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Solar-chemical production is one of the most promising options for producing valuable chemicals from
greenhouse gases. An economically attractive and industrially applicable solar-chemical production
device not only requires catalyst and/or reactor design, but also auxiliary unit process design, process
integration, and optimization. Herein, we report a state-of-the-art monolithic solar-chemical production
device having 8.03% solar to CO conversion efficiency and 0.77 to 31.9% CO, one path conversion.
Since the monolithic device directly couples a photovoltaic cell and a CO, electrolyzer, the power loss
due to a current converter can be avoided. According to the solar-chemical production device,
a comprehensive process design accounting for CO, to CO conversion, unreacted CO, separation, and
recycling structure is provided. The process model shows good agreement with experimental data for
CO, conversion in the electrolyzer. A process level techno-economic evaluation and a comprehensive
review are also presented to highlight the current state and the economic feasibility of the developed
device. Thereafter, we provide a sensitivity analysis in terms of CO, conversion, membrane cost, solar to

chemical efficiency, and current density necessary for economically profitable CO production. The
Received 13th August 2019

Accepted 12th October 2019 equivalent CO sales cost from a 4 MW production plant is estimated to be $10.9 per kg and the

corresponding carbon tax compensating for the price gap of the current market price is $6.6 per kg
CO,. The sensitivity analysis demonstrates that >80 mA cm™2 current density or 22% CO, conversion is
desirable to effectively compete with the conventional CO production process.
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emphasis has been placed on producing electricity from
renewable energy sources such as sunlight. However, electricity

Introduction

Global dependence on fossil fuels for energy and chemical
precursors makes them an irreplaceable resource. Indiscrimi-
nate consumption, however, will stunt the development of
human society. The time scale for the formation of fossil fuels is
several million years; thus known fossil fuel supplies will not be
able to meet the exponentially growing demand in the near
future.”” In response to the imminent fuel shortage, much
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production does not take into account the need for carbon-
containing precursors for plastics, pharmaceuticals, etc.
Therefore, artificial photosynthetic solar-chemical production
that converts CO, into fuels and chemical precursors is
proposed as a solution for replacing fossil fuels.?
Solar-chemical production can be achieved using three
systems: photocatalytic (PC), photoelectrochemical cell (PEC),
and photovoltaic driven electrochemical cell (PV-EC) systems.
Although their configurations vary, they share a similar concept
of harvesting light to form electron-hole pairs that facilitate
redox chemistry. In the PC system, both the spontaneous elec-
tron-hole pair formation and the redox reaction occur within
semiconductor materials. The major challenge with this system
is preventing the recombination of the photo-generated charge
carriers before chemical production. Common approaches to
overcome it include eliminating defective recombination centers
or introducing co-catalysts to increase reaction kinetics.
However, PC systems still have poor quantum efficiency and thus
low solar to chemical energy conversion efficiency in comparison
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with others, even though heating water and/or adding a sacrifi-
cial agent may improve the quantum efficiency of PC systems.**®

Alternatively, oxidation and reduction reactions can respec-
tively occur at the anode and the cathode of the PEC system by
separating hole- and electron-involved reactions in order to
increase charge separation at the semiconductor/liquid junction.
In addition, insufficient electronic band positions or photo-
voltages of the semiconductor photoelectrode can be adjusted by
the external bias potential to initiate catalytic chemical reactions.
The tandem structure of multijunction semiconductors has
been demonstrated to increase the light absorption efficiency as
well as solar to chemical conversion efficiency in water splitting
or CO, reduction, but the complicated structures with limited
conversion efficiency are not favorable from a practical point of
view."" Moreover, the photocorrosion of the semiconductor
material is still of concern for long-term operation when the
photoelectrode comes into contact with the electrolyte under
illumination and/or under biased potentials.

On the other hand, a PV-EC system can decouple the light
absorption and electrochemical (EC) reaction processes. The
electric driving force provided by photovoltaics (PV) allows great
expansion of the electrode material choice, as materials are no
longer restricted to being semiconductors. Currently, the PV-EC
system is the most promising technology for practical applica-
tions owing to its high solar to chemical conversion efficiency
and technical maturity for large scale production processes.'>**

As seen in Table 1, the PV-EC system has achieved the highest
solar to chemical efficiency for CO, reduction.'® High efficiency of
the PV-EC system can be achieved through its device structure
because the light absorber and electrochemical catalyst are
separated; therefore, it provides various options for coupling
light management and the catalytic reaction. In addition, the PV
photoelectrode/EC reactor integration can minimize the energy
loss penalties that occur in all energy transfer processes.

However, the PV-EC system still suffers from the high over-
potentials associated with electrochemical CO, reduction/water
oxidation, and product selectivity loss induced by the competing
hydrogen evolution reaction (HER). Especially, the overpotential
of the CO, reduction is dramatically increased at high current
density compared with HER due to its low solubility and slow
kinetics,” and thus the product selectivity loss can be more
problematic. In addition, IR (voltage) drop induced by the series
resistance of the electrolyte or device components can cause
another critical energy loss as the operating current increases.

Table 1 Representative solar chemical production systems
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To optimize the solar to chemical conversion efficiency (nsrr)
of an artificial photosynthesis system, the driving force (pho-
tovoltage) and the production rate (current density of the reac-
tion) must be controlled as the operating current density (/op)
when the electrochemical reactor and photovoltaic photo-
electrode are coupled. Because the photovoltage (i.e., V,) and
short circuit current density (Js.) of a PV cell involve a trade-off
when its power conversion efficiency is fixed, the optimum
combination of V,. and J,. is needed to identify the most effi-
cient EC reactor operations under the consideration of the
configuration between the PV cell and the EC electrode.

In addition, the performance of electrochemical electrodes is
generally diagnosed in a small-scale device using a three-electrode
system, but the efficiency of the EC reactor in a real device can be
affected by solution resistance, size, conversion rate, design of the
PV-EC system, etc. which are not related to the catalyst properties.
Moreover, the configuration of PV and EC cells has an impact not
only on the solar to chemical conversion efficiency but also on the
total investment cost affecting techno-economics. In fact, the EC
reactor is the most expensive operation unit in the CO production
processes through the PV-EC artificial photosynthesis system.
The type of catalyst electrode/PV cell also has a large impact on
both chemical conversion efficiency and cost. Various solar cell
technologies are used for CO production or similar products (e.g,
acetic acid, formate, or H,), such as perovskite solar cells, dye-
sensitized solar cells, and III-V solar cells.'***!*1>

Most PV-EC devices are coupled with a tandem solar cell
aiming at achieving a high photovoltage.'*"” Despite the high
power conversion efficiency obtained from the tandem structure,
the fabrication process is often complicated and expensive. In
addition, tandem solar cell technology is mainly concentrated on
III-V group materials,"” which are difficult to use in large-scale
production. The silicon solar cell is one of the best candidates for
large scale solar-chemical production because of its high-power
conversion efficiency, good stability, technical maturity, and
large-area production. However, the single junction of a silicon
solar cell can generate a V,. of only 0.6-0.7 V, which does not
meet the requirements for CO, reduction. Therefore, the module
design may require series connections of silicon solar cells to
supply a sufficient photovoltage for solar-chemical production.

Apart from the aforementioned challenges, the practical
application of the PV-EC device should also consider a complete
process design and the process economy which have been barely
considered in previous photoelectrochemical CO, reduction

Co-catalyst or counter

Approach Photocatalyst/photoelectrode/photovoltaics electrode STC efficiency
PC TiO,/InP Metal complex 0.04% (HCOO-)®
PEC Photocathode: CuFeO, Anode: Pt 1% (HCOO-)
Photocathode: GaAs/InGaP/TiO,/Ni Cathode: Pd/C/Ti 10% (HCOO-)®
PV-EC Silicon-heterojunction solar cell Cathode: Cu-Ag 5.6% °
(series connection module) Anode: IrO, (hydrocarbon

28.5% GaInP/GalnAs/Ge solar cell
(triple junction tandem cell)
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and oxygenate)
Cathode: CuO/SnO 13.4% (CO)"°

Anode: CuO/SnO,
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studies. For example, unreacted CO, separation and the recycling
process should be carefully examined and optimally selected.
Also, the optimal process operation conditions need to be iden-
tified because both the process efficiency and the economic
feasibility are mainly dependent on them. The electrochemical
CO, reduction process design and its economic potential can also
be determined by selection of target products, reactor design,
catalysts, and electrolytes and thus the optimum selection of
these variables is desirable.””*

Techno-economic analysis of solar-chemical production
devices can demonstrate the economic feasibility and provide
guidelines for further technical development. In fact, techno
economic analysis of solar-chemical production systems has
been presented in various studies. However, approximated
assessments are generally conducted using different evaluation
metrics; thus, it is difficult to compare different technologies in
a fair manner. Estimating the cost of electrochemical devices
and designing rigorous product purification processes are
major challenges for building an economic model. Table 2
summarizes the most popular techno-economic assessments.
Electrochemical hydrogen production is the most intensively
studied process. The analyses in Table 2 suggest system selec-
tion among available options (e.g., PEC, PV-EC) and present
comprehensive life cycle assessments.

Since 2016, economical assessments of various chemicals
(e.g., carbon monoxide, ethylene, and alcohol products) have
been made based on the development of catalysts.>*** Note
that the techno-economic analyses in Table 2 employ different
evaluation metrics depending on the types of products. The
solar to chemical products such as hydrogen and methanol are
mainly evaluated through the ratio of produced energy to
input energy, such as energy incorporation efficiency,*® energy
return on energy invested,*® and energy payback time.** On the
other hand, the solar to chemical products are calculated
using a cost-based metric such as net present value (NPV),
levelized cost, and gross margin. Not surprisingly, these
studies reported negative economic potential for solar-chem-
ical production. However, the improvement on overpotential,
one path conversion, and process efficiency should lower the
cost of deploying solar-chemical systems. For example, Herron
et al. argued that 45% CO, one path conversion energy effi-
ciency can be achieved.”
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Herein, we report a state-of-the-art monolithic CO produc-
tion PV-EC device and also present an NPV-based techno-
economic analysis for a scale-up system. CO is one of the
valuable products extracted from CO, reduction, and it can be
used in various industrial processes such as the Fischer-
Tropsch process,” alcohol synthesis,® and ethylene glycol
synthesis.*® CO is also an economically attractive product
among various products extracted from CO, reduction because
the energy-price gap of CO (i.e., the price difference between the
invested energy cost for production and the sales price) is also
one of the highest.** For the PV-EC device design, we used
nanoporous silver and iridium oxide as electrocatalysts. Single-
crystal silicon solar cells connected in series were designed for
the PV photoelectrodes to provide sufficient power. The effi-
ciency of the device was optimized by adjusting the PV photo-
electrode to EC reactor area ratio and the electrolyte resistance.
A commercial scale process design for photoelectrochemical
CO, reduction and a comprehensive economic analysis are
presented in the following section. An electrolyzer model is
built based on the monolithic device experimental result and
gas conditioning processes such as the CO, separation process
are also proposed. The current status of the proposed PV-EC
based CO production process is highlighted and sensitivity
analysis shows the effect of important design variables.

Experimental
Preparation of PV modules

Photovoltaic modules were prepared using a commercially
available interdigitated back contact (IBC) solar cell (SunPower
Corporation, San Jose, CA). The cells were cut using a laser into
38 mm x 8.5 mm, 38 mm X 7.2 mm, and 38 mm X 6 mm sizes
to form three types of mini-modules and were then connected
in series using a ribbon cable. The prepared mini-modules were
laminated between two layers of an encapsulating polymer,
ethylene vinyl acetate, with a polycarbonate plate on both sides.

Preparation of the nanoporous Ag catalytic electrode and IrO,
oxygen evolution catalytic electrode

The nanoporous silver foil structure was prepared through
electrochemical oxidation and reduction steps. First, the 5 x 5

Table 2 Representative techno-economic assessments of electrochemical systems

Product

Year Economic Metrics

Formic acid
Hydrogen

Methanol

Syngas/Fischer-Tropsch

Formic acid

Hydrogen

Hydrogen, formic acid, carbon monoxide, methanol, methane, ethylene,
ethanol, carbon monoxide, syngas

Formic acid, methanol, methane

Ethylene, ethanol, n-propanol, various commodity chemicals

This journal is © The Royal Society of Chemistry 2020

2011 Value chain analysis
Life cycle net energy assessment'’
2014 Using the energy return on energy invested (EROEI) and the
energy payback time (EPBT)*’
2015 The energy incorporation efficiency (EIE
2016 The levelized cost™
2016 Gross margin, benefit cost ratio (BCR) net present value (NPV)**
2016 The levelized cost using NPV>*
2016 Gross margin®*

)21

2018 NPV*®
2018 Modified Douglas “level 2” infrastructure®®
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cm? silver foil (99.99%, LS Nikko) was oxidized to silver chlo-
ride at 0.3 Vvs. an Ag/AgCl reference electrode for 12 hin 0.1 M
KCI (99.0-100.5%, Sigma-Aldrich) electrolyte. Then the silver
chloride layer on silver foil was reduced by applied potential of
—1.2 V vs. Ag/AgCl in CO, saturated 0.1 M KHCO; (99.7%,
Sigma-Aldrich) electrolyte solution. The IrO, film was prepared
on Ti foil (Nilaco Co.) by the drop-casting method. The Ti foil
was etched with 5 wt% oxalic acid (99%, Sigma-Aldrich) solu-
tion at 90 °C before IrO, coating. A 0.2 M H,IrClg (99.5%, Alfa
Aesar) isopropanol solution was drop-cast on the Ti foil
substrate, and then dried at 70 °C for 10 min. The foil was
annealed at 500 °C in air, and the total process was repeated
three times. Scanning electron microscopy (SEM, Hitachi-
S4200) and X-ray photoelectron spectroscopy (XPS, PHI 5000
VersaProbe, Ulvac-PHI) were used to characterize the chemical
state and morphology of the nanoporous Ag cathode and the
IrO, coated Ti anode.

Half-cell characterization of CO, reduction and oxygen
evolution for the nanoporous Ag catalytic film and IrO,
catalytic film

Electrochemical characterization was carried out using
a potentiostat (VSP, biologic) in a conventional three-elec-
trode system with an Ag/AgCl reference and a platinum
counter electrode. To characterize the CO, reduction activity
of the nanoporous Ag cathode, chronoamperometry was
carried out in a closed cell with a constant applied potential,
and a 0.1 M KHCO; aqueous solution saturated with
a continuous flow of CO, gas was used as an electrolyte. The
gaseous products were directly injected into the on-line con-
nected gas chromatograph (GC) for the quantitative analysis,
and the faradaic efficiencies were calculated from the
measured current density and the volumetric concentration
of each gaseous product was characterized by GC. Meanwhile,
to characterize the oxygen evolution activity of the IrO, anode,
linear sweep voltammetry was carried out with a 10 mV sec ™"
scan rate in 1.0 M KOH.

EC reactor assembly and electrochemical characterization

The EC reactor consisted of the cathode (nanoporous silver
plate), the anode (IrO, coated Ti plate), and the bipolar
membrane (fumasep FBM, Fumatech). Each component was
assembled with a polycarbonate frame, and a silicon solar cell
module was integrated into the EC reactor with a series
connection. The catholyte (0.1-1.0 M KHCOj3) was circulated
between the cathode compartment of the EC reactor and an
additional electrolyte reservoir while purging with CO, gas.
Similarly, the anolyte (1.0 M KOH) was separately circulated
between the anode compartment and the anolyte reservoir
while purging with Ar gas. To characterize the bulk electrolysis
of the EC reactor, linear sweep voltammetry was carried out with
a potentiostat (VSP, biologic) in a two-electrode configuration.
Electrochemical impedance spectroscopy was carried out to
measure the solution resistances based on a 10 000 Hz to 1 Hz
sigmoidal frequency at 3.5 V vs. cathode.

202 | Sustainable Energy Fuels, 2020, 4, 199-212

View Article Online

Paper

Measurement of the faradaic efficiency of CO and H,

During the electrochemical reaction, the gaseous products from
a closed electrochemical half-cell or PV-EC device were directly
injected into a gas chromatograph (YL6500, younglin) equipped
with a Molsieve 13X packed column and Heysep D column. The
detectors were a thermal conductivity detector and a flame
ionization detector after a methanizer. The faradaic efficiency
was calculated using eqn (1).

ICO or 1H2

Nco or Hj = I ) X 100(0/0)
total
2F
Ico or Iy, = (¢co or ¢y,) x O x R—]‘lz (1)

where I¢o is a partial current of CO production, I, is a partial
current of H, production, ¢co is the volumetric concentration of
CO, ¢y, is the volumetric concentration of H,, Q is the flow rate
of an injected gas with the carrier gas (100 mL min™ "), F is the
Faraday constant, p is the atmospheric pressure, T is the
temperature of the electrochemical cell, R is the ideal gas
constant, 1o or n, is the faradaic efficiency, and I, is the
steady-state total current during the electrochemical reaction
from a closed half-cell reactor or the PV-EC device under the
standard light illumination condition (1 Sun, 1.5 AM). The light
source was a solar simulator equipped with a 1.5 AM filter (Abet,
Sun 2000).

Results and discussion
Components of the PV-EC device and its design

Fig. 1 shows a general schematic of the proposed PV-EC unit
cells and a photographic image of their parallel connected
module. A PV-EC unit cell consists of components such as the
catalyst, membrane, and solar cell. This configuration of the
monolithic standalone PV-EC device has been demonstrated to
have a high solar to CO conversion efficiency, ~4.23% (ref. 33)
by integrating the light absorbing semiconductor materials
outside of the PV-EC cell. Nanoporous silver and iridium oxide
were chosen as the CO, reduction catalyst and water oxidation
catalyst, respectively. Although the Au foil based catalyst has
shown excellent faradaic efficiency and low overpotential,* the
high material cost makes the Au foil an inappropriate choice for
industrial scale applications. Alternatively, a relatively lower
priced material, silver, was chosen as the CO, reduction
catalyst.

Nanostructured silver-based catalysts also have an excellent
faradaic efficiency (~95%) for CO production.** Earth-abun-
dant materials such as Zn or modified carbon have also been
suggested as efficient CO, reduction catalysts; however, many of
them exhibit a narrow potential window having high CO
production selectivity from CO, reduction compared to Ag
based catalysts.>”*® In practical applications, the highest fara-
daic efficiency is desirable to get efficient CO/H, separation
process, and the narrow potential window causes difficulty to
operation current matching an electrolyzer to a PV photo-
electrode. The water oxidation (oxygen evolution) reaction, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Solar to CO conversion device: image of the PV-EC module (left) and schematic of the PV—EC unit cell structure (right).

counterpart of the CO, reduction reaction (CO,RR), also
requires a large overpotential. Iridium-based electrocatalysts
are well known to have superior oxygen evolution activity, but
they are also not cost-effective. Thus, iridium oxide nanoparticle
layers were prepared on a titanium metal substrate to minimize
the amount of iridium while retaining high catalytic activity.
Ultimately, they should be replaced with cost-effective, earth-
abundant material catalysts.

The PV photoelectrode was prepared using a silicon solar cell
module to provide enough power for the EC reactor, and the J,.
and V,,. of the silicon solar cell modules were controlled by the
number of series connections made by the unit solar cells with
the same active area (Fig. 2). These modules were labeled as Si-
4, Si-5, and Si-6 according to the number of series-connected

20

‘ Voo o FF Eff.

(V) (mA-cm?) (%) (%)
Si-4256 927 758 18.03
Si-5322 7.34 774 18.70
Si-63.89 599 759 17.69

-
(9)]
1

-

Current Density (mA-cm™)
S

Si-4
Si-5 \
N e
5]si6
0 T T T T T T T T
0 1 2 3 4

Voltage (V)

Fig.2 Individual /-V characteristic curves of photovoltaic modules for
different numbers of unit cells. The inset table lists the open circuit
voltage, short circuit current density, fill factor, and power conversion
efficiency. The inset photograph is the Si-5 photovoltaic cell.

This journal is © The Royal Society of Chemistry 2020

cells in a module. To determine a suitable specification for the
PV photoelectrode, the catalytic activity of the cathode and
anode must be considered. In our case, overpotentials of at least
600 mV and 296 mV were required for water oxidation and
CO,RR, respectively to achieve ~6 mA cm ™2 resulting in a V. of
at least 2.3 V (i.e., 1.34 V theoretical electrochemical potential
for the overall reaction + 0.9 V overpotential) excluding the
effect of the solution resistance.

Energy and conversion efficiency evaluation with device
optimization

The equivalent series resistance in the EC cell can be affected by
the conductivity of the electrolyte, or the distance between the
electrodes. The voltage drop (IR drop) induced by the current
flow (1) and resistance of the solution (R) is defined as Vgyop = I
% R. Although this voltage drop reduces the performance of the
EC reactor, it has not been considered as an important factor in
solar-chemical production studies until the solar-to-chemical
production current is large enough. However, when considering
practical scales of PV-EC devices, solution resistance will not be
a negligible factor. Many of the previous CO, reduction elec-
trocatalysts have been developed in 0.1-1.0 M bicarbonate
electrolyte in order to yield high CO, concentrations and to
suppress the competitive hydrogen production reaction which
produces high selectivity for the CO, reduction reaction.
However, these buffered electrolytes have low ionic conduc-
tivity, causing more significant loss due to the solution
resistance.

The solution resistance (R) is determined by several factors
and can be expressed by eqn (2), where d is the distance between
the electrode and separator (membrane), 4 is the electrode area,
and « is the conductivity of the solution.

dca ode dano e
R— thod + d (2)

K cathodeAcathode Kanode A anode
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First, the gap distance of the cathode (Ag foil) from the
membrane was controlled to investigate the effect of the gap
distance on the PV-EC performance. The current density was
increased with decreasing gap distance (Fig. 3(a)). When the
current was compared at 3.5 Vvs. cathode, the operating current
was increased by almost two times (i.e. 45.9 to 81.6 mA) as the
gap distance decreased from 22 to 8 mm, showing the impor-
tance of the EC reactor design. Minimizing the gap distance is
required until the circulation of the electrolyte flow is allowed.
The solution resistance of the two-electrode system was
measured at each gap distance by electrochemical impedance
spectroscopy based on the equivalent circuit depicted in
(Fig. S3(b),t linear sweep voltammetry (LSV) results are also
available in Fig. S17).

Fig. 3(b) shows the current and the solution resistance
relationship with respect to the concentration variation. In our
system, the conductivity of the 1 M KOH anolyte solution is high
enough (178 mS cm™') compared to the catholyte (0.1 M
KHCO;, pH 6.78, 4.6 mS cm™').*® Therefore, the total solution
resistance is majorly affected by the cathode side. To reduce the
solution resistance of the catholyte further, the concentration of
KHCO; was increased, because a higher ionic concentration
increases the conductivity of the solution. Note that the bipolar
membrane was used to minimize the membrane potential for
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a pH gradient system. The theoretical overall reaction potential
of CO, + 2H,0 — CO + O, + 2H,0 is 1.34 V in the absence of
a pH gradient, but it can be reduced when a pH gradient is
created. However, at the same time, the membrane potential is
increased with increasing pH gradient; therefore, there is no
overall potential variation due to the pH gradient.**** Similar to
the gap distance control effects, the current proportionally
increased with the KHCO; concentration at 3.5 V vs. cathode
(the solution resistance and linear sweep voltammetry (LSV)
results are available in Fig. S4}). However, the current was
saturated at 0.75 M of CO,-saturated KHCO;, showing a very
similar LSV result between 0.75 and 1.0 M of KHCOj. This result
may be attributed to various factors including the pH of the
solution and the solubility of CO,. The current is created by
both H, and CO generation; thus, it depends on both pH and
CO, concentration. KHCOj; concentrations higher than 1.0 M in
electrolyte may not be appropriate to efficiently perform the CO,
reduction reaction owing to the low CO, concentration in a high
pH solution. It is worth noting again that this solution resis-
tance may not be critical when the solar-to-chemical production
current was small; however, it will become significant as the
current or conversion efficiency increases.

Fig. 4(a) shows the summarized results of the proposed
device sensitivity depending on the electrode distance or

(b

h

350 10
3T 300 s &
148 2 20 8
S E 200 6
l12.2 = 7]
7} c 150+ 4 @
e 9 — 2
| < 100+ o)
s 3 — |2 8
00— 8 0+ —0 Q
22 20 18 16 14 12 10 8 @ 0.1 1 n
Gap distance (mm) concentration (M)
CO, gas
(c) 1
i Concentration control : 0.1~1.0 M]
Anolyte  Catholyte

]ADistance control: 8¥22 mm “

Electrolyte flow

Fig. 3 The current and solution resistance behaviours with respect to the (a) electrode—membrane gap distance and (b) electrolyte concen-
tration. (c) Schematic description of EC reactor performance investigation through the control of the electrode—membrane gap distance and

electrolyte concentration.
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Fig. 4 (a) Optimization of operating /-V parameters of the EC reactor with respect to various factors when the Si-5 solar cell was used as a PV
photoelectrode. (b) Faradaic efficiency behaviour with respect to the PV—-EC device operation time. (c) Solar to chemical conversion efficiency

and steady state current during PV-EC device operation.

electrolyte concentration in addition to the type of Ag catalyst
(e.g- flat or nanoporous Ag foil). The nanoporous Ag showed
a reduced overpotential of approximately 350 mV (Fig. S3(a) and
(b)1) (the detailed characterization data of nanoporous Ag and
IrO, electrodes are also included in Fig. S3 and S4t); therefore,
the LSV of the EC reactor was also cathodically shifted by
approximately 350 mV. Fig. 4(a) also shows an estimation of the
optimum series connections between the PV.

As expected from our PV photoelectrode design, three PV
photoelectrodes (Si-4, 5, and 6) were suitable for the EC reactor
with nanoporous Ag/IrO, catalysts (Fig. 4(a)). However, the
highest I, was obtained from the PV-EC device with the Si-5 PV
photoelectrode. Using this device, the steady state current ob-
tained under the standard illumination condition (1 Sun, 1.5
AM) was very similar to the expected I, value (Fig. 4(b) and (c)).
The faradaic efficiency of the product was measured during the
reaction. The major gaseous product was CO (93%), and the
remainder was H, (7%), which is also similar to the result ob-
tained from the closed half-cell experiment using the nano-
porous Ag catalyst. The solar to CO conversion efficiency was
estimated during the reaction time (Fig. 4(c)) based on eqn (3).

EgO/co2 X Iy X neo +
A x P

0
Nsolar to CO ((VO) = x 100% (3)

where Eco/co, is the equilibrium potential for the overall reac-
tion of 2CO, — 2CO + O, (1.34 V). I, nco, 4, and P indicate the
steady state current during the EC reaction, the faradaic effi-
ciency of CO production, the light absorbing area (photo-
electrode area, 13.7 cm?), and the illumination power of light
(100 mW cm™?), respectively. An 8% solar to CO conversion
efficiency was obtained, which is one of the highest values re-
ported to date (see Table 3).

Although some devices showing higher than 10% efficiency
have been achieved, they generally require highly expensive ITI-
V solar cell technology. The solar to CO conversion efficiency
can be evaluated by the product of the EC reaction efficiency
and PV photoelectrode efficiency, so a highly efficient PV
application is desirable. On the other hand, there is room for
enhancing the solar to CO conversion efficiency by increasing
the EC reaction efficiency. The EC reaction efficiency can be
enhanced by applying higher-efficiency catalytic electrodes.
Furthermore, the internal resistance (especially solution resis-
tance) in a device significantly affects the overall EC reaction
efficiency, which is strongly dependent on the electrode size
(reactor size). Considering the solar to CO conversion efficiency
obtained by small electrodes in most previous studies, our EC
reaction efficiency has achieved a very promising value,

Table 3 Comparison of the high performance PV-EC devices for solar to chemical production

This work (KIST)

Solar to chemical efficiency (%) 8.05 6.5

PV efficiency (%) 18.7 13.4

EC reaction efficiency (%) 44.61 48.5
b

Production rate (mL h™")
Photovoltaic cell

37.7 0.57
¢-Si solar cell

Cathode material Nanoporous Ag OD - Au

Anode material IrO, IrO,

Photon absorber/electrode area Photovoltaic: 13.68 cm?
Cathode: 19.27 cm?
Anode: 19.27 cm?

Schreier et al. (EPFL)"?

Perovskite solar cell

Photovoltaic: 0.2858 cm?
Cathode:
Anode: 4.5 cm?®

Schreier et al. (EPFL)"° Zhou et al. (Caltech)®

13.4¢ 10°

28.5 —

47 —_

2.72 1.70 x 1074
GaInP/GalnAs/Ge GaAs/InGaP/TiO,/Ni
3-junction solar cell photoanode
SnO,/CuO Pd/C/Ti

SnO,/Cu0 GaAs/InGaP/TiO,/Ni

Photoanode: 0.03 cm?
Cathode: 0.04 cm”

Photovoltaic: 0.2858 cm?
Cathode: 1 cm?
Anode: 4.5 cm?®

1 cm?

“ Solar to CO conversion efficiency. * Calculated from given values in the reference. ¢ Solar to formate conversion efficiency. ¢ Formate production
rate photoelectrode and the EC reactor. The intersection of the I-V curve (I,p) indicates the operating current of our PV-EC device.
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implying huge potential for practical applications. The
production rate of CO was also calculated using eqn (4).

ICO X Vm

production rate (mL h™') = T

4)
where I is a partial current (A) for CO production, V,, is the
molar volume (mL) at normal temperature and pressure, 7 is
the number of electrons per reaction (CO, + 2H' + 2e~ — CO +
H,0), and F is the faradaic constant, 26.801 h A mol~'. Our CO
production rate is calculated to be 37.7 mL h™' with a CO
production current of ~82 mA, which is an outstanding value
when compared with previously reported production rates.
The conversion of the PV-EC device was also investigated by
changing the flow rate of the CO, saturated electrolyte. In
general, the CO, electro-reduction activity of an electrocatalyst
or device has been tested in a batch reactor with a CO, saturated
electrolyte or continuous CO, gas flow condition. Continuous
flow reactors are favoured in industrial processes owing to their
large production capacity. In this type of reactor, the CO,
concentration is kept constant during the reaction, and the
production rate can be controlled by changing the feed rate of
the reactant. In our system, the electrolyte in the reservoir is
saturated by CO, purging and is circulated using a water pump.
In this case, the CO, gas was not directly supplied to the EC
reactor; only dissolved CO, was provided to the reactor. Despite
different flow rates (1-100 mL min~") the total current during

(a) 0,

Anode

CO+CO,
Cathode

Conversion =

W

ey

m%\d Water pump i(/
PV-EC device
120 120
1004 Itota] —_— 100

(Yw) uaung

CO Faradaic Efficiency (%)

Flow rate (mL-min™")

Output CO rate
Input CO, rate

Flow rate control
(input rate of CO,)
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light irradiation did not vary significantly (Fig. 5(b)). In contrast,
the selectivity (faradaic efficiency) of CO and H, was strongly
dependent on the flow rate, which is consistent with the results
from the previous study where the layer thickness variation of
the mass transfer boundary influenced by the electrolyte flow
rate was suggested as a main reason.*>**

The electrochemical CO,RR is directly related to the mass
transfer boundary layer thickness at the cathode surface (an
electrochemical double layer), rather than to the bulk concen-
tration of CO,. The CO, (aq) is mainly depleted in the near
surface of the electrode while the CO, (aq) concentration of the
bulk electrolyte (0.033 M) essentially remains constant.'®** The
remainder of the partial current was used for H, generation,
and the total faradaic efficiency was approximately 100% at any
flow rate. The CO conversion was calculated from the experi-
mental data and using eqn (5).

production rate
Vi x Cco, x flow rate

Conversion (%) = x 100%  (5)
where Cco, indicates the concentration (M) of saturated
aqueous CO,, and flow rate is the flow rate (mL min~") of the
electrolyte. The CO, conversion to CO is increased by decreasing
the flow rate; however, the production rate of CO is decreased.
For example, 0.77% CO, conversion to CO was obtained at 100
mL min~', while 1.15% and 2.55% were obtained at 50 mL
min~* and 20 mL min ", respectively. Note that 93% faradaic

CO; (9)

X 100% l—

CO; (aq)
saturated electrolyte

1.4

= 1.2
S
S 1.0 o
‘@ o8 ©
Qv (@)
E +0.6 Q
o o
(&) t04 T
8 F0.2

0 T T T T ~0.0

0 20 40 60 80 100
Flow rate (mL-min™")

Fig. 5 (a) Schematic description of conversion estimation for the PV-EC system. (b) Total current and partial CO current, and CO faradaic
efficiency with respect to the electrolyte flow rate. (c) CO,/CO conversion and H,/CO ratio results with respect to the flow rate.
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efficiency corresponds to 1.45% CO, one path conversion.
Relatively high CO, conversion to CO (approximately 30%) was
obtained when the flow rate was very low; however, the total
current rapidly decreased during the reaction, because of (1)
depletion of the CO, concentration in the double layer, and (2)
the remains of product gas bubbles on the electrode surface.
Therefore, too low a flow rate is not desirable for proper device
operation, despite the high conversion values.

Process design and techno-economic analysis

The conceptual process design and techno-economic analysis of
a scaled-up CO production process were carried out to evaluate
the economic feasibility of the proposed PV-EC device. Fig. 6
shows the process flow diagram of the CO production process.

View Article Online

Sustainable Energy & Fuels

The CO production process consists of a CO, saturation column
(D110), a CO separator (D130), an O, separator (D120), two
pumps (P140 and P150), and an EC reactor (R160). The CO,
saturated solvent (stream (4)) is pumped into the EC reactor
(stream (5)), where the EC reaction takes place. The phase
separation of the CO product stream (6) is carried out in a CO
flash separator (D130). Similarly, the water stream (11) is
pumped to the electrolyzer (R160) where O, is produced
through water oxidation. Because the anode product stream (9)
mainly consists of the anolyte and O,, a simple flash separator
(D120) can recover O, (13). The fraction of CO in the vapor
product stream (8) varies depending on the conversion of the
CO, in the EC reactor, and the vapor stream also includes excess
amounts of CO, when the conversion rate is low. Note that the

o P | €220
S-9 }
{ 14 |
(8]
=
«—1dl L
D130
5
2} > N R160 >
D110 D120
Pi4p P150
4 [51 [10 11
D110 D120 D130 P140 P150 R160
CO2 saturation col.  O2/Liquid flash sep. ~ Vapor/Liquid sep. Catholyte pump Anolyte Pump Electolyzer
C210 C220 E230 D240 P250 K260
CO2 absorption col. CO2 desorption col.  Lean/Rich amine Vapor/Liquid sep Rich amine pump Vapor compressor

Heat exchanger

Fig. 6 Process flow diagram of the electrochemical CO production system.
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proposed CO production system is operated under atmospheric
pressure and its CO, conversion rate is approximately 1.4%.

Consequently, the vapor product stream includes 79 mol%
of CO,. An additional gas separation process (C210 ~ K260) is
employed to remove the CO, from the product. The CO, sepa-
ration process initially proposed by Lee et al. is modified for the
purification of the CO product.*® In the CO, separation process,
an aqueous amine solvent is used to selectively remove CO,
from the vapor product stream (8). Because the amine solvent
chemically reacts with CO, (forming carbamate and bicar-
bonate), the CO, having low partial pressure can be effectively
removed from the product stream. The rich amine vapor
recompression with the split input flow configuration proposed
by Jung et al is also included to minimize the energy
consumption of the gas separation step.*® The recovered CO, is
recycled back to the CO, saturation column to minimize the raw
material supply of the process.

CO, +2H" + 2¢~ — CO + H,0O (6)

2H" +2¢” — H, )

2H,0 — O, + 4H" + 4e” (8)

CO, — CO + 1/20,, AH,y = 283 kJ mol ™" (9)
H,O — H, + 1/20,, AHyy = 242 kJ mol™* (10)

s X Coo, X X X AHy,co, = V X Jop,co, X Aelec (11)

The Peng-Robinson equation of state is used to precisely
predict the phase equilibrium and enthalpy of the process
streams. Binary interaction parameters between water and CO,
are regressed by using the maximum likelihood equation. Vapor
liquid equilibrium experimental data were obtained from Fon-
seca et al.*” and Schiiler et al.*® Detailed results and verification
of the regression are available in the ESI, Table S1, and Fig. S5.t
Eqn (6) and (7) describe the electrochemical reduction of the
cathode side and eqn (8) specifies the water oxidation on the
anode side of the EC reactor. To simplify the EC reactor model,
these EC reactions are reduced; thus, reaction enthalpies are
calculated as state functions. m, C, X, and A, respectively
denote the mass flow rate, concentration, conversion, and
electrode area. We assume that the partial CO, current density
(Jops CO,) and operating EC reactor voltage (V,,) are the same as
in the lab-scale experiment. The conversion of CO, can be
calculated using eqn (11). We compared the CO, conversion for
the experiment and the EC reactor simulation under the
experimental conditions to validate the proposed model. The
experiment achieved 1.45% CO, conversion at atmospheric
pressure, 35 °C, and 33 mM CO, concentration, while the
process simulation predicted 1.37% CO, conversion. The
difference results from the ideal reaction assumption; however,
the proposed model shows good agreement with the experi-
mental results.

Table 4 lists the financial parameters used to evaluate the
cost of the proposed CO production process. We assume 335
days of process operation per year and 5.57 h per day operation
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Table 4 Financial parameters used for economic analysis
Parameter Value
Plant life time (years) 20
Solar capacity factor 0.232
Interest rate 10
$ basis year 2018

to satisfy the solar capacity factor. A 1.2 m* PV cell having 225 W
capacity is adopted in this study. The equipment purchase cost
of the electrochemical CO production system is based on the
2018 U.S. market prices. Conventional unit operations such as
columns, pumps, and heat exchangers are estimated using the
Guthrie correlation and are updated using the 2018 chemical
plant cost index.*” Detailed explanations and MATLAB codes for
sizing and costing the equipment adopted in this study are
available in Lee et al.* The unit price for nonsubsidized single
crystalline Si PV cells is taken from the 2018 market prices. The
unit price of the EC reactor is calculated based on our experi-
ment and is estimated at $7200 per m”. Among the constituents
of the EC reactor, the bipolar membrane is the most expensive
component and represents 44% of the total unit cost.

Table 5 summarizes the equipment purchase costs of a 4
MW based PV-EC CO production process. The total PV cell cost
including the panel mounting and hard balance of the system is
approximately $2.7 million and corresponds to $192 per 1.2 m>
panel. Note that the PV cells contribute less than 2% of the total
equipment cost. The recent price decrease in single crystalline
Si solar cell panels makes them economically applicable for the
artificial photosynthesis process. The EC reactor, however, is far
more expensive for the commercial application of the process.
In fact, the EC reactor is responsible for more than 90% of the
total equipment cost because of the expensive bipolar
membrane, Ag, and IrO, catalyst. The equipment costs of the PV
cell and the EC reactor are linearly dependent on the CO

Table 5 Equipment purchase costs of the proposed CO production
system

Equipment cost

Component (M)
Photovoltaic module 1.5
Panel mounting 0.4
Other PV BOS 0.8
PV total 2.7
Electrolyzer 219.0
Wiring 0.2
Other electrolyzer BOS 0.9
Electrolyzer total 220.1
Cathode saturation column 0.92
Anode saturation column 0.92
CO separator 0.92
Cathode pump 0.02
Anode pump 0.02
Reaction system process unit total 2.79
CO, separation system 2.4
Total 228.0
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production scale. On the other hand, the scale-up process is
advantageous for conventional unit operations involving satu-
ration columns, pumps, and the CO, separation process. Note
that the contributions of the PV system, auxiliary unit opera-
tions, and CO, separation system can be as high as 70% when
the CO, production system is scaled down to a 1.2 m? single PV
cell system.

The total annualized cost (TAC) is calculated to obtain the
minimum sales price of CO. The TAC is composed of the
annualized investment cost (AIC) and the average annualized
operating cost (AOC). The AIC comprises the direct cost, indi-
rect cost, working capital, and the start-up cost. The AIC is
annualized over 20 years with 10% interest rate and is added to
the AOC to determine the TAC. A pre-tax environment is
assumed; thus, depreciation is not considered for the capital
assets. Here, we include the raw material cost and the CO,
purification cost in the AOC to determine the simplified TAC;
however, operating labor cost, plant overhead, and general
expenses should also be considered for more detailed analysis
in the future. In addition, the 20 years of plant operation is an
optimistic assumption because the electrolysis system generally
shows far less durability. Note that we assume $40 per ton CO,
raw material cost and negligible water cost.” The equivalent
cost of CO is calculated by the annualized worth (AW) method*®
adjusting its sales prices such that the present worth reaches
zero (eqn (12)) where Dgo and Pco respectively indicate the
demand and price of CO.

AW =0 = DCO X PCO — AOC — AIC (12)

The energy and mass balance table of the solar driven CO
production process is available in Table S2.1 The 4 MW PV-EC
system corresponds to 3.4 ton per day CO production. The
proposed process generates 22.3 MWh, per day for CO
production and it is converted to either the 3.0 x 10* m*> PV
module area or to 1.8 x 10* for the 1.2 m” unit PV modules. The
amount of solvent stream flowing into the EC reactor is
considerably higher than the CO, stream. The high flow rate
results from the low CO, concentration and conversion,
yielding a large recycling stream of CO,. The vapor product
stream (stream 8) contains 79 mol% CO,; hence, an additional
gas separation process is unavoidable for the recovery of a high
purity CO stream. However, the high fraction of CO, in the
product stream can be lowered as the CO, conversion increases,
consequently lowering CO purification costs. Thus, a method
for feeding a more concentrated CO, stream and/or achieving
higher conversion should be developed in future studies to
lower the capital cost of the process.

Table 6 summarizes the total capital expenditure. The cost of
each item is evaluated using the parameters proposed by
Douglas.® Given the total capital expenditure, the AIC and
yearly CO production are estimated at approximately $11.6 M
and 1.1 kton per year, respectively. The high AIC mainly results
from the expensive equipment. Thus, technological improve-
ments or replacement of expensive elements in the EC reactor
may reduce the purchase equipment cost significantly and save
some of the capital expenditure for improved

This journal is © The Royal Society of Chemistry 2020
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Table 6 Total capital expenditure of the proposed photo-
electrochemical CO production process

Fraction FCI  Used Cost (MS)

Direct cost

ISBL 60.0% 345.97
Purchased equipment 20-40% 40.0%  230.65
Purchased equipment 7.3-26% 12.0% 69.19
installation

Instrumentation and control 2.5-7.0% 2.5% 14.42
Piping 3-15% 3.0% 17.30
Electrical 2.5-9.0% 2.5% 14.42
OSBL 20.0% 115.32
Building and building services 6-20% 8.0% 46.13
Yard improvements 1.5-5.0% 2.0% 11.53
Services facilities 8.0-35.0% 8.0% 46.13
Land 1-2% 2.0% 11.53
Total direct cost 80.0%  461.29
Indirect cost

Engineering 4-21% 6.0% 34.60
Construction expenses 4.8-22.0% 7.0% 40.36
Contractor's fee 1.5-5.0% 2.0% 11.53
Contingency 5-20% 5.0% 28.83
Total indirect cost 20.0%  115.32
Fixed capital investment (FCI) 100 100.0% 576.61
Working capital 10-20% 10.0% 57.66
Start-up cost 8-10% 8.0% 46.13
Total capital investment (CAPEX) 680.41

commercialization. The raw material (i.e., water and CO,) costs
are only $0.47 M because most of the CO, feed is supplied by the
large recycle stream from the gas separation process. The
annual operating cost for gas separation is $0.37 M in the
amine-based CO, capture process. The TAC is calculated as
$12.5 M and corresponds to the CO sales price of $10.94 per kg.
Note that the net amount of CO, reduction is approximately 1.8
kton per year. The solar driven CO production process is
intrinsically limited by low solar power density, solar capacity
factor, and conversion. These limitations, together with the
high total capital expenditure, result in a sales price for CO that
is approximately 18 times the price for CO produced in
commercial fossil fuel driven processes ($0.6 per kg CO*).
Accordingly, the solar driven CO production process proposed
in this study should not be expected to compete with the fossil
fuel driven CO market unless the CO, tax reaches approximately
$6.6 per kg. Given the equipment purchase cost of the EC
reactor, we analyze the cost contribution of each element (i.e., Ti
support, Ag catalyst, IrO, catalyst, membrane, and frame).

As shown in Fig. 7, the membrane is the most expensive
element for EC reactor manufacturing followed by the IrO,
catalyst, and although the PV-EC CO production process is far
more expensive at the current technology level, it is still
a promising technology, especially for CO, utilization. The
process actually consumes CO, as a raw material with almost no
CO, generation during the process and can yield an order of
magnitude higher sales margin compared to PV electricity
generation. In addition, Fig. 7 indicates that a lower cost
membrane and/or cathode catalyst can facilitate the
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Fig. 7 electrochemical (EC) reactor element costs.

commercialization of the CO production in the EC reactor.
Higher solar to chemical efficiency, conversion, and higher
current density can also improve the economic feasibility of
a photoelectrochemical CO production system.
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Fig. 8 Contour plot of the equivalent CO sales cost. (a) CO sales cost
depending on the EC reactor current density and CO, conversion. The
white solid line indicates the market price of CO ($0.6 per kg CO?) (b)
CO sales cost depending on the solar to CO efficiency and the relative
membrane price.
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Fig. 8 shows the equivalent CO sales price changes depend-
ing on the EC reactor current density, the CO, conversion, the
solar to CO efficiency, and the relative membrane price. The
relative membrane price, here, is defined as the price ratio to
the current membrane purchase price (i.e., a relative membrane
price of 0.8 indicates 80% of the current membrane price). This
analysis shows that improving the current density and the
conversion rate has the largest impact on the CO sales cost
which can even reach the fossil fuel driven CO sales price. The
white solid line indicates the equivalent prices that make the
CO sales cost the same as the commercial CO sales cost. When
the EC reactor current density is higher than 80 mA cm 2
economically profitable CO production can be achieved.
However, approximately 22% CO, conversion is required; thus,
technological improvements that suppress the H, side reaction
at a low feed rate are necessary. When the current density is
sufficiently high (>120 mA c¢m?), economically feasible CO
production is possible even with the CO, conversion rate of
10%. An improvement in current density or conversion rate
leads to decreasing size of the EC reactor, and thus reduces the
capital expenditure for the solar driven CO production process.
Fig. 8(b) shows the influence of the membrane cost and the
solar to CO efficiency. The equivalent CO production cost is also
significantly lowered as a less-expensive membrane and/or
a higher efficiency device are introduced. For example, the
equivalent CO production cost of $10.94 per kg can be lowered
to $2.7 per kg when the solar to CO efficiency increases to 20%,
and the membrane cost is reduced to half of the current price.
Note that the equivalent CO production cost is still higher than
the current CO sales price within the search area; thus, the CO,
conversion and current density improvement study should be
conducted together with the membrane cost and efficiency
improvement.

Conclusions

This paper presents a state-of-the-art solar-chemical production
device and comprehensive economic analysis for the commer-
cial scale CO production process. The proposed PV-EC device
shows 8.03% solar to CO conversion efficiency and 0.77 to
31.9% CO, conversion with the device optimization. In addi-
tion, we also demonstrate the CO/H, ratio control using the
reactant flow rate, and thus the desirable chemicals (e.g., syngas
or high purity CO) can be produced by changing process oper-
ating conditions. Techno-economic analysis shows that the
equivalent CO production cost is about $10.94 per kg using the
current technology. However, technological improvements on
the membrane, device current density, and CO, conversion can
facilitate the practical application of the solar to chemical
production technology in the near future. Typically, the
proposed system may be economically feasible when high
current density (>120 mA cm ™) is achieved along with more
than 10% one path CO, conversion under optimistic assump-
tions (e.g., Veen < 2.75, FE > 93%, and durability > 20 years).
Several research studies can be suggested for the future study.
For example, electrocatalyst materials and membranes having
low price should be developed to compete with commercialized
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CO production processes. In addition, the optimization of the
PV/EC device area in terms of the cost is necessary because it is
desirable to reduce the expensive EC reactor cost. Finally, the
operation strategies of the process under the dynamic solar
energy supply should be carefully examined.
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