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Semiconductors underpin many modern technologies, from data processing and displays to power

generation, and their performance relies on precise thin-film deposition processes. These processes

control the composition and interfaces between device layers, ensuring that semiconducting materials

function reliably without degradation. In high-value devices such as perovskite solar cells, variations in

deposition methods can significantly affect both material use and product quality. Improving the

precision, consistency, and sustainability of thin-film deposition is therefore essential to enable scalable,

efficient, and environmentally responsible manufacturing. This study employs a process-based Life Cycle

Assessment (LCA), extended to include activity-level steps, to evaluate environmental impacts across

laboratory- and pilot-scale perovskite solar cell production. The analysis highlights energy consumption

in processing equipment and facility operations as the dominant environmental burden, with the

deposition stage representing a key target for efficiency improvements. Scaling from laboratory to pilot-

scale production reduces perovskite solar cell manufacturing costs by approximately 99.8% per m2 of

active area, with an additional ∼8% reduction achieved through enhanced process control. At this scale,

environmental impacts decrease by over 98% across global warming potential, human toxicity and

aquatic ecotoxicity. Further integration of automated control systems lowers global warming and toxicity

impacts by around 10%, while substituting grid electricity with low-carbon wind power amplifies these

gains, reducing carbon emissions by up to 79%. The results demonstrate that combining process

optimization with renewable energy sourcing provides a clear pathway toward sustainable, scalable

perovskite solar cell manufacturing. The methodology is also broadly applicable to other thin-film

semiconductor processes, offering guidance for improving operational efficiency while minimizing

environmental impact.
1 Introduction

Photovoltaic (PV) devices contain thin layers of semiconductors
that have the ability to absorb solar radiation and convert it into
electrical energy. When sunlight is absorbed by a semi-
conductor, energy is transferred to electrons increasing their
electrical potential energy and enabling them to move freely.
This movement of electrons generates an electric current,
a phenomenon known as the photovoltaic effect.

Most conventional photovoltaic devices are made from
silicon. However, recent research has focused on alternative
materials, including a promising class of compounds known as
perovskites. Perovskite solar cells (PSCs) offer high efficiency at
low cost, driving their rapid adoption in photovoltaics.1
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Initial investigations into perovskite materials for solar energy
conversion began in 2009, with early devices demonstratingmodest
power conversion efficiencies of approximately 3.8%.2 Since then,
rapid advancements in material design and device architecture
have signicantly improved performance. Laboratory-scale PSCs
have now achieved efficiencies exceeding 27% and when integrated
with silicon in tandem congurations, these devices have reached
efficiencies of over 34%.3 This highlights their potential as a highly
efficient and cost-effective solar technology.
1.1 Perovskite solar cells

PSCs are constructed as a series of thin layers, each with
a dened role in device operation as per Table 1 alongside
examples of materials for each layer. Various studies detail
various similar fabrication processes and device
architectures.4–6 At the base lies the substrate, typically glass or
a exible polymer, which provides mechanical support and, in
most cases, allows light to pass through. On top of this sits the
transparent electrode which both conducts charge and admits
incoming light.
Sustainable Energy Fuels
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Table 1 Functional layers and typical materials in a perovskite solar cell device

Layer Description Typical materials

Substrate Base that supports all layers; usually transparent
to let light through

Glass, plastic (for exible devices)

Transparent electrode (front contact) Conductive layer that allows light to enter while
collecting electrons or holes

Indium Tin Oxide (ITO), Fluorine-doped Tin
Oxide (FTO)

Hole Transport Layer (HTL) Moves holes to the electrode and blocks
electrons

Spiro-OMeTAD, PTAA, PEDOT:PSS, NiOx

Perovskite layer Absorbs sunlight and generates electrons and
holes

CH3NH3PbI3, CsPbI3, FA0.85MA0.15Pb(I1−xBrx)3

Electron Transport Layer (ETL) Moves electrons to the electrode and blocks
holes

TiO2, SnO2, PCBM

Buffer or interfacial layer Improves contact between layers, reduces
energy losses, and enhances stability

PCBM, LiF, ZnO, C60, MoOx, or insulating
polymers like PMMA

Metal electrode (back contact) Final electrode that collects charges; usually
a metal layer

Gold (Au), Silver (Ag), Aluminum (Al), carbon
paste

Encapsulation layer Protects the device from moisture, oxygen, and
mechanical damage

Glass, UV-curable resin, barrier lms
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Charge-selective layers then ank the perovskite absorber:
the hole transport layer extracts holes, while the electron
transport layer extracts electrons. The central perovskite layer
itself is the active light absorbing material, typically composed
of lead halide perovskites. Additional buffer or interfacial layers
are oen included to optimise the electrical contact between
layers and suppress recombination. Finally, a metal electrode
serves as the back contact, and an encapsulation layer provides
physical and chemical protection.
1.2 Solar cell manufacturing

Manufacturing can be understood across three levels: lab scale,
which focuses on innovation and discovery; pilot scale, which
aims to produce consistent material and sufficient quantities
for real-world testing; and full-scale production, which priori-
tises minimising cost and maximising yield through opera-
tional efficiency.

The laboratory-based PSC is intentionally designed to
maximize experimental exibility and variation within
a controlled environment. This approach facilitates the explo-
ration of a wide range of models, design congurations, and
material compositions, enabling researchers to test hypotheses,
optimize parameters, and evaluate novel concepts efficiently.
The primary focus is on versatility and adaptability rather than
production throughput or cost efficiency, which is critical for
advancing fundamental understanding and innovation.

Conversely, the pilot-scale architecture is engineered with
a focus on economic and operational efficiency, targeting the
validation of a streamlined production process intended for
scale-up. This system is optimized to produce a single, stan-
dardized formulation or “recipe” at higher volumes, mini-
mizing variability to ensure consistent product quality, reduce
waste, and lower production costs. The pilot-scale setup
embodies principles aligned with industrial manufacturing,
where repeatability and cost effectiveness are paramount. This
focus necessitates a more rigid and specialized system design
that prioritizes throughput and efficiency over the experimental
exibility characteristic of laboratory settings.
Sustainable Energy Fuels
The divergence between these two architectures stems from
their contrasting purposes: the laboratory PSC prioritizes
experimental breadth and adaptability to accommodate diverse
research goals, whereas the pilot-scale system emphasizes
scalability, economic viability, and process stabilization.
Understanding these distinctions is crucial for interpreting
performance data, scaling results, and developing appropriate
lifecycle and sustainability assessments tailored to each
context.

Tian et al.7 highlights the critical role of durability in
enhancing the life cycle sustainability of perovskite architec-
tures. The current focus in perovskite PV research and industry
has accordingly shied from maximizing efficiency to
improving stability. Perovskite solar cells are highly sensitive to
moisture, oxygen, and UV exposure, which cause degradation of
the perovskite layer.8

Recent life cycle assessments (LCAs) on PSCs have under-
scored the critical importance of manufacturing efficiency,
particularly in the deposition and processing stages.9 PSCs have
rapidly advanced over the past decade, but scalability remains
a key challenge as many deposition methods have been tested
only at laboratory scale.10 Common deposition methods include
spin coating, slot-die coating, blade coating, thermal evapora-
tion, sputtering, chemical vapor deposition (CVD), and atomic
layer deposition (ALD). Solution-based fabrication methods
such as spray coating show signicantly lower energy use and
carbon emissions than vapor-based approaches, while roll-to-
roll production offers the lowest overall life cycle impacts.11

Research by Celik et al.12 on vacuum, solution, and HTL-free
perovskite solar cell devices suggests an energy payback time in
the region of 1 to 1.5 years. This research also considered the
differences between common laboratory-scale deposition tech-
niques, such as spin coating and large-scale manufacturing
methods. They noted that spin coating results in substantial
material loss, with approximately 90% of the precursor solution
not incorporated into the active layer. Such inefficiencies pose
challenges for large-scale production and underscore the need
for alternative methods. A study by Wong-Stringer13 identied
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6se00062b


Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
8/

20
26

 7
:4

6:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
that the next critical step is to demonstrate scalable fabrication
processes capable of producing modules with signicantly
larger active areas. Considerable effort is still ongoing in this
area.14

1.3 Spin coating deposition

Spin coating is a low cost, facile method of depositing layers
onto a substrate. This makes the process ideal for lab scale
initiatives, such as Zhang et al.15 However, the process faces
severe limitations in scalability, making commercialization
challenging. The deposition effectiveness, which describes how
much material remains on the substrate during the spinning
process16 is governed by the viscosity of the precursor inks. In
spin coating, low-viscosity inks are easily ung off the substrate
due to centrifugal forces, resulting in signicant material waste
and low deposition efficiency. Conversely, inks with higher
viscosity tend to exhibit improved retention, leading to thicker
and more uniform lms.17

The viscosity of the precursor solution, the spin-coating
rotation speed and the duration are critical parameters that
govern the uniformity, thickness, and surface morphology of
spin coated thin lms.18 Masruroh et al.19 state that higher
solution viscosity tends to increase lm thickness and rough-
ness, while longer spin times promote thinner, smoother, and
more uniform layers. Each spin-coating parameter inuences
material waste, with higher solution viscosity leading to greater
losses during the coating process, as well as directly inuencing
the performance and efficiency of devices.

1.4 Screen printing deposition

Screen printing deposition is a fabrication technique in which
a patternedmesh screen serves as a stencil to selectively transfer
inks or pastes onto a substrate. The ink is forced through the
open areas of the mesh by means of a squeegee, resulting in the
deposition of a controlled material layer with a predened
pattern.20,21

The primary advantages of screen printing include its cost
effectiveness and scalability, making it well suited for large area,
high throughput manufacturing processes.22 Additionally, it
allows for direct patterning without the need for subsequent
lithographic steps, thereby simplifying the fabrication
workow.

Screen printing is also compatible with a diverse range of ink
formulations, including conductive, semiconductive, and
insulating materials. Furthermore, the thickness of the depos-
ited layer can bemodulated through variations inmesh size and
ink viscosity, offering a degree of process exibility. This is
because screenmeshes have hole sizes on the order of hundreds
of microns, enabling the use of particulate dispersions con-
taining, for example, 50-micron metallic akes. Larger particles
create longer and more continuous conductive pathways,
improving conductivity, while also allowing the deposition of
much thicker lms.

However, the technique exhibits certain limitations. The
achievable resolution is relatively coarse compared to alterna-
tive methods such as photolithography or inkjet printing, which
This journal is © The Royal Society of Chemistry 2026
may restrict its application in devices requiring ne
patterning.10 Deposited layers oen exhibit increased surface
roughness, which can negatively impact device performance
and reliability. This effect is driven by the materials used (e.g.,
very large akes) rather than the depositionmethod. If the same
materials were spin-coated, the surface would likely be even
rougher because the process lacks meniscus-driven levelling.

Additionally, material waste can be signicant due to excess
ink usage and cleaning requirements, potentially affecting the
overall sustainability of the process. Finally, screen printing
demands stringent control over ink rheology and substrate
surface properties to ensure uniform layer formation, which
introduces process sensitivity.

1.5 Slot die coating

Slot-die coating is a precise and high throughput technique for
depositing liquid lms onto at substrates or continuous rolls
of material.23 It is widely used in industrial settings due to its
ability to deliver highly controlled lm thickness, governed
primarily by the slot gap and the material ow rate. These
parameters can be readily adjusted, allowing the method to
accommodate a wide range of formulations. The technique is
also highly material efficient, particularly in roll-to-roll pro-
cessing, where coating can be closely matched to the required
geometry, minimising waste.

The method is most suited to large-scale production, as its
primary limitation arises from the need to ll the internal
volume of the coating head and delivery system before deposi-
tion can begin. This requires a minimum volume of material,
typically on the order of tens of millilitres, which can be
prohibitive when working with expensive, research-grade
materials in laboratory settings.24

Slot-die coating also offers exibility in deposition width and
patterning. Coating width can be adjusted using interchange-
able shims, and multiple stripes can be deposited simulta-
neously through multi-slot congurations. In the context of
solar cell manufacturing, this enables the parallel fabrication of
multiple devices on a single substrate, which can subsequently
be separated into individual cells or interconnected to form
modules.

1.6 Environmental impacts of manufacturing methods

This study focuses on two contrasting manufacturing methods:
spin coating, which is widely used at laboratory scale for
research and device development, and screen printing, which is
more representative of pilot-scale manufacturing. Together,
these methods capture the transition from highly exible,
research-oriented processing to more scalable and material-
efficient production approaches. A broad body of literature
has examined a range of deposition techniques under different
research objectives; studies that specically address spin
coating, screen printing, and the challenges associated with
scaling up perovskite device fabrication are reviewed in this
section.

A previous cradle-to-gate LCA demonstrates that inkjet-
printed PSCs signicantly reduced global warming and energy
Sustainable Energy Fuels
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demand by an order of magnitude compared to spin coating.10

The study nds that inkjet-printing is 36% less in energy
intensive than spin coating and reaffirms the challenges of spin
coating due to 95% of the ink being wasted in this case.

A study by Espinosa et al.25 considers two different methods
for making perovskite solar cells based on laboratory synthesis
from previous research, with vapour-deposited cells reaching
15.4% efficiency and spin-coated cells 11.5%. This demon-
strates that both the fabrication method and the cell design
strongly inuence photovoltaic performance. Life cycle assess-
ment at laboratory scale indicates that the carbon footprint of
perovskite solar cells is higher than similarly scaled organic
photovoltaic devices, with vapour deposition producing 366 g
CO2 per kWh and spin coating producing 350 g CO2 per kWh.
Espinosa et al.25 suggests that this is mainly due to high elec-
tricity consumption during manufacturing. Both fabrication
methods experience signicant material losses, with around
70% lost during vapour deposition and 90% lost during spin
coating.

Future development of more sustainable PSCs will benet
from integrated life cycle assessment and supply chain envi-
ronmental proling, alongside strategies for recyclability and
improved stability. Addressing encapsulation, exible
substrates, and scalable deposition methods will be essential
for transitioning PSCs from laboratory prototypes to commer-
cially viable photovoltaic technologies.26,27
1.7 Knowledge gap

Several knowledge gaps emerge from the current understanding
of deposition processes in thin-lm and perovskite solar cell
manufacturing. First, despite the recognized importance of
deposition methods on material use and lm quality, there is
limited quantitative understanding of how specic process
variations such as precursor viscosity, deposition speed, and
layer uniformity directly inuence both device performance and
material efficiency at scale.

Second, while automated control systems have been
proposed to stabilize deposition conditions, there is a lack of
experimental data demonstrating their effectiveness across
different deposition techniques and scales, particularly in terms
of reducing material waste and achieving reproducible lm
properties.

Third, environmental assessments remain incomplete: life
cycle assessment studies oen focus on laboratory-scale
processes, leaving uncertainties about how that knowledge
would translate to pilot or industrial scale deposition processes
and affect energy consumption, material losses, and overall
environmental impact.

Finally, the integration of process control with sustainability
assessment remains underexplored, limiting understanding of
how automation and monitoring can simultaneously improve
operational efficiency and environmental performance.
Addressing this gap is essential for enabling scalable, repro-
ducible, and sustainable manufacturing of perovskite solar
cells. Moreover, the methodology developed here is transferable
to a broad range of semiconductor technologies. Its ability to
Sustainable Energy Fuels
capture both process-level parameters and facility-scale impacts
means it can be applied to alternative deposition methods,
device architectures, and manufacturing environments. Future
work should therefore extend this framework to additional
processes and product types, providing wider insight into how
scaling, material choices, and operational strategies inuence
environmental outcomes across the semiconductor sector.

2 Methodology
2.1 LCA methodology

The data ow architecture, depicted in Fig. 1, demonstrates the
structured and systematic framework used for modelling
manufacturing scenarios through an integrated life cycle
inventory (LCI) approach. This framework facilitates the linkage
of diverse input data sources, sequential processing stages, and
output metrics, thereby supporting comprehensive analyses
that encompass temporal, economic, and environmental
dimensions. However, the effectiveness of this approach
depends heavily on data quality and system boundaries, issues
that must be carefully managed to ensure robust and mean-
ingful results.

This activity-focused approach can be seen as an extension of
traditional process-based LCA, shiing the emphasis from
aggregated unit processes to discrete operational steps within
manufacturing. This method also allows more precise scenario
analysis, such as evaluating the effects of alternative deposition
techniques, equipment choices, or energy sources, making it
particularly useful for emerging technologies like perovskite
solar cells where process-level improvements can substantially
inuence overall sustainability.

2.1.1 Impact category selection. This study evaluates the
environmental impacts of perovskite solar cell production using
a focused subset of midpoint indicators from the ReCiPe 2016
life cycle impact assessment method. Given the study's
emphasis on the manufacturing stage, rather than device use or
end-of-life, a targeted selection of impact categories has been
made to reect the most relevant processes and environmental
concerns associated with laboratory and early industrial-scale
fabrication. The selected categories include global warming
potential, total human toxicity, total aquatic ecotoxicity, and
mineral resource scarcity. Global warming potential, expressed
in kilograms of CO2-equivalents, reects the climate change
impact of manufacturing. Processes such as thermal annealing,
vacuum deposition, and substrate treatment involve substantial
electricity use, particularly from fossil-based sources, making it
important to minimize emissions to ensure net-positive bene-
ts over the device life cycle. Total human toxicity, combines
carcinogenic and non-carcinogenic impacts to provide an inte-
grated indicator of potential harm to human health. Major
contributors include solvents such as DMF and DMSO and
heavy metals like lead iodide, and combining the impacts offers
a simplied overview for comparison. Total aquatic ecotoxicity
aggregates freshwater and marine effects from potential
chemical emissions to water bodies, while terrestrial ecotoxicity
is excluded due to its limited relevance in controlled
manufacturing environments. Mineral resource scarcity,
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Dynamic activity-based LCA data flow showing the iterative loop from scenario definition to activity modelling, LCI data integration, and
labelled impact results.
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reported in kg copper equivalents, indicates the energy and
effort required to extract nite metals. Resource-intensive
components such as gold, silver, or ITO can signicantly
inuence this metric, highlighting considerations for long-term
scalability. Other ReCiPe midpoint categories were excluded on
the basis of low relevance, redundancy, or limited resolution at
the considered scale.

2.1.2 Denition of study outputs. Embodied impacts refer
to the environmental burdens from manufacturing, construct-
ing, and installing the machinery, equipment, and facilities
used in production, rather than the products themselves. These
impacts include raw material extraction, processing, transport,
and assembly. Since these assets are used repeatedly over
extended periods, their impacts are allocated over their opera-
tional lifetimes, with each product or batch bearing a fraction
proportional to its share of total usage.
This journal is © The Royal Society of Chemistry 2026
Energy use in this study is exclusively electrical, covering
equipment operation, environmental controls, lighting, and
other essential infrastructure. Its environmental impact
depends on the energy mix, equipment efficiency, and opera-
tional duration, making it a key factor in lifecycle assessments.

In this study, facilities embedded refers to the environ-
mental impacts associated with the construction and material
composition of buildings and infrastructure (e.g., cleanroom
structure, ventilation systems, and installed equipment), which
are allocated over their operational lifetime. In contrast, facili-
ties energy represents the operational energy demand required
to run these environments, including electricity for lighting,
heating, ventilation, and, in the case of pilot-scale production,
cleanroom climate and air quality control.

Materials are classied in two ways. Functional materials
become part of the nal product, while lost or wasted materials
Sustainable Energy Fuels
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Table 3 Thickness of layer used for all cell architectures

Material Thickness (nm)

ITO 100
SnO2 20
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including evaporated solvents, discarded residues and
consumables, do not contribute to the nal product but still
incur environmental impacts. Quantifying these losses is
essential for evaluating the overall resource efficiency and
identifying opportunities for process improvement.
Perovskite 400
Spiro-OMeTAD 250
Ag 100
2.2 Manufacturing scenario

The goal of this study is to evaluate and compare the environ-
mental performance of laboratory-scale and pilot-scale perov-
skite solar cell (PSC) manufacturing systems, with a focus on
identifying key factors inuencing sustainability and produc-
tion efficiency. The functional unit is dened as 1 m2 of active
perovskite solar cell area, encompassing both active and inac-
tive regions and accounting for defective units requiring addi-
tional production.

The study scope covers the complete production process for
perovskite cells fabricated on glass substrates via wet lm
deposition, maintaining uniform layer architectures across
scales. Environmental impacts are assessed using consistent
life cycle inventory (LCI) data and databases. Supply chain
variability is excluded. The system boundary includes all rele-
vant material, energy, and equipment inputs for cell fabrica-
tion, with deposition methodology representing the primary
process distinction between scales. A laboratory environment
and an industrial pilot-scale environment are investigated.
Table 2 provides further details of the different device produc-
tion scenarios.

2.2.1 Device layer thickness. A single consistent set of
materials is employed across both production methods, with
uniform layer thicknesses maintained for each material in every
device (see Table 3). This deliberate standardization serves to
isolate and emphasize the differences inherent in the produc-
tion architectures themselves, rather than conating variability
arising from material composition or device design. By
controlling material inputs and structural parameters, the
analysis can focus more precisely on the operational charac-
teristics, efficiencies, and environmental impacts associated
with the distinct manufacturing machines and processes
utilized in each method.

This approach ensures that observed differences in perfor-
mance or sustainability metrics are attributable primarily to the
manufacturing pathways rather than variations in product
chemistry or design intricacies. Consequently, the study can
more effectively evaluate the relative advantages and limitations
Table 2 Comparison of lab-scale and pilot-scale perovskite solar cell fe

Feature Lab scale

Substrate size 15 mm × 20 mm = 300 mm2

Pixel/cell count 8 pixels
Pixel/cell size 1.6 mm × 1.6 mm
Active area per substrate 1.6 × 1.6 × 8 = 20.48 mm2

Active area ratio 6.83%
Deposition method Spin coating (manual, sequential la
Interconnection Manual, individual probing
Production style Manual, research-scale
Use case Material screening, cell design testi

Sustainable Energy Fuels
of the production systems, providing clearer insights into
process optimization and resource utilization. Such controlled
experimental design is essential for developing robust
comparative assessments that inform both process improve-
ment and lifecycle impact evaluations within the broader
context of manufacturing sustainability.

2.2.2 Lab scale device architecture and manufacturing set-
up. Precise data on layer thicknesses, combined with input from
academic and industry experts, were used to quantify the mate-
rial requirements for pilot-scale fabrication of perovskite solar
cells. These thicknesses provide the basis for calculating the
volume and mass of materials deposited at each stage of fabri-
cation. Expert guidance further rened the estimates by
accounting for practical factors such as material utilization effi-
ciency, deposition losses, and scaling effects observed when
moving from laboratory to pilot production. The materials
required for each layer are presented in the accompanying Table
4. The inventory encompasses all relevant material and energy
inputs, along with emissions and infrastructure contributions
associated with the fabrication of a single device. Data were
compiled from technical information provided by academic and
industry experts and selected based on the components available
in the ecoinvent database. Where direct data were unavailable,
assumptions based on equipment specications and process
rates were used to approximate contributions.

The fabrication steps are listed in Table 5. The process
begins with substrate cleaning and preparation, which involves
handling the substrates and performing ultrasonic cleaning
using surfactant, acetone, isopropanol (IPA), and water. The
water is heated as needed using a kettle, and substrates undergo
oxygen plasma cleaning to ensure surface readiness. Following
substrate preparation, inks are formulated by mixing SnO2

nanoparticle suspension with water, which is then sonicated to
disperse any aggregates. Perovskite ink is prepared by
combining lead iodide, methylammonium iodide (MAI), and
atures and manufacturing methods

Pilot scale

203.2 mm × 203.2 mm = 41 290.24 mm2

30 cells
10 mm × 80 mm
10 × 80 × 30 = 24 000 mm2

58.13%
yers) Slot-die coating, screen printing (continuous/layered)

Integrated: parallel/series layouts
Semi-automated, pilot-line

ng Scalable fabrication, yield testing, device prototyping

This journal is © The Royal Society of Chemistry 2026
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Table 4 Core material components of a laboratory-scale perovskite solar cell, limited to materials incorporated in the final device and excluding
auxiliary inputs used during manufacturing (e.g., cleaning water) (blue is used to denote inputs, red is used to denote wastes)
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dimethyl sulfoxide (DMSO), while spiro ink is also mixed
alongside an ultrasonic cleaner.

Subsequently, the spin coating and layer deposition stage
commences, where SnO2 ink is spin coated onto the substrates,
This journal is © The Royal Society of Chemistry 2026
followed by heating and drying on a hotplate. The spin coater is
cleaned aer each layer is deposited to maintain process
integrity. The perovskite ink is then spin coated with an anti-
solvent added during spinning to enhance lm quality, followed
Sustainable Energy Fuels
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Table 5 Key equipment and tools used in lab-scale perovskite device production by process step

Step Equipment used

1. Substrate cleaning & preparation Ultrasonic cleaner tool, kettle, plasma cleaner
2. Ink preparation Ultrasonic cleaner tool
3. Spin coating & layer deposition Spin coater, hotplate
4. Post-processing Technician
5. Metal evaporation (Ag layer) Vacuum pump, metal evaporator
6. Final assembly UV curing box
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by further heating and drying. Finally, the spiro ink is applied
by spin coating. Excess material is wiped away aer each layer to
allow unhindered electrical connection to both the top and
bottom contacts of the nal devices.

Post-processing involves allowing the coated samples to air-
dry overnight to stabilize the lms. The metal evaporation step
includes loading silver into a tungsten boat, evacuating the
deposition chamber with a vacuum pump, and heating the
source to deposit the metal layer. Aer deposition, the glass
chamber is cleaned of any residual silver.

The process concludes with the nal assembly stage, which
entails selecting cover slips, applying epoxy to bond the cover
glass, and curing the assembly within a UV curing box to
complete the device encapsulation. Throughout these stages,
the combination of technician support and specialized labora-
tory equipment ensures precise control and reproducibility.

Yield and defect rates are rarely reported for laboratory-scale
perovskite fabrication, as the primary objective at this stage is
the development of novel materials and device architectures
rather than process optimisation. In contrast, higher-volume
manufacturing studies report yields of up to ∼96%,28

providing a useful benchmark for well-controlled systems.
Drawing on this, and supported by discussions with laboratory
technicians and industry partners,29 a defect rate of 20% is
assumed for laboratory-scale processes. This reects the
inherent variability associated with manual handling, limited
process control, and non-optimised equipment typical of
experimental environments. The estimate is consistent with
broader observations in early-stage photovoltaic fabrication and
captures the inefficiencies commonly encountered in research
scale production.12

2.2.3 Pilot scale device architecture andmanufacturing set-
up. The values in Table 6 were selected to represent the quan-
tities of each component material in a single pilot-scale perov-
skite solar cell as described in Table 2. The inventory
encompasses all relevant material and energy inputs, along with
emissions and infrastructure contributions associated with the
fabrication of a single device. Data were compiled from tech-
nical information provided by academic and industry experts
and selected based on the components available in the ecoin-
vent database. Where direct data were unavailable, assumptions
based on equipment specications and process rates were used
to approximate contributions. Pilot-scale production is con-
ducted within a cleanroom to maximise yield and product
quality by minimising defects caused by environmental dust
and particles.
Sustainable Energy Fuels
The manufacturing process summarised in Table 7 begins
with substrate preparation, involving cleaning, rinsing, drying,
and careful handling of glass substrates using equipment such
as a 40 L ultrasonic bath, spin-cleaner, wash station, and a 115 L
oven. This is followed by the deposition of the indium tin oxide
(ITO) layer via sputtering, with key equipment including a 1200

planar sputter tool. Photolithography involves coating the
substrates with photoresist, baking, UV exposure, developing,
and plasma cleaning, utilizing a 1200 spin coater, hot plates, UV
exposure tool, spin developer, and plasma cleaner to dene the
desired patterns. The etching stage removes parts of the ITO
layer through acid etching, rinsing, drying, and microscopic
inspection using a wet bench, wash station, oven, and
compound microscope.

Ink formulation is then carried out by preparing SnO2 and
spiro inks, employing solvents and ultrasonic agitation with the
help of technician tools and an ultrasonic cleaner. This stage
remains broadly identical to the lab-scale scenario, as ink
production is independent of both the deposition method and
the manufacturing scale. Coating processes include slot-die
coating of the SnO2 and perovskite layers, followed by drying,
heating, and edge cleaning, performed with an 800 slot die
coater, hot plates, and an edge-bead remover. Laser patterning
shapes the coated substrates precisely using specialized laser
patterning equipment. The nal coating and handling stage
applies the spiro ink, followed by overnight drying and cleaning
of slot-die equipment. Metallization involves silver sputtering
through a planar sputter tool, along with mask handling and
inspection. Finally, the lamination and curing phase applies
glue, laminates the device, performs UV curing, conducts a nal
inspection, and packs the nished product using automated
glue robots, low-pressure chambers, and UV curing boxes.

A 5% defect rate is applied to the pilot-scale process,
reecting the increased reliability and uniformity of semi-
automated deposition methods such as slot-die coating and
screen printing, as recommended through discussion with
industry29 and in keeping with reported yield rates of 96% by
Scarpulla et al.28 These techniques offer improved control over
lm quality and reproducibility, reducing variability and
material loss compared to manual lab-scale methods. The
environmental impacts of human labour are excluded; while
increased manual effort can improve yields at laboratory scale,
this is not directly comparable to pilot-scale production without
explicitly modelling inspection and rework.

2.2.4 Advanced control systems and alternative power
source pilot studies. The control system in the pilot-with-
This journal is © The Royal Society of Chemistry 2026
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Table 6 Core material components of a pilot-scale perovskite solar cell, limited to materials incorporated in the final device and excluding
auxiliary inputs used during manufacturing (e.g., cleaning water) (blue is used to denote inputs, red is used to denote wastes)
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control scenario is represented using a simplied life cycle
inventory to capture the embodied impacts of camera, sensor,
and PC-based monitoring equipment. These reect work
This journal is © The Royal Society of Chemistry 2026
conducted concurrently in a laboratory environment. In the
absence of a dedicated dataset for integrated control systems, 2
kg of electronics scrap {GLO} from ecoinvent was used as
Sustainable Energy Fuels
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Table 7 Key equipment and tools used in pilot-scale perovskite device production by process step

Process section Key equipment used

1. Substrate preparation 40 L ultrasonic bath, spin-cleaner, 40 L wash station, 115 L oven
2. ITO deposition 1200 planar sputter tool, 4 point probe, lm thickness tool
3. Photolithography 1200 spin coater, 1200 hot plates, UV exposure tool, spin developer, plasma cleaner
4. Etching 40 L wet bench (acid), 40 L wash station, 115 L oven, compound microscope
5. Ink formulation Ultrasonic cleaner
6. Coating processes 800 slot die coater, 1200 hot plates, edge-bead remover
7. Laser patterning Laser patterning tool
8. Final coating & handling Technician
9. Metallization 1200 planar sputter tool
10. Lamination & curing Glue robot, low pressure chamber, UV curing box
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a proxy to approximate the material and manufacturing
burdens of these components. This conservative estimate
represents the combined mass of key elements; sensors,
cameras, processing units, and supporting electronics, while
the end-of-life electronics dataset reasonably reects their
upstream material composition, dominated by metals, circuit
boards, and semiconductors.

Although this approach introduces some uncertainty, the
control system's contribution is small relative to operational
energy and facility impacts, making the proxy sufficient to
capture the order of magnitude of embodied impacts without
affecting overall conclusions.

In addition, the system is assumed to operate with a contin-
uous power demand of 100 watts, reecting the consumption of
energy for integrated sensing and data processing in pilot-scale
environments. The defect rate is assumed to decrease from 5%
in the standard pilot-scale scenario to 2% with the imple-
mentation of advanced automated control systems. This reduc-
tion should be understood as a hypothetical projection, intended
to represent the expected improvements in process consistency
and quality achievable through enhanced monitoring and
control. The 2% value is not derived from a specic industrial
dataset, but rather reects a realistic, forward-looking estimate
based on ongoing developments in automatedmanufacturing. In
highly optimised production environments, defect rates of well
below 1% are achievable, indicating that this assumption is
conservative and appropriate for modelling incremental
improvements rather than best-case performance. Layer deposi-
tion cycle times are halved under the control system scenario, but
total production time is only slightly reduced by 2–3%, as other
activities proceed at unchanged rates.

The study also evaluates the effect of sourcing electricity
from a low-carbon system, using UK wind power (electricity,
high voltage {GB}j electricity production, wind, >3 MW turbine,
onshore) to align with the laboratory and pilot-scale datasets.
Because energy use can be a major contributor to global
warming impacts, shiing to renewable electricity has the
potential to signicantly reduce the environmental burden of
this manufacturing scenario.
2.3 Key assumptions

Key modelling assumptions ensure consistent comparison across
scenarios. A uniform device architecture and layer thickness are
Sustainable Energy Fuels
applied to isolate manufacturing effects from design variations.
Defect rates of 20% (laboratory), 5% (pilot), and 2% (pilot with
control) are assumed based on academic and industry input,29

with defective units requiring full reprocessing. Facility and
equipment impacts are allocated over their lifetimes according to
throughput, while energy use is modelled as electricity consump-
tion based on equipment specications and process durations.
Where primary data are unavailable, proxy datasets from ecoinvent
(e.g., electronics scrap for control systems) are used. Supply chain
variability is excluded, and results are normalised to a functional
unit of 1 m2 of active area unless otherwise stated.
3 Results & discussion

The results are presented sequentially, beginning with the
laboratory scale, followed by the pilot scale, the pilot system
with advanced control, and nally the pilot system combined
with wind-generated electricity. For each case, the analysis
examines the overall environmental impacts, considering
contributions from component materials, tool and equipment
use, energy consumption, and facility-related demands such as
cleanroom operation.
3.1 Lab scale PSC manufacturing

Table 8 summarises the environmental impacts and total cost
for the laboratory-scale fabrication of a single perovskite solar
device. Data are presented for key bill-of-materials (BOM)
components, as well as process-related losses, energy
consumption, and embodied equipment impacts. Environ-
mental burdens are reported using ReCiPe 2016 midpoint
indicators, specically global warming potential, total human
toxicity, total aquatic ecotoxicity, and mineral resource scarcity.
Whilst the primary functional unit of this study is 1 m2 of active
perovskite area, the results initially presented in Table 8 are
reported at the smallest practical production unit for
laboratory-scale fabrication, corresponding to a single substrate
containing 8 individual cells with a combined active area of 300
mm2. These values reect representative laboratory operating
conditions and provide insight into the relative contributions of
materials, processes, and facilities at low-throughput scale. The
results are subsequently normalised and extrapolated to the 1
m2 functional unit to enable consistent comparison across
laboratory and pilot-scale manufacturing scenarios.
This journal is © The Royal Society of Chemistry 2026
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Table 8 Lab-scale environmental impacts associated with component materials incorporated into the final device, material losses during
manufacturing and impacts from facility use, reported on a per-device basis (one substrate comprising 8 cells with a total area of 300 mm2)

BOM
Estimated cost
(£)

Global warming
(kg CO2-eq.)

Total human toxicity
(kg 1,4-DCB-eq.)

Total aquatic ecotoxicity
(kg 1,4-DCB-eq.)

Mineral scarcity
(kg Cu-eq.)

Materials incorporated in the nal device
Ag 0.19 1.42 × 10−6 1.60 × 10−4 1.65 × 10−3 1.71 × 10−8

Encapsulation coverslip 0.64 5.40 × 10−4 3.28 × 10−4 3.22 × 10−5 1.23 × 10−6

Epoxy 0.23 2.40 × 10−4 2.19 × 10−4 2.36 × 10−5 6.95 × 10−7

Patterned ITO on glass 2.60 8.91 × 10−4 5.42 × 10−4 5.34 × 10−5 2.04 × 10−6

Perovskite ink 0.05 8.28 × 10−8 5.65 × 10−7 3.67 × 10−8 3.15 × 10−9

SnO2 ink 0.00 6.30× 10−10 6.00 × 10−8 1.72 × 10−7 1.57 × 10−11

Spiro ink 0.60 1.07× 10−1 7.15 × 10−9 3.45 × 10−9 3.50 × 10−13

Materials lost & consumed
Exclusive 38.35 4.65 × 10−2 1.08 × 10−3 6.43 × 10−2 9.96 × 10−4

Facilities & tool use energy
Exclusive 1.65 1.74 × 10 4.01 × 10−4 4.32 × 10−1 4.65 × 10−3

Facilities & tool embodied
Exclusive 7.03 1.44 × 10 2.71 × 10−3 3.51 × 10 9.00 × 10−2

Production of device total
Total of all elements 51.33 3.22 × 10 4.25 × 10−3 4.01 × 10 9.57 × 10−2
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In the laboratory environment, material usage represents the
primary contributor to overall production costs as shown in
Fig. 2. This is particularly inuenced by the spin coating
deposition method, which is inherently wasteful due to low
material retention and high overspray, necessitating excess
quantities of expensive precursors. Across all considered envi-
ronmental impact categories, embodied emissions, those
associated with the production and maintenance of equipment
and facilities, emerge as the dominant source of environmental
burden. This is largely attributable to the small quantities of
material used and the inherently slow nature of laboratory-scale
processes, which result in disproportionately high usage times
for energy-intensive equipment and infrastructure. Conse-
quently, process duration, and by extension equipment occu-
pancy time, is a critical factor in driving environmental impacts
at the lab scale.

Table 9 presents the aggregated life cycle impacts associated
with the production of 1 m2 of active perovskite solar cell area,
incorporating a 20% defect rate to reect typical lab-scale
manufacturing yield losses. The results are divided into three
Fig. 2 Breakdown of environmental impacts by energy, materials, and em
cells.

This journal is © The Royal Society of Chemistry 2026
primary contributors: energy use during processing, embodied
emissions from infrastructure and equipment, and all material
inputs. Despite relatively modest environmental contributions,
material costs dominate the total nancial burden. In contrast,
embodied and energy-related emissions are the principal
drivers of global warming potential and resource scarcity,
highlighting the environmental trade-offs inherent in current
small-scale production approaches.

The cost breakdown for laboratory-scale perovskite cell
fabrication is dominated by the material inputs, particularly
specialty chemicals. The majority of the cost is attributed to
Spiro-OMeTAD ink (73.9%), as seen in Fig. 3, reecting its high
unit price and the relatively large quantity required for device
fabrication. Other signicant cost contributors include the
patterned ITO glass substrate and perovskite precursor ink.

Contributions from facilities and energy usage are compar-
atively negligible at this scale. The materials cost per total
substrate produced (including both functional and defective
units) is approximately £26.33. This gure accounts for all
materials consumed during production, reecting the
bedded contributions for lab-scale manufacturing of perovskite solar

Sustainable Energy Fuels
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Table 9 Breakdown of environmental impacts for lab-scale production of 1 m2 active-area perovskite devices by category: energy, embodied
facilities/tools, and materials

Category
Estimated
cost (£)

Global warming
(kg CO2-eq.)

Human toxicity
(kg 1,4-DCB-eq.)

Aquatic ecotoxicity
(kg 1,4-DCB-eq.)

Mineral scarcity
(kg Cu-eq.)

Energy (all sources) £6833 7210 1.65 1690 19.3
Embodied (facilities & tools) £38 207 8320 15.4 9010 523
Materials (all) £1 607 322 466 7.64 271 2.24
Total impact £1 652 362 15 995 24.65 10 972 544.37
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inefficiencies and material losses typical in early-stage fabrica-
tion. The cost is not unrealistic given the use of expensive
materials such as Spiro-OMeTAD and perovskite precursors,
which are oen purchased in small volumes at premium prices
in laboratory contexts. This result highlights the economic
challenges of low-throughput, high-defect-rate processes and
underscores the potential for signicant cost reductions
through improved yield and scale-up.

The global warming impacts are primarily driven by
infrastructure-related emissions and energy-intensive equip-
ment. Facilities-embedded impacts account for 51.6% of the
total, while equipment such as vacuum pumps (26.5%) and
metal evaporators (6.1%) are also notable contributors due to
their high energy demands and slow processing. Material
contributions, such as DMF solvent, are minor by comparison
but still measurable.

Human toxicity impacts are largely associated with the
materials used, particularly silver (24.5%), which carries
a signicant toxicological burden despite its low mass contri-
bution owing to background mining operations in the produc-
tion silver. Facilities embedded emissions remain the dominant
Fig. 3 Proportional contributions of materials, processes, and facilit
manufacturing.

Sustainable Energy Fuels
source (62.6%), while additional minor contributions arise
from solvents and certain processing tools, such as vacuum
pumps and evaporators.

Aquatic ecotoxicity is overwhelmingly inuenced by the
facilities' embedded impacts, which contribute 90.5% of the
total. This is due to high copper usage associated with the
building construction within the ecoinvent dataset. Equipment
such as vacuum pumps and metal evaporators also contribute
modestly. Material-related contributions, including those from
silver and solvents, are present but comparatively small.

The mineral resource scarcity impact is heavily concentrated
in the embodied emissions of facility infrastructure (95.1%)
which is again a result of high copper usage associated with the
building construction. Among individual tools, the vacuum
pump, hotplate, and metal evaporator are the leading contrib-
utors, though their impacts are minor relative to infrastructure.
3.2 Pilot scale PSC manufacturing

Table 10 presents the estimated material and energy inputs,
associated environmental impacts, and total cost for the
production of a single perovskite solar device at the pilot scale.
y use to environmental impacts in lab-scale perovskite solar cell

This journal is © The Royal Society of Chemistry 2026
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Table 10 Pilot-scale environmental impacts associated with component materials incorporated into the final device, material losses during
manufacturing and impacts from facility use, reported on a per-device basis (one substrate comprising 30 cells with a total area of 41 290.24
mm2)

BOM item
Estimated cost
(£)

Global warming
(g CO2-eq.)

Human toxicity
(mg 1,4-DCB-eq.)

Aquatic ecotoxicity
(mg 1,4-DCB-eq.)

Mineral scarcity
(mg Cu-eq.)

Materials incorporated in the nal device
Ag 0.19 1.4 52.6 1650 17.1
Epoxy CPI 4.68 44.9 30.6 4420 130
Glass substrate 20.00 128 29.1 7620 292
ITO etchant 0.00 0 0 0 0
Perovskite ink 0.29 0.53 0.67 0.24 0.020
SnO2 ink 0.00 0.0002 3.5 0.061 0.0056
Spiro ink 2.67 0.0005 24.9 0.015 0.0016

Materials lost & consumed
Exclusive 60.25 164 324 19 500 787

Facilities & tool use energy
Exclusive 20.44 21 600 4530 2 730 000 57 800

Facilities & tool embodied
Exclusive 270.56 2500 3000 1 370 000 107 000

Production of device total
Total of all elements 379.08 24.4 kg 8.0 kg 4.1 kg 0.17 kg
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Impact values are reported across four midpoint indicators,
global warming potential, human toxicity, aquatic ecotoxicity,
and mineral resource scarcity, using ReCiPe 2016 character-
isation factors. The data reect both direct bill-of-materials
(BOM) components and upstream contributions from energy
use and equipment embodiment. Whilst the primary functional
unit of this study is 1 m2 of active perovskite area, the results
initially presented in Table 10 are reported at the smallest
practical production unit for pilot-scale fabrication, corre-
sponding to a single substrate containing 30 individual cells
with a combined active area of 41 290.24 mm2. These values
reect representative pilot scale operating conditions and
provide insight into the relative contributions of materials,
processes, and facilities at low-throughput scale. The results are
subsequently normalised and extrapolated to the 1 m2 func-
tional unit to enable consistent comparison across laboratory
and pilot-scale manufacturing scenarios.

The total environmental impacts associated with the pilot
manufacturing process amount to 178.26 kg CO2-equivalents
for global warming, 0.07 kg 1,4-dichlorobenzene equivalents for
total aquatic ecotoxicity, 54.30 kg 1,4-dichlorobenzene
Fig. 4 Breakdown of environmental impacts by energy, materials, and em
cells.

This journal is © The Royal Society of Chemistry 2026
equivalents for total human toxicity, and 1.05 kg copper
equivalents for mineral resource scarcity, based on a production
cost of £3669.60 for 1 m2 of active area.

A substantial portion of the nancial cost associated with the
pilot-scale manufacturing process arises from the materials
required and the overhead costs linked to operating within clean-
room facilities (Fig. 4). Cleanrooms are essential to achieving high
yield, as environmental dust can compromise device quality. In
contrast, the majority of the global warming potential is attribut-
able to energy consumption, reecting the energy-intensive nature
of precision fabrication techniques. While materials contribute
less signicantly to climate-related impacts, they play a more
prominent role in human toxicity, largely due to the specic
chemical compositions involved in perovskite device fabrication,
including heavy metals and organic solvents. The impact category
of mineral resource scarcity is primarily inuenced by embodied
emissions, which account for the upstream environmental
burdens associated with the production of equipment and infra-
structure due to the greater use of heavy metals and mining
operations therein. These impacts are normalised according to
bedded contributions for pilot-scale manufacturing of perovskite solar
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Table 11 Breakdown of environmental impacts for pilot-scale production of 1 m2 active-area perovskite devices by category: energy, embodied
facilities/tools, and materials

Category
Estimated
cost (£)

Global warming
(kg CO2-eq.)

Human toxicity
(kg 1,4-DCB-eq.)

Aquatic ecotoxicity
(kg 1,4-DCB-eq.)

Mineral scarcity
(kg Cu-eq.)

Energy (all sources) £142.62 150.53 0.03 37.46 0.40
Embodied (facilities & tools) £1575.08 14.39 0.02 15.57 0.62
Materials (all) £1951.91 13.34 0.02 1.27 0.04
Total impact £3669.61 178.26 0.07 54.30 1.06
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expected tool lifetimes and usage intensity, highlighting the long-
term resource demands embedded within capital assets.

Table 11 notes key cost and environmental impact metrics
for pilot-scale production of 1 m2 of active area perovskite
device. Notably, pilot-scale results show signicant reductions
across all categories. For example, energy costs decrease from
£6833 at lab scale to £142.62, while associated global warming
emissions drop from 7210 to 150.53 kg CO2-eq. Similar reduc-
tions are observed for human toxicity, aquatic ecotoxicity, and
mineral scarcity impacts. Embodied impacts and material costs
also decline substantially, reecting improved efficiencies and
economies of scale at pilot scale.

The results in Fig. 5 shows that the glass substrate is the
single largest cost contributor at 24.5%, followed by Spiro ink
(6.8%), water (6.5%), and epoxy encapsulant (5.7%). Facilities-
related costs dominate overall, with embedded infrastructure
accounting for 34.6% and energy use 2.4%, reecting the high
capital requirements of cleanroom operations. The substantial
reduction in Spiro ink costs from lab to pilot scale arises from
replacing spin coating with screen printing, which greatly
reduces material waste and therefore the amount of ink
required per layer.
Fig. 5 Proportional contributions of materials, processes, and facility
manufacturing.

Sustainable Energy Fuels
Global warming impacts are mainly driven by energy
consumption, with facilities energy contributing 55.1% of total
CO2-equivalent emissions. Among individual tools, 1200 hot
plates are the largest contributor (18.6%), followed by the
planar sputter tool (4.8%), glass substrate (3.2%), and 115 L
oven (3.1%), indicating that process heat and vacuum systems
are major sources of climate-related impacts due to high energy
demands.

Human toxicity is dominated by facilities energy (32.7%) and
embedded infrastructure (21.0%), with hot plates (12.3%), silver
deposition (12.0%), and photoresist use (7.6%) also contrib-
uting substantially, highlighting the importance of chemical
and material management.

Aquatic ecotoxicity follows a similar pattern, led by facilities
energy (44.3%) and embedded infrastructure (26.2%), with hot
plates (14.6%), sputter tool (6.7%), and oven (2.5%) as notable
contributors, showing the role of energy-intensive and solvent-
related operations.

Mineral scarcity impacts are primarily driven by embedded
facility components (46.1%) and energy consumption (24.4%),
with hot plates (12.5%) and the planar sputter tool (10.8%)
representing the largest tool-based contributions.
use to environmental impacts in pilot-scale perovskite solar cell

This journal is © The Royal Society of Chemistry 2026
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A signicant portion of the environmental impacts in this
study arises from the operation of electrically powered tools,
processing equipment, and supporting facility infrastructure.
For example, the hotplates require 3000 W to operate. The pilot-
scale perovskite solar cell manufacturing examined here draws
electricity from the UK national grid, which, despite deca-
rbonisation efforts, still relies partially on natural gas.

Mitigation of these impacts can follow two main strategies:
replacing grid electricity with low-carbon or renewable sources
and reducing overall energy use through improved process
efficiency. Achieving the latter requires detailed knowledge of
the energy demands and operational limits of individual
manufacturing steps. The deposition stage, which involves
precise temperature control, vacuum environments, and
solvent use, is a key target for energy efficiency improvements.
Future manufacturing improvements should prioritise lower-
temperature processing, reduced vacuum time or higher oper-
ating pressures, and the adoption of less harmful solvents.

Pilot-scale manufacturing shows dramatically lower impacts
compared with lab-scale production. For 1 m2 of active area,
energy costs at pilot scale are £142.62, compared with £6833 at
lab scale. Global warming emissions drop from 7210 kg CO2-eq.
to 150.53 kg CO2-eq., human toxicity from 1.65 kg 1,4-DCB-eq.
to 0.03, aquatic ecotoxicity from 1690 to 37.46, and mineral
scarcity from 19.3 to 0.40.

Lab-scale costs exceed £1.65 million per m2 due primarily to
material waste, with global warming impacts reaching 15 995 kg
CO2-eq. and aquatic ecotoxicity over 10.97 kg 1,4-DCB-eq. In
contrast, pilot-scale processing reduces costs by 99.8% to £3670
and global warming impacts by 98.9%, highlighting the
importance of high-yield production. Energy remains the
largest contributor to climate impact, though absolute contri-
butions drop by 98% from lab to pilot scale due to reduced
runtime and waste. Embodied emissions decrease by 99% with
improved equipment utilisation, and material impacts, while
signicant in lab-scale and high-defect scenarios, become
negligible under optimised conditions.

The difference in dominant impact contributors between
laboratory and pilot scale is primarily driven by throughput and
allocation effects. At laboratory scale, very low production
volumes mean that facility and infrastructure impacts are
distributed over a small number of devices, resulting in a high
relative contribution from embedded emissions. In contrast,
pilot-scale production operates at signicantly higher
throughput, allowing these impacts to be spread across a much
Fig. 6 Breakdown of environmental impacts by energy, materials, and
perovskite solar cells.

This journal is © The Royal Society of Chemistry 2026
larger number of devices, thereby reducing their relative
importance per functional unit.

Energy-intensive equipment, particularly hot plates,
contributes signicantly at both scales. However, at laboratory
scale, impacts from vacuum pump use can exceed those of hot
plates due to long processing times and inefficient utilisation.
In addition, material-related impacts, particularly from silver,
are amplied by higher waste associated with laboratory depo-
sition methods. At pilot scale, improved material efficiency and
more continuous operation reduce these effects, shiing the
dominant contribution toward overall energy consumption
from processing equipment and facilities.
3.3 Enhanced control pilot scale PSC manufacturing

Fig. 6 illustrates an overall reduction across all assessed envi-
ronmental impact metrics following the implementation of the
control system as described in Section 5.2.4. While the control
system introduces additional embodied impacts and a small
increase in operational energy demand, its overall effect is
environmentally benecial. The added impacts from electronic
components are outweighed by reductions in defective
production, leading to lower material waste and less need for
reprocessing. In addition, improved process stability enables
slightly faster production, meaning that time-dependent
impacts, such as equipment operation and facility use, benet
from less time in use per device produced. As a result, the per-
unit contribution of both machine and building-related
impacts is reduced, leading to a net decrease in overall envi-
ronmental burdens.

Overall global warming impacts are reduced by approxi-
mately 10%, total human toxicity by 8%, aquatic ecotoxicity by
8%, and mineral resource scarcity by 7%. These improvements
are largely attributable to increased process efficiency, particu-
larly in the deposition stage, where enhanced control reduces
the processing time required within cleanroom facilities. As
a consequence, overall energy demand is lowered, contributing
to the observed environmental gains.

In this updated breakdown of cost contributions Fig. 7, the
glass substrate remains the dominant single material cost at
25.4%, with water and epoxy also representing notable frac-
tions. Compared to earlier congurations, the relative cost of
energy and embedded facilities remains stable, while material-
specic cost shares have shied slightly, reecting process
adjustments and renements in input estimation.
embedded contributions for controlled pilot-scale manufacturing of
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Fig. 7 Proportional contributions of materials, processes, and facility use to environmental impacts in controlled pilot-scale perovskite solar cell
manufacturing.
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The global warming prole is still dominated by electrically
powered equipment, with 1200 hot plates contributing nearly
19% and facilities energy representing over half of the total
impact. The updated conguration shows a slight increase in
energy's share, likely due to higher operational efficiency or
longer runtimes for thermal tools and plasma cleaners.

Human toxicity impacts remain largely inuenced by hot
plates, contributing 15.1%, while the inuence of silver has
decreased compared to previous data. Facilities energy
continues to dominate at 42%, reecting the toxicity associated
with upstream electricity generation. Minor redistributions
among chemical inputs and tools suggest slight changes in
material use or improvements in source data accuracy.

Aquatic ecotoxicity is primarily driven by facilities energy
and embedded infrastructure, with 1200 hot plates and sputter-
ing tools also contributing signicantly. Overall patterns are
consistent with earlier results, although small increases in
individual tool contributions indicate modest changes in
throughput or operational time.

Mineral scarcity is still overwhelmingly affected by
embedded facility impacts (46%) and energy (24.3%).
Fig. 8 Breakdown of environmental impacts by energy, materials, an
manufacturing of perovskite solar cells.

Sustainable Energy Fuels
Contributions from tools such as planar sputter equipment and
hot plates remain stable, while plasma cleaner impacts reect
updated inventory data, suggesting consistent material demand
patterns across the system.

The implementation of an advanced control system within
the pilot-scale perovskite cell manufacturing process leads to
a clear overall reduction in environmental burdens across all
assessed impact categories. Although the control system intro-
duces some additional embodied and energy-related emissions
due to its integration, the net outcome is benecial. The results
indicate reductions of approximately 10% in global warming
potential, 8% in both human toxicity and aquatic ecotoxicity,
and 7% in mineral resource scarcity.

These improvements are largely driven by enhanced process
efficiency, particularly during the deposition stage. By short-
ening the processing time required in energy-intensive clean-
room environments, the control system effectively reduces total
energy demand. The updated impact tables support these
ndings, with minor shis in the relative contributions of
thermal tools and facilities energy. Despite some increase in
embodied impacts due to the new system, the total
d embedded contributions for controlled, wind-powered pilot-scale

This journal is © The Royal Society of Chemistry 2026
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environmental performance of the production process is
improved. This demonstrates the importance of not only
considering the footprint of individual components, but also
how integrated process optimisations can yield systemic envi-
ronmental benets.

In addition to process optimisation, the study also considers
the implications of sourcing electricity from low-carbon energy
systems, such as wind power. Given that energy consumption,
particularly from electrically powered cleanroom equipment, is
a dominant contributor to global warming and other environ-
mental impacts, transitioning to renewable electricity sources
could yield substantial further reductions. Preliminary model-
ling suggests that substituting grid electricity with wind energy
could signicantly lower the overall carbon footprint, reinforc-
ing the value of both energy efficiency measures and cleaner
energy procurement strategies in sustainable device
manufacturing.
3.4 Wind powered and enhanced control pilot scale PSC
manufacturing

The effect of using more sustainable electrical power substan-
tially changes the impact prole of perovskite cell production,
though it is not always positive as shown in Fig. 8. This study
has used wind power in the UK as the energy source. Compared
to the default pilot-scale study, this reduces costs by 9% and
global warming potential by 79%. Total human toxicity
decreases by 34%, while mineral scarcity is almost unchanged
at −2%. However, aquatic ecotoxicity increases by 17%,
meaning the global warming and toxicity benets must be
balanced against increased ecological harm.

The increase in aquatic ecotoxicity is primarily driven by
copper use within the upstream infrastructure of wind energy
Fig. 9 Proportional contributions of materials, processes, and facility u
perovskite solar cell manufacturing.

This journal is © The Royal Society of Chemistry 2026
systems. A key contributing factor is the treatment of copper-
containing waste, particularly through incineration processes
represented in the background database, which generate
emissions associated with elevated ecotoxicity impacts.30 As
wind power deployment increases, so too does the demand for
copper-intensive components such as generators, cabling, and
electrical systems, amplifying these upstream effects.

A potential mitigation pathway lies in improving end-of-life
management of copper through reuse and high-quality recy-
cling. Closed-loop recycling systems and reduced reliance on
disposal pathways such as incineration could signicantly
lower associated emissions, thereby reducing aquatic ecotox-
icity impacts while maintaining the broader climate benets of
renewable energy integration.

The results in Fig. 9 outlines the distribution of nancial
costs associated with producing a single perovskite device
under improved process conditions. Embedded facility costs
remain the largest contributor (36%), followed by the glass
substrate (26%) and supporting materials such as water, epoxy,
and Spiro ink. Compared to earlier setups, the reduced share of
facilities energy costs reects increased efficiency. Trans-
itioning to wind energy would not signicantly affect direct cost
gures in this context but could inuence the embedded cost
structure of grid electricity over time.

Global warming impacts are primarily driven by the glass
substrate (15%) and energy-intensive equipment, including hot
plates and the use of organic solvents. Embedded facilities
continue to contribute substantially (28.9%), although their
relative share has declined. Replacing the grid electricity mix
with wind-generated power would notably reduce global
warming effects, especially from facilities energy (16.7%),
enhancing the overall environmental performance of the
system.
se to environmental impacts in controlled, wind powered pilot-scale

Sustainable Energy Fuels

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6se00062b


Fig. 10 Breakdown of environmental impacts by energy, materials, and embedded contributions for all tested scenarios.
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Toxicity burdens are distributed across facility-related
impacts, both embodied (29.6%) and operational energy
(21.6%), as well as materials such as silver (9.7%) and photo-
resist chemicals. Equipment, including hot plates and sputter-
ing tools, also contributes meaningfully. Switching to wind
power reduces toxicity associated with electricity generation,
particularly beneting the facilities energy category and
lowering total human toxicity by mitigating upstream fossil-fuel
emissions.

Ecotoxicity is strongly inuenced by equipment use, while
embedded facilities and energy account for nearly half of total
impacts. Integrating wind energy reduces aquatic ecotoxicity
linked to electricity generation, improving energy-related cate-
gories and reinforcing the environmental benets of optimized
process design.

Mineral scarcity is dominated by embedded facility emis-
sions (42.0%) and process energy use (25%), with notable
contributions from specic tools. While wind energy does not
directly affect material-based depletion, it can indirectly reduce
mineral scarcity impacts by decreasing the demand for elec-
tricity infrastructure and fossil fuel extraction, particularly
within the energy category.

The rened production setup demonstrates clear gains in
environmental and cost efficiency for single-device perovskite
manufacturing. Embedded facility costs remain the dominant
cost contributor, but improved process control has reduced
energy-related expenditures. Material contributions such as the
glass substrate and epoxy remain signicant, though more
manageable under optimized conditions. Importantly, the use
of wind energy, while not altering direct material or device
costs, holds potential to reduce upstream energy-related
impacts, especially as electricity supply chains decarbonize.

Environmental impacts also reect these process improve-
ments. Global warming, human toxicity, aquatic ecotoxicity,
Sustainable Energy Fuels
and mineral scarcity impacts are all more evenly distributed
across sources, with a noticeable decrease in the relative
contribution of energy and embedded emissions. Equipment
and material use still drive key impact categories, but these are
now more amenable to mitigation through cleaner energy
sources. The integration of wind-generated electricity would
further enhance environmental performance, particularly by
reducing burdens from electricity-intensive operations and
lowering the lifecycle impacts associated with facility energy.
This suggests that combining improved process control with
renewable energy sourcing offers a clear pathway to more
sustainable perovskite device production.
3.5 Summary results

Fig. 10 presents the breakdown of environmental impacts by
energy, materials, and embedded contributions across all
scenarios, highlighting clear differences in impact proles.
Laboratory scale production is dominated by embedded emis-
sions due to very low throughput, while pilot-scale scenarios
show a shi toward energy-driven impacts. The implementation
of process control provides consistent but modest reductions
across all impact categories. Substituting grid electricity with
wind power does not signicantly affect costs but substantially
reduces global warming potential and human toxicity, with
a trade-off of increased aquatic ecotoxicity.

While this study focuses onmanufacturing impacts, the full life
cycle performance of perovskite solar cells will ultimately depend
on operational lifetime, degradation behaviour, and end-of-life
management. The substantial reductions in cost and environ-
mental burdens observed at pilot scale highlight the potential of
PSCs; however, these benets must be sustained over sufficiently
long device lifetimes to deliver net environmental advantages over
competing photovoltaic technologies. Improvements in device
This journal is © The Royal Society of Chemistry 2026
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stability are therefore critical to ensure that manufacturing gains
translate into meaningful life cycle performance.

The implementation of advanced process control systems
offers additional benets beyond those quantied in this study.
In addition to reducing material waste and reprocessing, tighter
control over fabrication conditions is likely to improve device
quality and consistency. This has two important implications:
enhanced energy conversion efficiency and extended opera-
tional lifetime. Improvements in either factor reduce life cycle
impacts by increasing the total energy generated per unit of
environmental burden, effectively distributing manufacturing
impacts over a longer and more productive device lifespan.
Future work should therefore integrate performance metrics,
such as efficiency and degradation rates, into life cycle assess-
ments to better capture these effects.

End-of-life considerations also require further attention to
ensure a fully holistic assessment. In particular, the manage-
ment of metal components and potentially hazardous materials
will play a key role in determining overall environmental
outcomes. Developing effective recycling and recovery pathways
will be essential to minimise resource losses and mitigate
toxicity-related impacts.

In parallel, future research should prioritise the replacement
of high-impact materials identied in this study, including
Spiro-OMeTAD, silver electrodes, and toxic solvents, with lower-
impact alternatives. Promising directions include inorganic or
carbon-based transport layers, copper or aluminium contacts,
and greener solvent systems. These substitutions should be
supported by comparative life cycle assessment to ensure that
burden shiing is avoided and that material innovations lead to
genuine environmental improvements.

4 Conclusions

This study presents a comprehensive cost and environmental
life cycle assessment (LCA) of perovskite solar cell production,
comparing laboratory-scale research fabrication with pilot-scale
manufacturing. The analysis highlights the contributions of
materials, energy, and embodied impacts across both scales,
revealing strong scale-dependence in both economic and envi-
ronmental performance.

Scaling from laboratory to pilot production signicantly
reduces costs and environmental burdens. For 1 m2 of active
area, total costs fall by ∼99.8% and global warming emissions
decrease by ∼98.9%, with comparable reductions in human
toxicity, aquatic ecotoxicity, and mineral resource use. These
improvements are driven by higher-yield deposition methods at
pilot scale, including screen printing and slot-die coating,
which reduce material waste, improve throughput, and opti-
mize equipment and facility utilization. At laboratory scale,
material inefficiencies dominate costs, while at pilot scale,
energy consumption in processing equipment and cleanroom
operations becomes the primary environmental driver.

At laboratory scale, low production volumes lead to high per-
unit contributions from facility infrastructure, while at pilot
scale, higher throughput reduces these effects. Although hot
plates are signicant at both scales, laboratory impacts are
This journal is © The Royal Society of Chemistry 2026
further increased by inefficient vacuum pump use and higher
material waste, particularly from silver, whereas pilot-scale
impacts are dominated by overall energy consumption.

Enhancing process control further improves sustainability.
Implementing automated control systems at the deposition
stage reduces processing times, particularly in energy-intensive
cleanroom environments, leading to ∼10% lower global
warming potential, ∼8% lower human and aquatic toxicity, and
∼7% lower mineral resource scarcity. High-yield production
reduces scrap generation, amplifying material and energy effi-
ciency gains. Cost reductions of ∼8% also accompany these
improvements, demonstrating that targeted process optimiza-
tions can yield systemic benets.

Transitioning to low-carbon electricity, exemplied here by
UK wind power, magnies these gains. Global warming poten-
tial is reduced by ∼79%, human toxicity by ∼34%, and energy-
related emissions are substantially mitigated. A minor increase
in aquatic ecotoxicity (∼17%) arises from upstream renewable
infrastructure impacts, illustrating trade-offs in environmental
decision-making. Together, enhanced process control and
renewable energy integration offer a clear pathway toward low-
carbon, high-efficiency perovskite solar cell manufacturing.

Finally, the study underscores the importance of balancing
LCA detail with tractability in complex manufacturing systems.
Dynamic modelling and process optimization should focus on
critical system behaviours and key environmental hotspots to
produce actionable insights. Future research should explore
deposition efficiency improvements, energy reduction in
cleanrooms, alternative lower-impact materials, and broader
integration of renewable energy, guiding scalable, cost-effective,
and environmentally responsible perovskite production.

Key research priorities include reducing cleanroom energy
intensity through process redesign and the transition toward
ambient-condition fabrication, thereby lowering the reliance on
energy-intensive controlled environments. Improving produc-
tion yield is also critical and can be achieved through advanced
in-line monitoring, defect detection, and enhanced process
control, which together minimise waste and reprocessing. In
parallel, the integration of low-carbon energy systems at scale
will be essential to further reduce operational emissions asso-
ciated with manufacturing. Finally, the development of high-
quality, industry-representative life cycle inventory data is
needed to reduce uncertainty and improve the robustness of
environmental assessments for emerging photovoltaic
manufacturing systems.
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