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Photoelectrochemical (PEC) water splitting is a promising approach to drive green, carbon-free production

of hydrogen (H2). In ‘classic’ water splitting, oxygen (O2) is formed at the anode as a by-product. It has been

suggested that substitution of anodic O2 production with hydrogen peroxide (H2O2) could increase the

financial attractiveness of PEC water splitting. Here, we present a techno-economic analysis of

a photoelectrochemical H2/H2O2 process. Specifically, we model photoelectrochemical farms with

industrially relevant production capacities. Two scenarios are considered: (i) a theoretical scenario with

an optimal solar-to-hydrogen (STH) efficiency of 27.55% and (ii) a literature-based state-of-the-art

scenario with an STH efficiency of 10.1%. When applying an averaged market value of $0.85 kg�1 for

H2O2, the analysis reveals a negative levelized cost of hydrogen (LCH) for scenario (i), i.e. $6.45 kg�1, and

for scenario (ii) an LCH of $6.19 kg�1. Our results imply that these values are superior to the LCH of

‘classic’ PEC water splitting (ca. $10 kg�1), while the negative value for scenario (i) even outcompetes the

LCH of steam methane reforming ($1.4 kg�1). We predict that significant reduction in the LCH can be

realized within the PEC community when future research is aimed at enhancing the stability of the

photoanode and optimizing the STH efficiency for anodic H2O2 formation. This manuscript clearly

demonstrates the financial benefits of value-added product formation, such as hydrogen peroxide, over

O2 formation. In a broader context, our analysis verifies that further research on valuable commodity

chemicals at the anode in water splitting and CO2 reduction should be stimulated in the future to

facilitate implementation of emerging, cost-intensive technologies.
Introduction

In the last few decades, interest in light-driven water splitting
has been increasing rapidly.1–3 Electrochemical water splitting
is foreseen to enable an environment-friendly way of harvesting
and storing energy from renewable sources, such as solar
energy, in the form of “green” hydrogen. In typical scenarios,
hydrogen is produced in a (photo)electrochemical cell at the
cathode by proton or water reduction in respectively acidic or
alkaline media. Eqn (1) demonstrates the half-reaction for
proton reduction:

2H+ + 2e� / H2 E0(H+/H2) ¼ 0 V vs. RHE (1)
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f Chemistry 2020
Meanwhile, at the anode oxidation of water (acidic media) or
hydroxide (alkaline media) takes place. The half-reaction for
water oxidation is given by:

2H2O / O2 + 4H+ + 4e� E0(O2/H2O) ¼ 1.23 V vs. RHE (2)

The overall reaction becomes:

2H2O / 2H2 + O2 E0
cell ¼ �1.23 V (3)

In the context of light-driven water splitting, two approaches
are generally considered. In PV-E light harvesting, photovoltaic
(PV) cells are coupled with water electrolysis. Generally, PV-E is
considered as an appealing solution, as it allows for individual
optimization of light harvesting for electricity generation and
for fuel/chemical production by electrolysis. As an alternative,
direct utilization of solar energy in a photoelectrochemical
(PEC) cell is frequently discussed.4 With regard to techno-
economic analyses, there is no consensus in literature
whether PV-E or PEC provides the lowest average price of H2.
For example, Shaner et al. estimate the average levelized cost of
hydrogen (LCH) to be $12.1 kg�1 and $11.4 kg�1 for base-case
Sustainable Energy Fuels, 2020, 4, 3143–3156 | 3143
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PV-E and PEC systems respectively (with plant efficiencies of ca.
10%),4 whereas more recently Grimm et al. predicted these
prices to be $6.22 kg�1 and $8.43 kg�1 (with solar-to-hydrogen
efficiencies of 10.9 and 10% respectively).5 Oen, for PEC
water splitting, the average price of H2 is around $10 kg�1 for
systems providing solar-to-hydrogen (STH) efficiencies around
10%.4,6,7 So far, hydrogen produced by PEC water splitting
cannot compete yet with hydrogen produced by steam methane
reforming (SMR), which has a current market value of $1.4 kg�1

H2 produced.4,8 Development of stable, non-toxic and efficient
semiconductor materials to facilitate fabrication of systems
with higher STH efficiencies seems to be a straight-forward
approach to invoke more industrial interest in environmental-
friendly photoelectrochemical water splitting.9,10

In a ‘classic’ (photo)electrochemical water splitting process
oxygen is produced as anodic by-product (eqn (2)). With
a market value of only $35 ton�1, oxygen is of low commercial
interest and barely contributes to reduce the levelized cost of
hydrogen (LCH).8 Therefore, another strategy to render PEC
hydrogen production more attractive is to develop processes in
which valuable products are formed at the anode.

A very alluring chemical to produce is hydrogen peroxide
(H2O2). H2O2 is an important, environmental-friendly oxidant
used for e.g. pulp and textile bleaching, disinfection, detergents,
wastewater or exhaust air treatment. It is also used in chemical
synthesis, semiconductor cleaning and it can be utilized in
a fuel cell.11–15 As of 2015, 5.5 million tonnes of H2O2 are
produced annually,13 mostly through the two-step anthraqui-
none process.11–18 In this process, anthraquinone is hydroge-
nated using e.g. nickel or supported palladium catalysts. The
hydroquinones formed are subsequently oxidized with air,
yielding H2O2 and regenerated anthraquinone. Aerwards,
water is used for H2O2 extraction and distillation is applied to
concentrate the H2O2. Despite its high usage in industry, the
anthraquinone process suffers from some major drawbacks,
including (but not limited to) the need for centralized produc-
tion and the requirement of harmful organic solvents. A solu-
tion to these drawbacks could be the (photo)electrochemical
production of hydrogen peroxide through selective two-electron
oxidation of water (eqn (4)):8

2H2O / H2O2 + 2H+ + 2e� E0(H2O2/H2O)

¼ +1.78 V vs. RHE (4)

In such case, the overall water splitting reaction becomes:

2H2O / H2O2 + H2 E0
cell ¼ �1.78 V (5)

This allows for simultaneous stoichiometric production of
H2. Furthermore, such a process would allow for on-site
production of H2O2 rather than centralized production
without the need for any harmful solvents. In such a way, the
need for extended transportation of a perilous substance
sensitive to degradation is eliminated.11,12,14–19 With a current
market value of $500–1200 ton�1 H2O2,8,20 hydrogen evolution
with the co-production of H2O2 through selective water oxida-
tion can signicantly contribute to LCH reduction. This
3144 | Sustainable Energy Fuels, 2020, 4, 3143–3156
approach can therefore be a signicant economic driver for H2-
PEC development.

In 1853, Meidinger already demonstrated that hydrogen
peroxide could be produced electrochemically by the electrol-
ysis of sulfuric acid.11,16,21,22 Here, peroxodisulfuric acid is
formed as an intermediate, which is hydrolyzed by water to
eventually yield sulfuric acid and hydrogen peroxide.23 In recent
years, the interest in electrochemical H2O2 formation has been
rekindled, where selective water oxidation has been reported
both by theory and experiments.18,24–41 For example, MnOx was
demonstrated to work as an anode for selective water oxidation
to H2O2.31 Although further material development is still
required, in more recent studies metal oxides such as WO3 and
BiVO4 seem to be excellent electrode materials, providing high
selectivities for selective water oxidation to H2O2 at reasonable
overpotentials (roughly 200 and 350 mV respectively).29,33 The
favorable selectivity is governed by the binding energies of OH*

and O* intermediates. Specically, when DGO T 3.5 eV and
DGOH ( 2.4 eV, theory predicts that H2O2 should be the main
water oxidation product. Pioneering work by Sayama et al. and
Fuku et al.24–27,30 conrmed that BiVO4 is indeed a well-suited
material for the production of H2O2. Faradaic efficiencies (FE)
of up to 80% at an applied potential of 1.5 V under simulated
solar light were obtained.27 Similarly, Shi et al. observed faradaic
efficiencies ranging from ca. 63% up to 98% at additional
potentials of 1.5 and 1.9 V vs. RHE respectively under (simu-
lated) solar illumination.29 Moreover, Gd:BiVO4,38 surface
phosphate-treated Mo:BiVO4,39 ZnO,40 CaSnO3

41 germanium
porphyrins42 and aluminum porphyrins43 have been shown
recently to be interesting materials for selective water oxidation
to H2O2 as well. Lastly the inclusion of a protective layer such as
mesoporous and amorphous Al2O3 could prevent anodic H2O2

degradation to O2, thus enhancing selectivity.27 For further
reading, we refer the reader to one of the excellent reviews
published on this topic.11,44,45

Based on the presented examples it can be concluded that
signicant advances have been made in the development of
(photo)electrochemical H2O2-production by selective water
oxidation. Integration in PEC devices is clearly of interest. Still,
the question arises whether photoelectrochemical water split-
ting with selective hydrogen peroxide formation is nancially
attractive. Along these lines, Palmer et al. reported that the
anodic production of commodity chemicals, such as iodine and
bromine, through solar approaches can nancially be more
rewarding than anodic oxygen evolution via PEC water split-
ting.46 Here, we perform an in-depth techno-economic analysis
of a H2 and H2O2 generating PEC system that, to the best of our
knowledge, is still missing. We use an optimized system, i.e. we
consider that the required semiconductors are readily available
and reactions occur with 100% faradaic efficiencies to allow for
maximum solar-to-hydrogen (STH) efficiencies resembling
theoretical calculations.8 For such systems, we calculate the
levelized cost of hydrogen (LCH) for coupled H2/H2O2 congu-
rations as a function of H2O2 price. This system will be referred
to as scenario (i). In addition, despite the novelty and therefore
uncertainty, we present in scenario (ii) the techno-economics of
a H2/H2O2 PEC cell using recent literature data reported by Shi
This journal is © The Royal Society of Chemistry 2020
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et al.,29 using BiVO4 as a photoanode. To provide the required
cell voltage, additional photovoltaic assistance is used. A strong
dependence of LCH on the H2O2 price is observed. Further-
more, we predict through a sensitivity analysis that the LCH can
signicantly be reduced when the photoanode stability and the
STH efficiency are enhanced. Importantly, for both models, we
nd that with reasonable H2O2 prices, the levelized cost of
hydrogen is signicantly lower in a H2/H2O2 PEC conguration
than in a H2/O2 PEC conguration. From a nancial point of
view concomitant H2O2 production is benecial, and our results
highlight that research to facilitate anodic H2O2 production
should thus be stimulated.
Methodology
Overall system design

In scenario (i), we adapt the PEC module geometry of a xed
panel array reactor as described by Pinaud et al.6 and James
et al.7 The xed panel arrays are fully integrated devices and
consist of two electrodes with multiple photoactive layers
stacked between them. Specically, we assume that the photo-
active layer consists of two photoabsorbers with matching band
gaps to allow for optimized STH efficiencies. One of the elec-
trodes is used as a cathode for the hydrogen evolution reaction
(HER), whereas the other electrode serves as an anode for the
hydrogen peroxide evolution reaction (HPER). As a high pH is
detrimental for the stability of H2O2, we use acidic conditions in
our model.11,16,19 Amembrane is introduced between the bottom
cell absorber and the anode to allow the transition of protons
and separation of the cathode and anode compartments. The
cathode and the anode are exposed to a continuous ow of
respectively wet gas and water. A schematic depicting the xed
panel array used in our research is shown in Fig. 1. In previous
Fig. 1 Configuration of (a part of) the fixed panel array reactor used in
scenario (i). Hydrogen evolution takes place at an HER cathode,
whereas hydrogen peroxide evolution takes place at an HPER anode.
Both electrodes are connected in series with a top cell and a bottom
cell absorber, used for the absorption of solar light (depicted as wiggly
arrows). A proton-exchange membrane is placed in between the
bottom cell absorber and the HPER anode to allow protons to migrate
from anolyte to catholyte. The top side of the reactor is made out of
glass to allow light to reach the photoabsorbers. For concept clarifi-
cation, a dotted line demonstrating electron movement is included in
this image. It should be noted that such wiring is not physically present,
as electron movement is integrated within the device itself.

This journal is © The Royal Society of Chemistry 2020
work,8 a web-based model (WBM) developed by Seger et al.47 was
used to demonstrate that STH efficiencies of 27.55% can be
reached when the top cell and bottom cell absorber have
bandgaps of 1.9 eV and 1.2 eV respectively (in 1.0 M KOH, at
150 mV overpotential and with faradaic efficiencies of 100% for
H2 and H2O2 generation). Here, using the same WBM and
a similar approach (with 100% faradaic efficiencies for H2 and
H2O2 generation), we derive that the maximum STH efficiency
in 1.0 MH2SO4 and at 150mV overpotential is also 27.55%, with
the top and bottom cell absorbers being 1.9 and 1.2 eV as well
(for additional information see ESI†).

A schematic representation of the integration of the PEC
module into an industrial process is depicted in Fig. 2. The
anode is constantly fed with fresh water during operation. Aer
reaction, O2 and a H2O/H2O2 mixture are obtained from the
water and the two products are separated. Here, the option for
water evaporation to concentrate the H2O2 is considered as well.
This is realized by distillation or rectication at moderate
temperatures and low pressures.16,48 It should be noted that for
some applications of on-site production of H2O2, further
concentrating of hydrogen peroxide is not needed. Here, the
water is recycled aerwards. Also the electrolyte is recycled; for
example, when sulfuric acid is used, steam can be used to
remove water and hydrogen peroxide from the solution, similar
to the Degussa–Weissenstein process.16 The resulting vapor is
guided to a fractionating column, where water and hydrogen
peroxide are separated. Hydrogen peroxide solution will form
the output of the H2/H2O2 PEC plant, whereas the separated
water will be reused. Alternatively, calcium hydroxide can be
used for the precipitation of poorly soluble calcium sulfate.49

The precipitate is then desulfurized by thermal dissociation to
form sulfur dioxide, which can be converted to sulfuric acid.50 At
the cathode, a wet gas purge is used to harvest the generated
hydrogen. Consequently, the hydrogen is separated and pres-
surized. The wet gas is recycled as well. Separation of chemicals
is assumed to occur with 100% efficiency.

Techno-economic assumptions

Similar to other reports discussing the techno-economics of
PEC water splitting, a large scale facility with a daily hydrogen
production of 10 tonnes is considered.4,6,7 A summary of the
technical assumptions is shown in Table 1. Importantly, we
emphasize that many of the chosen parameters are dependent
Fig. 2 Schematic of the industrial PEC process with H2O2 being
produced at the anode and H2 at the cathode.

Sustainable Energy Fuels, 2020, 4, 3143–3156 | 3145
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Table 1 Parameter assumptions used in this work for a H2/H2O2 PEC
cell

Parameter Value

H2 production scale4,6,7 10 t H2 per d
Solar energy input5–7,51 6.19 kW h m�2 d�1

Starting year 2020
Project lifetime4,6,7 20 years
Replacement time4,5,51 7 years
Capacity factor5,51 95%
Ination rate4,5,7,51 1.9%
Tax rate7 38.9%
Discount rate7 10%
H2O2 price range8,20 $0.5–1.2 kg�1

Table 2 Economical costs used in this work for a H2/H2O2 PEC cell

Costs Value

CAPEX
PEC cell module
Dual photoabsorber
(adapted from ref. 4, 5 and 51)

$50 m�2

HER cathode5,51,52 $5 m�2

HPER anode $5 m�2

Membrane4,5,51 $50 m�2

Housing (adapted
from ref. 5, 51 and 52)

$21 m�2

Glass5,51,52 $10 m�2

Assembly5,51 $20 m�2

PEC module replacement costs5,51

75% aer 7 years
& 60% aer 14 years

Hard BoS
H2 gas system

5,51 M$11.5
H2O piping system
(adapted from ref. 5 and 51)

M$2.6

H2O2 piping system M$2.6
Electrolyte, H2O2 and
H2O separator

M$5

Process control system M$6
So BoS
Installation costs5,51 20% of initial investment

+ replacement costs
Contingency costs5,51 30% of initial investment
Engineering & design costs5,51 5% of initial investment

OPEX
Insurance5,7,51 2% of initial CAPEX

of PEC module and hard BoS a�1

Labor M$4.5 a�1
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on the country and precise location of the PEC plant. Here, we
have chosen parameters resembling input parameters of
techno-economic studies focusing on ‘classic’ H2/O2 PEC water
splitting. It is assumed that the PEC panel is placed in a suitable
climate for water splitting. We further explore the dependence
of the levelized cost of hydrogen on such parameters in
a detailed sensitivity analysis. A solar energy input of
6.19 kW h m�2 d�1 resembling the average solar energy input
measured for a 35� solar panel array tilted to the south in
Daggett, California, USA is used.5–7,51 Because the facility will
face downtime due to e.g. defects and maintenance, we intro-
duce a capacity factor, i.e. a ratio between actual operation time
and theoretically possible operation time. Because most of the
maintenance can be done at night, a high capacity factor of 95%
is used.5,51 Moreover, similar to earlier reports, we adapt an
ination rate of 1.9%,4,5,7,51 a tax rate of 38.9%,7 and a discount
rate of 10%.7 Finally, we use the known price-range of H2O2 in
2006, which is $0.5–1.2 kg�1.8,20

For the analysis of capital expenditures (CAPEX), we distin-
guish between PEC cell module costs and costs related to the
hard and so balance of systems (BoS). The costs are high-
lighted in Table 2. Judging on previous studies,4,5,51 where
congurations modeled for PEC water splitting to yield H2 with
O2 as by-product are used, we estimate the base-case values of
the dual photoabsorbers to be roughly $50 m�2. A price of $5
m�2, which resembles the price of a nickel–molybdenum
mesh,5,51,52 is adopted for hydrogen evolution. The price of the
anode catalyst is difficult to deduce due to the novelty of
hydrogen peroxide evolution at an anode. In PEC water split-
ting, values of e.g. $0.10 m�2 or $1 m�2 have been used (for
nickel),5,51,52 or $8 m�2 for the cathode and anode combined
(using Pt and IrOx).4 In this study, we compensate for the
uncertainties associated with anodic H2O2 production and
assume anHPER anode price of $5m�2. The price of the proton-
exchange membrane is set at $50 m�2.4,5,51 For the housing,
a value of $21 m�2 is adapted.5,51,52 The price for glass is set at
$10 m�2,5,51,52 and the assembly costs at $20 m�2.5,51

We determine the hard and so balance of system (BoS)
costs based on previously dened values by Grimm and co-
workers.5,51 We adapt the same H2 gas system of M$11.5, which
includes piping, gas compressors, condensers and intercooling.
Water management is installed for a total of M$1.3 for a PEC
3146 | Sustainable Energy Fuels, 2020, 4, 3143–3156
system where H2 and O2 are produced. We assume double costs
for the piping due to double H2O quantities required for the
production of 1 mole of H2 when H2O2 is produced at the anode
(compare reactions (3) and (5)). Similarly, we included a H2O2

piping system worth M$2.6. Due to the uncertain nature of
chemical separation, an additional penalty of M$5 was added
for recycling of the electrolyte, as well as possible concentrating
of the H2O2. Considering the process control system an expense
of M$6 was assumed that is slightly larger than that for ‘normal’
PEC water splitting.5,51 In the CAPEX costs, ground costs ($0.15
m�2) are considered to be negligible.5,7,51

To estimate the operating expenditures (OPEX) costs, we set
an insurance of 2% of the initial capital cost.5,7,51 For the labor
costs, we assume that 4 security officers are available all day
long at any time, thus spanning 96 man-hours each day. Simi-
larly, we assume that daily 400 man-hours are required to
maintain functionality of the system, for instance realized by
installing two 8 hour shis, with 25 employees working in each
shi. With an average of $25 h�1,5,51 the annual labor costs can
be roughly estimated to be M$4.5. Finally, the PEC cell modules
will be replaced in 7 year intervals. The costs associated with
panel replacement have been estimated to be 75% aer 7 years
and 60% aer 14 years, in agreement with an expected decrease
in production costs.5,51
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Contour plot demonstrating the H2 price as a function of the
STH efficiency and H2O2 price using parameters defined in Tables 1
and 2 and with a faradaic efficiency of 100% for anodic H2O2

production. The black solid line implies the theoretical maximum of
STH efficiency, the black dotted line an STH efficiency of 10%. The red
dotted line corresponds to a H2 price of $1.4 kg�1, i.e. the price of
hydrogen formed through steam methane reforming (SMR), whereas
the blue dotted line demonstrates the approximate levelized cost of
hydrogen (ca. $10 kg�1) obtained using ‘classic’ PEC water splitting, i.e.
through the production of O at the anode.
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Economic model used

The net present value (NPV) of a system describes its economic
protability.4,51 If the NPV < 0, a project will have a negative
protability potential, whereas NPV > 0 implies that the project
is economically benecial. The break-even point of a project,
where the benets and costs outweigh each other, is dened as
NPV¼ 0. Thus, in this analysis, the minimum price at which H2

or H2O2 can be sold is calculated using NPV¼ 0. The NPV at the
beginning of a year can be calculated using the following
formula:

NPV ¼
Xn

i¼0

CFi

ð1þ rÞi (6)

where CFi is the cash ow involved in the system in the year i, r
is the discount rate and n is the project lifetime in years. The
cash ow is the difference between the cash ow in (Cashin

i ) and
the cash ow out (Cashout

i ) minus an additional yearly tax which
needs to be paid (Taxi):

CFi ¼ Cashini � Cashouti � Taxi (7)

with

Taxi ¼ (Cashini � Cashouti � Depi)t
rate
i (8)

Here Depi is depreciation (see ESI† for a detailed calculation in
the corresponding M-les), which resembles the decrease in
value of properties and equipment over time, whereas tratei is the
tax rate (38.9%,7 see Table 1). The tax only needs to be paid in
years when the PEC plant makes a prot, i.e. when (Cashin

i �
Cashout

i � Depi) > 0. The Cashin
i is dened as the income

generated over the sale of the annual production of H2 and
H2O2:

Cashin
i ¼ IncomeH2

i þ IncomeH2O2
i (9)

or:

Cashin
i ¼ PXH2 � ProdH2

i þ PXH2O2 � ProdH2O2

i (10)

where PX is the price of H2 or H2O2 and Prodi stands for the
amount of H2 or H2O2 produced per year. The cash outow is
dependent on the annual capital expenditures (CAPEXi) and the
annual operating expenditures (OPEXi) (see Table 2):

Cashouti ¼ CAPEXi + OPEXi (11)

In our model, we use a price range of $0.5 to 1.2 kg�1 for
H2O2 (see Table 1).8,20 To achieve a net present value of 0, we
calculate the corresponding costs at which the generated H2

needs to be sold, i.e. the levelized cost of hydrogen (LCH).4–7,51,52

To calculate the LCH, we use a ow chart as depicted in Fig. S3.†
First, the required PEC panel area is calculated using the H2

production scale required, the faradaic efficiency towards H2O2

production, the solar-to-hydrogen (STH) efficiency (or simply H2

efficiency) and several xed parameters, i.e. the Gibbs free
energies involved in the electrochemical production of respec-
tively H2O2 and O2 from water, the solar energy input, the
capacity factor (95%, Table 1) and the molar mass of H2. For
This journal is © The Royal Society of Chemistry 2020
a detailed derivation of the formula, we refer to the ESI (eqn
(S15)†). Using the calculated PEC panel area the total OPEX and
CAPEX costs and depreciation are calculated. The computed
area is furthermore used to calculate the annual production of
H2O2 (see ESI, eqn (S20)†) and thus the income over the sale of
H2O2. Taking into account that taxation is dependent on the
CAPEX costs, the OPEX costs, the depreciation and the income
over the sale of H2O2 and H2, the required income of H2 can be
calculated to achieve a net present value (NPV) of 0. From here,
the minimum price at which H2 needs to be sold is calculated in
$ per kg.

Results and discussions
Scenario (i): near optimal scenario

A contour plot of the H2 price as a function of the solar-to-
hydrogen (STH) efficiency and the H2O2 price is depicted in
Fig. 3. A summary of the most important values derived from
this gure is demonstrated in Table 3.

When the H2O2 price is xed at $0.85 kg�1 and an STH
efficiency of 27.55% (black solid line) is assumed as predicted
for an ideal PEC system (see calculations in the ESI†), the
calculated H2 price is $6.45 kg

�1. Furthermore, at H2O2 prices of
$1.2 kg�1 the H2 price is $12.3 kg�1, and even at a H2O2 price of
$0.5 kg�1, the H2 price is still $0.560 kg�1. Theoretically, these
negative values would imply that to reach NPV ¼ 0, hydrogen
should be distributed while also spending additional cash.
Practically, the negative values mean that there is spare room to
allow for higher debits, or simply that hydrogen can be sold at
a high prot. The LCH values reported here demonstrate that
theoretically it is possible to photoelectrochemically produce H2

at a cathode and H2O2 at an anode, and sell the H2 at a price
cheaper than $1.4 kg�1, i.e. the H2 price through steammethane
reforming, indicated by a red dotted line in Fig. 3. Thus, above
2
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Table 3 Important levelized cost of hydrogen (LCH) values calculated
at different H2O2 prices and different solar-to-hydrogen (STH) effi-
ciencies, based on parameters defined in Tables 1 and 2 and with
a faradaic efficiency of 100% for anodic H2O2 production

H2O2 price ($ per kg) STH efficiency (%) LCH ($ per kg)

0.5 8.11 10.0
10.0 7.18
19.1 1.4
27.55 �0.560

0.85 5.82 10.0
9.90 1.4

10.0 1.28
27.55 �6.45

1.2 4.54 10.0
6.69 1.4

10.0 �4.61
27.55 �12.3
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this line hydrogen production by PEC is favored over SMR,
highlighting the general exibility of the PEC H2/H2O2 process.
Using the standard case value of $0.85 kg�1 H2O2, a solar-to-
hydrogen efficiency of only 9.90% is required to compete with
SMR, whereas at respectively H2O2 prices of $0.5 kg�1 and $1.2
kg�1 STH efficiencies of 19.1% and 6.69% allow for competi-
tion. Although these values are relatively high, especially the
values with an STH efficiency lower than 10% are not unrea-
sonable: recent studies on photoelectrode–photovoltaic (PEC–
PV) tandem cells have already demonstrated that STH efficien-
cies in this order of magnitude can be achieved.53 Moreover, as
stated above, techno-economic studies investigating ‘classic’
PEC water splitting use an STH efficiency of ca. 10% to achieve
an LCH of ca. $10 kg�1.4,6,7 Here, our analysis of the H2/H2O2

PEC system predicts H2 prices of $7.18 kg�1, $1.28 kg�1 and
$4.61 kg�1 for the H2O2 prices of $0.5 kg�1, $0.85 kg�1 and $1.2
kg�1 at an STH efficiency of 10% (black dotted line). In fact, to
be competitive with ‘classic’ PEC water splitting (highlighted by
the blue dotted line), STH efficiencies of only 8.11%, 5.82% and
4.54% are required, clearly highlighting the benets of the H2/
H2O2 PEC system. In a broader view, the trends demonstrated in
this section also clarify the importance of producing a valuable
product at the anode: the higher the price of the product, the
easier it becomes to sell H2 at low prices.
Scenario (ii): current state-of-the-art scenario

Next, we proceed to reveal the techno-economics of a current
state-of-the-art scenario, where recently published data are used
as input parameters for the techno-economic model dened in
this work. We use the pioneering work of Shi et al.,29 where
BiVO4 coated on uorine-doped tin oxide (FTO) was used as
a photoanode (connected to a ‘dark’ cathode) for the production
of H2O2 in a bicarbonate (NaHCO3) electrolyte. Under solar
simulation, the authors demonstrate that faradaic efficiencies
of ca. 98% at current densities of 5.7 mA cm�2 are obtained at
an applied potential of 1.9 V vs. RHE. In our model, we use
a hybrid PEC/PV-conguration where a photovoltaic module
provides the additional voltage required to maintain the
3148 | Sustainable Energy Fuels, 2020, 4, 3143–3156
operating potential of the system, similar to studies by Fuku
et al.26 In those studies, the required voltage was generated by
double dye-sensitized solar cells (DSSCs) in combination with
a BiVO4/WO3 photoanode. Based on previous studies,4,54,55 we
assume that a PV cell can be optimized to yield a voltage of 1.9 V
and a current of 5.7 mA cm�2. Using the latter value, we proceed
to calculate the corresponding STH efficiency using formula
(S3) (dened in the ESI†). Here, it is important to note that the
potential difference deviates from the commonly used 1.23 V for
water splitting into hydrogen and oxygen. When oxygen is
substituted with hydrogen peroxide at the anode, the thermo-
dynamic potential becomes 1.78 V. Considering a mixed
production of hydrogen peroxide and oxygen with hydrogen
peroxide signicantly exceeding oxygen evolution, an STH effi-
ciency of 10.1% is calculated. To calculate the LCH, we assume
a photoanode price of $50 m�2, which corresponds roughly to
semiconductor costs used in other techno-economic anal-
yses.4,5,51 We have chosen to set the price per m2 of BiVO4 high
compared with the market value56 due to uncertainties associ-
ated in the processing conditions of the photoanode. For the
additional PV cell, we adapt a highly efficient multi-silicon
module with a price of $0.215 W�1 and an efficiency of 18.8%
as reported on EnergyTrend.57 With a solar input of roughly
1000 W m�2 and using the ratios between PV module cost,
wiring costs and mounting costs reported earlier,58 we estimate
the total additional costs of the PV module to be $70 m�2. It
should be noted that these costs are higher than the dual
photoabsorber costs used in Table 2. This makes sense, as the
dual photoabsorbers are already integrated within an operating
system. Thus, no additional wiring and mounting costs are
taken into account for the latter. Finally, it is important to note
that in this state-of-the-art design a different electrolyte is used,
rendering separation of H2O2 probably slightly more complex.
To facilitate separation in scenario (ii) a steam process will be
used as well.16 Here, sodium bicarbonate will decompose in
sodium carbonate, water and carbon dioxide.59 Thus, a vapor
will be separated from the electrolyte consisting of H2O2, H2O
and CO2. We propose recycling of CO2 to maintain the ‘green-
ness’ of the H2/H2O2 PEC process. Therefore, H2O2 is separated
from the H2O and the CO2 using a fractionating column and
subsequently H2O and CO2 are fed back to sodium carbonate
solution ensuring formation of sodium bicarbonate. The
resulting mixture is recycled to the PEC plant.

A schematic depicting the new conguration is demon-
strated in Fig. 4. An overview of the new specications for the
techno-economic analysis is given in Table 4.

Using the new set of input parameters for scenario (ii), we
calculated the levelized cost of hydrogen as a function of H2O2

price and STH efficiency, shown in Fig. 5. Once more, the most
important values derived from this gure are summarized in
Table 5.

Obviously the contour plot reveals similar trends for the LCH
as the contour plot predicted for scenario (i), i.e. the dual
photoabsorber reactor without additional voltage supply
(Fig. 3). However, in contrast to the calculations shown for
scenario (i), a clear offset in the contour plot for scenario (ii) is
observed, i.e. independent of the H2O2 price higher STH
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Hybrid PEC/PV-configuration for the production of H2 and H2O2 based on a current state-of-the-art scenario. Similar conditions as in
Fig. 1 are used. In contrast, light absorption is governed both by a BiVO4 photoanode and a photovoltaic panel. Furthermore, bicarbonate
(HCO3

�) is introduced as an electrolyte at the anodic site.
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efficiencies must be achieved to allow for economically prot-
able H2 production. From Fig. 5, we derive an LCH value of
$6.19 kg�1 when the STH efficiency is 10.1% and the hydrogen
peroxide price is $0.85 kg�1. Although this is not yet on par with
the LCH value of H2 produced using steam methane reforming,
our analysis predicts that H2 can be produced at lower costs
than via ‘classic’ PEC water splitting. Interestingly, a slight
increase in STH efficiency, i.e. up to 14.1%, allows for H2

production being nancially competitive with hydrogen
produced through steam methane reforming (ca. $1.4 kg�1).
However, it is important to contemplate that the theoretical
maximum achievable photocurrent with BiVO4 is limited to 7.5
mA cm�2.60,61 For anodic H2O2 production and cathodic H2

production (with 100% faradaic efficiencies for both reactions)
the maximum achievable STH efficiency is 13.4% (using
formula (S1)† and a thermodynamic potential difference of 1.78
V). To achieve higher STH efficiencies (such as 14.1%),
replacement of the BiVO4 with a lower bandgap photoanode is
necessary. Still, for highly efficient BiVO4, i.e. at maximum STH
efficiency of 13.4%, the calculated LCH is only $2.06 kg�1,
nearing competition with steam methane reforming very
closely.

An alternative strategy is to increase the H2O2 price to
approximately $0.89 kg�1 or $1.14 kg�1 at an STH efficiency of
respectively 13.4% or 10.1%. This yields an LCH competitive to
steam methane reforming as well. Even further increasing the
H2O2 price leads to even lower H2 prices, e.g. $0.415 kg�1 at
a H2O2 price of $1.2 kg�1. At this H2O2 price, an STH efficiency
of 9.54% is required to compete with steammethane reforming.
A low H2O2 price of $0.5 kg

�1 yields a high LCH of $12.0 kg�1 (at
an STH efficiency of 10.1%), which is clearly not advantageous
Table 4 Alterations in the materials costs for a hybrid PEC/PV device
configuration for the production of H2 and H2O2. BiVO4 is used as
a photoanode

Costs Value

PV modules (adapted from ref. 57 and 58) $70 m�2

HPER BiVO4 photoanode (adapted from ref. 4, 5 and 51) $50 m�2

This journal is © The Royal Society of Chemistry 2020
anymore over ‘classic’ PEC water splitting. Nevertheless, it is
important to realize that highly optimized systems have been
used to predict the LCH of ‘classic’ PEC water splitting, whereas
here a state-of-the-art system has been considered. Still, a very
high STH efficiency of 27.3% is needed to compete with steam
methane reforming at such low H2O2 prices. Clearly, the H2

price is very dependent on the H2O2 price. Therefore, it is
important that H2O2 is sold at a sufficiently high price to make
a PEC(/PV) system for H2 and H2O2 production economically
more attractive than SMR. Our calculations nicely reveal that
a PEC(/PV) system for H2 and H2O2 production can easily
compete with ‘classic’ PEC water splitting.
Cost comparison and sensitivity analysis

As described in the methodology section, many input parame-
ters were dened on the basis of previous techno-economic
Fig. 5 Contour plot demonstrating the H2 price as a function of the
STH efficiency and H2O2 price based on a current state-of-the-art
scenario, where a hybrid PEC/PV device configuration is used for the
production of H2 and H2O2. The black line implicates the STH effi-
ciency corresponding to the work by Shi et al. (10.1%).29 A black dotted
line is used to elucidate the theoretical maximum STH value when
BiVO4 is used as a photoanode for H2O2 production. The red and blue
dotted lines correspond respectively to H2 prices of $1.4 kg�1 and $10
kg�1. The former resembles the price of H2 obtained through steam
methane reforming (SMR), whereas the latter represents the approxi-
mate LCH obtained using ‘classic’ PEC water splitting.
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Table 5 Important levelized cost of hydrogen (LCH) values calculated
at different H2O2 prices and different solar-to-hydrogen (STH) effi-
ciencies based on a current state-of-the-art scenario, where a hybrid
PEC/PV device configuration is used for the production of H2 and
H2O2

H2O2 price ($ per kg) STH efficiency (%) LCH ($ per kg)

0.5 10.1 12.0
11.4 10.0
13.4 7.84
27.3 1.4

0.62 10.1 10.0
0.85 8.23 10.0

10.1 6.19
13.4 2.06
14.1 1.4

0.89 13.4 1.4
1.14 10.1
1.2 6.43 10.0

9.54 1.4
10.1 0.415
13.4 �3.71

Fig. 6 Total cost comparison elucidating themagnitude of CAPEX and
OPEX costs involved in cathodic H2 production and anodic H2O2

production in a PEC plant producing 10 tonnes of H2 per day. Scenario
(i) demonstrates the costs for the near-optimal scenario, whereas
scenario (ii) demonstrates the costs for the current state-of-the-art
scenario. PV module costs are included for scenario (ii) in the PEC
module CAPEX costs. The calculated area of cathodic (or anodic)
material required is 3.00 � 105 m2 and 8.14 � 105 m2 for scenario (i)
and (ii), respectively.
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studies investigating ‘classic’ H2/O2 PEC water splitting.
However, it is important to realize that many of these input
parameters are variable and could depend on e.g. the country or
the location where the H2/H2O2 PEC plant is situated. There-
fore, we proceed to perform a sensitivity analysis to elaborate
the dependency of the LCH on various input parameters. To
understand the sensitivity of our model on the predicted LCH
values, we rst perform a thorough analysis of the CAPEX and
OPEX costs, followed by a cost variation of individual parts of
the system. In Fig. 6 the magnitude of the total CAPEX and the
OPEX costs during the 20 year operation of the H2/H2O2 PEC
plant for both scenario (i) and (ii) are shown. Clearly, and as
expected, more expenses are involved in the current state-of-the-
art scenario than in the near-optimal scenario. Especially the
CAPEX costs of the PEC cell and of the so BoS are larger, but to
some extent the OPEX costs as well. The hard BoS costs remain
identical. The huge increase in the CAPEX costs of the PEC cell
module is due to the signicant increase in materials costs: the
dual photoabsorbers and the HPER anode, with a total cost of
$55 m�2, have been replaced by costs for both the PV modules
and the BiVO4 photoanode with a total cost of $120 m�2. The
dependency of the so BoS and the OPEX costs on the PEC
module costs explains the increase in those debits. It is worth
noting that for the near-optimal scenario, the total CAPEX and
OPEX costs are in the same order of magnitude (M$196 vs.
M$150 respectively), whereas for the current state-of-the-art
scenario, the CAPEX costs clearly outweigh the estimated
OPEX costs (M$626 vs. M$218 respectively).

To elucidate further on the dependency of the H2 price as
a function of input parameters, we proceed by performing a sensi-
tivity analysis for the current state-of-the-art scenario described in
this work, since such a H2/H2O2 PEC plant will be closer to
implementation at this moment than one based on the near-
optimal scenario. A base-case H2O2 price of $0.85 kg�1 is used.
The results of the sensitivity analysis are summarized in Fig. 7.
3150 | Sustainable Energy Fuels, 2020, 4, 3143–3156
In Fig. 7a, we rst highlight the difference on the inuence of
the CAPEX and OPEX costs on the LCH value when there is an
increase of 100% or a decrease of 50%. Clearly, the inuence of
the CAPEX is much larger than the OPEX. This is expected,
considering that the CAPEX costs make up the majority of the
nancial expenses for the current state-of-the-art scenario (see
Fig. 6). A major change in the OPEX costs doesn't have signi-
cant implications on the LCH. Practically, this could imply that
more personnel or larger wages can easily be considered to
allow for amore smoothly running H2/H2O2 PEC plant. Changes
in the CAPEX costs on the other hand have quite a dramatic
inuence on the LCH: a reduction of 50% in the CAPEX costs
reduces the LCH price from $6.19 kg�1 to $3.19 kg�1. On the
other hand, an increase of 100% in CAPEX yields a hydrogen
price of $25.0 kg�1.

Clearly, the LCH sensitivity on the CAPEX is huge, and
therefore we proceed to break down those CAPEX costs (Fig. 7b).
To do so, the costs of the PV module and the photoanode, both
large contributors in the total price, and the replacement time
of the PEC module are evaluated. For the PV module, we
assumed a total cost of $70 m�2, where mounting materials and
wiring costs are included.57,58 However, Shaner et al. adopt
a much larger total PV price of $141 m�2,4 which would yield
a H2 price of $11.5 kg�1 in our study. For the photovoltaic
module costs, the authors adopt prices for non-subsidized,
single crystalline Si PV modules from the year 2015, whereas
we adopt prices of a highly efficient multi-silicon module in
2019 from the same database (i.e. EnergyTrend).57 Clearly, pri-
ces of PV modules are dropping. Therefore, it is also realistic to
assume that in the future, the prices might even be lower. If the
price of the PV module is halved, the LCH is only $3.60 kg�1,
a considerable improvement compared to the LCH of $6.19
kg�1 predicted for the base-case of scenario (ii). As expected,
sensitivity analysis for the photoanode costs shows similar
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Sensitivity analysis for the current state-of-the-art scenario of a H2/H2O2 PEC plant. The LCH is plotted as a function of (a) CAPEX and
OPEX costs; (b) PV module costs, photoanode costs and replacement time; (c) faradaic efficiency towards hydrogen peroxide (HP) production
and STH efficiency and (e) solar energy input, tax rate, inflation rate and labor costs. The red dotted line indicates the base-case LCH value, i.e.
$6.19 kg�1 H2 at a H2O2 price of $0.85 kg�1, a faradaic efficiency of 98% an STH efficiency of 10.1% and a replacement time of 7 years. The base-
case values of (e) are defined in Tables 1 and 2. (d) Comparison of the LCH as a function of STH efficiencies in this work and other works from
literature.4–6
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trends as for the PV module costs. In this work, we estimate the
cost to be $50 m�2.4,5,51 However, because of the novelty of
anodic hydrogen peroxide production, little is known yet about
the material best suited for anodic H2O2 production. Corre-
spondingly the materials price is hard to estimate. If the pho-
toanode cost is doubled, an LCH of $9.90 kg�1 is calculated.
However, a reduction of the cost is rewarding: half the price of
the photoanode cost would yield an LCH of $4.34 kg�1. The
price range for the PV module and photoanode indicates that
This journal is © The Royal Society of Chemistry 2020
industrial development of large scale H2/H2O2 PEC systems can
be attainable in the near future. Another important feature is
the durability of the PEC module. In fact, if the PEC module has
to be replaced frequently, the consequences for the LCH are
signicant. When the PEC module is replaced already aer
every 3 years, the hydrogen price more than doubles ($14.7
kg�1). When replacement is done every 12 years (practically
meaning that replacement is done only once in the 20 years of
operation), the LCH would be $4.33 kg�1. Clearly, material
Sustainable Energy Fuels, 2020, 4, 3143–3156 | 3151
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stability is one of the most important factors that needs to be
considered for a protable H2/H2O2 PEC plant. Therefore
improvement of the durability of the HPER electrode should be
stimulated.

Moreover, we study the inuence of the faradaic efficiency
(FE) to H2O2 production and the solar-to-hydrogen (STH) effi-
ciency of the system (Fig. 7c). As indicated in eqn (S3),† the STH
efficiency is amongst others dependent on the FE towards H2O2.
In the current state-of-the-art scenario, the FE for H2O2 was
almost 100%. Care should be taken to have sufficient FE;
reduction of the FE to 50% for instance would imply an increase
of the LCH to $10.4 kg�1. In fact, a faradaic efficiency of 0% to
H2O2 production would mean a faradaic efficiency of 100% to
O2 production. Thus, the PEC system becomes a ‘classic’ PEC
water splitting system. In such a case, the LCH would be $14.8
kg�1. This value is slightly higher than LCH values for a ‘classic’
H2/O2 PEC system reported in literature at an STH efficiency of
10% (ca. $10 kg�1).4,6,7

The inuence of the STH efficiency on the LCH is much
larger in our model. An increase of the STH efficiency from
10.1% to 12.5% yields an astonishing LCH drop to $2.97 kg�1.
Similarly, a decrease in STH efficiency to 7.5% yields an LCH
value of $12.0 kg�1. In previous studies on the techno-
economics of ‘classic’ PEC water splitting, the high depen-
dency of the hydrogen price on STH efficiency has also been
reported.4–6 In Fig. 7d, we compare the dependency of the H2

price as a function of the STH efficiency in our work with the
values reported in those studies. Clearly, we predict that this
dependency is more extreme for a H2/H2O2 PEC system than for
a H2/O2 PEC system. This alsomeans that an identical change in
STH efficiency is more rewarding for the H2/H2O2 PEC system.
At STH efficiencies higher than 8.3%, the H2/H2O2 PEC system
yields lower LCH values than the best performing H2/O2 PEC
system reported by Grimm et al.5 Thus, selective water oxidation
to H2O2 over O2 is more rewarding at those STH efficiencies.
Clearly, controlling the STH efficiency is a crucial factor in
achieving protable H2/H2O2 PEC plants. As the FE towards
H2O2 is already close to 100%, other aspects need to be
improved to attain higher STH efficiencies. The only non-xed
variable which allows for this is the operating current density
(see eqn (S3)†). Hence, researchers should look for ways to
increase the current density while maintaining similar faradaic
efficiencies, e.g. by optimizing the BiVO4 photoanode or devel-
opment of highly efficient anodes with smaller bandgap, similar
to the materials development strategies used for ‘classic’ PEC
water splitting devices.

Finally, we investigate the dependency of the LCH on
parameters inuenced by the location and country of the H2/
H2O2 PEC plant, specically the solar energy input, the tax rate,
the ination rate and the labor costs. The results are summa-
rized in Fig. 7e. For the solar energy input, we base a negative
scenario on the solar energy input in Enschede, The Nether-
lands; for a positive scenario the Atacama Desert in northern
Chile was chosen. With optimal tilt of the panels, the solar
energy inputs are respectively 3.3 kW h m�2 d�1 and ca. 8.0
kW h m�2 d�1.62 These inputs yield LCH values of respectively
$20.9 kg�1 and $2.40 kg�1, revealing the signicant dependence
3152 | Sustainable Energy Fuels, 2020, 4, 3143–3156
of the LCH on the location of the H2/H2O2 PEC plant. Thus, it is
vital to locate the plant in a dry and sunny area, such as Cal-
ifornia, the Atacama Desert, Australia, the Arabian Desert or the
Sahara Desert in Africa. This is of course also true for ‘classic’
PEC water splitting devices. The inuence of the tax rate is
considerably less: an increase in tax rate to 55% (possible in the
United Arab Emirates) yields an LCH of $8.66 kg�1, whereas
using a tax rate of 10% (used in e.g. Qatar) results in an LCH of
$3.76 kg�1.63 Similarly, the inuence of the ination rate is also
not high. Increasing the ination to a high value of 10% would
yield a hydrogen price of $9.59 kg�1, whereas no ination would
imply a hydrogen price of $5.76 kg�1. Finally, we proceed to
break down labor costs. Based on averaged incomes, we roughly
estimate that a high salary for employment in the H2/H2O2 PEC
plant could be $50 h�1 and a low salary could be $0.50 h�1 (for
instance possible when the plant would be located in Switzer-
land or Ethiopia, respectively).64 This would correspond roughly
with annual labor costs of M$9.1 a�1 and M$0.091 a�1. Imple-
mentation in our sensitivity analysis yields values of $7.68 kg�1

H2 and $4.76 kg�1 H2, rendering the consequence of labor costs
for the predicted H2 price small. This result is in line with the
prediction that the sensitivity of the LCH on the OPEX costs is
signicantly lower than the sensitivity of the LCH on the CAPEX
costs.

Concluding, our sensitivity analysis of the current state-of-
the-art scenario predicts that the design and implementation
of a H2/H2O2 PEC system approaches nancial feasibility. For
the base-case scenario, the LCH is already advantageous over
a ‘classic’ PEC water splitting system. Even when a negative
scenario for a variable is assumed (with the exception of the
total CAPEX costs and the solar energy input), the LCH value is
close to or is even still lower than the H2 price predicted for
‘classic’ PEC water splitting devices. Similarly, when an opti-
mistic scenario is assumed, possible competition of a H2/H2O2

PEC system with steam methane reforming draws nearer.
Specically, judging by the strong dependency of the LCH, an
increase in the STH efficiency seems critical. Materials stability
also seems a key factor: while an increase in lifetime only yields
a limited reduction of the H2 price, a decrease has detrimental
effects. Finally, by far the most dening parameter for the
choice of location and country would be the solar energy input.
It is recommended to install the PEC plant in a sun-drenched
environment.

Discussion

In this work, we clearly demonstrated the high potential of
reducing the hydrogen price by selective photoelectrochemical
water splitting with hydrogen peroxide production at the anode.
In fact, when the market value of H2O2 and the STH efficiency is
sufficiently high, a H2/H2O2 PEC conguration will be compet-
itive with hydrogen production obtained through steam
methane reforming. In this manuscript, we assumed a H2O2

price range of $0.5 kg�1 to $1.2 kg�1. However, the data used to
estimate the H2O2 price are from 2006, and thus the H2O2

market value is expected to be higher in the current year 2020.
Indeed, the price of 50% H2O2 on Kemcore is $0.75 kg�1.65 In
This journal is © The Royal Society of Chemistry 2020
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such case, the price for pure 100% H2O2 would be $1.5 kg�1.
Fig. 3 and 5 clearly demonstrate that a higher H2O2 price is
advantageous for achieving a lower H2 price. To be competitive
with hydrogen produced from steam methane reforming, this
would also mean that a lower solar-to-hydrogen efficiency is
needed. Thus, it would be easier to actually achieve this
competitiveness.

In the sensitivity analysis we predicted that a H2/H2O2 PEC
system is close to nancial feasibility. We have demonstrated
that, aside from the location of the H2/H2O2 PEC plant, espe-
cially the improvement of the STH efficiency is important to
achieve competitiveness with steam methane reforming.
Furthermore, it is important that stable materials are used.
Research on anodic materials for hydrogen peroxide production
is still very novel. Consequently, there is plenty of opportunity to
improve materials on solar-to-hydrogen and solar-to-hydrogen
peroxide efficiencies, as well as on stability. In our model, for
the state-of-the-art scenario, we assumed that BiVO4 is stable.
However, later studies by Baek et al. have demonstrated that the
stability of BiVO4 during H2O2 production is insufficient.38

Strategies to overcome this could be the addition of a protective
layer (e.g. Jeon et al. use phosphate treatment onMo:BiVO4),39 or
to dope the material with a stabilizing agent (Baek et al. use
gadolinium (Gd) for instance).38 Still, we chose to use BiVO4 as
a model in this study, as we believe that stable anodes with
a similar price range and with similar photoelectrochemical
properties can be engineered in the future. Alternatively, rather
than employing a photoelectrochemical cell for hydrogen and
hydrogen peroxide production, a photovoltaic-electrolytic
system can be used. Here, an optimized anode for the produc-
tion of hydrogen peroxide needs to be found.

An important feature of H2/H2O2 PEC systems on the
industrial scale is that hydrogen peroxide can be produced on-
site, as opposed to the anthraquinone process.11,12,14,15,17,18 This
is a big advantage, considering that hydrogen peroxide is
a hazardous chemical and is very prone to decomposition when
trace amounts of catalyst (such as metal ions) are present.16,19

Prolonged transport of hydrogen peroxide with the addition of
a stabilizer is thus not required anymore. Still, it is good to keep
in mind that even with on-site production, conditions for the
fast decomposition of H2O2 should be avoided. H2O2 is signif-
icantly unstable in basic conditions, particularly when the pH is
larger than 9.11,19 Qiang et al. also reported some degree of H2O2

decomposition around a pH-value of 3, possibly due to the trace
presence of ferrous iron. Therefore, we advise to perform H2O2

generation in (preferably strong) acidic conditions. Here, in
scenario (ii), we made use of a bicarbonate (HCO3

�)-containing
solution. Typically, bicarbonate acts as a buffer through an
equilibrium with carbonic acid (CO2 + H2O, pKa ¼ 6.4) and
carbonate (CO3

2�, pKa ¼ 10.3).24,66,67 A fresh bicarbonate solu-
tion without any pH adjustment will have a pH around 8. This
would be in the ‘safe’ pH-range of H2O2 stability. Still, lowering
of the pH through CO2 purging could be considered. Alterna-
tively, the bicarbonate could be substituted with an electrolyte
with strong acidic properties. For instance, judging by its usage
in history for H2O2 production, sulfuric acid could be a poten-
tial candidate.11,16,21–23 Furthermore, it is also important that the
This journal is © The Royal Society of Chemistry 2020
H2O2 is not exposed to temperatures higher than room
temperature to prevent decomposition.19 Therefore, cooling
down of the H2O2 aer synthesis might be rewarding as well.

In the production of an industrial H2/H2O2 PEC system, it is
very important that the energy required to build the plant does
not exceed the chemical energy harvested. In literature, this
concept is referred to as the renewable energy factor (REF),68,69

or the energy return on energy invested (EROEI).70,71 The EROEI
can be calculated using the following formula:

EROEI ¼ T � EH

EP þ ðT � EOÞ þ ED

(12)

where T is the lifetime of the plant in years, EH is the yearly
chemical energy stored in hydrogen, EP is the energy used for
the production of the plant, EO is the yearly energy used for
facility operation and ED is the energy used when the facility is
decommissioned. It is important that the EROEI (or REF)
exceeds a value of 1: a smaller value implies that more (brown)
energy is required to build and maintain the plant than that the
plant produces green energy, i.e. the H2/H2O2 PEC plant would
not be renewable anymore. Evidently, the lifetime and chemical
energy stored should be maximized, whereas the sum of the
energy for plant production, operation and decommissioning
should be minimized. Sathre et al.70,71 have thoroughly investi-
gated the life-cycle net energy assessment of a ‘classic’ H2/O2

PEC water splitting plant. They concluded that the most
important factors contributing to the EROEI are (in decreasing
order of relevance): (1) the STH efficiency, (2) the cell life span
and (3) the energy intensity of cell fabrication. To obtain an
EROEI above 1, the authors recommend in their latest study to
employ STH efficiencies considerably larger than 5%, having
cell life spans exceeding 5 years and using low-energy thin lm
deposition processes. Moreover, the location of the PEC plant is
also advocated to be important by the authors. There are
remarkable parallels between the works of Sathre et al.70,71 and
our own: once more, the importance for scientists to work on
the STH efficiency and the stability is highlighted, and the
location of the PEC plant should not be neglected.

To increase the EROEI value (and thus the ‘greenness’ of the
H2/H2O2 PEC plant) even further to well above 1, a strategy
would be to concentrate solar energy on the PECmodule (and, if
used, the additional PV module). A tracking concentrator array
could be used to achieve such light concentration.4,6,7 Typically,
a parabolic cylinder array is used to focus solar light on
a (linear) PEC module and a tracking system is used to align the
concentrator array for optimal solar illumination harvesting
during the day. Such devices can concentrate solar illumination
to a factor of 10. As demonstrated in the sensitivity analysis in
Fig. 7e, increasing the light intensity per m2 would also result in
a steep decrease of the LCH. Larger concentration factors are
possible, but care should be taken that currents larger than 1 A
cm�2 are avoided. This is due to catalyst limitations, bubble
formation (which scatter light) and temperature constraints.6,72

In a broader context, we have demonstrated in this study that
(photo)electrochemical hydrogen evolution becomes more
interesting when a valuable product at the anode is formed.
Although sustainable H2 production at the TW level can only be
Sustainable Energy Fuels, 2020, 4, 3143–3156 | 3153
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achieved through water splitting, co-(photo)electrolysis might
facilitate market penetration of the required PEC systems.
Particularly, we have demonstrated that scenario (ii) already
nears competition with steam methane reforming. Besides
H2O2, chlorine gas (Cl2), bromine gas (Br2) and sodium
hydroxide (NaOH) are usually advocated as interesting anodic
products.8,54 More recently, Palmer et al. showed that also
uorine, iodine, methane decomposition (to carbon), potas-
sium permanganate, sodium bromate, sodium chlorate and
sodium persulfate production should be considered.46 They
based this on the calculation of the net value of the chemicals
per unit of energy input. Although in this study a black box
approach has been used without taking CAPEX and OPEX costs
into account, it still gives a good overview on which commodity
chemicals might be interesting to be produced by means of
a photoelectrochemical system. It should be mentioned that the
study of Palmer et al. also demonstrates that substitutes for
hydrogen at the cathode, for example tellurium, cobalt or
tungsten, could be interesting to synthesize through (photo)
electrochemical means while producing hydrogen peroxide at
the anode. Alternatively, the (photo)electrochemical reduction
of carbon dioxide with concomitant hydrogen peroxide should
be considered too.73 Moreover, it was also recently demon-
strated that hydrogen peroxide could be produced at both the
anode and the cathode from selective water oxidation and
oxygen reduction respectively.26,28,39

When we use the method of Palmer et al. to calculate the net
value per unit of energy input for H2O2 (with hydrogen at the
cathode),46 we nd a value of $0.30 kW h�1 when the H2O2 price
is $0.85 kg�1. In comparison, the anodic synthesis of bromine,
iodine and sodium bromate, as well as the anodic decomposi-
tion of methane to carbon, yield a higher maximum net value
per energy and are thermodynamically more favorable. There-
fore, they could be worthwhile of investigation as well. Still, the
market size of hydrogen peroxide is larger than for those
chemicals (with the exception of methane decomposition to
carbon),13,46 implying that hydrogen production with concomi-
tant hydrogen peroxide production is still one of the most
rewarding approaches to achieve industrial implementation of
PEC water splitting.

Conclusions

In this work, we performed a techno-economic analysis to
investigate the feasibility of anodic hydrogen peroxide produc-
tion as a substitute for oxygen to decrease the levelized cost of
hydrogen (LCH) in photoelectrochemical (PEC) water splitting.
Using a near-optimal scenario, only an STH efficiency of 9.90%
is needed to compete with steam methane reforming at a H2O2

price of $0.85 kg�1. For a current state-of-the-art scenario with
an STH efficiency of 10.1% and also a H2O2 price of $0.85 kg�1,
an LCH of $6.19 kg�1 was calculated, an obvious improvement
compared to LCH values found in ‘classic’ water splitting.
Clearly, this study demonstrates the nancial advantages of
replacing oxygen at the anode in PEC water splitting with
hydrogen peroxide. Therefore, further research of photo-
electrochemical H2O2 production at the anode should be
3154 | Sustainable Energy Fuels, 2020, 4, 3143–3156
stimulated. A sensitivity analysis on the current state-of-the-art
scenario demonstrates that reduction of the CAPEX costs will
contribute to allow H2/H2O2 PEC systems (here connected to
additional photovoltaic modules) to be nancially competitive
with hydrogen formation through steam methane reforming.
Key factors in reducing this cost will be the improvement of the
STH efficiency, optimization of stability and choosing a sunlit
location for the H2/H2O2 PEC plant. Research on novel mate-
rials for hydrogen peroxide production should be stimulated,
while simultaneously the importance of the stability should not
be neglected. Once the anode material has been properly
engineered, anodic H2O2 production could have a promising
future in industry for hydrogen production through (photo-)
electrochemical means. In a broader context, we have demon-
strated that the production of a valuable commodity chemical at
an anode could play a key role for obtaining LCH's in PEC water
splitting competitive with the LCH's in steam methane
reforming.
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 Photovoltaic-electrolysis
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 Solar-to-hydrogen peroxide efficiency

WBM
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