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Solar to sustainability (S2S): a comparative life cycle
assessment of hydrogen production with a focus on
a photoelectrochemical anion exchange
membrane reactor

Vivek Prasad @ * and Farrukh Khalid

This study employs a comparative life cycle assessment to provide data-driven insights into hydrogen
production methods, uncovering the environmental impact of steam methane reforming (SMR), wind
proton exchange membrane water electrolysis (PEMWE), solar PV PEMWE, photoelectrochemical (PEC)
PEM reactors and PEC anion exchange membrane (AEM) reactors. The assessment employs a cradle-to-
gate approach using SimaPro as the LCA software, with data from the ecoinvent database (i.e. v3.8) and
published literature. Notably, 1 kg of hydrogen produced is considered a functional unit. Key
environmental impacts, including global warming potential, ozone depletion, eutrophication, acidification
and water use, are evaluated using the ReCiPe 2016 Midpoint method (H). The results demonstrate that
hydrogen production through the PEC AEM reactor has the lowest environmental impact compared to
other methods. The PEC AEM reactor shows the lowest global warming potential of 1.17 kg CO, eq per
kg H> in the comparative LCA study. The highest human carcinogenic toxicity potential (HCTP) of 1.5 kg
1,4 DCB-eq per kg H, was obtained for the PEC PEM reactor. Wind PEMWE has the highest mineral
resource scarcity (MRS) of 0.0839 kg Cu-eq per kg H, produced as the mining, processing and
manufacturing of permanent magnets for wind turbines involve rare earth elements. SMR has the highest
value of land use (0.189 m?2a crop-eq per kg H,) due to the large scale facility and infrastructure required
in the SMR process. Moreover, a sensitivity analysis is conducted to assess the effect of regional energy
supply on the global warming potential (GWP) associated with various hydrogen production methods.
This study offers valuable insights highlighting the significance of considering various environmental
impacts to facilitate informed decision-making for sustainable design.

A comparative life cycle assessment of SMR, wind PEMWE, solar PV PEMWE, PEC PEM and PEC AEM reactors is conducted to understand the environmental
impact caused by different hydrogen production methods. The study uses the ReCiPe midpoint (H) method to categorise environmental impacts into 18
standardised impact categories. Comparative LCA shows the environmental benefits of hydrogen production using a PEC AEM reactor for hydrogen production.
The GWP of the PEC AEM reactor is the lowest at 1.17 kg CO,-eq per kg H,.

Introduction

greenhouse gas emissions and creating a sustainable society.?
Despite the ongoing expansion of its market size, the inter-

The excessive reliance on fossil fuels has resulted in various
issues, such as air pollution, global warming and energy crisis."
Two primary strategies exist to address environmental concerns
and energy issues. One feasible approach involves enhancing
the efficiency of traditional energy sources, while the other
involves substituting them with renewable energy sources.?
Solar energy is a key renewable energy source for lowering
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mittency of solar energy must be addressed to facilitate its wider
adoption beyond temporary electricity generation.* Electricity
generation based on renewable energy systems offers a more
environmentally and socioeconomically viable substitute for
fossil fuel-based systems. Moreover, establishing a reliable
energy source can expedite the shift to a low-carbon economy,
aiming for a 45% decrease in emissions by 2030 to fulfil the
objectives of the Paris Agreement.’

Solar electricity is used in electrochemical reactions to
convert solar energy into fuels or valuable molecules, including
hydrogen, hydrocarbons, and ammonia. Moreover, hydrogen is
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characterised by a high heating value of 141.8 MJ kg,
producing no carbon dioxide gas during pure hydrogen gas
utilisation.® Currently, the most common and widely used
approach for hydrogen production involves using steam
methane reforming (SMR) with hydrocarbons and water, which
generates high emissions and exhibits resource use throughout
its life cycle.” Solar-driven hydrogen production technologies
can be primarily classified into three groups: photocatalysis
(PC), solar photovoltaic water electrolysers (PV WEs) and
photoelectrochemical (PEC) water splitting.® In PC, water-
splitting semiconductor powders (such as TiO, and SrTiOj3)
are scattered within the liquid phase. These powders capture
sunlight to produce charge carriers and engage in either water
reduction or oxidation reactions.” However, specific wide-
bandgap semiconductor materials have a restricted absorp-
tion window for wavelength utilisation,'® causing a reduction in
solar-to-hydrogen (STH) efficiency. A further difficulty arises
from the need for the reliable separation of the generated H,
and O, gases.'* Meanwhile, solar PV WE has greater STH effi-
ciency. In solar PV WE, PV modules and electrolysers can be
linked to produce H,."” Although solar PV WE can be scaled
substantially, the economic viability and environmental
consequences of hydrogen production using this method are
doubtful.®® This concept can be further integrated into a PEC
reactor arrangement.”* A PEC reactor consolidates many capa-
bilities into a single device, encompassing light absorption in
semiconductor photoelectrodes and electrochemical processes
on the photoelectrode’s surface.® With significant advances in
solar-based water splitting, integrated devices with comparable
STH efficiency and sustainability are essential."®> A PEC reactor
contains two photoelectrodes, a membrane, an electrolyte and
a compartment. Membranes are crucial to PEC reactors because
they enable selective ion transport. They maximise hydrogen
production and minimise the recombination reaction, allowing
the electrochemical processes to run effectively.'* Membranes
are generally classified into three main categories: alkaline
membrane, proton exchange membrane (PEM) and anion
exchange membrane (AEM). The constraints of PEM and alka-
line exchange membranes have been successfully resolved by
notable advancements in AEM."” AEM minimises fluctuations
in the differential pressure of the electrodes and mitigates gas
crossover.”® Furthermore, owing to its reduced thickness, it
exhibits a lower ohmic overvoltage. It is compatible with
deionised water or electrolytes with lower alkalinity." Utilising
a less expensive metal catalyst is more beneficial than platinum
owing to its lower alkalinity.”*** In addition, if 1% of the land-
mass is covered with 10% efficient PEC reactors, 36 TW of
energy will be produced to meet the world's anticipated energy
needs by 2050.*

The existing body of literature focuses significantly on
developing new and efficient PEC reactors. Karaca and Dincer*
conducted an experimental investigation using new conic
geometry electrodes with a PEM (Nafion) in the PEC PEM
reactor for hydrogen production. The anode comprised TiO,;
the cathode was Cu,0O, with both electrodes immersed in KOH
solution (0.1 M). The maximum STH of 1.82% was obtained at
1.81 mA cm 2, and the maximum hydrogen flow rate was 4.5 pug
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s~ ' with an external voltage of 2.3 V under illumination. Qure-
shy and Dincer* used fluid flow simulation techniques and
electrochemical modelling to study hydrogen generation in the
PEC PEM reactor. The anode consisted of SS304 and was coated
with TiO,, while the photocathode featured a dome shape and
was coated with Cu,O on grade 2 titanium. A proton exchange
membrane (Nafion 117) was used as a membrane sandwiched
between the electrodes. The hydrogen production rate achieved
was 42 ug s~ ', resulting in an energy efficiency of 4.9%. Acar and
Dincer* assessed the performance of a hybrid PEC chloralkali
reactor. The reactor produced hydrogen and NaOH from
industrial by-products. The hydrogen generation rate with solar
irradiation of 1200 W m 2 was 295 mL h . A study on
a tandem PEC reactor with a Mo-doped BiVO, anode and Cu,O
cathode was carried out by Pan et al.** Their configuration
achieved the highest performance among tandem oxide reac-
tors, with an unassisted STH efficiency of 3%. Li et al.*® exam-
ined a tandem PEC reactor with a nanotextured CuBi,O,
photocathode and a TiO, array (nanorod) as the photoanode for
facilitating unbiased water splitting. The structured nanoarray
design reduces the length of the electrode. This tandem PEC
reactor achieved an STH efficiency of 1.23%. Jang et al>®
examined the creation of a solution-based regrowth method in
hematite photoanodes. They achieved an STH efficiency of
0.91% in a tandem reactor by combining a Si-photocathode
with a Fe,O3; photoanode. Bedoya et al.*” evaluated a 2D Multi-
physics model for a novel photoelectrochemical reactor to
analyse the photoelectrode under concentrated irradiation.
They studied factors such as thermal management, redox
couple, hydrodynamic conditions, materials and surface prop-
erties. The investigation concluded that solar flux could
enhance the kinetic rate and charge transfer. Modestino and
Haussener" evaluated the comprehensive incorporation of the
overall components of the PEC reactors. The study indicates
that the PEC reactor for hydrogen generation requires
modelling-based design guidelines, life cycle analysis and
techno-economic assessments.

The life cycle assessment (LCA) methodology is an effective
tool for evaluating the environmental impacts of a product and
promoting a more sustainable strategy in product develop-
ment.”® Zhang et al.*® conducted a cradle-to-gate life cycle net
energy assessment of a photoelectrochemical reactor for
sustainable hydrogen generation and chemical hydrogenation.
The PEC device utilised a tandem arrangement, including
a BiVO, as the upper photoanode absorber and a silicon
heterojunction (SHJ) photovoltaic cell as the lower absorber.
The findings suggest that the efficiency of the PEC reactor can
be enhanced by linking hydrogenation. Karaca et al.** developed
a novel PEC reactor utilising a Nafion membrane to produce
clean hydrogen, accompanied by a comparative environmental
impact assessment study. The PEC reactor utilised a Cu,O
photocathode as the upper cell, TiO, as the photoanode in the
lower cell and a Nafion membrane with an area of 254 m> A
comparison was conducted between the PEC PEM reactor, solar
PV PEMWE, and wind PEMWE to produce 1 kg of hydrogen.
Their findings indicated that the global warming potential was
(1.1 kg CO, eq) for the PEC PEM reactor, making it a clean and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environmentally sustainable solution compared to others.
Sadeghi et al.* carried out an environmental impact assessment
of standalone solar-driven four-step thermochemical (Cu-Cl)
hydrogen production. A comparative study was carried out on
SMR, solar PV PEMWE, biomass gasification, solar Cu-Cl, and
electrolysis using wind energy. The results showed that their
cycle had 11-fold less GWP than steam methane reforming
without carbon capture and sequestration. Sadeghi et al**
conducted a comparative economic and life cycle assessment of
solar-based hydrogen production systems. The product life
cycle model was a cradle-to-gate LCA model that assessed the
environmental impact of solar PV PEMWE, solar thermal elec-
trolysis, coal gasification and SMR. Their studies suggested that
SMR and coal gasification, although cheap, emit large emis-
sions. In contrast, solar PV PEMWE and solar thermal elec-
trolysis are more environmentally favourable but expensive
systems. Bicer and Dincer** investigated the impact of ammonia
production by applying a PEC PEM reactor under concentrated
sunlight. The PEC PEM reactor was based on a Cu,O photo-
cathode in a stainless-steel plate with membrane electrode
assembly. The analysis showed that the electrochemical
ammonia synthesis driven by hydrogen from the PEC reactor
significantly reduced the total environmental impact by almost
50% with respect to steam methane reforming-based ammonia
production. The comparison between emerging hydrogen
production technologies and the conventional SMR process is
essential to identify pathways with the most significant poten-
tial for reducing environmental impacts and supporting the
transition towards more sustainable and low-carbon energy
systems.

PEC AEM water splitting is considered one of the most
promising technologies for hydrogen production because the
process does not emit CO, during operation. They use AEM (less
expensive and environmentally sustainable metal catalysts
other than platinum) under alkaline conditions.?*** However,
additional technological advancements are necessary for the
complete industrial implementation of PEC AEM reactors.
Environmental impact assessments should follow prospective
studies to provide significant design solutions for developing
truly sustainable PEC reactors.*> However, to the best of our
knowledge, no studies have been conducted to estimate the
possible environmental advantages of PEC AEM reactors. In this
context, the LCA technique provides a framework for quanti-
fying the environmental impacts of hydrogen generation
processes.*® Furthermore, emphasising and quantifying the
environmental effects resulting from the manufacture of PEC
AEM reactors might aid in shifting toward sustainable devel-
opment goals (SDG) 12 (“Responsible Production and
Consumption”) and SDG 7 (“Affordable and Clean Energy”)
through the development of an environmentally friendly
hydrogen manufacturing process. Considering the established
methodology of LCA, the acquired results might help additional
follow-up activities and allow for an analysis of this technology
in relation to mature hydrogen production technologies, such
as SMR,* wind PEMWE,** solar PV PEMWE or PEC PEM
reactor.” The information obtained from LCA can be used as
a framework for designing PEC reactors utilising durable and

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

less toxic materials, thereby mitigating their adverse environ-
mental impacts, particularly in relation to SDGs 14 and 15,
which address “life below water” and “life on land,”
respectively.

This study examines the cradle-to-gate product life cycle
model to evaluate the environmental impacts of six hydrogen
production methods: SMR, wind PEMWE, solar PV PEMWE,
PEC PEM reactor, and PEC AEM reactor. These methods include
several technologies, from the prevalent fossil fuel-based SMR
process to cleaner alternatives utilising renewable energy such
as solar PV and wind coupled to an electrolyser for electrolysis
and advanced PEC integrated systems for solar-based electro-
chemical water splitting. The results reported in this study can
open a new avenue in the area of sustainable PEC AEM reactors.
Additionally, assessing their environmental implications can
offer a broader understanding of how the environmental impact
of PEC AEM reactors may be reduced.

Methods

LCA is a vital tool for evaluating the potential environmental
impacts of a product throughout its entire life cycle. This
encompasses the raw material extraction, manufacture, usage,
and post-use stages. Each stage of the life cycle has a different
influence on the environment. ISO 14040-43 establishes the
LCA framework in four distinct phases:*

(a) Definition of goal and scope (ISO 14040)

(b) Primary materials and energy analysis of all inputs and
outputs (ISO 14041)

(c) Impact assessment (ISO 14042), and

(d) Results interpretation (ISO 14043)

Goal and scope definition

This study aims to investigate and analyse the environmental
impact of six hydrogen production methods, PEC AEM reactor,
PEC PEM reactor, solar PEMWE, wind PEMWE and SMR, using
LCA. Lab-scale LCA is a useful instrument for environmental
advisory tools for new emerging technologies.*” The purpose of
this study is to offer useful data to direct future investigations
on the PEC AEM reactor. The ReCiPe 2016 midpoint approach
transforms the obtained life cycle inventory results into
a limited number of indicator scores. This study relies on
midpoint indicators to maintain transparency and minimize
uncertainty. Life cycle impact assessment (LCIA) results are
easier to read when midpoints are converted to endpoints.
However, the level of uncertainty rises with each aggregate
stage.” The impact indicators are categorised into 18 environ-
mental impact categories: global warming, particulate matter,
stratospheric ozone depletion, fossil resources, freshwater
ecotoxicity, global warming, freshwater eutrophication, human
toxicity (cancer), human toxicity (non-cancer), ionising radia-
tion, land use, marine ecotoxicity, marine eutrophication,
terrestrial acidification, terrestrial ecotoxicity, and water use.
The study model's hydrogen production in India for the year
2025 using SimaPro software (version 9.4.0.3) and the Ecoinvent
v3.8 dataset (released in September 2021), which is valid
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through 2024. The environmental impacts of hydrogen
production methods are investigated from a cradle-to-gate
perspective. The impact assessment method chosen for this
study is ReCiPe 2016 Midpoint (H). The consensus model, also
known as the Hierarchist model of ReCiPe, is used in this
research because of its widespread applicability in various
scientific models. This method is based on commonly accepted
timeframes and other considerations.*® The scant information
concerning the end-of-life of photoelectrochemical reactors,
coupled with their early-stage (non-mature) technological
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development, poses challenges to carrying out LCA studies from
a cradle-to-cradle perspective.?® In addition to the limited end-
of-life data, the operation phase of the PEC systems was
excluded owing to minimal direct emissions and the lack of
standardised performance data at this early stage of techno-
logical development. Additionally, recycling has not been given
much consideration. However, recycling impacts are essential
for a comprehensive understanding of the environmental
impacts resulting from PEC reactors.*® A functional unit of one
kilogram of hydrogen produced is employed, a standard
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approach in life cycle assessment studies on hydrogen
production methodologies.*® This standardisation allows for
a straightforward but accurate comparison with various
hydrogen production processes.

Inventory for material and energy input

The fabrication of hydrogen production processes is modelled
utilising secondary data from published research articles.
Material and energy inputs are necessary for the life cycle
inventory phase. Here, the material resources, energy flows and
emissions are quantified. The inventory for different hydrogen
production techniques is described in this section.

Photoelectrochemical AEM reactor

PEC water splitting is regarded as one of the most promising
ways for hydrogen production because it utilises the renewable
energy of solar light and does not produce direct CO, emis-
sions.* PEC reactors consist of two photoelectrodes,
a membrane, an electrolyte and a compartment in a single
integrated system. Membranes enable the selective movement
of ions, making them a crucial part of PEC reactors. They
facilitate the effective operation of electrochemical processes,
maximizing hydrogen production and minimizing recombina-
tion reactions.' The constraints of proton and alkaline
exchange membranes have been successfully resolved by
significant developments in AEM.” Anion exchange
membranes can be used in low-alkaline electrolytes or even
deionised water.” Moreover, a non-corrosive environment
eliminates the necessity for expensive catalysts from platinum
group metals and allows for the utilisation of more cost-
effective intermediate metal group catalysts,” such as nickel.
The membrane utilized in the PEC AEM reactor comprises
a quaternary ammonium cation, which has high alkaline
stability and is more economical.”* Generally, AEM technology
is characterized by low cost and high stability, making it an
efficient option for hydrogen production** in photoelectro-
chemical reactors. The system boundary for the PEC AEM
reactor is illustrated in Fig. 1A.

The energy efficiency of the PEC AEM reactor is denoted as
follows:

gy, X LHVy,

1
T o)

NPEC_AEM —
where 7y, is the hydrogen mass flow rate, W, is the electrical
energy harvested from a solar PV panel, LHV represents the
lower heating value, I, represents the input solar radiation and
A; is the incident area of the reactor.

The material inventory for building the PEC AEM reactor is
presented in Table 2 and is obtained from a study by Karaca
et al.”® However, an external electrical input of 4.26 kWh is
required to power the PEC for one kilogram of hydrogen
production. The membrane surface area was 254 cm? The
operating specifications for the PEC AEM reactor described in
Table 1 were calculated from the electrochemical mathematical
modelling carried out in a previous study by Tarique et al.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Operational parameters of the PEC AEM reactor in the LCA
study”

Parameter Amount
Input electricity (W) 0.7

Solar power input (W) 52.2
Hydrogen mass flow rate (kg s~ ') 45.6 x 107°
Energy efficiency (%) 11.23

“ Source: Tarique et al.*

Table 2 Material requirements for 1 kg of hydrogen production for
a PEC reactor”

Component Mass (kg)
Flanges (PVC) 6.58
Optical window (acrylic glass) 2.40
Bolts 2.05
Nuts 0.26
Metal washers 0.19
Gaskets 0.75
Electrode (flat disc.) 2.94
Electrode (conic disc.) 2.84
Tubing (vinyl) 0.27
Connectors 0.04

% Source: Karaca et al.*®

The material needs for the production of 1 m®> AEM were
calculated based on an experimental study carried out by Zhang
et al.*® The requirements were obtained by thermodynamic
heating and boil-off of the solvents and unreacted compounds
in the experiment, and the power of stirring was not considered.
The membrane weight was calculated to be 3.4 mg cm ™2 based
on the area of the membrane, stoichiometry of the reactions
and molecular weight of the membrane. Table 3 illustrates the
inventory for membrane manufacturing.

Photoelectrochemical PEM reactor

The material and energy inputs for the life cycle inventory
analysis phase were obtained from the available literature. The
novel geometry of the PEC PEM reactor was developed by the
Clean Energy Research Laboratory (CERL), Ontario Tech." The
photoelectrochemical reactor developed uses a p-type Cu,O
semiconductor coated in stainless steel mesh as a photo-
cathode, and the photoanode is TiO, coated in stainless steel
mesh. Moreover, the membrane in the reactor consisted of
Nafion 117 (a proton exchange membrane) with a catalyst
coating of PtB (3 mg cm 2 at the cathode side) and IrRuO, (3 mg
em > at the anode side). The material inventory for
a photoelectrochemical reactor with PEM as a membrane is
determined by Karaca and Dincer."* Additionally, for 1 kg of H,
generation, the necessary external power to the PEC PEM
reactor is computed as 5.46 kWh. The operational parameters of
the PEC PEM reactor are presented in Table 4. Fig. 1B depicts
a description of the system boundary using LCA analysis for H,
generation using a PEC PEM reactor.

RSC Sustainability, 2025, 3, 4651-4666 | 4655
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Table 3 Detailed life cycle inventory of the anion exchange

membrane”

Materials requirements Value
Polysulfone (g) 21
N,N-Dimethylacetamide (DMAc) (g) 468
Chloromethylmethylether (CMME) (g) 35
Imidazole (g)

NaOH (g) 3
Methanol (g) 16
Water, cooling, unspecified (m?) 0.0015
Water, completely softened (g) 171
Energy and processing requirements

Heat, other than natural gas (kJ) 7
Steam in the chemical industry (g) 2
Electricity (Wh) 22
Heat, natural gas (kJ) 20
Heat, unspecific, at chemical plant 0.305

(boil-off solvents) (kJ)

“ Source: Zhang et al.**

Table4 Factors evaluated in the LCA study of the PEC PEM reactor for
green hydrogen production®

Parameter Value
Input electricity (W) 0.9

Solar power input (W) 52.2

Mass flow rate H, (kg s~ ') 471 x 107°
Energy efficiency (%) 6.3

% Source: Karaca et al.*®

Solar PV PEMWE and wind PEMWE

Proton exchange membrane water electrolysis (PEMWE) is
a promising technology for hydrogen production from renew-
able energy sources. Direct current (DC) power is derived from
sustainable energy sources, such as solar, wind, and biomass.**
Solid polysulfonated membranes, which are proton-conducting,
such as Nafion, are used in PEMWE technology. The material
required to construct 1 MW PEMWE is estimated from a study
carried out by Bareify et al.®** Table 5 shows the life cycle
inventory for constructing 1 MW PEMWE and is described in
Fig. 1C as a construction material.

The power consumption of a PEMWE producing 1 kilogram
of H, with a 60% energy efficiency is calculated using eqn (2):

ritg, x LHV

2
Welec ( )

TPEMEC =
where LHV represents the lower heating value of hydrogen
(120.1 MJ kg™ ).

The estimated electricity usage for producing 1 kilogram of
hydrogen using PEMWE is calculated to be 55.6 kWh (200.17
M]). The LCA considers the power input from “wind and solar
PV independently” for the PEMWE. Fig. 1C and D depict the
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Table 5 Construction material requirements for 1 MW PEMWE“

Material Mass (kg)
Titanium 528
Stainless steel 100
Aluminium 27
Nafion 16
Copper 4.5
Activated carbon 9
Iridium 0.75
Platinum 0.075

% Source: Bareil} et al.*®

system boundary of a life cycle analysis for H, generation using
wind PEMWE and solar PV PEMWE.

Steam methane reforming

Steam methane reforming is the most widely used method for
the production of hydrogen, contributing to about 50% of the
world's hydrogen production.”> Methane and steam react over
a nickel-based catalyst at a high temperature (900 °C) and high
pressure (3-25 bar) in the well-established commercial process
of reforming natural gas to produce hydrogen.*® Moreover, the
resultant combination can be used to manufacture various
products, including different organic chemicals. It is popularly
known as synthesis gas (or syngas). The SMR hydrogen
production facility is described by hydrogen production and
petroleum refinery operation, and the dataset is readily avail-
able in the ecoinvent database v3.8. Building the plant in the
software was, therefore, not necessary. Fig. 1E illustrates the
system boundary of an LCA study of the SMR process. For the
life-cycle analysis of the SMR-based hydrogen production
process, the Ecoinvent v3.8 database is used. A petroleum
refinery is incorporated into the production facility. The energy
requirements are supplied on-site by burning natural gas in
a gas engine. Table 6 outlines the operating parameters used in
the study of SMR hydrogen generation.

Results and discussion

A life cycle assessment was carried out using a cradle-to-gate
system boundary to evaluate the environmental impacts of the

Table 6 Operating parameters used in the study of steam methane
reforming hydrogen generation®

Parameter Value
Energy consumption per kg of H, produced (kWh) 50.8
Operating lifetime in years 20

Load factor (%) 85

Annual H, yield (kg) 3.18 x 10°
Lifetime H, yield (kg) 6.36 x 10°
Hydrogen plant energy efficiency, based on LHV (%) 76
Hydrogen plant energy efficiency, based on HHV (%) 89

¢ Source: Spath and Mann.*
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PEC AEM reactor. Although the detailed methodology is pre-
sented in the methods section, it is important to note here that
the life cycle inventories were developed from peer-reviewed
literature. The results were later compared using four
hydrogen production methods: SMR, wind PEMWE, solar PV
PEMWE, and PEC PEM reactor. The insights gained from this
LCA study could provide a baseline for a better understanding
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of the environmental performance of hydrogen production
methods and highlight the broader implications of adopting
a PEC AEM reactor for hydrogen production methods. The
system boundary is based on the cradle-to-gate reactor life cycle,
and the functional unit is 1 kg of H, production. The environ-
mental impact is based on 18 indicators, and the characterised
LCA results are detailed in this section.
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Fig.2 Environmental impact categorised into 18 impact indicators for different hydrogen production methods: (a) SMR, (b) solar PV PEMWE, (c)

wind PEMWE, (d) PEC PEM reactor, and (e) PEC AEM reactor.
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Environmental impact assessment across 18 indicators

Fig. 2 shows the cradle-to-gate environmental impact of the 18
indicators provided by ReCiPe 2016. The lowest impacts are
obtained for the PEC AEM reactor (Fig. 2e), while the SMR, solar
PV PEMWE, wind PEMWE and PEC PEM reactors bear the more
significant impacts.

Climate and atmospheric impacts

Global warming potential (GWP) is a crucial environmental
impact category for assessing renewable energy systems and
represents a quantified measure for weighting the climatic
impacts of different greenhouse gas (GHG) emissions.*”** GWP
is expressed in kg CO, equivalents and is the amount of energy
the emission of 1 ton of gas is absorbed by the emission of 1 ton
of CO, over a specified period.*” The current study uses LCA
methodology to evaluate the global warming potential of the
five hydrogen production methods. Hydrogen production
methods include SMR, wind PEMWE, solar PEMWE, PEC PEM,
and PEC AEM. The results indicate that the hydrogen produc-
tion by the PEC AEM reactor has the lowest GWP (1.17 kg CO, eq
per kg H,). For the PEC AEM reactor, the production of acrylic
glass shields is the major contributor to GWP and has a relative
contribution of 39.53%, while 20.85% comes from PVC
manufacturing of the frame. For every kg of polyvinyl chloride
(PVC) produced, approximately 2 kg of CO, is emitted® and
relies on ethylene derived from oil.>* The PEC PEM reactor has
the second lowest GWP (1.25 kg CO, eq per kg H,), followed by
wind PEMWE and solar PV PEMWE. The GWP of SMR is highest
at 13.78 kg CO, eq per kg H,. Hydrogen production by steam
methane reforming relies on fossil fuels for energy and feed-
stock, resulting in CO, production.”® The GWP of hydrogen
production via SMR has been widely reported in the literature in
the range of 10-14 kg CO, eq per kg H,, depending on the
methodological approach and system boundary description.**

Stratospheric ozone depletion (SODP) is the thinning of the
stratospheric ozone layer and is caused by emissions of chlo-
rofluorocarbons (CFCs), halons and NO,.** This depletion
allows increased levels of UV-B radiation to reach the earth's
surface and damages human and animal health.> The ODP is
expressed in kg CFC-11 equivalents. Based on the findings of
the study, it is estimated that SMR has the highest SODP (3.99 x
10~° kg CFC-11 eq per kg H,). The largest contributor is halon
1301, which is used as a fire suppressant in mobile and
stationary fire extinguishers in industrial facilities. The
hydrogen produced by solar PV PEMWE (1.68 x 10~ ° kg CFC-11
eq per kg H,) is followed by wind PEMWE (0.99 x 10~ ° kg CFC-
11 eq per kg H,) and PEC PEM (0.69 x 10~° kg CFC-11 eq per kg
H,). The manufacturing of solar-grade silicon for the produc-
tion of solar PVs is the main cause of high SODP. The lowest
SODP impact is from the PEC AEM reactor, which is estimated
at 0.18 x 10 ° kg CFC-11 eq per kg H,. Regarding the PEC AEM
reactor, the manufacturing of steel electrodes (54.61%) and
gasket production (34.97%) are the major relative contributors
to this impact category. The iron and steel industry has noted
unintended CFCs, hydrochlorofluorocarbon (HCFCs), and
halon emissions.*
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Human health impacts

Ionising radiation (IR) is an environmental impact category
associated with the harm to human health and ecosystems
resulting from radionuclide emissions during a product's life-
cycle. This is reported in kBq Co-60 equivalents. According to
the LCA study, Solar PV PEMWE (2.78 x 10~ kBq Co-60 eq per
kg of H,) has the highest ionising radiation potential, followed
by wind PEMWE (1.21 x 10" kBq Co-60 eq per kg of H,) and
SMR (1.05 x 10' kBq Co-60 eq per kg of H,). It has been
determined that the primary source of ionising radiation during
the PV panel production process is the aluminium processing
step.*® However, the ionising radiation potential of the PEC
PEM and PEC AEM reactors is similar.

The environmental impacts of ozone formation on human
health (OFHH) and terrestrial ecosystems (OFTE) are due to the
photoelectrochemical reaction of non-methane volatile organic
compounds (NMVOCs) or nitrogen oxides (NO,) emitted into
the atmosphere. Although ozone can negatively affect human
health and cause respiratory problems when inhaled, it can also
prevent vegetative development and resilience, thereby
compromising ecosystems. Ozone formation for terrestrial
ecosystems and human health is expressed in kg NO,-equiva-
lents.”” SMR has the highest environmental impact in this
category, amounting to 1.36 x 10> kg NO,-eq per kg of H, for
human health and 1.46 x 10~> kg NO,-eq per kg of H, for
terrestrial ecosystems, which is followed by solar PV PEMWE. At
the same time, the PEC PEM and PEC AEM reactors have
a similar impact on human health due to ozone formation (0.29
x 1072 kg NO,-eq per kg of H,).

Fine particulate matter formation (FPMF) comprises tiny
airborne particles less than 2.5 pm in diameter. Human health
is at risk of these airborne particles, especially for people who
have respiratory conditions. In addition to water and biogenic
organic species, particulate matter can contain chemical
species, such as SO,, NO,, or volatile organic compounds
(VOCs).”” This is indicated in kg PM 2.5 equivalents. According
to the LCA study, hydrogen production by solar PV PEMWE has
the highest FPMF and a value of 0.83 x 10> kg PM 2.5 eq per kg
of H,. Nickel processing for PV panel production is a major
contributor to FPMF.***® The lowest impact is from the PEC
AEM reactor in this category (0.14 x 10~> kg PM 2.5 eq per kg of
H,). The fine particulate matter emissions are mostly from
upstream processes, such as material extraction and solar panel
manufacture, not the operational phase of solar energy
production. These emissions were included for methodological
consistency although they are not regarded as a major social
problem in the context of renewable energy systems.

Ecosystem and land impacts

Terrestrial acidification (TA) is caused by the deposition of
acidifying compounds in the atmosphere and is expressed in kg
SO,-equivalents.* According to the comparative LCA study
findings, solar PV PEMWE has the highest environmental
impact owing to terrestrial acidification and has a value of 1.82
x 107> kg SO, eq per kg H,. It is succeeded by hydrogen
production using SMR (2.33 x 1072 kg SO, eq per kg H,). The
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primary cause of the terrestrial acidification impact category is
nickel processing in PV manufacturing.*® The lowest terrestrial
acidification is of the PEC AEM reactor (0.37 x 10~ kg SO, eq
per kg H,).

Freshwater eutrophication (FE) exhibits alterations in
species probability density functions (PDFs), which correlate
with total phosphorus concentration and are influenced by the
type of freshwater (rivers or lakes), the group of species
(heterotrophs and autotrophs), and climatic conditions.® It is
expressed in kg P equivalents. Among the evaluated hydrogen
production processes, it can be observed from Fig. 2b that solar
PV PEMWE appears to have the highest freshwater eutrophi-
cation environmental impact of 2.67 x 10~ kg P-eq per kg of H,
and is also evident by the findings of the study by Celik.®* The
second highest freshwater eutrophication is obtained from
wind PEMWE 2.34 x 10 kg P eq per kg of H,. PEC AEM reactor
has the lowest freshwater eutrophication of 0.26 x 10> kg P-eq
per kg of H,. Acrylic glass shield production has a relative
environmental impact of 70.84% in this category.

Marine eutrophication (ME) is an ecological reaction in
coastal waterways that introduces nutrients, mainly nitrogen
(N), which can have severe effects. Nitrogen enrichment
promotes planktonic growth, promotes organic carbon cycles
and could cause oxygen depletion.®> Solar PV PEMWE has
a marine eutrophication value of 2.67 x 10~* N-eq per kg of H,,
followed by wind PEMWE 1.4 x 10~ * N-eq per kg of H,, PEC
PEM reactor (0.61 x 10~ * N-eq per kg of H,) and PEC AEM
reactor (0.56 x 10 * N-eq per kg of H,).

The toxicity potential (TP) of a chemical emission is
described in kg 1,4-dichlorobenzene-equivalents (1,4 DCB-
equivalents). It is used as a characterisation factor at the
midpoint level for freshwater ecotoxicity, human toxicity,
terrestrial ecotoxicity and marine ecotoxicity. The ecotoxico-
logical factor indicates a shift in the PDF of species resulting
from variations in the concentration of a chemical in the envi-
ronment. The factors for toxicological effects in humans are
calculated separately for carcinogenic and non-carcinogenic
impacts, indicating the variation in lifetime disease occur-
rence resulting from changes in substance intake. According to
the LCA results, the PEC PEM reactor has the highest human
carcinogenic toxicity potential (HCTP) of 1.5 kg 1,4 DCB-eq per
kg H,. Similarly, the second-highest HCTP obtained from the
PEC AEM reactor is 1.48 kg 1,4 DCB-eq per kg H,. PVC used in
the reactor frame of the PEC system accounts for a relative
contribution of 99.06% in terms of HCTP. PVC manufacturing
uses elemental chlorine, which is a strong oxidant. The
manufacturing creates an additional burden with a range of
chlorinated compounds, organochlorine waste and byproducts.
Most of these chemicals accumulate in the ecosystem, affecting
fish, wildlife, and humans, and are dangerous at low doses.
Chlorinated dioxins and furans pose significant health risks,
even at modest levels of exposure.®® The environmental impact
of Solar PV PEMWE is the most significant among HNCTP, as
indicated by its value of 13.86 kg 1,4 DCB-eq per kg H,. The
second highest HNCTP is obtained from PEMWE coupled to the
wind (17.25 kg 1,4 DCB-eq per kg H,), followed by PEC PEM
(1.13 kg 1,4 DCB-eq per kg H,), PEC AEM (0.89 kg 1,4 DCB-eq
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per kg H,) and SMR (0.88 kg 1,4 DCB-eq per kg H,). Meta-
llising and the metal used behind the PV solar panel are key
contributors in this environmental impact category and are
used in solar PEMWE and partial-assisted electricity production
in the cases of PEC PEM and PEC AEM reactors.®* Furthermore,
the primary source of the HNCTP is the sulfidic tailings from
copper mining operations used to build wind turbines.* Addi-
tionally, in this study, terrestrial ecotoxicity, freshwater eco-
toxicity and marine ecotoxicity are highest in the case of wind
PEMWE and solar PV PEMWE. Wind PEMWE has a terrestrial
ecotoxicity value of 0.99 x 10%> kg 1,4 DCB-eq per kg H,; the
freshwater ecotoxicity and marine ecotoxicity were investigated
to be 4.13 kg 1,4 DCB-eq per kg H, and 5.03 kg 1,4 DCB-eq per kg
H,, respectively. The environmental impact of solar PEMWE
reveals a terrestrial ecotoxicity of 1.14 x 10* kg 1,4 DCB-eq per
kg H,. In contrast, freshwater ecotoxicity has a notably higher
burden of 1.35 kg 1,4 DCB-eq per kg H,. Similarly, marine
ecosystems are subjected to a marine ecotoxicity value of 1.73 kg
1,4 DCB-eq per kg H,.

Land use (LU) describes the environmental impact of occu-
pying, managing and reshaping land for human purposes. Two
significant environmental impacts of land use are declining
habitat availability and species variety.®® Land use is expressed
in m®a crop-equivalents. This study evaluated the SMR method
of hydrogen production as having the highest value in land use
(0.189 m*a crop-eq per kg H,). This is due to the large scale of
the facility and infrastructure required in the SMR process.
Meanwhile, hydrogen production by applying the PEC AEM
reactor has the least impact on land use, with a value of 0.112
m?a crop-eq per kg H,.

Resource depletion impacts

Mineral resource scarcity (MRS) is characterised by surplus ore
potential (SOP), represented in kg Cu-equivalents. The primary
process of mineral resource extraction decreases the ore
concentration, ultimately increasing the quantity of ore gener-
ated per kg of extracted mineral resource.®® Regarding MRS, the
hydrogen generated by wind PEMWE has the greatest environ-
mental impact, with a value of 0.0839 kg Cu-eq per kg H,
produced. The mining, processing and manufacturing of
permanent magnets for wind turbines involve rare earth
elements. Four rare earth elements—neodymium, praseo-
dymium, dysprosium, and terbium—are used to make perma-
nent magnets.®”” The MRS value is followed by solar PV PEMWE
(0.055 kg Cu-eq per kg H,), PEC PEM reactor (0.0584 kg Cu-eq
per kg H,), PEC AEM reactor (0.0124 kg Cu-eq per kg H,) and
SMR (0.0042 kg Cu-eq per kg H,). Solar PV PEMWE uses
materials such as silver, cadmium, tellurium and indium,
which are rare and extracted in only a few regions of the world.®®
Simultaneously, platinum group materials are employed as
catalysts in PEC PEM for hydrogen production and are
extremely scarce.®

The environmental impact associated with mining and the
use of non-renewable resources is described by fossil resource
scarcity (FRS). It is measured in kilograms of oil equivalents and
is evaluated by dividing the higher heating value of the crude oil
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by the used fossil fuels. According to the study, the FRS of SMR
is the highest and has a value of 7.83 kg oil-eq per kg of H,
produced. Natural gas is used as a raw material, and heat source
is the major contributor to this category,” followed by solar PV
PEMWE, wind PEMWE and PEC PEM reactor. The lowest FRS is
from PEC AEM (0.36 kg oil-eq per kg H,). The relative contri-
bution of PVC frame (31.81%), acrylic glass (37%) and steel
production (21.13%) are among the highest contributors in this
category. The manufacturing of PVC utilises petroleum as
a fossil feedstock.* Additionally, steel production relies on
a traditional blast furnace, which uses high-grade coking coal
and is a finite fossil resource.”™

The key factor in water usage is the amount of freshwater
consumption (WC), measured in m?® of water consumed. Fig. 2b
shows that hydrogen produced by solar PV PEMWE contributes
the most significant value of water consumption (11.42 x 10>
m® kg ' H,). Water usage in the manufacturing processes of
solar PV significantly exceeds operational consumption. Water
usage in the production of silicon is around 180 kg kg™*, while
its conversion to multi-crystalline requires about 470 kg kg ';
hence, each kWp requires between 3.7 and 5.2 tons of water.”
Moreover, the consumption of silver paste used in solar cell
production involves a large amount of wastewater containing
heavy metals and toxic chemicals.” If inadequately handled,
this wastewater may be discharged into water bodies, contam-
inating water supplies and adversely affecting aquatic organ-
isms and ecosystems. The water consumption in the PEC AEM
reactor is 2.53 x 10> m® kg~ ' H,. The reactor frame of PVC is
the major relative contributor (43.10%) in this impact category.
The average water usage necessary for polymer production is 3
m®/t PVC, as per BREF.”* The SMR has the lowest water
consumption among the evaluated hydrogen production
methods.

Among the 18 impact categories, climate and atmospheric
impact indicators (GWP and SODP) show the most substantial
reduction for solar-based methods compared to SMR.
Ecosystem, human health and resource depletion impact indi-
cators show mixed trends depending on the technology. SMR,
although currently the most used method for hydrogen
production, depends on fossil fuels, making it unsustainable in
the long run. Solar PV PEMWE and wind PEMWE use grid
electricity and offer cleaner production at the point, but their
overall environmental benefits depend significantly on the
carbon intensity of the grid. PEC water splitting enables direct
solar-to-hydrogen with minimal environmental impact
although it remains an emerging technology.

Characterised LCA results of a PEC AEM reactor

A careful investigation of the distribution of environmental
impacts for each photoelectrochemical anion exchange
membrane reactor component can offer suggestions for future
improvement. Fig. 3 illustrates the comparative contribution of
the photoanode, the photocathode, the anion exchange
membrane, frame PVC, gaskets, acrylic glass shield, nuts, metal
washers, vinyl tubing and connectors. The units corresponding
to each impact category are depicted in Fig. 2.
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Fig. 3 Environmental impact of PEC AEM reactor components is
categorised into 10 important environmental indicators.

The PEC AEM reactor frame is made up of PVC and has
a significant environmental influence on human carcinogenic
toxicity potential (95.46%), fossil resource scarcity (22.62%) and
global warming potential (13.47%). Manufacturing PVC creates
an additional burden with a range of chlorinated compounds,
organochlorine waste and byproducts. Most of these chemicals
accumulate in the ecosystem, affecting fish, wildlife, and
humans, and are dangerous at low doses. Moreover, chlorinated
dioxins and furan pose significant health risks, even at modest
levels of exposure.® For every kg of PVC produced, approxi-
mately 2 kg of CO, is emitted® and relies on ethylene derived
from oil.**

Flat disc electrodes have an environmental impact on cate-
gories like mineral resource scarcity (22.28%), global warming
(10.32%) and fossil resource scarcity (7.39%). Similarly, the
conic electrodes have impacts on mineral resource scarcity
(23.03%), global warming (10.67%), marine eutrophication
(9.12%), and fossil resource scarcity (7.64%). The
manufacturing of steel used for the production of electrodes
depends on minerals and is a major contributor to the envi-
ronmental impact of mineral resource scarcity. Producing steel
requires a significant amount of energy based on fossil
resources’ for intensive mining, refining and manufacturing
activities responsible for global warming and fossil resource
scarcity.

The partial electricity generated by solar PV panels has an
environmental impact on freshwater ecotoxicity (95.90%),
freshwater eutrophication (83.23%), stratospheric ozone
depletion (82.47%), and fine matter particulate formation
(50.51%). PV manufacturing produces emissions of toxic
substances, such as nitrogen dioxide, sulfur hexafluoride, sulfur
dioxide and silicon tetrachloride,”® which affect the ecosystem.
The silicon manufactured is purified using a chemical purifi-
cation process to remove oxides” and produce hyper-pure
polysilicon. Mining activities can lead to habitat disruption

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00330j

Open Access Article. Published on 02 August 2025. Downloaded on 4/6/2026 11:32:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and erosion, leading to fine particulate matter formation and
nutrient runoffs into freshwater. Acrylic glass shields used as
a window to allow solar radiation to fall on the photoelectrode
surface have an environmental impact on terrestrial acidifica-
tion (31.27%), marine eutrophication (31.05%), fossil resource
scarcity (26.31%), fine particulate matter formation (25.54%)
and global warming (25.53%). The primary environmental
problems with PMMA manufacturing are high energy
consumption and the need to handle enormous amounts of
very dangerous and deadly hydrogen cyanide, which produces
ammonium sulphate waste. Consequently, the chemical
industry is interested in finding a substitute method. Crude oil
and condensate gas are the primary fuels utilized to supply the
majority of the energy required to make PMMA,”® which is
responsible for emissions of SO, and NO,, causing terrestrial
acidification. The acetone cyanohydrin (ACH) pathway for
producing methyl methacrylate (MMA), the monomer for poly
(methyl methacrylate) (PMMA), poses the most significant
hazardous risk to aquatic, terrestrial, and atmospheric ecosys-
tems. The ACH route entails toxic substances, including
ammonia, hydrogen cyanide, and acetone cyanohydrin, signif-
icantly contributing to marine eutrophication.”

The gaskets are used in the PEC AEM reactor to prevent
leakages and mainly impact ozone formation, human health
(17.71%) and stratospheric ozone depletion (4.97%). Vulcani-
sation, mixing and shaping during rubber manufacturing
contribute to VOC species, such as aromatics, m/p xylene,
naphthalene, o-xylene and carbon disulfide and are responsible
for ozone formation, impacting human health.* Tap water used
for electrolysis accounts for 36.05% environmental impact of
water consumption. Anion exchange membrane, vinyl tubing,
metal washers, connectors, bolts and nuts have the least envi-
ronmental impact among all the categories.

Comparison of environmental impacts between PEC PEM and
PEC AEM reactors

Fig. 4 shows the relative contributions of the PEC AEM and PEC
PEM reactors. A relative comparison is carried out to better
understand the environmental impact of PEC AEM and PEC
PEM reactors. In this study, eighteen impact indicators were
obtained during the life cycle assessment by applying the
ReCiPe method, and the ten most influential indicators are
illustrated in Fig. 4. The impact category units are not depicted
in Fig. 4; however, they are clearly illustrated in Fig. 2. As evident
from the figure, PEC AEM has a lower impact in all categories
than PEC PEM. Stratospheric ozone depletion, global warming
potential, mineral resource scarcity, freshwater ecotoxicity and
freshwater eutrophication are among the least.

The relatively higher contribution of the mineral resource
scarcity in the PEC PEM reactor (100% vs. 21.18% in the case of
the PEC AEM reactor) could be explained using rare earth
metals, such as platinum black and IrRuO,, as a catalyst® in
PEC PEM reactors. Stratospheric ozone depletion is caused by
chlorofluorocarbons (CFCs), halons and NO, emissions. Nafion
membrane in this impact category has a relative contribution of
69.24% among the components used, increasing the overall
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Fig.4 Comparison between PEC PEM and PEC AEM reactor assembly
for the 10 most important impact categories.

stratospheric ozone depletion. In the PEC AEM reactor, the
greatest impact is due to PV electricity (82.47%). The synthesis
of tetrafluoroethylene, a compound utilised in manufacturing
Nafion and several fluoropolymers,*" dramatically influences
the SODP environmental impact category. The amount of elec-
tricity from solar PV is the major cause of the impact on
freshwater ecotoxicity, freshwater eutrophication and fine
particulate matter formation. Electricity from solar panels has
a relative contribution of 96.58% and 95.90% for freshwater
ecotoxicity in the case of the PEC PEM and PEC AEM reactors,
respectively. Similarly, freshwater eutrophication is also influ-
enced by electricity solar panels, with 86.18% relative contri-
bution for PEC PEM and 83.23% for the PEC AEM reactor. PV
manufacturing produces emissions of toxic substances, such as
nitrogen dioxide, sulfur hexafluoride, sulfur dioxide and silicon
tetrachloride,”® impacting the ecosystem. The silicon manu-
factured is purified using a chemical purification process to
remove oxides”” and produce hyper-pure polysilicon.

Sensitivity analysis

A sensitivity analysis was conducted to assess the effect of
regional energy supply on the global warming potential asso-
ciated with hydrogen production methods. The objective was to
quantify variations in GWP resulting from regional differences
in energy inputs while keeping all other model parameters
constant. For steam methane reforming (SMR), the analysis
involved varying the natural gas input sourced from combined
heat and power (CHP) systems representative of three distinct
regions: Europe (EU), India (IN), and the Rest of the World
(ROW). This method effectively represents the regional differ-
ences in GWP linked to natural gas extraction, processing, and
supply chains. However, for electrolysis-based systems (wind
PEMWE and solar PV PEMWE) and photoelectrochemical (PEC)
systems (PEC PEM and PEC AEM reactors), the sensitivity
analysis focused on electricity input. The systems were
modelled utilising grid-connected building-integrated photo-
voltaic (PV) electricity, with scenarios reflecting EU, IN, and
ROW circumstances. These scenarios employed SimaPro and
ecoinvent information to examine regional solar resources, PV
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system performance,
emissions.

Fig. 5 shows the findings of the sensitivity analysis. The
resulting GWP values for SMR were approximately 12.63 kg CO,
eq per kg H, produced for EU, 13.78 kg CO, eq per kg H,
produced for IN and 13.1 kg CO, eq per kg H, produced for
ROW. The results show that the SMR scenario in India (IN) has
the greatest effect on GWP. This outcome is expected because of
the higher carbon content in India (0.82 kg CO, eq per kWh
electricity).®* However, both the electrolysis and PEC pathways
were quite sensitive to the availability of electricity in the area.
The effect of GWP on solar PV PEMWE ranged from about 5.29
kg CO, eq per kg of H, in the EU to 3.38 kg CO, eq per kg of H,
in India and 4.24 kg CO, eq per kg of H, in the ROW (Rest of the
World). The PEC PEM reactor produced 1.4 kg CO, eq per kg of
H, in the EU, 1.25 kg CO, eq per kg of H, in IN, and 1.44 kg CO,
eq per kg of H, in ROW. The PEC AEM reactor produced 1.27 kg
CO, eq per kg hydrogen in the EU, 1.17 kg CO, eq in India, and
1.2 kg CO, eq in ROW. The sensitivity analysis shows that the
location where the PV system is manufactured and the instal-
lation location significantly affect the GWP. This is mostly
because of differences in the energy mix, varying solar irradia-
tion and upstream emissions in different regions. The Indian
grid relies largely on coal, which makes it carbon-intensive.
However, the increased energy yield at high-irradiance instal-
lation sites in India counterbalances the higher GWP from PV
module production, thereby reducing the GWP.** Wind PEMWE
showed only small differences between regions, with emissions
of about 1.82 kg CO, eq per kg of H, in the EU and 2.04 kg CO,
eq per kg of H, in India and ROW. Because of cleaner electrical
inputs during turbine production and the lower carbon inten-
sity of the grid during operation, wind energy systems in the EU
have a lower GWP than those in India.*” The sensitivity analysis
highlights the importance of producing hydrogen using
renewable electricity. Implementing renewable hydrogen
systems in regions with high solar insolation and integrating

and upstream PV manufacturing
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Fig. 5 Global warming impacts for 1 kg H, production using various
hydrogen production methods and different energy and electricity
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solar PV with low embedded carbon intensity are key strategies
for minimising environmental impact.

Conclusions

Our study describes the cradle-to-gate life cycle assessment to
understand the environmental impacts of different hydrogen
production methods, such as SMR, wind PEMWE, solar PV
PEMWE, PEC PEM reactor and PEC AEM reactor. Inventories
describing the material, energy, and input required to extract
raw materials, component manufacturing, and reactor
assembly are reported for future follow-up studies. ReCiPe 2016
midpoint (H) is used in the study to categorise the environ-
mental impact into 18 standardised impact indicators. The use
of 18 midpoint indicators ensures a broad and balanced
coverage of environmental impacts, such as fine particulate
matter, freshwater ecotoxicity, global warming, ionising radia-
tion, stratospheric ozone depletion, ozone formation (human
health, terrestrial ecosystem), human toxicity (carcinogenic and
noncarcinogenic), terrestrial acidification, freshwater eutro-
phication, marine eutrophication, ecotoxicity (freshwater,
marine, terrestrial), water consumption, land use and resource
scarcity (fossil, mineral). The key findings of this study can be
outlined as follows.

e According to the LCA study results, PEC PEM has the
highest human carcinogenic toxicity potential (HCTP) and has
a value of 1.5 kg 1,4 DCB-eq per kg H,. This category is mainly
influenced by the PVC production for the reactor frame, which
involves vinyl chloride, a known human carcinogen. The HCTP
for SMR is the lowest among the compared cases, with a value of
0.1 kg 1,4 DCB-eq per kg H,.

e The relatively higher contribution of the MRS in the
photoelectrochemical proton exchange membrane reactor
(100% vs. 21.18% in the case of the PEC AEM reactor) could be
explained using rare earth metals, such as platinum black and
IrRuO,, as a catalyst.

e The hydrogen produced by wind PEMWE has the most
significant environmental burden according to the scarcity of
mineral resources, representing a value of 0.0839 kg Cu-eq per
kg H,.

e In this comparative LCA study, the hydrogen production by
solar PEMWE has the highest fine particulate matter formation
and has a value of 0.83 x 10 2> kg PM 2.5 eq per kg of H,.

e The GWP of SMR is the highest at 13.78 kg CO, eq per kg H,
and is mainly due to the use of fossil fuels. This highlights the
urgent need to move towards renewable energy-based hydrogen
production pathways.

e The findings suggest that hydrogen production by the
photoelectrochemical anion exchange membrane reactor
contributes the least to GWP (1.17 kg CO, eq per kg of H,).

e The sensitivity analysis highlights the importance of
producing hydrogen using renewable electricity. Implementing
renewable hydrogen systems in regions with high solar irradi-
ation and integrating solar PV with low embedded carbon
intensity are key strategies for minimising environmental
impact.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This study serves as an initial attempt to assess the envi-
ronmental implications of the PEC AEM reactor for hydrogen
production. The combined LCA results may guide the transition
from laboratory-scale research to the practical application of
PEC hydrogen reactors. The results presented here highlight the
environmental suitability of the PEC hydrogen reactor, offering
valuable insights into the future eco-design of sustainable
hydrogen production methods. PEC reactors adhere to SDG 7
(Affordable and Clean Energy) and SDG 12 (Responsible
Consumption and Production), with a lower environmental
impact than other hydrogen production technologies. As
mentioned above, the impact may diminish in the near future
owing to increased PEC manufacture, the possible replacement
of membranes and the recycling of components.

Author contributions

V. P.: writing—original draft, visualisation, literature review,
and data collection and analysis. F. K.: conceptualisation,
supervision, writing, review, and critical editing.

Conflicts of interest

The authors declare no competing interests.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article. The data will also be
shared on request.

Acknowledgements

The authors would like to acknowledge the Ministry of Educa-
tion (MoE), India, for the Prime Minister's Research Fellowship
(PMRF ID: 1903325). The authors want to extend their sincere
gratitude to the School of Energy Science and Engineering at IIT
Guwahati for providing the necessary facilities to conduct the
study.

References

1 J. Wiredu, Q. Yang, T. Lu, A. K. Sampene and L. O. Wiredu,
Delving into environmental pollution mitigation: does
green finance, economic development, renewable energy
resource, life expectancy, and urbanization matter?,
Environ. Dev. Sustain., 2025, 1-30, DOI: 10.1007/s10668-024-
05934-2.

2 M. K. Sarmah, T. P. Singh, P. Kalita and A. Dewan,
Sustainable hydrogen generation and storage - a review,
RSC Adbv., 2023, 13, 25253-25275, DOI: 10.1039/d3ra04148d.

3 D. Gayen, R. Chatterjee and S. Roy, A review on
environmental impacts of renewable energy for sustainable
development, Int. J. Environ. Sci. Technol., 2024, 21, 5285-
5310, DOI: 10.1007/s13762-023-05380-z.

4 K. Obata and F. F. Abdi, Bubble-induced convection
stabilizes the local pH during solar water splitting in

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

neutral pH electrolytes, Sustainable Energy Fuels, 2021, 5,
3791-3801, DOI: 10.1039/d15e00679g.

5 M. Iturrondobeitia, O. Akizu-Gardoki, O. Amondarain,
R. Minguez and E. Lizundia, Environmental Impacts of
Aqueous Zinc Ion Batteries Based on Life Cycle
Assessment, Adv. Sustainable Syst., 2022, 6, 2100308, DOI:
10.1002/adsu.202100308.

6 K. Xu, A. Chatzitakis, E. Vgllestad, Q. Ruan, J. Tang and
T. Norby, Hydrogen from wet air and sunlight in a tandem
photoelectrochemical cell, Int. J. Hydrogen Energy, 2019, 44,
587-593, DOL: 10.1016/j.ijhydene.2018.11.030.

7 K. Chau, A. Djire and F. Khan, Review and analysis of the
hydrogen production technologies from a safety
perspective, Int. J. Hydrogen Energy, 2022, 47, 13990-14007,
DOI: 10.1016/j.ijhydene.2022.02.127.

8 P. Chatterjee, M. S. K. Ambati, A. K. Chakraborty,
S. Chakrabortty, S. Biring, S. Ramakrishna, et al.,
Photovoltaic/photo-electrocatalysis integration for green
hydrogen: a review, Energy Convers. Manage., 2022, 261,
115648, DOI: 10.1016/j.enconman.2022.115648.

9 Q. Wang, C. Pornrungroj, S. Linley and E. Reisner, Strategies
to improve light utilization in solar fuel synthesis, Nat.
Energy, 2022, 7, 13-24, DOI: 10.1038/s41560-021-00919-1.

10 B. Liu, S. Wang, G. Zhang, Z. Gong, B. Wu, T. Wang, et al.,
Tandem cells for unbiased photoelectrochemical water
splitting, Chem. Soc. Rev., 2023, 52, 4644-4671, DOL:
10.1039/d3¢cs00145h.

11 I. Holmes-Gentle, S. Tembhurne, C. Suter and S. Haussener,
Kilowatt-scale solar hydrogen production system using
a concentrated integrated photoelectrochemical device,
Nat. Energy, 2023, 8, 586-596, DOI: 10.1038/s41560-023-
01247-2.

12 C. Jiang, S. J. A. Moniz, A. Wang, T. Zhang and ]. Tang,
Photoelectrochemical devices for solar water splitting-
materials and challenges, Chem. Soc. Rev., 2017, 46, 4645-
4660, DOI: 10.1039/c6¢s00306k.

13 A. E. Karaca and I. Dincer, Development of a new
photoelectrochemical system for clean hydrogen
production and a comparative environmental impact
assessment with other production methods, Chemosphere,
2023, 337, 139367, DOI: 10.1016/
j-chemosphere.2023.139367.

14 Y. Bicer and I. Dincer, Assessment of a Sustainable
Electrochemical Ammonia Production System Using
Photoelectrochemically ~ Produced  Hydrogen  under
Concentrated Sunlight, ACS Sustain. Chem. Eng., 2017, 5,
8035-8043, DOI: 10.1021/acssuschemeng.7b01638.

15 M. A. Modestino and S. Haussener, An Integrated Device
View on Photo-Electrochemical Solar-Hydrogen
Generation, Annu. Rev. Chem. Biomol. Eng., 2015, 6, 13-34,
DOI: 10.1146/annurev-chembioeng-061114-123357.

16 C. Acar and I. Dincer, Testing and performance evaluation of
a hybrid photoelectrochemical hydrogen production system,
Int. J. Hydrogen Energy, 2017, 42, 3605-3613, DOI: 10.1016/
j.ijhydene.2016.11.044.

17 L. ]J. Titheridge and A. T. Marshall, Techno-economic
modelling of AEM electrolysis systems to identify ideal

RSC Sustainability, 2025, 3, 4651-4666 | 4663


https://doi.org/10.1007/s10668-024-05934-2
https://doi.org/10.1007/s10668-024-05934-2
https://doi.org/10.1039/d3ra04148d
https://doi.org/10.1007/s13762-023-05380-z
https://doi.org/10.1039/d1se00679g
https://doi.org/10.1002/adsu.202100308
https://doi.org/10.1016/j.ijhydene.2018.11.030
https://doi.org/10.1016/j.ijhydene.2022.02.127
https://doi.org/10.1016/j.enconman.2022.115648
https://doi.org/10.1038/s41560-021-00919-1
https://doi.org/10.1039/d3cs00145h
https://doi.org/10.1038/s41560-023-01247-2
https://doi.org/10.1038/s41560-023-01247-2
https://doi.org/10.1039/c6cs00306k
https://doi.org/10.1016/j.chemosphere.2023.139367
https://doi.org/10.1016/j.chemosphere.2023.139367
https://doi.org/10.1021/acssuschemeng.7b01638
https://doi.org/10.1146/annurev-chembioeng-061114-123357
https://doi.org/10.1016/j.ijhydene.2016.11.044
https://doi.org/10.1016/j.ijhydene.2016.11.044
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00330j

Open Access Article. Published on 02 August 2025. Downloaded on 4/6/2026 11:32:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

current density and aspects requiring further research, Int. J.
Hydrogen Energy, 2023, 49, 518-532, DOI: 10.1016/
j.ijhydene.2023.08.181.

18 Q. Xu, L. Zhang, J. Zhang, J. Wang, Y. Hu, H. Jiang, et al.,
Anion Exchange Membrane Water Electrolyzer: Electrode
Design, Lab-Scaled Testing System and Performance
Evaluation, EnergyChem, 2022, 4, 100087, DOIL 10.1016/
j-enchem.2022.100087.

19 F. Moradi Nafchi, E. Afshari and E. Baniasadi, Anion
exchange membrane water electrolysis: numerical
modeling and electrochemical performance analysis, Int. J.
Hydrogen Energy, 2023, 52, 306-321, DOI: 10.1016/
j-ijhydene.2023.05.173.

20 Y. S. Park, F. Liu, D. Diercks, D. Braaten, B. Liu and C. Duan,
High-performance anion exchange membrane water
electrolyzer enabled by highly active oxygen evolution
reaction electrocatalysts: synergistic effect of doping and
heterostructure, Appl. Catal.,, B, 2022, 318, 121824, DOIL
10.1016/j.apcath.2022.121824.

21 J. W. Ager, M. R. Shaner, K. A. Walczak, I. D. Sharp and
S. Ardo, Experimental demonstrations of spontaneous,
solar-driven photoelectrochemical water splitting, Energy
Environ. Sci., 2015, 8, 2811-2824, DOI: 10.1039/c5ee00457h.

22 A. E. Karaca and I. Dincer, New Photoelectrochemical
Reactor for Hydrogen Generation: Experimental
Investigation, Ind. Eng. Chem. Res., 2022, 61, 12448-12457,
DOI: 10.1021/acs.iecr.2c01855.

23 A. M. M. L Qureshy and I. Dincer, Multi-component
modeling and simulation of a new photoelectrochemical
reactor design for clean hydrogen production, Energy,
2021, 224, 120196, DOI: 10.1016/j.energy.2021.120196.

24 L. Pan, J. H. Kim, M. T. Mayer, M. K. Son, A. Ummadisingu,
J. S. Lee, et al, Boosting the performance of Cu20
photocathodes for unassisted solar water splitting devices,
Nat. Catal., 2018, 1, 412-420, DOIL 10.1038/s41929-018-
0077-6.

25 J. Li, M. Griep, Y. Choi and D. Chu, Photoelectrochemical
overall water splitting with textured CuBi,O, as
a photocathode, Chem. Commun., 2018, 54, 3331-3334,
DOI: 10.1039/c¢7¢cc09041b.

26 J. W. Jang, C. Du, Y. Ye, Y. Lin, X. Yao, J. Thorne, et al.,
Enabling unassisted solar water splitting by iron oxide and
silicon, Nat. Commun., 2015, 6, 7447, DOI: 10.1038/
ncomms8447.

27 F. E. Bedoya-Lora, I. Holmes-Gentle and S. Haussener,
Multiphysics model for assessing photoelectrochemical
phenomena under concentrated irradiation, Electrochim.
Acta, 2023, 462, 142703, DOI: 10.1016/
j-electacta.2023.142703.

28 A. Vilanova, P. Dias, T. Lopes and A. Mendes, The route for
commercial photoelectrochemical water splitting: a review
of large-area devices and key upscaling challenges, Chem.
Soc. Rev., 2024, 53, 2388-2434, DOI: 10.1039/d1¢cs01069g.

29 X. Zhang, M. Schwarze, R. Schomacker, R. van de Krol and
F. F. Abdi, Life cycle net energy assessment of sustainable
H, production and hydrogenation of chemicals in

4664 | RSC Sustainability, 2025, 3, 4651-4666

30

31

32

33

34

35

36

37

38

39

40

41

View Article Online

Paper

a coupled photoelectrochemical device, Nat. Commun.,
2023, 14, 991, DOI: 10.1038/s41467-023-36574-1.

S. Sadeghi and S. Ghandehariun, Environmental impacts of
a standalone solar water splitting system for sustainable
hydrogen production: a life cycle assessment, Int. J.
Hydrogen Energy, 2023, 48, 19326-19339, DOIL 10.1016/
j.ijhydene.2023.01.234.

S. Sadeghi, S. Ghandehariun and M. A. Rosen, Comparative
economic and life cycle assessment of solar-based hydrogen
production for oil and gas industries, Energy, 2020, 208,
118347, DOI: 10.1016/j.energy.2020.118347.

A. Vilanova, P. Dias, T. Lopes and A. Mendes, The route for
commercial photoelectrochemical water splitting: a review
of large-area devices and key upscaling challenges, Chem.
Soc. Rev., 2024, 53, 2388-2434, DOI: 10.1039/d1cs01069g.

S. Haussener, Solar fuel processing: comparative mini-
review on research, technology development, and scaling,
Sol. Energy, 2022, 246, 294-300, DOIL 10.1016/
j-solener.2022.09.019.

P. L. Spath and M. K. Mann, Life Cycle Assessment of Hydrogen
Production via Natural Gas Steam Reforming, National
Renewable Energy Lab.(NREL), Golden, CO (United States),
2000.

K. Bareif3, C. de la Rua, M. Mo6ckl and T. Hamacher, Life
cycle assessment of hydrogen from proton exchange
membrane water electrolysis in future energy systems,
Appl.  Energy, 2019, 237, 862-872, DOL 10.1016/
j-apenergy.2019.01.001.

J. Gerhardt-Morsdorf, J. Incer-Valverde, T. Morosuk and
C. Minke, Exergetic life cycle assessment for green
hydrogen production, Energy, 2024, 299, 131553, DOL:
10.1016/j.energy.2024.131553.

G. Pallas, M. G. Vijver, W. J. G. M. Peijnenburg and J. Guinée,
Life cycle assessment of emerging technologies at the lab
scale: the case of nanowire-based solar cells, J. Ind. Ecol.,
2020, 24, 193-204, DOI: 10.1111/jiec.12855.

C. Orozco, S. Tangtermsirikul, T. Sugiyama and S. Babel,
Examining the endpoint impacts, challenges, and
opportunities of fly ash utilization for sustainable concrete
construction, Sci. Rep., 2023, 13, 18254, DOI: 10.1038/
$41598-023-45632-z.

J. C. Koj, P. Zapp, C. Wieland, K. Gorner and
W. Kuckshinrichs, Life cycle environmental impacts and
costs of water electrolysis technologies for green hydrogen
production in the future, Energy Sustain. Soc., 2024, 14, 64,
DOI: 10.1186/s13705-024-00497-6.

J. M. Yu, J. Lee, Y. S. Kim, J. Song, J. Oh, S. M. Lee, et al.,
High-performance and stable photoelectrochemical water
splitting  cell ~ with  organic-photoactive-layer-based
photoanode, Nat. Commun., 2020, 11, 5509, DOIL: 10.1038/
$41467-020-19329-0.

H. A. Miller, K. Bouzek, J. Hnat, S. Loos, C. 1. Bernéicker,
T. Weildgarber, et al, Green hydrogen from anion
exchange membrane water electrolysis: a review of recent
developments in critical materials and operating
conditions, Sustainable Energy Fuels, 2020, 4, 2114-2133,
DOLI: 10.1039/c9se01240k.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/j.ijhydene.2023.08.181
https://doi.org/10.1016/j.ijhydene.2023.08.181
https://doi.org/10.1016/j.enchem.2022.100087
https://doi.org/10.1016/j.enchem.2022.100087
https://doi.org/10.1016/j.ijhydene.2023.05.173
https://doi.org/10.1016/j.ijhydene.2023.05.173
https://doi.org/10.1016/j.apcatb.2022.121824
https://doi.org/10.1039/c5ee00457h
https://doi.org/10.1021/acs.iecr.2c01855
https://doi.org/10.1016/j.energy.2021.120196
https://doi.org/10.1038/s41929-018-0077-6
https://doi.org/10.1038/s41929-018-0077-6
https://doi.org/10.1039/c7cc09041b
https://doi.org/10.1038/ncomms8447
https://doi.org/10.1038/ncomms8447
https://doi.org/10.1016/j.electacta.2023.142703
https://doi.org/10.1016/j.electacta.2023.142703
https://doi.org/10.1039/d1cs01069g
https://doi.org/10.1038/s41467-023-36574-1
https://doi.org/10.1016/j.ijhydene.2023.01.234
https://doi.org/10.1016/j.ijhydene.2023.01.234
https://doi.org/10.1016/j.energy.2020.118347
https://doi.org/10.1039/d1cs01069g
https://doi.org/10.1016/j.solener.2022.09.019
https://doi.org/10.1016/j.solener.2022.09.019
https://doi.org/10.1016/j.apenergy.2019.01.001
https://doi.org/10.1016/j.apenergy.2019.01.001
https://doi.org/10.1016/j.energy.2024.131553
https://doi.org/10.1111/jiec.12855
https://doi.org/10.1038/s41598-023-45632-z
https://doi.org/10.1038/s41598-023-45632-z
https://doi.org/10.1186/s13705-024-00497-6
https://doi.org/10.1038/s41467-020-19329-0
https://doi.org/10.1038/s41467-020-19329-0
https://doi.org/10.1039/c9se01240k
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00330j

Open Access Article. Published on 02 August 2025. Downloaded on 4/6/2026 11:32:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

42 A. H. Tarique, V. Prasad, S. A. Khan, F. Khalid and
M. H. B. Azami, Mathematical modelling of
a photoelectrochemical anion exchange membrane
electrolyser for sustainable hydrogen production, Int. J.
Hydrogen Energy, 2025, 140, 1233-1240, DOI: 10.1016/
j.ijhydene.2024.11.415.

43 F. Zhang, H. Zhang and C. Qu, Imidazolium functionalized
polysulfone anion exchange membrane for fuel cell
application, J. Mater. Chem., 2011, 21, 12744-12752, DOIL
10.1039/c1jm10656b.

44 S. Shiva Kumar and V. Himabindu, Hydrogen production by
PEM water electrolysis — A review, Mater. Sci. Energy Technol.,
2019, 2, 442-454, DOI: 10.1016/j.mset.2019.03.002.

45 M. Ji and J. Wang, Review and comparison of various
hydrogen production methods based on costs and life
cycle impact assessment indicators, Int. J. Hydrogen Energy,
2021, 46, 38612-38635, DOI: 10.1016/j.ijhydene.2021.09.142.

46 A. M. Sadeq, R. Z. Homod, A. K. Hussein, H. Togun,
A. Mahmoodi, H. F. Isleem, et al, Hydrogen energy
systems: technologies, trends, and future prospects, Sci.
Total Environ., 2024, 939, 173622, DOI: 10.1016/
j-scitotenv.2024.173622.

47 M. L. Parisi, S. Maranghi and R. Basosi, The evolution of the
dye sensitized solar cells from Grétzel prototype to up-scaled
solar applications: a life cycle assessment approach,
Renewable Sustainable Energy Rev., 2014, 39, 124-138, DOI:
10.1016/j.rser.2014.07.079.

48 F. Murphy, G. Devlin and K. McDonnell, Miscanthus
production and processing in Ireland: an analysis of
energy requirements and environmental impacts,
Renewable Sustainable Energy Rev., 2013, 23, 412-420, DOI:
10.1016/j.rser.2013.01.058.

49 A.I. Osman, N. Mehta, A. M. Elgarahy, M. Hefny, A. Al-Hinai,
A. H. Al-Muhtaseb, et al., Hydrogen production, storage,
utilisation and environmental impacts: a review, Environ.
Chem. Lett., 2022, 20, 153-188, DOI: 10.1007/s10311-021-
01322-8.

50 C. A. Correa, C. R. de Santi and A. Leclerc, Green-PVC with
full recycled industrial waste and renewably sourced
content, J. Cleaner Prod., 2019, 229, 1397-1411, DOI:
10.1016/j.jclepro.2019.04.383.

51]J. D. Medrano-Garcia, V. Giulimondi, A. Ceruti,
G. Zichittella, J. Pérez-Ramirez and G. Guillén-Gosalbez,
Economic and Environmental Competitiveness of Ethane-
Based Technologies for Vinyl Chloride Synthesis, ACS
Sustain. Chem. Eng., 2023, 11, 13062-13069, DOIL: 10.1021/
acssuschemeng.3c03006.

52 S. Timmerberg, M. Kaltschmitt and M. Finkbeiner,
Hydrogen and hydrogen-derived fuels through methane
decomposition of natural gas - GHG emissions and costs,
Energy Convers. Manage.:X, 2020, 7, 100043, DOI: 10.1016/
j-ecmx.2020.100043.

53 S. Bilgen and I. Sarikaya, Exergy for environment, ecology
and sustainable development, Renewable Sustainable
Energy Rev., 2015, 51, 1115-1131, DOIL: 10.1016/
j-rser.2015.07.015.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

54 G. S. Mmbando and K. Ngongolo, Environmental & health
impacts of ultraviolet radiation: current trends and
mitigation strategies, Discov. Sustain., 2024, 5, 436, DOL:
10.1007/s43621-024-00698-1.

55 Y. Liu, W. Weng, Q. Zhang, Q. Li, J. Xu, L. Zheng, et al.,
Ozone-Depleting Substances Unintendedly Emitted From
Iron and Steel Industry: CFCs, HCFCs, Halons and
Halogenated Very Short-Lived Substances, J. Geophys.
Res.:Atmos., 2024, 129, 2024JD041035, DOI: 10.1029/
2024JD041035.

56 M. J. Wan, Z. X. Phuang, Z. X. Hoy, N. Y. Dahlan, A. M. Azmi
and K. S. Woon, Forecasting meteorological impacts on the
environmental sustainability of a large-scale solar plant via
artificial intelligence-based life cycle assessment, Sci. Total
Environ., 2024, 912, 168779, DOLI: 10.1016/
j-scitotenv.2023.168779.

57 B. Putman, C. A. Rotz and G. Thoma, A comprehensive
environmental assessment of beef production and
consumption in the United States, J. Cleaner Prod., 2023,
402, 136766, DOI: 10.1016/j.jclepro.2023.136766.

58 S. Malode, R. Prakash and J. C. Mohanta, Comparative LCA
of thermal power plant with CCS and solar PV system:
sustainability assessment in Indian context, Environ. Sci.
Pollut. Res., 2024, 31, 62853-62876, DOI: 10.1007/s11356-
024-35248-9.

59 L. B. Azevedo, R. Van Zelm, A. J. Hendriks, R. Bobbink and
M. A. ]J. Huijbregts, Global assessment of the effects of
terrestrial acidification on plant species richness, Environ.
Pollut., 2013, 174, 10-15, DOI: 10.1016/j.envpol.2012.11.001.

60 M. A. J. Huijbregts, Z. J. N. Steinmann, P. M. F. Elshout,
G. Stam, F. Verones, M. Vieira, et al., ReCiPe2016:
a harmonised life cycle impact assessment method at
midpoint and endpoint level, Int. J. Life Cycle Assess., 2017,
22, 138-147, DOI: 10.1007/s11367-016-1246-y.

61 1. Celik, B. E. Mason, A. B. Phillips, M. J. Heben and D. Apul,
Environmental Impacts from Photovoltaic Solar Cells Made
with Single Walled Carbon Nanotubes, Environ. Sci.
Technol., 2017, 51,4722-4732, DOI: 10.1021/acs.est.6b06272.

62 N. Cosme, M. C. Jones, W. W. L. Cheung and H. F. Larsen,
Spatial differentiation of marine eutrophication damage
indicators based on species density, Ecol. Indic., 2017, 73,
676-685, DOI: 10.1016/j.ecolind.2016.10.026.

63 S. M. Hays and L. L. Aylward, Dioxin risks in perspective:
past, present, and future, Regul. Toxicol. Pharmacol., 2003,
37, 202-217, DOI: 10.1016/S0273-2300(02)00044-2.

64 R. Zahedi, S. F. Moosavian and A. Aslani, Environmental and
damage assessment of transparent solar cells compared with
first and second generations using the LCA approach, Energy
Sci. Eng., 2022, 10, 4640-4661, DOI: 10.1002/ese3.1294.

65 F. Brentrup, J. Kfisters, J. Lammel and H. Kuhlmann, LCA
Methodology Life Cycle Impact Assessment of Land Use
Based on the Hemeroby Concept, Int. J. Life Cycle Assess.,
2002, 7, 339-348, DOI: 10.1065/Ica2002.07.087.

66 M. A. J. Huijbregts, Z. J. N. Steinmann, P. M. F. Elshout,
G. Stam, F. Verones, M. Vieira, et al, ReCiPe2016:
a harmonised life cycle impact assessment method at

RSC Sustainability, 2025, 3, 4651-4666 | 4665


https://doi.org/10.1016/j.ijhydene.2024.11.415
https://doi.org/10.1016/j.ijhydene.2024.11.415
https://doi.org/10.1039/c1jm10656b
https://doi.org/10.1016/j.mset.2019.03.002
https://doi.org/10.1016/j.ijhydene.2021.09.142
https://doi.org/10.1016/j.scitotenv.2024.173622
https://doi.org/10.1016/j.scitotenv.2024.173622
https://doi.org/10.1016/j.rser.2014.07.079
https://doi.org/10.1016/j.rser.2013.01.058
https://doi.org/10.1007/s10311-021-01322-8
https://doi.org/10.1007/s10311-021-01322-8
https://doi.org/10.1016/j.jclepro.2019.04.383
https://doi.org/10.1021/acssuschemeng.3c03006
https://doi.org/10.1021/acssuschemeng.3c03006
https://doi.org/10.1016/j.ecmx.2020.100043
https://doi.org/10.1016/j.ecmx.2020.100043
https://doi.org/10.1016/j.rser.2015.07.015
https://doi.org/10.1016/j.rser.2015.07.015
https://doi.org/10.1007/s43621-024-00698-1
https://doi.org/10.1029/2024JD041035
https://doi.org/10.1029/2024JD041035
https://doi.org/10.1016/j.scitotenv.2023.168779
https://doi.org/10.1016/j.scitotenv.2023.168779
https://doi.org/10.1016/j.jclepro.2023.136766
https://doi.org/10.1007/s11356-024-35248-9
https://doi.org/10.1007/s11356-024-35248-9
https://doi.org/10.1016/j.envpol.2012.11.001
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1021/acs.est.6b06272
https://doi.org/10.1016/j.ecolind.2016.10.026
https://doi.org/10.1016/S0273-2300(02)00044-2
https://doi.org/10.1002/ese3.1294
https://doi.org/10.1065/Ica2002.07.087
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00330j

Open Access Article. Published on 02 August 2025. Downloaded on 4/6/2026 11:32:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

midpoint and endpoint level, Int. J. Life Cycle Assess., 2017,
22, 138-147, DOI: 10.1007/s11367-016-1246-y.

67 L. Depraiter and S. Goutte, The role and challenges of rare
earths in the energy transition, Resour. Policy, 2023, 86,
104137, DOI: 10.1016/j.resourpol.2023.104137.

68 G. Calvo and A. Valero, Strategic mineral resources:
availability and future estimations for the renewable
energy sector, Env. Dev., 2022, 41, 100640, DOI: 10.1016/
j-envdev.2021.100640.

69 S. Zhang, X. He, Y. Ding, Z. Shi and B. Wu, Supply and
demand of platinum group metals and strategies for
sustainable management, Renewable Sustainable Energy
Rev., 2024, 204, 114821, DOI: 10.1016/j.rser.2024.114821.

70 T. A. Z. de Souza, D. H. D. Rocha, A. A. V. ]Julio,
C. J. R. Coronado, J. L. Silveira, R. J. Silva, et al,
Exergoenvironmental assessment of hydrogen water
footprint via steam reforming in Brazil, J. Cleaner Prod.,
2021, 311, 127577, DOI: 10.1016/j.jclepro.2021.127577.

71 X. Ma, L. Ye, C. Qi, D. Yang, X. Shen and J. Hong, Life cycle
assessment and water footprint evaluation of crude steel
production: a case study in China, J. Environ. Manage.,
2018, 224, 10-18, DOI: 10.1016/j.jenvinan.2018.07.027.

72 M. Tawalbeh, A. Al-Othman, F. Kafiah, E. Abdelsalam,
F. Almomani and M. Alkasrawi, Environmental impacts of
solar photovoltaic systems: a critical review of recent
progress and future outlook, Sci. Total Environ., 2021, 759,
143528, DOI: 10.1016/j.scitotenv.2020.143528.

73 Y. Duan, F. Guo, ]J. Gardy, G. Xu, X. Li and X. Jiang, Life cycle
assessment of polysilicon photovoltaic modules with green
recycling based on the ReCiPe method, J. Renewable

Energy, 2024, 236, 121407, DOL  10.1016/
j-renene.2024.121407.
74 D. Prieto, N. Swinnen, L. Blanco, D. Hermosilla,

P. Cauwenberg, A. Blanco, et al., Drivers and economic
aspects for the implementation of advanced wastewater
treatment and water reuse in a PVC plant, Water Resour.
Ind., 2016, 14, 26-30, DOI: 10.1016/j.wri.2016.03.004.

75 H. Sandagomika, S. Salehi and M. Arashpour, Hybrid Life
Cycle Assessment (LCA) of prefabrication: a comparison of
conventional and mixed reality-based solutions, J. Cleaner

4666 | RSC Sustainability, 2025, 3, 4651-4666

76

77

78

79

80

81

82

83

View Article Online

Paper

Prod., 2024, 450, DOL: 10.1016/
j-jclepro.2024.141883.

B. Huang, Y. Wang, Y. Huang, X. Xu, X. Chen, L. Duan, et al.,
Life cycle cost analysis of solar energy via environmental
externality monetization, Sci. Total Environ., 2023, 856,
158910, DOI: 10.1016/j.scitotenv.2022.158910.

S. Singh, S. Powar and A. Dhar, End of life management of
crystalline silicon and cadmium telluride photovoltaic

modules utilising life cycle assessment, Resour., Conserv.

141883,

Recycl, 2023, 197, 107097, DOIL  10.1016/
j-resconrec.2023.107097.

E. Syrrakou, S. Papaefthimiou and P. Yianoulis,
Environmental assessment of electrochromic glazing

production, Sol. Energy Mater. Sol. Cells, 2005, 85, 205-240,
DOL: 10.1016/j.solmat.2004.03.005.

M. Y. Gunasekera and D. W. Edwards, Chemical process
route selection based upon the potential toxic impact on
the aquatic, terrestrial and atmospheric environments, J.
Loss Prev. Process Ind., 2006, 19, 60-69, DOI: 10.1016/
j-jlp.2005.06.002.

H. Huang, Z. Wang, C. Dai, J. Guo and X. Zhang, Volatile
organic compounds emission in the rubber products
manufacturing processes, Environ. Res., 2022, 212, 113485,
DOLI: 10.1016/j.envres.2022.113485.

G. Di Florio, I. Pucher, P. Todeschi, M. C. Baratto, R. Basosi
and E. Busi, Assessment of semi-organic electrolytes for
redox flow battery: life cycle assessment as a tool to steer
industry toward green chemistry, J. Cleaner Prod., 2022,
343, 130899, DOI: 10.1016/j.jclepro.2022.130899.

R. K. A. Joshua and K. A. Subramanian, Comparative
performance and emission analysis of internal combustion
engine and battery electric vehicle under modified Indian
drive cycle, Process Saf. Environ. Prot., 2024, 190, 211-220,
DOI: 10.1016/j.psep.2024.08.053.

A. A. Khan, C. Reichel, P. Molina, L. Friedrich, D. M. Subasi,
H. Neuhaus, et al, Global warming potential of
photovoltaics with state-of-the art silicon solar cells:
influence of electricity mix, installation location and
lifetime, Sol. Energy Mater. Sol. Cells, 2024, 269, 112724,
DOLI: 10.1016/j.solmat.2024.112724.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1016/j.resourpol.2023.104137
https://doi.org/10.1016/j.envdev.2021.100640
https://doi.org/10.1016/j.envdev.2021.100640
https://doi.org/10.1016/j.rser.2024.114821
https://doi.org/10.1016/j.jclepro.2021.127577
https://doi.org/10.1016/j.jenvman.2018.07.027
https://doi.org/10.1016/j.scitotenv.2020.143528
https://doi.org/10.1016/j.renene.2024.121407
https://doi.org/10.1016/j.renene.2024.121407
https://doi.org/10.1016/j.wri.2016.03.004
https://doi.org/10.1016/j.jclepro.2024.141883
https://doi.org/10.1016/j.jclepro.2024.141883
https://doi.org/10.1016/j.scitotenv.2022.158910
https://doi.org/10.1016/j.resconrec.2023.107097
https://doi.org/10.1016/j.resconrec.2023.107097
https://doi.org/10.1016/j.solmat.2004.03.005
https://doi.org/10.1016/j.jlp.2005.06.002
https://doi.org/10.1016/j.jlp.2005.06.002
https://doi.org/10.1016/j.envres.2022.113485
https://doi.org/10.1016/j.jclepro.2022.130899
https://doi.org/10.1016/j.psep.2024.08.053
https://doi.org/10.1016/j.solmat.2024.112724
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00330j

	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor

	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor

	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor
	Solar to sustainability (S2S): a comparative life cycle assessment of hydrogen production with a focus on a photoelectrochemical anion exchange membrane reactor


