of electricity from perovskite PV devices 

results beneficial. 

The other two LCA studies of this kind compare lead with tin in halide perovskite 

devices. The first of both studies compares the environmental performance of a 

representative tin-based PSC with two lead-based PSCs [127]. These two lead-based 

PSCs had been deeply evaluated previously elsewhere [110]. Authors conclude that 

if lead is treated carefully at the end of life its use would generate a little 

environmental impact. 

The second LCA study of this kind, contrasts the environmental impact of a tin-based 

PSC with that of four lead-based PSCs [118]. The tin-based halide perovskite 

contained MA as cation, with a given proportion of Br and I as anions. Tin-based PSC 

did not have the most pernicious environmental impacts. Meanwhile, neither lead 

nor tin represents a major environmental impact because of the little amount of 

them used. 

2.3.2 Empirical analyses of lead toxicity in perovskite 

As it happens with other PV technologies, such as GaAs or CdTe, commercial 

deployment of PSCs poses a critical concern because its toxicity. In principle, a proper 

encapsulation is vital to protect the environment from the toxic substances 

contained in the cell [131]. However, agents of diverse nature can liberate these toxic 

species into the environment, ranging from a simple rain falling on a damaged 

module to natural disasters. From now on, these latter agents are expected to occur 

at an increased frequency due to the climate change. Therefore, scientists from 

diverse research fields performed relevant studies to contribute with empirical 

results to shed light on the consequences of widely using leaded PSCs. 
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A relevant number of these studies is gathered in a recent review, that covers PSCs 

apart from other PV technologies [132]. The review finds relatively few studies 

addressing the toxicity generated by the potential leachates of PSCs, which considers 

insufficient. More data about the environmental consequences of leachates is then 

necessary to perform more accurate studies on the impact to the environment and 

health. In line with a conclusion of a previous study [131], authors propose 

considering the worst-case scenario in the event of spillage, when designing PV 

devices and regulatory policies. 

A study compares the environmental impacts of lead- and tin-based halide 

perovskites through exposition of perovskite degradation products to the model 

organism Zebrafish [133]. These organisms are chosen for the test because of their 

capacity to provide precise details about the mechanisms of toxicology of chemicals 

[134]. Their results disprove the common belief that tin-based perovskites are a 

completely satisfactory option compared with leaded perovskites. 

The chance of failure and leakage of perovskite’s lead into the soil or groundwater 

in the event of rain is experimentally analysed [135]. In the experimental setup, PSCs 

are rinsed with water poured to substrates, which are later weighted before and 

after rinsing to determine the captured perovskite. The Pb content is determined by 

measuring the effluent water by inductively coupled plasma mass spectrometry 

analysis. Results reveal that rain on PSCs with a damaged encapsulation irreversibly 

decomposes the perovskite, whose lead inevitably penetrates the environment. 

Authors minimise the consequences of the penetration of lead into the 

environmental, whether it spreads in the groundwater or it is absorbed by the soil. 

Attaching water impermeable interlayers to the absorbing layer is recommended to 

mitigate these consequences. 

On the other hand, a study analyses the consequences beyond leaded perovskites 

infiltrating the soil, by exposing Mentha spicata plants to the perovskite leachate 

[123]. The importance of this analysis lays behind the responsibility of plants in 

introducing soil pollutants into the food chain. Findings in this study reveal that 

leakage of lead present in perovskites can penetrate plants 10 times more effectively 

than other lead contaminants, making it severely pernicious. Authors oppose current 

assumptions when claiming that the considered linear proportionality of the 

environmental impact from lead to its concentration is a mistake. As a result, the 

current limit of lead concentration of 0.1% imposed to homogeneous materials in 

electronic devices may be insufficient. They also recommend completely removing 

lead from perovskite. 
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Whereas the previous study from Li et al [123] considers any encapsulation 

technology ineffective to prevent lead leaks to a safe extent, several studies propose 

encapsulations that retain most of the lead in PSCs. A recent study proposes an 

encapsulation based on epoxy resin with enhanced mechanical strength and able to 

self-heal after damaged [136]. Thanks to these properties it significantly decreases 

the lead leakage rate respect the glass cover with ultraviolet-cured resin placed at 

the PSC edges. In case the water is already polluted with lead from PSCs, a lead 

scavenger based on a ferric organic acid as lead absorbent embedded into a porous 

polydopamine scaffold is proven under simulated rain contaminated with a damaged 

PSC [103]. It demonstrated to maintain lead concentrations in water below drinkable 

levels. After estimating its cost, authors conclude that its cost is not expected to 

impede its incorporation in commercial PSCs. 

Besides rainwater, other agents pose a real risk of polluting the environment with 

lead after reaching a PSC. For example, fire probably is the most pernicious because 

it can liberate lead into the atmosphere, presenting an acute health hazard for the 

surroundings. A study tested PSC in tandem with silicon under a simulated fire event 

at 760 ºC, afterwards analysing both the species emitted and the composition of the 

remains [137]. Authors find that perovskite degrades into PbI₂, which in turn oxidises 

and evaporates, reaching the environment unless a glass encapsulation captures the 

oxidised species, preventing their release into the environment. However, as 

described above, an epoxy-resin-based encapsulation prevents more effectively lead 

leakages than the glass based one in case of rain. 

2.3.3 Substitution of lead to avoid its toxicity 

Additionally, several researchers try to replace the lead in PSCs with alternative 

metallic cations. Among the candidate elements to substitute lead we can find 

bismuth [138], germanium [139], cuprum [140], antimony [141] or tin [86]. However, 

lead-free perovskites are a minority as they still present low efficiencies [142]. Sn-

based perovskite solar cells are the perovskite lead-free PV devices exhibiting the 

highest performance, surpassing 13% efficiency [143]. However, Pb²⁺ present 

excellent structural and electronical properties that make difficult waiving its usage 

[144]. Therefore, a promising alternative to reduce the toxicity of PSCs is partially 

replacing lead with these elements [144]. 

In line with this, under the premise that lead-containing perovskites have no 

commercial future, a summary of the progress of low-lead halide perovskites is 

exposed along with the necessary criteria to replace lead in perovskites [145]. 

Authors consider tin, germanium, bismuth, antimony, indium, and transition metals 

(Cu, Mn) as substitutes for low-lead perovskites, from which the former is the most 
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promising. Despite the low efficiencies and stabilities achieved thus far with these 

nontoxic substitutes, authors are confident that lead-free perovskites have a high 

potential to replace lead without compromising their efficiency and stability. This 

stance is supported by the empirical study where Mentha spicata plants are exposed 

to leaked lead from PSCs [123]. Authors conclude therein that tin-based perovskites 

are safer than lead-based perovskites. 

In contrast, the conclusions of some previously herein exposed studies analysing the 

suitability of elements replacing lead in PSCs state that this replacement does not 

necessarily entail a diminished toxicity. For instance, the exposure of PSCs to 

zebrafish organisms reveals that the tin-based decomposition product SnI₂ generates 

a higher lethal response than the lead-based one PbI₂, because a higher acidification 

of the media [133]. 

The results of this study are in line with that of a previous LCA study comparing lead- 

with tin-based PSCs, presenting a higher impact for the latter in the terrestrial 

ecotoxicity category [127]. Therein, several strategic disadvantages are ascribed to 

the tin perovskite device, such as its higher cost, its lower availability, and its higher 

production concentration. These handicaps are not offset by favourable 

environmental impacts, which are even one order of magnitude larger for terrestrial 

ecotoxicity and global warming potential. This latter LCA study concluded that tin-

based PSCs need a breakthrough in the PCE in order to suppose an alternative to 

replace lead. 

2.3.4 Summary of concerns posed by lead 

Some of the first LCA studies indirectly tackle the issue of lead’s toxicity 

[110,111,128–130]. They clearly point out that lead is not a significant concern. This 

issue is deemed as essential for commercialisation purposes. Among these LCA 

studies, Chapter 3 also provides information about this issue while evaluates the 

most likely successful lab-scale configurations and deposition methods with halide 

perovskites containing lead [113]. Nevertheless, several LCA studies aiming to 

evaluate lead’s toxicity can be found in the literature [118,125–127]. 

2.4 Advancing towards large-scale production 

On their way to commercialisation, PSCs possess a low-cost production and high 

PCEs as advantage. As previously described in section 1.2.3, their stability embodies 

a key obstacle towards their commercialisation. Further attributes must be 

considered to transfer PSCs from laboratory-scale to large-scale production, such as 

large area, high throughput, reproducibility, cost performance and low toxicity [146]. 
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Despite the difficulty it entails, several deposition processes are being investigated 

to fabricate large-area PSCs [147,148]. Some of these processes can enable PSCs 

being produced at large scale while achieving high throughput, high cost-

performance, and high reproducibility [149–152]. The most recent attempt of 

producing large area PV modules based on perovskite achieved an aperture area 802 

cm² with a PCE of 16.09% [153]. 

2.4.1 Theoretical studies towards PSCs commercialisation 

Several theoretical studies evaluate the suitability of PV devices based on perovskite 

commercialisation. These are valuable studies as they mostly analyse the viability of 

PSCs as a commercial technology. A prospective technical and economic assessment 

about the large scale manufacturing an incipient PSCs technology was one of the 

firsts of the kind to be published [154]. It declines the possibility of this technology 

of substituting commercial monocrystalline silicon. Authors base their conclusion in 

five key considerations for a successful commercial PSCs manufacturing. These are 

the need of a high uniform PCE (which should be higher than 30% for PSCs), the 

problem of series resistance in large area performance, the toxicity stemming from 

their lead content, their low stability, and the need of a cost of ownership lower than 

that of the well-optimised conventional Si PVs. They also find perovskite 

inappropriate for its inclusion in tandems. 

After more development is achieved for PSCs, several technoeconomic analyses 

were performed on simulated PSCs manufacturing processes [155–158]. Among 

them, a technoeconomic analysis scrutinised a module configuration with high 

potential to be manufacturable because of including inexpensive materials and high-

throughput deposition techniques [158]. The module is manufactured by sputtering 

the electrodes made of Al and Indium Tin Oxide, alongside screen-printing the charge 

transport layers (NiO and ZnO) and the perovskite. However, including In as raw 

material could be disadvantageous for a commercial PV technology because its 

supply is not ensured in the timespan of a couple of decades [159]. The study 

concludes that despite some remaining issues to be addressed, PSCs can become a 

low-cost leader. 

Finally, a critical review analyses the current state of single junction and multiple 

junction PV devices based on perovskite [160]. This work tries to highlight the key 

challenges of halide perovskite to move from laboratory scale production to 

industrial scale production. It considers a wide variety of deposition techniques such 

as blade coating, slot die, spray, inkjet printing, screen printing, roll to roll, 

electrodepositon, and vapour-based deposition techniques. However, this review 

omits the carbon stack [96], together with the flash infrared annealing as 
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configuration and annealing method highly suitable for large scale production. This 

review concludes that the electricity necessary to produce the PSCs is the principal 

contributor to the overall impacts. Authors of this review recommend further 

investigation of the toxic threats arising from an accidental spillage of the perovskite 

in PSCs. They also suggest that a proper recycling process for PSCs would notably 

improve their sustainability when produced at large scale. 

2.4.2 Deposition processes suitable for large scale manufacturing 

Applying LCA to support upscaling of a laboratory scale generates results with high 

uncertainty [161]. Nevertheless, several LCA studies were recently published with 

this goal. The first LCA handling this matter compares both co-evaporation and spray 

deposition methods for the perovskite layer, which present a high potential to be 

used in a large-scale arrangement [130]. Between both deposition processes, spray 

deposition results the least energy consuming, which then generates lower 

environmental impacts for most of the categories. 

Also evaluating perovskite deposition methods amenable to large scale 

manufacturing, a notable improvement in the annealing step of the perovskite is 

evaluated through LCA [162]. It consists in a novel deposition method using infrared 

rays to anneal the perovskite layer of a planar device in just 1.2 seconds. After 

comparing its environmental performance with that of a conventional annealing, 

results demonstrate that the novel flash infrared annealing method present one 

order of magnitude lower environmental impacts respect a conventional process 

using an anti-solvent. Therefore, it is undoubtedly more adequate for large scale 

production, not only for its lower environmental impact but also for its lower cost. 

The fact that through this method the annealing can be performed outside a glove 

box is another advantage for large-scale production [163]. 

2.4.3 Carbon stack configuration 

In terms of configuration, the carbon stack configuration has a great potential to be 

produced at large scale [96]. One of the reasons behind this is the elimination of the 

expensive cathode, often precious metals as gold or silver, which is replaced by 

carbon. Another important advantage of this configuration is the elimination of the 

HTL layer, usually composed of Spiro-MeOTAD, which is also expensive and 

decreases the stability of the whole device [164]. In this configuration, the deposition 

of titania, zirconia and carbon interlayers can be achieved via screen-printing, 

whereas the perovskite can be uniformly infiltrated in the stack with a robotic 

dispenser [165]. Large-area carbon-stack modules are manufactured through this 

process [166]. The environmental performance of this configuration is somehow 
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evaluated in several cradle-to-gate LCA studies described in the following paragraphs 

[98,130,167]. 

The same LCA study that compares two amenable-to-commercialisation perovskite 

deposition methods, includes in the comparison a spray-deposited HTL-free carbon 

electrode device, which has fundamental features of a carbon stack device [130]. The 

results reveal that the carbon stack device presents lower environmental impacts in 

all categories, except for marine eutrophication due to the organic inputs. Ecotoxicity 

is the category where the carbon stack device has the lowest impact, because of the 

avoidance of the HTL layer deposition. 

Appearing in the Chapter 5 of this thesis, a pre-industrial process to produce 

perovskite PV modules using the carbon stack configuration (with a mesoporous 

titania and zirconia layers) is analysed via LCA and compared to a simulated ideal 

production process [98]. The energy consumption during the deposition of the 

perovskite layer (heating up the precursors and annealing) has a predominant 

contribution to the overall impact. Nonetheless, results confirm that this process is 

considered of great potential to be implemented at large scale. Further reduction of 

the energy consumption during the production process is necessary in order to 

optimise its environmental impacts. After contrasting all layers of the module with 

the ideal process, the titania blocking layer and the perovskite layer present the 

highest potential to be optimised. 

Although not using deposition methods capable to be applied in large scale 

processes for the perovskite and electrons transport layer, another LCA study 

compared two planar (with SnO₂) and mesoporous (with TiO₂) variants within a 

carbon stack configuration [167]. This work finds the process of deposition and 

patterning of FTO as the most energy demanding, and as a result the most 

pernicious. This result contrasts with those of previous studies, where some 

assumptions of energy consumption during FTO cleaning and production are 

missing, according to authors claim. Again, low stability is found as a major obstacle 

in order to PSCs to be competitive in the PVs market. 

2.4.4 End of life 

For the sustainability of any PV technology, an adequate end of life of each module 

is mandatory. An increase of the recyclability of traditional PV technologies [168], as 

long as clear and efficient recycling methods for the emerging PV technologies is 

essential for the expected deployment thereof. Some studies addressing this aspect 

can be found in the literature. 
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In one of these studies, some important environmental, regulatory and practical 

aspects that may arise from PSCs dismantling are discussed [124]. Authors of this 

study warn that if highly efficient and simple reuse and recycling processes are not 

stablished, we can eventually have large PVs waste volumes with a time span of 20 

or 30 years, representing a 10% (60 million tons) of all e-waste produced globally. 

Several methods of producing PSCs from disposed materials have already been 

proposed. For instance, a clean process to recover the lead from disposed car 

batteries is proposed [169]. Lead iodide obtained by this method has similar material 

characteristics to that stemming from virgin lead. Also addressed to optimise the 

usage of lead, another study reports a method to recycle until 99.8% of the lead in 

PSCs, using deep eutectic solvents [170]. Other studies present clean solutions to 

extend the lifetime of the perovskite absorbing layer in PSCs [171,172]. The lifetime 

of PSCs can also be extended by dismantling them and recovering the principal 

components [173,174]. 

In the study presented in Chapter 3 of the present thesis [113], two end-of-life 

scenarios for PSCs evaluate a recycling process where the principal layers are 

separated and reused. Both end-of-life scenarios are designed from recycling 

processes reported in the bibliography [175,176]. The recycling process proposed 

significantly diminishes the toxicity impact. 

2.4.5 Summary of progress towards large scale production 

On the way of PV devices based on halide perovskite towards commercialisation, 

their feasibility to be produced at industrial scale is preliminarily evaluated through 

technoeconomic analyses [154,158]. A review of LCA studies applied to PSCs tries to 

highlight the challenges that PSCs can encounter on their way to industrialisation 

[160]. Several studies apply LCA to PSCs with the intention of supporting their 

upscaling, by evaluating spray deposition perovskite deposition method [130], and 

flash infrared annealing method [162]. The carbon-stack configuration has a great 

potential for commercialisation [96]. With the objective of evaluating halide 

perovskite photovoltaic devices at an advanced readiness level while providing the 

resulting inventories, the Chapter 5 of this thesis performs a LCA to a carbon-stack 

halide perovskite module production process [98]. 

Due to the importance of a proper end of life for a sustainable commercialisation of 

the halide perovskite PVs, various studies address this aspect [124]. A handful of 

methods are proposed to diminish impacts of PSCs at their end of life, such as 

recovering lead [169,170], as well as the main components of PSCs [171–174]. 

Among these LCA studies, the Chapter 3 of this thesis contributes to these 
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propositions by evaluating three end of life scenarios, in two of which some materials 

are recovered [113]. 

2.5 Pros and cons of perovskite PVs against other 

electricity producing technologies 

In order to support perovskite-based PVs development towards commercialisation, 

conducting a benchmark analysis with other PV technologies, among which there is 

already commercial PV technologies, is an important step. In principle, PV devices 

based on perovskite are considered a beneficial technology for human’s health and 

the environment because they are a clean energy technology of assembled abundant 

raw materials with a simpler production process based on solution processing. 

However, the scientific community must pay some attention to their life cycle 

impacts on these compartments in comparison to other technologies with the same 

purpose in order to ensure such benefits. To date little work done in line with this is 

found in the literature. 

The first work in this line compares the benefits of perovskite in a tandem cell in 

terms of reduced greenhouse gas (GHG) emissions and their enhanced risk of lead 

emissions to those of the grid electricity mix, mostly based on fossil fuels [126]. LCA 

methodology is used for the analysis. The study demonstrates that consuming 

electricity from the grid generates a higher impact than that of using electricity 

stemming from the tandem perovskite-silicon. A currently unrealistic lifetime of 25 

years is used in the analysis. Nevertheless, the results are favourable to the 

perovskite-silicon tandem even when a 2-year lifetime is considered. 

Also analysing the impact of lead in comparison with that of three representative 

U.S. electricity grid mixes, a study concludes that using PSCs to obtain electricity 

diminishes lead emissions respect that generated consuming electricity from the 

grid, assuming 17% of efficiency [125]. An unrealistic lifetime of 20 years is also 

assumed. Authors of this work recommend to direct research efforts to develop 

energy-efficient PSCs production processes. 

A recent review also deals with the comparation of PSCs with commercial PV 

technologies [53]. PSCs at a laboratory scale, tandem configuration and industrial 

scale simulated are included in the study. Despite the uncertainty found for the 

energy consumption in the production processes of PSCs, they are environmentally 

advantageous when compared with Silicon PVs on 1-kWp basis. 

Despite the scarce number of studies addressing this matter, some extra 

assessments can be found in several studies whose main goal is not comparing 
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impacts of PSCs with those of other energy technologies. These LCA studies on PSCs 

chiefly contrast the results with that of traditional PV technologies [53]. In 

agreement with this, one of the first LCA studies applied to PSCs compares their 

environmental performance with that of existing PV technologies, in terms of the 

energy payback time (EPBT) and the CO₂ emission factor [111]. Various types of Si 

PVs, CdTe and Organic PVs are used as references. Conclusions of this work underline 

the potential that PSCs possess as an environmentally sustainable electricity 

generation technology due to its shorter EPBT in comparison with the rest of the 

existing PV technologies. 

A second LCA study applied to a lab-scale PSC using a liquid electrolyte contrasts the 

environmental performance of the PSC analysed therein with that of other PV 

technologies [112]. Besides the PV technologies compared in the previous study, 

dye-sensitized and amorphous silicon PVs are included in the analysis. The energy 

used for the manufacturing, the GHG emissions and the EPBT are the parameters 

used for the comparison. As the manufacturing energy is smaller, whereas the GHG 

emissions and the EPBT are comparable, authors predict a promising commercial 

future for PSCs. 

A LCA study analysing three PSCs produced with processes amenable to large-scale 

manufacturing compares them with the commercial PV technologies mono-Si, poly-

Si, amorphous-Si, CdTe and CIS [130]. A shorter lifetime assumed for the three PSCs 

(5 years for PSCs against 30 years for the rest of technologies) generates higher 

impacts per kWh for the PSCs respect the commercial technologies, making them 

environmentally uncompetitive. When impacts were normalised using the mono-Si 

as a reference, these of PSCs result from 10% to 30% lower than the mono-Si 

reference, although higher than the rest of PV technologies analysed. 

Also analysing two carbon stack mesoporous and planar devices, a recent LCA study 

contrasts them with mono-Si, poly-Si and CdTe commercial PV technologies [167]. 

The comparison is performed in terms of the EPBT and GHG emissions. As in the 

previous described studies, EPBT is lower for PSCs than for the commercial PV 

technologies. However, the GHG emissions are more detrimental for both carbon-

stack PSCs owing to an assumed lifetime of 5 years. Authors determine that planar 

and mesoscopic PSCs need a lifetime of 8 and 10 years respectively to reach GHG 

emission similar to those of commercial PV technologies. 

A last LCA study applied to two PSCs, one presenting MA and the other presenting 

Cs and FA as cations, contrasted their environmental impacts with those of a large 

group of PV technologies [119]. The EPBT and the GHG emissions are used as a 

reference for the comparison. The outcomes again present a shorter EPBT for PSCs 
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in comparison to the other PV technologies, whereas the GHG emissions per kWh 

for PSCs are higher than the commercial PV technologies because of a shorter 3-year 

lifetime. 

In a technoeconomic analysis to PSCs, authors conclude that they could become a 

low-cost leader in the PVs market provided that their stability issues are solved [158]. 

2.5.1 Perovskite tandems with other PV technologies 

Due to the maturity state of current commercial PV technologies, among which 

monocrystalline-Si has the highest market share, it is not easy for an emerging PV 

technology to penetrate the market. Therefore, the combination of halide perovskite 

with this technology in tandems perovskite-silicon is under research. Several LCA 

studies are published addressing this matter. 

For instance, a LCA analysis from cradle to grave about three Si-perovskite tandems 

using Au, Ag and Al as an electrode is performed [177]. Authors underline that the 

ability of perovskite to transmit both electricity and light after failure enables the 

silicon layer to continue functioning, which emerges as essential to improve their 

environmental performance. 

Further PV technologies such as Copper indium gallium selenide (CIGS), Copper zinc 

tin sulphide (CZTS) and mono-Si in tandem configuration with perovskite are 

evaluated through LCA from cradle to grave [178]. The whole energy used to produce 

these tandems (from 549 to 3000 MJ/m²) is recovered in 7 months for the former 

tandem, while the latter recovers it in 12 months. These results are expected to 

improve as tandems technology matures. 

A prospective LCA study with 2025 as a time horizon compares the environmental 

performance of a perovskite-Si tandem with a Si based solar cell and a PSC [179]. 

Results again confirm that the tandem perovskite-Si is beneficial for the 

environment, recommending proper encapsulation to avoid the risk posed by the 

perovskite layer. 

2.5.2 Summary of balancing PSC with other energy technologies 

The suitability of PSCs as a clean energy technology is insufficiently evaluated by 

contrasting their environmental performance with that of other energy 

technologies. It is compared to four electricity grid mixes with a high share of fossil 

fuels in two different approaches [125,126]. In addition, a review contrasts PSCs with 

commercial PV technologies [53]. The rest of the comparisons with PV technologies 

are done as a supplementary assessment. In these comparisons other PV 
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technologies are compared with lab-scale PSC devices [111,112], with PSCs with 

perovskites containing MA, FA and Cs cations [119], and with PSCs more prone to 

industrialisation [130,167]. 

Perovskite has also a high potential to be combined with other PV technologies in a 

tandem configuration. Three studies evaluate the environmental performance of 

tandems with Si [177,179], CIGS [178] and CZTS [178] through LCA, whose 

conclusions agree on that the combination is environmentally beneficial. 

2.6 Cost analyses of perovskite solar cells 

Besides technical aspects, the cost of a certain technology has direct consequences 

on their commercial fate. It is therefore important evaluating the cost of PSCs while 

they are under development. Studies oriented towards evaluating the cost of PV 

devices based in perovskite can also be found in the literature. An evaluation of the 

Levelized Cost of Energy (LCOE) is conducted for a perovskite module made from 

low-cost materials and a high efficiency perovskite module [155]. If their efficiency 

and lifetime exceed a 12% and 15 years, respectively, LCOE of PSCs can compete with 

that of traditional energy sources, according to this study results. 

Moreover, cost of PSCs is analysed for glass rigid substrate PSCs produced with a 

large-scale process [156]. Not only is the module considered in these studies, but 

also the costs of auxiliary equipment, maintenance, and labour to install it. 

Assumptions and calculation methodology taken to estimate the LCOE in this study 

match those of a previous estimation on PVs in the United States [180]. Polymer 

flexible substrate PSCs produced with Roll-to-Roll technique costs are also analysed, 

detailing how the production is modelled [157]. Chief conclusions of these studies 

remark LCOE would be competitive for both types, provided that efficiencies of 18% 

and 15% are achieved, together with 20 years and 15 years of lifetime, respectively. 

As halide perovskite also has a great commercial potential coupling with crystalline 

silicon in tandem modules, an evaluation of the economic viability of these devices 

under the influence of perovskite degradation is published [181]. According to 

authors of this study, competitiveness of perovskite/silicon tandem devices is 

conditioned to a maximum perovskite yearly degradation of 2% and a maximum 

additional cost of 50% respect to a single silicon module. 

Alternatively, the economic feasibility of PSCs to be produced with low capital cost 

equipment is explored considering a carbon stack configuration [182]. This possibility 

is of interest for developing countries, where processes with low initial investment 

would enable its production. Results of this study reject the idea of expensive and 
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specific equipment is essential for PSCs production, even though cost of imported 

pastes such as zirconia represents a key challenge. Authors conclude that further 

research to replace zirconia with e.g., alumina is necessary. 

2.6.1 Summary of cost analyses 

The cost of deployed PSCs is lightly evaluated. The LCOE of PSCs is evaluated by 

considering a halide perovskite PV module produced from low-cost materials [155]. 

The cost competitiveness of PSCs is evaluated in devices where halide perovskite is 

deposited onto a rigid substrate [156], as well as onto a flexible substrate [157]. The 

cost of coupling halide perovskite with crystalline Si in tandem modules is evaluated 

[181]. Finally, the cost of the equipment necessary to produce PSCs is explored [182]. 

2.7 Summary of the state of the art of environmental 

studies applied to PSCs 

Research to support the development of PSCs starts from the lowest level of 

readiness until the highest achieved readiness level. Therefore, since halide 

perovskite photovoltaics arose, some studies mostly using LCA as a tool analyse the 

environmental performance of different configurations and materials used at 

laboratory scale [110–112]. Among these LCA studies, the Chapter 3 of this thesis 

provides an assessment of the widest variety of lab-scale configurations and 

deposition methods [113]. An improvement in the perovskite chemistry that boosted 

the efficiency of PSCs and the stability by introducing MA, FA and Cs as cations is also 

evaluated through LCA [118,119]. The Chapter 4 of this thesis evaluates for the first 

time different combination of those three cations [89]. 

In parallel, the toxicity risk posed by the lead content of halide perovskites is 

evaluated in several studies. This topic is commented in most of the pioneer LCA 

studies [110,111,128–130], among which the Chapter 3 of this thesis is included 

[113]. Nevertheless, this issue is treated in a more straightforward way in several LCA 

studies [118,125–127]. 

As PSCs technology improved, technoeconomic studies analyse the way of PSCs 

towards industrialisation [154,158]. Additionally, LCA studies treat production 

methods approaching industrialisation [130,160,162]. The Chapter 5 of this thesis 

provides a LCA study of a carbon-stack halide perovskite PV module produced in a 

pilot plant [98]. Several proposals to implement an improved end of life for a clean 

commercialisation of PSCs are provided and evaluated by few studies [169–174]. The 

Chapter 3 contributes to this aspect with an evaluation of two recovery routes of the 

PSC materials [113]. 
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A balance of the environmental advantages and disadvantages of PSCS respect to 

other energy technologies is poorly addressed in the literature. Environmental 

impacts of PSCs are contrasted with those of four current electricity grid mixes 

[125,126], and with commercial PV technologies [53]. Furthermore, some 

comparisons of PSCs with other PV technologies are included in LCA studies as a 

supplement [111,112,119,130,167]. The potential of halide perovskites to combine 

with other PV technologies in a tandem configuration is analysed in three studies 

[177–179]. 

The costs of producing halide perovskite PV devices is also treated in the literature. 

The LCOE of a low-cost module [155] and two devices with glass [156]and flexible 

[157] substrates are estimated. Costs of combining halide perovskites with Si PV in 

tandems [181], and the cost of the necessary equipment to produce PSCs are also 

analysed [182]. 
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Abstract 

The environmental performance of four different device assembly procedures based 

on hybrid halide perovskite solar cell (PSC) were assessed from cradle to grave using 

life cycle assessment (LCA) methodology. In addition, a new environmental indicator 

was defined to measure the time evolution of an impact category, specifically in this 

case, human toxicity cancer payback time. PSCs procedures accounted for the 

probably three more used basic recipes for laboratory perovskite deposition: 1) spin 

coating of stoichiometric precursor solution, 2) spin coating of precursor solution 

using lead chloride precursor and 3) the two-step deposition method. Also, the two 

most widely used substrate configurations (planar and mesoporous substrate) were 

considered. LCA included three realistic scenarios for the end of life: 1) residual 

landfill, 2) reuse and residual landfill and 3) reuse and recycling. The remaining 

variable parameters to assemble the device were fixed in common for all four 

devices, which were the major responsible of the whole PSC impact. Lead of PSCs 

had no significant contribution in environmental impacts. Beyond shared procedure 

steps, impacts generated by the two-step method and the use of mesostructured 

type substrate were higher. End of life scenario with reuse and recycling improved 

the toxicity impact categories. 

Graphical Abstract 
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3.1 Introduction 

Perovskite solar cells (PSCs) have emerged as a very efficient type of solar cells for 

the last few years. As yet, they have shown efficiencies (η) over 20% on thin film cells 

[183,184]. Besides, it is expected they reach as high efficiencies as first-generation 

(25.3% for a single crystal Si non-concentrator cell) and second-generation (22.6% 

for a Copper indium gallium selenide (CIGS) cell) solar cells do, even overstepping 

their efficiencies in a nearby future [62]. Owing to its versatility and the possibility of 

tailoring its energy band gap, perovskite also has a high potential to be combined 

with other materials to form a tandem device, thus reaching higher efficiencies 

[107]. For instance, an efficiency of 27% of a tandem of perovskite combined with Si 

was reported [185]. However, for a final implantation of this technology, 

demonstration of long-term stability will be needed. Moreover, a technical and 

economical assessment of PSCs states that there are some limitations when 

manufacturing them at large scale [154]. Although stability should still be proven 

over a broad range of conditions [62], promising results have already been delivered 

[186]. 

One of the main concerns of PSCs is that the hybrid organic-inorganic perovskite 

most commonly used (with general formula MAPbX3, where MA=methylammonium 

and X=I, Br) contains significant quantities of lead. Pb is a toxic substance whose 

intake in the human body causes damage through mimicry of essential ions such as 

Ca, Zn and Fe [121,131]. Furthermore, its use is restricted by the European 

Restriction of Hazardous Substances Directive [122]. Encapsulation of PSCs, to 

impede contact with moisture and oxygen to improve stability [97], could be a 

solution for the toxicity issue in order to contain possible Pb leachates. Besides the 

toxicity of this element, the Pb extraction consists of a high-temperature process 

over 1400 ºC, which generates greenhouse gases and dangerous fumes as by-

products [187]. Consequently, further solutions should be found in order to decrease 

the environmental impacts of the preparation of PSCs [133,169]. 

Solar cells employing hybrid halide perovskite as light harvester material are mainly 

composed either a) by a thin film perovskite layer, known as planar configuration or 

b) by the perovskite deposited onto a mesoporous scaffold. The light harvesting layer 

is sandwiched between a hole transporting material (HTM) and an electron 

transporting material layer (ETM), see Figure 3. Once the charges are photo-

generated in the perovskite, the ETM separates selectively the electrons to the front 

contact, and the HTM layer transports the holes to the back contact. Both layers are 

important to ensure a high performance of the cell, although different architectures 

are possible [188]. The most currently used material for the HTM is the Spiro-
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MeOTAD, initially synthesized for incorporating in multilayer light-emitting diodes 

(LED) [189,190], later it was used in solid state dye sensitized solar cell as HTM [191]. 

A compact layer of TiO2 is widely used as ETM which is formed in most of the cases 

through the hydrolysis of the titanium isopropoxide [192]. In PSCs, the front contact 

or light side is generally the transparent conductive oxide SnO2:F (FTO), because of 

its high transparency in the visible region and its low resistivity at room temperature 

of the order of 1 Ωcm [193]. Meanwhile, the back contact extracting contact may be 

made of silver [194], gold [195] or aluminum [67], among others. 

 

Figure 3. Perovskite solar cells layers: 1) thin film planar perovskite layer and 2) embedded perovskite 
in the mesoporous layer. 

In order to lead the manufacture of this promising technology of PSCs to a more 

sustainable state, as it is still under development at lab-scale, life cycle assessment 

(LCA) methodology should be applied. In this regard, few works have been done thus 

far [110,118,127,129–131,133,154,177]. Amongst them, special emphasis should be 

given to the work of Espinosa et al. [110], in which two important deposition 

methods (spin-coating and vapor-deposition) were compared. With each deposition 

method, a different architecture (normal and inverted) was produced and assessed 

from cradle to gate. Gong et al. [111] compared two PSCs with different ETM (TiO2 

scaffold vs ZnO thin film), back contact (gold vs silver) and front contact (fluorine 

doped tin oxide vs indium tin oxide). This study was the first to include the disposal 

stage into its system boundary. Zhang et al. [112] evaluated a PSC based on titanium 

dioxide nanotubes through LCA methodology with data obtained from laboratory-

scale. Alternatively, Celik et al. [130] evaluated a comparison of co-evaporation and 

spray perovskite deposition methods, which are more amenable to manufacturing, 

rather than laboratory specific deposition methods dipping and spinning. Recently, 

a perovskite/Si was assessed through LCA from cradle to grave [177] contrasting 

several combinations of materials for the back electrode (Au, Ag and Al) and HTM 

(Spiro-MeOTAD vs PEDOT:PSS). Finally, five different perovskites were compared 

using Cs, formamidinium (FA), and MA for the monovalent cationic position; Pb and 

Sn for the cationic position; and combinations of I-, Br- and Cl- for the anionic position 

[118]. 
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The aim of our work was to conduct a comprehensive LCA of four different devices 

of PSCs from cradle to grave [196,197], selecting likely the most broadly considered. 

Although the best efficiencies have been reached using perovskites with mixtures of 

organic cations (MA+ and FA+) and halides (I- and Br-) [114,198], for the sake of clarity 

and simplicity, we just considered the most extended CH3NH3PbI3 halide perovskite 

as light absorbing material and three basic recipes of perovskite deposition: 1) spin 

coating of stoichiometric precursor solution of PbCl2 and methylammonium iodide 

(MAI) in 1:3 molar ratio, that we call Device 1 hereafter [72]; 2) spin coating of 

precursor solution of PbI2 and MAI, Device 2 hereafter [199]; and 3) the two step 

method deposition, which implies the dipping of a spin coated PbI2 film into a MAI 

solution (Device 3 hereafter) [75]. Also, for the preparation method of spin coating 

of precursor solution of PbI2 and MAI, the two most widely used substrate types 

(planar and with mesoporous TiO2 scaffold) were considered, the device with 

mesoporous substrate is called Device 4 [200]. The remaining variables parameters, 

as substrate, contacts, ETM and HTM, to assemble the device were fixed in common 

for all four types of devices, and correspond to the most commonly used in PSCs 

field, see Table 1. Due to the unreliable nature of the amount of electricity consumed 

in the laboratory environment for a real industrial scenario, an uncertainty analysis 

was performed for the most energy consuming processes. 

For the first time, we dipped into three possible scenarios of recycling of the PSCs, 

which could significantly improve their lifetime, see Table 1. In scenario 1, PSCs was 

inertized and deposited in a residual landfill. The other two scenarios were aimed by 

recent researches about the potential regeneration of PSCs [175,176] and they two 

differ in their potential treatment at the end of the last regenerative cycle: landfilling 

in scenario 2 or recycling in scenario 3. 

By means of the power conversion efficiencies (PCE) provided in the bibliography 

relative to each perovskite solar cell preparation studied [72,75,199,200], the 

lifetime at which each PSC produces just as much energy as necessary to 

manufacture it (in laboratory environment) was determined. Further analyses were 

performed considering that all four devices were prepared with an efficiency of 20% 

with different scenarios of end of life. Finally, a similar assessment was made to 

compare the payback time of the human toxicity impact category on the four PSC 

devices analyzed during their potential lifetime. This latter human toxicity cancer 

payback time analysis was contrasted with a similar analysis for established 

photovoltaic technologies. 
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3.2 Materials and methods 

3.2.1 Goal and scope definition 

This study was intended to lay on the table the environmental aspects of the most 

promising ways through which lead halide perovskite solar cells can be conducted. 

Four different perovskite-based devices were considered, see Table 1. The four 

different analyzed devices presented different light harvesting layer but the other 

parts of the cell were common. We considered a glass with FTO deposited via 

sputtering. On FTO, a compact layer of TiO2, deposited via spin-coating worked as 

ETM. The next layer was the perovskite, prepared following three different 

procedures, and considering both planar and mesoporous TiO2 scaffold 

configurations, see Table 1. Spin-coated Spiro-MeOTAD on top of perovskite layer 

was used as HTM. Finally, Au electrode was subsequently evaporated on the top of 

the HTM, see Figure 3. This common system shared the same impacts and they were 

relatively very high, as we discuss below. To analyze deeply the differences within 

the four cells, the common system was isolated and on one hand the environmental 

assessment of the common parts was performed and on the other hand, the 

environmental assessment of the four devices focused on their differences was also 

implemented. 

All four devices present common layers prepared in the same way and using the 

same materials while the difference is the light absorbing perovskite deposition and 

method and configuration. 

The study was performed on laboratory prepared solar cells. This fact allowed us to 

directly measure the consumptions during the solar cell preparation process. Despite 

this approach, we consider that important consequences for a future upscaling an 

implementation in an industrial environment can be extracted from this work. 

Functional unit was 1 cm2 of active surface area, assigning, for a first study, to each 

kind of device the efficiency reported in the literature under standard solar 

irradiation (AM1.5G), which depends on the type of perovskite solar cell preparation 

[72,75,199,201]. All devices had an active cell area of 4 cm2 and a cell’s substrate 

area of 25 cm2. A general description of the system boundary of the four different 

devices is illustrated on Figure 4.  
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Table 1. Characteristics of the different PSCs analyzed. 

Specific layers 

Device Perovskite deposition method Configuration 

Device 1 Spin-coating 3:1 Planar 

Device 2 Spin-coating 1:1 Planar 

Device 3 Spin-coating + dipping Planar 

Device 4 Spin-coating 1:1 Mesoporous 

Common layers 

Layer name Material Deposition method 

Substrate + Front contact Glass/FTO Sputtering 

ETM TiO2 Spin-coating 

HTM Spiro-MeOTAD Spin-coating 

Back contact Gold Thermal evaporation 

End of life scenarios 

Scenario Number of uses EOL treatment 

Scenario 1 1 Landfill 

Scenario 2 10 Landfill 

Scenario 3 10 Recycling 

 

 

Figure 4. System boundary of the PSCs.  



Relative Impacts of Methylammonium Lead Triiodide Perovskite Solar Cells Based 
on Life Cycle Assessment 

─ 47 ─ 

3.2.2 Life cycle inventory 

Life cycle inventory included PSCs synthesis, cell use and end of life. Most inventory 

data were provided directly from our lab measures, see Supplementary material for 

synthesis details and life cycle inventories of the common system and the specific 

layers of perovskite. 

Physical characteristics and other inventory data were obtained from literature 

[72,74,75,199,201–204]. The energy consumption needed in each step of the PSCs 

preparation was experimentally established by measuring the electric consumption. 

However, on those cases where the power consumption could not be measured, 

such as the FTO sputtering, vapor-deposition process and the use of glovebox, the 

data was obtained from the literature [203,204] and the devices design 

characteristics. The environmental impacts generated by the electric consumption 

were calculated from the medium voltage production in Europe (RER data set of 

Ecoinvent database) [205]. Nitrogen gas consumption of the glove box, both for the 

PSC production process and for the reagents synthesis, was obtained from literature 

[110]. The contribution of transportation of every material of the inventory was 

obtained from the distance between the supplier and the manufacturing location, 

taking as reference our laboratory location. 

While using the solar cells to cleanly convert sunlight to electricity, there is not any 

type of harm to the environment. Therefore, at this stage it is important to convert 

as much energy as possible to environmentally recover the energy invested in the 

manufacturing of the solar cell. This aim can be improved by enhancing the PCE, 

because the higher the PCE is, the lesser the EPBT. In the same manner, high PCE 

values are also important to produce as much electricity as possible to enable the 

covering of the energetic worldwide demand. Another way of converting more 

electricity entails increasing the lifetimes of PSCs to obtain more energy from one 

single device. Currently, lifetimes of PSCs are below 1 month, which is far from a 

desirable time. This is the reason behind the fact that stability of PSCs must be 

improved, leading more efforts towards this issue. 

Three scenarios were considered for the end of life, see Table 1 and the 

Supplementary material for their life cycle inventories. As well as in the LCI of the 

production process of the PSCs, some layers were considered common for the four 

devices, thus, the corresponding perovskite layers were considered specific of each 

device. A consequential approach was applied to model the benefits of recycling. 

This means that by-products of the disposal process are assumed to substitute a 

product manufactured by alternative means and that the environmental impacts 

thereby avoided are credited to the system under study [206], see Table S9 of the 
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Supplementary material. Life cycle inventory of the residual landfilling of each waste 

fraction and incineration of the non-hazardous wastes were modelled with the tool 

provided by Doka [207]. 

3.2.3 Impact categories selection 

Lead is a toxic substance whose use is restricted by the European Restriction of 

Hazardous Substances Directive. For this reason, toxicity was one of the most 

significant impact categories to be assessed. UNEP-SETAC toxicity (USEtox) model 

[208] is according with Hauschild et al. [209], Pizzol et al. [210], etc., the best among 

existing characterization models for toxicity. The three impact categories of USEtox 

model were selected: human toxicity, cancer effects (HTC); human toxicity, non-

cancer effects (HTN-C) and ecotoxicity (ET). 

The solar cells considered used other metals like Pd, Sn, Au, etc. (as part of the cell 

or involved in the preparation of the cell materials), and also fossil fuels (for energy, 

transport and as raw materials for synthesis of other compounds). The model CML 

2002 [211], from the Institute of Environmental Sciences (CML), is one of the best 

among existing characterization models for scarcity [209]. To show the consumption 

of mineral resources, energy and water, the environmental impact of abiotic 

depletion potential was selected with the division into mineral and fossil resources 

depletion potential (AD) and water depletion potential (WDP). 

The cumulative energy demand (CED) was also selected for an ease energy 

comparisons. CED assessment was based on the method published by Ecoinvent® 

[212] and expanded within the SimaPro® software application. 

Finally, the most important impact categories related with energy were also 

important. Global warming (GWP) is the most frequent impact category in life cycle 

assessments of energy. At midpoint level, Climate Change baseline model of 100 

years of the Intergovernmental Panel on Climate Change (IPCC) is the reference 

model [213]. The version of USEtox, scarcity model of CML and climate change of the 

IPCC included in the International Reference Life Cycle Data System (ILCD) [214] were 

used. ILCD and CED are incorporated within the SimaPro® 8.0.3.14 software. 

3.3 Results and discussion 

3.3.1 Environmental impact of the common system 

Table 2 and Figure 5 present the results of the environmental impacts of the common 

system equal in the four devices analyzed, whose associated inputs and outputs are 

the same for all of them. The results in Figure 5 are presented for the three end of 
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life scenarios assessed. In order to make the results comparable, each impact 

category is related to the values for scenario 1. These results allow readers to identify 

the hotspots of a PSC not taking into account the specific systems impact. In the 

category others of Figure 5 are included the inputs/outputs with values lower than 

5% in every impact category (ETM, HTM, transportation, process outputs and inputs 

to reuse the devices). It has to be noticed that use phase is not included. 

 

Figure 5. Relative impacts of the common part of the four devices, perovskite layer that differs from 
device to device are excluded in this analysis. Each impact category is analyzed for the three different 
scenarios for the end of life. Scenario 1: residual landfill, Scenario 2: reuse and residual landfill and 
Scenario 3: reuse and recycling. 

The results showed the predominant impact of back contact for mineral and fossil 

depletion, human toxicity non-cancer and ecotoxicity. Back contact was made of 

gold, whose extraction procedure releases many toxic chemicals to the environment 

(cyanide and mercury, among others) and consumes many natural resources [215–

217]. In scenario 3, the impact reductions were significant as a consequence of its 

reuse and recycling. Although to a lesser extent, the impacts for these categories of 

the back contact were also reduced in the scenario 2 thanks to its reuse. 

Laboratory production of PSC required high electric energy consumption. Burdens of 

electricity production [218–220] were the main hotspots in global warming, 

cumulative energy demand and water depletion. The front contact and the nitrogen 

gas contributed to these three impact categories as well, due to the high energy 

consumption during their production. Energy consumption was also notably present 

on toxicity impact categories. 
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The fact that the Au impact was predominant for the common system is in line with 

the results obtained by Gong et al. [111]. As the impacts of the common system were 

much higher (Table 2) than the impacts of the perovskite layer, the impacts produced 

by Au and also the energy consumption can be considered predominant on the 

whole cell. However, for Gong et al. [111], life cycle energy inventory was lower and 

in consequence climate change and cumulative energy demand impact categories 

were lower. 

Disposal has not been usually included in LCA of perovskites, except in Gong et al. 

[111], however disposal of the common part was responsible of about 40% in HTC 

impact category for scenario 1. Reuse with final disposal or recycling reduced every 

impact category in different rate. Two groups of impact categories with different 

behaviors were observed. Global warming, cumulative energy demand and water 

depletion were included in the first group, in which values for scenario 2 and scenario 

3 were almost the same, they were 42-47% respect values of scenario 1. Decision 

about disposal or recycling at the end of the ten reuses was not significant for these 

impact categories. 

Mineral and fossil depletion and toxicity impact categories were included in the 

second group, in which values for scenario 2 were decreased to 15.7 respect scenario 

1 (AD) and the reduction was even higher in scenario 3 (the highest improvement 

was for AD, values decreased to 2.8%). Recycling for these impact categories was 

clearly favored at EOL. 

3.3.2 Comparative assessment 

Table 2 includes the impacts of the non-common part (i.e., perovskite layer and TiO2 

mesoporous layer for Device 4) of each type of perovskite solar cell in the seven 

impact categories selected for scenario 1. The percentages of contribution of each 

specific system in respect to contribution of the common system were calculated to 

help to visualize the specific weight for each device. 

The results of Table 2 show that, in every case, impacts of the specific part of each 

device type were much lower than impacts of the common system, shared by all four 

different devices analyzed. A larger number and amount of common inputs may 

justify such results, even though the specific part contains Pb. Furthermore, the high 

impact produced by the back contact and the energy consumption in the common 

part may overshadow the contribution of all the specific parts. Interestingly, the fact 

that specific parts had a lower impact in all of the impact categories suggests that Pb 

content of the perovskite solar cells does not currently constitute a concerning 

hotspot, in good agreement with J. Zhang et al. [112] and N. Espinosa et al. [110]. 
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Table 2. Impacts for the common system and specific for the four devices. 

Category Unit Common 
system 

Specific for 
Device1 

Specific for 
Device 2 

Specific for 
Device 3 

Specific for 
Device 4 

GWP kg CO2eq 3.54 10-2 5.17 10-4 6.64 10-4 1.36 10-2 9.51 10-3 

 % - 1.44 1.84 27.81 21.19 

CED MJ 6.49 10-1 1.07 10-2 1.38 10-2 2.83 10-1 1.97 10-1 

 % - 1.62 2.08 30.36 23.33 

WDP m3 water eq 2.08 10-4 3.50 10-6 4.21 10-6 8.39 10-5 5.88 10-5 

 % - 1.65 1.98 28.73 22.04 

AD kg Sb eq 3.20 10-6 3.46 10-9 3.25 10-9 5.74 10-8 4.11 10-8 

 % - 0.11 0.10 1.76 1.27 

HTC CTUh 6.49 10-9 3.67 10-11 4.72 10-11 9.70 10-10 6.77 10-10 

 % - 0.56 0.72 13.00 9.44 

HTN-C CTUh 5.48 10-8 1.36 10-10 1.7410-10 3.56 10-9 2.49 10-9 

 % - 0.25 0.32 6.11 4.34 

ET CTUe 1.30 3.7 10-3 4.20 10-3 8.62 10-2 6.01 10-2 

 % - 0.5 0.32 6.23 4.43 

 

Impacts generated by Devices 3 and 4 were much higher than impacts generated by 

Devices 1 and 2, as a consequence of more complex processes involved and higher 

energetic consumption. A closer comparison between Devices 1 and 2 showed that 

impacts were slightly higher for Device 2 in all the categories except in mineral and 

fossil depletion impact category where Device 2 contribution was vaguely lower. The 

reason behind the higher impact in almost all categories was a more quantity of 

energy and reagents consumption. 

Continuing with the specific systems of the different devices, a comprehensive 

evaluation of their inputs is presented in Figure 6 for human toxicity cancer and 

cumulative energy demand impact categories and for scenario 1. Impacts are divided 

in perovskite layer, energy consumption, disposal at EOL and others (transportation, 

process outputs and scaffold for the Device 4). 
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Figure 6. Specific impacts for scenario 1: a) Human toxicity cancer; b) Cumulative energy demand. 
Vertical axis is in logarithmic scale. 

Figure 6 shows that the energy consumption in solar cell synthesis is quite 

prominent, with few orders of magnitude higher in all of the categories. For this 

reason, vertical axis is represented in logarithmic scale. Again, this fact proved that 

energy consumption was the main responsible of most of the impacts generated 

producing a PSC. This result is in agreement with previous works (Zhang et al. [112] 

and N. Espinosa et al. [110]) and opposite to that of Asif et al. [154]. Energy 

consumption is a hotspot to be improved substantially in industrial production. 

Figure 6a focuses on the results of human toxicity cancer, a potential critical impact 

category as a consequence of the toxicity of lead. Considering the specific systems 

of the PSCs and excluding the energy consumption, Device 3 had the lowest impact 

thanks to it used the least amount of perovskite and the least amount of solvents. 

Such impact was mostly due to the Pb content of the perovskite. However, this 

specific impact due to the lead content was 1-2 orders of magnitude lower than the 

originated from the common system; consequently the content of Pb could not be 

considered the main source of human toxicity cancer of PSCs. 

Another worth-focusing impact category for this study was CED. Figure 6b compares 

the inputs of the four PSC Devices. Again, excluding the energy consumption, Device 

3 had the smallest impact and the perovskite layer predominated in the impact of 

the four Devices. Though, this time the impact was mostly generated by iodide 

production. CED was used to estimate the energy payback time for the four devices 

(included in the Supplementary material), the analysis reflected that Devices 3 and 4 

(using two step deposition method and TiO2 scaffold respectively) can just compete 

in terms of energy payback time if they can provide higher efficiency than Devices 1 

and 2, and even in that case, the stability of the device had to be long enough to 

allow the surpass. 

The analysis of advantages or disadvantages of reuse with final disposal or final 

recycling is shown in Figure 7. The relative impacts of the specific part for scenarios 



Relative Impacts of Methylammonium Lead Triiodide Perovskite Solar Cells Based 
on Life Cycle Assessment 

─ 53 ─ 

2 and 3 versus scenario 1 are represented in a way that the value 100% indicates no 

change regardless scenario 1. Impacts of the common part were not included. If a 

scenario of reuse was followed, Device 4 was the only one with significant 

improvement in all impact categories, due to the benefits of reusing the scaffold. 

Moreover, Device 4 can also compete respect energy payback time with Devices 1 

and 2 if a recycling approach is followed (energy payback time included in the 

Supplementary material). 

This fact allowed us to conclude that reuse and recycling the Pb content of 

perovskites had no significant improvement in environmental impacts, although lead 

must always be safely disposed and avoid accidentals spillages. Taking into account 

all the PSC, reuse and recycling improved the environmental impacts due to the 

recovery of the materials present in the back contact and front contact, and the 

recovery of TiO2. 

 

Figure 7. Specific relative impacts for scenario 2 vs. scenario1 (S2) and scenario 3 vs. scenario 1 (S3). 

3.3.3 Human toxicity cancer payback time 

A similar assessment as that made for the energy payback time (included in the 

Supplementary material) was made to compare the time evolution of human toxicity 

cancer category impact or human toxicity cancer payback time, called here HTCPBT 

(Table 3 and Figure 8). Similar assessments should be performed with the rest of the 

impact categories. At the beginning, each device had the human toxicity cancer 

impact value corresponding to the materials and production phase. This impact 
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category diminished as the solar cell produces energy, avoiding conventional electric 

power consumption. Concretely, the production of 1 MJ of electricity (medium 

voltage, production RER, at grid) avoided 9.92·10-9 CTUh. 

Table 3. Time evolution of the human toxicity cancer. 

 Device 1 Device 2 Device 3 Device 4 

Initial HTC 
(CTUh/cm2) 

6.53 10-9 6.54 10-9 7.46 10-9 7.15 10-9 

HTCPBT (years) 10.98 12.05 9.53 11.15 

HTCPBT20S1 
(years) 

6.26 6.27 7.15 6.86 

HTCPBT20S3 
(years) 

1.02 1.03 1.92 1.10 

 

HTCPBT was estimated with the PCE from the literature. HTCPBT20S1 and 

HTCPBT20S3 were calculated considering an efficiency of the device of 20% and 

scenario 1 and scenario 3, respectively, at EOL. 

The initial impact sets the position of each solar cell for smaller lifetimes, whilst the 

efficiency determines directly proportional the slope of the line to set the position 

of each type for larger lifetimes. While Device 1, 2 and 4 lasted approximately 11-12 

years to recover the initial impact generated to produce them, Device 3 lasted 

approximately 9.5 years, if the efficiencies extracted from literature were 

considered. Also, this device avoided more human toxicity impact from the 6th year 

than the rest of solar cell types studied. 

When efficiencies of 20% were considered for all four devices, the time they lasted 

to reach a negative human toxicity impact was obviously shorter. In a recycling 

approach and for the same efficiency, Figure 8c), human toxicity cancer payback time 

for Device 3 almost doubled the value for the other three devices, conversely, Device 

4 presented similar values with Devices 1 and 2. 

In order to make the HTCPBT analysis more straightforward to the readers, a 

comparison of established photovoltaic technologies is provided herein. The HTC 

impact of diverse established photovoltaic technologies is reported in some works 

[221–224]. For instance, the HTCPBT of PSCs is compared in this work with Organic 

photovoltaics (OPV) [222]. 

Here, the HTCPBT analysis was similarly performed as for the four PSCs studied in 

this work. For the purpose of estimating HTCPBT scores, the HTC impacts and 

efficiencies of OPV was taken from the work of Espinosa et al [222]. In contrast to 

the data in this manuscript, the efficiency and the inventory utilized for the analysis 
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of established photovoltaic technologies correspond to modules instead of cells. 

Moreover, contrary to established photovoltaic technologies, PSCs of this study are 

produced in a laboratory environment, where they are not optimized as the common 

system of this manuscript evidences. These facts generate uncertainty to this 

analysis. Thanks to a 1.1% of efficiency for the OPV and an initial HTC impact of 2.21 

10-10 CTUh/cm2, this analysis reveals that the HTC generated during the life cycle of 

the OPV is recovered from 3.85 years, by avoiding usage of electricity from the grid. 

 

Figure 8. Time evolution of the human toxicity cancer: a) considering PCE from literature; b) 
considering 20% efficiency and scenario 1 at EOL; c) considering 20% efficiency and scenario 3 at EOL. 

This HTCPBT result clearly display that PSCs are worse than OPV. The reason behind 

this outcome is a shorter initial HTC, despite the lower efficiency. It is worth mention 

that in spite of the low HTCPBT of OPV of 3.85 years, it is still higher than current 

OPV lifetimes, which is inferior to 2 years [222]. 

3.3.4 Sensitivity assessment 

As clearly depicted in Figure 5 and Figure 6, energy supposes the most detrimental 

flow by far. At a certain distance, it is followed by the nitrogen gas consumption. 

Therefore, it is expected that a reduction in these flows can modify the results. Either 

it can decrease the overall impact or alter which is the most adverse device. 

Bearing in mind that the energy was measured experimentally from laboratory 

equipment whereby the energetic consumption is not optimized. Therefore, it is 

predicted that in an industrially produced device the energy consumed will decrease. 

In order to estimate the energy consumed in such industrial scenario the 

thermodynamic processes that the solar cell undergoes during its production were 

considered. Moreover, a complete thermal isolation of the system was supposed for 

the estimation. In order to analyze which device is the most harmful in a theoretical 

industrial scenario, a reduction in the energy usage of the specific system was 

simulated. In particular, five steps of the deposition of perovskite procedure were 
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perceived as the most energy consuming, where the reduction was implemented. As 

shown in Table S8 of the Supplementary material, they are four annealing 

treatments practiced after the deposition of each reagent in device 3, and another 

annealing treatment after the deposition of the scaffold in device 4. These processes 

generally consume one order of magnitude more energy than the rest. It is important 

to mention that the actual electricity consumption might be somewhere between 

the electricity measured experimentally and that estimated via thermodynamic 

phenomena. After obtaining the thermodynamically necessary energy for these 

treatments, its impact was added to the impact of the rest of impacts that have 

remained constant. The energy was estimated from the specific heat of the materials 

involved [225–228], along with the conditions at which the treatments were 

performed, as the energy spent to heat the materials was solely considered and no 

energy losses during the treatments were assumed. In order to show the outcomes 

of the drop in energy consumption, the relative HTC impact in the theoretical 

industrial scenario and the same impact in the scenario of electricity measured in 

laboratory equipment respect to the impact of the most pernicious device for each 

scenario were calculated. These results are presented in percentages for the four 

devices in Table 4 together with the absolute values of the HTC impact of the 

theoretical industrial scenario. 

Table 4. Sensitivity assessment: Relative HTC values per device for the deposition of the four 

specific layers respect to the HTC value of the most harmful device for lab-measured and industrial 

scenarios and absolute HTC values for the industrial scenario. 

 Device 1 Device 2 Device 3 Device 4 

Relative lab-measured HTC (%) 4 5 100 70 

Relative industrial HTC (%) 20 26 34 100 

Industrial HTC (CTUh/cm2) 3.67 10-11 4.72 10-11 6.30 10-11 1.85 10-10 

 

The results in Table 4 show that the most adverse device moved from Device 3 to 

Device 4 in the new theoretical industrial scenario, as Device 3 present the most 

relevant impact drop. Thanks to this impact decreasing for Device 3 together with 

the increasing of Device 1 and Device 2, these three devices impact is more similar 

for the theoretical industrial approach. Overall, from absolute values a significant 

reduction of HTC impact of the specific system of Device 3 and Device 4 is observed 

in comparison to the HTC scores in Table 2. In spite of the fact that differences in HTC 

impacts among devices were reduced relevantly, Device 3 and Device 4 keep 

presenting the most adverse HTC in respect to Device 1 and Device 2. Furthermore, 

with the reduction in consumption analyzed is not expected the overall impact of 

devices to decrease, because as the specific system is still lower than that of the 
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common system. Among all devices studied, Devices 3 and 4 present the best 

efficiency results; hence it could be worth addressing an environmental 

improvement of their life cycle. 

3.4 Conclusions 

The environmental performance of four different laboratory-produced lead halide 

perovskite photovoltaic devices, with quite common and extended configurations 

was assessed from cradle to grave using life cycle assessment methodology. These 

procedures accounted for the three most commonly used basic recipes of perovskite 

deposition: 1) spin coating of precursor solution within excess of chloride, 2) spin 

coating of stoichiometric precursor solution and 3) the two-step method deposition. 

The two most widely used cell configurations (planar and mesoporous) were 

considered. Furthermore, three scenarios for the end of life were assessed: 1) 

residual landfill, 2) reuse and residual landfill and 3) reuse and recycling. As far as we 

know it is the first time that such detailed analysis is performed for the end of life, 

and it has a significant effect in the energy and human toxicity cancer payback times. 

Common system of the four solar cell devices was the major responsible of the 

impact of the whole PSC. Lead was not among the main current concerns of the use 

of PSCs, contrary to the most extended assumption that the lead contained in the 

perovskite is the main responsible of the impacts of PSC. This was so even for a 

theoretical industrial estimated case where the electricity consumption was 

diminished. 

Considering the four analyzed devices with the same efficiency, Devices 1 and 2 had 

lower energy and human toxicity cancer payback times. Devices fabricated by the 

two-step method (Device 3) or using TiO2 scaffold (Devices 4) can only compete in 

these categories in a scenario where they had higher efficiency and long enough 

stability in order to overcome the initial higher production cost and human toxicity 

generated during their fabrication. In addition, devices using TiO2 scaffold were 

specially benefited with recycling at EOL, achieving energy and human toxicity cancer 

payback times’ equivalents to devices fabricated by the one step method. 

PSCs constitute a promising technology to produce energy from the sunlight owing 

to their low cost and high performances, although much work has to be done in order 

to upscale, reduce energy consumption during production and moreover, PSCs have 

to increase their stability, which will play a key role to make them feasible for the 

massive production. 
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3.5 Supplementary material 

1 Life cycle inventory 

1.1 Common system 

The whole process of production of the four PSCs compared herein had common 

layers (FTO, ETM, HTM and Au electrode) which were the same for the four analyzed 

devices. Firstly, FTO substrates, which were composed of a glass substrate with an 

FTO layer, were cleaned before the TiO2 compact layer deposition. This procedure 

consists in etching a part of the FTO layer with metallic zinc and hydrochloric acid, 

subsequent cleaning with 2% hallmanex detergent and water, sonicating in 

isopropanol and acetone, washing with ethanol and finally treatment with ozone 

plasma. The titanium dioxide compact layer was deposited by spin-coating at 2000 

rpm for 1 minute, a mildly solution of titanium isopropoxide [192] in ethanol. Next, 

it was heated at 120 ºC for 10 minutes and annealed at 450 ºC for 4 hours. 

Isopropanol and ethanol vapours were emitted to the atmosphere, where the 

former was generated as a side-product of the reaction. The HTM layer was made of 

Spiro-MeOTAD which was deposited by spin-coating for 30 seconds at 4000 rpm. 

Gold was used for the back contact which was deposited by thermal evaporation. 

Moreover, the whole process of production of PSCs had more common inputs, 

including nitrogen gas, its transport burdens, and the electricity consumed by glove 

box. These inputs were necessary in order to maintain a proper inert atmosphere 

required for some of the preparation procedures. 

The inventory of the common system is listed in Table S5 along with transportation 

and electricity consumed during their processing. These energies consumed for the 

deposition of each layer of the common system are itemized in Table S6. Spiro-

MeOTAD [229,230] and FTO [193,231] synthetic routes are shown in Figure S9. The 

inventory of other reagents and materials employed for the processing of the 

perovskite solar was taken from Ecoinvent database [205]. 
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Table S5. LCI of the production process of the common system 

Layer Inputs/Outputs Amount 
per cm2 

Observations 

Front 
contact 

Fluorine doped 
Tin Oxide (kg) 

1.57 10-6 Mass of FTO calculated from the FTO layer thickness 
[202], the substrate surface, and the FTO density (6177 
g/l), calculated as a mixture of SnO2 and SnF2 with a 
mass fraction from Banyamin et al. [202]. FTO was 
deposited on the glass substrate via sputtering [203]. 
The synthesis of FTO was modelled from the reaction 
of tin oxide with tin fluoride. 

Glass (kg) 0.0034 Mass of glass calculated from the substrate thickness, 
the substrate surface, and the glass density (2500 g/l). 

Metallic Zinc 
(kg) 

1.56 10-5  

Hydrochloric 
acid (30%) (kg) 

1.52 10-5  

Deionised water 
(kg) 

0.0008  

Ethanol (kg) 0.0006  
Isopropanol (kg) 0.0006  
Acetone (kg) 0.0006  
Soap without 
additives (kg) 

2.19 10-5  

Transportation 
(km·T) 

0.0048 Distances were considered from the suppliers (Sigma 
Aldrich and Hallmanex) to Castelló (Spain). 

Electricity (MJ) 0.0080 Electricity consumed in the ozone chamber and the 
sonication during the substrate treatment, and in the 
sputtering of the FTO. 

ETM Ethanol 
absolute (kg) 

1.97 10-5 Ethanol was used as solvent. 

Titanium 
dioxide (kg) 

6.75 10-7 Mass of TiO2 produced due to the reaction of titanium 
(IV) isopropoxide with the substrate surface. 

Transportation 
(km·T) 

2.01 10-5 Distances were considered from the supplier (Sigma 
Aldrich) to Castelló (Spain). 

Electricity (MJ) 0.0623 Electricity consumed during the spin-coating, heating, 
and annealing of TiO2. 

HTM Spiro-MeOTAD 
(kg) 

1.83 10-6 Spiro-MeOTAD used as HTM. The synthesis of Spiro-
MeOTAD was modelled from the reaction of 2,2',7,7'-
tetrabromo-9,9'-spirobi[9H-fluorene] with 4,4'-
dimethoxydphenylamine. 

Chlorobenzene 
(kg) 

2.77 10-5 Chlorobenzene used as solvent. 

Transportation 
(km·T) 

2.67 10-5 Distances were considered from the supplier (Sigma 
Aldrich) to Castelló (Spain). 

Electricity (MJ) 0.0017 Electricity consumed during the spin-coating process. 

Back 
contact 

Gold (kg) 1.16 10-7 Mass of gold deposited estimated from the thickness 
of the back contact in Eperon et al. [72] multiplied by 
the density of gold. 

Transportation 
(km·T) 

1.05 10-7 Distances were considered from the supplier (Sigma 
Aldrich) to Castelló (Spain). 
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Table S6. Electricity consumed per solar cell area for the deposition of the common layers. 

 

Electricity (MJ) 0.0286 Gold thermal evaporation electrical consumption 
estimated from mean device powers from García-
Valverde et al. [204], and process times. 

Glove 
box 

Nitrogen gas 
(kg) 

0.0098 Nitrogen consumption estimated from data in 
Espinosa et al. [110]. 

Transportation 
(km·T) 

0.0008 Distances were considered from the supplier (Praxair) 
to Castelló (Spain). 

Electricity (MJ) 0.0533 Electrical consumption estimated from data in García-
Valverde et al. [204]. 

Process 
outputs 

Emissions - 
Ethanol (kg) 

6.17 10-4 Emissions to air due to the use of ethanol for the FTO 
cleaning process. 

Emissions - 
Isopropanol (kg) 

6.13 10-4 Emissions to air due to the use of isopropanol for the 
FTO cleaning process. 

Emissions - 
Acetone (kg) 

6.18 10-4 Emissions to air due to the use of acetone for the FTO 
cleaning process. 

Emissions - 
Ethanol (kg) 

1.97 10-5 Emissions to air due to the use of ethanol for the ETM 
layer. 

Emissions - 
Nitrogen (kg) 

9.80 10-3 Emissions to air due to the use of nitrogen for the 
glove box. 

Emissions - Zinc 
(kg) 

9.80 10-3 Emissions to water due to the use of zinc for the FTO 
cleaning process. 

Emissions - 
Chloride (kg) 

9.80 10-3 Emissions to water due to the use of chloride for the 
FTO cleaning process. 

Chlorobenzene 
(kg) 

2.77 10-5 Incinerated in a municipal solid waste incineration 

plant. Impacts modelled with the work of Doka [207]. 

Layer Process step Electricity 
(MJ/cm2) 

Observations 

Front 
contact 

FTO sputtering 0.0024 Sputtering of the FTO onto the glass substrate energy 
obtained from Tsang et al. [203]. 

Sonication 0.0047 It was measured experimentally. 
Ozone chamber 0.0009 It was measured experimentally. 

ETM Spin-coating 
(2000 rpm, 1 
min) 

0.0016 It was measured experimentally. 

Heating (120 ºC, 
10 min) 

0.0102 It was measured experimentally. 

Annealing (450 
ºC, 45 min) 

0.0505 It was measured experimentally. 

HTM Spin-coating 
(4000 rpm, 30 s) 

0.0017 It was measured experimentally. 

Back 
contact 

Thermal 
evaporation 

0.0286 It was estimated from the equipment features and the 
time of operation. 

General Globe box 0.0533 Two glove boxes are considered. Its energy 
consumption was obtained from Garcia-Valverde et al. 
[204]. 

Total 0.1539  
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Figure S9. Synthetic routes of a) Spiro-MeOTAD and b) FTO. Synthesis processes obtained from a 
database are inside a dashed box, whereas synthesis processes modelled herein are inside a solid 
box. 

1.2 Perovskite synthesis 

In this paper, three different ways to synthesize CH3NH3PbI3 perovskite were 

considered. Specific inputs and outputs of the four types of perovskite solar cells 

analyzed in this work are summarized in Table S7. To support this information, the 

energy consumed in every step involved in the production of the specific layers of 

the four PSCs is detailed in Table S8. Briefly, Device 1 was produced considering the 

method developed by Snaith and coworkers [72], although some modifications were 

applied. The perovskite layer was deposited by spin-coating MAI and PbCl2 with 3:1 

molar ratio in anhydrous N,N-dimethylformamide (DMF). This reaction produces 1 

part of CH3NH3PbI3 and releases 2 parts of methylammonium chloride (MACl) to the 

atmosphere. To produce 1 mole of MAI, a reaction of 1 mole of hydrogen iodide in 

aqueous solution with 1 mole of methylamine was considered. None other 

compounds were produced through this reaction. The inventory of production of 1 

mole of PbCl2 was composed of 1 mole of chlorine and 1 mole of lead, with none 

other output. See Figure S10a, for a scheme of the synthesis routes for perovskite 

using this method. The deposition process of the perovskite synthesized from PbCl2 

consisted of a prior 5-second time spin-coating at 500 rpm of the reagents mixture – 

i.e., MAI and PbCl2 in DMF – and 60-second time spin-coating at 2000 rpm. The 

sample was then heated at 100 ºC for 60 minutes in a drying oven. In Table S7 the 

inventory of this perovskite can be seen. Along with these data, the energy per solar 

cell consumed in each step of the process of its deposition is displayed in Table S8. 



Chapter 3 
 

─ 62 ─ 

Device 2 was based on the work of Park and coworkers [74]. It is important to notice 

that their method was not precisely followed. Here a mixture of 1 mole of MAI with 

1 mole of PbI2 was dissolved in γ-butyrolactone to form the perovskite, without any 

by-product formation. Inventory of MAI was made considering the same reaction 

and the same reagents with water as a solvent. For the synthesis of 1 mole of PbI2, 1 

mole of Pb and 1 mole of iodine were considered, with no by-products release. See 

Figure S10b for a scheme of the synthesis routes for perovskite using this method. In 

Device 2, the synthetic process comprised a stirring of the reagents mixture – i.e., 

MAI and PbI2 in γ-butyrolactone – for 30 minutes at 70 ºC. The mixture was spin-

coated firstly at 500 rpm for 5 s and secondly at 2000 rpm for 60 s. After that, the 

perovskite was heated at 100 ºC for 60 minutes in a drying oven. Process inventory 

data and energy consumption for each step of it are shown in Table S7 and Table S8, 

respectively. 

 

Figure S10. Synthesis routes for perovskite: a) from lead (II) chloride; b) from lead (II) iodide. Synthesis 
processes obtained from a database are inside a dashed box, whereas synthesis processes modelled 
herein are inside a solid box. 
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Device 3 used the same reagents than Device 2; however the deposition method was 

different for that device. In Device 3 perovskite was deposited by a two-step method 

developed by Gratzel and coworkers [75] with some variations. A solution of PbI2 in 

DMF is stirred at 70 ºC for 30 minutes. The following step was the spin-coating of 

that mixture for 5 and 20 seconds at 500 and 6000 rpm, respectively. Then, the 

sample was heated at 40 ºC for 3 minutes and at 100 ºC for 10 minutes. The sample 

was then dipped for 1 minute in a mixture of MAI and cleared in isopropanol for 30 

s afterwards. After that, the sample was spin-coated for 5 s at 500 rpm, for 10 s at 

1500 rpm, and for 20 s at 3000 rpm. A last heating cycle of 3 minutes at 40 ºC and 10 

minutes at 100 ºC was applied to the perovskite. Table S7 shows the inventory of the 

perovskite deposited by the two-step methodology. In addition, Table S8 details the 

energy consumed in each step. 

Table S7. Specific inputs and outputs for the production process of the four layers of perovskite 

Device Layer Inputs/Outputs Amount 
per cm2 

Observations 

Device 1 Perovskite Methylammonium 
lead triiodide (kg) 

1.90 10-7 Mass of perovskite calculated from 
the thickness of the layer in Eperon 
et al. [72], the active surface area 
and the α-perovskite density in 
Stoumpos et al. [232]. The 
synthesis of methylammonium lead 
triiodide was modelled according 
to Figure S10a. 

N,N-
Dimethylformamide 
(kg) 

3.29 10-7 DMF used as solvent calculated 
from a concentration of 0.88 M of 
PbCl2 and 2.64 M of CH3NH3I. 

Transportation 
(km·T) 

5.08 10-7 Distances measured from the 
supplier (Sigma Aldrich) to Castelló 
(Spain) 

Electricity (MJ) 0.0037 Electricity consumed during 
perovskite deposition by the spin-
coater and the convective oven. 

Waste - 
Dimethylformamide 
(kg) 

5.98 10-11 Incinerated in a municipal solid 
waste incineration plant. Impacts 
modelled with the work of Doka 
[207]. 

Device 2 Perovskite Methylammonium 
lead triiodide (kg) 

6.87 10-8 Mass of perovskite calculated from 
the thickness of the layer in Kim et 
al. [74], the porosity in Listorti et al. 
[195], the active surface area and 
the α-perovskite density in 
Stoumpos et al. [232]. The 
synthesis of methylammonium lead 
triiodide was modelled according 
to Figure S10b. 
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γ-butyrolactone (kg) 1.03 10-7 γ-butyrolactone used as solvent, 
calculated from 40 wt% of reagents 
in the solution [199]. 

Transportation 
(km·T) 

1.56 10-7 Distances measured from the 
supplier (Sigma Aldrich) to Castelló 
(Spain). 

Electricity (MJ) 0.0048 Electricity consumed during 
perovskite deposition by the spin-
coater, hot plate, stirrer, and the 
convective oven. 

γ-butyrolactone (kg) 1.03 10-7 Incinerated in a municipal solid 
waste incineration plant. Impacts 
modelled with the work of Doka 
[207]. 

Device 3 Perovskite Methylammonium 
lead triiodide (kg) 

4.01 10-8 Mass of perovskite calculated from 
the thickness of the layer in 
Burschka et al. [75], the porosity in 
Listorti et al. [195], the active 
surface area and the α-perovskite 
density in Stoumpos et al. [232]. 
The synthesis of methylammonium 
lead triiodide was modelled 
according to Figure S10b. 

Dimethylformamide 
(kg) 

5.98 10-11 DMF used as solvent of lead (II) 
iodide calculated from a solute 
concentration of 1.082 M. 

Isopropanol (kg) 1.29 10-9 Isopropanol used as solvent of 
methylammonium iodide 
calculated from a solute 
concentration of 0.05 M. 

Transportation 
(km·T) 

3.76 10-8 Distances measured from the 
supplier (Sigma Aldrich) to Castelló 
(Spain). 

Electricity (MJ) 0.0977 Electricity consumed during the 
lead (II) iodide deposition and the 
perovskite layer post-treatment by 
the spin-coater, the stirrer, and the 
hot plate. 

Emissions –
Isopropanol (kg) 

1.29 10-9 Emissions to air due to the 
volatilization of Isopropanol during 
the deposition process. 

Waste - 
Dimethylformamide 
(kg) 

5.98 10-11 Incinerated in a municipal solid 
waste incineration plant. Impacts 
modelled with the work of Doka 
[207]. 

Device 4 Scaffold Titanium dioxide 
(kg) 

1.09 10-7 Mesoporous TiO2 used as scaffold 
calculated from the thickness of 
the mesoporous TiO2 layer in Ball 
et al. [201], its porosity in Listorti et 
al. [195], the active surface area, 
and the titania density. 
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Finally for Device 4, a similar perovskite deposition process and a similar inventory 

of reagents that the one used for Device 2 was employed, but now the perovskite 

was deposited into a 400 nm thick scaffold of mesoporous TiO2 [200,201]. In order 

to lay the scaffold, a mixture of TiO2 in ethanol was firstly spin-coated for 60 s at 4000 

rpm. The sample was then heated at 80 ºC for 15 minutes. At last, the sample was 

annealed for 4 hours at 450 ºC. In order to deposit the perovskite into the scaffold a 

mixture of methylamine iodide and lead (II) iodide in γ-butyrolactone was stirred for 

10 minutes at 100 ºC and for 30 minutes at 70 ºC. The perovskite was spin-coated 

for 5 s at 500 rpm and for 60 s at 2000 rpm. The sample was finally heated at 100 ºC 

for 60 minutes in a drying oven. That inventory is shown in Table S7, in which scaffold 

and perovskite inputs are differentiated. Furthermore, the energy consumed in each 

step of this process is listed in Table S8. The amount of transportation and the 

Ethanol (kg) 8.16 10-8 Ethanol used as solvent for the 
mesoporous TiO2 calculated from a 
solute concentration of 0.25 wt%. 

Transportation 
(km·T) 

1.73 10-7 Distances measured from the 
supplier (Sigma Aldrich) to Castelló 
(Spain). 

Electricity (MJ) 0.0631 Electricity consumed during 
mesoporous titania deposition by 
the spin-coater, hot plate, and 
annealing. 

Emissions – ethanol 
(kg) 

8.16 10-8 Emissions to air due to the 
volatilization of the ethanol during 
the deposition process. 

Perovskite Methylammonium 
lead triiodide (kg) 

1.83 10-7 Mass of perovskite calculated. from 
the thickness of the layer in Ball et 
al. [201], the porosity in Listorti et 
al. [195], the active surface area 
and the α-perovskite density in 
Stoumpos et al. [232]. The 
synthesis of methylammonium lead 
triiodide was modelled according 
to Figure S10b. 

γ-butyrolactone (kg) 2.75 10-7 γ-butyrolactone used as solvent, 
calculated from 40 wt% of reagents 
in the solution [199]. 

 transportation 
(km·T) 

4.16 10-7 Distances measured from the 
supplier (Sigma Aldrich) to Castelló 
(Spain). 

Electricity (MJ) 0.0051 Electricity consumed during 
perovskite deposition by the spin-
coater, hot plate, stirrer, and the 
convective oven. 

γ-butyrolactone (kg) 1.03 10-7 Incinerated in a municipal solid 
waste incineration plant. 
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electricity is calculated for common and specific systems (Table S5 and Table S7, 

respectively). 

Table S8. Electricity consumed per solar cell area for the deposition of the four specific layers 

measured experimentally. 

 

1.3 End of life 

In Scenario 1, it was supposed all materials were used once and inertized waste was 

deposited in a residual landfill. In scenario 2, Spiro-MeOTAD and perovskite layer 

were removed through a selective dissolution process with polar aprotic solvents 

(DMF) [175,176]. This process, shown in Figure S11, is capable of dissolving PSCs such 

that the Au electrodes, the front contact and ETM layer are separated through the 

dissolution of the perovskite layers. Park and coworkers [176] found that the 

Layer Process step Electricity 
(MJ/cm2) 

Observations 

Device 1 Spin-coating (500 rpm, 5 s) 0.0001  

Spin-coating (2000 rpm, 60 s) 0.0016  

Heating (100 ºC, 60 min) 0.0020  

Device 2 Stirring (70 ºC, 30 min) 0.0011  

Spin-coating (500 rpm, 5 s) 0.0001  

Spin-coating (2000 rpm, 60 s) 0.0016  

Heating (100 ºC, 60 min) 0.0020  

Device 3 Stirring (70 ºC, 30 min) 0.0043  

Spin-coating (500 rpm, 5 s) 0.0001  

Spin-coating (6000 rpm, 20 s) 0.0006  

Annealing (40 ºC, 3 min) 0.0074  

Annealing (100 ºC, 10 min) 0.0385  

Spin-coating (500 rpm, 5 s) 0.0001  

Spin-coating (1500 rpm, 10 s) 0.0003  

Spin-coating (3000 rpm, 20 s) 0.0005  

Annealing (40 ºC, 3 min) 0.0074  

Annealing (100 ºC, 10 min) 0.0385  

Device 4 
(Titania 
scaffold) 

Spin-coating (4000 rpm, 60 s) 0.0033  

Heating (80 ºC, 15 min) 0.0092  

Annealing (450 ºC, 4 h) 0.0505  

Device 4 
(Perovskite) 

Stirring (100 ºC, 10 min) 0.0004  

Stirring (70 ºC, 30 min) 0.0011  

Spin-coating (500 rpm, 5 s) 0.0001  

Spin-coating (2000 rpm, 60 s) 0.0016  

Heating (100 ºC, 60 min) 0.0020  
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recycling of PSCs can be executed based on the removal of trihalide perovskite 

materials and that a small amount of Pb residue has a negligible effect on the ability 

to reuse the front contact and ETM layer. Through this method the original power 

conversion efficiency (15%) is retained at least over 10 regeneration cycles. In 

scenario 2, part of the initial materials were reused nine times, at the end of the 10th 

use, the PSC was inertized and deposited in a residual landfill. The removal of lead 

from a polar aprotic solvent was performed with solvent extraction (diethyl-ether) 

and sent to be recycled. In the three scenarios, non-hazardous wastes were 

incinerated. In scenario 3, at the end of the 10th use, DMF was added again and the 

separated inorganic materials were sent to be recycled, see Figure S11. 

 

Figure S11. Scheme of the recycling process for scenario s3. 
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Table S9. Inputs and outputs for each scenario of end of life 

Scenario System Inputs/Outputs Observations 

S1 Common Disposal Glass/ FTO/TiO2/Spiro-MeOTAD /Gold, inertized 
with cement and disposed in a residual landfill. 
Impacts were modelled with the work of Doka 
[207]. 

Specific Methylammonium 
lead triiodide 

Inertized with cement and disposed in a residual 
landfill. Impacts were modelled with the work of 
Doka [207]. 

Scaffold - TiO2 Scaffold in Device 3. Inertized with cement and 
disposed in a residual landfill. Impacts were 
modelled with the work of Doka [207]. 

S2 Common N,N-
Dimethylformamide 

About 10-4 kg/cm2 of DMF to dilute Perovskite 
and Spiro-MeOTAD. The rest was reused 9 times 
after the initial use [175,176]. DMF was added 9 
times. 

Gold After addition of DMF, gold from back-contact 
was filtered and reused 9 times [176]. Finally, it 
was inertized with cement and disposed in a 
residual landfill, according to the work of Doka 
[207]. 

Glass/FTO/TiO2 After addition of DMF, front contact and ETM 
were cleaned and reused 9 times [175,176]. 
Finally, they were inertized with cement and 
disposed in a residual landfill, according to the 
work of Doka [207]. 

Diethyl-ether About 10-3 kg/cm2 to precipitate lead compounds 
[176]. 

Disposal Afterwards the last use, the cell was landfilled. 
Waste composed by the dilution of DMF, ether 
and Spiro-MeOTAD was treated by incineration, 
according to the work of Doka [207]. 

Specific Scaffold - TiO2 After addition of DMF, scaffold was cleaned 9 
times [176]. Finally, it was inertized with cement 
and disposed in a residual landfill, according to 
the work of Doka [207]. 

Lead compounds After addition of diethyl-ether, lead compounds 
were precipitated and recycled during 9 uses, at 
10th use it was landfilled with the rest of the cell. 
Benefits of recycling were modelled as avoided 
“lead, from combined metal production, at 
beneficiation” [205]. 

Disposal Organic waste composed by the decomposition 
of perovskite after addition of diethyl-ether. It is 
treated by incineration, according to the work of 
Doka [207]. 

S3 Common N,N-
Dimethylformamide 

About 10-4 kg/cm2 of DMF to dilute Perovskite 
and Spiro-MeOTAD. The rest was reused 9 times 
after the initial use [175,176]. DMF was added 10 
times, the last one was to separate different 
materials to be recycled. 
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Gold After addition of DMF, gold from back-contact 
was filtered and reused 9 times [176]. Finally, it 
was recycled. Benefits were modelled as “Gold, 
primary, at refinery” [205] with a recycling rate of 
0.6895. 

Glass/FTO/TiO2 After addition of DMF, front contact and ETM 
were cleaned and reused 9 times [175,176]. 
Finally, they were recycled. Benefits were 
modelled as avoided raw materials and energy 
reduction for glass [233] and avoided “ilmenite, 
54% titanium dioxide, at plant” [205] for TiO2. 

Diethyl-ether About 10-3 kg/cm2 to precipitate lead compounds 
[176]. 

Disposal Waste composed by the dilution of DMF, ether 
and Spiro-MeOTAD. It was treated by 
incineration, according to the work of Doka 
[207]. 

Specific Scaffold - TiO2 After addition of DMF, scaffold was cleaned 9 
times [176]. Finally, it was recycled. Benefit was 
modelled as avoided “ilmenite, 54% titanium 
dioxide, at plant” [205]. 

Lead compounds After addition of diethyl-ether, lead compounds 
were precipitated and recycled. Benefits of 
recycling were modelled as avoided “lead, from 
combined metal production, at beneficiation” 
[205]. 

Disposal Organic waste composed by the decomposition 
of perovskite after addition of diethyl-ether. It 
was treated by incineration, according to the 
work of Doka [207]. 

 

2 Energy payback time 

One of the aims of the research in the solar cells field entails achieving a solar cell 

with an energy payback time as short as possible. 

Table S10 includes three energy payback times for each device. EPBT was obtained 

from the cumulative energy demand values of the four devices. For this estimation, 

the power conversion efficiency of each cell was obtained from the literature 

[72,75,199,201]. EPBT20S1 was calculated using a PCE of 20% and scenario 1, and 

EPBT20S3 was estimated with PCE 20% and scenario 3. In all cases, it was supposed 

an average of 4 hours of full sun illumination per day and no degradation at all of 

solar cell performance along the complete life cycle were considered. Stability issues 

are without any doubt one of the greatest challenges facing this technology. Long-

time stability likely will require a change in the perovskite composition, respect the 

MAPbI3 analyzed in this work, and an efficient encapsulation, not considered in this 

work. 
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The Device with the lowest energy payback time in all cases was Device 1. This value 

was a consequence of lesser amount of energy consumption in the production of the 

cell. On the other hand, Device 4 had the highest EPBT (with the PCE from literature), 

although it had higher efficiency than Devices 1 and 2. When the same efficiency of 

20% was considered Device 3 had the highest EPBT20 for both EOL scenarios. 

Table S10. Energy payback time 

 Device 1 Device 2 Device 3 Device 4 

PCE (%) 11.4 [72] 10.4 [199] 15.0 [75] 12.3 [201] 

CED (MJ/cm2) 0.66 0.66 0.93 0.84 

EPBT (years) 11.00 12.12 11.81 13.03 

EPBT20S1 (years) 6.27 6.30 8.86 8.01 

EPBT20S3 (years) 2.88 2.91 5.47 3.09 

 

EPBT was estimated with PCE from literature. EPBT20S1 was calculated considering 

an efficiency of the device of 20% and scenario 1. EPBT20S3 was calculated 

considering an efficiency of the device of 20% and scenario 3. 

In order to go more deeply into the parameters of production and recovering of 

energy, a time evolution of the energy is presented in Figure S12. In this evaluation, 

each PSC type starts its lifetime with the energy invested on its production as a debt 

so that it is negative. As the perovskite solar cell produces energy, it gets back this 

energy until it reaches the EPBT, from where it produces net and clean energy. It is 

important to highlight that current stability reported for PSCs is much lower and it 

should be drastically increased to attain this lifetime. 

 

Figure S12. Time evolution of the energy produced: a) considering the PCE from the literature, see 
Table S10; b) considering a 20% efficiency for all four devices and scenario 1 at EOL; c) considering 
20% efficiency for all four devices and scenario 3 at EOL. 

This analysis reflected that Devices 3 and 4 (using two step deposition method and 

TiO2 scaffold respectively) can just compete in terms of energy payback time if they 
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can provide higher efficiency than Devices 1 and 2, and even in that case, the stability 

of the device has to be long enough to allow the surpass. Moreover, Device 4 can 

also compete with Devices 1 and 2 if a recycling approach is followed. 

Given the unrealistic characteristic of energy payback time outcomes, it is worth 

emphasizing that lab PSCs were considered here, and further device upscaling and 

massive production will undoubtedly significantly decrease the energy payback time. 

Additionally, it has to be noticed the significant reduction of time in PBT20S3 as a 

consequence of reuse and recycling at EOL. As other mature renewable energy 

technologies have EPBTs lower than 3 years [61], all these results allow to consider 

that perovskite solar cells will have a very low EPBT in an industrial scenario, 

especially if cell reutilization and recycling is implemented. 
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Abstract 

After the great initiation of perovskite as a photovoltaic material, laboratory 

efficiencies similar to other photovoltaic technologies already commercialised have 

been reached. Consequently, recent research interests on perovskite solar cells try 

to address the stability improvement as well as make its industrialisation possible. 

Record efficiencies in perovskite solar cells (PSCs) have been achieved using as active 

material a multiple cation/anion perovskite by combining methylammonium (MA) 

and formamidinium (FA), but also Cs cation and I and Br as anions, materials that 

also have demonstrated a superior stability. Herein, the environmental performance 

of the production of such perovskite films was evaluated via life cycle assessment. 

Our study points out that multiple cation/anion perovskite films show major 

detrimental environmental impacts for all categories assessed, except for abiotic 

depletion potential, when they are compared with a canonical perovskite MAPbI3. In 

addition, a closer analysis of the materials utilised for the synthesis of the different 

multiple cation perovskites compositions revealed that lead halide reagents and 

chlorobenzene were the most adverse compounds in terms of impact. However, the 

former is used in all the perovskite compositions and the later can be avoided by the 

use of alternative fabrication methods to anti-solvent. To this extent, FAI, with the 

current synthesis procedures, is the most determining compound as it significantly 

increases the impacts and the cost in comparison with MAI. A further economic 

analysis, exposed that multiple cation perovskites need a significantly higher 

photoconversion efficiency to produce the same payback times than canonical 

perovskite. 
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4.1 Introduction 

Perovskite solar cells (PSCs) have experienced an unprecedented rise since they were 

discovered in 2009 [63] and constitute a promising technology to collect energy from 

sun in the near future. Fundamental reasons of such success are an easy and cheap 

deposition of perovskite combined with efficiencies (PCE) comparable to those of 

the most expensive monocrystalline silicon solar cells [62]. For now, perovskite 

compositions, solvents and deposition processes are under optimisation 

[114,115,234]. However, in order to produce them at a large scale, stability and 

reproducibility issues must be overcome [78,186,235,236]. 

Thus far, much research on PSCs has been oriented towards compositional 

engineering [114,115,234,237]. Perovskites with outstanding photovoltaic 

properties have a distinctive structure, composed by three atoms according to the 

formula ABX3, where A corresponds to a monovalent organic/inorganic cation, B 

corresponds to a divalent inorganic cation (commonly Pb) and X corresponds to a 

halide anion (Cl, Br and I). As for the monovalent cationic position (A), the most 

efficient perovskite compositions introduce formamidinium (FA) cation along with 

the traditional methylammonium (MA) cation and also Br partially substitutes I anion 

[114,115,238–241] with published efficiencies as high as 22.1% [234]. Recently, a 

caesium inorganic monovalent cation has shown also good results when combined 

with MA and FA in the perovskite structure. Actually, the three cations combined 

performed an enhanced power conversion efficiency (PCE) of 21.1% [88]. Not only 

that, but high reproducibility was achieved and the efficiency after 250 h was found 

quite stable, performing an efficiency of 18%. 

Lately, the so-called anti-solvent method has been used extensively to deposit high 

quality perovskite layers [88,198,241,242]. This method is implemented into the 

conventional spin-coating method, which can use Dimethylformamide (DMF), 

dimethylsulfoxide (DMSO) or γ-butyrolactone (GBL) as solvents for perovskite 

precursors. What makes this method different is the addition of a drop of a non-

polar solvent as chlorobenzene (CB) into the mixture during the spin-coating stage 

in order to force the formation of nucleation centres. 

Chemical and optoelectronic properties of the three cations are notably different. 

On one hand, band gap of FAPbI3 is closer to the theoretical optimum [45]. Yet, pure 

FAPbI3 presents low structural stability at room temperature as a disadvantage 

[232,238], thus needing MAPbI3 to reach a fair balance between efficiency and 

stability. On the other hand, inclusion of Cs enhances the stability of Br PSCs 

[243,244]. However, caesium iodine perovskites forming CsPbI3 could provide a band 
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gap of 1.73 eV, which is relatively close to the aforementioned theoretical optimum, 

but its bulk perovskite phase is solely stable at temperatures above 300 ºC [245]. 

Apparently, combining MA and FA cations also combines their advantages while 

avoids their disadvantages. Nevertheless, a PSC with FA and Cs has been reported 

with enhanced thermal and humidity stability [246]. Cs assists the crystallisation of 

FA faster and more effectively than MA does, due to a superior size difference.[88] 

Although Cs may be deemed a low abundant element, its presence on earth crust is 

comparable to other large-scale produced elements like Sn [243], thus 

demonstrating that usage of Cs is feasible. Indeed, the sufficient abundance in 

Earth’s crust of Cs compared with the rest of the elements is illustrated in the chart 

elaborated by the U.S. Geological Survey [247]. Furthermore, Cs concentration in the 

Earth’s crust is signally larger than that of other elements already used in 

photovoltaics, namely cadmium, tellurium, selenium or indium. 

Environmental analyses of PSCs via life cycle assessment (LCA) methodology have 

been reported to ensure an environmentally safer PSCs development and assist PSCs 

technology growth while respecting the environment [110–112,127,130]. Recently, 

a comparison of PSCs with silicon solar cells and a tandem with both perovskite and 

silicon was implemented [177]. Furthermore, the four most common methods to 

produce PSCs were environmentally revised by us [113]. This study also assessed a 

PSCs regeneration method previously proposed [175,176] applied to the four 

production methods considered. 

Other studies addressed the inclusion of Cs and FA in PSCs. For instance, a LCA was 

individually applied to the whole life cycle of modules of five different types of 

perovskite, such as MAPbI2Cl, MAPbI3, FAPbI3, CsPbI3, MASnI3-xBrx [118]. In this work, 

MAPbI3 and FAPbI3 arose as the most harmful perovskites. However, results of the 

comparison of perovskites were clouded by the rest of the layer forming devices, 

such as the cathode and the anode made of fluorine-doped tin oxide (FTO). Another 

study collated a conventional MAPbX3 and a more stable CsFAPbX3 with other 

photovoltaic technologies [119]. 

The aim of this work is to evaluate the ongoing trend of compositional engineering 

in PSCs through LCA from cradle to gate. Therefore, the focus is solely set on the 

perovskite layer. Furthermore, as layers apart from perovskite layer would be 

roughly the same for every PSC studied, focusing the comparison on perovskite layer 

is more meaningful. By isolating the perovskite layer, clear results of the 

environmental performance of the different compositions of perovskites combining 

the three Cs, FA and MA cations, as well as the reagents that contain them, are 

obtained here for the first time. Herein, the four compositions reported on the 
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manuscript of Saliba et al [88] are contrasted with a canonical MAPbI3 perovskite 

synthesised and deposited according to Noh et al [199]. As a consequence, the 

corresponding deposition methods for each type of perovskite are also contrasted. 

For a more realistic determination of the energy consumption, it has been directly 

measured for the preparation of cells at laboratory scale. Energy used in the method 

to synthesise multiple cation/anion perovskite was obtained by measuring the 

consumption in a laboratory environment. On the other hand, the energy 

consumption for the synthesis of canonical perovskite was taken from our previous 

study, based also in the direct measurement. [113]. Furthermore, the usage of 

materials for the synthesis of the multiple cation/anion perovskite is analysed to find 

the responsible compounds of the four compositions impact. A final economic 

analysis of the materials complements this assessment. Together with the economic 

cost of the materials, this analysis presents an economic payback time analysis of the 

materials used for the synthesis of all perovskites. Outcomes of this study are 

intended to support scientific community to develop PSCs with the highest 

efficiencies and stabilities in a safe and environmentally respectful way, thus fulfilling 

one of the objectives of this technology. Thereby, after this study PSCs are expected 

to be one step closer to industrial scale production. 

4.2 Materials and methods 

4.2.1 Goal and scope definition 

Fundamental research on PSC is mainly focusing on the efficiency enhancement and 

on the increase of long-term stability. This study is intended to assist researchers in 

the realm of perovskite-based photovoltaics on issues less investigated but 

significantly important for the further development of an industrial technology as 

the effect of composition in cell impacts and cost. For this purpose, four different 

combinations of the inorganic cation Cs with the most used organic cations FA and 

MA using Br/I anions were compared with the canonical MAPbI3 perovskite. Impacts 

generated by the perovskite layer were assessed from cradle to gate using LCA as 

tool. A functional unit of 1 cm2 of PSC was chosen as representative for the 

comparison of several compositions of perovskite. It is very important to highlight 

that, this work solely assesses the perovskite layer deposited, as the rest of the layers 

(substrate, electron and hole selecting contacts...) are considered to be similar for all 

the analysed cases and for that reason excluded from the LCA [248,249]. A detailed 

effect of these other parts of the cell can be found in our previous LCA study [113]. 

The corresponding efficiencies and lifetimes of the PSCs (Table 11) made of the five 

combinations of perovskite were extracted from the works in which their syntheses 

are reported [88,199]. 
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4.2.2 System boundary 

In order to compare the environmental performance of the highly efficient and more 

stable multiple cation/anion perovskite with a canonical perovskite, an LCA was 

conducted from cradle to gate. Therefore, the steps of the life cycle of PSCs included 

from the extraction of raw materials to the deposition of the perovskite layer. As in 

this work just the perovskite layer is studied, the system ends when every step 

concerning the deposition of the perovskite layer is accounted. Although perovskite 

is synthesised generally in a nitrogen glove box, its energetic consumption and the 

nitrogen it uses is dismissed, as it participates in both synthesis processes. Thereby, 

the deposition methods modelled for this work are described in Figure 13. 

 

 

Figure 13. System boundary of the steps involved in the deposition of the perovskite layer of a) 
deposition route of the multiple cation/anion perovskite through the anti-solvent method and b) 
deposition route of the canonical perovskite through a simple spin-coating method. 

As well as in the work of Saliba et al [88], a deposition with the anti-solvent method 

was simulated, which is illustrated in Figure 13a. This method cannot easily be up-

scaled for industrial applications [250], however we have decided to include it due 

to its extended use and to determine its impact from the point of view of LCA. In this 

study, for a perovskite deposition with anti-solvent we consider a first step of spin-
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coating at 1000 rpm for 10 s of the reagents with a mixture of (4:1) DMF and DMSO 

in volume. This step was followed by another spin-coating step at 6000 rpm for 20 s, 

in which 100 µl of CB were dropped onto the mixture 5 s before the end of the step. 

Lastly, the substrate was annealed for 1 h at 100 ºC. Energy consumption was directly 

measured from laboratory devices. 

The deposition of the canonical perovskite, which is depicted in Figure 13b, 

comprised a first stirring of the mixture of MAI and PbI2 reagents in GBL at room 

temperature for 10 minutes and 30 minutes at 70 ºC. Then, the mixture was spin-

coated at 500 for 5 s and 2000 rpm for 60 s. Finally, the film was heated for 60 

minutes at 100 ºC. This procedure was extracted from our previous assessment 

[113]. 

4.2.3 Inventory 

Herein, combinations of the three cations and two anions follow a general formula 

(𝐶𝑠𝑥[𝑀𝐴0.17𝐹𝐴0.83](1−𝑥)𝑃𝑏[𝐼0.83𝐵𝑟0.17]3), which reached efficiencies around 20% 

and a good stability during 250 h [88], as shown in Table 11. As well as in the 

manuscript, the four combinations used herein were x =0, 0.05, 0.10 and 0.15, where 

consequently x=0 just containing MA and FA, the combination used for the currently 

published PSC record [234]. According to that, the resulting stoichiometric 

coefficients of each precursor used for the synthesis are clarified in Table 12. As for 

the canonical perovskite an even mixture of MAI and PbI2 were considered [199], 

known for being a general recipe from the early days of PSCs. 

Table 11. Performance data of PSCs with perovskites containing three compounds in the cationic 

position [88] and the canonical perovskite [199]. 

 0.00 0.05 0.10 0.15 Canonical 

PCE (%) 16.8 18.6 19.1 14.6 10.4 

Stability (h) 100 250 (18%)* - - - 

*After 250h the efficiency dropped to 18% 

Most of the inputs were calculated from datasets in Ecoinvent [212], namely 

electricity, transport, solvents and most of the reagents. However, FAI and CsI 

production processes could not be found in databases, it was therefore modelled 

from information in literature. In particular, the synthesis of FAI was modelled from 

several reactions with hydrogen cyanide, hydroxylamine, acetic acid and hydroiodic 

acid as reagents [114,251,252]. At the same time, CsI was modelled from a process 

of recovery of Cs from pollucite with sulphuric acid and hydroiodic acid as reagents 

[253]. In addition, the characterisation factor of Cs for abiotic depletion potential 

category was obtained from two different methods to contrast them. The most 
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utilised characterisation factor in this work was extracted from literature [254,255]. 

For the sake of presenting a comparison, an updated factor was estimated based on 

data from 2017 [256,257], according to the methodology description [254]. 

Table 12. Stoichiometric coefficients of the reagents used for the syntheses of the perovskites 

compared. 

Composition CsI FAI MABr MAI PbI2 PbBr2 

0.00 0.0000 0.8300 0.1700 - 0.8300 0.1700 

0.05 0.0500 0.7885 0.1615 - 0.8258 0.1743 

0.10 0.1000 0.7470 0.1530 - 0.8215 0.1785 

0.15 0.1500 0.7055 0.1445 - 0.8173 0.1828 

Canonical - - - 1.0000 1.0000 - 

 

From the stoichiometric coefficients (Table 12) and the amount of perovskite, the 

amount of each reagent was obtained, which are reported in Table 13. The mass of 

perovskite was calculated by multiplying the perovskite’s density [232] by the 

volume of perovskite deposited in the cell. The volume was obtained by multiplying 

25 cm2 of substrate area and 500 nm of thickness of perovskite layer, which were 

assumed. 

Table 13. Inventory of chemicals used for the syntheses of the perovskites (μg/cm2). 

Reagents/Solvents 0.00 0.05 0.10 0.15 Canonical 

CsI 0 4.38 8.76 13.1  

FAI 48.1 45.7 43.3 40.9  

MABr 6.42 6.09 5.77 5.45  

MAI     52.4 

PbI2 129 128 128 127 152 

PbBr2 21.0 21.6 22.1 22.6  

DMF 799 791 783 774  

DMSO 233 230 228 226  

CB 4440  

GBL     307 

 

The electric consumption of multiple cation/anion perovskite used in the steps 

detailed in Figure 13 was experimentally determined. The inventory of overall 
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electricity usage for the two methods is shown in Table 14. During mixture and 

annealing steps 16 devices processed simultaneously were assumed. 

Table 14. Inventory of electric consumption of devices used for perovskite mixture and deposition. 

Step 
Anti-solvent 

method (J/cm2) 
Conventional 

method (J/cm2) 

Mixing 36 171 

Spin-coating (500 rpm)  20 

Spin-coating (1000 rpm) 144  

Spin-coating (2000 rpm)  252 

Spin-coating (6000 rpm) 288  

Annealing 1647 1647 

Total energy consumption 2115 2090 

 

Finally, there are two classes of inventory flows left to account for. These are the 

amount of transportation and the outputs released during the deposition. The 

amount of transportation was obtained from the distance of the supplier to Castelló 

(Spain), where the laboratories are located. Solvent releases during perovskite 

deposition were assumed to be similar to the amounts of solvent used. A complete 

inventory is described in the Supporting information Table S16, Table S17, Table S18, 

Table S19, Table S20, Table S21 and Table S22. 

4.2.4 Economic analysis 

An additional economic analysis was performed in order to support the 

environmental assessment. For this analysis, chemicals for the synthesis and 

deposition of perovskite were only considered as transport price is embedded into 

chemicals’ price. The energy consumption flow was not included in the economic 

analysis due to the great uncertainty of its measurement. Furthermore, the process 

outputs were supposed void of economic cost. The price in euros of each input was 

calculated from the amount of each used and its retail price from the main suppliers. 

Further details are provided in the Supporting information Table S23. 

4.2.5 Impact categories 

For a comprehensive and thorough comparison, eleven impact categories were 

chosen, in which the most developed impact models and the most representative 

categories were rendered, see Table 15. Seven of this group of categories are 

included in the CML baseline V3.02 [254,258]. These categories are Abiotic depletion 
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(ADP), Abiotic depletion fossil fuels (ADPF), Global warming (GWP), Ozone layer 

depletion (ODP), Photochemical oxidation (POP), Acidification (AP) and 

Eutrophication (EP). From these categories, one of the most significant for measuring 

the environmental performance of a solar energy collector device is Global warming, 

as one of the main benefits of energy stemming from such devices is the mitigation 

of greenhouse effect. Nonetheless, the other categories enlisted represent a broad 

panoply of the most concerning categories which must be taken into consideration 

in order to avoid environmental charge transference, from Global warming category 

to these categories. 

Additionally, four determining categories were chosen. From the Cumulative energy 

demand method (CED) [212], the total cradle-to-gate energy invested in the 

perovskite layer is obtained by adding cumulative energies obtained from sources 

renewable and non-renewable. This category allows contrasting the energy invested 

to produce it with the energy obtained from it. Owing to the concerning content of 

lead in PSCs, it is necessary to introduce into the assessment the impact categories 

Human toxicity cancer (HTC), Human toxicity non-cancer (HTNC) and Freshwater 

ecotoxicity (FET) from USEtox V1.04 method.[208] 

CML, CED and USEtox methods are incorporated within the SimaPro® 8.0.3.14 

software [259]. In this manuscript, abbreviations listed in Table 15 are used to name 

the selected impact categories. 

Table 15. List of impact categories, their abbreviations, units and methodologies in which they are 

included. 

Category Abbreviation Unit Methodology 

Abiotic depletion potential ADP kg Sb eq 

CML baseline V3.02 

Abiotic depletion potential, fossil fuels ADPF MJ 

Climate change potential GWP kg CO2eq 

Ozone layer depletion potential ODP kg CFC-11 eq 

Photochemical oxidation potential POP kg C2H4eq 

Acidification potential AP kg SO2eq 

Eutrophication potential EP kg PO4
3-eq 

Cumulative energy demand CED MJ 
Cumulative energy 

demand V1.09 

Human toxicity, cancer effects HTC CTUh 

Usetox V1.04 Human toxicity, non-cancer effects HTNC CTUh 

Freshwater ecotoxicity FET CTUe 

 



Chapter 4 
 

─ 84 ─ 

4.3 Results and discussion 

The environmental impact of multiple cation/anion perovskite were compared with 

the environmental impact of a canonical perovskite, in Figure 14. These outcomes 

comprise the environmental impacts generated from the materials extraction until 

the PSC is manufactured, although considering just the effect of perovskite layer as 

it has been previously commented in section 4.2. The results are plotted in 

percentage considering the impact of the composition with the largest impact as 

100%, been this composition the multiple cation/anion perovskite with x=0, i.e. 

𝑀𝐴0.17𝐹𝐴0.83𝑃𝑏[𝐼0.83𝐵𝑟0.17]3, for every category but ADP. Alongside with the total 

impacts including the impact originated by the energy consumption for the 

preparation of the perovskite layer, results without accounting the energy 

consumption are also plotted in Figure 14. Energy consumption for the preparation 

of PSCs at lab scale has been directly measured and in fact it rules most of the impact 

as can be appreciated in the distribution of impacts per type of flow Figure S18. The 

contribution of energy consumption to the total impact will undoubtedly decrease 

with the industrial up-scaling process. Consequently, in order to take into account 

the direct impact of the materials themselves the impact without taking into account 

the energy consumption have been also calculated and represented in Figure 14. 

Outcomes of the comparison of environmental impacts of the four compositions of 

perovskite containing Cs, FA, MA, I and Br with the canonical perovskite, which is 

composed of just MA and I, are quite homogeneous for all categories, except for ADP 

category. In general, they show that multiple cation/anion perovskite compositions 

are more harmful than canonical perovskite, except for ADP where canonical 

perovskite impact surpasses that of multiple cation/anion perovskites. 

A comprehensive table with the absolute outcomes of the five different perovskite 

composition here compared is available in the Supporting information, Table S24, 

Table S25, Table S26, Table S27 and Table S28. In addition, the impact distribution of 

the flows of inputs and outputs of the process of the perovskite synthesis and 

deposition is presented in the Supporting information, see Figure S18. Total impact 

results for multiple cation/anion perovskite impacts are very analogous among 

them. Approximately, the canonical perovskite impact supposes just a 92% of the 

multiple cation/anion perovskite with x=0 impact, which is the most harmful among 

triple cation perovskites for all categories. This fact is true except for ODP, POP and 

EP categories, where canonical perovskite supposes a 77%, 75% and 87% of the x=0 

perovskite, respectively. The little deviation stems from a slightly larger impact of 

multiple cation/anion perovskites reagent and energy consumption. 
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Figure 14. Relative impacts of perovskite layer synthesis and deposition with proportions of Cs of x=0, 
0.05, 0.10 and 0.15 at the perovskite cationic position for multiple cation/anion 
𝑪𝒔𝒙[𝑴𝑨𝟎.𝟏𝟕𝑭𝑨𝟎.𝟖𝟑](𝟏−𝒙)𝑷𝒃[𝑰𝟎.𝟖𝟑𝑩𝒓𝟎.𝟏𝟕]𝟑 compared with the canonical perovskite for total impacts 

and without taking energy consumption into account. In X-axis are the environmental impact 
categories. 

However, for ADP category impact multiple cation/anion perovskite is predominant, 

supposing roughly a 92% respect to the canonical perovskite impact. The reason 

behind this lies on the fact that the main responsible group of inputs of the impact 

of ADP category are the synthesis reagents, mainly PbI2, whose impact is bigger for 

the canonical perovskite. There is a little difference of impact amongst multiple 

cation/anion perovskites, as the amount of synthesis reagents used is identical. 

Generally, for this category energy consumption is not as determinant as for the rest 

of categories. Although Cs impact is negligible for ADP category and unappreciable 

for the rest of the categories, its ADP characterisation factor (ADPF) needs a revision 

because it might be outdated. Due to the ADPF utilised for this study is taken from 

literature of 2002 [254,255], ADPF was updated to 2017 [256,257]. Further details 

about the updating can be seen in the Supporting information. 

Nevertheless, the impact due to the different materials and processed employed in 

the fabrication of multiple cation/anion perovskites in comparison with canonical 

perovskite is evident when energy consumption is not considered in the total 

impacts, see Figure 14. 𝑀𝐴0.17𝐹𝐴0.83𝑃𝑏[𝐼0.83𝐵𝑟0.17]3 is the most harmful 

perovskite, the impact of multiple cation/anion perovskites decreases as the content 

of Cs increases. However, with variations that do not differ more than a 5% for any 
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category. On the other hand, the impacts of canonical perovskite is just 15-55% of 

the impact of 𝑀𝐴0.17𝐹𝐴0.83𝑃𝑏[𝐼0.83𝐵𝑟0.17]3 perovskite, the most harmful one, 

depending on the impact category except for ADP where the canonical perovskite 

has more impact, for the reason previously commented. 

Figure 14 clearly reflect that the canonical perovskite is significantly less harmful 

than the multiple cation/anion perovskite when energy use is not considered. A 

closer and more precise view of the contributions of the reagents and the solvents 

for the deposition of the here studied compositions of multiple cation/anion 

perovskite in comparison to the canonical perovskite is detailed in Figure 15. In this 

analysis, the most determining categories to assess PSCs are selected, which are 

GWP, CED, HTC and HTNC. 

Lead reagents are among the most pernicious compounds. For HTC and HTNC 

categories, PbI2 is the major contributor to the overall impact, which is attributed to 

the larger quantity of it, used for the synthesis of the perovskites. However similar 

impact is produced by the PbI2 in canonical samples that by the sum of the impacts 

originated by PbI2 plus PbBr2 in multiple cation/anion perovskite layers. The huge 

differences in the impacts among multiple cation/anion and canonical perovskite 

layers are due to the use in the formers of CB in the anti-solvent method and FAI 

instead of MAI, where the latest generates less impacts. CB used for the anti-solvent 

method has a slightly lower impact for HTC and HTNC impacts. However, for GWP 

and CED categories CB is responsible of the highest contribution to the overall 

impact, where PbI2 is the second most contributing compound. The great 

contribution of CB stems from the fact that its amount used is the highest among all 

compounds, despite its little impact per kg in comparison with PbI2. Impact 

improvements of a possible optimisation of CB are analysed in the supplementary 

information. Results of this analysis disclose that despite the reductions in 

chlorobenzene usage, except for the ADP category, overall impacts of multiple 

cation/anion perovskites would not reach the impact extent of the canonical 

perovskite shown in Figure 15. The up-scaling of anti-solvent technology to move 

from lab scale cell to large substrates is not straightforward at all from the 

technological point of view [250]. Here we show that anti-solvent method also has 

an important deleterious effect on the impacts generated and consequently should 

be exchanged by a lower impact method in the future commercialization of 

perovskites. 
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Figure 15. Relative impacts of materials for PSCs with proportions of caesium of x = 0, x = 0.05, x = 
0.10 and x = 0.15 at the perovskite cationic position. Impact categories: Global warming potential 
(GWP), Cumulative energy demand (CED), Human toxicity, cancer (HTC), and Human toxicity, non-
cancer (HTNC). 

Among the reagents that supply the three cations, FAI emerges as the most adverse, 

which is also the reagent that mostly varies along compositions and therefore the 

reagent that eventually determines the result. Most of its impact stems from the 

energy used to synthesise it, as its synthesis from hydroiodic acid and formamidine 

acetate is performed in laboratory environment. In particular, the most detrimental 

step of this process is a final treatment in a vacuum oven at 60 ºC for 24 h [114]. By 

reducing the operational time of this treatment impacts of multiple cation/anion 

perovskite would not decrease as much as those of the canonical perovskite. 

Nonetheless, for GWP, CED, HTC and HTNC categories, impact of FAI is less adverse 

than that of the cation supplier reagent for canonical perovskite (MAI) when this 

operational time goes below 6 hours. 

Meanwhile, contribution of MABr is vague and contribution of CsI is not visible due 

to a little amount of them is used. Alongside with the fact that more amount of FAI 

is used for the synthesis of multiple cation/anion perovskite, its impact per kg of 

reagent is the highest of the three reagents that supply cations, making the 

𝑀𝐴0.17𝐹𝐴0.83𝑃𝑏[𝐼0.83𝐵𝑟0.17]3 perovskite the most harmful, where the impact is 

reduced when x increases due to the fact that less FAI is used as it is partially 

substituted by CsI. 
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Usage of solvents produces a considerable lesser impact respect to the reagents. 

DMF solvent causes a superior impact than DMSO, both considerably inferior to that 

of CB. In contrast to preceding works [111,118], perovskite deposition solvent 

impacts are generally of trivial magnitude. This statement is true provided that CB 

would not be treated as such since it satisfies the extra function of removing solvents 

used for the deposition. DMF, PbBr2 and CsI are the only flows whose impact 

increases with the Cs content. Meanwhile, the remaining flows impact decreases 

with the amount of Cs. Moreover, CB impact remains constant due to its amount 

does not vary along the different compositions. 

4.3.1 Economic analysis 

In order to complement the analysis of four multiple cation/anion perovskites with 

the canonical MAPbI3 perovskite, the economic consequences of the usage of 

reagents and solvents for the perovskites deposition are analysed in Figure 16. For 

this analysis, use of energy flow is dismissed owing to an unrealistic usage in 

laboratory environment. In this economic analysis the cost in euros of each reagent 

and solvent is obtained from its amount used and its retail price, see Table S23 for 

further details. Note the economic analysis here reported are for cells at lab scale 

and just considering the cost of the perovskite layer. This fact makes that the cost 

here reported are overestimated considering a future industrial application. 

However, it provides important clues about which parts are mostly affecting the final 

price. 

In Figure 16, the canonical perovskite arises as the most economical type by virtue 

of the lesser quantity of compounds used. The principal compound behind the higher 

cost of multiple cation/anion perovskites in comparison with the canonical 

composition is the FAI. In fact, cost of multiple cation/anion perovskites is 

roughly·1€/m2 higher than that of multiple cation/anion perovskite, which matches 

approximately with the cost of FAI. Furthermore, this difference decreases with the 

Cs content used favoured by the subsequent reduction in the cost of FAI. Among 

multiple cation/anion perovskites the cheapest composition is the x = 0.15 with the 

highest content of Cs and consequently the lowest of FA. Despite the determining 

character of FAI and its highest cost per mass unit, PbI2 with the second highest cost 

per mass unit is the most expensive reagent used in all the composition, however in 

multiple cation/anion perovskite the cost is slightly mitigated by the introduction of 

Br anion and the consequent use of PbBr2 precursor, significantly cheaper than PbI2, 

see Table S23. DMF and DMSO solvents cost is lower than the CB cost, nonetheless 

this three compounds cost is neither important nor determining for the total cost. 
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Figure 16. Cost in euros of materials for the deposition of perovskite active layer each of the PSCs 
analysed. Energy is not included in this analysis. 

Given that PSCs can be an economic source from the energy generated, a cost 

payback time analysis was performed for the perovskite layer. Due to the canonical 

perovskite arises as the lower cost perovskite layer respect to the rest of perovskites 

here analysed, the payback time will be lower for canonical perovskite if the 

efficiencies of the cells are similar. Multiple cation/anion perovskite can only have 

the same payback time by an increase of cell efficiency. In Figure 17, the efficiency 

of a multiple cation/anion perovskite with x = 0.10 (the perovskites with the highest 

reported efficiency in Table 1), left axis, is plotted against the efficiency of perovskite 

canonical cell in order that both present the same payback time. It has been 

calculated considering the perovskite layer cost, see Figure 16, and the price of 1 MJ 

of electricity in Spain and the assumption of a solar constant of 1 kW/m2. This 

analysis calculates the efficiency that should have the perovskite with x = 0.10 of Cs 

to recover the money invested on its synthesis and deposition in the same time than 

the canonical perovskite does. The difference between the efficiencies of multiple 

cation/anion and canonical perovskite to get the same payback time is represented 

by the right axis in Figure 17, to facilitate the comprehension of this analysis. 
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Figure 17. Equal cost payback time for the perovskite with x = 0.1 of caesium and canonical perovskite 
PSCs. 

The payback cost analysis in Figure 17 reveals that the efficiency necessary to recover 

the money invested in the synthesis and deposition of a canonical perovskite with 

and efficiency of 16%, for a perovskite with x = 0.10 of Cs is similar the current 

published efficiency record of 22.1% [234], i.e. the efficiency of multiple cation/anion 

perovskite has to be 1.38 the efficiency of the canonical perovskite to make equal 

the payback cost. 

4.4 Conclusions 

The outcomes of the comparison of four perovskites containing Cs, formamidinium 

and methylammonium as cation and I and Br as anions to the canonical perovskite 

with methylammonium cation and just I as anion expose that multiple cation/anion 

perovskites are harmful for all the impact categories analysed except for abiotic 

depletion potential (ADP). The impact of multiple cation/perovskite is even more 

pronounced if the energy used in the cell fabrication is not considered. Two are the 

main reasons of the higher impact of multiple cation/anion perovskites: The use of 

the anti-solving method and the utilization of FAI precursor. This work points out 

that the anti-solving method, that produce outstanding results at lab scale, is not 

adequate for industrial implementation. The reason behind this is not only owing to 

technical difficulties of its implementation on larger substrate sizes, but also to the 

increase of impacts. On the other hand, FA cation is present in the efficiency record 
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PSCs [114,115,234,237]. Nevertheless, the FAI chemical used in the multiple 

cation/anion perovskites synthesis significantly increases the impacts. Moreover, it 

is the most expensive precursor causing an important increase of the cell cost in 

comparison with canonical devices using just MA as monovalent cation. The current 

synthesis of this precursor needs to be optimised in order to reduce these impacts 

and cost. In contrast, the partial substitution of I by Br anions has positive 

consequences as it has practically no effect in terms of impact, nonetheless reducing 

the device cost, as PbBr2 is remarkably cheaper than PbI2. The future utilisation of 

multiple cation/anion in the industrialisation of perovskite process needs a detailed 

and balanced study of not only efficiency but also impact and cost. For example, here 

we highlight that a canonical MAPbI3 with 16% efficiency will be more attractive for 

industrialisation, as long as it can be prepared with enough stability, than multication 

cells with FA and with the current published record efficiency of 22.1% as both 

present the same payback time but the former exhibits reduced impacts. 
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4.5 Supporting information 

1 Inventory 

The inventory of triple cation perovskites was extracted from the work in which all 

their compositions are reported [88]. Meanwhile, the canonical perovskite inventory 

was modelled from the manuscript of Noh et al [199]. Inventories of the five 

perovskites are shown in Table S16. 

Table S16. Inventory of flows used for the perovskites analysed. 

Name Value for 
0% 

caesium 
perovskite 

Value for 
5% 

caesium 
perovskite 

Value for 
10% 

caesium 
perovskite 

Value for 
15% 

caesium 
perovskite 

Value for 
canonical 
perovskite 

Unit Observations 

Reagents 

CsI 0.00E+00 4.38E-06 8.76E-06 1.31E-05  g/cm2 
Detailed inventory 
in Table S17 

FAI 4.81E-05 4.57E-05 4.33E-05 4.09E-05  g/cm2 
Detailed inventory 
in Table S18 

MABr 6.42E-06 6.09E-06 5.77E-06 5.45E-06  g/cm2 
Detailed inventory 
in Table S19 

MAI     5.24E-05 g/cm2 
Detailed inventory 

in Table S20 

PbI2 1.29E-04 1.28E-04 1.28E-04 1.27E-04 1.52E-04 g/cm2 
Detailed inventory 
in Table S21 

PbBr2 2.10E-05 2.16E-05 2.21E-05 2.26E-05  g/cm2 
Detailed inventory 
in Table S22 

Solvents 

DMF 7.99E-04 7.91E-04 7.83E-04 7.74E-04  g/cm2 
DMF solvent from 
Ecoinvent 
database [260] 

DMSO 2.33E-04 2.30E-04 2.28E-04 2.26E-04  g/cm2 
DMSO solvent 
from Ecoinvent 
database [260] 

CB 4.44E-03  g/cm2 
CB solvent from 
Ecoinvent 
database [260] 

GBL     3.07E-04 g/cm2 
GBL solvent from 
Ecoinvent 
database [260] 

Outputs 

Emissions 
- DMF 

7.99E-04 7.91E-04 7.83E-04 7.74E-04  g/cm2 

Emissions to air 
due to 
evaporation of 
DMF solvent 

Emissions 
- DMSO 

2.33E-04 2.30E-04 2.28E-04 2.26E-04  g/cm2 

Emissions to air 
due to 
evaporation of 
DMSO solvent 
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Emissions 
- CB 

4.44E-03  g/cm2 

Emissions to air 
due to 
evaporation of CB 
solvent 

Emissions 
- GBL 

    3.07E-04 g/cm2 

Emissions to air 
due to 
evaporation of 
GBL solvent 

Amount of transportation 

Transport
, lorry > 
16 t 

2.71E-06 2.70E-06 2.70E-06 2.69E-06 2.20E-07 tkm/cm2 

Distances 
considered from 
suppliers to 
Castelló (Spain) 

Use of energy 

Electricity
, low 
voltage 

2.12E-03 2.09E-03 MJ/cm2 

European 
electricity mix 
from Ecoinvent 
[260] 
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1.1 Inventory of caesium iodide model 

The recovery of caesium from pollucite ore was modelled according to a method in 

which the raw pollucite is digested with sulphuric acid [253]. Its inventory is shown 

in Table S17. The caesium iodide supplier was abcr GmbH in Pontevedra (Spain). Its 

distance to Castelló (Spain) is 974 km. 

Table S17. Inventory for 1 kg of caesium iodide. 

Name Value Unit 

Materials/fuels 

Sulphuric acid 754.989 g 

Lime 431.677 g 

Iodine 488.434 g 

Hydrogen 3.849 g 

Water, deionised 10271.291 g 

Pollucite Ore 1694.725 g 

Electricity/heat 

Heat, natural gas, <100kW 3.58 kWh 

Electricity, low voltage 0.027 kWh 

Crushing, rock 1694.725 g 

Chemical plant, organics 4E-10 p 

Emissions to air 

Water 9924.884 g 

Emissions to water 

Aluminium oxide 196.222 g 

Silicon dioxide 925.045 g 

Sodium hydroxide 303.988 g 

Aluminium oxide 196.222 g 

Waste to treatment 

Waste gypsum (waste treatment) 1325.342 g 

 
  



Evaluation of multiple cation/anion perovskite solar cells through life cycle 
assessment 

─ 95 ─ 

1.2 Inventory of formamidinium iodide model 

The inventory of formamidinium iodide was modelled from three reactions in which 

hydrogen cyanide, hydroxylamine, acetic acid and hydroiodic acid are involved 

[114,251,252]. It is shown in Table S18.The formamidinium iodide supplier was 

Dyesol Limited in Manchester (United Kingdom). Its distance to Castelló (Spain) is 

2013 km. 

Table S18. Inventory for 1 kg of formamidinium iodide. 

Name Value Unit 

Materials/fuels 

Hydrogen cyanide 157.153 g 

Hydroxylamine 192.068 g 

Acetic anhydride 296.825 g 

Hydrogen 5.815 g 

Iodine 737.919 g 

Water, deionised 423.965 g 

Diethyl ether 101.588 g 

Methanol 838.438 g 

Chemical plant, organics 4E-10 p 

Electricity/heat 

Electricity, low voltage 197.79 kWh 

Emissions to air 

Diethyl ether 101.588 g 

Methanol 838.438 g 

Emissions to water 

Water 476.3 g 

Acetic acid 349.189 g 
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1.3 Inventory of methylammonium bromide model 

In Table S19, the methylammonium bromide inventory was modelled according to a 

reaction of methylamine and hydrobromic acid [242]. The methylammonium 

bromide supplier was Dyesol Limited in Manchester (United Kingdom). Its distance 

to Castelló (Spain) is 2013 km. 

Table S19. Inventory for 1 kg of methylammonium bromide. 

Name Value Unit 

Materials/fuels 

Methylamine 277.023 g 

Hydrogen 8.936 g 

Bromine 714.041 g 

Methanol 415.535 g 

Water, deionised 783.225 g 

Ethanol 11.103 g 

Diethyl ether 10.033 g 

Chemical plant, organics 4E-10 p 

Electricity/heat 

Electricity, low voltage 143.05 kWh 

Emissions to air 

Methanol 415.535 g 

Water 783.225 g 

Ethanol 11.103 g 

Diethyl ether 10.033 g 
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1.4 Inventory of methylammonium iodide model 

In Table S20, the methylammonium iodide inventory was modelled according to a 

reaction of methylamine and hydrobromic acid [199]. The formamidinium iodide 

supplier was Sigma Aldrich in Madrid (Spain). Its distance to Castelló (Spain) is 430 

km. 

Table S20. Inventory for 1 kg of methylammonium iodide. 

Name Value Unit 

Materials/fuels 

Methylamine 195.086 g 

Hydrogen 6.293 g 

Iodine 798.621 g 

Methanol 292.629 g 

Water, deionised 607.216 g 

Ethanol 8.733 g 

Diethyl ether 7.892 g 

Chemical plant, organics 4E-10 p 

Electricity/heat 

Electricity, low voltage 90.87 kWh 

Emissions to air 

Methanol 292.629 g 

Water 607.216 g 

Ethanol 8.733 g 

Diethyl ether 7.892 g 
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1.5 Inventory of lead iodide model 

In Table S21, the lead iodide inventory was modelled according to a reaction of lead 

nitrate and potassium iodide [261]. The lead iodide supplier was TCI Europe N.V. in 

Zwijndrecht (Belgium). Its distance to Castelló (Spain) is 1645 km. 

Table S21 Inventory for 1 kg of lead iodide. 

Name Value Unit 

Materials/fuels 

Lead, primary 449.449 g 

Nitric acid, 50% in H2O 546.627 g 

Potassium hydroxide 243.372 g 

Iodine 550.551 g 

Chemical plant, organics 4E-10 p 

Electricity/heat 

Electricity, low voltage 114.4 kWh 

Emissions to air 

Hydrogen 6.507 g 

Emissions to water 

Water 39.045 g 

Nitric acid 273.314 g 

Potassium bicarbonate 434.257 g 
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1.6 Inventory of lead bromide model 

In Table S22, the lead bromide inventory was modelled according to a reaction of 

lead nitrate and potassium bromide [261]. The lead bromide supplier was TCI Europe 

N.V. in Zwijndrecht (Belgium). Its distance to Castelló (Spain) is 1645 km. 

Table S22. Inventory for 1 kg of lead bromide. 

Name Value Unit 

Materials/fuels 

Lead, primary 564.565 g 

Nitric acid, 50% in H2O 686.634 g 

Potassium hydroxide 305.706 g 

Bromine 435.435 g 

Chemical plant, organics 4E-10 p 

Electricity/heat 

Electricity, low voltage 143.7 kWh 

Emissions to air 

Hydrogen 8.174 g 

Emissions to water 

Water 49.045 g 

Nitric acid 545.483 g 

Potassium bicarbonate 343.317 g 
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1.7 Economic indicators 

The economic analysis was performed to support the information provided by the 

environmental analysis. In this analysis, prices of reagents and solvents were 

obtained from the most economical retail prices found in October 2017, which are 

described in Table S23. 

Table S23. Economic indicators of the reagents, solvents and electricity. 

Economic indicator (reference unit) Price (€) Supplier 

Electricity (1 MJ) 0.036 Spanish network cost 

Caesium iodide (1 kg) 480.00 abcr 

Formamidinium iodide (1 kg) 2299.49 Dyesol 

Methylammonium Bromide (1 kg) 879.76 Dyesol 

Methylammonium Iodide (1 kg) 763.86 Dyesol 

Lead Bromide (1 kg) 199.80 Sigma Aldrich 

Lead Iodide (1 kg) 1246.00 Sigma Aldrich 

N,N-dimethylformamide (1 kg) 18.05 Right Price Chemicals 

Dimethyl sulfoxide (1 kg) 42.60 Sigma Aldrich 

Chlorobenzene (1 kg) 7.00 
Noah Technologies 

Corporation 

Butyrolactone (1 kg) 23.85 Sigma Aldrich 
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2 Results 

Absolute results sorted into types of flow for 0% caesium perovskite (Table S24), 5% 

caesium perovskite (Table S25), 10% caesium perovskite (Table S26), 15% caesium 

perovskite (Table S27) and canonical perovskite (Table S28). 

Table S24. Impact results of 0% caesium perovskite sorted by flows. 
 

ADP (kg 
Sb eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C2H4 eq) 

AP (kg SO2 
eq) 

Total 3.83E-09 4.49E-03 3.41E-04 2.10E-11 9.16E-08 1.64E-06 

Reagents 3.23E-09 2.10E-04 1.64E-05 9.14E-13 1.16E-08 8.37E-08 

CsI 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

FAI 8.99E-10 7.37E-05 5.57E-06 3.27E-13 9.03E-09 2.91E-08 

MABr 2.10E-11 6.77E-06 5.18E-07 2.92E-14 5.31E-10 2.48E-09 

PbI₂ 2.19E-09 1.08E-04 8.61E-06 4.66E-13 1.73E-09 4.34E-08 

PbBr₂ 1.24E-10 2.17E-05 1.74E-06 9.11E-14 3.48E-10 8.77E-09 

Solvents 5.91E-11 2.74E-04 1.08E-05 4.47E-12 1.96E-08 4.52E-08 

DMF 5.85E-12 3.87E-05 1.48E-06 2.45E-13 4.53E-10 6.57E-09 

DMSO 2.50E-11 9.80E-06 2.99E-07 4.42E-14 6.36E-11 7.75E-10 

CB 2.82E-11 2.26E-04 8.99E-06 4.18E-12 1.91E-08 3.78E-08 

Process 
outputs 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - 
DMF 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - 
DMSO 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - CB 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Transport, 
lorry >16t 

9.75E-13 5.31E-06 3.60E-07 5.82E-14 5.86E-11 1.96E-09 

Electricity, low 
voltage 

5.40E-10 4.00E-03 3.13E-04 1.55E-11 6.03E-08 1.51E-06 
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Table S24 Bis. Impact results of 0% caesium perovskite sorted by flows. 
 

EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Total 1.18E-06 7.88E-03 3.20E-11 1.32E-10 3.16E-03 

Reagents 5.57E-08 3.65E-04 1.49E-12 7.38E-12 1.51E-04 

CsI 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

FAI 1.76E-08 1.26E-04 4.93E-13 2.04E-12 4.89E-05 

MABr 1.60E-09 1.18E-05 4.66E-14 1.91E-13 4.49E-06 

PbI₂ 3.03E-08 1.89E-04 7.86E-13 4.28E-12 8.07E-05 

PbBr₂ 6.18E-09 3.83E-05 1.60E-13 8.72E-13 1.64E-05 

Solvents 1.19E-07 3.19E-04 7.25E-13 3.99E-12 1.99E-04 

DMF 7.10E-08 4.49E-05 8.52E-14 4.17E-13 9.34E-06 

DMSO 4.44E-10 1.07E-05 1.47E-14 7.21E-14 1.58E-06 

CB 4.74E-08 2.63E-04 6.26E-13 3.50E-12 1.88E-04 

Process 
outputs 

0.00E+00 0.00E+00 4.66E-13 1.93E-12 4.00E-06 

Emissions - 
DMF 

0.00E+00 0.00E+00 0.00E+00 1.45E-12 2.37E-07 

Emissions - 
DMSO 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.08E-09 

Emissions - CB 0.00E+00 0.00E+00 4.66E-13 4.84E-13 3.76E-06 

Transport, 
lorry >16t 

5.23E-10 5.72E-06 2.21E-14 6.59E-14 1.46E-06 

Electricity, low 
voltage 

1.00E-06 7.19E-03 2.93E-11 1.18E-10 2.81E-03 
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Table S25. Impact results of 5% caesium perovskite sorted by flows. 

 ADP (kg 
Sb eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C2H4 eq) 

AP (kg SO2 
eq) 

Total 3.83E-09 4.49E-03 3.40E-04 2.10E-11 9.11E-08 1.64E-06 

Reagents 3.23E-09 2.06E-04 1.61E-05 8.98E-13 1.12E-08 8.24E-08 

CsI 5.36E-11 2.21E-07 1.66E-08 2.57E-15 9.78E-12 2.27E-10 

FAI 8.54E-10 7.00E-05 5.29E-06 3.11E-13 8.58E-09 2.76E-08 

MABr 2.00E-11 6.43E-06 4.92E-07 2.78E-14 5.05E-10 2.35E-09 

PbI₂ 2.17E-09 1.07E-04 8.56E-06 4.64E-13 1.72E-09 4.32E-08 

PbBr₂ 1.27E-10 2.23E-05 1.78E-06 9.34E-14 3.57E-10 8.99E-09 

Solvents 5.87E-11 2.74E-04 1.08E-05 4.47E-12 1.96E-08 4.51E-08 

DMF 5.79E-12 3.83E-05 1.47E-06 2.43E-13 4.49E-10 6.50E-09 

DMSO 2.47E-11 9.70E-06 2.96E-07 4.38E-14 6.30E-11 7.67E-10 

CB 2.82E-11 2.26E-04 8.99E-06 4.18E-12 1.91E-08 3.78E-08 

Process 
outputs 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - 
DMF 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - 
DMSO 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - CB 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Transport, 
lorry >16t 

9.73E-13 5.30E-06 3.59E-07 5.81E-14 5.85E-11 1.95E-09 

Electricity, low 
voltage 

5.40E-10 4.00E-03 3.13E-04 1.55E-11 6.03E-08 1.51E-06 
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Table S25 Bis. Impact results of 5% caesium perovskite sorted by flows. 

 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Total 1.18E-06 7.87E-03 3.20E-11 1.32E-10 3.16E-03 

Reagents 5.47E-08 3.58E-04 1.46E-12 7.27E-12 1.48E-04 

CsI 1.39E-11 2.38E-07 4.35E-16 3.24E-15 5.94E-08 

FAI 1.67E-08 1.20E-04 4.69E-13 1.94E-12 4.65E-05 

MABr 1.52E-09 1.12E-05 4.43E-14 1.81E-13 4.27E-06 

PbI₂ 3.02E-08 1.88E-04 7.82E-13 4.26E-12 8.03E-05 

PbBr₂ 6.34E-09 3.93E-05 1.64E-13 8.94E-13 1.68E-05 

Solvents 1.18E-07 3.18E-04 7.24E-13 3.98E-12 1.99E-04 

DMF 7.03E-08 4.44E-05 8.43E-14 4.13E-13 9.25E-06 

DMSO 4.39E-10 1.06E-05 1.46E-14 7.14E-14 1.56E-06 

CB 4.74E-08 2.63E-04 6.26E-13 3.50E-12 1.88E-04 

Process 
outputs 

0.00E+00 0.00E+00 4.66E-13 1.92E-12 4.00E-06 

Emissions - 
DMF 

0.00E+00 0.00E+00 0.00E+00 1.43E-12 2.34E-07 

Emissions - 
DMSO 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.98E-09 

Emissions - CB 0.00E+00 0.00E+00 4.66E-13 4.84E-13 3.76E-06 

Transport, 
lorry >16t 

5.21E-10 5.71E-06 2.21E-14 6.58E-14 1.46E-06 

Electricity, low 
voltage 

1.00E-06 7.19E-03 2.93E-11 1.18E-10 2.81E-03 
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Table S26. Impact results of 10% caesium perovskite sorted by flows. 

 ADP (kg 
Sb eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C2H4 eq) 

AP (kg SO2 
eq) 

Total 3.83E-09 4.48E-03 3.40E-04 2.09E-11 9.07E-08 1.64E-06 

Reagents 3.23E-09 2.02E-04 1.59E-05 8.83E-13 1.07E-08 8.10E-08 

CsI 1.07E-10 4.41E-07 3.33E-08 5.15E-15 1.96E-11 4.54E-10 

FAI 8.09E-10 6.64E-05 5.01E-06 2.95E-13 8.13E-09 2.62E-08 

MABr 1.89E-11 6.09E-06 4.66E-07 2.63E-14 4.78E-10 2.23E-09 

PbI₂ 2.16E-09 1.07E-04 8.52E-06 4.61E-13 1.71E-09 4.30E-08 

PbBr₂ 1.30E-10 2.28E-05 1.82E-06 9.56E-14 3.66E-10 9.21E-09 

Solvents 5.84E-11 2.73E-04 1.07E-05 4.46E-12 1.96E-08 4.50E-08 

DMF 5.73E-12 3.79E-05 1.45E-06 2.40E-13 4.44E-10 6.43E-09 

DMSO 2.45E-11 9.60E-06 2.93E-07 4.33E-14 6.23E-11 7.59E-10 

CB 2.82E-11 2.26E-04 8.99E-06 4.18E-12 1.91E-08 3.78E-08 

Process 
outputs 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - 
DMF 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - 
DMSO 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Emissions - CB 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Transport, 
lorry >16t 

9.71E-13 5.28E-06 3.58E-07 5.79E-14 5.83E-11 1.95E-09 

Electricity, low 
voltage 

5.40E-10 4.00E-03 3.13E-04 1.55E-11 6.03E-08 1.51E-06 
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Table S26 Bis. Impact results of 10% caesium perovskite sorted by flows. 

 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Total 1.18E-06 7.86E-03 3.19E-11 1.32E-10 3.16E-03 

Reagents 5.38E-08 3.52E-04 1.43E-12 7.17E-12 1.45E-04 

CsI 2.78E-11 4.76E-07 8.70E-16 6.48E-15 1.19E-07 

FAI 1.58E-08 1.14E-04 4.44E-13 1.83E-12 4.40E-05 

MABr 1.44E-09 1.06E-05 4.19E-14 1.72E-13 4.05E-06 

PbI₂ 3.00E-08 1.87E-04 7.78E-13 4.24E-12 7.99E-05 

PbBr₂ 6.49E-09 4.02E-05 1.68E-13 9.15E-13 1.73E-05 

Solvents 1.17E-07 3.18E-04 7.23E-13 3.98E-12 1.99E-04 

DMF 6.95E-08 4.40E-05 8.34E-14 4.09E-13 9.15E-06 

DMSO 4.35E-10 1.05E-05 1.44E-14 7.07E-14 1.55E-06 

CB 4.74E-08 2.63E-04 6.26E-13 3.50E-12 1.88E-04 

Process 
outputs 

0.00E+00 0.00E+00 4.66E-13 1.90E-12 4.00E-06 

Emissions - 
DMF 

0.00E+00 0.00E+00 0.00E+00 1.42E-12 2.32E-07 

Emissions - 
DMSO 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.89E-09 

Emissions - CB 0.00E+00 0.00E+00 4.66E-13 4.84E-13 3.76E-06 

Transport, 
lorry >16t 

5.20E-10 5.69E-06 2.20E-14 6.56E-14 1.45E-06 

Electricity, low 
voltage 

1.00E-06 7.19E-03 2.93E-11 1.18E-10 2.81E-03 
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Table S27. Impact results of 15% caesium perovskite sorted by flows. 

 ADP (kg 
Sb eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C2H4 eq) 

AP (kg SO2 
eq) 

Total 3.83E-09 4.48E-03 3.40E-04 2.09E-11 9.02E-08 1.63E-06 

Reagents 3.23E-09 1.99E-04 1.56E-05 8.68E-13 1.02E-08 7.97E-08 

CsI 1.61E-10 6.62E-07 4.99E-08 7.72E-15 2.93E-11 6.80E-10 

FAI 7.64E-10 6.27E-05 4.74E-06 2.78E-13 7.68E-09 2.47E-08 

MABr 1.79E-11 5.75E-06 4.40E-07 2.49E-14 4.52E-10 2.11E-09 

PbI₂ 2.15E-09 1.06E-04 8.47E-06 4.59E-13 1.70E-09 4.27E-08 

PbBr₂ 1.33E-10 2.34E-05 1.87E-06 9.79E-14 3.74E-10 9.43E-09 

Solvents 5.81E-11 2.73E-04 1.07E-05 4.46E-12 1.96E-08 4.50E-08 

DMF 5.67E-12 3.75E-05 1.44E-06 2.38E-13 4.39E-10 6.36E-09 

DMSO 2.42E-11 9.50E-06 2.90E-07 4.29E-14 6.17E-11 7.51E-10 

CB 2.82E-11 2.26E-04 8.99E-06 4.18E-12 1.91E-08 3.78E-08 

Process 
outputs 

5.67E-12 3.75E-05 1.44E-06 2.38E-13 4.39E-10 6.36E-09 

Emissions - 
DMF 

2.42E-11 9.50E-06 2.90E-07 4.29E-14 6.17E-11 7.51E-10 

Emissions - 
DMSO 

2.82E-11 2.26E-04 8.99E-06 4.18E-12 1.91E-08 3.78E-08 

Emissions - CB 5.67E-12 3.75E-05 1.44E-06 2.38E-13 4.39E-10 6.36E-09 

Transport, 
lorry >16t 

2.42E-11 9.50E-06 2.90E-07 4.29E-14 6.17E-11 7.51E-10 

Electricity, low 
voltage 

5.40E-10 4.00E-03 3.13E-04 1.55E-11 6.03E-08 1.51E-06 
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Table S27 Bis. Impact results of 15% caesium perovskite sorted by flows. 

 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Total 1.17E-06 7.86E-03 3.19E-11 1.31E-10 3.15E-03 

Reagents 5.29E-08 3.45E-04 1.41E-12 7.06E-12 1.43E-04 

CsI 4.16E-11 7.14E-07 1.30E-15 9.72E-15 1.78E-07 

FAI 1.49E-08 1.07E-04 4.19E-13 1.73E-12 4.16E-05 

MABr 1.36E-09 1.00E-05 3.96E-14 1.62E-13 3.82E-06 

PbI₂ 2.99E-08 1.86E-04 7.74E-13 4.22E-12 7.95E-05 

PbBr₂ 6.65E-09 4.12E-05 1.72E-13 9.37E-13 1.77E-05 

Solvents 1.17E-07 3.17E-04 7.22E-13 3.97E-12 1.99E-04 

DMF 6.88E-08 4.35E-05 8.25E-14 4.04E-13 9.05E-06 

DMSO 4.30E-10 1.03E-05 1.43E-14 6.99E-14 1.53E-06 

CB 4.74E-08 2.63E-04 6.26E-13 3.50E-12 1.88E-04 

Process 
outputs 

6.88E-08 4.35E-05 8.25E-14 4.04E-13 9.05E-06 

Emissions - 
DMF 

4.30E-10 1.03E-05 1.43E-14 6.99E-14 1.53E-06 

Emissions - 
DMSO 

4.74E-08 2.63E-04 6.26E-13 3.50E-12 1.88E-04 

Emissions - CB 6.88E-08 4.35E-05 8.25E-14 4.04E-13 9.05E-06 

Transport, 
lorry >16t 

4.30E-10 1.03E-05 1.43E-14 6.99E-14 1.53E-06 

Electricity, low 
voltage 

1.00E-06 7.19E-03 2.93E-11 1.18E-10 2.81E-03 
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Table S28. Impact results of canonical perovskite sorted by flows. 

 ADP (kg 
Sb eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C2H4 eq) 

AP (kg SO2 
eq) 

Total 3.75E-09 1.06E-03 8.24E-05 4.23E-12 2.25E-08 3.97E-07 

Reagents 3.63E-09 1.63E-04 1.29E-05 7.17E-13 9.07E-09 6.44E-08 

MAI 1.05E-09 3.64E-05 2.78E-06 1.67E-13 7.04E-09 1.33E-08 

PbI₂ 2.58E-09 1.27E-04 1.01E-05 5.50E-13 2.04E-09 5.12E-08 

Solvents (GBL) 1.81E-12 1.88E-05 9.99E-07 1.07E-13 2.39E-10 3.09E-09 

Process 
outputs 
(Emissions - 
GBL) 

1.81E-12 1.88E-05 9.99E-07 1.07E-13 2.39E-10 3.09E-09 

Transport, 
lorry >16t 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Electricity, low 
voltage 

1.18E-10 8.75E-04 6.85E-05 3.40E-12 1.32E-08 3.30E-07 
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Table S28 Bis. Impact results of canonical perovskite sorted by flows. 

 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Total 2.65E-07 1.88E-03 7.62E-12 3.21E-11 7.46E-04 

Reagents 4.42E-08 2.85E-04 1.17E-12 6.06E-12 1.19E-04 

MAI 8.40E-09 6.25E-05 2.45E-13 1.01E-12 2.37E-05 

PbI₂ 3.58E-08 2.23E-04 9.27E-13 5.05E-12 9.52E-05 

Solvents (GBL) 1.29E-09 2.17E-05 3.92E-14 1.85E-13 3.82E-06 

Process 
outputs 
(Emissions - 
GBL) 

1.29E-09 2.17E-05 3.92E-14 1.85E-13 3.82E-06 

Transport, 
lorry >16t 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.18E-06 

Electricity, low 
voltage 

2.20E-07 1.57E-03 6.41E-12 2.59E-11 6.14E-04 
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For the sake of providing assistance to find the most responsible type of flow of the 

impacts of perovskites, impacts are distributed per types of flow and compared in a 

diagram. Figure S18 presents the percentage of impact generated per type of 

inventory flow. It depicts the categories ADP, GWP, CED, HTC and HTNC, which 

represent the most crucial categories for the assessment of PSCs. 

 

Figure S18. Distribution of impacts per type of flow for the most representative categories to assess 
PSCs. 

From Figure S18, a general trend in which the energy used is the most harmful flow 

is observed, supposing more than 80% of the total. This circumstance occurs for all 

categories displayed, except for ADP category. Thus, for ADP perovskite reagents 

contribution exceeds an 80% and energy is the second most harmful type of flow. 

For the canonical perovskite, the contribution of energy to every category is 

superior. In respect to the contributions of triple cation perovskite, contribution of 

both perovskite reagents and solvents is little. 

2.1 Sensitivity analysis 

2.1.1 Chlorobenzene 

Chlorobenzene mass is constant for multiple cation/anion perovskite compositions, 

because its amount does not depend on the composition. From the analysis in Figure 

3 from the manuscript, its impact is notable in respect to the amounts of the rest of 

solvents, as chlorobenzene mass, which is one order of magnitude higher, added 
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during the spin-coating step is not optimised. Furthermore, its use is specific of the 

anti-solvent method. Therefore, three scenarios were established to analyse the 

consequences of the usage of chlorobenzene for a proper removal of solvents during 

the spin-coating step. The three scenarios comprise a reference scenario where the 

amount of chlorobenzene used is not modified (100% scenario), a scenario where 

the amount of chlorobenzene is reduced to a 50% (50% scenario), and a scenario 

where the amount of chlorobenzene is completely eliminated (0% scenario). The 

purpose of the 50% scenario is to provide information about the benefits of reducing 

the dose of chlorobenzene used. At the same time, the purpose of the 0% scenario 

is to display the benefits of the conventional deposition method in comparison to 

the anti-solvent method, as the main difference of both methods is the usage of 

chlorobenzene to assist the removal of solvents. In Figure S19, the total impact of 

the perovskites for each scenario is shown divided by the total impact of the most 

detrimental scenario for the most determining categories for PSCs. As the most 

adverse outcomes belong to the perovskite without caesium content, only results of 

this perovskite are treated in this analysis. 

 
Figure S19. Sensitivity analysis of chlorobenzene with three scenarios for the most determining 

impact categories for PSCs with antisolvent method. 

From the outcomes of the sensitivity analysis in Figure S19, a general reduction of 

the impacts is clearly observed. However, the most favourable scenario, which is 

always the 0% scenario, never declines below 96%. Hence, this reduction does not 

suppose a relevant achievement, as except for ADP category, these reductions never 

decrease to the extent of canonical perovskite extent in Figure 14 from the 

manuscript. 
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Summary 

Photovoltaic devices based on perovskite materials have a great potential to become 

an exceptional source of energy, while preserving the environment. However, to 

enter the global market they require further development in order to achieve the 

necessary performance requirements. The environmental performance of a pre-

industrial process of production of a large area carbon stack perovskite module is 

analysed in this work through life cycle assessment (LCA). From the pre-industrial 

process an ideal process is simulated to establish a benchmark for a pre-industrial 

and a lab scale processes. Perovskite is shown to be the most harmful layer of the 

carbon stack module because of the energy consumed in the preparation and 

annealing of the precursor solution, and not by its Pb content. This work stresses the 

necessity of decreasing energy consumption during module preparation as the most 

effective way to reduce environmental impacts of PSCs. 

Graphical Abstract 
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5.1 Introduction 

Photovoltaics (PV) represent a potential technology to mitigate the climate change 

and other pollution consequences while obtaining energy to power human activity 

[262]. Nowadays, PV technologies based on halide perovskites have chiefly been 

developed at laboratory scale, where it has raised much interest among the scientific 

community [263]. Its development is addressed in multiple ways; decreasing costs 

of production, enhancing its poor lifespan, guaranteeing safety despite its lead 

content or substituting it for another less toxic element and producing them at 

industrial scale while maintaining high power conversion efficiency (PCE) [264–266]. 

Thus far, efficiencies have experienced a fast progression that over 20%-efficient 

perovskite solar cell (PSC) have been obtained in several laboratories around the 

world [228,230,256–259]. Nevertheless, for bringing PSCs to commercialisation and 

launching them into the global market, as several companies aim to do [267–270], 

paramount parameters encompass low cost, large area, high throughput, high solar-

to-energy PCE, reproducibility, cost performance, long lifetime and low 

environmental impact [146]. 

The mainstream architecture and deposition techniques used in laboratories cannot 

be easily translated to larger substrates. For example, spin-coating or anti-solvent 

deposition methods present a large waste of material and a difficult implementation 

in large scale [250,271], besides producing an increase of environmental impacts 

[89]. On the other hand, some materials used in several lab configurations such as 

Spiro-MeOTAD or Au should be avoided for their high cost, reduced stability and high 

environmental burden [113,165]. Consequently, new architectures have been 

investigated to overcome these limitations. Architectures where the perovskite is 

deposited through slot die [272–274], blade coating [271,275,276] and solvent free 

pressure processing [277] are discarded because they still need an evaporated metal 

contact to complete the device or suffer from low efficiencies (<5%). At the same 

time, a laminated device with a metal grid PEDOT:PSS cathode has been reported 

with efficiency over 10% [276,278,279], but the lifetime of this has not yet been 

proven. On the other hand, a large area module based on a fully printed mesoporous 

stack, using carbon as cathode, has been reported, exhibiting low cost, high 

throughput and high stability [96,152,155]. In this configuration, the use of the 

expensive and instable Spiro-MeOTAD and the use of gold are avoided. As such, it is 

viewed as one of the closest to commercialisation [155,280]. Perovskite is infiltrated 

into a semi conducting scaffold of mesoporous titania (m-TiO2), an insulating scaffold 

of mesoporous zirconia (m-ZrO2) and a cathode of carbon, whose porosity is crucial 

to control crystallisation of the perovskite over a large area [272]. Those layers are 

deposited through screen printing, which enables reproducibility in large area 
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substrates [281,282]. Despite the fact that infiltration of the precursor solution is 

usually conducted manually, recently an automated system to deposit the perovskite 

with a robotic dispenser and a mesh has demonstrated more homogeneous 

depositions on large areas [165] and modules with active areas of up to 198 cm² have 

been reported [166]. Furthermore, this configuration with a proper encapsulation 

exhibits outstanding lifetimes beyond one year [78]. By using different perovskite 

compositions in this carbon stack an efficiency close to 16% has been reached [283]. 

Yet, tuning the perovskite composition with formamidinium (FA), caesium, 

methylammonium (MA), iodide and bromide ions has proven adverse environmental 

consequences due to an increased amount of reagents [89]. Another advantage of 

the process is the usage of an ultra-fast annealing process with near infrared 

radiation technique [284]. However, in the structure fluorine-doped tin oxide (FTO) 

remains the most expensive material [235]. 

In addition to efficiency and cost issues, the environmental impact of the devices 

should be considered in the future implementation of this technology. The toxicity 

of lead embedded in perovskite remains one of the main concerns of PSCs since their 

early days [146,235,285]. Detrimental effects of Pb in the human body are notorious 

[146,286]. Its damaging activity consists in the mimicry of Ca, Zn and Fe essential ions 

involved in biological processes [121,131]. Nonetheless, different studies assure that 

its presence in PSCs should not pose a restrictive concern for its commercialization 

[126,135]. In fact, emissions of Pb stemming from other established applications are 

higher than those related to PSCs; such as lead-acid batteries, crystalline solar cell 

panels (during its production) and weather-proofing lead sheets on roofs [126,287]. 

Still, PSCs embedded in consumer electronics or portable systems may find a barrier 

to the European market through the “RoHS Directive” [288], as it restricts the use of 

lead to 0.1% for homogeneous materials [124]. Several solutions to mitigate the 

detrimental effect of lead in PSCs have been proposed by the scientific community, 

such as designing safe production processes to prevent harmful consequences due 

to handling of Pb [126] and efficient recycling processes for Pb as well as for the rest 

of materials present in the solar cell [124,169,285,289]. In parallel, Pb-free PSCs are 

under development using either Sn or Bi as substitutes [144,290,291], but their 

efficiencies are still quite low and benefits in the environment, derived from the 

usage of these elements instead of Pb, are in doubt [127,133]. 

A significant number of studies based on LCA have been conducted to support PSCs 

on its way to commercialisation. Some previous LCA studies, oriented towards the 

commercialisation of perovskite photovoltaic modules, evaluated some techniques 

suitable for low-cost manufacturing. For instance, an LCA analysing from cradle to 

gate two perovskite devices using spray and co-evaporation methods was reported 
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[130]. In contrast, the first LCA applied to PSCs compared two deposition methods, 

spin-coating and evaporation [110]. Other LCAs likewise analyse laboratory scale 

devices to find weak points and possible improvements from an early stage of PSCs 

development [111,113,128]. Another LCA contrasting different configurations of 

Si/perovskite tandems concludes that the best configuration was Spiro-MeOTAD-

free and used Al instead of noble metals.[177] More analyses based on LCA contrast 

a handful of configurations of tandems with perovskite [126,178,179,292]. LCA has 

been directly applied to the perovskite layer to contrast various compositions 

combining different cations and anions [89]. Similarly, different PSCs containing 

different perovskite compositions are compared in two studies [118,119]. The 

substitution of Pb for Sn in the perovskite layer is also analysed in several studies 

[127,133,292]. To the best of our knowledge, an LCA study directly applied to an 

industrial process of production of large area photovoltaic modules based on 

perovskite has not been performed to date. 

In this work, the environmental performance of a perovskite module, based on the 

carbon mesoporous stack architecture and produced with a pre-industrial process, 

is analysed via LCA, from cradle to gate, to determine the major environmental 

impacts of each manufacturing step. This pre-industrial process is intended to be a 

preliminary step towards commercialisation of perovskite modules. Remarkably, the 

energy consumptions of all equipment were directly measured and turned out to 

cause the most significant portion of environmental impact. The investigated process 

is based on a high-throughput process of production of a large area module 

(hereafter referred to as pre-industrial module), reported in a previous work [166], 

to which some alterations are implemented [152]. Usage of data stemming from a 

pre-industrial process provides a good approach of the environmental impact that 

will generate a real process. In addition, an ideal industrial process of production, 

based on the pre-industrial one (hereafter referred to as ideal module), is simulated 

(not directly measured) and environmentally assessed. In the ideal industrial 

process, energy consumption of some steps and usage of some materials are 

optimised with respect to those in the pre-industrial process, as it should be 

expected for the ideal implementation of a production line. We define an ideality 

coefficient that quantifies how close a given fabrication procedure from the ideal 

process is, in terms of environmental impacts. Finally, the progress attained by the 

large module produced via this pre-industrial process respect to a small PSC 

produced by means of the most extended laboratory scale process pertaining to a 

previous phase of development (hereafter referred to as lab-scale PSC) is illustrated 

via comparison of its ideality coefficient [113]. 
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5.2 Results and discussion 

5.2.1 LCA of pre-industrial module 

Environment-wise, the production of a perovskite PV module with a carbon stack 

architecture (pre-industrial module) is scrutinised to elucidate which are its main 

weaknesses. For this purpose, the impact of each of the layers of the module is 

estimated for all the categories considered for this study, which is shown in Figure 

20. Impacts of each layer are divided by the overall impact of the module. To make 

them comparable, impacts of each layer are aggregated per category. More 

information about how the environmental impacts are obtained can be found in the 

Transparent methods section, the Table S29, Table S32, Table S33, Table S34, Table 

S35, Table S36 and Table S37 in the Supplemental Information. 

 

Figure 20 Aggregated impacts of each layer of the carbon stack perovskite module, sorted by impact 
categories 

Distribution of impacts in Figure 20 exposes that the perovskite layer presents the 

biggest impact among all layers. Its contribution is superior to that of the rest of the 

layers, except in POP category. For most of the categories, the contribution of the 

perovskite layer is superior to 50%. In contrast, for ODP, POP and AP categories, the 

impact of perovskite layer is below 50%. Most of the impact of the perovskite layer 

stems from the use of energy flow, except for the ADP category where it mostly 

stems from the materials flow. Both heating up and annealing processes involved in 

the perovskite deposition contribute similarly to the impact. Both high consumptions 
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originate from a forced convection generated to assist perovskite crystallisation 

during the annealing process and a process of heating of perovskite reagents carried 

out in a hot plate, which needs optimisation. Thus, a reduction of its impact should 

be among the next goals to improve the sustainability of the pre-industrial process. 

For instance, the amount of precursor reagents could be reduced with an automatic 

deposition using a robot and a mesh, instead of depositing it manually [165]. A 

reduction of the energy required for heating up the precursor solution at 70 ºC and 

annealing the perovskite layer —e.g., via heat recovery and other methods for 

reducing the crystallisation time— would also be necessary. 

For the POP category, the most adverse layer is the blocking layer, accounting for 

more than 90% of the total. For this category, the impact mostly stems from the 

emissions. The most harmful compound emitted is isopropanol. Impact of the 

blocking layer is also significant for the rest of the categories alongside the anode + 

substrate layer, whose contribution is above 10% in most of them. Use of energy and 

materials are the main responsible flows of their impact. Moreover, impact of the 

cathode is also noticeable. 

To assist the analysis of the pre-industrial module, the distribution of impacts for 

each of the impact flow is depicted in Figure 21 for all categories. Materials, use of 

energy, amount of transportation and emissions flows are included in this analysis. 

Impacts of each flow are divided by the total impact to obtain the percentage of 

contribution. 

When the impact of the four types of flows are compared in Figure 21, the use of 

energy results to be the most detrimental for ADPF, GWP, AP, EP, CED, HTC, HTNC 

and FET categories, varying between 69.1% to 90.2%. As well as it happens in Figure 

20, impacts of those categories mainly stem from the perovskite layer, in particular 

from the heating up of the precursor solution and annealing of the film. 

In contrast, for ADP and ODP the most harmful flow is materials, which ranges from 

56.7% to 92.6%. For ADP category, lead iodide reagent for the perovskite production 

is the most harmful material: its impact is one order of magnitude higher than MAI, 

two orders of magnitude higher than AVAI and three orders of magnitude higher 

than the solvent butyrolactone (GBL). Meanwhile, for ODP the main material 

responsible for the impact is not as clear, since all layers contribute roughly the 

same. For the POP category, the contribution of emissions flow is higher than 90%, 

due to the release of isopropanol used copiously as a carrier to enable the blocking 

layer deposition via spray. 
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Figure 21 Aggregated impacts of the carbon stack perovskite module, sorted by impact categories 

As materials chosen are an important concern for the production of PV devices and 

their impact is usually hidden by that of the use of energy flow, we focus on the 

materials used for the production of the pre-industrial module. The impact of each 

compound used is divided by the total impact of the materials flow and displayed in 

Figure 22, sorted by categories. As the impacts of some of the compounds depicted 

are too little to be appreciated in the chart, they are aggregated in a single group 

(Others), which comprises TiAcAc, TiO₂, Ethylcellulose, 2-(2-butoxyethoxy) ethyl 

acetate, Nitrocellulose, AVAI, Polyethylene terephthalate, Zirconia and Carbon. On 

the other hand, contributions of the impact of FTO, glass substrate, isopropanol, α-

terpineol, PbI₂, MAI and GBL are shown individually. 

The glass substrate, accounting for the largest fraction of the mass of the pre-

industrial module, represents the most detrimental material. Its contribution is 

above 43% for all categories, except for ADP (slightly below 20%) and ODP. For ADP 

category, the most harmful material, contributing nearly 60% to this category, is the 

PbI2 used as reagent for the perovskite synthesis. The reason behind such 

contribution lies in the fact that a big amount of it is used and its impact per kg is 

high. Isopropanol and α-terpineol solvents have a significant contribution to the 

overall impact. Terpineol is especially detrimental for ODP category, where it 

represents nearly 67% of the total. On the other hand, mass of isopropanol used per 

kWh is the highest of all materials, i.e., 0.0908 kg/kWh. Impact of MAI is relatively 

modest except for ADP category, where represents more than 20%. Moreover, GBL 

impacts are appreciable for every category. In consequence, the aggregate of 
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compounds involved in the synthesis of perovskite (PbI₂, MAI, GBL) is higher than 

10% for ADP, GWP, EP, CED HTC, HTNC and FET. This fact reinforces the need for 

reducing the usage of reagents for the synthesis of perovskite as pointed out in the 

analysis in Figure 21. 

 

Figure 22 Aggregated impacts of material inputs of the carbon stack perovskite module, sorted by 
impact categories 

5.2.2 Ideality analysis 

Minimisation of material and energy consumption establishes the ideal scenario to 

decrease the environmental impacts caused by a device fabrication. Here, we define 

an ideality coefficient that quantifies how close a given fabrication procedure from 

the ideal process is, in percentage. Note that a technology requires an ideal 

coefficient as high as possible to reduce as much as possible the environmental 

impacts. However, no technological process can reach 100% ideality coefficient, as 

no technology can produce zero waste material and consume just the 

thermodynamic limit energy. This coefficient is depicted in percentages for both the 

pre-industrial module and the lab-scale PSC in Figure 23. Its value is the result of 

dividing the impact of the ideal process by the impact of the process to compare. For 

this analysis, the most fundamental categories are only used to ease its performance 

and thus its comprehension. As previously discussed and according to the data 

reported in Figure 20, the most concerning layers of the pre-industrial module are 

the anode + substrate, the blocking layer and the perovskite, so these are the only 

layers included in the analysis. In order to assess in great detail these layers, this 

analysis is combined with the relative impacts —sorted by type of flow— of both the 
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carbon stack module produced at pre-industrial scale and the PSC produced at lab 

scale. The impact of each flow type pertaining to each layer is resized and aggregated 

to fit in the corresponding percentage of ideality coefficient. Results are sorted by 

device, by category and finally by layer, where those of the anode + substrate layer 

(a) are depicted from 0% to 100% and those of the blocking and perovskite layers (b) 

are depicted from 0% to 1%. Further information about the obtaining of these 

outcomes can be found in Table S29 to Table S37 and in the Transparent methods 

section in the Supplemental Information. 

 

Figure 23 Ideality coefficient for the carbon stack module produced with a pre-industrial process and 
the PSC produced with a process in the laboratory environment. The ideality coefficient quantifies 
how close a given fabrication procedure from the ideal process is, in percentage; its value is the result 
of dividing the impact of the ideal process by the impact of the process to compare. Relative impacts 
from pre-industrial module, PSC at laboratory scale and ideal process, sorted by impact categories 
and layers: a) anode + substrate, b) blocking and perovskite layer. See also Figure S24 and Figure S25 
in the Supplemental Information. 

From the results in Figure 23, it is observed that the pre-industrial module 

significantly reduces all impacts, with ideality coefficients reaching values as high as 

89.5% for ADP. In the anode + substrate layer the pre-industrial process reaches the 

highest ideality coefficients among the three layers analysed, where the pre-

industrial device ranges from 55.8% to 89.5%. It is important to bear in mind that the 

step of cleaning has been removed for the anode + substrate with respect to the 

process performed in the laboratory, which is the cause of the reduction in the 

impact of this layer. Remarkably, impacts derived from anode + substrate layer of 
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both pre-industrial and ideal processes are almost alike, indicating that further 

optimisation of the pre-industrial process should focus on blocking layer and 

especially perovskite layer. Theoretical optimisation of materials and energy in the 

ideal process is the reason why ideality coefficient of the pre-industrial process is not 

closer to the 100%. The materials flow is the most responsible of the impact of the 

anode + substrate, followed by the energy for all categories except ADP. The high 

values of the ideality coefficient of the pre-industrial process contrast with those of 

the lab-scale PSC that do not surpass 3.0% (about 30-fold lesser), which reinforces 

the progression made by the pre-industrial process for the anode + substrate layer. 

Ideality coefficients for the blocking layer are significantly lower, ranging from 0.51% 

to 0.83% for the pre-industrial process, where the highest ideality coefficient 

pertains to the HTNC category. However, it is far from the ideal process, mostly due 

to the use of energy flow for the blocking layer. For the blocking layer, a significant 

optimisation of both materials and use of energy flows is recommended to improve 

ideality. For instance, depositing this layer by screen printing would result in an 

optimisation of TiAcAc solution and a decrease in the usage of energy, as it happens 

for the mesoporous layers in the pre-industrial process. Furthermore, a reduction in 

the thickness of the blocking layer to 8 nm is feasible, via electrophoretic deposition 

method, with a subsequent reduction in materials [293]. Other deposition methods 

such as spray-cast and semi-automatic spray pyrolysis might pose an alternative for 

industrial manufacture of the carbon-stack perovskite module [294,295]. For the lab-

scale process, ideality coefficients fluctuate between 0.0043% and 0.0143%, which 

are well below those of the pre-industrial one (about 58-fold lesser). Therefore, for 

the blocking layer the pre-industrial process is less harmful, which highlights the 

advancement it has achieved. 

In addition, results reveal that the process of deposition of perovskite is the least 

optimised, narrowly followed by the blocking layer. Its ideality coefficients vary 

between 0.06% for the ADP category and 0.09% for GWP, CED, HTC and HTNC 

categories. The highest amount of energy consumed for the pre-industrial process, 

to prepare the solution and to anneal the deposited layer, arises as the responsible 

of these striking results as use of energy is the most detrimental flow for this layer. 

Therefore, finding an alternative, such as heating with near infrared radiation 

[152,284], especially for the annealing step, should be fundamental to reduce the 

impact of this process to that of the ideal process and get it off the ground. 

Alternatively, using other heating techniques needing shorter operational times such 

as NIR radiation [296,297], photonic flash-annealing [298] and high-temperature—

short-time annealing processes [299] could optimise the environmental 

performance of the perovskite layer. In comparison with those of the lab-scale PSC, 
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ideality coefficient values of the pre-industrial device are notably higher (about 8-

fold bigger), despite the fact that both processes are far from ideality, pointing out 

the improvement already achieved. Overall outcomes of the study are provided in 

Table S38, Table S39 and Table S40 of the Supplemental Information. 

5.3 Conclusions 

A cradle-to-gate LCA of a pre-industrial process of production of a large area 

perovskite module based on a carbon stack architecture is assessed. An ideality 

coefficient is obtained to evaluate the level of optimisation of the pre-industrial 

module, which show overall encouraging results. This ideality coefficient of the pre-

industrial process is compared with that of a mesoporous structured PSC produced 

in the laboratory environment and with an extrapolated ideal situation in which 

material and energy consumption is minimized. 

The perovskite layer is found to be the layer with the greatest impact on the pre-

industrial module, mainly due to the energy consumed in the preparation and 

annealing of the precursor solution, rather than the Pb content that raises a greater 

concern. This step is highly amenable to optimisation. 

Ideality coefficients of the pre-industrial process show a significant improvement 

regarding environmental impacts for the most relevant layers, namely the FTO-glass 

substrate, the compact TiO₂ blocking layer and the perovskite. While the first one 

generates low impacts, and it is already close to optimal, the energy consumption 

needed for the perovskite layer and for the blocking layer is still too high and must 

be reduced. 
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5.4 Supplemental Information 

1 Supplemental Figures 

Ideality coefficient is defined in the Results and Discussion section of the main 

manuscript. In Figure S24 a wider analysis of the ideality coefficient is shown, which 

includes all the categories. 

 

Figure S24. Ideality coefficient for the carbon stack module produced with a pre-industrial process 
and the PSC produced with a process in the laboratory environment. The ideality coefficient 
quantifies how close a given fabrication procedure from the ideal process is, in percentage; its value 
is the result of dividing the impact of the ideal process by the impact of the process to compare. In 
the vertical axis are the impact categories selected, related to Figure 23. 

In order to compare in great detail the carbon stack module produced at pre-

industrial scale, the PSC produced at lab scale and the module produced with the 

ideal process, relative impacts of these three devices are displayed in Figure S25. For 

this analysis, the most fundamental categories are only used to ease its performance 

and thus its comprehension. Outcomes of this chart are obtained by dividing the 

impact of each device by the maximum impact within the same category and the 

same layer. Afterwards, the impact of each flow type pertaining to each layer is 

resized and aggregated to fit in the corresponding percentage of relative impact. 

Results are sorted by device, by category and finally by layer. Moreover, impacts of 
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the most harmful device within the same category and the same layer have a value 

of 100%, whereas for the other two devices the percentage respect this device is 

shown. As previously discussed and according to the data reported in Figure 20 of 

the main manuscript, the most concerning layers of the pre-industrial module are 

the anode + substrate, the blocking layer and the perovskite, so these are the only 

layers included in the analysis. 

 

Figure S25. Relative impacts from pre-industrial module, PSC at laboratory scale and ideal process, 
sorted by impact categories and layers: anode + substrate, blocking and perovskite layer, related to 
Figure 23. 
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2 Supplemental Tables 

2.1 Perovskite module with a carbon stack configuration 

Table S29. Inventory of the carbon stack perovskite photovoltaic module, related to Figure 20 to 

Figure 23. 

Layer Input/Output Amount Unit 

Anode (FTO) 
+ Substrate 
(glass) 

Fluorine doped Tin Oxide 0.0211 g/kWh 

Glass 27.0 g/kWh 

FTO sputtering, medium voltage 1.18·10⁻⁵ MJ/kWh 

Laser substrate etching, medium voltage 0.0466 MJ/kWh 

Transportation burden by lorry 7.48·10⁻³ km·T/kWh 

Blocking 
layer 

Titanium di-isopropoxide bis(acetylacetonate) 0.488 g/kWh 

Isopropanol 3.63 g/kWh 

Air compression 7.97·10⁻⁶ m3/kWh 

Annealing at 550 ºC for 30 min (allocated), medium 
voltage 

0.217 MJ/kWh 

Emissions – Acetylacetone 0.796 g/kWh 

Emissions – Isopropanol 3.79 g/kWh 

Transportation burden by lorry 1.13·10⁻³ km·T/kWh 

Semi 
conducting 
scaffold 

Titania nanoparticles 0.0199 g/kWh 

Ethyl cellulose 0.0100 g/kWh 

2-(2-Butoxyethoxy) ethyl acetate 0.0199 g/kWh 

Terpineol 0.0586 g/kWh 

Screen printing, medium voltage 7.72·10⁻⁵ MJ/kWh 

Annealing at 550 ºC for 30 min (allocated), medium 
voltage 

8.85·10⁻³ MJ/kWh 

Emissions – Titanium dioxide 4.98·10⁻³ g/kWh 

Emissions – Ethyl cellulose 3.34·10⁻³ g/kWh 

Emissions – 2-(2-Butoxyethoxy) ethyl acetate 0.0199 g/kWh 

Emissions – Terpineol 0.0586 g/kWh 

Emissions – Carbon dioxide 0.0138 g/kWh 

Emissions – Water vapour 4.95·10⁻³ g/kWh 

Transportation burden by lorry 2.49·10⁻⁵ km·T/kWh 

Transportation burden by freight ship 2.08·10⁻³ km·T/kWh 

Insulating 
scaffold 

Zirconia 0.0401 g/kWh 

Ethyl cellulose 0.0134 g/kWh 

Terpineol 0.0802 g/kWh 

Screen printing, medium voltage 7.72·10⁻⁵ MJ/kWh 

Annealing at 400 ºC for 30 min (allocated), medium 
voltage 

0.0460 MJ/kWh 
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Layer Input/Output Amount Unit 

Emissions – Zirconium dioxide 0.0100 g/kWh 

Emissions – Ethyl cellulose 3.34·10⁻³ g/kWh 

Emissions – Terpineol 0.0802 g/kWh 

Emissions – Carbon dioxide 0.0186 g/kWh 

Emissions – Water vapour 6.65·10⁻³ g/kWh 

Transportation burden by lorry 1.63·10⁻⁴ km·T/kWh 

Cathode 

Carbon 0.133 g/kWh 

Nitrocellulose 0.0222 g/kWh 

Terpineol 0.0667 g/kWh 

Screen printing, medium voltage 7.72·10⁻⁵ MJ/kWh 

Annealing at 400 ºC for 30 min (allocated), medium 
voltage 

0.153 MJ/kWh 

Emissions – Carbon 0.0334 g/kWh 

Emissions – Nitrocellulose 5.56·10⁻³ g/kWh 

Emissions – Terpineol 0.0667 g/kWh 

Emissions – Carbon dioxide 0.0148 g/kWh 

Emissions – Water vapour 3.54·10⁻³ g/kWh 

Emissions – Nitrogen dioxide 7.75·10⁻³ g/kWh 

Transportation burden by lorry 2.03·10⁻⁵ km·T/kWh 

Perovskite 

Lead Iodide 0.0525 g/kWh 

Methylammonium Iodide 0.0181 g/kWh 

5-ammonium valeric acid iodide 8.01·10⁻⁴ g/kWh 

γ-butyrolactone 0.135 g/kWh 

Precursor solution mixture, low voltage 5.38·10⁻³ MJ/kWh 

Annealing at 50 ºC for 60 min, medium voltage 0.426 MJ/kWh 

Emissions – Butyrolactone 0.135 g/kWh 

Transportation burden by lorry 4.86·10⁻⁵ km·T/kWh 

Transportation burden by freight 3.95·10⁻⁴ km·T/kWh 

Others 
Screen (polyethylene terephthalate) 1.05·10⁻³ g/kWh 

Transportation burden by lorry 3.75·10⁻⁷ km·T/kWh 
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2.2 Mesoporous PSC produced in the laboratory environment 

Just as it is considered for the carbon stack module, the active area is obtained by 

applying the fill factor, which determines the percentage of active area in respect of 

the overall area. This active area is then used to convert the amount of all inputs and 

outputs as a function of the unit of 1 kWh. 

Table S30. Inventory of a mesoporous PSC produce in the laboratory environment, related to Figure 

23. 

Layer Input/Output Amount Unit 

Anode (FTO) 
+ Substrate 
(glass) 

Fluorine doped Tin Oxide 0.562 g/kWh 

Glass 695 g/kWh 

Metallic Zinc 3.19 g/kWh 

Hydrochloric acid 3.11 g/kWh 

Deionised water 164 g/kWh 

Ethanol 123 g/kWh 

Isopropanol 123 g/kWh 

Acetone 123 g/kWh 

Soap (Hellmanex) 4.48 g/kWh 

FTO sputtering, medium voltage 0.491 MJ/kWh 

Sonication, low voltage 0.961 MJ/kWh 

Ozone chamber, medium voltage 0.184 MJ/kWh 

Emissions – Ethanol 126 g/kWh 

Emissions – Isopropanol 125 g/kWh 

Emissions – Acetone 126 g/kWh 

Emissions – Chloride 0.906 g/kWh 

Transportation burden by lorry 0.981 km·T/kWh 

Electron 
transporting 
layer (ETM) 

Titanium dioxide 0.138 g/kWh 

Ethanol 4.03 g/kWh 

Spin coating (2000 rpm, 1 min), low voltage 0.327 MJ/kWh 

Heating (120 ºC, 10 min), low voltage 2.09 MJ/kWh 

Annealing (450 ºC, 4h), low voltage 10.3 MJ/kWh 

Emissions – Ethanol 4.03 g/kWh 

Transportation burden by lorry 4.11·10⁻³ km·T/kWh 

Scaffold 

Titanium dioxide 2.62 g/kWh 

Ethanol 1.96 g/kWh 

Spin-coating (4000 rpm, 60 s), low voltage 0.675 MJ/kWh 

Heating (80 ºC, 15 min), low voltage 1.88 MJ/kWh 

Annealing (450 ºC, 4 h), low voltage 10.3 MJ/kWh 

Emissions – Ethanol 1.96. g/kWh 



Perovskite photovoltaic modules: life cycle assessment of pre-industrial production 
process 

─ 131 ─ 

Layer Input/Output Amount Unit 

Transportation burden by lorry 4.15·10⁻³ km·T/kWh 

Hole 
transporting 
layer (HTM) 

Spiro-MeOTAD 0.374 g/kWh 

Chlorobenzene 5.66 g/kWh 

Spin-coating (4000 rpm, 30 s), low voltage 0.348 MJ/kWh 

Emissions – Chlorobenzene 5.66 g/kWh 

Transportation burden by lorry 5.46·10⁻³ km·T/kWh 

Cathode 

Gold 0.0237 g/kWh 

Thermal evaporation, medium voltage 5.85 MJ/kWh 

Transportation burden by lorry 2.15·10⁻⁵ km·T/kWh 

Perovskite 

Lead Iodide 3.28 g/kWh 

Methylammonium Iodide 1.13 g/kWh 

γ-butyrolactone 6.61 g/kWh 

Stirring (100 ºC, 10 min) 0.0818 MJ/kWh 

Stirring (70 ºC, 30 min), low voltage 0.225 MJ/kWh 

Spin-coating (500 rpm, 5 s), low voltage 0.0204 MJ/kWh 

Spin-coating (2000 rpm, 60 s), low voltage 0.327 MJ/kWh 

Heating (100 ºC, 60 min), low voltage 0.409 MJ/kWh 

Emissions – γ-butyrolactone 6.61 g/kWh 

Transportation burden by lorry 9.99·10⁻³ km·T/kWh 

Others 

Nitrogen gas 2004 g/kWh 

Glove box, medium voltage 10.9 MJ/kWh 

Emissions – Nitrogen gas 2004 g/kWh 

Transportation burden by lorry 0.164 km·T/kWh 
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2.3 Ideal process of production of carbon stack perovskite modules 

Table S31. Inventory of the ideal process of production of the carbon stack perovskite module, 

related to Figure 23. 

Layer Input/Output Amount Unit 

Anode (FTO) 
+ Substrate 
(glass) 

Fluorine doped Tin Oxide 0.0190 g/kWh 

Glass 24.3 g/kWh 

FTO sputtering, medium voltage 1.06·10⁻⁵ MJ/kWh 

Transportation burden by lorry 6.73·10⁻³ km·T/kWh 

Blocking 
layer 

Titanium di-isopropoxide bis(acetylacetonate) 4.26·10⁻³ g/kWh 

Air compression 7.97·10⁻⁶ m3/kWh 

Annealing at 550 ºC for 30 min (allocated), medium 
voltage 

1.89·10⁻³ MJ/kWh 

Transportation burden by lorry 1.00·10⁻⁶ km·T/kWh 

Semi 
conducting 
scaffold 

Titania nanoparticles 0.0149 g/kWh 

Screen printing, medium voltage 6.95·10⁻⁵ MJ/kWh 

Annealing at 550 ºC for 30 min (allocated), medium 
voltage 

6.65·10⁻³ MJ/kWh 

Transportation burden by lorry 3.42·10⁻⁶ km·T/kWh 

Transportation burden by freight ship 3.12·10⁻⁴ km·T/kWh 

Insulating 
scaffold 

Zirconia 0.0301 g/kWh 

Screen printing, medium voltage 6.95·10⁻⁵ MJ/kWh 

Annealing at 400 ºC for 30 min (allocated), medium 
voltage 

1.23·10⁻³ MJ/kWh 

Transportation burden by lorry 3.66·10⁻⁵ km·T/kWh 

Cathode 

Carbon 0.120 g/kWh 

Screen printing, medium voltage 6.95·10⁻⁵ MJ/kWh 

Annealing at 400 ºC for 30 min (allocated), medium 
voltage 

4.91·10⁻³ MJ/kWh 

Transportation burden by lorry 1.09·10⁻⁵ km·T/kWh 

Perovskite 

Lead Iodide 2.96·10⁻⁵ g/kWh 

Methylammonium Iodide 1.02·10⁻⁵ g/kWh 

5-ammonium valeric acid iodide 1.56·10⁻⁷ g/kWh 

Precursor solution mixture, low voltage 9.76·10⁻⁶ MJ/kWh 

Annealing at 50 ºC for 60 min, medium voltage 4.09·10⁻⁴ MJ/kWh 

Transportation burden by lorry 9.34·10⁻⁹ km·T/kWh 

Transportation burden by freight 2.16·10⁻⁷ km·T/kWh 
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2.4 Inventory of ethyl cellulose model 

Table S32. Inventory for 1 kg of ethyl cellulose, related to Figure 20 to Figure 23. 

Name Value Unit 

Materials/fuels 

Cellulose fibre, inclusive blowing in 356.735 g 

Ethanol from ethylene 101.359 g 

Hydrochloric acid, from the reaction of hydrogen with 
chlorine 

80.202 g 

Chemical plant, organics 4·10⁻¹⁰ p 

Electricity/heat 

Electricity, low voltage 1.35·10⁻⁶ kWh 

Emissions to water 

Hydrogen chloride 80.202 g 

Water 39.603 g 

 

2.5 Inventory of α-terpineol model 

Table S33. Inventory for 1 kg of α-terpineol, related to Figure 20 to Figure 23. 

Name Value Unit 

Materials/fuels 

Water, deionised 116.692 g 

Dichloromethane 550.611 g 

Hydrogen, liquid 25.935 g 

Acetone, liquid 753.053 g 

Acetylene 337.602 g 

Chemical plant, organics 4·10⁻¹⁰ p 

Electricity/heat 

Electricity, low voltage 0.420 kWh 

Emissions to water 

Hydrogen chloride 236.366 g 

Water 116.692 g 

Organic chlorine compounds (unspecified) 431.03 g 
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2.6 Inventory of titanium di-isopropoxide bis(acetylacetonate) model 

Table S34. Inventory for 1 kg of titanium di-isopropoxide bis(acetylacetonate), related to Figure 20 

to Figure 23. 

Name Value Unit 

Materials/fuels 

Acetone, liquid, at plant 637.786 g 

Titanium tetrachloride 520.724 g 

Isopropanol 659.968 g 

Chemical plant, organics 4·10⁻¹⁰ p 

Electricity/heat 

Electricity, low voltage 1.35·10⁻⁶ kWh 

Emissions to water 

2-Propanol 329.984 g 

Methane 87.849 g 

Hydrogen chloride 400.373 g 

 

2.7 Inventory of 5-ammonium valeric acid iodide 

Table S35. Inventory for 1 kg of 5-ammonium valeric acid iodide, related to Figure 20 to Figure 23. 

Name Value Unit 

Materials/fuels 

Formic acid 187.828 g 

Butane-1,4-diol 367.49 g 

Ammonia, liquid 69.541 g 

Hydrogen, liquid 4.083 g 

Iodine 518.18 g 

Chemical plant, organics 4·10⁻¹⁰ p 

Electricity/heat 

Electricity, low voltage 1.35·10⁻⁶ kWh 

Emissions to water 

Water 146.996 g 
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2.8 Inventory of 2-(2-butoxyethoxy) ethyl acetate model 

Table S36. Inventory for 1 kg of 2-(2-butoxyethoxy) ethyl acetate, related to Figure 20 to Figure 23. 

Name Value Unit 

Materials/fuels 

Acetic acid from acetaldehyde 293.992 g 

Diethylene glycol 519.528 g 

1-butanol, propylene hydroformylation 362.874 g 

Chemical plant, organics 4·10⁻¹⁰ p 

Electricity/heat 

Electricity, low voltage 1.35·10⁻⁶ kWh 

Emissions to air 

Oxygen 78.329 g 

Hydrogen 9.791  

Emissions to water 

Water 88.12 g 

 

2.9 Inventory of nitrocellulose model 

Table S37. Inventory for 1 kg of nitrocellulose, related to Figure 20 to Figure 23. 

Name Value Unit 

Materials/fuels 

Cellulose fibre 162.237 g 

Nitric acid 378.302 g 

Chemical plant, organics 4·10⁻¹⁰ p 

Electricity/heat 

Electricity, low voltage 1.35·10⁻⁶ kWh 

Emissions to water 

Water 243.183 g 
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3 Results 

Table S38. Environmental impacts results for the carbon stack produced with the pre-industrial 

process given per kWh of electricity produced, related to Figure 20 to Figure 23. 

 
ADP (kg Sb 

eq) 
ADPF (MJ) GWP (kg 

CO₂ eq) 
ODP (kg 

CFC-11 eq) 
POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

Total 1.70·10⁻⁶ 2.25 0.165 1.75·10⁻⁸ 7.57·10⁻⁴ 9.23·10⁻⁴ 

Raw Materials 1.66·10⁻⁶ 0.699 0.0445 1.14·10⁻⁸ 2.09·10⁻⁵ 3.52·10⁻⁴ 

Anode + Substrate 3.71·10⁻⁷ 0.350 0.0294 2.82·10⁻⁹ 9.49·10⁻⁶ 2.83·10⁻⁴ 

Fluor Tin Oxide 3.14·10⁻⁷ 4.82·10⁻³ 3.27·10⁻⁴ 2.98·10⁻¹¹ 3.56·10⁻⁷ 8.10·10⁻⁶ 

Solar glass, low-iron 5.71·10⁻⁸ 0.345 0.0290 2.79·10⁻⁹ 9.14·10⁻⁶ 2.75·10⁻⁴ 

Blocking layer 1.79·10⁻⁸ 0.253 8.67·10⁻³ 4.87·10⁻¹⁰ 9.18·10⁻⁶ 3.80·10⁻⁵ 

Titanium 
diisopropoxide 
bis(acetylacetonate) 

4.71·10⁻⁹ 0.0458 2.00·10⁻³ 1.90·10⁻¹⁰ 1.79·10⁻⁶ 1.00·10⁻⁵ 

Isopropanol 1.32·10⁻⁸ 0.207 6.67·10⁻³ 2.96·10⁻¹⁰ 7.39·10⁻⁶ 2.80·10⁻⁵ 

Semi conducting 
scaffold 

6.44·10⁻¹⁰ 7.19·10⁻³ 3.90·10⁻⁴ 2.19·10⁻⁹ 1.19·10⁻⁷ 2.03·10⁻⁶ 

Titanium dioxide, 
chloride process 

1.35·10⁻¹⁰ 1.44·10⁻³ 8.08·10⁻⁵ 1.90·10⁻¹¹ 1.74·10⁻⁸ 4.10·10⁻⁷ 

Ethyl cellulose 4.25·10⁻¹¹ 8.20·10⁻⁵ 3.30·10⁻⁶ 1.56·10⁻¹² 2.28·10⁻⁹ 2.23·10⁻⁸ 

2-(2-butoxyethoxy) 
ethyl acetate 

1.67·10⁻¹⁰ 1.20·10⁻³ 4.52·10⁻⁵ 2.78·10⁻¹² 2.66·10⁻⁸ 1.43·10⁻⁷ 

Terpineol 3.00·10⁻¹⁰ 4.47·10⁻³ 2.60·10⁻⁴ 2.16·10⁻⁹ 7.29·10⁻⁸ 1.45·10⁻⁶ 

Insulating scaffold 1.19·10⁻⁹ 8.18·10⁻³ 5.17·10⁻⁴ 2.98·10⁻⁹ 1.36·10⁻⁷ 2.84·10⁻⁶ 

Zirconia 7.18·10⁻¹⁰ 1.95·10⁻³ 1.56·10⁻⁴ 1.08·10⁻¹¹ 3.32·10⁻⁸ 8.21·10⁻⁷ 

Ethyl cellulose 5.71·10⁻¹¹ 1.10·10⁻⁴ 4.43·10⁻⁶ 2.09·10⁻¹² 3.06·10⁻⁹ 2.99·10⁻⁸ 

Terpineol 4.11·10⁻¹⁰ 6.12·10⁻³ 3.57·10⁻⁴ 2.96·10⁻⁹ 9.98·10⁻⁸ 1.99·10⁻⁶ 

Cathode 9.18·10⁻¹⁰ 0.0161 6.40·10⁻⁴ 2.64·10⁻⁹ 1.20·10⁻⁷ 2.63·10⁻⁶ 

Carbon 4.68·10⁻¹⁰ 0.0108 3.15·10⁻⁴ 1.74·10⁻¹⁰ 3.52·10⁻⁸ 8.81·10⁻⁷ 

Nitrocellulose 1.08·10⁻¹⁰ 1.35·10⁻⁴ 2.82·10⁻⁵ 1.09·10⁻¹² 1.83·10⁻⁹ 9.03·10⁻⁸ 

Terpineol 3.41·10⁻¹⁰ 5.09·10⁻³ 2.97·10⁻⁴ 2.46·10⁻⁹ 8.30·10⁻⁸ 1.65·10⁻⁶ 

Perovskite 1.26·10⁻⁶ 0.0647 4.90·10⁻³ 2.95·10⁻¹⁰ 1.87·10⁻⁶ 2.36·10⁻⁵ 

Lead iodide 8.90·10⁻⁷ 0.0438 3.50·10⁻³ 1.90·10⁻¹⁰ 7.03·10⁻⁷ 1.77·10⁻⁵ 

Methylammonium 
iodide 

3.63·10⁻⁷ 0.0126 9.59·10⁻⁴ 5.78·10⁻¹¹ 1.06·10⁻⁶ 4.58·10⁻⁶ 

5-ammonium 
valeric acid iodide 

1.04·10⁻⁸ 6.08·10⁻⁵ 3.72·10⁻⁶ 5.72·10⁻¹³ 9.00·10⁻¹⁰ 1.50·10⁻⁸ 

Gamma-
butyrolactone 

7.99·10⁻¹⁰ 8.29·10⁻³ 4.40·10⁻⁴ 4.73·10⁻¹¹ 1.05·10⁻⁷ 1.36·10⁻⁶ 

Others 8.73·10⁻¹² 7.10·10⁻⁵ 2.80·10⁻⁶ 1.37·10⁻¹³ 6.19·10⁻¹⁰ 1.00·10⁻⁸ 
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ADP (kg Sb 

eq) 
ADPF (MJ) GWP (kg 

CO₂ eq) 
ODP (kg 

CFC-11 eq) 
POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

Screen 
(polyethylene 
terephtalate) 

8.73·10⁻¹² 7.10·10⁻⁵ 2.80·10⁻⁶ 1.37·10⁻¹³ 6.19·10⁻¹⁰ 1.00·10⁻⁸ 

Amount of 
transportation 

3.19·10⁻⁹ 0.0177 1.20·10⁻³ 1.93·10⁻¹⁰ 2.10·10⁻⁷ 6.99·10⁻⁶ 

Anode + Substrate 
transport 

2.69·10⁻⁹ 0.0147 9.92·10⁻⁴ 1.61·10⁻¹⁰ 1.62·10⁻⁷ 5.41·10⁻⁶ 

Anode + Substrate, 
lorry 

2.69·10⁻⁹ 0.0147 9.92·10⁻⁴ 1.61·10⁻¹⁰ 1.62·10⁻⁷ 5.41·10⁻⁶ 

Blocking layer 
transport 

4.06·10⁻¹⁰ 2.21·10⁻³ 1.50·10⁻⁴ 2.42·10⁻¹¹ 2.44·10⁻⁸ 8.16·10⁻⁷ 

Blocking layer, lorry 4.06·10⁻¹⁰ 2.21·10⁻³ 1.50·10⁻⁴ 2.42·10⁻¹¹ 2.44·10⁻⁸ 8.16·10⁻⁷ 

Semi conducting 
scaffold transport 

1.10·10⁻¹¹ 3.45·10⁻⁴ 2.55·10⁻⁵ 3.07·10⁻¹² 1.61·10⁻⁸ 5.08·10⁻⁷ 

Semi conducting 
scaffold, lorry 

8.95·10⁻¹² 4.87·10⁻⁵ 3.30·10⁻⁶ 5.34·10⁻¹³ 5.38·10⁻¹⁰ 1.80·10⁻⁸ 

Semi conducting 
scaffold, freight 

2.04·10⁻¹² 2.96·10⁻⁴ 2.22·10⁻⁵ 2.53·10⁻¹² 1.56·10⁻⁸ 4.90·10⁻⁷ 

Insulating scaffold 
transport 

5.85·10⁻¹¹ 3.19·10⁻⁴ 2.16·10⁻⁵ 3.49·10⁻¹² 3.52·10⁻⁹ 1.18·10⁻⁷ 

Insulating scaffold, 
lorry 

5.85·10⁻¹¹ 3.19·10⁻⁴ 2.16·10⁻⁵ 3.49·10⁻¹² 3.52·10⁻⁹ 1.18·10⁻⁷ 

Cathode transport 7.29·10⁻¹² 3.97·10⁻⁵ 2.69·10⁻⁶ 4.35·10⁻¹³ 4.38·10⁻¹⁰ 1.46·10⁻⁸ 

Cathode, lorry 7.29·10⁻¹² 3.97·10⁻⁵ 2.69·10⁻⁶ 4.35·10⁻¹³ 4.38·10⁻¹⁰ 1.46·10⁻⁸ 

Perovskite transport 1.79·10⁻¹¹ 1.52·10⁻⁴ 1.07·10⁻⁵ 1.53·10⁻¹² 4.01·10⁻⁹ 1.28·10⁻⁷ 

Perovskite, lorry 1.75·10⁻¹¹ 9.52·10⁻⁵ 6.45·10⁻⁶ 1.04·10⁻¹² 1.05·10⁻⁹ 3.52·10⁻⁸ 

Perovskite, freight 3.88·10⁻¹³ 5.63·10⁻⁵ 4.21·10⁻⁶ 4.81·10⁻¹³ 2.96·10⁻⁹ 9.31·10⁻⁸ 

Others transport 1.35·10⁻¹³ 7.35·10⁻⁷ 4.98·10⁻⁸ 8.06·10⁻¹⁵ 8.11·10⁻¹² 2.71·10⁻¹⁰ 

Others, lorry 1.35·10⁻¹³ 7.35·10⁻⁷ 4.98·10⁻⁸ 8.06·10⁻¹⁵ 8.11·10⁻¹² 2.71·10⁻¹⁰ 

Use of Energy 3.84·10⁻⁸ 1.53 0.120 5.94·10⁻⁹ 2.23·10⁻⁵ 5.60·10⁻⁴ 

Anode + Substrate 1.92·10⁻⁹ 0.0788 6.17·10⁻³ 3.06·10⁻¹⁰ 1.15·10⁻⁶ 2.89·10⁻⁵ 

Blocking layer 8.96·10⁻⁹ 0.367 0.0287 1.42·10⁻⁹ 5.35·10⁻⁶ 1.34·10⁻⁴ 

Blocking layer, 
medium voltage 
(allocated 
annealing) 

8.94·10⁻⁹ 0.367 0.0287 1.42·10⁻⁹ 5.35·10⁻⁶ 1.34·10⁻⁴ 

compressed air, 
1000 kPa gauge 

2.07·10⁻¹¹ 1.52·10⁻⁵ 1.23·10⁻⁶ 7.04·10⁻¹⁴ 3.60·10⁻¹⁰ 7.62·10⁻⁹ 

Semi conducting 
scaffold 

3.68·10⁻¹⁰ 0.0151 1.18·10⁻³ 5.87·10⁻¹¹ 2.20·10⁻⁷ 5.53·10⁻⁶ 

Insulating scaffold 1.90·10⁻⁹ 0.0780 6.11·10⁻³ 3.03·10⁻¹⁰ 1.14·10⁻⁶ 2.86·10⁻⁵ 

Cathode 6.32·10⁻⁹ 0.259 0.0203 1.01·10⁻⁹ 3.78·10⁻⁶ 9.49·10⁻⁵ 

Perovskite 1.89·10⁻⁸ 0.731 0.0572 2.84·10⁻⁹ 1.07·10⁻⁵ 2.68·10⁻⁴ 
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ADP (kg Sb 

eq) 
ADPF (MJ) GWP (kg 

CO₂ eq) 
ODP (kg 

CFC-11 eq) 
POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

Perovskite, low 
voltage 

1.37·10⁻⁹ 0.0102 7.97·10⁻⁴ 3.95·10⁻¹¹ 1.53·10⁻⁷ 3.83·10⁻⁶ 

Perovskite, medium 
voltage 

1.76·10⁻⁸ 0.721 0.0564 2.80·10⁻⁹ 1.05·10⁻⁵ 2.64·10⁻⁴ 

Emissions 0 0 4.72·10⁻⁵ 0 7.13·10⁻⁴ 3.88·10⁻⁶ 

Anode + Substrate 
emissions 

0 0 0 0 0 0 

Blocking layer 
emissions 

0 0 0 0 7.13·10⁻⁴ 0 

Emissions - 
Acetylacetone 

0 0 0 0 0 0 

Emissions - 
isopropanol 

0 0 0 0 7.13·10⁻⁴ 0 

Semi conducting 
scaffold emissions 

0 0 1.38·10⁻⁵ 0 0 0 

Emissions - Titanium 
dioxide 

0 0 0 0 0 0 

Emissions - Ethyl 
cellulose 

0 0 0 0 0 0 

Emissions - 
Diethylene glycol 
monobutyl ether 
acetate 

0 0 0 0 0 0 

Emissions - 
Terpineol 

0 0 0 0 0 0 

Emissions - Carbon 
dioxide 

0 0 1.38·10⁻⁵ 0 0 0 

Emissions - Water 
vapour 

0 0 0 0 0 0 

Insulating scaffold 
emissions 

0 0 1.86·10⁻⁵ 0 0 0 

Emissions - 
Zirconium dioxide 

0 0 0 0 0 0 

Emissions - Ethyl 
cellulose 

0 0 0 0 0 0 

Emissions - 
Terpineol 

0 0 0 0 0 0 

Emissions - Carbon 
dioxide 

0 0 1.86·10⁻⁵ 0 0 0 

Emissions - Water 
vapour 

0 0 0 0 0 0 

Cathode emissions 0 0 1.48·10⁻⁵ 0 2.17·10⁻⁷ 3.88·10⁻⁶ 

Emissions - Carbon 0 0 0 0 0 0 

Emissions - 
Nitrocellulose 

0 0 0 0 0 0 

Emissions - 
Terpineol 

0 0 0 0 0 0 
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ADP (kg Sb 

eq) 
ADPF (MJ) GWP (kg 

CO₂ eq) 
ODP (kg 

CFC-11 eq) 
POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

Emissions - Carbon 
dioxide 

0 0 1.48·10⁻⁵ 0 0 0 

Emissions - Water 
vapour 

0 0 0 0 0 0 

Emissions - Nitrogen 
dioxide 

0 0 0 0 2.17·10⁻⁷ 3.88·10⁻⁶ 

Perovskite 
emissions 

0 0 0 0 0 0 

Emissions - 
butyrolactone 

0 0 0 0 0 0 
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Table S38 Bis. Environmental impacts results for the carbon stack produced with the pre-industrial 

process given per kWh of electricity produced, related to Figure 20 to Figure 23. 
 

EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Total 4.41·10⁻⁴ 3.57 1.05·10⁻⁸ 3.97·10⁻⁸ 1.36 

Raw Materials 7.33·10⁻⁵ 0.799 1.43·10⁻⁹ 6.48·10⁻⁹ 0.140 

Anode + Substrate 3.61·10⁻⁵ 0.388 6.92·10⁻¹⁰ 3.01·10⁻⁹ 0.0640 

Fluor Tin Oxide 1.15·10⁻⁶ 6.76·10⁻³ 4.45·10⁻¹¹ 1.06·10⁻¹⁰ 2.62·10⁻³ 

Solar glass, low-iron 3.50·10⁻⁵ 0.381 6.48·10⁻¹⁰ 2.90·10⁻⁹ 0.0614 

Blocking layer 1.94·10⁻⁵ 0.267 2.51·10⁻¹⁰ 1.01·10⁻⁹ 0.0277 

Titanium 
diisopropoxide 
bis(acetylacetonate) 

4.06·10⁻⁶ 0.0492 6.91·10⁻¹¹ 3.21·10⁻¹⁰ 0.0116 

Isopropanol 1.53·10⁻⁵ 0.218 1.81·10⁻¹⁰ 6.86·10⁻¹⁰ 0.0161 

Semi conducting 
scaffold 

5.97·10⁻⁷ 8.62·10⁻³ 1.90·10⁻¹¹ 7.62·10⁻¹¹ 1.76·10⁻³ 

Titanium dioxide, 
chloride process 

2.35·10⁻⁷ 1.82·10⁻³ 4.33·10⁻¹² 2.38·10⁻¹¹ 7.27·10⁻⁴ 

Ethyl cellulose 1.01·10⁻⁸ 1.11·10⁻⁴ 3.54·10⁻¹³ 2.46·10⁻¹² 4.68·10⁻⁵ 

2-(2-butoxyethoxy) 
ethyl acetate 

5.66·10⁻⁸ 1.32·10⁻³ 1.88·10⁻¹² 9.62·10⁻¹² 2.73·10⁻⁴ 

Terpineol 2.96·10⁻⁷ 5.37·10⁻³ 1.24·10⁻¹¹ 4.04·10⁻¹¹ 7.14·10⁻⁴ 

Insulating scaffold 8.27·10⁻⁷ 0.0104 2.92·10⁻¹¹ 1.38·10⁻¹⁰ 2.21·10⁻³ 

Zirconia 4.08·10⁻⁷ 2.85·10⁻³ 1.17·10⁻¹¹ 7.89·10⁻¹¹ 1.17·10⁻³ 

Ethyl cellulose 1.36·10⁻⁸ 1.49·10⁻⁴ 4.75·10⁻¹³ 3.31·10⁻¹² 6.28·10⁻⁵ 

Terpineol 4.05·10⁻⁷ 7.36·10⁻³ 1.70·10⁻¹¹ 5.53·10⁻¹¹ 9.78·10⁻⁴ 

Cathode 4.91·10⁻⁷ 0.0172 1.84·10⁻¹¹ 7.28·10⁻¹¹ 1.37·10⁻³ 

Carbon 1.08·10⁻⁷ 0.0109 3.68·10⁻¹² 2.23·10⁻¹¹ 4.64·10⁻⁴ 

Nitrocellulose 4.53·10⁻⁸ 1.63·10⁻⁴ 5.98·10⁻¹³ 4.48·10⁻¹² 9.72·10⁻⁵ 

Terpineol 3.37·10⁻⁷ 6.12·10⁻³ 1.42·10⁻¹¹ 4.60·10⁻¹¹ 8.13·10⁻⁴ 

Perovskite 1.58·10⁻⁵ 0.108 4.22·10⁻¹⁰ 2.17·10⁻⁹ 0.0427 

Lead iodide 1.23·10⁻⁵ 0.0768 3.20·10⁻¹⁰ 1.74·10⁻⁹ 0.0328 

Methylammonium 
iodide 

2.90·10⁻⁶ 0.0216 8.44·10⁻¹¹ 3.48·10⁻¹⁰ 8.18·10⁻³ 

5-ammonium 
valeric acid iodide 

4.27·10⁻⁹ 6.79·10⁻⁵ 1.27·10⁻¹³ 7.81·10⁻¹³ 1.51·10⁻⁵ 

Gamma-
butyrolactone 

5.70·10⁻⁷ 9.58·10⁻³ 1.73·10⁻¹¹ 8.17·10⁻¹¹ 1.68·10⁻³ 

Others 3.44·10⁻⁹ 7.92·10⁻⁵ 1.59·10⁻¹³ 5.54·10⁻¹³ 1.32·10⁻⁵ 

Screen 
(polyethylene 
terephtalate) 

3.44·10⁻⁹ 7.92·10⁻⁵ 1.59·10⁻¹³ 5.54·10⁻¹³ 1.32·10⁻⁵ 

Amount of 
transportation 

1.77·10⁻⁶ 0.0191 7.33·10⁻¹¹ 2.18·10⁻¹⁰ 4.82·10⁻³ 
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EP (kg PO₄³⁻ 

eq) 
CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Anode + Substrate 
transport 

1.44·10⁻⁶ 0.0158 6.11·10⁻¹¹ 1.82·10⁻¹⁰ 4.03·10⁻³ 

Anode + Substrate, 
lorry 

1.44·10⁻⁶ 0.0158 6.11·10⁻¹¹ 1.82·10⁻¹⁰ 4.03·10⁻³ 

Blocking layer 
transport 

2.18·10⁻⁷ 2.38·10⁻³ 9.22·10⁻¹² 2.75·10⁻¹¹ 6.08·10⁻⁴ 

Blocking layer, lorry 2.18·10⁻⁷ 2.38·10⁻³ 9.22·10⁻¹² 2.75·10⁻¹¹ 6.08·10⁻⁴ 

Semi conducting 
scaffold transport 

5.84·10⁻⁸ 3.84·10⁻⁴ 9.50·10⁻¹³ 2.44·10⁻¹² 5.05·10⁻⁵ 

Semi conducting 
scaffold, lorry 

4.80·10⁻⁹ 5.25·10⁻⁵ 2.03·10⁻¹³ 6.05·10⁻¹³ 1.34·10⁻⁵ 

Semi conducting 
scaffold, freight 

5.36·10⁻⁸ 3.31·10⁻⁴ 7.47·10⁻¹³ 1.83·10⁻¹² 3.71·10⁻⁵ 

Insulating scaffold 
transport 

3.14·10⁻⁸ 3.43·10⁻⁴ 1.33·10⁻¹² 3.96·10⁻¹² 8.76·10⁻⁵ 

Insulating scaffold, 
lorry 

3.14·10⁻⁸ 3.43·10⁻⁴ 1.33·10⁻¹² 3.96·10⁻¹² 8.76·10⁻⁵ 

Cathode transport 3.91·10⁻⁹ 4.28·10⁻⁵ 1.65·10⁻¹³ 4.93·10⁻¹³ 1.09·10⁻⁵ 

Cathode, lorry 3.91·10⁻⁹ 4.28·10⁻⁵ 1.65·10⁻¹³ 4.93·10⁻¹³ 1.09·10⁻⁵ 

Perovskite transport 1.96·10⁻⁸ 1.66·10⁻⁴ 5.39·10⁻¹³ 1.53·10⁻¹² 3.32·10⁻⁵ 

Perovskite, lorry 9.38·10⁻⁹ 1.03·10⁻⁴ 3.97·10⁻¹³ 1.18·10⁻¹² 2.62·10⁻⁵ 

Perovskite, freight 1.02·10⁻⁸ 6.29·10⁻⁵ 1.42·10⁻¹³ 3.48·10⁻¹³ 7.04·10⁻⁶ 

Others transport 7.24·10⁻¹¹ 7.92·10⁻⁷ 3.06·10⁻¹⁵ 9.13·10⁻¹⁵ 2.02·10⁻⁷ 

Others, lorry 7.24·10⁻¹¹ 7.92·10⁻⁷ 3.06·10⁻¹⁵ 9.13·10⁻¹⁵ 2.02·10⁻⁷ 

Use of Energy 3.65·10⁻⁴ 2.75 8.99·10⁻⁹ 3.30·10⁻⁸ 0.799 

Anode + Substrate 1.88·10⁻⁵ 0.142 4.63·10⁻¹⁰ 1.70·10⁻⁹ 0.0411 

Blocking layer 8.75·10⁻⁵ 0.660 2.15·10⁻⁹ 7.91·10⁻⁹ 0.191 

Blocking layer, 
medium voltage 
(allocated 
annealing) 

8.75·10⁻⁵ 0.660 2.15·10⁻⁹ 7.90·10⁻⁹ 0.191 

compressed air, 
1000 kPa gauge 

6.02·10⁻⁹ 2.49·10⁻⁵ 2.95·10⁻¹³ 1.92·10⁻¹² 4.18·10⁻⁵ 

Semi conducting 
scaffold 

3.60·10⁻⁶ 0.0272 8.86·10⁻¹¹ 3.25·10⁻¹⁰ 7.87·10⁻³ 

Insulating scaffold 1.86·10⁻⁵ 0.140 4.58·10⁻¹⁰ 1.68·10⁻⁹ 0.0407 

Cathode 6.18·10⁻⁵ 0.466 1.52·10⁻⁹ 5.58·10⁻⁹ 0.135 

Perovskite 1.74·10⁻⁴ 1.31 4.30·10⁻⁹ 1.58·10⁻⁸ 0.383 

Perovskite, low 
voltage 

2.55·10⁻⁶ 0.0183 7.45·10⁻¹¹ 3.01·10⁻¹⁰ 7.14·10⁻³ 

Perovskite, medium 
voltage 

1.72·10⁻⁴ 1.30 4.23·10⁻⁹ 1.55·10⁻⁸ 0.376 

Emissions 1.01·10⁻⁶ 0 0 0 0.412 
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EP (kg PO₄³⁻ 

eq) 
CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Anode + Substrate 
emissions 

0 0 0 0 0 

Blocking layer 
emissions 

0 0 0 0 0.0646 

Emissions - 
Acetylacetone 

0 0 0 0 0.0643 

Emissions - 
isopropanol 

0 0 0 0 3.03·10⁻⁴ 

Semi conducting 
scaffold emissions 

0 0 0 0 0.0978 

Emissions - Titanium 
dioxide 

0 0 0 0 0 

Emissions - Ethyl 
cellulose 

0 0 0 0 0 

Emissions - 
Diethylene glycol 
monobutyl ether 
acetate 

0 0 0 0 0 

Emissions - 
Terpineol 

0 0 0 0 0.0978 

Emissions - Carbon 
dioxide 

0 0 0 0 0 

Emissions - Water 
vapour 

0 0 0 0 0 

Insulating scaffold 
emissions 

0 0 0 0 0.134 

Emissions - 
Zirconium dioxide 

0 0 0 0 0 

Emissions - Ethyl 
cellulose 

0 0 0 0 0 

Emissions - 
Terpineol 

0 0 0 0 0.134 

Emissions - Carbon 
dioxide 

0 0 0 0 0 

Emissions - Water 
vapour 

0 0 0 0 0 

Cathode emissions 1.01·10⁻⁶ 0 0 0 0.112 

Emissions - Carbon 0 0 0 0 0 

Emissions - 
Nitrocellulose 

0 0 0 0 1.10·10⁻⁴ 

Emissions - 
Terpineol 

0 0 0 0 0.111 

Emissions - Carbon 
dioxide 

0 0 0 0 0 

Emissions - Water 
vapour 

0 0 0 0 0 

Emissions - Nitrogen 
dioxide 

1.01·10⁻⁶ 0 0 0 0 
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EP (kg PO₄³⁻ 

eq) 
CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Perovskite 
emissions 

0 0 0 0 4.04·10⁻³ 

Emissions - 
butyrolactone 

0 0 0 0 4.04·10⁻³ 
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Table S39. Results of the PSC produced with the laboratory scale method given per kWh of 

electricity produced given per kWh of electricity produced, related to Figure 23. 

 ADP (kg Sb 
eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

Total 9.33·10⁻⁴ 133 9.50 5.35·10⁻⁷ 0.0906 0.0502 

Raw Materials 9.25·10⁻⁴ 48.6 2.89 1.89·10⁻⁷ 1.14·10⁻³ 0.0186 

Front contact 1.06·10⁻⁵ 29.3 1.42 9.13·10⁻⁸ 7.51·10⁻⁴ 0.0102 

Fluor Tin Oxide 8.35·10⁻⁶ 0.128 8.71·10⁻³ 7.94·10⁻¹⁰ 9.49·10⁻⁶ 2.16·10⁻⁴ 

Solar glass, low-iron 1.47·10⁻⁶ 8.90 0.749 7.19·10⁻⁸ 2.35·10⁻⁴ 7.07·10⁻³ 

Metallic Zinc 1.57·10⁻⁸ 0.126 0.0107 5.16·10⁻¹⁰ 5.31·10⁻⁶ 1.46·10⁻⁴ 

Hydrochloric Acid 1.96·10⁻⁸ 0.0341 2.56·10⁻³ 2.66·10⁻⁹ 5.77·10⁻⁷ 1.36·10⁻⁵ 

Deionised Water 7.30·10⁻¹⁰ 0.0116 1.39·10⁻³ 1.35·10⁻¹⁰ 2.36·10⁻⁷ 4.17·10⁻⁶ 

Ethanol 2.54·10⁻⁷ 5.36 0.152 4.78·10⁻⁹ 1.77·10⁻⁴ 4.38·10⁻⁴ 

Isopropanol 4.46·10⁻⁷ 6.99 0.225 1.00·10⁻⁸ 2.49·10⁻⁴ 9.45·10⁻⁴ 

Acetone 5.86·10⁻⁸ 7.68 0.273 7.06·10⁻¹¹ 6.01·10⁻⁵ 1.30·10⁻³ 

Soap without 
additives 

2.43·10⁻⁸ 0.0548 -4.73·10⁻³ 4.01·10⁻¹⁰ 1.31·10⁻⁵ 3.08·10⁻⁵ 

ETM 9.28·10⁻⁹ 0.186 5.56·10⁻³ 2.88·10⁻¹⁰ 5.94·10⁻⁶ 1.72·10⁻⁵ 

Titanium dioxide 9.35·10⁻¹⁰ 0.0100 5.60·10⁻⁴ 1.32·10⁻¹⁰ 1.21·10⁻⁷ 2.84·10⁻⁶ 

Ethanol 8.35·10⁻⁹ 0.176 5.00·10⁻³ 1.57·10⁻¹⁰ 5.82·10⁻⁶ 1.44·10⁻⁵ 

Scaffold 2.18·10⁻⁸ 0.276 0.0131 2.57·10⁻⁹ 5.13·10⁻⁶ 6.09·10⁻⁵ 

Titanium dioxide 1.77·10⁻⁸ 0.190 0.0106 2.50·10⁻⁹ 2.29·10⁻⁶ 5.39·10⁻⁵ 

Ethanol 4.07·10⁻⁹ 0.0857 2.43·10⁻³ 7.64·10⁻¹¹ 2.84·10⁻⁶ 7.00·10⁻⁶ 

HTM 1.33·10⁻⁶ 0.339 0.0144 5.64·10⁻⁹ 2.53·10⁻⁵ 6.46·10⁻⁵ 

Spiro-MeOTAD 1.29·10⁻⁶ 0.0503 2.94·10⁻³ 3.08·10⁻¹⁰ 8.74·10⁻⁷ 1.63·10⁻⁵ 

Chlorobenzene 3.60·10⁻⁸ 0.288 0.0115 5.33·10⁻⁹ 2.44·10⁻⁵ 4.83·10⁻⁵ 

Back contact 8.34·10⁻⁴ 4.105 0.301 2.92·10⁻⁸ 7.96·10⁻⁵ 2.75·10⁻³ 

Gold 8.34·10⁻⁴ 4.105 0.301 2.92·10⁻⁸ 7.96·10⁻⁵ 2.75·10⁻³ 

Perovskite 7.82·10⁻⁵ 3.92 0.300 1.77·10⁻⁸ 1.15·10⁻⁴ 1.45·10⁻³ 

Lead iodide 5.55·10⁻⁵ 2.73 0.218 1.18·10⁻⁸ 4.38·10⁻⁵ 1.10·10⁻³ 

Methylammonium 
iodide 

2.26·10⁻⁵ 0.783 0.0598 3.60·10⁻⁹ 6.59·10⁻⁵ 2.86·10⁻⁴ 

Gamma-
butyrolactone 

3.91·10⁻⁸ 0.405 0.0215 2.31·10⁻⁹ 5.14·10⁻⁶ 6.66·10⁻⁵ 

Others 3.05·10⁻⁷ 10.5 0.842 4.27·10⁻⁸ 1.62·10⁻⁴ 4.08·10⁻³ 

Nitrogen gas for the 
glove box 

3.05·10⁻⁷ 10.5 0.842 4.27·10⁻⁸ 1.62·10⁻⁴ 4.08·10⁻³ 

Amount of 
transportation 

4.21·10⁻⁷ 2.29 0.155 2.51·10⁻⁸ 2.53·10⁻⁵ 8.45·10⁻⁴ 

Front contact 
transport 

3.53·10⁻⁷ 1.92 0.130 2.11·10⁻⁸ 2.12·10⁻⁵ 7.10·10⁻⁴ 
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 ADP (kg Sb 
eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

ETM transport 1.48·10⁻⁹ 8.05·10⁻³ 5.45·10⁻⁴ 8.83·10⁻¹¹ 8.88·10⁻⁸ 2.97·10⁻⁶ 

Scaffold transport 1.49·10⁻⁹ 8.13·10⁻³ 5.51·10⁻⁴ 8.92·10⁻¹¹ 8.98·10⁻⁸ 3.00·10⁻⁶ 

HTM transport 1.97·10⁻⁹ 0.0107 7.24·10⁻⁴ 1.17·10⁻¹⁰ 1.18·10⁻⁷ 3.95·10⁻⁶ 

Back contact 
transport 

7.73·10⁻¹² 4.21·10⁻⁵ 2.85·10⁻⁶ 4.61·10⁻¹³ 4.64·10⁻¹⁰ 1.55·10⁻⁸ 

Perovskite transport 3.59·10⁻⁹ 0.0196 1.33·10⁻³ 2.15·10⁻¹⁰ 2.16·10⁻⁷ 7.22·10⁻⁶ 

Glove box transport 5.89·10⁻⁸ 0.320 0.0217 3.51·10⁻⁹ 3.54·10⁻⁶ 1.18·10⁻⁴ 

Use of Energy 7.86·10⁻⁶ 82.4 6.45 3.20·10⁻⁷ 1.23·10⁻³ 0.0307 

Front contact 
electricity 

2.73·10⁻⁷ 2.96 0.232 1.15·10⁻⁸ 4.40·10⁻⁵ 1.10·10⁻³ 

FTO sputtering, 
medium voltage 

2.02·10⁻⁸ 0.830 0.0650 3.22·10⁻⁹ 1.21·10⁻⁵ 3.04·10⁻⁴ 

Sonication, low 
voltage 

2.45·10⁻⁷ 1.82 0.142 7.06·10⁻⁹ 2.74·10⁻⁵ 6.85·10⁻⁴ 

Ozone chamber, 
medium voltage 

7.59·10⁻⁹ 0.311 0.0244 1.21·10⁻⁹ 4.54·10⁻⁶ 1.14·10⁻⁴ 

ETM electricity 3.25·10⁻⁶ 24.1 1.89 9.36·10⁻⁸ 3.63·10⁻⁴ 9.08·10⁻³ 

Spin-coating (2000 
rpm, 1 min), low 
voltage 

8.35·10⁻⁸ 0.619 0.0484 2.40·10⁻⁹ 9.32·10⁻⁶ 2.33·10⁻⁴ 

Heating (120 ºC, 10 
min), low voltage 

5.32·10⁻⁷ 3.95 0.309 1.53·10⁻⁸ 5.94·10⁻⁵ 1.49·10⁻³ 

Annealing (450 ºC, 
45 min), low voltage 

2.64·10⁻⁶ 19.5 1.53 7.59·10⁻⁸ 2.94·10⁻⁴ 7.36·10⁻³ 

Scaffold electricity 3.29·10⁻⁶ 24.4 1.907 9.46·10⁻⁸ 3.67·10⁻⁴ 9.18·10⁻³ 

Spin-coating (4000 
rpm, 60 s) 

1.72·10⁻⁷ 1.28 0.100 4.96·10⁻⁹ 1.92·10⁻⁵ 4.81·10⁻⁴ 

Heating (80 ºC, 15 
min) 

4.80·10⁻⁷ 3.56 0.279 1.38·10⁻⁸ 5.36·10⁻⁵ 1.34·10⁻³ 

Annealing (450 ºC, 4 
h) 

2.64·10⁻⁶ 19.5 1.53 7.59·10⁻⁸ 2.94·10⁻⁴ 7.36·10⁻³ 

HTM electricity 8.87·10⁻⁸ 0.658 0.0515 2.55·10⁻⁹ 9.90·10⁻⁶ 2.48·10⁻⁴ 

Spin-coating (4000 
rpm, 30 s), low 
voltage 

8.87·10⁻⁸ 0.658 0.0515 2.55·10⁻⁹ 9.90·10⁻⁶ 2.48·10⁻⁴ 

Back contact 
electricity 

2.41·10⁻⁷ 9.89 0.774 3.84·10⁻⁸ 1.44·10⁻⁴ 3.62·10⁻³ 

Thermal 
evaporation, 
medium voltage 

2.41·10⁻⁷ 9.89 0.774 3.84·10⁻⁸ 1.44·10⁻⁴ 3.62·10⁻³ 

Perovskite 
electricity 

2.71·10⁻⁷ 2.01 0.157 7.81·10⁻⁹ 3.03·10⁻⁵ 7.58·10⁻⁴ 

Stirring (100 ºC, 10 
min) 

2.09·10⁻⁸ 0.155 0.0121 6.01·10⁻¹⁰ 2.33·10⁻⁶ 5.83·10⁻⁵ 

Stirring (70 ºC, 30 
min), low voltage 

5.74·10⁻⁸ 0.426 0.0333 1.65·10⁻⁹ 6.41·10⁻⁶ 1.60·10⁻⁴ 
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 ADP (kg Sb 
eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

Spin-coating (500 
rpm, 5 s), low 
voltage 

5.22·10⁻⁹ 0.0387 3.03·10⁻³ 1.50·10⁻¹⁰ 5.82·10⁻⁷ 1.46·10⁻⁵ 

Spin-coating (2000 
rpm, 60 s), low 
voltage 

8.35·10⁻⁸ 0.619 0.0484 2.40·10⁻⁹ 9.32·10⁻⁶ 2.33·10⁻⁴ 

Heating (100 ºC, 60 
min), low voltage 

1.04·10⁻⁷ 0.774 0.061 3.00·10⁻⁹ 1.16·10⁻⁵ 2.91·10⁻⁴ 

Glove box electricity 4.49·10⁻⁷ 18.4 1.44 7.16·10⁻⁸ 2.69·10⁻⁴ 6.75·10⁻³ 

Globe box, medium 
voltage 

4.49·10⁻⁷ 18.4 1.44 7.16·10⁻⁸ 2.69·10⁻⁴ 6.75·10⁻³ 

Emissions 0 0 0 0 0.0882 0 

Front contact 
emissions 

0 0 0 0 0.0858 0 

Emissions - Ethanol 0 0 0 0 0.0503 0 

Emissions - 
Isopropanol 

0 0 0 0 0.0236 0 

Emissions - Acetone 0 0 0 0 0.0119 0 

Emissions - Chloride 0 0 0 0 0 0 

ETM emissions 0 0 0 0 1.61·10⁻³ 0 

Emissions - Ethanol 0 0 0 0 1.61·10⁻³ 0 

Scaffold emissions 0 0 0 0 7.83·10⁻⁴ 0 

Emissions – Ethanol 0 0 0 0 7.83·10⁻⁴ 0 

HTM emissions 0 0 0 0 0 0 

Emissions – 
Chlorobenzene 

0 0 0 0 0 0 

Perovskite 
emissions 

0 0 0 0 0 0 

Emissions – 
Butyrolactone 

0 0 0 0 0 0 

Glove box emissions 0 0 0 0 0 0 

Emissions - Nitrogen 0 0 0 0 0 0 
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Table S39 Bis. Results of the PSC produced with the laboratory scale method given per kWh of 

electricity produced given per kWh of electricity produced, related to Figure 23. 

 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Total 0.886 213 1.04·10⁻⁶ 1.24·10⁻⁵ 287 

Raw Materials 0.0237 62.6 4.66·10⁻⁷ 1.02·10⁻⁵ 234 

Front contact 1.89·10⁻³ 31.5 3.58·10⁻⁸ 2.76·10⁻⁷ 3.46 

Fluor Tin Oxide 3.06·10⁻⁵ 0.180 1.18·10⁻⁹ 2.83·10⁻⁹ 0.0699 

Solar glass, low-iron 9.02·10⁻⁴ 9.82 1.67·10⁻⁸ 7.48·10⁻⁸ 1.58 

Metallic Zinc 6.91·10⁻⁵ 0.177 1.58·10⁻⁹ 1.53·10⁻⁷ 0.744 

Hydrochloric Acid 8.30·10⁻⁶ 0.0538 2.56·10⁻¹⁰ 2.03·10⁻⁹ 0.0286 

Deionised Water 9.96·10⁻⁷ 0.0171 3.54·10⁻¹² 2.85·10⁻¹¹ 1.04·10⁻⁴ 

Ethanol 2.10·10⁻⁴ 5.58 4.03·10⁻⁹ 1.42·10⁻⁸ 0.307 

Isopropanol 5.18·10⁻⁴ 7.35 6.13·10⁻⁹ 2.32·10⁻⁸ 0.544 

Acetone 1.36·10⁻⁴ 7.99 5.61·10⁻⁹ 3.86·10⁻⁹ 0.150 

Soap without 
additives 

1.99·10⁻⁵ 0.285 2.84·10⁻¹⁰ 1.67·10⁻⁹ 0.0342 

ETM 8.51·10⁻⁶ 0.196 1.62·10⁻¹⁰ 6.32·10⁻¹⁰ 0.0151 

Titanium dioxide 1.63·10⁻⁶ 0.0126 3.00·10⁻¹¹ 1.65·10⁻¹⁰ 5.04·10⁻³ 

Ethanol 6.88·10⁻⁶ 0.183 1.32·10⁻¹⁰ 4.67·10⁻¹⁰ 0.0101 

Scaffold 3.42·10⁻⁵ 0.328 6.34·10⁻¹⁰ 3.35·10⁻⁹ 0.101 

Titanium dioxide 3.09·10⁻⁵ 0.239 5.70·10⁻¹⁰ 3.12·10⁻⁹ 0.0957 

Ethanol 3.35·10⁻⁶ 0.0892 6.45·10⁻¹¹ 2.28·10⁻¹⁰ 4.92·10⁻³ 

HTM 6.69·10⁻⁵ 0.390 8.87·10⁻¹⁰ 4.99·10⁻⁹ 0.252 

Spiro-MeOTAD 6.42·10⁻⁶ 0.0545 8.93·10⁻¹¹ 5.28·10⁻¹⁰ 0.0120 

Chlorobenzene 6.05·10⁻⁵ 0.336 7.98·10⁻¹⁰ 4.46·10⁻⁹ 0.240 

Back contact 0.0178 5.02 3.32·10⁻⁷ 9.50·10⁻⁶ 221 

Gold 0.0178 5.02 3.32·10⁻⁷ 9.50·10⁻⁶ 221 

Perovskite 9.78·10⁻⁴ 6.61 2.61·10⁻⁸ 1.34·10⁻⁷ 2.64 

Lead iodide 7.70·10⁻⁴ 4.79 2.00·10⁻⁸ 1.09·10⁻⁷ 2.05 

Methylammonium 
iodide 

1.81·10⁻⁴ 1.35 5.26·10⁻⁹ 2.17·10⁻⁸ 0.510 

Gamma-
butyrolactone 

2.79·10⁻⁵ 0.468 8.45·10⁻¹⁰ 3.99·10⁻⁹ 0.0823 

Others 2.89·10⁻³ 18.6 6.98·10⁻⁸ 2.50·10⁻⁷ 6.24 

Nitrogen gas for the 
glove box 

2.89·10⁻³ 18.6 6.98·10⁻⁸ 2.50·10⁻⁷ 6.24 

Amount of 
transportation 

2.25·10⁻⁴ 2.47 9.54·10⁻⁹ 2.84·10⁻⁸ 0.630 

Front contact 
transport 

1.89·10⁻⁴ 2.07 8.01·10⁻⁹ 2.39·10⁻⁸ 0.529 
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 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

ETM transport 7.93·10⁻⁷ 8.67·10⁻³ 3.36·10⁻¹¹ 1.00·10⁻¹⁰ 2.21·10⁻³ 

Scaffold transport 8.01·10⁻⁷ 8.76·10⁻³ 3.39·10⁻¹¹ 1.01·10⁻¹⁰ 2.24·10⁻³ 

HTM transport 1.05·10⁻⁶ 0.0115 4.46·10⁻¹¹ 1.33·10⁻¹⁰ 2.94·10⁻³ 

Back contact 
transport 

4.14·10⁻⁹ 4.53·10⁻⁵ 1.75·10⁻¹³ 5.22·10⁻¹³ 1.16·10⁻⁵ 

Perovskite transport 1.93·10⁻⁶ 0.0211 8.15·10⁻¹¹ 2.43·10⁻¹⁰ 5.38·10⁻³ 

Glove box transport 3.15·10⁻⁵ 0.345 1.34·10⁻⁹ 3.98·10⁻⁹ 0.0882 

Use of Energy 0.0203 148 5.61·10⁻⁷ 2.20·10⁻⁶ 52.5 

Front contact 
electricity 

7.28·10⁻⁴ 5.32 2.00·10⁻⁸ 7.84·10⁻⁸ 1.87 

FTO sputtering, 
medium voltage 

1.98·10⁻⁴ 1.49 4.87·10⁻⁹ 1.79·10⁻⁸ 0.433 

Sonication, low 
voltage 

4.56·10⁻⁴ 3.27 1.33·10⁻⁸ 5.38·10⁻⁸ 1.28 

Ozone chamber, 
medium voltage 

7.42·10⁻⁵ 0.560 1.83·10⁻⁹ 6.71·10⁻⁹ 0.162 

ETM electricity 6.05·10⁻³ 43.3 1.76·10⁻⁷ 7.13·10⁻⁷ 16.9 

Spin-coating (2000 
rpm, 1 min), low 
voltage 

1.55·10⁻⁴ 1.11 4.53·10⁻⁹ 1.83·10⁻⁸ 0.434 

Heating (120 ºC, 10 
min), low voltage 

9.90·10⁻⁴ 7.09 2.89·10⁻⁸ 1.17·10⁻⁷ 2.77 

Annealing (450 ºC, 
45 min), low voltage 

4.90·10⁻³ 35.1 1.43·10⁻⁷ 5.78·10⁻⁷ 13.7 

Scaffold electricity 6.12·10⁻³ 43.8 1.78·10⁻⁷ 7.21·10⁻⁷ 17.1 

Spin-coating (4000 
rpm, 60 s) 

3.20·10⁻⁴ 2.29 9.34·10⁻⁹ 3.78·10⁻⁸ 0.895 

Heating (80 ºC, 15 
min) 

8.93·10⁻⁴ 6.39 2.61·10⁻⁸ 1.05·10⁻⁷ 2.50 

Annealing (450 ºC, 4 
h) 

4.90·10⁻³ 35.1 1.43·10⁻⁷ 5.78·10⁻⁷ 13.7 

HTM electricity 1.65·10⁻⁴ 1.18 4.81·10⁻⁹ 1.95·10⁻⁸ 0.461 

Spin-coating (4000 
rpm, 30 s), low 
voltage 

1.65·10⁻⁴ 1.18 4.81·10⁻⁹ 1.95·10⁻⁸ 0.461 

Back contact 
electricity 

2.36·10⁻³ 17.8 5.80·10⁻⁸ 2.13·10⁻⁷ 5.16 

Thermal 
evaporation, 
medium voltage 

2.36·10⁻³ 17.8 5.80·10⁻⁸ 2.13·10⁻⁷ 5.16 

Perovskite 
electricity 

5.05·10⁻⁴ 3.61 1.47·10⁻⁸ 5.95·10⁻⁸ 1.41 

Stirring (100 ºC, 10 
min) 

3.88·10⁻⁵ 0.278 1.13·10⁻⁹ 4.58·10⁻⁹ 0.109 

Stirring (70 ºC, 30 
min), low voltage 

1.07·10⁻⁴ 0.764 3.11·10⁻⁹ 1.26·10⁻⁸ 0.298 
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 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Spin-coating (500 
rpm, 5 s), low 
voltage 

9.71·10⁻⁶ 0.0695 2.83·10⁻¹⁰ 1.14·10⁻⁹ 0.0271 

Spin-coating (2000 
rpm, 60 s), low 
voltage 

1.55·10⁻⁴ 1.11 4.53·10⁻⁹ 1.83·10⁻⁸ 0.434 

Heating (100 ºC, 60 
min), low voltage 

1.94·10⁻⁴ 1.39 5.66·10⁻⁹ 2.29·10⁻⁸ 0.543 

Glove box electricity 4.39·10⁻³ 33.1 1.08·10⁻⁷ 3.97·10⁻⁷ 9.61 

Globe box, medium 
voltage 

4.39·10⁻³ 33.1 1.08·10⁻⁷ 3.97·10⁻⁷ 9.61 

Emissions 0.842 0 8.77·10⁻¹⁰ 1.41·10⁻⁹ 0.243 

Front contact 
emissions 

0 0 2.70·10⁻¹⁰ 7.90·10⁻¹⁰ 0.0393 

Emissions - Ethanol 0 0 2.70·10⁻¹⁰ 0 0.0193 

Emissions - 
Isopropanol 

0 0 0 0 0.0100 

Emissions - Acetone 0 0 0 7.90·10⁻¹⁰ 0.0100 

Emissions - Chloride 0 0 0 0 0 

ETM emissions 0 0 8.62·10⁻¹² 0 6.16·10⁻⁴ 

Emissions - Ethanol 0 0 8.62·10⁻¹² 0 6.16·10⁻⁴ 

Scaffold emissions 0 0 4.20·10⁻¹² 0 3.00·10⁻⁴ 

Emissions – Ethanol 0 0 4.20·10⁻¹² 0 3.00·10⁻⁴ 

HTM emissions 0 0 5.95·10⁻¹⁰ 6.17·10⁻¹⁰ 4.79·10⁻³ 

Emissions – 
Chlorobenzene 

0 0 5.95·10⁻¹⁰ 6.17·10⁻¹⁰ 4.79·10⁻³ 

Perovskite 
emissions 

0 0 0 0 0.198 

Emissions – 
Butyrolactone 

0 0 0 0 0.198 

Glove box emissions 0.842 0 0 0 0 

Emissions - Nitrogen 0.842 0 0 0 0 
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Table S40. Results of the ideal process of production of a carbon stack perovskite module, related to 

Figure 23. 

 ADP (kg Sb 
eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

Total 3.39·10⁻⁷ 0.372 0.0302 3.01·10⁻⁹ 9.22·10⁻⁶ 2.73·10⁻⁴ 

Raw Materials 3.35·10⁻⁷ 0.328 0.0269 2.72·10⁻⁹ 8.63·10⁻⁶ 2.56·10⁻⁴ 

Anode + Substrate 3.34·10⁻⁷ 0.315 0.0264 2.54·10⁻⁹ 8.54·10⁻⁶ 2.54·10⁻⁴ 

Fluor Tin Oxide 2.82·10⁻⁷ 4.34·10⁻³ 2.94·10⁻⁴ 2.68·10⁻¹¹ 3.21·10⁻⁷ 7.29·10⁻⁶ 

Solar glass, low-iron 5.14·10⁻⁸ 0.311 0.0261 2.51·10⁻⁹ 8.22·10⁻⁶ 2.47·10⁻⁴ 

Blocking layer 4.11·10⁻¹¹ 3.99·10⁻⁴ 1.74·10⁻⁵ 1.66·10⁻¹² 1.56·10⁻⁸ 8.73·10⁻⁸ 

Titanium 
diisopropoxide 
bis(acetylacetonate) 

4.11·10⁻¹¹ 3.99·10⁻⁴ 1.74·10⁻⁵ 1.66·10⁻¹² 1.56·10⁻⁸ 8.73·10⁻⁸ 

Semi conducting 
scaffold 

1.01·10⁻¹⁰ 1.08·10⁻³ 6.06·10⁻⁵ 1.42·10⁻¹¹ 1.31·10⁻⁸ 3.07·10⁻⁷ 

Titanium dioxide, 
chloride process, at 
plant/RER S 

1.01·10⁻¹⁰ 1.08·10⁻³ 6.06·10⁻⁵ 1.42·10⁻¹¹ 1.31·10⁻⁸ 3.07·10⁻⁷ 

Insulating scaffold 5.38·10⁻¹⁰ 1.47·10⁻³ 1.17·10⁻⁴ 8.07·10⁻¹² 2.49·10⁻⁸ 6.15·10⁻⁷ 

Zirconia 5.38·10⁻¹⁰ 1.47·10⁻³ 1.17·10⁻⁴ 8.07·10⁻¹² 2.49·10⁻⁸ 6.15·10⁻⁷ 

Cathode 4.21·10⁻¹⁰ 9.76·10⁻³ 2.84·10⁻⁴ 1.56·10⁻¹⁰ 3.17·10⁻⁸ 7.92·10⁻⁷ 

Carbon 4.21·10⁻¹⁰ 9.76·10⁻³ 2.84·10⁻⁴ 1.56·10⁻¹⁰ 3.17·10⁻⁸ 7.92·10⁻⁷ 

Perovskite 7.07·10⁻¹⁰ 3.18·10⁻⁵ 2.51·10⁻⁶ 1.39·10⁻¹³ 9.91·10⁻¹⁰ 1.25·10⁻⁸ 

Lead iodide 5.01·10⁻¹⁰ 2.47·10⁻⁵ 1.97·10⁻⁶ 1.07·10⁻¹³ 3.96·10⁻¹⁰ 9.94·10⁻⁹ 

Methylammonium 
iodide 

2.04·10⁻¹⁰ 7.07·10⁻⁶ 5.40·10⁻⁷ 3.25·10⁻¹⁴ 5.95·10⁻¹⁰ 2.58·10⁻⁹ 

5-ammonium 
valeric acid iodide 

2.02·10⁻¹² 1.18·10⁻⁸ 7.22·10⁻¹⁰ 1.11·10⁻¹⁶ 1.75·10⁻¹³ 2.92·10⁻¹² 

Amount of 
transportation 

3.19·10⁻⁹ 0.0177 1.20·10⁻³ 1.93·10⁻¹⁰ 2.10·10⁻⁷ 6.99·10⁻⁶ 

Anode + Substrate 
transport 

2.42·10⁻⁹ 0.0132 8.93·10⁻⁴ 1.45·10⁻¹⁰ 1.46·10⁻⁷ 4.87·10⁻⁶ 

Anode + Substrate, 
lorry 

2.42·10⁻⁹ 0.0132 8.93·10⁻⁴ 1.45·10⁻¹⁰ 1.46·10⁻⁷ 4.87·10⁻⁶ 

Blocking layer 
transport 

3.62·10⁻¹³ 1.97·10⁻⁶ 1.33·10⁻⁷ 2.16·10⁻¹⁴ 2.17·10⁻¹¹ 7.27·10⁻¹⁰ 

Blocking layer, lorry 3.62·10⁻¹³ 1.97·10⁻⁶ 1.33·10⁻⁷ 2.16·10⁻¹⁴ 2.17·10⁻¹¹ 7.27·10⁻¹⁰ 

Semi conducting 
scaffold transport 

1.54·10⁻¹² 5.11·10⁻⁵ 3.78·10⁻⁶ 4.54·10⁻¹³ 2.41·10⁻⁹ 7.60·10⁻⁸ 

Semi conducting 
scaffold, lorry 

1.23·10⁻¹² 6.70·10⁻⁶ 4.54·10⁻⁷ 7.35·10⁻¹⁴ 7.39·10⁻¹¹ 2.47·10⁻⁹ 

Semi conducting 
scaffold, freight 

3.07·10⁻¹³ 4.44·10⁻⁵ 3.33·10⁻⁶ 3.80·10⁻¹³ 2.34·10⁻⁹ 7.35·10⁻⁸ 

Insulating scaffold 
transport 

1.32·10⁻¹¹ 7.17·10⁻⁵ 4.85·10⁻⁶ 7.86·10⁻¹³ 7.91·10⁻¹⁰ 2.64·10⁻⁸ 
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 ADP (kg Sb 
eq) 

ADPF (MJ) GWP (kg 
CO₂ eq) 

ODP (kg 
CFC-11 eq) 

POP (kg 
C₂H₄ eq) 

AP (kg SO₂ 
eq) 

Insulating scaffold, 
lorry 

1.32·10⁻¹¹ 7.17·10⁻⁵ 4.85·10⁻⁶ 7.86·10⁻¹³ 7.91·10⁻¹⁰ 2.64·10⁻⁸ 

Cathode transport 3.94·10⁻¹² 2.14·10⁻⁵ 1.45·10⁻⁶ 2.35·10⁻¹³ 2.36·10⁻¹⁰ 7.91·10⁻⁹ 

Cathode, lorry 3.94·10⁻¹² 2.14·10⁻⁵ 1.45·10⁻⁶ 2.35·10⁻¹³ 2.36·10⁻¹⁰ 7.91·10⁻⁹ 

Perovskite transport 3.58·10⁻¹⁵ 4.91·10⁻⁸ 3.55·10⁻⁹ 4.64·10⁻¹⁶ 1.82·10⁻¹² 5.77·10⁻¹¹ 

Perovskite, lorry 3.36·10⁻¹⁵ 1.83·10⁻⁸ 1.24·10⁻⁹ 2.01·10⁻¹⁶ 2.02·10⁻¹³ 6.76·10⁻¹² 

Perovskite, freight 2.12·10⁻¹⁶ 3.08·10⁻⁸ 2.31·10⁻⁹ 2.63·10⁻¹⁶ 1.62·10⁻¹² 5.10·10⁻¹¹ 

Use of Energy 6.54·10⁻¹⁰ 0.0259 2.03·10⁻³ 1.01·10⁻¹⁰ 3.78·10⁻⁷ 9.50·10⁻⁶ 

Anode + Substrate 4.37·10⁻¹³ 1.79·10⁻⁵ 1.40·10⁻⁶ 6.96·10⁻¹⁴ 2.61·10⁻¹⁰ 6.56·10⁻⁹ 

Blocking layer 9.88·10⁻¹¹ 3.22·10⁻³ 2.52·10⁻⁴ 1.25·10⁻¹¹ 4.71·10⁻⁸ 1.18·10⁻⁶ 

Blocking layer, 
medium voltage 
(allocated 
annealing) 

7.81·10⁻¹¹ 3.20·10⁻³ 2.51·10⁻⁴ 1.24·10⁻¹¹ 4.67·10⁻⁸ 1.17·10⁻⁶ 

compressed air, 
1000 kPa gauge 

2.07·10⁻¹¹ 1.52·10⁻⁵ 1.23·10⁻⁶ 7.04·10⁻¹⁴ 3.60·10⁻¹⁰ 7.62·10⁻⁹ 

Semi conducting 
scaffold 

2.77·10⁻¹⁰ 0.0114 8.89·10⁻⁴ 4.41·10⁻¹¹ 1.66·10⁻⁷ 4.16·10⁻⁶ 

Insulating scaffold 5.36·10⁻¹¹ 2.20·10⁻³ 1.72·10⁻⁴ 8.54·10⁻¹² 3.20·10⁻⁸ 8.05·10⁻⁷ 

Cathode 2.05·10⁻¹⁰ 8.42·10⁻³ 6.59·10⁻⁴ 3.27·10⁻¹¹ 1.23·10⁻⁷ 3.08·10⁻⁶ 

Perovskite 1.94·10⁻¹¹ 7.11·10⁻⁴ 5.57·10⁻⁵ 2.76·10⁻¹² 1.04·10⁻⁸ 2.61·10⁻⁷ 

Perovskite, low 
voltage 

2.49·10⁻¹² 1.85·10⁻⁵ 1.45·10⁻⁶ 7.17·10⁻¹⁴ 2.78·10⁻¹⁰ 6.96·10⁻⁹ 

Perovskite, medium 
voltage 

1.69·10⁻¹¹ 6.92·10⁻⁴ 5.42·10⁻⁵ 2.69·10⁻¹² 1.01·10⁻⁸ 2.54·10⁻⁷ 
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Table S40 Bis. Results of the ideal process of production of a carbon stack perovskite module, 

related to Figure 23. 

 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Total 4.11·10⁻⁵ 0.429 8.65·10⁻¹⁰ 3.59·10⁻⁹ 0.0779 

Raw Materials 3.32·10⁻⁵ 0.363 6.39·10⁻¹⁰ 2.81·10⁻⁹ 0.0596 

Anode + Substrate 3.25·10⁻⁵ 0.349 6.23·10⁻¹⁰ 2.71·10⁻⁹ 0.0576 

Fluor Tin Oxide 1.03·10⁻⁶ 6.09·10⁻³ 4.00·10⁻¹¹ 9.57·10⁻¹¹ 2.36·10⁻³ 

Solar glass, low-iron 3.15·10⁻⁵ 0.343 5.83·10⁻¹⁰ 2.61·10⁻⁹ 0.0552 

Blocking layer 3.55·10⁻⁸ 4.29·10⁻⁴ 6.03·10⁻¹³ 2.80·10⁻¹² 1.01·10⁻⁴ 

Titanium 
diisopropoxide 
bis(acetylacetonate) 

3.55·10⁻⁸ 4.29·10⁻⁴ 6.03·10⁻¹³ 2.80·10⁻¹² 1.01·10⁻⁴ 

Semi conducting 
scaffold 

1.76·10⁻⁷ 1.36·10⁻³ 3.25·10⁻¹² 1.78·10⁻¹¹ 5.46·10⁻⁴ 

Titanium dioxide, 
chloride process, at 
plant/RER S 

1.76·10⁻⁷ 1.36·10⁻³ 3.25·10⁻¹² 1.78·10⁻¹¹ 5.46·10⁻⁴ 

Insulating scaffold 3.06·10⁻⁷ 2.14·10⁻³ 8.78·10⁻¹² 5.92·10⁻¹¹ 8.78·10⁻⁴ 

Zirconia 3.06·10⁻⁷ 2.14·10⁻³ 8.78·10⁻¹² 5.92·10⁻¹¹ 8.78·10⁻⁴ 

Cathode 9.74·10⁻⁸ 9.82·10⁻³ 3.31·10⁻¹² 2.01·10⁻¹¹ 4.18·10⁻⁴ 

Carbon 9.74·10⁻⁸ 9.82·10⁻³ 3.31·10⁻¹² 2.01·10⁻¹¹ 4.18·10⁻⁴ 

Perovskite 8.58·10⁻⁹ 5.54·10⁻⁵ 2.28·10⁻¹³ 1.18·10⁻¹² 2.31·10⁻⁵ 

Lead iodide 6.95·10⁻⁹ 4.32·10⁻⁵ 1.80·10⁻¹³ 9.81·10⁻¹³ 1.85·10⁻⁵ 

Methylammonium 
iodide 

1.63·10⁻⁹ 1.21·10⁻⁵ 4.75·10⁻¹⁴ 1.96·10⁻¹³ 4.60·10⁻⁶ 

5-ammonium 
valeric acid iodide 

8.29·10⁻¹³ 1.32·10⁻⁸ 2.46·10⁻¹⁷ 1.52·10⁻¹⁶ 2.94·10⁻⁹ 

Amount of 
transportation 

1.77·10⁻⁶ 0.0191 7.33·10⁻¹¹ 2.18·10⁻¹⁰ 4.82·10⁻³ 

Anode + Substrate 
transport 

1.30·10⁻⁶ 0.0142 5.50·10⁻¹¹ 1.64·10⁻¹⁰ 3.63·10⁻³ 

Anode + Substrate, 
lorry 

1.30·10⁻⁶ 0.0142 5.50·10⁻¹¹ 1.64·10⁻¹⁰ 3.63·10⁻³ 

Blocking layer 
transport 

1.94·10⁻¹⁰ 2.12·10⁻⁶ 8.21·10⁻¹⁵ 2.45·10⁻¹⁴ 5.42·10⁻⁷ 

Blocking layer, lorry 1.94·10⁻¹⁰ 2.12·10⁻⁶ 8.21·10⁻¹⁵ 2.45·10⁻¹⁴ 5.42·10⁻⁷ 

Semi conducting 
scaffold transport 

8.70·10⁻⁹ 5.69·10⁻⁵ 1.40·10⁻¹³ 3.58·10⁻¹³ 7.40·10⁻⁶ 

Semi conducting 
scaffold, lorry 

6.60·10⁻¹⁰ 7.22·10⁻⁶ 2.79·10⁻¹⁴ 8.32·10⁻¹⁴ 1.84·10⁻⁶ 

Semi conducting 
scaffold, freight 

8.04·10⁻⁹ 4.97·10⁻⁵ 1.12·10⁻¹³ 2.75·10⁻¹³ 5.56·10⁻⁶ 

Insulating scaffold 
transport 

7.05·10⁻⁹ 7.72·10⁻⁵ 2.99·10⁻¹³ 8.90·10⁻¹³ 1.97·10⁻⁵ 
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 EP (kg PO₄³⁻ 
eq) 

CED (MJ) HTC (CTUh) HTNC (CTUh) FET (CTUe) 

Insulating scaffold, 
lorry 

7.05·10⁻⁹ 7.72·10⁻⁵ 2.99·10⁻¹³ 8.90·10⁻¹³ 1.97·10⁻⁵ 

Cathode transport 2.11·10⁻⁹ 2.31·10⁻⁵ 8.93·10⁻¹⁴ 2.66·10⁻¹³ 5.90·10⁻⁶ 

Cathode, lorry 2.11·10⁻⁹ 2.31·10⁻⁵ 8.93·10⁻¹⁴ 2.66·10⁻¹³ 5.90·10⁻⁶ 

Perovskite transport 7.37·10⁻¹² 5.41·10⁻⁸ 1.54·10⁻¹⁶ 4.18·10⁻¹⁶ 8.89·10⁻⁹ 

Perovskite, lorry 1.80·10⁻¹² 1.97·10⁻⁸ 7.63·10⁻¹⁷ 2.27·10⁻¹⁶ 5.04·10⁻⁹ 

Perovskite, freight 5.57·10⁻¹² 3.44·10⁻⁸ 7.76·10⁻¹⁷ 1.90·10⁻¹⁶ 3.85·10⁻⁹ 

Use of Energy 6.18·10⁻⁶ 0.0466 1.52·10⁻¹⁰ 5.60·10⁻¹⁰ 0.0136 

Anode + Substrate 4.27·10⁻⁹ 3.22·10⁻⁵ 1.05·10⁻¹³ 3.86·10⁻¹³ 9.34·10⁻⁶ 

Blocking layer 7.70·10⁻⁷ 5.79·10⁻³ 1.91·10⁻¹¹ 7.10·10⁻¹¹ 1.71·10⁻³ 

Blocking layer, 
medium voltage 
(allocated 
annealing) 

7.64·10⁻⁷ 5.76·10⁻³ 1.88·10⁻¹¹ 6.91·10⁻¹¹ 1.67·10⁻³ 

compressed air, 
1000 kPa gauge 

6.02·10⁻⁹ 2.49·10⁻⁵ 2.95·10⁻¹³ 1.92·10⁻¹² 4.18·10⁻⁵ 

Semi conducting 
scaffold 

2.71·10⁻⁶ 0.0204 6.66·10⁻¹¹ 2.45·10⁻¹⁰ 5.92·10⁻³ 

Insulating scaffold 5.24·10⁻⁷ 3.95·10⁻³ 1.29·10⁻¹¹ 4.74·10⁻¹¹ 1.15·10⁻³ 

Cathode 2.01·10⁻⁶ 0.0151 4.94·10⁻¹¹ 1.81·10⁻¹⁰ 4.39·10⁻³ 

Perovskite 1.70·10⁻⁷ 1.28·10⁻³ 4.20·10⁻¹² 1.55·10⁻¹¹ 3.74·10⁻⁴ 

Perovskite, low 
voltage 

4.64·10⁻⁹ 3.32·10⁻⁵ 1.35·10⁻¹³ 5.47·10⁻¹³ 1.30·10⁻⁵ 

Perovskite, medium 
voltage 

1.65·10⁻⁷ 1.25·10⁻³ 4.06·10⁻¹² 1.49·10⁻¹¹ 3.61·10⁻⁴ 
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4 Transparent methods 

4.1 Goal and scope definition 

In this study, environmental impacts of a pre-industrial perovskite solar module 

production process are evaluated to assist researchers in their task of designing this 

process. We talk about pre-industrial process as large area substrates are employed 

in addition to industrial friendly architecture, deposition and processing techniques, 

however they are not fully integrated in a full production line. For this purpose, a 

process, close to large scale production, for fabricating perovskite modules based on 

a mesoporous triple stack (pre-industrial module) is analysed through life cycle 

assessment. In this work, 1 kWh of energy is assumed as a functional unit and an 

evaluation of the environmental impacts, from cradle to gate, is performed. This 

kWh of electricity was simulated/modelled to be produced assuming the actual 

power conversion efficiency value of the pre-industrial device (11%), the average 

solar radiation (1.361 kW·m⁻²) [300] and the best-currently-reported lifetime of a 

carbon stack configuration (10000 h) [78]. The size of the module is assumed to be 

A4-sized (210 x 297 mm). 

4.2 System boundary 

To simulate the environmental mark of the pre-industrial module, a production 

process developed in a pilot plant was considered, based on the architecture with 

great potential for commercialisation, i.e. the printed mesoporous stack [152,166]. 

Figure S26 describes the diagram of the process studied in the cradle-to-gate life 

cycle assessment. Therefore, this analysis accounted for the environmental impacts 

ranging from the extraction of raw materials to the moment in which the device 

production is finished. Nevertheless, inputs generating negligible impacts such as 

equipment assets, maintenance, lighting, environment conditioning and labour force 

were disregarded [221,223]. Equipment assets encompass screen printer, belt oven, 

drying oven and squeegees together with auxiliary equipment. Polyethylene 

terephthalate screens —without including the metallic frame— were considered 

consumables because they can last for just a thousand of print cycles. As deposition 

of all layers, including the fluorine-doped tin oxide (FTO) film, was assumed to be 

completed right after the production of the substrate and the anode, the cleaning 

process usually applied to FTO-glass substrates was omitted as it is unnecessary. 

Production of encapsulation and contacts of the module were also dismissed due to 

its primitive state of development and thus the uncertainty of their final layout. 



Perovskite photovoltaic modules: life cycle assessment of pre-industrial production 
process 

─ 155 ─ 

 

Figure S26. System boundary of the pre-industrial process of production of the carbon stack 
perovskite photovoltaic module, related to Figure 20 to Figure 23. 

As shown in Figure S27, the pre-industrial module consisted of a FTO layer on top of 

a glass substrate, which was used as the anode and Nb:YVO4 laser (532 nm) 

patterned before depositing any other layer. A layer of compact titania (c-TiO2) was 

deposited by spraying a solution of titanium di-isopropoxide bis(acetylacetonate) 

(TiAcAc) in isopropanol (75wt%), which reacts to form the blocking layer by 

hydrolysis [192,301]. An additional amount of isopropanol was added to achieve 

good conditions to deposit the solution. Over the blocking layer, a mesoporous layer 

of titania (m-TiO2) was screen printed from a paste with α-terpineol, 2-(2-

butoxyethoxy) ethyl acetate and ethylcellulose, as a semi conducting scaffold. An 

additional amount of α-terpineol was also added to the titania paste to reduce the 

final TiO2 thickness. Both compact and m-TiO2 were annealed in a belt electric oven 

at 550 ºC for 30 min. Subsequently, a paste of mesoporous zirconia (m-ZrO2) with α-

terpineol and ethylcellulose was screen printed to form the insulating scaffold. It was 

deposited by screen printing a paste of carbon with nitrocellulose and α-terpineol. 

Afterwards, m-ZrO2 and carbon layers were annealed at 400 ºC for 30 min in the 

same oven as titania layers. Finally, perovskite was infiltrated to fill the pores in m-

TiO2, m-ZrO2 and carbon layers. It was lastly annealed at 50 ºC for 1 h in a drying oven 

with forced convection. 
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Figure S27. Dimensional cross section of the perovskite solar module produced at a pre-industrial 
scale (right) and the perovskite solar cell produced at a laboratory scale (left), related to Figure 20 to 
Figure 23. 

4.3 Inventory 

For the absorber layer of the pre-industrial module assessed in this work, a standard 

MAPbI₃ (MA = CH₃NH₃⁺) was used. It was synthesised from 1M MAI:1M PbI₂, 

according to the most generalised recipe for the synthesis of perovskite [74], adding 

5-ammonium valeric acid iodide (AVAI) to improve its stability [78]. 

To gather data for the raw materials flow, amounts of reagents for the perovskite 

and c-TiO₂ syntheses, inclusive of solvents, as well as amounts of m-TiO₂, m-ZrO₂ and 

carbon pastes used for the production of the module were measured directly from 

the process. m-TiO₂, m-ZrO₂ and carbon pastes compositions were obtained from 

their respective producers, i.e., Greatcell Solar, Solaronix and Gwent Electronic 

Materials respectively. The glass and FTO film were produced by the NSG Group; in 

this case, as their final mass was considered, their impacts are probably 

underestimated. 

Most of the datasets of the materials used were available at the Ecoinvent database 

[302]. Datasets missing in the Ecoinvent database, such as ethylcellulose, 

nitrocellulose [303], α-terpineol [304–311], 2-(2-butoxyethoxy) ethyl acetate [312–

314], TiAcAc [315–319] and FTO [202,203] together with perovskite reagents MAI 

[199], PbI₂ [261] and AVAI [320–323], were modelled from synthesis routes 

encountered in the literature. The inventories of ethyl cellulose, α-terpineol, 

titanium di-isopropoxide bis(acetylacetonate), 5-ammonium valeric acid iodide, 2-

(2-butoxyethoxy) ethyl acetate and nitrocellulose models are shown in Table S32, 
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Table S33, Table S34, Table S35, Table S36 and Table S37, respectively. In contrast, 

inventories of processes of production of FTO, MAI and PbI₂ were extracted from the 

literature [89,113]. 

Energy flow and energy consumption of most of the steps of the process, which are 

screen printing and annealing of m-TiO₂, m-ZrO₂ and Carbon pastes, annealing of 

perovskite and laser etching of the substrate were directly monitored from the 

production facilities. The energy consumption of compressed air for the screen 

printer was dismissed in this study as it is low in comparison to that of other steps of 

this process. Again, there was no information about the deposition process of the 

FTO layer, which was assumed to be sputtered onto the glass substrate, whose 

energetic consumption was obtained from other works [203]. Energy consumption 

to prepare the perovskite solution, by stirring and heating to 70 ºC, is obtained from 

a consumption value of a similar process in a previous work [113]. This value is 

recalculated to be in function of kWh (the current functional unit), as initially it was 

given per cm² of active area. It was not possible to allocate the energy consumption 

of the air compressor, as its use is shared by several processes, therefore, its air 

consumption was estimated from the amount of TiAcAc sprayed and an air to liquid 

ratio of 2wt% [324]. Afterwards, the environmental impacts were directly obtained 

from a process dataset of compressed air in the Ecoinvent database, whose 

functional unit is the volume of compressed air [302]. As the blocking layer and the 

insulating scaffold are annealed simultaneously with the semi conducting layer and 

the cathode, respectively, just as Figure S26 shows, the energy consumption of each 

annealing process was allocated to each layer on a mass basis. Environmental 

impacts of the electricity consumption were established from the medium voltage 

and low voltage continental mix datasets for Europe (RER in Ecoinvent) [325]. 

Process outputs were included in the emissions flow. They were calculated 

stoichiometrically from the release of byproducts of the reactions of TiAcAc, which 

were isopropanol and acetylacetone. Likewise, combustion of ethylcellulose 

produced carbon dioxide and water vapour. Alongside these two gases, 

nitrocellulose combustion generated nitrogen oxide. Solvents of c-TiO2 reaction, 

perovskite reaction and m-TiO2, and m-ZrO2 and carbon pastes were evaporated 

during annealing processes. These outputs were simulated with the coefficients for 

fate of emissions to the corresponding compartment available in SimaPro software 

[259]. 

The amount of transportation flow was established by using the distances between 

each supplier and the facilities of SPECIFIC, Swansea University (UK) where the 

process was carried out. Transoceanic distances were considered from the closest 

port of each supplier to Swansea port. 
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4.4 Ideality analysis 

Two further scenarios are used for comparison purposes: a perovskite module 

produced with an ideal process (ideal module) to estimate the ideality coefficient, 

based on the optimisation of the pre-industrial one, and a perovskite solar cell 

produced at laboratory scale (lab-scale PSC) to verify the extent of improvement in 

the pre-industrial process. From the point of view of LCA, the comparison with the 

lab-scale process arises from the necessity of giving sense to the results [326]. In 

order to obtain the electric output of both types of device, the same parameters as 

the pre-industrial process were assumed, except for the efficiency of the PSC in the 

lab process, which was 19% [327]. The ideal scenario was estimated from the pre-

industrial module, where the amounts of material used and the use of energy is 

ideally optimised. The environmental results of the lab-scale PSC were extracted 

from a previous study [113], choosing a cell architecture with MAPbI₃ embedded into 

a mesoporous titania scaffold [200,201]. 

The ideal process of production of perovskite solar modules was elaborated from the 

pre-industrial process: materials and their amounts were reduced to those strictly 

necessary to assemble the module and even solvents were dismissed from the 

system. Furthermore, energy consumption of heating steps, which were initially the 

most energy consuming by large, were thermodynamically estimated, considering 

that all the energy consumed is spent on heating the materials only and the 

equipment is perfectly insulated. Lastly, emissions to the environment in the ideal 

process were considered void, assuming a good recycling of the outputs of the 

process. 

In the ideal process of production of perovskite modules, quantities were obtained 

by measuring the thicknesses of the layers in a perovskite photovoltaic module 

produced in a highly scalable process [152,166]. Losses of materials during 

processing were excluded from this ideal scenario. Once the volume of each material 

was calculated by multiplying the thickness by the active module area, it was 

multiplied by the density to obtain the amount of each material. The transportation 

was re-adjusted to the reduced amount of materials for this scenario. Energy 

consumption of the three annealing steps and the heating and stirring of perovskite 

reagents was estimated by using thermodynamic equations which describe the 

heating process and the synthesis of the c-TiO₂ and the perovskite 

[225,227,228,328–331]. No energy losses were considered during those steps. To 

allocate the energy of the annealing steps to each of the layers the same criteria used 

for the pre-industrial process is used. Since the module was considered as a single 

cell and divisions between cells were not necessary, laser etching was removed from 

the calculation. The screen printing step and consumption of air compressed for the 
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spraying of c-TiO₂ were considered to consume the same energy as the pre-industrial 

process. Energy consumption of both perovskite carbon stack module and ideal 

process are compared in Table S41. 

Table S41. Energy consumption of the carbon stack perovskite photovoltaic module produced in the 

pre-industrial process in comparison to the same module produced in the ideal industrial process, 

related to Figure 20 to Figure 23. 

Step Process 
Carbon stack module 

electricity consumption 
(MJ/kWh) 

Ideal process electricity 
(MJ/kWh) 

Substrate 
production 

FTO sputtering 0.0003 0.0003 

Laser substrate 
etching 

1.1654  

Blocking layer 
deposition 

Spraying solution 0.0002 (m³ of air compressed) 

m-TiO₂ 
deposition 

Screen printing 0.0019 0.0019 

Annealing (550 ºC, 
30 min) 

5.6437 0.2373 

m-ZrO₂ 
deposition 

Screen printing 0.0019 0.0019 

Carbon 
deposition 

Screen printing 0.0019 0.0019 

Annealing (400 ºC, 
30 min) 

4.979 0.1704 

Perovskite AVA 
infiltration 

Solution 
preparation (70 ºC) 

8.944 2.44 10⁻⁴ 

Annealing (50 ºC, 1 
hour) 

10.655 0.011 

Total 31.393 1.172 

 

Inventory data of the lab-scale PSC (glass/FTO/c-TiO₂/m-TiO₂/MAPI/spiro/gold) were 

obtained from a previous life cycle assessment study [113] and are shown in Table 

S30, where every parameter has been readjusted for the production of 1 kWh 

instead of 1 m². The diagram of the lab-scale PSC appears in Figure S27 compared 

with that of the pre-industrial module. When both pre-industrial module and lab-

scale PSC were contrasted, electron and hole transporting material (ETM and HTM) 

and Au cathode were equated with the blocking layer, the insulating scaffold and the 

carbon cathode respectively. 

The process of production of the lab-scale PSC consisted of a cleaning treatment of 

the FTO substrate, right before a compact TiO₂ layer deposition. This procedure 

consisted in etching a part of the FTO layer with metallic zinc and hydrochloric acid, 

a subsequent cleaning with 2% Hallmanex detergent and water, a sonication in 

isopropanol and acetone, a washing with ethanol and a final treatment with ozone 

plasma. Then, a mild solution of titanium isopropoxide in ethanol was deposited via 
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spin-coating at 2000 rpm for 1 minute to obtain the compact TiO₂ layer, after which 

it was heated at 120 ºC for 10 minutes and annealed at 450 ºC for 4 hours. In this 

step, isopropanol and ethanol vapours were emitted to the atmosphere. Onto the 

compact TiO₂, the perovskite layer was deposited into a 400 nm thick mesoporous 

TiO₂ scaffold, where TiO₂ in ethanol was spin-coated at 4000 rpm for 60 s, heated at 

80 ºC for 15 minutes and annealed at 450 ºC for 4 hours. In order to deposit the 

perovskite into the scaffold a mixture of methylamine iodide and lead (II) iodide in 

γ-butyrolactone was stirred for 10 minutes at 100 ºC and for 30 minutes at 70 ºC. 

Then, the perovskite was spin-coated for 5 s at 500 rpm and for 60 s at 2000 rpm and 

finally heated at 100 ºC for 60 minutes in a drying oven. On top of it, spiro-MeOTAD 

in chlorobenzene was deposited by spin-coating for 30 seconds at 4000 rpm. For the 

back contact, gold was deposited by thermal evaporation. Nitrogen gas and 

electricity consumption of a glove box were also included in the inventory. The 

amount of electricity consumed was directly measured in the laboratory facilities 

and the amount of transportation was estimated from the supplier to Castelló 

(Spain). 

4.5 Life cycle inventory assessment 

Eleven impact categories were chosen and from the most developed impact models, 

the most representative categories were selected. Seven categories out of this group 

are included in the CML baseline V3.02 [254,258]. These categories encompassed: 

abiotic depletion, abiotic depletion (fossil fuels), global warming, ozone layer 

depletion, photochemical oxidation, acidification and eutrophication. Among these 

categories, one of the most significant to measure the environmental performance 

of a solar energy collector device is global warming (also known as carbon footprint), 

as one of the main benefits of energy stemming from such devices is the mitigation 

of greenhouse effect. Nonetheless, the other categories enlisted represent a broad 

panoply of the most concerning categories which should be taken into consideration 

in order to avoid environmental charge transference, from global warming category 

to these categories. 

Energy is a fundamental aspect of perovskite modules as it is their only valuable 

output. Knowing the amount of energy necessary to produce them emerges as a 

good practice to envision how viable their production is. From the Cumulative energy 

demand method V1.09 (CED) [212], the total cradle-to-gate energy invested in the 

production of the perovskite module is obtained by adding cumulative energies 

obtained from the different renewable and non-renewable sources provided by the 

method. 
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Pb content still remains as one of the main concerns of the possible 

commercialization of photovoltaics based on perovskite [124]. Therefore, it was 

necessary to include into the assessment the impact categories Human toxicity 

(cancer), Human toxicity (non-cancer) and Freshwater ecotoxicity from USEtox V1.04 

method [208]. 

CML, CED and USEtox methods are incorporated within the SimaPro® 8.0.3.14 

software [259]. In this manuscript, abbreviations listed in Table S42 are used to name 

the selected impact categories. 

Table S42. List of impact categories, their abbreviations, units and methodologies in which they are 

included, related to Figure 20 to Figure 23. 

Category Abbreviation Unit Methodology 

Abiotic depletion ADP kg Sb eq 

CML baseline V3.02 

Abiotic depletion, fossil fuels ADPF MJ 

Climate change GWP kg CO₂ eq 

Ozone layer depletion ODP kg CFC-11 eq 

Photochemical oxidation POP kg C₂H₄ eq 

Acidification AP kg SO₂ eq 

Eutrophication EP kg PO₄³⁻ eq 

Cumulative energy demand CED MJ 
Cumulative energy demand 

V1.09 

Human toxicity, cancer effects HTC CTUh 

Usetox V1.04 
Human toxicity, non-cancer 
effects 

HTNC CTUh 

Freshwater ecotoxicity FET CTUe 
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6.1 Overview 

As described in the Chapter 1, the present thesis aims to assist the decision-making 

of researchers in the emerging realm of photovoltaic (PV) devices based on halide 

perovskite. In order to fulfil this goal, three research lines are stablished, in which 

Life Cycle Assessment (LCA) is applied to Perovskite solar cells (PSCs) at an 

elementary stage of development, to four perovskite compositions improving key 

features of PSCs, and to a PV module based on perovskite at an advanced stage 

towards commercialisation. A recapitulation of the contribution and the results 

emerged in this thesis is presented below. 

6.1.1 LCA applied to PSCs at an elementary stage of development 

A LCA study is applied to some of the most promising perovskite synthesis routes at 

laboratory scale at that time. The two perovskite layer configurations planar and 

mesoporous are also included in the same LCA study. 

In addition, three end of life scenarios for PSCs are designed and evaluated. These 

scenarios consist of (1) landfilling PSCs after halide perovskite is decomposed, (2) a 

recovery of the layers of the PSCs after perovskite is decomposed until 10 cycles with 

a final landfill, and (3) 10 recovery cycles similar to those in the scenario 2 with a final 

recycling. 

In spite of the fact that the common layers that present the four PSCs have the 

highest impact, the perovskite layer synthesised from both an equimolar mixture 

and a mixture with excess of methylammonium by spin coating generate lower 

environmental impacts. In addition, these PSCs present lower energy (EPBT) and 

human toxicity cancer payback (HTCPBT) times. In contrast to the concern raised 

about the lead content in PSCs, this element presents a low impact in comparison to 

that of the entire PSC. 

The perovskite with a mesoporous scaffold has higher human toxicity and cumulative 

energy demand than those fully deposited by spin coating. However, these impacts 

are a little lower than the perovskite layer deposited with the two-step deposition 

method. 

Despite the fact that PSCs are considered an advantageous PV technology in terms 

of energy consumed for their production, the impact it generates at this preliminary 

stage is excessively high. 

The environmental impact of the three end of life scenarios is chiefly contrasted in 

terms of the EPBT and HTCPBT. Results of these indicators attribute a shorter time 
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of recovery of the energy consumed and the toxicity generated at the production 

stage for scenario (3) and (2) respect (1). 

6.1.2 LCA applied to four perovskite compositions improving key 

features of PSCs 

A cradle-to-gate LCA study is applied to halide perovskite compositions that improve 

the stability, reproducibility and efficiency of PSCs in comparison with the standard 

methylammonium lead triiodide. The improvement in these features is achieved by 

introducing a mixture of methylammonium (MA), formamidinium (FA) and caesium 

in the cationic position of perovskite. Different mixtures of halides are also included 

in the perovskite formula. The materials and the lab-scale deposition of the 

perovskite layer are the only accounted environmental interventions. The 

environmental impacts of four combinations of perovskite are contrasted with a 

canonical MAPbI₃ perovskite. 

An additional economic analysis is performed by accounting the cost of precursors. 

Moreover, a deposition method appropriate for laboratory scale consisting in the 

deposition of a drop of “anti-solvent” during the spin-coating is evaluated. 

Results of the comparison reveal that the four perovskites with multiple cations and 

anions are more harmful to the environment than the canonical one, except for the 

abiotic depletion category. The reasons behind this are the higher impact generated 

by the synthesis of the FAI precursor, together with a slightly larger amount of energy 

consumed. Consequently, optimised synthetic procedures for FAI will reduce the 

environmental impacts of the halide perovskite compositions that currently present 

the highest performance, where FA plays a key role. 

FAI is also the most expensive precursor, which raises the price of the multication 

perovskite. In contrast, the introduction of lead bromide instead of lead iodide 

precursors reduces the price. 

After comparing the “anti-solvent” deposition method to the conventional spin 

coating, the former presents a higher environmental impact, because an 

uncontrolled amount of chlorobenzene used in the second. For this reason, besides 

technical inconveniences, the “anti-solvent” method is not considered appropriate 

for large-scale manufacturing. 
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6.1.3 LCA applied to a PV module based on perovskite at an advanced 

stage of development 

A process of production of PV modules at pilot scale is evaluated through a cradle-

to-gate LCA. A MAPbI₃ perovskite enclosed in a carbon-stack module is chosen as the 

most favourable device for commercial production. The environmental performance 

of the production process of this module is contrasted with an idealised production 

process where the material and energy consumptions are optimised. Their 

environmental impacts are also compared with those of a PSC laboratory-scale 

production process. 

In the pilot scale production process, the perovskite layer deposition results the most 

pernicious step for most of the environmental categories, owing to the higher energy 

consumed while preparing the precursors and the annealing. In consequence, the 

perovskite layer has the highest potential for optimisation when contrasted with the 

idealised production process. The comparison of the environmental impacts of the 

pilot scale process with the laboratory-scale process reveal that the former presents 

a significant improvement, even in the energy consumption aspect. 

6.2 Fulfilment of research objectives 

For the conclusion of the present thesis, every research objective stablished is 

fulfilled. The description of how these research objectives are addressed is described 

below. 

The first research objective is to provide information about the environmental 

performance of PSCs at an elementary state of development. This objective is mostly 

fulfilled in Chapter 3, where a prospective LCA is applied to four different PSCs 

produced at laboratory scale. In this prospective LCA study, the environmental 

performance of three lab-scale halide perovskite synthesis routes is contrasted. 

These synthesis routes comprise (1) a mixture of reagents with excess of 

methylammonium halide deposited by spin coating, (2) an equimolar mixture of 

reagents deposited by spin coating, and (3) an equimolar mixture of reagents 

deposited by a two-step process. In addition, the environmental performance of 

these three PSCs, who have a planar configuration, is contrasted with that of a PSC 

synthesised through the equimolar spin-coated route into a mesoporous titania 

scaffold. Finally, the environmental footprint of the “anti-solvent” lab-scale 

deposition method, which provides excellent results in efficiency and stability, is 

contrasted with that produced by the spin coating method. This latter subobjective 

is fulfilled in Chapter 4. 
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The second research objective is to provide information about the environmental 

performance of different halide perovskite compositions intended to improve 

stability, reproducibility, and efficiency of PSCs. The environmental performance of 

four different compositions of halide perovskite is evaluated through LCA. These 

compositions vary the proportions of Cs-FA-MA cations and I-Br anions used. These 

compositions are contrasted among them and with a canonical perovskite with a 

methylammonium lead iodide. This objective is entirely covered in Chapter 4. 

The third research objective is to provide information about the environmental 

performance of a PV device based on halide perovskite at a pre-industrial 

development stage. Most of this objective is fulfilled in Chapter 5. In this chapter, 

the production of a large-area PV module based on halide perovskite is evaluated 

through LCA. This module is considered to accomplish the conditions for its 

commercial deployment, such as containing inexpensive raw materials, being highly 

reproducible, having a good efficiency. A newly defined ideality coefficient is used to 

evaluate the level of optimisation of the carbon-stack PV device production process 

by contrasting its environmental performance with that of a PSC produced at 

laboratory scale. In Chapter 3, the last subobjective of is addressed. Although it is 

designed and evaluated for PSCs produced at laboratory scale, a recycling process is 

intended to ameliorate the environmental performance of a commercial halide 

perovskite PV device. 

6.3 Validation of hypotheses 

In the course of the present thesis, the validity of the hypotheses set at the beginning 

(Chapter 1) is examined along the LCA studies performed on the different stages of 

development of PSCs. How these hypotheses are confirmed or refuted is explained 

below. 

1. As PSCs are a promising PV technology because, among other advantages, 

their assembly needs relatively little energy, the environmental impacts 

arising from this input are not expected to be remarkable. 

In comparison to the highly deployed and energy-demanding crystalline Si PV 

devices, PSCs promise equivalent amount of energy generated with less energy 

consumption for their production. However, LCA applied to both PSCs assembled at 

laboratory scale and at pre-industrial scale revealed that the energy consumed is the 

most detrimental input. In the LCA applied to the pre-industrial process (Chapter 5), 

a comparison of its environmental impacts with these of a simulated ideal process 

demonstrate that there is more progress to be done in order to diminish the energy 

consumption. 
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2. In line with the results of previous toxicity analyses to the lead content of 

PSCs, it is not expected to pose such a hazard to reject its usage. 

From the previous LCA studies applied to lab-scale PSCs, it could be concluded that 

lead did not pose a significant toxicity risk. A similar conclusion arises from the LCA 

performed in the present thesis. In contrast to this outcome, some empirical toxicity 

analyses recently published found the lead content of perovskite severely harmful 

for living species such as Mentha spicata plants, as described in section 2.3 of 

Chapter 2. Further studies about this should be performed in order to stablish the 

real consequences of lead usage in halide perovskite PVs. 

3. Due to the amount of materials used to produce PSCs is marginal, the time 

of functioning of the PSCs necessary to offset the toxicity generated to 

produce them is relatively low. 

In fact, amounts of precursors necessary for the production of PSCs are reduced, as 

highly thin active and charge transporting layers are enough to make the most of 

these materials. However, in Chapter 3 the analysis of the HTCPBT (the equivalent of 

the EPBT for the category human toxicity cancer effects) reveals that when PSCs are 

produced at laboratory scale (with efficiencies of 12.3% on average) the HTCPBT lasts 

longer than their lifetime (an average time of 10.9 years). Fortunately, the HTCPBT 

decreases to a value closer to current lifetimes (an average of 6.6 years) when the 

efficiency is enhanced to 20%, which is an efficiency achievable at laboratory scale. 

This time is finally decreased to an HTCPBT within current lifetimes (an average of 

1.3 years), when the precursors of a 20%-efficient PSC are recovered ten cycles, after 

which it is entirely recycled. The HTCPBT results of a halide perovskite PV device are 

expected to further decrease when produced through an optimised process. 

4. End-of-life scenarios are expected to improve the environmental 

performance of the life cycle of PSCs as their materials are reused and 

recycled. 

Reusing and recycling products reaching the end of life avoid the extraction of more 

raw materials and the production of these products. As long as these processes do 

not generate a higher impact than the production and extraction processes, it can 

be expected an eventual reduction of impacts in the environment. In the case of the 

PSCs evaluated in Chapter 3, the end of life scenarios considering raw materials reuse 

and recycling do not reduce the impacts of the perovskite layer, except for the device 

with the titania scaffold. In contrast, when the entire PSC is accounted these two 

scenarios significantly diminish their environmental footprint, as demonstrate both 

EPBT and HTCPBT results. 
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5. The “anti-solvent” perovskite deposition method is expected to increase the 

environmental impacts because it uses an additional amount of an organic 

solvent. 

The “anti-solvent” deposition method uses an extra amount of organic solvent to 

remove the solvents during the spin coating. This extra amount of chlorobenzene 

solvent used was not expected to generate a significant impact because not much 

amount of it is necessary. However, as it is a lab-scale deposition method, the 

amount consumed of this solvent is not optimised. As a result, the impact generated 

by the usage of this solvent is disproportionate. These results can be seen in Chapter 

4. 

6. The price of the canonical perovskite is expected to be lower than the 

multication halide perovskite for the former uses more ordinary reagents. 

As described early in the discussion of the hypothesis 5, methylammonium lead 

iodide perovskite needs a slightly less quantity of reagents and solvents than the four 

perovskites with three different cations. As shown in Chapter 4, the price of the 

former perovskite is lower as expected. However, the difference in the overall price 

of perovskites is motivated by the higher cost of the FA reagent, again optimisation 

of formamidinium iodide fabrication could affect the current cost. 

7. The pre-industrial production process is expected to notably improve the 

environmental performance respect the laboratory scale process. 

In the pre-industrial manufacturing process the energy consumption and the usage 

of raw materials are optimised to make it economically viable. As a result, the 

environmental impacts arising from the pre-industrial process are expected to be 

notably diminished. In Chapter 5, an ideality coefficient of the pre-industrial process, 

estimated by comparison to a simulated ideal process, is compared with that of a 

laboratory-scale process. This comparison confirms that the pre-industrial process is 

clearly less harmful for the environment than the laboratory scale process, as it is 

closer to its ideal process. 
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