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ABSTRACT: Photoelectrochemical (PEC) water splitting has been o
proposed as a promising method to generate sustainable hydrogen, but product | P—
its competitiveness is hindered by the relatively high cost compared to ;

other generation methods. One strategy to increase the competitiveness T B il
of PEC-generated H, is coupling water splitting with hydrogenation ' a1 ’
reactions that produce higher-value chemicals. However, the optimal
coupled reaction and the energetic and economic benefits of the coupled
concept remain uncertain, especially on larger scales. Here, we conduct a
comprehensive techno-economic assessment (TEA) of a hypothetical
PEC plant with a 1,000 kg H,/day capacity, considering seven potential hydrogenation reactions. The TEA results show that the
coupling hydrogenation reaction significantly improves the economic metrics of the system, with acetophenone (ACP) to 1-phenyl
ethanol offering the highest returns. Sensitivity analysis shows that solar-to-H, efficiency and H,-to-chemicals conversion efliciency
are the most critical parameters affecting the levelized cost of hydrogen (LCOH) of the system. Finally, benchmark conversions that
would result in competitive LCOH values that are comparable to that of fossil fuel based H, are identified, and the potential impact
of these coupled PEC hydrogenation reactions on the global H, market is discussed.
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B INTRODUCTION

In response to the worsening impact of global warming, 195
parties (194 states plus the European Union) have joined the
Paris Agreement, and most have pledged to accomplish their
carbon neutrality goal by 2050." A key action point is to
integrate more renewable sources into the energy system,
replacing fossil sources. However, most renewable sources are
intermittent and diluted. The rapid growth of renewable
energy capacity, especially solar and wind, will likely lead to
challenges in energy supply reliability.” Hydrogen, a carbon-
free molecule with a high gravimetric energy density, has been
widely considered an important operating reserve to
compensate for the surplus and shortages of energy systems.
Notably, hydrogen is also an essential feedstock being widely
used in the refining, chemical, and steel industries.’
Unfortunately, the current hydrogen supply is almost entirely
produced with fossil fuel-based processes, primarily via steam
methane reforming (SMR), resulting in the annual con-
sumption of 205 billion m® of natural gas and the emission of
820 Mt CO,.* In 2021, less than 0.1% of the H, produced
today is “green”,” mainly through wind- and PV-powered water
electrolysis. Several demonstrations of integrated photo-
electrochemical (PEC) water splitting devices, in which

© 2024 American Chemical Society

7 ACS Publications

sunlight absorption and electrolysis of water are combined in
a single unit, have also been reported with solar-to-hydrogen
(STH) efficiencies approaching 20% for small-area devices.*°
Compared with PV-powered electrolysis, this configuration
offers two potential advantages. One is the close thermal
coupling between the absorber, catalyst, and electrolyte
solution, which improves the electrochemical reaction kinetics
and increases the efficiency of the light absorber by cooling.
Furthermore, PEC devices operate at 1—2 orders of magnitude
lower current densities (10—20 mA/cm?), which enables the
use of abundant, nonplatinum group electrocatalysts.”
Despite the promising potential of PEC-produced hydrogen,
several techno-economic analyses (TEAs) and net energy
assessments (NEAs) have shown that the approach is still not
energetically and economically competitive for large-scale
implementation. The levelized cost of hydrogen (LCOH)
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Table 1. Substrates (Feedstocks) and the Corresponding Products of Seven Hydrogenation Reactions Considered in This

Study”
Substrate/Feedstock Product Reaction ref
Itaconic acid Methylsuccinic acid CHO, + Hy — CH,0, 13,22
Levulinic acid Valeric acid CH 05 + 2H, — CH,,0, + H,0 23,24
Levulinic acid y-Valerolactone CH 05 + H, —» CH,0, + H,0 25,26
Phenol Cyclohexanol C¢HO + 3H, - CH,,0 23,27
Acetophenone 1-Phenylethanol CeHO + H, = CgH 0 23,28
Carbon dioxide Ethylene 2CO, + 6H, —» C,H, + 4H,0 29,30
Carbon dioxide Oxalic acid 2CO, + H, > (COOH), 29,31
“The chemical structures of these substrates and products are shown in Table S2.
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Figure 1. Block diagram of the “cradle-to-gate” system boundary of the coupled PEC hydrogenation system considered in this study.

originating from PEC systems has been estimated at ~9.6—10
€/kg H,."” This LCOH is significantly higher than that of
SMR-produced H, (1.5 €/kg H,)."” PEC produced hydrogen
is not economically attractive even when the current market
price for green hydrogen is considered (9.16 €/kg'" for green
H, vs 1.5—6 €/kg for gray hydrogen).'” In fact, other than
theoretical large scale biomass gasification, which is predicted
to have an LCOH as low as 1.3 €/kg if successfully realized,
the LCOHs of other H, production technologies are all higher
than that of SMR-produced H, (see Table S1).

One approach to increasing the competitiveness of PEC-
generated H, is to directly integrate successive utilization of H,
within the same PEC devices. The integration of the hydrogen
production and utilization processes further reduces the total
system costs, and if the successive utilization yields valuable
chemicals, the overall competitiveness of the PEC device can
be improved. For example, we recently demonstrated the
concept of coupling PEC H, production with the homoge-
neous hydrogenation of biomass feedstock in a single reactor."
In that report, the hydrogenation of itaconic acid (IA) to
methylsuccinic acid (MSA), a valuable chemical compound
that finds applications in cosmetics,"* polymer synthesis,'> and
powder coating,'® was chosen as the hydrogenation reaction of
interest. Due to the well-matched kinetics of the PEC and the
room-temperature hydrogenation processes, a coupling
efficiency (H,-to-MSA conversion) beyond 50% was exper-

w

imentally demonstrated. Based on this demonstration, a life
cycle net energy balance assessment was conducted and
showed that H, produced by this coupled PEC device has a
lower cumulative energy demand (CED) than SMR-produced
H,."” A techno-economic assessment based on a projected 100
m?-scale device was also performed, and the expected
profitability of the concept was reported."

In this study, we extend the scale of the techno-economic
assessment to a coupled PEC hydrogenation plant generating
the equivalent of 1,000 kg H,/day (and the equivalent
hydrogenation product). As target hydrogenation reactions,
we consider the previously reported hydrogenation of IA to
MSA and six additional hydrogenation reactions that have
been reported to occur at or close to room temperature and
pressure. These reactions are listed in Table 1. The substrates
considered are biomass-derived feedstocks that can be mass-
produced sustainably, such as IA,'® levulinic acid (LA),"
phenol,”’ and acetophenone,”’ and CO,. The corresponding
products all find use in various industrial-scale chemical
processes and applications. We use several techno-economic
metrics to elaborate on the benefits, if any, of coupling these
hydrogenation reactions to PEC water splitting within a single
device. Finally, the economic performance of the coupled
processes is compared with the benchmark figures of
conventional SMR hydrogen to assess the implementation
potential of the coupled reactions.
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B METHODOLOGY

We followed the principles and framework of Techno-
Economic Assessment & Life Cycle Assessment (LCA)
Guidelines for CO, Utilization (Version 1.1) established by
the Global CO, Initiative.”> The guidelines provide a specific
protocol for multifunctional carbon capture and utilization
(CCU) plants, which was adapted for the PEC system in this
study. The PEC-produced hydrogen and hydrogenated
chemicals in this study were assumed to be free of downstream
emission after leaving the plant gate, i.e,, this work adopted a
“cradle-to-gate” system boundary that includes all costs related
to raw materials, product manufacturing, and decommission-
ing. Since the scale of the PEC plant considered here is much
smaller than the market volumes of hydrogen and the
hydrogenated chemicals, the productivity of the prospective
PEC system was assumed to not impose any market
disturbance. Like previous works, the scrap value and disposal
of the system were not considered.”*® Figure 1 shows the
cradle-to-gate boundary that was used for this TEA.

The engineering design of the plant scale system used in this
study was based on the information retrieved from the US
Department of Energy (DOE) Task S.1 report on techno-
economic analysis of PEC hydrogen production.”® Certain
technical design aspects were modified to reflect that our PEC
process is coupled to a catalytic hydrogenation reaction, and
several parameters were updated to reflect the geographical
and temporal data that are relevant to Europe, such as solar
resource data obtained from EU Science Hub Photovoltaic
Geographical Information System in 2022,**%° water and
electrici?f tariff in Europe, and market prices for precious
metals.”® In this assessment, the electricity consumed for
system operation is assumed to be delivered from the German
electricity grid which has a mix of power sources, ie.,
renewable and nonrenewable. In 2023, renewables accounted
for about 60% of the electricity generation in Germany.”’

Economic Metrics. A range of economic metrics as system
performance indicators were calculated based on the system
input and outputs flows. Net present value (NPV) describes
the current profitability of a system, considering its initial
capital investment and future generated cash flows. A negative
NPV indicates that a project will not be profitable and vice
versa. Conditions with zero NPV therefore define the break-
even point of the system. Here, capital investments were made
during the base year (2023). Cash flows were assumed to start
in the following year, and they were discounted to the base
year using the following equation:

S CE 2, Opex
NPV = 711._1—Capex—27;_1
o (L+7) o (L+7)
_ Decom_ex
1+ (1)

CF, is the income cash flow or annual revenue in the operation
year i, Capex is the capital investment (including direct and
indirect capital cost), Opex; is the operation cost in the year i,
Decom_ex is the decommissioning cost, n is the system
lifetime (base = 20 years), and r is the real discount rate
(4.34%) based on nominal yields and inflation expectations
from analyst surveys.””

The CF; of the system was calculated by taking the sum of
the annual revenues from H, (CFy, ) and the hydrogenation

pro ducts (Cthdrogenation,i) .

13785

CE = CFHZ,i + Cthdrogenation,i (2)
CFHZ,i = q)Hz_collected,i X SPH2 (3)
Cthdmgenation,i = q)hydmgenation,i X SPhydrogenation (4)

@y, coliected,; AN Phydrogenation; are the amounts of H, and

hydrogenation products (in kg) collected annually in year i,
respectively (see the section below: “Description and
Assumptions of the PEC Facility”). SPy, and SPyygrogenation

are the selling price of H, and hydrogenation products,
respectively. The selling price is assumed to be constant
throughout the system’s lifetime. There is currently a
considerable spread of H, prices depending on the “color” of
H, (green vs gray), from 1.4 €/kg (H, from SMR)'’ to 11.6
€/kg (green H, from renewable grid powered electrolysis).”” A
very optimiztic expectation was made by a Canada-based
company H2 V Energies who are planning to supply green
hydrogen in 2022 at prices of 2.4 €/kg*”*' (although the
project has been postponed to start operation in 2026)."” In
this study, we assumed the benchmark market price of
hydrogen to be 2.5 €/kg.

Table S3 lists the current market prices of the hydrogenation
feedstocks and products considered here. We note that the
market price data for industrially produced MSA is lacking, and
that the current market price of high purity MSA compound
from laboratory synthesis is extremely expensive.*”** There-
fore, like our previous study,'>* the market price of mass-
produced MSA was estimated based on the energy demand of
its manufacturing. Our previous life-cycle net energy balance
study reported that the energy demand for conventional
production of MSA is ~10 times higher than that for IA."
Therefore, MSA is assumed to be 10 times more expensive
than IA, using the energy demand relationship coeflicient
between them. It is therefore understood that the absolute
number in our TEA of MSA should therefore be considered as
a preliminary estimation and that the observed trends and
sensitivity analysis should be interpreted accordingly.

The internal rate of return (IRR) is the real discount rate at
which the NPV = 0. It is the minimal value of the annualized
interest rate at which the initial capital investment must grow
to breakeven the total cost.*® If the IRR of a project is higher
than the discounted rate or that of other projects, then the
project is considered more competitive. We calculated the IRR
using MATLAB by setting the left-hand side of eq 1 to zero
and solving for r. The payback time (PBT) in unit of year
represents the time required to recoup the total expenditure,
which is defined as follows:

n Opex, Decom_ex
i=1 (1+r) (L+r)

CF (s)

Capex + Y,

PBT =

CF is the average annual revenue:

n CE
Zi=1 (T+r)
n (6)

The levelized cost of hydrogen (LCOH) indicates the
minimal selling price of H,, in units of €/kg, that would be
required to cover the system cost during the entire
construction, operation, and decommission period. Since the
coupled PEC hydrogenation system is a multifunctional system
with two output product flows, we calculated the LCOH by

CF =
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Figure 2. Cost allocation approaches within the multifunctionality coupled PEC hydrogenation system considered in this study. The cost attributed
to H, is calculated based on the net cost after subtracting the revenue from the hydrogenated products.

taking the revenue from the hydrogenation products to
compensate the cost of system.”” The cost flow approach is
shown in Figure 2. A negative LCOH is possible as a
consequence of this approach and indicates that the product
revenue from the hydrogenation products is higher than the
overall cost of the system. The following equation shows how
LCOH is calculated:

LCOH =
Capex + Y

Opex Decom_ex Z Cthdrogenatlon i
i=1 (1+r) (I+r) =l (1+r)
[

Zn Hy_collected,i
=1 (14r)

)

Description and Assumptions of the PEC Facility. The
base case scenario of the PEC facility in this study is the
following: (i) a STH efficiency of 10%, (ii) lifetime of 20 years,
(iii) area capacity factor (¢b) of 90% (i.e., 90% of the panels are
converting solar energy to H, on an average day),** and (iv) a
H,-to-chemicals conversion (vide infra) of 10% (only when the
system includes coupled hydrogenation). Table S4 lists all of
the parameters assumed in the base case scenario. Our study
considered a hypothetical large-scale PEC facility with a
production capacity of 1,000 kg H,/day. The fixed flat panel
array design was adapted from the Type 3 PEC configuration
described by James et al.’” in their TEA report. We have
chosen the Type 3 panel configuration as it represents a
compromise between the simpler colloidal suspension
configurations (Types 1 and 2) with lower demonstrated
efficiencies vs the more eflicient and more complex
configuration with tracking solar concentrator (Type 4).
Additionally, the existence of other LCA and TEA studies
based on Type 3 configuration facilitates the comparison
between our coupled PEC system and previous studies.” The
PEC fixed planar array is inclined at the optimum tilt angle
(constant throughout the year), and each panel is made up of
multiple cells. The construction of the PEC device is based on
our recently reported SO cm” demonstration devices.”’ It
comprises the following components required for unassisted
solar water splitting: 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 simplicity, it is assumed that the Pt catalyst
deposited on the solar-grade fluorine-doped tin oxide (FTO)
coated glass is sufficiently th1n to allow sunlight transmission
without incurring optical loss.”">* While this assumption may
not be entirely precise from a device operation standpoint and
alternative geometrical configurations might be employed, this
factor does not significantly affect the overall analysis in this

techno-economic assessment TEA study. Figure 3a shows the
schematic configuration of the PEC device, with the

(b)

(c)
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Figure 3. Schematic illustration of the 1,000 kg H,/day production
PEC system at different levels. (a) Photoelectrochemical cell with
coupled hydrogenation. H, generated at the cathode is utilized
directly to hydrogenate feedstock to a valuable product with the help
of homogeneous catalyst dispersed in the catholyte. (b) PEC array
layout. (c) Facility layout.

homogeneous catalyst dissolved in the catholyte (1 M
potassium phosphate is the supporting electrolyte). Inside
the cell, the coupled hydrogenation reaction takes place in the
catholyte compartment, where the generated H, is utilized to
hydrogenate substrates to valuable chemical products with the
assistance of the homogeneous catalyst. For all the investigated
coupled hydrogenation reactions, we consider the same
homogeneous catalyst, Rh-TPPTS, which is used and dissolved
in the catholyte solution with the same concentration. While
each reaction realistically would use a different catalyst and
different concentration, this assumption is made to simplify the

https://doi.org/10.1021/acssuschemeng.4c03463
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calculation since the resulted economic metrics are not
sensitive to the catalyst cost, i.e, the contribution from this
parameter is negligible. A constant 1% annual degradation rate
of the device is assumed over its entire operational lifetime.
This assumption regarding the stability of BiVO, is highly
optimiztic, which is made to enable longevity over a few years
for this preliminary assessment. Currently, the highest stability
of BiVO,, as reported by Kuang et al., demonstrates operation
for over 1100 h with minimal degradation or performance loss.
A longer lifetime is expected to be demonstrated by BiVO, or
other PEC electrode materials so that future industrial
deployment of large-scale water splitting in the future can be
realized.>

Figure 3b,c shows the baseline system layout which has a
total 118,778 m* capture area (corresponding to 59,389 panels
of 1 X 2 m* and 60 fields each containing approximately 1,000
panels), while 10% of the capture area is assumed to be
inactive.””>* Although the size of a single cell will not affect the
overall cost evaluation of a panel, a panel is assumed to consist
of multiple PEC cells of 50—100 cm” as this is the largest size
of a single cell being reported to date.”” The annual amount of
hydrogen produced by the PEC system (®y,  produced i kg) is

determined by the device performance and operational
parameters:

0]

sunlight X nSTH X 365 X Aactive X ¢

LHVy, ®)

CDHZ_produced,i -

Dyiighe is the solar intensity (3.43 kWh/m?/day, an average
value over the whole year), 751y is the STH efficiency, A,y iS
the active area, @ is the system area capacity factor (90% for
base case), and LHVy is the lower heating value of H, (33
kWh/kg or 120 MJ/kg).

Considering that the hydrogenation reaction may not
convert all the in situ generated H, to value-added products,
a term of H,-to-chemicals conversion (u), which ranges from
0% to 60%, was introduced in the different assessment
scenarios. The annual amount of H, consumed (d)H2 consumedﬂ-))

in the reaction is therefore a product of y and the annual
amount of H, produced on the cathode (@Hzproducedyi):

=pX ®Hz_produced,i (9)

H,_consumed,i

The annual amount of H, collected after the reaction
(®Hzcollected,i) is

CDH = (1 - ,Lt) X q)Hz_produced,i (10)

,_collected,i

The annual amount of hydrogenation products generated
(@pydrogenation;) and feedstocks consumed (@peqspock,;) can
therefore be determined:

(DHZ_consumed, i

(Dhydrogenation,i - X Mhydrogenation

MH2
v hydrogenation
vy, (11)
() .
H,_consumed,i Vfeedstock
q)feedstock = X Mfeedstock X
H, Uy, (12)

My, Miydrogenations 3d Mieegock are the molecular masses of H,,

the hydrogenation product and the feedstock, respectively. vy,

13787

Uhydrogenation a0d Vgeedstock: are the stoichiometry coefficients for
H,, the hydrogenation product and the feedstock, respectively,
as shown in Table 1.

The total facility cost consists of the capital cost (direct and
indirect), the operational and maintenance (O&M) cost and
the decommissioning cost. The direct capital cost includes the
PEC reactor cost, the balance of system (BOS) cost, and the
installation cost; the detailed contributions are discussed in the
“System Components and Costs” section. Additional indirect
capital cost is considered in this study, and the amount is 27%
of the direct capital cost (7% for engineering design and 20%
for process contingency budget).”® The cost of operation and
maintenance includes the feedstock cost, utility cost,
replacement cost, fixed maintenance cost, and labor cost.
Feedstock inventories adhere to the mass balance and are
affected by the production efficiency and delivery distance.
Utility cost is estimated based on the equipment’s power rating
and operating load. Replacement of major components and
fixed maintenance are assumed to cost 12% and 2.8% of the
total capital cost, respectively, based on the performance data
from several electrolyzer companies.” Labor cost during the
operation time is estimated based on the average engineering
labor cost in Europe®® and a utility PV power generation plant
having 80 permanent employees for 400,000 solar panels with
a linear integration.”” The decommissioning cost is assumed as
10% of the initial capital cost.”® Due to the relatively low
technological readiness level (TRL) of PEC water splitting,
industrialized mass production of PEC device components is
not yet available. Scaling up of the manufacturing process was
therefore calculated assuming an additional investments into
manufacturing tools at 1.5% of the total capital cost.*

System Components and Costs. PEC Reactor Sub-
assembly. Real-time market prices during this study (2022—
2023) were used to determine the costs of the raw materials.
The amount of material usage and the manufacturing cost for
the individual components were calculated based on the
experimental data and literature. The cost of the tools was
translated into the equivalent cost per unit area by dividing the
purchase price with the total product yields. The primary
expenditure of PEC cell, Ex, is calculated based on a bottom-
up approach from the cost of each part and subpart.

Excell = Z Pmaterial X Wmaterial + Z Putility X I/Vutility

+ Exequipment + Exjypor (13)

P, ateriar 1 the cost of raw materials in units of €/g, W, pia 1S
the amount of material used in units of gram/m?, Py is the
electricity or water tarif®>” of the region in units of €/kWh
and €/m’, respectively, Wiy is the amount of electricity and
water used in units of kWh/m? and m®/m?, EX,guipment is the
equivalent cost of purchasing the equipment to produce unit
area of cell over its entire lifetime in units of €/m?, and Ex,,
are the labor costs for manufacturing the cell in units of €/ m?.

The coupled PEC device investigated in this study adopted a
silicon heterojunction (SHJ) cell without front metal contacts
as the bottom absorber. Louwen et al.?’ reported a 0.34
€/W,e, production cost for SHJ cell in their TEA. We adapted
this figure to a single-sided metallized SHJ cell by removing
half of the materials and energy consumed in the metallization
process.

The BiVO,-based photoanode top absorber is deposited
directly on the ITO layer of the SHJ cell. This avoids the need
for additional glass substrates and reduces the complexity of
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the device. The material consumption and the fabrication steps
considered were obtained from our previous report on spray-
pyrolyzed BiVO,.°" Currently, there are no data available for
industrial scale fabrication of the BiVO, layer. Thus, the cost
was estimated based on the laboratory-scale fabrication process
performed at the Institute for Solar Fuels, Helmholtz-Zentrum
Berlin, by introducing a scaling factor, as mentioned in the
previous section.

The oxygen and hydrogen evolution catalysts, i.e., cobalt
phosphate (Co—P;) and Pt, are electrodeposited onto BiVO,
and solar grade glass, respectively. The electrodeposition
energy usage for thin film coatings has been reported as 1.54
kWh/m2,62 which includes dipping (0.125 kWh/m?/min),
rinsing, drying and calcination steps. In our electrodeposition
process, only a 15 min dipping treatment is involved. The
estimated primary energy requirements for the electro-
deposition of Co—P; and Pt are 20.1 and 13 MJ/m?
respectively.”

Nafion is considered as the ion conducting and gas
impermeable membrane, and the cost was estimated based
on the average market price of 240 €/m>’ The encapsulation
consists of a transparent glass cover and a PVC chassis. The
costs associated with ancillary processes (i.e., miscellaneous
chemicals,”® water pumping and cleaning,°* environmental
control of the manufacturing facilities)®® for device manu-
facturing were disaggregated from PV related LCA studies. The
PEC reactor subassembly also includes feedwater pumps and
manifold poly vinyl chloride (PVC) pipes, which deliver
electrolytes and liquid products between the feedstock point,
individual reactors, the gas collection unit, and products
separation unit. The length of different sizes of pipes were
recalculated based on the value from the DOE report.”
Finally, the installation of the PEC reactor on site is assumed
to cost 20 €/panel.’”® The detailed values of materials and
energy use for fabricating and installing the PEC reactor are
listed in Table S5.

Balance of System (BOS). The daily water supply is
assumed to be provided by a water treatment facility working
based on the reverse osmosis/electrodeionization (RO/EDI)
method is assumed for daily water supply.°>®” The capacity
rating needs to cover the peak water flow rate of 2 m*/hour for
the whole system.*® As the major feedstock, the water supply
for PEC production needs to be of high purity (resistivity > 1
MQ cm at 25 °C) with minimum ion concentration to avoid
contamination of the electrochemically active surfaces. By
utilizing the RO/EDI technique, feed water is first treated by
RO and then undergoes EDI for deionization. This process is
best suited for chemical-free operation. The cost for utility,
chemicals, and other consumables used during the RO/EDI
process was accounted for in the O&M cost section.”® Waste
management of the RO concentrate was also considered which
leads to an additional €0.35/m?> of total treated water.® Water
usage during the H, production process was based on
stoichiometric amount requirements and an additional 1%
evaporation factor. Additional water consumption for cleaning
of the panel surface was assumed to be 25 L/year/m* based on
data from a utility scale PV system.*”

Water pumps for the reactors are assumed to run only
during H, production and for several hours after the H,
production period is over. The water feed can be handled
with industrial electric water pumps,’’ whose energy
consgrlnption is estimated from values reported by Plappally
et al.

A gas handling system that includes PVC piping, a two-stage
gas compressor, and a condenser/cooler is used to collect,
compress, separate, and deliver the H, gas produced to the
collection station/pipeline. The H, gas at the outlet of the PEC
device is at atmospheric pressure and pressurized to 300 psi
(20.6 bar) before being transferred to the collection station/
pipeline. The compressor capacity was dimensioned based on
the peak annual H, production, i.e., highest solar irradiance.
On all other days, the compressor operates only at reduced
capacity. The condenser/cooler unit reduces the gas temper-
ature and removes water vapor before feeding into the
compressor. The cost of all the gas handling equipment was
derived from previous works.*®

Control automation is assumed to be realized with
LabVIEW software,’” programmable logic controllers
(PLCs),” and office computers.”* The cost of these monitor
and control tools was adapted from a previous report.** The
installation of all BOS components was estimated as 30% of
their initial capital cost.”” The detailed parameters and costs of
BOS are shown in Table S6.

Components for H,-to-Chemicals Processes. One major
component of the hydrogenation reaction is the feedstock. In
this study, there are several feedstocks, and depending on the
locations of the source, different transport distances of
feedstocks need to be considered. In this study, the base
case distance from the source of the feedstock to the site is
assumed to be 100 km. The delivery cost is then calculated
separately for different delivery approaches, ie., pipeline
transport for CO, and truck or railway transport for solid
feedstock. As reported in previous studies, the cost of CO,
transportation varies between US$4—45/tCO,.” For solid and
liquid feedstocks, i.e., itaconic acid, levulinic acid, phenol and
acetophenone, a delivery cost of €0.375—0.395/tkm by truck
or €0.203—0.246/tkm with truck plus trailers was considered.”®
Since the delivery cost is not significant, we included this in the
feedstock cost category.

Before feeding the catholyte into the PEC reactor, the
feedstocks in their solid, liquid or gas form and the Rh-TPPTS
catalyst need to be dissolved in a continuous stirred tank
reactor (CSTR).”” The electricity consumption of CSTR units
is derived from the power rating of the equipment.”* During
the coupling reaction, the feedstock consumption is calculated
based on the stoichiometric relationship between feedstocks
and hydrogen as shown in Table 1 and the H,-to-chemicals
conversion efficiency.

Rh-TPPTS with a 0.9 mM concentration is prepared and
utilized as the homogeneous catalyst for the hydrogenation
reaction. Ideally, as a catalyst, Rh-TPPTS would not be
consumed during the chemical reaction. However, this is not
realistic in practical production activities; a 1.2% annual loss is
assumed, which corresponds to the replacement rate of the
PEC reactor.

After the coupled hydrogenation reaction takes place in the
PEC reactor units and reaching the preset conversion
efficiency (by controlling the flow rate),”’ a mixture of
catholyte, feedstocks, Rh-TPPTS, H, gas, and hydrogenation
products is delivered to a separation facility. Compressed H,
gas is collected and delivered to pipelines, and the rest of the
liquid solution is sent to a separation unit for chemical
products extraction. The separation process of succinic acid
from the typical mixture produced during the conventional
fermentation process was used as a proxy process for base case
chemical separation.79 The produced mixture of feedstocks,
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hydrogenation product, H,O, and catalyst are centrifuged. The
mixture of the remaining feedstocks, H,O, and catalyst is
recycled to the PEC device, and the hydrogenation product
solution is fed to adsorption/desorption columns. After every
three cycles, the adsorption/desorption column is exposed to
hot air to remove contaminants. This liquid is further
concentrated in an evaporator and the concentrated liquid is
fed to a continuous crystallizer. Purified hydrogenated
chemical products are then produced after filtration and
drying and will be stored in airtight containers. The base case
separation flow (the separation of succinic acid) of the
hydrogenation product is illustrated in Figure S1. The detailed
costs for additional components needed to perform the
coupled hydrogenation process are given in Table S7. The
separation processes of cyclohexanol and oxalic acid were also
considered to provide a more comprehensive cost evaluation of
the separation process. For example, Wang et al. have designed
and evaluated an energy-saving industrial distillation processes
for separating cyclohexanol,” which costs US$4.2—6 million/
year for a working load of 30,400 kg/hour. This translates to
138.02 €/m? considering the design of our evaluated PEC
system. For oxalic acid separation, the liquid—liquid extraction
(LLE) technique has been reported to account for 9% of the
whole operation cost in a CO, capture and reduction system,”"
which equals to 411.3 €/m?. This range of separation cost was
considered for our sensitivity analysis.

B RESULTS AND DISCUSSION

We first analyze the cost of the system according to the
approach and boundary conditions described in the “Method-
ology” section. For the base-case assumptions, the total capital
expense for the coupled PEC hydrogenation system was found
to be €71.6 million, which translates to 603 €/m?. Figure 4

Rh-TPPS catalyst,1%—. Co-Pi catalyst,2.5%
Pt catalyst,0.8%—. "\ ‘
Piping,0.4% --> >

Encapsulation,3.3%
~Ancillary processes,3.8%

Separation unit,12.5%

' o
Installation,6.8%— —BivVO,,9.3%
Gas processing,1.9%—
Control system, 1% \
Water treatment,0% .\
o evice - SHJ cell,13.9%

77.8%

Nafion membrane,42.8%f‘

Figure 4. Percentage breakdown of the direct capital cost for a
coupled PEC hydrogenation system. As a comparison, the cost
breakdown for a PEC system that generates only H, is shown in
Figure S2.

shows the cost breakdown of the system. The PEC device
accounted for 77.8% of the total capital cost. Within the PEC
device, the Nafion membrane is the most cost intensive
component, contributing to 42.8% of the total capital cost.
This is not entirely surprising due to the high cost of Nafion
(240 €/m?). It is noted that James et al. expected the cost of
Nafion membrane to be reduced to 32.2 €/m? in their TEA
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study due to mass production,®’ but the current market price is
still much more expensive. The costs of the SHJ cell and the
BiVO4 follow behind with values of 13.9% and 9.3% of the
total capital cost, respectively. Interestingly, platinum and the
Rh/TPPTS catalyst, which are or contain expensive noble
metals, contribute only 0.8% and 1% of the capital cost,
respectively. This is because of their very limited use in the
coupled PEC hydrogenation system. The separation unit is the
most cost intensive component in the BOS (12.5%), followed
by installation costs (6.8%). Other BOS costs, ie., gas
processing facilities, water treatment facilities, and control
systems, do not contribute much to the total capital cost. As a
comparison, Figure S2 shows the cost breakdown of the same
PEC system but when only H, production is considered. A
similar distribution can be observed except for the absence of
the homogeneous catalyst and the components for the
separation of the hydrogenation products.

The finding that the PEC device is the largest contributor to
the majority portion of the total cag)ital cost is consistent with
our recent net energy assessment. ~ In that study, the PEC
device was also reported to have the highest cumulative energy
demand among the other components. However, the SHJ cell
was identified as the most energy intensive component of the
device, while Nafion is here found to be the most cost intensive
component in the current TEA study. Although the production
of SHJ cell consumes a lot of energy, the material cost is much
lower than that of Nafion. These results illustrate the
importance of both energy and economic assessments in the
evaluation of a system.

Figure Sa shows the annual O&M cost for the seven PEC
coupled hydrogenation systems (under the base case scenario)
as well as the case without coupled hydrogenation (i.e., only
H, production). When only hydrogen is produced, the annual
O&M cost is 32.8 €/m’ All PEC systems with coupled
hydrogenation require higher O&M cost than the noncoupled
PEC system, due to the additional substrate feedstock and
separation costs. The O&M cost for the coupled system
producing 1-phenylethanol (1-PE) is the highest, ~12 times
that of producing only H,. The main cost driver is the
feedstock acetophenone (ACP), which is a relatively expensive
substrate chemical compared to other feedstocks. The coupled
system that generates MSA shows ~4 times higher O&M cost
compared to the noncoupled system; again, feedstock cost is
the main cost driver as IA is the second most expensive
feedstock considered. When the feedstock prices are the same,
ie, for valeric acid (VA) vs y-valerolactone (GVL) and
ethylene vs oxalic acid (OA), the O&M cost differences are
simply attributed to the stoichiometric difference between H,
and the hydrogenation products in the respective reactions
(since the percentage of the separation costs are assumed to be
identical for the different products).

The distribution of system components for the three
selected hydrogenation products is shown in Figure Sb-d. As
shown in Figure Sb, IA feedstock into the H,-to-MSA process
(29.5%) and separation process (59.7%) are the two main cost
drivers of the total O&M cost (121.5 €/m?). The main reason
is that the annual yield of MSA in terms of weight is the
highest among all hydrogenation products and the separation
process is linearly dependent on the weight of the products.
Fixed maintenance accounts for 7.2% of the total cost, with the
remaining 3.7% made up of labor, device replacement,
electricity, delivery of feedstock, and water. For cyclohexanol
production (Figure Sc), the costs of different components are
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Figure 5. Annual O&M cost breakdown of PEC systems. (a) Cost breakdown for all PEC productions, including a system that produces only H,
(i.e, no hydrogenation) and coupled PEC hydrogenation systems that produce seven hydrogenation products. Cost breakdown of coupled
hydrogenation products: (b) MSA, (c) cyclohexanol, and (d) 1-phenylethanol.

distributed evenly among separation, fixed maintenance, and
labor, each at around 25%. The feedstock phenol only accounts
for less than 10% of the O&M costs because of its low market
price. This is in contrast with the case of 1-PE; as shown in
Figure 5d, the feedstock (ACP) is the dominant cost driver. In
general, the feedstock price and the molecular weight of the
products have a large influence on the distribution of the O&M
costs in a coupled PEC hydrogenation system.

With the cost distribution identified, we can now determine
the economic performance metrics of the various coupled PEC
hydrogenation systems considered. The economic metrics
NPV, IRR, and EPT for all reactions under base case
conditions are listed in Table 2 and Table S8. When no H,-
to-chemicals conversion is performed, the resulting NPV is
negative, and IRR is not applicable. In this case, the PEC
system would never pay for itself over its lifetime. The
economic advantages of the coupled hydrogenation reaction
become clear as we compare the metrics. For the baseline case
of MSA production with a 10% H,-to-MSA conversion
efficiency, the NPV of the whole project over 20 years is
1,035 €/m? and the resulting IRR is 12.4%, which is higher
than the 10% hurdle rate set by the H2A default value.** An
IRR value that is higher than the hurdle rate indicates that the
project is worth investing in. In this case, the total investment
into the coupled PEC hydrogenation system can be paid back
in 13.7 years. Since our current system boundaries do not yet
consider factors such as marketing and administration costs,
the actual IRR is expected to be somewhat lower but still well
above 10%. The numbers for PEC water splitting also show
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Table 2. Net Present Value (NPV), Internal Rate of Return
(IRR), and Payback Time (PBT) for the PEC Systems That
Include Coupled Hydrogenation Reactions under the Base
Case Condition and 10% H,-to-Chemicals Conversion”

Coupled hydrogenation  H,-to-chemicals NPV PBT
reactions conversion (€/m?) IRR (years)
Itaconic acid to 10% 103S 12.4% 13.7
methylsuccinic acid
Levulinic acid to valeric 10% —874
acid
Levulinic acid to y- 10% —823
valerolactone
Phenol to cyclohexanol 10% 812  10.5% 12.4
Acetophenone to 1- 10% 21147 104.7% 4.3
phenylethanol
Carbon dioxide to 10% —782
ethylene
Carbon dioxide to 10% —1062
oxalic acid
=727 NA NA

No hydrogenation (i.e.,
only Hj

“Results obtained for other H,-to-chemicals conversion values are
shown in Table S8.

significant improvement when coupling it to H,-to-cyclo-
hexanol conversion or H,-to-1-phenylethanol conversion also
show outstanding improvement when they are coupled with
PEC system. Interestingly, even if the NPV of the cyclohexanol
system is lower than that of MSA, the payback time is much
shorter. This is because of the greater price difference between
the feedstock and the selling price of the product, which results
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in a higher annual revenue. The coupled PEC hydrogenation
system that generates 1-phenylethanol is the most profitable
one with an IRR of more than 100% and a payback time of less
than S years for all cases. Finally, coupled PEC hydrogenation
of levulinic acid and CO, (irrespective of the products) are not
profitable (negative NPVs), which is attributed to the relatively
low market price of products and the low molar mass (for the
CO,-derived products). These coupled hydrogenation systems
are, therefore, no longer considered in the remainder of our
discussions.

The influence of STH efficiencies and lifetime to the
resulting LCOH of the various coupled PEC hydrogenation
systems will now being discussed. Four additional cases with
varying STH efliciency and lifetime are considered in addition
to the base case, as shown in Table 3. Figure 6 shows the

Table 3. Solar-to-Hydrogen (STH) Efficiencies and
Lifetimes Are Assumed in the Various Cases Considered in
This Study

STH Lifetime
Case 1 5% S
Case 2 5% 10
Case 3 10% S
Case 4 10% 10
Base case 10% 20

correlation between LCOH and H,-to-chemicals conversion
for all of these cases. When H, is the only product, i.e., the H,-
to-chemicals conversion is zero, the LCOH ranges from 16.6
to 89.3 €/kg. After coupling the PEC system to the more

profitable hydrogenation reactions, the LCOH can be reduced
to 0 €/kg upon reaching a certain H,-to-chemicals conversion
threshold since the revenue of the valorized chemical products
is used to compensate the cost of the STH process. We define
the cost of SMR-produced H, as a competitive benchmark (1.4
€/kg, see horizontal yellow dashed lines in Figure 6); the H,-
to-chemicals conversion that would result in the LCOH of 1.4
€/kg can therefore be described as the benchmark conversion
value (BCV; note that we deliberately avoid the word
“efficiency” to avoid confusion with the (different) concept
of the energy conversion efficiency). For example, when the
PEC system is coupled with the hydrogenation of IA to MSA,
even under the least optimal conditions (Case 1), the BCV is
0.55 (intercept between the curve and the horizontal yellow
dashed line). Considering that the current maximum H,-to-
MSA conversion efficiency demonstrated thus far in the
laboratory is 60%, it is expected that this BCV is a realistic
target. Lower BCV values are obtained with increasing STH
efficiency and lifetime. Figure 6 furthermore reveals that
introducing coupled hydrogenation of phenol to cyclohexanol
and ACP to 1-PE leads to lower BCVs and is therefore more
attractive than the IA-to-MSA process.

The dependence of the LCOH on the market prices of the
hydrogenation products is illustrated in Figure 7, which
assumes a fixed H,-to-chemicals conversion of 10%. The
intersects between the curves and the yellow horizontal dashed
lines represent the minimum selling prices of the different
coupled hydrogenation products to compete with the bench-
mark SMR LCOH. The steep vertical slopes of the LCOH in
these regions indicate that it is highly sensitive to slight market
price changes of the coupled hydrogenation products. The

(a) 100F

LCOH (€/kg)

14 { l
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H,-to-MSA conversion

(b) 100

LCOH (€/kg)

0.1 0.2 03 0.4
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(C) 100
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Figure 6. Levelized cost of hydrogen (LCOH) as a function of the H,-to-chemicals conversion in coupled PEC hydrogenation of (a) itaconic acid
to methyl succinic acid, (b) phenol to cyclohexanol, and (c) acetophenone to 1-phenylethanol. The different cases of STH and lifetime (see Table
3) are considered. Current LCOH from steam methane reforming (SMR) is indicated in each panel as a yellow horizontal dashed lines.
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Figure 7. Levelized cost of hydrogen (LCOH) as a function of the hydrogenation products market price in coupled PEC hydrogenation of (a)
itaconic acid to methyl succinic acid, (b) phenol to cyclohexanol, and (c) acetophenone to 1-phenylethanol. The different cases of STH and
lifetime (see Table 3) are considered. The current market prices of each hydrogenation product are indicated as gray vertical lines. The current
LCOH from steam methane reforming (SMR) is indicated in each panel as yellow horizontal dashed lines.

current market prices of the products are also indicated as
black vertical dashed lines. For the base case conditions,
competitive LCOH values vs SMR-produced H, can be
obtained when the selling prices are 4.8, 22, and 101 €/kg for
MSA, cyclohexanol, and 1-phenylethanol, respectively. The
differences between these prices with the current ones
therefore represent the allowable market price fluctuations
that could still occur before the respective coupled PEC
hydrogenation systems become noncompetitive. This “buffer”
ranges become narrower with decreasing STH and lifetime
(ie, from best to worst cases) and ultimately become
noncompetitive. Several examples of systems with non-
profitable coupled hydrogenation reactions are shown in
Figure S3. For these systems, the differences between the
current market prices (vertical reference lines) and the
competitive market prices (intersects between curves and
yellow horizontal dashed lines) illustrate the price increase that
must occur before the system can be considered competitive. It
is noted that for the coupled PEC hydrogenation of CO,-to-
ethylene, the required market price to reach a competitive level
would be extremely high (~100 times the current market price,
even beyond the range plotted). As such, this reaction should
not be considered for coupled PEC hydrogenation systems.
As shown in the cost breakdown section, the cost of the
coupled PEC hydrogenation system is driven by the
component investment and system parameters, while the
revenue is based on sales volume and market price. We
perform a sensitivity analysis that varies selected factors by
assuming low, base, and high cases and determine their
impacts on the most important economic performance
indicator, which is the LCOH. We only discuss the coupled
PEC H,-to-MSA systems, as the trend is expected to be the
same for the other systems. The assumptions defining the low,
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base, and high cases for this sensitivity analysis are shown in
Table S9 for the H,-to-MSA reaction.

Figure 8 shows the results of our sensitivity analysis as a
tornado plot. The center point of the plot is the LCOH of 9.83

SHJ cost
15%/10%/3%

Separation cost -
800/608/100 €/m?

IA feedstock
2.7/1.35/0.68 €/kg

Longevity -
30/20/10 years

Membrane cost
480/203/30 €/m?

MSA price
13.5/10/6 €/kg

H2-to-MSA conversion -
10%/5%/0%

STH
15%/10%/6%

T T T T T

-10 0 10 20 30
Levelized cost of H, (€/kg)

Figure 8. Perturbative sensitivity analysis of the LCOH, with lower,
base, and higher cases.

€/kg based on the base case assumptions for fabrication and
materials, a STH efficiency of 10%, a device longevity of 20
years, and a H,-to-MSA conversion efficiency of 10%. The
LCOH is found to be most sensitive to the H,-to-MSA
conversion efficiency; a 5% increase in H,-to-MSA conversion
efficiency leads to a 160% reduction in LCOH. The selling
price of MSA also generates a >100% reduction in LCOH
when it is increased from 10 to 13.5 €/kg. An increase in STH
efficiency from 5% to 10% would also be highly beneficial and
lead to an 83% decrease of the LCOH. In terms of investment
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into the system operation, a ~ 7-fold reduction in membrane
cost and a 35% reduction in separation cost would reduce the
LCOH by 52% and 42%, respectively. Finally, our analysis
shows that the price of IA feedstock, lifetime, and cost of SHJ
cell have a relatively limited influence on the LCOH.

To evaluate the possible impact of the proposed coupled
PEC hydrogenation system, we also performed a market
analysis for the three hydrogenation products that are shown to
be profitable: MSA, cyclohexanol, and 1-phenylethanol. MSA
is a valuable chemical compound that finds applications as a
cosmetically medium for improving the solubility of lipophilic
active agent.'* MSA is also utilized in the production of a chiral
2,5-dimethyladipic acid diester for polymer synthesis'> and
binder for powder coating.'® Currently, the market demand for
MSA is quite limited. To the best of our knowledge, a market
report is not readily available for MSA, but our previous study
estimated the annual market demand for MSA to be 15,322 t."”
With the estimated market price of 13.5 €/kg, the annual
market size of MSA is valued at ~€206 million.

Cyclohexanol is commonly used as a precursor in the
production of various chemicals and materials. One of its main
uses is as a feedstock in the synthesis of nylon, specifically
nylon-6, which is used in the production of fibers, plastics, and
other materials. Cyclohexanol is oxidized to cyclohexanone,
which is then used as a starting material for the synthesis of
adipic acid, a key precursor in nylon-6 production. Cyclo-
hexanol also finds use as a solvent in certain chemical reactions
and as a component in perfumes and fragrances. The global
cyclohexanol market size was valued at US$ 7.95 billion in
2022 and is expected to expand at a compound annual growth
rate (CAGR) of 4.58% during the forecast period, reaching US
$ 10.4 billion by 2028.*> Based on the current market price,
this leads to a market demand of ~240,000 t per year.

1-Phenylethanol finds versatile applications in the fragrance
and flavor industries, where it contributes to the production of
perfumes, cosmetics, and scented products. It is also used as a
flavoring agent in foods and beverages, offering a distinct floral
taste. Additionally, its antimicrobial properties make it
potentially valuable in pharmaceutical formulations. As a
synthetic building block, 1-phenylethanol is employed in
chemical syntheses, and its solvent properties further extend its
utility. The global 1-phenylethanol market was valued at US$
491.7 million in 2021 and is projected to reach US$ 761.7
million by 2031, growing at a CAGR of 3.3% from 2022 to
2031.%* This translates to a total market demand of 5,814.5 t
per year.

We now compare the market demand for the three
hydrogenation products discussed above to that for hydrogen.
According to the International Energy Agency (IEA), the
global H, market demand was 150 million tons (Mt) in 2023
and is projected to increase to over 500 Mt by 2050.%
Assuming that the coupled PEC hydrogenation systems have
10% H,-to-chemicals conversion, we calculate the correspond-
ing annual H, production if the total annual demand of each
hydrogenation product is met. The results are shown in Table
S10. Coupled PEC hydrogenation to the cyclohexanol system
could potentially contribute to ~0.1% of total global H,
demand, while the I-phenylethanol system could only
contribute to ~0.0006% of the global H, demand. This is
interesting because, although we have shown in the previous
section that coupled PEC hydrogenation systems generating 1-
phenylethanol would have the highest economic profitability,
its impact on the global H, market is minimal due to its

relatively small market demand. Our analysis also illustrates
that the market sizes of the hydrogenation reactions considered
here are orders of magnitude lower than that of H,.
Hydrogenation reactions with larger market sizes need to be
explored for the coupled PEC hydrogenation concept to reach
its desired impact. It should also be noted that the flexibility of
the coupled PEC concept also allows for multiple hydro-
genation reactions within the same system.

B CONCLUSIONS

In summary, we have conducted a comprehensive techno-
economic assessment (TEA) of a coupled PEC hydrogenation
facility based on our recent demonstrated device,"'”*
assuming a 1,000 kg H,/day capacity. Seven potential
hydrogenation reactions were considered based on their
reported reaction conditions that are close to that of PEC
device (i.e, room temperature, atmospheric pressure). These
reactions include IA to MSA, levulinic acid to valeric acid, and
y-valerolactone, phenol to cyclohexanol, acetophenone (ACP)
to 1-phenyl ethanol (1-PE), and CO, to ethylene and oxalic
acid. Our life cycle inventories of the system revealed that the
PEC reactor is the major contributor to the capital cost, with
the membrane (Nafion) being the most expensive component.
Feedstock cost and product separation were identified as the
largest O&M cost components. Under the base case scenario
of 10% STH efliciency and 20 year lifetime, the system net
present value (NPV) and internal rate of return (IRR) are
negative when H, is the only product, ie, no coupled
hydrogenation, indicating that the system is not capable of
generating adequate payback. The NPV and IRR become
positive when coupled hydrogenation of IA to MSA, phenol to
cyclohexanol, and ACP to 1-PE were introduced, even with a
relatively low H,-to-chemicals conversion of 10%. Coupled
hydrogenation of ACP to 1-PE were identified as the one
generating the highest values, although the potential market
impact of cyclohexanol is the largest among the three reactions.
Introducing the other coupled hydrogenation reactions is not
favorable because of the relatively low yielding or market price
of the products. Sensitivity analysis shows that solar-to-H,
efficiency and H,-to-chemicals conversion are the most critical
parameters affecting the LCOH of the system. Even under the
worst-case scenario considered here (STH 5%, lifetime S
years), the required benchmark conversions that would result
in competitive LCOH values that are comparable to that of
fossil fuel-based H, are 55.4%, 31.9%, and 9.5% for coupled IA-
to-MSA, phenol-to-cyclohexanol and ACP-to-1-PE systems,
respectively. These are lower than those already reported in
our coupled PEC hydrogenation of IA-to-MSA demonstration
device, suggesting the feasibility of fulfilling these benchmark
values. Overall, our study highlights the economic benefits and
further supports the attractiveness of coupling hydrogenation
reactions inside a PEC H, generation system.

Finally, while the current state of PEC water-splitting
technology demonstrates promising advancements, significant
challenges remain before it can be commercially deployed on a
large scale.”® Economically, the current study indicates that the
integration of chemical synthesis offers a pathway for PEC to
compete with other hydrogen production methods, such as
steam methane reforming. However, technically, the largest
demonstration of deployed large-scale PEC devices being built
and test to date is still limited, including a 200 cm® modular
cell (with multiple SO cm® single-large @-Fe,O; photo-
electrodes) that can reach 0.41% STH under concentrated

https://doi.org/10.1021/acssuschemeng.4c03463
ACS Sustainable Chem. Eng. 2024, 12, 13783-13797


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c03463/suppl_file/sc4c03463_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c03463/suppl_file/sc4c03463_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c03463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

sunlight and 1.6 m® Artiphyction prototype (with 100 PEC
cells of 8 X 8 cm?® CoPi-catalyzed Mo-doped BiVO,
photoanode) that can reach 3% STH efficiency.””*® Thus,
continued research is essential to further enhance the long-
term stability and efficiency of the large-area PEC technology.
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