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Photoelectrochemical (PEC) water splitting is a potentially promising technology for renewable hydrogen
production, addressing the growing demand for clean and sustainable energy sources. However, current
PEC production of hydrogen is still not cost-competitive. A strategic approach to enhance the economic
competitiveness of PEC-generated hydrogen is to couple it to selected homogeneous catalytic hydro-
genation reactions to synthesize higher-value chemicals. Our previous studies have shown that combin-
ing PEC with these hydrogenation reactions effectively reduces the cost of hydrogen, but the lifecycle
environmental impact of such a system is still unclear. In this study, we perform a life cycle analysis of a
prospective large-scale coupled PEC hydrogenation system to evaluate its overall environmental impacts
and compare them with the benchmark hydrogen production methods. Three coupled hydrogenation
pathways were examined based on their previously demonstrated economic viability. Our results indicate
that coupling hydrogenation reactions significantly mitigate the system’s negative environmental impacts
across its lifecycle, with the hydrogenation of itaconic acid to methyl succinic acid offering the highest
reduction in cumulative energy demand (CED) and the addition of acetophenone to 1-phenylethanol
hydrogenation demonstrating the most significant reduction of global warming potential (GWP). Notably,
adding phenol-to-cyclohexanol hydrogenation, despite being economically attractive, produces higher
environmental burdens, making it less favorable. Sensitivity analysis highlights the pivotal roles of solar-to-
H, efficiency, H,-to-chemicals conversion, and system longevity in reducing the system’s environmental
impact. Overall, our study emphasizes that careful selection of the coupled hydrogenation pathways can
substantially enhance the sustainability of the PEC system and underscores the potential of integrated
solar-driven hydrogenation processes.

1. This study employs thorough life-cycle analysis (LCA) to evaluate the environmental benefits of in situ coupling of photoelectrochemical (PEC) hydrogen
production with selective hydrogenation reactions as a pathway to decarbonize chemical manufacturing.

2. Coupling hydrogenation reactions significantly reduces lifecycle environmental impacts compared to standalone PEC hydrogen production, with acetophe-
none hydrogenation showing the most substantial improvements. This LCA clearly advances over previous technoeconomic analysis work by quantifying for
the first time the environmental trade-offs and identifying pathways that enhance both economic and ecological sustainability.

3. In future work, this LCA framework can guide the design of integrated PEC systems and inform research efforts toward more sustainable solar-driven

hydrogenation processes.
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Introduction

The rising anthropogenic carbon dioxide (CO,) concentrations
in the atmosphere due to the use of fossil-based resources
have resulted in global warming and associated environmental
issues. One of the most important strategies to tackle this
enormous challenge is transitioning our energy use from fossil
fuels to sustainable and renewable sources." However, most
renewable sources (e.g., solar, wind) are inherently intermit-
tent. Therefore, storage options are required to ensure a con-
tinuous supply of energy. Hydrogen has been considered a
clean energy carrier due to its environmentally benign reaction
with oxygen to release the stored energy, producing no down-
stream CO, emissions. In this context, storing renewable
energy in the form of compressed hydrogen supports the inte-
gration of intermittent sources into the energy system.
Depending on the availability, energy can be used immediately
or delayed after its generation, providing flexibility to manage
supply and demand. This flexibility offers additional degrees
of freedom to use energy more efficiently, minimizing waste
and maximizing the environmental benefits of renewables.

Unfortunately, hydrogen is currently produced almost exclu-
sively from fossil fuels, primarily through steam methane
reforming (SMR), which annually consumes 205 billion m* of
natural gas and emits 820 Mt of CO,.2 To avoid these emission,
renewable approaches to generate hydrogen have been con-
sidered. Table S1 in the Supplementary Information (SI) sum-
marizes the global warming potential (GWP) of current hydro-
gen production methods, encompassing both renewable and
non-renewable pathways. Among these, wind-powered electro-
lysis currently exhibits the lowest GWP (0.6 kg CO,-eq per kg
H,).*> Although the approach is at its nascent technological
development phase, photoelectrolysis also promises low GWP
and has been considered as a green and sustainable alternative
to produce hydrogen from sunlight. In general, two
approaches can be used: (i) indirectly by combining photovol-
taic cells and electrolyzers (PV-EC) and (ii) directly in photo-
electrochemical (PEC) cells. To this end, PV-EC systems are
technologically mature, and up to 30% solar-to-hydrogen
(STH) efficiencies have been demonstrated.* Meanwhile, the
technological readiness level (TRL) of PEC systems is lower
(TRL 3-5),% but laboratory-scale demonstrations have reported
STH efficiencies up to ~20%.%” Despite these encouraging
achievements, implementing green hydrogen production from
sunlight is still challenging due to its high cost. Several
technoeconomic assessment (TEA) studies reported that the
levelized cost of hydrogen (LCOH) from photoelectrolysis
(either PV-EC or PEC) is expected to be ~6-10 USD per kg,***
which is much higher than that produced from SMR (~1.4
USD per kg).

One approach that has been proposed to improve the
overall competitiveness of solar-driven hydrogen is to integrate
chemical synthesis within the same device. For example,
researchers have considered replacing oxygen evolution with
reactions that generate valuable chemicals from biomass-
based or waste feedstocks (e.g., glycerol oxidation, 5-hydroxy-
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methylfurfural oxidation, lignin oxidation)."*™'® Alternatively,
hydrogen generation can be coupled with its direct use or
application in the same device. Such an integration potentially
reduces the balance-of-system costs, and if the direct use of
the generated hydrogen yields valuable products, the overall
system competitiveness can be improved.'”” We have recently
introduced and demonstrated the concept of coupling PEC
hydrogen production and hydrogenation in a single device,®
based on the Type 3 PEC configuration described by James
et al’® In that system, PEC-generated hydrogen was used
in situ for the coupled homogeneous hydrogenation reaction
of itaconic acid (IA) to methyl succinic acid (MSA). A coupling
efficiency (H,-to-MSA conversion) of ~50% was demonstrated,
i.e., ~50% of the generated hydrogen molecules was directly
used to hydrogenate IA to MSA, while the remaining ~50%
was collected as gaseous hydrogen. A net energy balance
assessment revealed that integration of the hydrogenation of
IA to MSA within the PEC system improves the net energy
balance and decreases the energy payback period.”° In
addition, TEA showed that the LCOH could be dramatically
reduced by coupling PEC hydrogen production and hydrogen-
ation, to a point that it becomes cost-competitive with hydro-
gen production from SMR.'® The TEA study has been
expanded recently to include other hydrogenation reactions. In
addition to IA to MSA, coupling the hydrogenation of phenol
to cyclohexanol and acetophenone (ACP) to 1-phenylethanol
was found to impact the economic competitiveness positively
by decreasing the LCOH."”

With the coupled PEC hydrogenation concept shown to be
attractive from the net energy and economic perspective, its
overall impact on the environment and resource utilization
remains unknown. Therefore, in this study, we investigate how
coupling the hydrogenation reaction inside a PEC hydrogen
production system would affect its life cycle environmental
impact. We consider three hydrogenation reactions that are
potentially profitable: IA to MSA, phenol to cyclohexanol, and
acetophenone to 1-phenylethanol (see Tables S2 and S3). Note
that all the corresponding products find their use in various
industrial-scale chemical processes and applications. A com-
parison between scaled-up systems (equivalent production of
1000 kg H, per day) that generate these different co-products
is conducted to identify the most environmentally friendly
option. Comparative analysis at much larger scale (equivalent
to 50 000 kg H, per day) is also performed to investigate the
impact of economies of scale; a recent study—albeit focusing
on the Type 2 ‘Z-scheme’ photocatalytic system instead of
PEC—demonstrated that such a large-scale implementation
could reduce the GWP per kg hydrogen by 18%.>" Several
assessment methods are utilized to calculate a total of 18
indicators, covering a diverse set of environmental impacts,
ranging from climate change, ozone depletion, human health
effects, and resource depletion. Finally, the environmental per-
formance of the coupled processes is compared with bench-
mark figures of other competing hydrogen production
methods, such as conventional SMR and PV-EC, to assess the
implementation potential of the coupled reactions.

This journal is © The Royal Society of Chemistry 2025
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Methodology
LCA methodology

We followed LCA standards specified by the International
Organization for Standardization (ISO),**> 15014040 and
1SO14044, together with the principles and framework estab-
lished by the Techno-Economic Assessment (TEA) & Life Cycle
Assessment (LCA) Guidelines for CO, Utilization (version
1.1).*® The guidelines provide a specific protocol for multi-
functional carbon capture and utilization (CCU) plants, which
was subsequently adapted for the PEC system in this study. A
“cradle-to-gate” system boundary was adopted, in which the
PEC-produced hydrogen and hydrogenated chemicals were
assumed to be free of downstream emission after leaving the
plant gate. All impacts related to raw materials, product manu-
facturing, and decommissioning were considered. This LCA is
divided into four principal stages: (i) goal and scope defi-
nition, (ii) life cycle inventory (LCI), (iii) life cycle impact
assessment (LCIA), and (iv) interpretation of results, as
described in the following.

Goal and scope definition. The goal of this LCA is to assess
the lifecycle environmental impacts associated with a prospec-
tive large-scale coupled PEC hydrogenation system that co-pro-
duces value-added chemical products, including MSA,>* ¢
cyclohexanol,”” and 1-phenylethanol.”® The technical feasi-
bility of performing hydrogenation reactions that generate
these target chemicals at conditions relevant to PEC hydrogen
production has been demonstrated in these literature. Fig. 1
presents the cradle-to-gate system boundary that was used for
this LCA, encompassing raw material acquisition, reactor
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assembly, system operation, and end-of-life disposal. Similar
to previous studies by Shaner et al.® and James et al.,'® the
scrap value and the disposal of the system were not con-
sidered. Since the PEC reactor area is an important metric
used to quantify the scale of such systems, the functional unit
(FU) of this LCA is defined as 1 m” of photo absorber. The life
cycle impacts of the generated hydrogen and the hydrogen-
ation products are expressed in the units of MJ kg™* H, and M]
kg™' chemical products, respectively. All data regarding the
manufacturing of raw materials, assembly of PEC devices, and
installation were derived based on average values in Germany.
The electric-to-primary energy conversion coefficient was deter-
mined based on the default value found in the Ecoinvent data-
base (version 3).>° System components with significant
impacts were then identified through sensitivity analysis to
provide insights for further optimization.

Life cycle inventory (LCI). Practical life cycle data were gath-
ered from both Ecoinvent v3.5 databases and the literature, or
were calculated if the data for specific processes or materials
were not available. Then, the product system was modelled
based on the LCA goal and scope. The material and energy
flows throughout the life cycle of the coupled PEC hydrogen-
ation system, accounting for both raw material synthesis and
device fabrication, are listed in Table S4. All the data were con-
verted to conform to their predefined functional units. Most
LCI data was extracted from the literature’’?° and the
Ecoinvent database® to build the target scenarios in SimaPro
(v9.3.0.3). New processes were created in SimaPro where the
data was not present in the database or could not be extracted
from existing literature. The LCI data for specific production
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Plant Decommissioning
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consumption

End of life treatment
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Fig. 1 Block diagram of the “cradle-to-gate” system boundary of the coupled hydrogenation PEC system considered in this study.

This journal is © The Royal Society of Chemistry 2025

Green Chem., 2025, 27,12967-12984 | 12969


https://doi.org/10.1039/d5gc02117k

Published on 29 August 2025. Downloaded on 3/15/2026 12:48:17 AM.

Paper

pathways were determined based on their respective synthesis
mechanisms, the chemical and physical properties of the sub-
stances involved, and the associated energy consumption of
the processing steps. For example, for the spray pyrolysis
process of BiVO,, thermodynamic modelling was performed
using practical laboratory data and additional estimated
parameters.>°

Life cycle impact assessment (LCIA). The extensive input
and output data from the LCI were systematically classified
into relevant environmental impact categories. Emission
flows identified during the inventory phase were assigned to
one or more of these categories. For each category, the
emissions were aggregated using characterization factors
based on the chemical and physical properties of the
respective substances. Several built-in LCA methods in
SimaPro were applied, including cumulative energy demand
(CED),*° IPCC 2013 global warming potential (GWP) 100a,*!
and ReCiPe 2016 Midpoint (Hierarchist, H) impact assessment
method,®® to characterize the potential impact at the
midpoint level. Each midpoint impact category comprises mul-
tiple indicators that quantify specific environmental mecha-
nisms or processes within that category. To determine the eco-
logical profile at the endpoint level, expressed as Eco-points,
normalization and weighting were applied based on a hierar-
chist (H) perspective.

According to ISO 14044, three steps need to be considered
for allocation. The first step (Step 1) suggests avoiding allo-
cation by subdividing the system or expanding boundaries.
This is not applicable in our case due to the inherent multi-
product nature of our coupled hydrogen-hydrogenation
system. Step 2 suggests physical allocation based on, e.g., mass
or energy content. As H, is not only a final product in our
system but also an intermediate used for producing down-
stream chemicals, allocating impacts physically between H,
and the hydrogenated product would be artificial and could
misrepresent the process. Finally, Step 3 suggests the use of
economic allocation based on the relative market value of each
product. We also consider it less suitable as the prices of speci-
alty chemicals can vary widely with time and region, introdu-
cing potential inconsistencies in the assessment. Given these
considerations, our study applied a substitution method for
product-specific impact assessments (as outlined in the
Techno-Economic Assessment & Life Cycle Assessment
Guidelines for CO, Utilization), considering the amount of
environmental burden avoided by coupled hydrogenation
(versus conventional hydrogenation) to offset the adverse
impacts of the PEC system (Fig. S1a). Therefore, if the avoided
burden from the hydrogenation products exceeds the overall
impact of the system, the resulting impacts of hydrogen can
even be negative. Eqn (1) and (2) were used to calculate the
CED and the GWP per kg of H, produced from the PEC system
once the substitution method was applied. The CED and GWP
of the feedstocks and hydrogenation products were obtained
from the literature or calculated using SimaPro based on their
conventional manufacturing process. The specific process flow
diagrams (PFD) outlining the major steps of device and
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system-level processing, which form the foundation for the
SimaPro calculations, are depicted in Fig. S2.
CEDcap + CEDopp + CEDpg — CEDhydrogenation

CEDyy 1, = 1
§- gz)Hz_collected ( )

GWPcap + GWPop + GWPpg — GWPhydrogenation

¢H2 _collected

GWPyy i, =

(2)

CEDcyp is the energy cost to construct the entire system,
including all its components, CEDop is the energy consumed
during the system’s operational lifetime, CEDpg is the energy
cost for decommissioning, and CEDpydrogenation 1S the energy
needed to produce hydrogenation products using their conven-
tional manufacturing method (i.e., the amount of energy that
can be avoided if they were produced in a coupled PEC hydro-
genation system). Similar definitions can be taken for the
GWP parameters, except that they refer to the global warming
potential instead of energy. @y, coliectea 1S the amount of H,
collected after the reaction.

Finally, while we do not consider the ISO 14044 Step
3 method (i.e., economic allocation) preferable due to market
volatility and uncertainty, we have also included it as a com-
parison in this study to provide a more comprehensive view of
possible allocation outcomes. A schematic diagram of the
method is shown in Fig. S1b.

Interpretation of results. The LCIA results of the coupled
PEC hydrogenation system provide critical insights into the
materials and process contribution to various environmental
impact indicators in the interpretation stage. Prominent con-
tributors to the overall impact were identified as environ-
mental hotspots. Sensitivity analyses were then conducted to
identify the most influential factors for further optimization.
Based on this model, key parameters that can effectively
reduce the overall emissions from PEC hydrogen production
were identified. Various impact indicators (e.g., global
warming, particulate matter concentration, and acidification)
were also included to ensure a holistic approach to the LCA
and quantify the environmental impacts of renewable pro-
duction of value-added chemicals.

Description and assumptions of the PEC facility

The engineering design of the employed plant-scale system
was derived from the technoeconomic guidelines outlined in
the US Department of Energy (DOE) Task 5.1 report on PEC
hydrogen production systems.'® Modifications (i.e., additional
separation facility, piping connections, etc.) were made to
accommodate the coupling of our PEC process with a catalytic
hydrogenation reaction, adjusting key design aspects to suit
this integrated approach. Furthermore, several parameters
were updated to reflect the specific geographic and temporal
conditions considered in our study, including solar resource
data from the European Commission’s Photovoltaic
Geographical Information System (PVGIS) in 2024.°%%*
Additional region-specific factors, such as European water®
and electricity tariffs,>® as well as market prices for precious

This journal is © The Royal Society of Chemistry 2025
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metals, were also incorporated into the model.*” This study
assumed that electricity for system operation would be sup-
plied from the German electricity grid, which features a
diverse energy mix of renewable and non-renewable sources.
In 2024, approximately 60% of electricity generated in
Germany was derived from renewable energy sources.>®

The base case scenario of the coupled PEC hydrogenation
system scale is described by the following main parameters: (i)
an STH efficiency of 10%, (ii) a lifetime of 20 years, and (iii) a
H,-to-chemicals conversion coefficient of 10% (i.e., when the
system is co-producing hydrogenation chemicals). In this study,
faradaic efficiency (FE) is considered when calculating the hydro-
gen production at the electrode, which should not be confused
with H,-to-chemicals conversion. The latter describes the frac-
tion of hydrogen (generated at the electrode) that is directly uti-
lized in the coupled hydrogenation process. Different values of
FE are considered in the sensitivity analysis section for different
hydrogenation reactions based on the reported literature. For
example, Obata et al. have reported a FE close to 100% in their
study on itaconic acid to methyl succinic acid conversion.*
However, for the hydrogenation of phenol to cyclohexanol and
acetophenone to 1-PE, the reported FE is only 70% and 76%,
respectively.’>*! Additional baseline production parameters are
listed in Table S5. In particular, the assessed co-generation scen-
ario is based on a hypothetical large-scale PEC facility with
1000 kg H, per day production capacity. The fixed flat panel
array design was adapted from the Type 3 PEC configuration
reported by James et al.'® Ravilla et al. also reported the Type 3
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configuration which facilitates comparative LCA between our
coupled PEC hydrogenation system and prior research.*” The
construction of the PEC device is derived from our previously
reported 50 cm” demonstration devices,” comprising a BiVO,
top absorber, a silicon heterojunction (SHJ) bottom absorber, a
deposited platinum catalyst, an ion exchange membrane, as well
as separate inlets and outlets for unassisted solar water split-
ting.?® Fig. 2a presents the simplified schematic configuration of
the PEC device. The homogeneous catalyst and feedstock are dis-
solved in the catholyte (i.e., an aqueous solution of potassium
phosphate). Within the cell, the coupled hydrogenation reaction
occurs in the catholyte compartment, where the generated H,
hydrogenates substrates to valuable chemical products with the
assistance of the homogenous catalyst. For all investigated
coupled hydrogenation reactions, we assumed the use of the
same homogeneous catalyst, i.e., Rh-TPPTS, with the same con-
centration. Although each reaction would typically require
different catalysts and concentrations, this assumption simpli-
fies calculations, as the resulting impacts exhibit minimal sensi-
tivity to catalyst variations. Finally, the device is assumed to
degrade at a constant annual rate of 1% throughout its oper-
ational lifetime.

Fig. 2b shows the structure of a PEC panel, which is assumed
to be fixed at an optimum tilt angle throughout the year, with
each panel comprising multiple cells. The panel framework was
adapted from the report of Sathre et al.** The PEC array includ-
ing balance-of-system (BOS) is shown in Fig. 2¢, and the baseline
system layout (Fig. 2d) has a total 118 778 m® capture area

(b)

( d ) Water feedstock

The PEC field

Downstream
chemical consumers

Hydrogen
fueling station

Fig. 2 Schematic illustration of the 1000 kg H, per day production PEC system at different levels: (a) photoelectrochemical cell with coupled
hydrogenation. Here, H, generated at the cathode is utilized directly to hydrogenate feedstock to valuable product with the help of homogeneous
catalyst dispersed in the catholyte. Illustrations of the corresponding (b) PEC panel, (c) PEC array layout and (d) facility layout are also shown. The
facility is depicted to be located close to the applications (i.e., H, fuelling station and downstream chemical consumers) for visualization purpose.
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(corresponding to 59 389 panels of 1 x 2 m? and 60 arrays each
containing approximately 1000 panels). The layout of the array
and the entire facility followed a large-scale energy balance
study** with additional facilities for feedstock and product separ-
ation. Each array was assumed to be equipped with gas com-
pression and storage infrastructure for the daily production of
H,. Furthermore, adjacent panels are positioned with an end-to-
end spacing of 0.5 meters and the spacing between rows of
panels was set to be 6 meters based on a 10° tilt angle*® to miti-
gate shading losses due to adjacent panels when the sun is low
in the sky. Last, this study models a hierarchical network of con-
duits to transport gas and fluids.

For PEC systems with coupled hydrogenation reactions,
additional pipe networks were included for the delivery of the
products to the separation facility. The schematic diagram of
the coupled PEC hydrogenation system in this study is shown
in Fig. S3, which illustrates the connections between system
components and flows. Within the system, it is assumed that
90% of the total surface area of the panel is the active solar col-
lection area, and the remaining 10% is inactive due to struc-
tural or other requirements.'®***® Since the size of individual
cells does not significantly influence the overall impact of a
panel, the panel was assumed to comprise multiple PEC cells
ranging from 50-100 cm” which represents one of the largest
cell sizes reported to date.*® The device performance and oper-
ational parameters were used to determine the annual amount
of hydrogen produced by the PEC system (®u, produce,; i kg)
according to the following equation:

Isunlight X NgtH X 365 X Aactive X d’
LHVy,

(3)

QHz_produced,i =

where Igniigne is the solar intensity (3.43 kWh m™ day ™', the
average value over the whole year for Germany), ngry is the
STH efficiency, A,.ive 1S the active area, ¢ is the system capacity
factor (we assume 90% of the panels are working on average
during the operation time) and LHVy, is the lower heating
value of H, (33 kWh kg™ or 120 MJ kg™ "). Note that the system
capacity factor used in this study should not be misunderstood
as the more common PV capacity factor.

The percentage of the in situ generated H, consumed to
generate value-added products is defined by the H,-to-chemi-
cals conversion coefficient (). Our different assessment
scenarios considered y from 0% to 60%, but the base-case
value was assumed to be 10%, which has been reported experi-
mentally'® and at which the system can also reach favourable
economic conditions.”” The amount of H, consumed
(P, consumea) in the reaction is a product of x and the amount
of H, produced on the cathode (Pu, produced,:) (€€ eqn (4)).

(sz_consumed,i =puX ¢Hz_produced,i (4)

The amount of H, collected after the reaction (@, coliectea)
is calculated by eqn (5):

(sz,colIectedj = (1 - /") X ¢H2,produced,i- (5)
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And the annual amount of hydrogenation products gener-
ated (Phydrogenation,;) and feedstocks consumed (Preedstock,i) €an
be determined using eqn (6) and (7), respectively:

q)HZ _consumed,i Vhydrogenation

X Mhydrogenation X

@y, fon.i =
ydrogenation,i
My, Un,

(6)

¢H2 _consumed,i Vfeedstock (7)

X Mfeedstock X

Deeedstock =
My, vy,

where My, Hpydrogenation aNd Mpeedstock are the molecular
masses of H,, the hydrogenation product and the feedstock,
respectively. vy, Unydrogenation) aNd Vgeedstock are the stoichio-
metry coefficients for H,, the hydrogenation product and the
feedstock, respectively (see Table S2).

System energy and material flows

PEC reactor subassembly. The energy and materials con-
sumed to manufacture the system components were calculated
based on both experimental data and available literature.
Energy requirements for producing the cells, including
material sourcing and cell manufacturing, are based on our
previous net energy balance analysis.”® By dividing the total
impact by the total product yields, the impact of subassembly
was translated into the equivalent impact per unit product.
Impactey, which is the primary impact of the PEC cell, was cal-
culated based on a bottom-up approach from the impact of
each part and subpart (see eqn (8)):

Impathell = Zlmaterial X W material + Zlutility X Wutility
+ quuipment (8)

where Iaerial iS the impact, i.e., CED or GWP, of raw materials
(kWh kg™ H, or kg CO,-eq per kg Hy), Winaterial iS the amount
of material used (kg m™2), Iy is the impact of the electricity
(kWh kWh™, kg CO,-eq per kWh) or water (kWh m™>, kg CO,-
eq per m®), Waility 18 the amount of electricity and water used
(kWh m™ and m® m™?), Iequipment i the equivalent CED or
GWP of the equipment to produce a unit area of a cell over its
entire lifetime (kWh m™> or kg CO,-eq per m?).

The bottom absorber of the coupled PEC device examined
in this study features a silicon heterojunction (SHJ) cell manu-
factured without front metal contacts. A study by Louwen et al.
reported an emission of 20 g CO, eq. per kWh for the SHJ cell
in their LCA."” Here, this number was re-evaluated for a single-
sided metallized SHJ cell by excluding half of the materials
and energy allocated to the metallization process.

The BiVO,-based photoanode top absorber was taken to be
directly deposited on the indium tin oxide (ITO) layer of the
SHJ cell. The material consumption and fabrication steps were
derived from our prior work on spray-pyrolyzed BiVO,.*?
Currently, industrial-scale data is unavailable for fabrication of
the BiVO, layer. Thus, the energy consumption and emission
associated with this process were estimated based on the lab-
oratory-scale fabrication conducted in our lab by applying an
additional exponential scaling-up factor of 0.5."°
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The oxygen and hydrogen evolution catalysts, namely,
30 nm cobalt phosphate (Co-P;) and 20 nm Pt, were assumed
to be electrodeposited onto BiVO, and solar-grade glass,
respectively. The reported energy usage for the electrodeposi-
tion of thin film coatings is 1.54 kWh m~>*® which includes
the energy used during the dipping (0.125 kWh m™> min™%),
rinsing, drying, and calcination steps. In this study, a
15-minute dipping treatment was assumed. The estimated
primary energy requirements for the electrodeposition of Co-P;
and Pt are 20.1 MJ] m~2 and 13 MJ m™?, respectively.>°

Nafion (CF,=CFO-C3;Fs-0O-C,F,-SO,F) was assumed to be
the ion-conducting, gas-impermeable membrane in the PEC
device. Due to the absence of this material in the Ecoinvent
database, a new model was established in SimaPro to simulate
the step-by-step synthesis process described by Duclos et al.:**
(i) copolymerization of tetrafluoroethylene and a perfluoroalkyl
sulfonyl fluoride,*® (ii) an industrial scale extrusion process,
and (iii) hydrolysis of the sulfonic groups with a hot solution
of sodium hydroxide (NaOH) or potassium hydroxide (KOH)
and conversion of the ionomer by a strong acid, such as nitric
acid (HNO3).

A transparent glass cover and a PVC chassis were con-
sidered for the device encapsulation. The energy consumption
and emission associated with ancillary processes, including
miscellaneous chemicals,®® water pumping and cleaning,>
and environmental control of the manufacturing facilities,>
were disaggregated from existing PV-related LCA studies. The
PEC reactor subassembly incorporates feedwater pumps and
manifold pipes made from poly vinyl chloride (PVC), which
transport electrolytes and liquid products in the system. The
lengths of various pipes sizes were recalculated from the DOE
report based on the facility parameters.'® Detailed information
regarding the energy and materials consumption for fabricat-
ing and installing the PEC reactor was adopted from our pre-
vious study.>°

Balance of system (BOS). The PEC panels include a struc-
tural frame for mounting multiple PEC cells, onboard moni-
toring and diagnostics sensors, and pipe manifolds for deliver-
ing fluids to and from each cell. To anticipate the possibility of
electrolyte leakage, low-density polyethylene (LDPE) tanks were
assumed to be installed under each individual panel.*®
Considering all panel components, the total weight is esti-
mated to be 720 and 1300 kg without and with electrolyte,
respectively.** The transportation of panels from the factory to
the facility is also included, assuming a 300 km truck trans-
port.** Every ten years (replacement cycle), the panels will be
dismantled from the array, and new components (PEC cells,
manifolds, sensors) will be installed in the same steel
framework.

We assumed deionized water as the electrolyte and the
thickness of the two chambers containing electrolyte within
the PEC cells is 1 ecm.>” Each panel contains approximately 540
liters of electrolyte, contributing to a total of 820000 m> of
electrolyte within the entire facility. A water treatment facility
employing a reverse osmosis/electrodeionization (RO/EDI)
method provides the daily water supply.®®*® The facility
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capacity supports a peak water flow rate of 2 m> per hour for
the entire system.** The water supplied for PEC production
must meet high purity standards, with a resistivity >1 MQ cm
at 25 °C and minimum ion concentration to prevent contami-
nation of the electrochemically active surfaces. The consump-
tion of utilities, chemicals, and other consumables utilized
throughout the RO/EDI process has been accounted for in the
operations and maintenance (O&M) section.”® Additionally,
the waste management of the RO concentrate has been con-
sidered, resulting in an added energy consumption and emis-
sion for treated water.®® This study focuses solely on the
energy and material consumption associated with the water
treatment process, assuming that the embodied energy of the
RO hardware is negligible. Water usage during the hydrogen
production process was calculated based on stoichiometric
requirements, along with an additional 1% evaporation factor.
Furthermore, it is estimated that 25 liters per year per m> of
water will be consumed for the cleaning of the panel surface,
this value is derived from a utility-scale photovoltaic systems.®*
Water pumps were assumed to operate only during the hydro-
gen production phase and for several hours thereafter. The
water feed is managed using industrial electric water pumps,®
with energy consumption estimated based on values reported
by Plappally et al.®

The gas handling system consisting of PVC piping, blowers,
a 2-stage gas compressor, and a condenser/cooler was
assumed to be employed to collect, compress, separate and
deliver the H, gas produced to the collection station/pipeline,
operating at 1200 liters per min under peak H, production.
The compressor’s capacity is sized based on the maximum
annual hydrogen production, coinciding with periods of
maximum solar irradiance, and it operates at a reduced
capacity on days with lower production. The condenser/cooler
unit lowers the gas temperature and removes water vapor
before the gas enters the compressor. Electricity consumption
for gas handling is based on literature from industries and cal-
culations.®® Through the 300 km pipeline, a pressure drop of
the gas is expected, and finally re-compression to 300 psi for
delivery also requires additional energy input. The energy
content (i.e., the energy usage during the manufacturing
process of the device) of the gas blower, dryer, and compressor
hardware is based on Koornneef et al,*® assuming linear
scaling with capacity.

In addition, on-site storage was implemented to buffer
intermittent diurnal production and enable on-demand H,
production similar to SMR. The maximum storage capacity for
daily production was considered when calculating the storage
capacity for H, and chemical products.®® For H, storage, the
calculation of the capacity using the ideal gas law leads to the
storage volume needed for 1000 panels (one field) being about
300 m? at 300 psi at a temperature of 20 °C. Type I compressed
hydrogen (CH,) storage tanks were assumed to be utilized on
site, made of carbon fibers and epoxy resin, and sized and
designed according to Peters et al.®”’°® Sensitivity parameters
include allowable metal stress, corrosion allowance, and valves
and fittings allowance. For chemical storage, high-density poly-
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ethylene (HDPE) and low-density polyethylene (LDPE) contain-
ers are used to store dry powder chemicals and the associated
LCI data was derived from Treenate et al.”®

The envisioned monitoring system consists of multiple
sensors at the panel, array, and facility level, including temp-
erature, pH, pressure, and flow sensors. These sensors trans-
mit data to a central control center via a wireless network.
Facility operations require mobile cranes and flatbed trucks
operating 12 hours a day for maintenance, such as replacing
cells or panels at the end of their service life. The LCI of the
manufacturing process was recalculated in SimaPro based on
an LCA study for automobile technologies.®® In the sensitivity
assessment, gasoline, hybrid, and electric vehicles were evalu-
ated for different cases and energy consumption during the
operational process is based on their specific machine ratings.
Ancillary maintenance of equipment and infrastructure (e.g.,
painting) was deemed negligible, therefore it was not included
in the analysis.

Panel heating was also considered to avert device failure
arising from the electrolyte freezing in cold weather. The freez-
ing temperature of aqueous electrolytes is 0 °C and the lowest
temperature in Berlin during winter was assumed to be about
—10 °C.”° To prevent electrolytes from freezing, each panel is
equipped with an electrically powered strip heater. These
heaters would operate based on feedback from embedded
temperature sensors, activating when heating is needed.
Detailed heating energy calculations are shown in Note S1.

At the end of the facility’s lifetime, it would be decommis-
sioned. This process includes systematic dismantling, reme-
diation, and disposition of the facility’s infrastructure and
equipment through safe recycling or disposal methods. This
study follows the method used in the series of energy system
life cycle assessments summarized by the National Energy
Technology Laboratory (NETL),”* which assumes that decom-
missioning requires 10% of the energy expenditure consumed
in the initial construction of the facility BOS.

Components for H,-to-chemicals processes. Several types of
feedstocks were utilized in this study, and the transportation
distance from the source to the site was assumed to be 100 km
for the base case. The energy consumption and emissions
associated with feedstock delivery were calculated using built-
in processes in SimaPro. Before feeding the catholyte into the
PEC reactor, the feedstocks and homogeneous catalyst are dis-
solved in a continuous stirred tank reactor (CSTR).”>”®> The
feedstock consumption in the coupled hydrogenation reaction
was calculated according to the stoichiometric relationship
between the feedstock and hydrogen, as listed in Table S2, and
the H,-to-chemicals conversion efficiency. The concentration
of the homogeneous Rh-TPPTS catalyst is assumed to be
0.9 mM for all hydrogenation reactions. Theoretically, the Rh-
TPPTS catalyst would not be consumed during operation.
However, an annual loss rate of 1.2% was assumed in practical
production, in line with the replacement rate of the PEC
reactor.

The system was assumed to operate until the coupled

hydrogenation reaction reaches the pre-set conversion
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efficiency, which is controlled by adjusting the flow rate.'®
Afterward, the resulting mixture—comprising catholyte, feed-
stocks, homogenous catalyst, H, gas, and hydrogenation pro-
ducts—is transferred to a separation facility. Compressed H,
gas is collected and delivered to pipelines, while the remaining
liquid mixture is processed in the separation unit to extract
chemical products. Recent separation techniques, such as
micellar-enhanced ultrafiltration and cloud point extraction,
have been reported for separating IA, MSA, and the hom-
ogenous catalyst.”*”> Conventionally, the catalyst is filtered off,
and suitable acids (e.g., hydrochloric acid, sulfuric acid) are
added to extract MSA from its metal salt.”® However, because
these methods have not yet been commercialized, the separ-
ation process of succinic acid (SA) from conventional fermen-
tation products was adopted as a proxy for base-case chemical
separation.”” It was reported that the downstream separation
and purification account for approximately 16% of the total
cost in the production of SA. This ratio is applied in our study
to estimate the energy and material consumption associated
with chemical separation. Moreover, since MSA exists primar-
ily in the form of metal salts—specifically potassium methyl
succinate due to the presence of potassium ions in our con-
sidered KPi electrolyte—further recovery of MSA necessitates
acid treatment. This process typically involves the use of sulfu-
ric acid or similar acids, resulting in additional chemical costs
and increased post-treatment expenses. Therefore, the environ-
mental and economic impacts associated with the separation
process are expected to increase, and we further examine them
through sensitivity analysis.

Results and discussion
Single-issue analysis

We begin our study by analysing three prevailing single-issue
impact indicators in the LCA study of the projected coupled
PEC hydrogenation system, ie., (i) the primary energy con-
sumption (M] m™?), (ii) the global warming potential (GWP)
per unit area of system (kg CO,-eq per m*) and per kg of hydro-
gen (kg CO,-eq per kg H,), and (iii) the cumulative energy
demand (CED) per kg of hydrogen (MJ kg~' H,), according to
the approach and boundary conditions described in the
Methodology section. For the base-case scenario, the primary
energy consumption of the coupled PEC hydrogenation system
is 17908 MJ m™>. Fig. 3a shows the distribution of the contri-
buting factors to the total primary energy consumption, with
PEC reactors (including replacement of PEC cells) consuming
approximately 40% of the total. This high percentage is mainly
from substantial materials and energy inputs in the fabrica-
tion of the PEC cell, especially the energy-intensive process of
purifying silicon to solar grade quality, which accounts for
90% of the total energy required for SHJ cell production.

The next largest energy consumers are panel heating and
hydrogenation products separation, which account for 18.6%
and 17.6% of the total energy consumption, respectively. This
is not too surprising, as electric heaters consume a large
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Fig. 3 Breakdown of the single-issue impacts of the system components within a base case coupled PEC hydrogenation system throughout its life-
cycle: (a) primary energy consumption (MJ m™2) and (b) global warming potential per unit area (kg CO»-eq per m?). For comparison, similar charts

for a PEC system producing only H, are provided in Fig. S4.

amount of utility power from the electricity grid. Thus, for
plant sites located in warmer regions where temperatures
would not drop below the freezing point of electrolyte, it is
expected that the elimination of energy consumed in the panel
heating would effectively reduce the overall primary energy
consumption. Chemical separation also requires a lot of absor-
bent material and chemicals during processing, contributing
significantly to the primary energy consumption. Gas utiliz-
ation and treatment constitute approximately 8% of the overall
energy consumption. In contrast, processes such as decommis-
sioning, the panel frame, the monitoring system, and the
other BOS components (i.e., the pumping and piping system,
water supply, and facility operation) contribute in comparable
proportions, each encompassing approximately 4% of the
total.

The GWP of the coupled PEC hydrogenation system over its
20-year lifetime is calculated to be 1.2 x 10® kg CO,-eq, which
is equivalent to ~1011 kg CO,-eq per m>. Fig. 3b shows how
much the individual components and processes contribute to
the combined GWP of the entire system. Notably, PEC reactors
(40.4%), panel heating (16.7%), the separation facility (16%),
and gas treatment (8.5%) emerge as the top contributors,
while the rest of system components collectively contribute to
18.5% of the total GWP. In contrast to the primary energy con-
sumption (¢f. Fig. 3a), the global warming impacts of the panel
frame and the monitoring system surpass that of the decom-
missioning process due to the large percentage of metals and
electronics usage. More detailed illustrations of the contribu-
tors to the primary energy demand and GWP of the coupled
PEC - IA-to-MSA hydrogenation system are shown by the
Sankey diagrams (see Fig. S5), built based on the hierarchy
models in SimaPro.

For comparison, the primary energy consumption and the
GWP of the PEC system that only generates H, were also calcu-
lated, which are 13708 MJ m™> and 770 kg CO,-eq per m>,
respectively. These values are understandably lower than the

This journal is © The Royal Society of Chemistry 2025

coupled PEC hydrogenation system due to the absence of the
homogeneous catalyst and the hydrogenation product separ-
ation components. Other than these exceptions, the overall
distribution of the contributing factors is similar, as shown in
Fig. S4.

To compare across different chemical products-generating
PEC systems, the single-issue impact indicators per kg of
hydrogen produced during the entire lifecycle were calculated.
When the PEC system only generates hydrogen (ie., no
coupled hydrogenation), the resulting cumulative energy
demand (CED) is 223 MJ kg™" H, (Fig. 4), comparable to a
value previously reported for a large-scale hypothetical PEC
water-splitting facility (i.e., 214 MJ kg™' H,).** This energy
demand is higher than the energy content of the hydrogen gas
itself, as the lower heating value (LHV) is 120 MJ kg™ H,. In
other words, the total energy harnessed from solar energy by
the PEC system in this study is lower than the energy required
for constructing and operating the system. Consequently, the
system cannot repay its energy consumption if it produces
only hydrogen. Moreover, our system requires more energy
than current benchmark methods of hydrogen production,
either fossil- (SMR) or renewable-based (i.e. wind and electroly-
sis). SMR has been reported to have an energy cost of 183.2 MJ
kg™' H,,”® while coupling wind turbines with electrolyzers to
generate renewable hydrogen only requires 9.1 MJ kg™" H,.”®
Thus, H, derived from the PEC approach is not yet energeti-
cally on par with these alternatives.

Fig. 4 shows the CED of coupled PEC hydrogenation
systems. Adding the coupled hydrogenation feature to the PEC
system means more energy would be consumed during the
entire lifecycle due to the inclusion of feedstock and separ-
ation facility. For the three studied hydrogenation reactions
(i.e., IA to MSA, phenol to cyclohexanol, and acetophenone to
1-phenylethanol), the CED values increased to 329, 270, and
1072 MJ kg™" H,, respectively. The coupled PEC hydrogenation
system that produces 1-phenylethanol has a significantly
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Fig. 4 The cumulative energy demand (CED) of producing H, from the coupled PEC hydrogenation system under the base case scenarios for three
hydrogenation reactions and when no hydrogenation reaction is coupled. The avoided burdens are shown in shadowed bars, and the grey bars with
the labelled values indicate the net CED after the substitution allocation method is applied. The grey dashed line indicates the CED of H, from the
steam methane reforming method, and the red dashed line indicates the lower heating value of H,. “Others” includes transportation of PEC devices,

operation vehicles, H; storage, and water supply.

higher CED because the energy required to hydrogenate aceto-
phenone (806.7 MJ kg™" H,) is higher than that for the hydro-
genation of IA (63.5 MJ kg™' H,) or phenol (4.7 MJ kg™' H,).
Despite the higher CED, the generation of these chemicals
(i.e., MSA, cyclohexanol, and 1-phenylethanol) in a coupled
PEC hydrogenation system avoids the energy consumption by
the respective conventional production methods. Therefore,
the “avoided CED” for each system was determined by develop-
ing new processes based on reports of the conventional pro-
duction of MSA, cyclohexanol, and 1-phenylethanol in
SimaPro,*”®® and the resulting “net CED” could be calculated
using eqn (1). The resulting net CED values are —226.1 M]
kg™ H,, 134.6 MJ kg™ " H, and —168.0 MJ kg™" H, for coupled
PEC hydrogenation systems that generate MSA, cyclohexanol
and 1-phenylethanol, respectively. In the case of MSA and
1-phenylethanol, the net CED values are negative, indicating
that the coupled PEC hydrogenation approach is less energy-
intensive than the conventional method. All coupled reactions
considered here can produce H, at a CED competitive with
SMR, although phenol-to-cyclohexanol hydrogenation remains
unfavourable when considering the LHV of H,.

A similar analysis can be extended to determine the GWP of
the systems. Fig. 5 shows that the GWP of hydrogen produced
in a PEC system without coupled hydrogenation is 12.5 kg
CO,-eq per kg H,. The value is comparable to or higher than
other hydrogen production methods (see Table S1). For
example, the GWP of SMR-produced H, is 8.5-16.6 kg CO,-eq
per kg Hy;>7%178 the lower limit is depicted as a grey horizon-
tal dashed line in Fig. 5. Hydrogen production via surface/
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underground coal gasification (SGC/UGC) has a high GWP of
11.3-18 kg CO,-eq per kg H,.2* 8¢ When electrolysis is powered
by electricity from the grid, especially if the grid relies heavily
on fossil fuels such as coal or natural gas for electricity
generation,®”®® the emissions can be significant at around
31-34 kg CO,-eq per kg H,. In contrast, renewable hydrogen
has a much lower GWP. For example, biomass-based electroly-
sis, which utilizes biomass as a feedstock, has a GWP of
3-3.2 kg CO,-eq per kg H,.***° The GWP for electrolysis using
low-carbon nuclear electricity is around the same range
between 1.7 and 4.3 kg CO,-eq per kg H,.**%% Electrolysis
using renewable energy such as wind, solar, or hydroelectric
power emits around 0.97-9 kg CO,-eq per kg H,.”>8*8%%
When powered by wind energy, electrolysis can be nearly
carbon neutral. However, emissions can vary within the given
range based on factors such as a high material input at the
manufacturing stage of renewable energy devices. Solar photo-
voltaic-driven electrolysis (PV-EC) produces relatively low levels
of GHG emissions, around 4 kg CO,-eq per kg H,,*® as shown
as a red horizontal line in Fig. 5. The attributions of the emis-
sions from the PEC and PV-EC can be traced back to the man-
ufacturing process of the PV cells, while SMR emits most of its
GHG during plant operation, natural gas production, and dis-
tribution. In general, there is only a subtle difference between
the distribution of CED and GWP of PEC-produced hydrogen.
This suggests that in single-issue LCA, these two parameters
are closely related.

At this point we acknowledge that the calculated GWP of our
PEC system (12.5 kg CO,-eq per kg H,) is 25 times higher com-
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Fig. 5 The global warming potential (GWP) when producing H, from the coupled PEC hydrogenation system under the base case scenarios for
three hydrogenation reactions and in the absence of coupling to a hydrogenation reaction. The avoided burdens are shown in shadowed bars, and
the grey bars with labelled values indicate the net GWP after the substitution allocation method is applied. The grey dashed line indicates the GWP
of H, from the steam methane reforming method and the red dashed line indicates the GWP of H, produced from PV-EC systems. “Others” include
transportation of the PEC devices, operation and operational vehicles, H, storage, and water supply.

pared to the lowest value reported in other studies for PEC
water-splitting devices. For instance, Acar et al. reported a GWP
value of 0.5 kg CO,-eq per kg H, for PEC water splitting,”" the
lowest and most optimistic among all H, production
approaches,”® while another study presented a slightly higher
value at 1.16 kg CO,-eq per kg H,.**> These studies unfortunately
do not include detailed LCI data for their assumed photoactive
materials and/or membranes, but we suspect the discrepancies
between these values are related to the different system scale
considered. Unlike our analysis, both studies assumed labora-
tory-scale systems, and the balance of system components
required for a larger-scale system are not included.

A similar concept of “avoided GWP” was applied to calcu-
late the “net GWP” of the coupled PEC hydrogenation systems
(see eqn (2)). Adding coupled hydrogenation of IA to MSA
increases the initial GWP to 26.2 kg CO,-eq per kg H,, mainly
due to feedstock and separation, but the avoided GWP is
much higher. As a result, the net GWP drops to a negative
value of —8.3 kg CO,-eq per kg H,. This is also the case for the
coupled PEC hydrogenation system that generates 1-pheny-
lethanol. Although the initial GWP increases to 25.7 kg CO,-eq
per kg H,, the avoided GWP is higher, and the net GWP
becomes —25.4 kg CO,-eq per kg H,. However, the avoided
GWP from coupling hydrogenation of phenol to cyclohexanol
is less than the extra emissions caused by the feedstock and
separation process, which leads to a net GWP of 16.9 CO,-eq
per kg H,. As a result, this is the only process which was
unable to produce H, at a competitive GWP with PV-EC or
SMR process under the base case scenario.

This journal is © The Royal Society of Chemistry 2025

The comparison between the selected three coupled hydro-
genation systems is shown in Table S6. Introducing the coupled
hydrogenation reactions in a PEC system to co-generate MSA
and 1-phenylethanol can reduce the CED and GWP of H, from
the system to negative values because the avoided amount of
energy and GHG emission is more than the additional inputs
from the coupling process, ie., feedstocks, and separation.
Although the coupled hydrogenation of phenol to cyclohexanol
requires less CED compared to generation of H, only, the
reduction is still not enough to make the whole process competi-
tive with SMR. The main reason for this is that the stochiometric
coefficient of cyclohexanol to H, is 1: 3, while the stoichiometric
coefficient of the other two reactions to H, is 1: 1. Therefore, the
required amount of H, to produce 1 mole of cyclohexanol is
three times higher than that for production of MSA or 1-pheny-
lethanol. Although our previous study revealed the economic
benefit of introducing coupled hydrogenation of phenol to cyclo-
hexanol,"” the higher environmental impact revealed here poses
a concern for its implementation. The impact of the economies
of scale was further evaluated by comparing the GWP between
PEC systems with 1 metric tonne per day (MTD) and 50 MTD
hydrogen production capacity (see Note S2). The analysis reveals
that scaling effects result in a substantial 68% decrease in GWP
emissions per kg hydrogen produced for the 50 MTD PEC
system coupled with hydrogenation reactions.

As an additional comparison, we also applied ISO 14404
Step 3 (see Method - LCIA section), which uses economic allo-
cation based on the relative market value of each product. This
approach distributes environmental impacts proportionally
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according to product prices rather than avoided burdens (see
Fig. S1b and Table S7). Under this method, all hydrogenation
pathways still show reductions in CED and GWP per kg of H,
for the coupled system relative to standalone hydrogen pro-
duction, indicating environmental benefits from integration.
However, the environmental performance per kg of chemicals
is not necessarily improved. In particular, for the hydrogen-
ation of phenol to cyclohexanol, the allocated CED and GWP
rise substantially—to 394.9 MJ kg™ and 17.9 kg CO,-eq per kg
of cyclohexanol, respectively—exceeding the conventional
benchmark values (81 MJ kg™' and 2.87 kg CO,-eq per kg of
cyclohexanol). This outcome illustrates that while economic
allocation can serve as a useful reference, it may yield skewed
results for certain products and should not be the sole basis
for evaluating environmental performance.

We briefly note that while SMR and PV-EC outperform PEC
in terms of both CED and GWP when only H, production is
considered, the primary advantage of PEC systems lies in their
direct use of solar energy and potential for simplified inte-
gration with the coupled hydrogenation reaction. In PEC con-
figurations, hydrogen production and hydrogenation can be
spatially and temporally co-located in a single unit, reducing
the need for gas purification, compression, and separate
reactor infrastructure. It also allows the catalytic hydrogenation
to directly benefit from the thermal component of the incident
solar energy, something that is not easily possible in PV-EC
systems. It was also shown that the H,-to-MSA conversion in a
PV-EC system achieved only 11%, significantly lower than the
~60% conversion observed in PEC system.'® This performance
gap is largely due to mismatched kinetics between hydrogen
evolution and homogeneous hydrogenation, as well as the
interference of gas bubbles at high current densities in PV-EC
systems. Moreover, integrating hydrogenation with SMR or PV-
EC requires more complex infrastructure, including a conven-
tional hydrogenation reactor such as a Continuous Stirred
Tank Reactor (CSTR). We have performed a preliminary tech-
noeconomic analysis and found that the 10-year operation of a
coupled SMR hydrogenation system would result in a levelized
cost of MSA (LCOMSA) of $3.00 per kg, while the coupled PEC
hydrogenation system could achieve a lower LCOMSA of $2.47
per kg.'” Finally, we note that the CED and GWP for PEC
systems that produce only H, are currently limited by the exist-
ing manufacturing processes for PEC systems are both energy-
and material-intensive. Further optimization of manufacturing
techniques and alternative materials is likely to reduce the
associated emissions and enhance the overall environmental
performance of PEC systems.

Midpoint and endpoint results

We also obtained the LCA results at the midpoint and end-
point levels based on the ReCiPe 2016 method. LCA character-
ization factors at the midpoint level are located at the point
after which the environmental mechanism becomes uniform
for all environmental flows under that impact category.”
Characterization factors at the endpoint level correspond to
three areas of protection, ie., human health, ecosystem
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quality, and resource scarcity. The midpoint characterization is
more closely related to environmental flows. It has relatively
low uncertainty, whereas the endpoint characterization pro-
vides a better picture of environmental flows to the environ-
ment but with more significant uncertainty. The units for all
indicators are listed in Table S8.

A total of 16 environmental impact indicators were
obtained using the ReCiPe 2016 midpoint approach in
SimaPro. Fig. 6 illustrates the contributions of different system
components across the impact categories. Notably, in the case
of “Global Warming Potential” (GWP), PEC reactors and panel
heating exhibit the highest contributions. This breakdown pro-
vides actionable insights for targeted system improvements.
For instance, reduced GWP can be achieved by replacing the
currently considered silicon heterojunction (SHJ) photo absor-
ber with a perovskite-perovskite tandem absorber. This substi-
tution has been reported to significantly reduce greenhouse
gas emissions during the fabrication of PEC reactors.’’ In
addition, the impact from panel heating—currently powered
by mixed-grid electricity—can be mitigated by deploying the
system in milder climates where winter temperatures remain
above the electrolyte’s freezing point, thus eliminating the
need for auxiliary heating.

Conversely, the “terrestrial ecotoxicity” impact category
reveals a different contribution pattern. Passive components,
such as panel frame and monitoring system, instead domi-
nate. This is because these components require substantial
amounts of metals (steels, electronic materials), which lead to
elevated ecotoxicity. To mitigate this impact, the panel frame
design should focus on minimizing steel usage or substituting
it with lower-impact alternatives, such as advanced polymers.
Moreover, smart control strategies could streamline the moni-
toring infrastructure, decreasing the number of monitors and
sensors required within the system.

To ensure compatibility with conventional and emerging
hydrogen production technologies, we conducted a compara-
tive midpoint analysis between our PEC system, the conven-
tional SMR method as the benchmark, and a PV-EC system as
the primary competitor for the production of green hydrogen.
Although various midpoint indicators are reported in the
broader literature, differences in impact categories and units
often hinder direct comparison. For instance, Ravilla et al. con-
ducted an LCA study on PEC technology, indicating that
Ecotoxicity, Human Toxicity, and Ozone Depletion are three
metrics where PEC systems exhibit higher impacts compared
to PV-EC and SMR.** However, the unit conventions used
differ from ours and others in the field, making direct cross-
study comparison challenging. To maintain consistency and
relevance, we focused our comparative analysis on four widely
used and consistently reported indicators: global warming
potential (kg CO,-eq per kg H,), particulates (i.e. fine particu-
late matter with a diameter of 2.5 pm or smaller, in units of kg
PM2.5eq per kg H,), acidification (kg SO,-eq per kg H,), and
ecotoxicity (kg NO,-eq per kg H,).">®*°* The results of this
comparative assessment are presented in Fig. 7, offering a
clear benchmarking of the environmental performance of our

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Midpoint analysis results of the proposed coupled hydrogenation PEC system with the Recipe 2016 method in SimaPro. The percentage dis-
tribution of system components is shown for 16 midpoint impact indicators.

PEC system relative to existing technologies. Values for com-
peting H, production methods, i.e., SMR and PV-EC, as well
as those from another report on a PEC water splitting system
are also provided for comparison.*>**%* As shown in Fig. 7a,
the highest GWP comes from the PEC system coupled with
cyclohexanol production (36.4 kg CO,-eq per kg H,). This is
mainly due to the additional impacts from the hydrogenation
process while the avoided impact from the product it produces
(cyclohexanol) is insufficient. Coupling the PEC system with
H,-to-MSA shows a significant reduction in GWP; the system
has a negative impact (—8.3 kg CO,-eq per kg H,) due to the
high avoided impact from the current MSA production
method, implying a beneficial environmental effect. Fig. 7b
shows the particulate matter (PM2.5) emissions. The highest
impacts are associated with PV-EC (5.0 kg PM2.5-eq per kg H,)
and SMR (3.0 kg PM2.5-eq per kg H,). All PEC configurations
show zero or slightly negative impacts, indicating potentially
beneficial effects on particulate emissions and air pollution.
Fig. 7c shows that SMR and PV-EC exhibit high acidification
potential (19.0 and 22.0 kg SO,-eq per kg H,, respectively). All
PEC configurations in this study, especially those coupled with
chemical hydrogenation, show zero or even negative impacts.
Finally, in terms of ecotoxicity (Fig. 7d), the PEC system
reported in the reference study has a significant impact of
48.5 kg NO,-eq per kg H,,*> which may be attributed to the
specific electrodes used in that system. SMR and PV-EC each
have moderate ecotoxicity impacts (9.0 kg NO,-eq per kg H,).
The PEC configurations in this study show minimal ecotoxicity
impact. In summary, the impacts from the PEC system variants
in this study, especially when coupled with MSA, cyclohexanol,
or 1-phenylethanol, generally show lower or even negative
impacts across multiple categories. This indicates potential

This journal is © The Royal Society of Chemistry 2025

environmental benefits compared to the benchmark SMR
method, and even PV-EC and PEC systems reported elsewhere.

Next, following the ReCiPe 2016 Endpoint method, the
complex midpoint impacts are converted into endpoint indi-
cators representing environmental damage in three broad cat-
egories: (i) disability-adjusted life years (DALY) unit for human
health, representing the years that are lost or that a person is dis-
abled due to a disease or accident; (ii) species per year (species
per year) unit for ecosystem quality, representing the local
species loss integrated over time; and (iii) dollar unit (USD 2013)
for resources scarcity, representing the extra costs involved for
future mineral and fossil resource extraction. Endpoint charac-
terization factors (CF.) are directly derived from the CF,, (mid-
point characterization factors), with a constant midpoint to end-
point factor (F,,_..) per impact category using eqn (9).

CFe = CFm X Fmae (9)

The endpoint results are shown in Table 1, and all hydro-
genation reactions enable the reduction of negative impacts on
human health, ecosystems species and resources, while only
the H,-to-cyclohexanol reaction is associated with greater
adverse impacts on ecosystem species, whereas the other two
reactions mitigate these negative effects.

Sensitivity analysis

The many parameters involved in this LCA introduce uncer-
tainties to the fixed and O&M components of the coupled PEC
hydrogenation system. Therefore, sensitivity analysis of these
input parameters is necessary. To this end, only few studies
have been conducted with large-scale PEC devices, which
makes the parameters chosen to be inherently more uncertain.
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Fig. 7 A comparison of the midpoint impact between LCA results of SMR, PV/EC, PEC from other studies and the LCA results in this study. Our
study uses the ReCiPe 2016 impact assessment of 1 kg hydrogen produced within PEC systems when there is no hydrogenation process or coupled
with IA to MSA, phenol to cyclohexanol, or acetophenone to 1-phenylethanol. Four common impacts that have been assessed in the literature are
included: (a) global warming potential (kg CO,-eq per kg Hy); (b) particulates (kg PM2.5eq per kg H,); (c) acidification (kg SO,-eq per kg Hy); (d) eco-

toxicity (kg NO,-eq per kg Hy).

Table 1 The Recipe 2016 endpoint results of the coupled PEC hydrogenation system

Impact category Unit H, only H,-to-MSA H,-to-cyclohexanol H,-to-1-phenylethanol
Human health DaLY 1.5x107° 2.7 %107 0.0 -2.1x1072
Ecosystems species species per year 7.9%x107° -1.1x107° 4.0%x107° -8.8x107*
Resources USD 2013 3.0x107° -1.7x107° 2.4x107* -3.2x107*

The sensitivity analysis performed here focuses on coupled
systems that generate MSA and 1-phenylethanol, since they are
economically competitive and environmentally favourable.
Three conditions are assumed (i.e., lower, base, and higher
cases, see Table S9), and the variation in CED and GWP is cal-
culated accordingly.

12980 | Green Chem., 2025, 27,12967-12984

The result of the sensitivity analysis for the PEC system
coupled with 10% H,-to-MSA hydrogenation is shown as a
tornado plot in Fig. 8. The center point of Fig. 8a represents
the CED of H, at —226.1 MJ kg™' based on the base case
assumptions. Higher values of PEC conversion efficiency (%),
H,-to-MSA conversion (%), system lifetime (years), and the
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Fig. 8 Perturbative sensitivity analysis of the (a) CED and (b) GWP for the PEC system coupled with IA-to-MSA hydrogenation, for the low, base, and
high cases. The center point of the plot (a) and (b) refer to the base case CED of —139.0 MJ kg™ H, and the base case GWP of —5.7 kg CO,-eq per

kg Hz.

CED of the MSA product (M]J kg™") can result in a much better
performance. These parameters should be prioritized in the
future development of PEC systems to enhance energy
efficiency and environmental performance. Moreover, the
results highlight a valuable insight: when achieving high STH
efficiency and long-term system longevity remains technologi-
cally challenging, improving the H,-to-chemical conversion
efficiency can be a more practical and effective approach for
optimizing the system than improving the STH efficiency or
the system lifetime. The lifetime and the energy content of
MSA produced with conventional methods also impose signifi-
cant impacts on the CED and GWP of H,. Other parameters
(i.e., solar intensity, CED of feedstock, PEC replacement and
separation facility) are not able to significantly improve the
CED performance of H, from the coupled H,-to-MSA hydro-
genation. A range of FE values (60%, 80%, and 100%) is con-
sidered for low to high scenarios, which consequently results
in a reduced amount of avoided CED. As shown in Fig. 8b, the
base case GWP of H, is —8.3 kg CO,-eq per kg. The parameters
that impose significant improvement to the GWP reduction
are similar to the ones in CED, but the avoided GWP burden
by replacing MSA produced from conventional method also
plays an important role. The results for other parameters are
listed in Table S10. The results for sensitivity analysis for PEC
system coupled with H,-to-1-phenylethanol hydrogenation are
similar, as shown in Fig. S6 and Table S11.

Conclusions

In this study, a cradle-to-gate prospective lifecycle analysis
(LCA) of a large-scale coupled PEC hydrogenation facility was
conducted based on our recently demonstrated laboratory-
scale device. Three coupled hydrogenation reactions were
selected from our previous technoeconomic analysis study, as
they present a positive impact on increasing the economic
competitiveness of a PEC system: IA to MSA, phenol to cyclo-

This journal is © The Royal Society of Chemistry 2025

hexanol, and ACP to 1-phenylethanol. This LCA study reveals
that the PEC device and utility electricity are the most energy-
intensive components of the system. Within the PEC device,
the SHJ absorber consumes over 80% of the energy during
device manufacturing, which also leads to significant impact
on the environment. Regional conditions (Germany in our
case) also play a crucial role since a considerable amount of
energy is consumed for panel heating when the temperature
drops below freezing. The use of electrolytes with lower freez-
ing temperatures may further reduce the CED and GWP since
they likely require less heating energy. Most importantly, our
LCA study shows that under the base case scenario of 10%
STH efficiency and 20 years of longevity, our large-scale PEC
system that only generates hydrogen gas is not yet favourable,
in terms of its energy balance or environmental impacts, com-
pared with the steam methane reforming (SMR) benchmark.
Only when this PEC system is coupled with H,-to-MSA and H,-
to-1-phenylethanol conversion can it become more favourable;
the avoided energy demand and environmental burdens from
the hydrogenated products can compensate for the entire life
cycle impacts of the system. When only 10% of H, is converted
to MSA or 1-phenylethanol, negative values of CED and GWP
can already be achieved, and even more favourable values can
be obtained at higher H,-to-chemicals conversion. This is not
the case when the PEC system is coupled with H,-to-cyclohexa-
nol. Although coupled PEC hydrogenation of phenol to cyclo-
hexanol has been shown to make the levelized cost of hydro-
gen (LCOH) competitive in the market,’” the environmental
impacts (GWP) of H, generated with this system is almost
doubled with the addition of the coupled hydrogenation reac-
tion. Finally, sensitivity analysis shows that the STH efficiency,
H,-to-chemicals conversion, and system longevity are the most
influential parameters affecting the energy consumption and
GWP emissions over the entire life cycle of the system. The
findings offer valuable insights into the future industrial
deployment of such systems by identifying the most environ-
mentally favorable chemical reactions. It is important to note,
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however, that the selection of chemical production pathways
within the system is also influenced by factors such as market
demand and evolving green policies, both of which may vary
over time. Overall, our study provides a comprehensive evalu-
ation of optimal coupled hydrogenation reactions within a
PEC H, generation system, demonstrating their potential to
significantly enhance system sustainability. By unveiling the
environmental advantages of integrating hydrogenation reac-
tions with PEC systems, this work lays a critical foundation for
advancing green hydrogen production technologies and foster-
ing innovative pathways toward a more sustainable chemical
industry.
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