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ABSTRACT: A comparative study on the solar-to-fuel (STF) conversion efficiency of AIR SOLAR
electrochemical and thermochemical approaches for methane (CH,), methanol )V N
(MeOH), and ethanol (EtOH) generation using sunlight and air was performed. The ~—=——= " —— g —

system level STF conversion efficiency studied herein took into account of both the I
conversion processes and feedstock capture processes. In particular, the feedstock, CO, |
and H,0, in this analysis were assumed to be captured from air. For thermochemical |
conversion, one and two-step approaches were considered including CH, generation :
|
|

from the Sabatier reaction, and two-step processes for methanol (MeOH) and ethanol
(EtOH) generation from CO and H, coupled with the reverse water gas shift reaction
(rWGS). State-of-the-art electrochemical and hybrid electrochemical-thermochemical
processes for CH,, MeOH and EtOH generation, and the corresponding system level
STF conversion efficiency were then compared and contrasted to the thermochemical Methane Methanol Ethanol
approaches. Target overpotentials and Faradaic efficiency (FE) for the electrochemical

CO, reduction reactions was also presented to compete with thermochemical approaches at different operating scenarios.

KEYWORDS: Electrochemical CO, reduction, Thermochemical CO, reduction, Solar-to-fuel efficiency, Carbonaceous fuel,
Direct air capture

Thermochemical route
Electrochemical route

B INTRODUCTION with a world record 47.1% solar to electricity conversion
efficiency under concentrated illumination was achieved.'* At
the same time, silicon solar cells with a lower conversion
efficiency,” are still in vast commercial applications, especially
at the utility scale, due to its competitive cost per kWh
electricity generation." For high temperature solar-thermal
conversion (CST) systems, the receivers rely on a working
fluid, such as molten salt, to restore and transport the heat
energy converted from concentrated solar power. These
technologies have been integrated to solar power plants and
industrial processes for large scale implementation.'®'” The
solar-to-heat conversion efficiency varies with its operation
temperature, structure, working fluid, and rate of work. For
example, a 75 kW pool boiler receiver reached 90% solar
thermal conversion efficiency at 800 °C operation temper-
ature,” while the efficiency of another 150 kW gas-particle
receiver reached around 50—90% for various incident solar
energy intensities and particle flow rates."®

Various technological pathways have been developed for
feedstock capture, for example, CO, and H,O, from air. For

Sunlight and air are the most abundant and accessible forms of
energy and feedstock. To achieve the long-term global goal of
carbon neutrality, a sunlight driven system that converts air
into renewable fuels is highly desirable and highly resilient.
Harnessing the energy from sunlight and using feedstocks from
air to produce fuels and chemicals are no longer a far-fetched
reality, thanks to the tremendous research advances in the area
of photovoltaics," solar-thermal conversion,”® CO, and H,0O
capture from air,"”” water electrolysis (EL),® and (photo)-
electrochemical CO, conversion in recent years.”'® Carbona-
ceous fuels, especially for liquid fuels, such as methanol and
ethanol, are highly value-add chemicals as well as cheap in
storage and transportation. In comparison to artificial routes,
fast-growing crops in nature have a sunlight conversion
efficiency of ~3% using CO, in air as the carbon feedstock." ">
For long duration energy storage and for enabling a sustainable
future for society, abiotic approaches with higher efficiency,
selectivity, and stability are highly desirable.'® The solar driven
electrochemical and thermochemical routes for carbonaceous

fuel generation requires efficiency and cost-effective produc- =
tion of electrons or heat. Received:  June 1, 2022 Sustaiable

Chemisiy: Engincerng

The generation of renewable electrons and holes from Revised:  October 4, 2022 | =
sunlight from photovoltaics have reached unprecedented Published: October 12, 2022 %
efficiency for multijunction solar cells and low cost which N
further enables low-cost renewable fuel generation for
crystalline silicon solar cells. A six-junction III-V solar cell
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Figure 1. (a) Schematic illustration of all solar-driven thermochemical and electrochemical CO,R routes including feedstock (CO, and H,0)
capture from air. (b) Thermochemical route for CH,, MeOH, and EtOH formation. (c) Electrochemical route for CH,, MeOH, and EtOH
formation. The dash boxes are for CO,R process. The orange-filled boxes represent the thermochemical route, and gray boxes represent the

electrochemical routes.

direct CO, capture from air, the approaches, including solvent-
based capture,"”™>" solid—sorbent-based capture,”> and
membrane-based capture,””** have made significant progress
in recent years. Direct air capture (DAC) is considered a
promising technology for long-term global decarboniza-
tion.””™*” The two most known DAC companies are Carbon
Engineering and Climeworks, which pull the technology into
large-scale implementation.”*™*° The DAC technology is not
mature and is at an early commercial scale at the Technology
Readiness Level (TRL) of 7—8 and whose largest direct air
CO, capture capacity currently is about 1 ton CO,/day.”" For
H,O capture from air, several approaches have been explored.
Membrane or mesh-based systems that capture water vapor
from the atmosphere and collect water droplets via gravity have
been reported in several studies and have achieved a scale of
2—6 ton/day.”” The atmospheric water harvesting using the
membrane or desiccant-assisted humidity-harvesting systems is
at the TRL of 8—9."7% Additionally, water can also be
captured from air via radiative cooling, which relies on infrared
emission properties of radiative emitters for to condense water
vapor.34’35

In terms of the conversion processes, both electrochemical
and thermochemical processes have the potential to produce
cost competitive hydrocarbons. For water electrolysis, there
has been a tremendous interest in green hydrogen in recent
years, with low temperature electrolysis (LTE) as one of the
most promising routes to deliver low cost and low emission H,
via renewable electricity. The cost and efficiency of LTE have
improved over the years, with MW to GW scale LTE systems
being deployed worldwide.”*™* For (photo)electrochemical
CO, reduction (CO,R), significant advances in selectivity,
activity and durability of several multielectron and multiproton
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reactions have been recently made. For example, ethylene
generation has reached an operating current density of 1.3 A
cm™2 and a Faradaic efficiency (FE) of 65—75%,* and ethanol
(EtOH) generation has reached a remarkable FE of 91% at
—0.7 V versus RHE.*" While the demonstrated scale for
electrochemical approaches is limited to less than 1 kg/day,
these electrochemical performance metrics have shown
promise for potential commercialization of this technology."”
In contrast, thermochemical CO, hydrogenation reactions
have been well established and are used at industrial scale
(million tons/year), including the Fischer—Tropsch process to
produce fuels.” The Sabatier reaction is another example,
which converts CO, and H, in a self-sustaining exothermic
reaction to produce CH,.** A 6 MW demonstration has been
built and demonstrated terrestrially,* and there is a growing
interest for scaling up this technology for space exploration.
While each technology has its own performance and
efficiency metrics, the coupling of these technologies and the
system level efficiency for the generation of fuels with the only
energy input from sunlight and only air as a feedstock has not
yet been reported. In particular, almost all electrochemical
CO, reduction reports used pure CO, near 1 bar as the
feedstock.”" Hence, the reported solar-driven CO, reduction
efficiency’”*" is not directly comparable to photosynthetic
processes, in which ~400 ppm of CO, in the presence of O, is
used as the feedstock. In this study, we used sunlight and air as
the only energy input and feedstock, respectively, and analyzed
the overall system level solar-to-fuel (STF) conversion
efficiency for CH,, MeOH, and EtOH generation. In this
comparative study, we benchmarked the system using state-of-
the-art direct electrochemical conversion processes against the
more traditional thermochemical reactions (TC) in which H,
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was produced via water electrolysis. We aim to define the
target FE and overpotentials for specific electrochemical fuel
forming reactions required to compete with the traditional
approaches.

B MODELING

The model uses sunlight as the only energy input for the
system which captures CO, and H,O from air, and converts
them into CH,, MeOH, or EtOH via electrochemical CO,R or
thermochemical hydrogenation reactions (Figure la). The
electrochemical reactions (EC) are highlighted in gray boxes,
while the thermochemical hydrogenation reactions are high-
lighted in orange boxes. We considered a DAC process based
on aqueous alkali solvent coupled with a calcium caustic
loop.” The aqueous KOH solvent as the CO, sorbent with the
calcium loop to regenerate the KOH solvent by adding
Ca(OH), to the system followed by a CaCO; sediment
separation process. The calcium solvent (Ca(OH),) is then
reproduced by CaCOj; calcining and CaO hydrating. This
process can operate continuously and allows industrial-level
scaling economically. The reported energy consumption was
5.25 GJ of gas and 366 kWh of electricity per ton of CO,
captured.’® In this study we assume that the energy input
required from the DAC process are provided by the thermal
energy from a concentrated solar thermal (CST) device and
the electricity from a photovoltaic (PV) device. This DAC
process reported an energy utilization of Q¢ = 0.366 kWh

kgco, for electrical energy and Qléozo, = 1.458 kWh kgco, for

thermal energy (equals to 5.25 GJ/t-CO,) based on a large-
scale plant techno-economic analysis.”® For the H,O capture
process, we adapted an active cooling condensation process in
which only electricity input from a PV device was required for
H,O capture and purification from air. The H,O capture from
air involves condensation and purification with the energy
consumption estimated based on a commercialized project.*
We assumed an ideal moisture content and relative humidity
where the energy utilization efficiency was Q00 = 0.18 kWh
kgiilo operating at ~70—90% relative humidity and 22—35 °C
ambient temperature.

The hydrogen was produced from water electrolyzer. The
energy consumption for generating 1 k§ of hydrogen via water
electrolysis was assumed to be 55 kWh,"” which was equivalent
to an electricity-to-hydrogen efficiency of 15, = AGY/Qfy1 =
59.9%. Apart from water electrolysis, the solar-driven
thermochemical redox cycle can produce hydrogen from
water utilizing metal oxide that participating the reduction and
oxidation reactions sequentially and continuously.*® It is
reported that the highest possible STF efficiency is 36%
from thermodynamic analysis,*’ while the highest lab-scale
prototype efficiency is $5.25%°° and the industrial-scale
application efficiency is 4.1%.”" Hence, we only considered
this more matured solar hydrogen technologies instead of solar
thermochemical hydrogen production pathway.

For all routes involving thermochemical reactions (Figure
1b), a feedstock recycling process was considered, including all
TC pathways as well as the hybrid EC-TC routes in Figure lc.
For the reverse water gas shift reaction (rWGS) and CO
hydrogenation reaction, we considered CO,, CO and hydro-
gen recovery. For the CO hydrogenation reactions for the
synthesis of MeOH and EtOH, the separation process was only
a condensation process of MeOH and EtOH, where the

leftover syngas could be fully recovered. Hence, the energy
requirement for this separation step was negligible. For the
removal and recycling of CO, from the syngas produced in
rWGS for the two-step MeOH and EtOH formation route, we
considered a conventional amine system with 100% CO,
absorption and desorption efficiency. Further, the pressure
swing adsorption (PSA) method was considered to recover
hydrogen from the products of the rWGS reaction. The
industrial PSA hydrogen separation can achieve a high
purification level (99.999%) at Linde Engineering and Air
Products PSA plants.’>*® As a result, the utilization efficiencies
of CO, and H, were assumed to be 100% from the single pass
thermodynamic limitation of 57.9% (1 bar, 1050 °C) for
rWGS reaction. The energy consumptions for the CO, and
hydrogen recycling processes were Q}éoz,recycle,o = 0.3 kWh

kgco, for thermal energy and Qb recycte0 = 1.13 kWh kg for

electricitsy based on a large-scale plant techno-economic
analysis.”*">° All the device efficiencies and the energy
consumption rates were summarized in Table S2.

For direct electrochemical CO,R, the PV component was
assumed to be operated at its maximum power point with a
DC-DC converter to match the electrochemical load curves
for CO,R reactions, as well as for water splitting reactions. The
number of electrons and equilibrium potentials of the
electrochemical reactions involved in this comparison are
listed in Table 1.

Table 1. Cathodic Electrochemical Reactions, Number of
Electrons, and Cathodic Half Reactions’ Equilibrium
Potentials versus SHE”

fuel-forming reaction N, E¥ (V)
2H" +2¢" > H, (E1) 2 0
CO, + H,0 +2¢” - CO +20H  (E-2) 2 —01
CO, + 6H,0 + 8¢~ —» CH, + 80OH (E-3) 8 0.17
CO, + SH,0 + 6e” » CH;OH + 60H~  (E-4) 6 0.03

2CO, + 9H,0 + 12¢” » C,H,OH + 120H"  (E-5) 12 0.08

“Note that the equilibrium potential for anodic half reaction vs SHE is
1.23 V.

For the thermochemical hydrogenation reactions, the
feedstock hydrogen was produced via electrochemical water
splitting process powered by PV and the feedstock CO, was
collected from DAC process. Their reaction equations and
entropy changes from literature reported operation conditions
are listed in Table 2. Thermodynamic carbon conversion ratios
of the involved reactions as the function of pressure and
temperautre were concluded in Figure SI. Among the
reactions the rWGS reaction is endothermic, the entropy
changes of which were compensated by the heat energy
generated from concentrated solar thermal device. The
remaining reactions are exothermic, where zero additional
heat input was assumed under the equilibrium condition with
reasonable insulation. For thermochemical reactions (orange
boxes in Figure 1), the Sabatier reaction was considered for
CH, production. Due to its energy downhill nature, the
reaction can operate in a self-sustainable manner without
additional energy input for continuous reaction. In addition,
the Sabatier reaction has favorable thermodynamics (carbon
utilization efficiency of 94.9%) at typical operation condition
(1 bar, 300 °C), and recycling is also considered. For MeOH
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Table 2. Thermochemical Reaction Equations, And Their Reaction Enthalpy Changes, AH, and Carbon Utilization Efficiency,
X6, at Stoichiometric Feedstock Ratio under Typical Industrial Operation Conditions

thermochemical reaction equation

one-step CH, (one-step TC)

CO, + 4H, — CH, + 2H,0(g), AH = —1772 kJ mol™’
two-step MeOH (two-step TC)

CO, + H, » CO + H,0(g), AH=317 K mol”' (T-2.1)
CO + 2H, > CH;0H(g), AH =-9841J mol" (T-222)
two-step EtOH (two-step TC)

CO, + H, » CO + H,0(g), AH=317 K mol”' (T-3.1)

2CO + 4H, — C,H,OH(g) + H,0(g), AH = —135.2 kJ mol™'

(T-1)

286,
94.9% (1 bar, 300 °C)***?

57.9% (1 bar, 1050 °C)*°

47.5% (50 bar, 260 °C)"'

57.9% (1 bar, 1050 °C)%*°

(T-3.2) 73.7% (50 bar, 300 °C)*

and EtOH production, the two-step TC routes were studied.
The production was achieved by a two-step hydrogenation
chain reaction.

For the electricity generation, crystalline silicon PV cells
with a 23% solar-to-electricity conversion efficiency, #py, was
used in the calculation, which represented a typical value of
industrially manufactured solar cells.’” For the heat generation,
an 80% photothermal conversion efficiency, #ncgy, was
considered.” Heat was used to power the steam heating unit
for the CO, capture module and to balance the endothermic
enthalpy change of the rWGS for the thermochemical route in
Figure 1a,b.

B THERMOCHEMICAL ROUTE ENERGY BALANCE
ANALYSIS

Figure 2a shows the energy requirements (kWh kg_l of fuel)

for generating fuels via three thermochemical approaches. The

a) b)
3
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Figure 2. Energy requirements in terms of (a) kWh kg™ of fuel or (b)
kWh kWh™' of fuel for generating fuels via thermochemical
approaches. The required total energy via thermochemical approaches
includes energy consumption for CO, capture and H,O capture,
Qcoycp and Qu,0,capy TeCYCle, Qrecyeter thermochemical reaction, Qrc,

and water electrolysis, Qg;.

total required energy is categorized into solar energy converted
by PV and CST to provide electricity and thermal energy
which are consumed by CO, and H,O capture and recycle
processes, as well as fuel generation related processes. The
detail definitions for all energy terms can be found in modeling
section.

As shown in Figure 2a, since water electrolysis, Qg;, is the
dominant energy demand in all the thermochemical
approaches, an eflicient utilization of H, becomes very
important to achieve high STF energy conversion efficiency.
CH, has the highest heat content among all the fuels
considered in this study, and as a result, CH, generation via
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the Sabatier reaction (one-step TC CH,) exhibited the highest
required energy input per kg of fuel, that is, 33.29 kWh kg™".
The two-step TC MeOH generation route exhibited the lowest
energy requirements 14.12 kWh kg™ due to the low heat
content of MeOH.

Note that the energy requirement for recycling of CO, and
H, are also shown in Figure 2a. The one-step TC CH, route
exhibited the lowest energy requirement for recycling, 0.0716
kWh kg™!, due to its high single pass CO, conversion. The
feedstock recycle energy consumption for the three routes is
also calculated by minimum separation power of a separation
process (MSPS) in Figure S2, which is listed and compared
with the values calculated from literature reported data in
Table S3.

Both the two-step TC EtOH and MeOH generation routes
have a common first thermochemical step, for example, rWGS,
and the two-step EtOH generation exhibited a larger kWh kg™
value than the two-step MeOH generation due to the larger
water electrolysis energy requirement for EtOH.

Figure 2b compares the total amount of energy requir-
emened in kWh to produce 1 kWh fuel in Gibbs free energy
among the three routes. The energy requirements include
electricity energy inputs for feedstock capture, recycle and
powering water electrolysis, as well as heat energy inputs for
endothermic thermochemical reactions, feedstock capture and
recycle. We defined the term, Energy consumption factor
(ECF), to describe the energy requirements per kWh fuel
generating. All three routes showed a similar energy require-
ment, 2.34 kWh kWhg,~! for CH,, 2.32 kWh kWhg,,~" for
MeOH, and 2.40 kWh kWhg,, ! for EtOH.

The system-level STF conversion efficiency in this study
considered both the energy conversion and feedstock capture
processes, such as the solar-to-electricity conversion in PV and
thermochemcial reaction, and the feedstock capture process
from dilute sources, such as CO, capture from air. The system-
level STF conversion efficiency, as shown in Figure 3. #pyoq
was the dominating energy component for all three routes (see
light blue bars in Figure 3) and account for 68.9% for one-step
TC CH,, 64.6% for two-step TC MeOH, and 65.5% for two-
step TC EtOH. This was due to the limited solar-to-electricity
conversion efficiency of 23% considered in this study. The
MeOH generation route showed the highest STF efficiency of
11.4%, while CH, generation showed the lowest STF efliency
of 10.7%. This is consistent with the ECF values in Figure 2b.
The optimum overall STF conversion efficiency of the two-
step TC MeOH formation reactions was off the stoichiometric
ratio calculated from thermodynamic reaction conversion

https://doi.org/10.1021/acssuschemeng.2c03230
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Figure 3. System level STF conversion efliciencies for three
thermochemical fuel forming approaches. The solar energy con-
sumption was categorized into feedstock capture process and STF
energy conversion process, according to the energy conversion
processes shown in Figure la. The former includes energy
consumption for H,O and CO, capture, 9y,0cp Mcoycap 20d

feedstock recycle, #,cyq.- The energy conversion consisted of PV
loss, 1py sy electrolyzer loss, 7y 1o thermochemical reaction loss,
N1cosy and energy stored in fuel, 7g,q.

limits shown in Figure S3. It is interesting that the excess CO,
supply helps increase STF efficiency due to high ulitzation
efficiency of hydrogen at higher CO, fractions in the reactants.

B ELECTROCHEMICAL AND THERMOCHEMICAL
ROUTE COMPARISON

The comparison of the system level STF conversion
efficiencies between the reported electrochemical and the
calculated thermochemical CH, generation routes is shown in
Figure 4. The one-step EC CH, generation route involved
eight electrons and eight protons per carbon (reaction E-3 in
Table 1). Figure 4 shows the system-level STF conversion
efficiency as a function of the overpotential for CO,R and the
FE for CH, generation reaction. The STF conversion efficiency
of the corresponding solar driven thermochemical approach,
and the reported electrochemical CO,R performance (Table
3) were plotted as a red dash line and colored dots,
respectively. The electrode potential calculation procedures
are shown in Table S4.

As shown in Figure 4, all the reported electrochemical
performance values for CH, generation clustered far below the
STF conversion efficiency from the thermochemical pathway

of 10.7%. The low STF conversion efficiency of the
electrochemical pathway was due to the large kinetic
overpotentials and low FE. In addition, many reported CO,R
materials for CH, generation have operated far below the
operating current density that is relevant for solar-driven
processes (tens of mA cm™2). To achieve materials perform-
ance at higher operating current density with a much lower
overpotential and much higher FE would require significant
research advances in the future.

To compete with the thermochemical pathway, significant
advances in catalyst performance are required. For example, an
overpotential of —0.63 V and a FE of 100% or an overpotential
of —0.1 V and a FE of 74% is required to achieve the same STF
conversion efficiency of the thermochemical process. In
addition, an ideal (100%) single pass carbon utilization
efficiency for the electrochemical conversion process was
assumed inFigure S. Lower carbon utilization efficiency or the
use of multipass electrochemical cells that would require
additional gas separation process would further decrease the
system level STF conversion efficiency for the electrochemical
route for CH, generation. A lower carbon utilization efficiency
in the electrochemical approach would also be very sensitive to
the energy requirements for the CO, capture process.
Furthermore, the competing hydrogen evolution reaction
(HER) and other electrochemical CO,R reactions with similar
reduction potentials would present signiﬁcant challenges for
near unity FE for CH, generation.”” ** Hence, from the
energy balance point of view, the thermochemical process is
much more favorable than the electrochemical route. The
energy breakdowns for the five CH, catalysts are compared in
Figure 4b. #py 1. took the major energy consumption, followed
by the 75 o5 EC)l0ss 1S dictated by the catalysts” performance,
which leads to the highest #7575 ¢y, of 9.87% achieved by using

the cathode catalyst reported by Pan et al.®® The energy
breakdowns for other electrochemical routes are compared in
Figure SS.

In contrast, as shown in Figure 5ab, there were several
reported electrochemical CO,R systems for MeOH generation
with higher STF conversion efficiency than their corresponding
thermochemical approaches. The two best electrochemical
STF efficiencies were estimated to be 12.24% and 12.41% for
the one-step EC route and hybrid EC-TC route for MeOH

a) One-step EC route
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Han (2020) 12
@

FE (%)

MFuelER V)

. e @
J(mAcm?) 0.1 1 10

100

NstE,CH, (%) B

ni,solar (%)
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Pan Zhan, Han Cai Wan
(2020) (2021§ (2020) (2021) (202(%

Figure 4. (a) System level STF conversion efficiency as a function of the overpotential for electrochemical CO,R at the cathode and the FE for
CH, electrochemical forming reaction. The STF conversion efficiency of the corresponding solar driven thermochemical approach, and the
reported electrochemical CO,R performance are plotted as a red dash line and colored dots, respectively. The size of the dots represents the
reported current densities at the given overpotentials. (b) STF conversion efficiencies for five CH, generation catalysts. The energy consuption was
broken down into H,0 and CO, capture, 17,0 capr a0d 710, capy PV 1088, 7py 105 €lectrochemical reaction loss, 7gc o5y and energy stored in fuel, 7gq-
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Table 3. FE, Overpotential, Current Density, and Material of the Reported Electrochemical CO,R Electrode

final product author FE Faer” TfuelER J (mAcm™ material” ref
CH, Cai (2021) 0.78 —1.44Vy:(0.5 M KHCO3) 1.6 40 Cu MNCs o
Wang (2020) 0.71 —1.20Vy:(0.5 M KHCO3) —-1.4 37 Cu—Bi NPs o4

Han (2020) 0.85 —1.80Vyx(1 M KHCO,) -13 318 SA-Zn MNCs s

Pan (2020) 0.88 —0.38Vyup(0.1 M NaHCO,) —0.55 0.31 Cu/Nafion o

Zhang (2021) 0.80 —0.90Vyx(1 M KOH) -1.1 203 Cu/Cu,O MNCs 7

MeOH Huang (2018) 0.97 —0.98V(0.1 M NaHCO;) —0.36 0.59 Co(C0,;),s0H-11H,0 o8
Yang (2019) 0.78 —-0.29 41.5 Cu,_,Se(y) NPs o

Mou (2019) 0.92 —0.50Vyxyp(0.1 m KHCO;) —0.53 0.2 boron phosphide NPs 70

Periasamy (2018) 0.93 —0.85Vpy£(0.5 M KHCO,) —0.88 025 Cu,O NPs 7!

Lu (2018) 0.80 —0.24 318 Pd—Cu AG 7

CcO Geng (2017) 0.83 —1.10Vy:(0.1 M KHCO3) -1.0 16.1 ZnO NSs 7
Moller (2019) 0.85 —1.00Vye(1 M KHCO;) —-0.90 200 Ni MSCs ™

Jiao (2019) 0.92 —0.78Vxup(0.2 M NaHCO;) —0.68 8.6 Cu-doped Pd;yTe; NWs 7

Zhang (2019) 0.97 —0.46Vyyz(0.1 M KHCO;) -0.36 1.9 FeN; MNCs 76

Nellaiappan (2020) 1.00 —0.30Vyue(0.5 M K,SO,) —0.20 138 AuAgPtPdC NPs 7

EtOH Xu (2020) 0.91 —0.70Vp£(0.1 M KHCO,) —-0.78 5 Cu/C NPs “
Zhang (2020) 0.71 —0.87Vyp(0.5 M KHCO3) —-0.95 104 Cu/Cu,0 MNCs 78

Yuan (2019) 0.56 —0.25Vpe(0.1 M KHCO,) —-0.33 47 Cu/C NPs 7

Lv (2018) 0.85 —0.60Vy£(0.1 M KHCO,) —0.68 0.35 Ag MNCs 80

Wang (2020) 0.52 —0.68Vpye(0.1 M KHCO,) —-0.76 156 Cu MNCs 81

“CO, saturated 0.1 M KHCO; pH = 6.8,*° 0.5 M KHCO; pH = 7.33,”° 1 M KHCO; pH = 7.7,/* 1 M KOH pH = 13.9,*' 0.2 M NaHCO, pH =
7.75 NP = nanoparticle; NC = nanocrystal; NW = nanowire; NS = nanosheet; SA = single atom; MNC = microporous nitrogen-doped carbon; AG
= aerogel; Note that the detailed calculation procedure for potential conversions is from eqns S7—S11.
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Figure S. (a) System level STF conversion efficiency as a function of the overpotential for electrochemical CO,R at the cathode and the FE for
one-step EC route and (b) hybrid EC-TC route for MeOH forming. The STF conversion efficiency of the corresponding solar driven
thermochemical approaches, and the reported electrochemical CO,R performance are plotted as red dash line and colored dots, respectively. The
size of the dots represents the reported current densities at the given overpotentials. (c) STF efficiency as the function of CO, utilization efficiency
and CO, capture energy consumption of the electrochemical CO,R case reported by Huang®® which belongs to the one-step EC route. The STF
efficiencies of the one-step TC route with 0—2 kWh kg™' CO, capture energy consumption was plotted in the dash line.

formation respectively. The electrochemical, hybrid EC-TC
route involved an electrochemical CO generation process and
a subsequent thermochemical hydrogenation process for
MeOH generation. The higher STF efficiency in the hybrid
EC-TC MeOH route was due to the efficient electrochemical
CO generation from CO,. An alternative electrochemical, two-
step MeOH formation route was depicted in Figure S6, in
which syngas was generated from a single-electrolysis cell by
the simultaneous reduction of CO, and H,O at the ratio of 1:2.
The reported materials had high FE but large overpotential, so
the system-level STF efliciency was lower than the
thermochemical routes.

Figure Sc shows the impact of CO, utilization efficiency and
CO, capture energy requirement on the system level STF
conversion efficiency of an one-step EC MeOH generation
process with an overpotential of —0.36 V and a FE of 97%.°°
The STF conversion efficiency shows a minimal value of about

6.3% at 10% CO, utilization efficiency with Qg + Qléoyo =2
kWh kgco,, and a peak value of about 13.5% at 100% CO,
utilization efficiency with Qgo o + onz,o = 0 kWh kgaloz. The
red dashed line in Figure Sc is the STF conversion efficiency of
the two-step TC MeOH route with changing CO, capture
energy consumption. When Q%oz,o =0.13 kWh kgag)z, the STF
efficiency is close to 12.5%. This value reduced to 11.4% when
Q%o2 increased to 2 kWh kgco,. The left side of the dash line
indicates a better performing thermochemical route, while on
the right ride, the electrochemical route outperforms.

It is interesting to note that the electrochemical process can
tolerate rather low CO, utilization efficiency, especially if the
energy requirement for the CO, capture process is low. For
example, the CO, utilization efficiency only needs to be greater
than about 31% at a Qgq o + Q?:oz,o = 0.5 kWh kg, to achieve
a competitive STF conversion efficiency relative to the
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thermochemical approaches. In addition, when the Qg o +
Qléoz,o was lower than 0.13 kWh kgcg,, the electrochemical

route exhibited a higher STF efficiency than the thermochem-
ical approach, because the system level STF efliciency was no
longer sensitive to CO, capture energy consumption. The STF
efficiency as the function of CO, utilization efliciency and CO,
capture energy consumption of the reported electrochemical
CO,R cases of other fuel formation routes were depicted in
Figure S7. The electrochemical catalysts for CO generation
show high FE and high current density in Table 3. As shown in
Figure S8, the thermochemical and electrochemical routes are
in similar efficiency ranges for CO production.

The direct electrochemical conversion of CO, to EtOH
involves 12 electrons and 12 protons transferred per mole of
EtOH (reaction E-5, Table 1). Significant advances have been
made in the electrochemical conversion of CO, to EtOH. For
example, the highest EtOH evolution FE achieved so far is
91%,"" while another reported catalyst gerformed at 156 mA
cm™? EtOH conversion current density.”' As shown in Figure
6a, the comparisons of thermochemical and one-step electro-

Hybrid EC-TC route 0
HSTF,Et0H (%)
Nellaiappan 14

One-step EC route
HSTF,E©OH (%) b)

N

14 100

Zhang (2020) ®

Wang (2020)|
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Figure 6. System level STF conversion efficiency as a function of the
overpotential for electrochemical CO,R at the cathode and the FE for
EtOH electrochemical forming reaction: (a) one-step EC route and
(b) hybrid EC-TC route. The STF conversion efficiency of each solar
driven thermochemical approach and the reported electrochemical
CO,R performance are plotted as red dash line and colored dots,
respectively. The size of the dots represents the reported current
densities at the given overpotentials.

chemical CO,R for EtOH generation are similar to those of
CH, generation in Figure 4. All the reported electrochemical
materials and devices shows a lower STF conversion efficiency
than the thermochemical approach with recycling, even with
assuming unity carbon utilization efficiency. For example, to
compete with thermochemical approaches with recycling, an
overpotential of —0.55 V and a FE of 78% is required for one-
step EC route, and another overpotential of —0.58 V and a FE
of 77% is required for the hybrid two-step EC route EtOH
generation.

We used 10 mA cm™2 as our reference value because most
nonconcentrated solar-driven (photo)electrochemical CO,
reduction devices operate at similar current densities.
However, for future industrial/application relevant operations,
100 mA cm™? or even higher values should be considered.
Therefore, we have added additional calculations in Figure S9
for 100 mA cm™ cases showing that the electrochemical
performance was reduced due to the increased overpotentials
at higher operating current densities.
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B CONCLUSIONS

For thermochemical approaches, the overall energy require-
ments in kWh to produce 1 kWh of fuels in Gibbs free energy
ranged from 2.3 to 2.4 kWh kWhy,, ™' for CH,, MeOH, EtOH
generation with recycling, using sunlight as the only energy
input and air as the only feedstock. The energy requirements
for water electrolysis for H, generation dominated the overall
energy demand in all the thermochemical approaches, and as a
result, high H, utilization efficiency by recycling becomes
important to achieve high system level STF conversion
efficiency. The energy requirement for H,O and CO, capture
make up small portions in the overall STF conversion process.

For the electrochemical approaches to be competitive with
the thermochemical approaches, significant advances in
reducing the overpotential and increasing the FE for CO,
reduction reaction are required. Presently, in terms of the
overall STF conversion efliciency, the electrochemical CH,
generation has the largest gap relative to the thermochemical
approaches, while the electrochemical MeOH generation
already have materials and devices with performance metrics
that can compete with thermochemical approaches.

Since the energy requirement for CO, capture is much less
than the electrochemical CO, conversion process, low CO,
utilization efficiencies can still lead to a relatively high overall
system efficiency in the electrochemical approaches. As an
example, for MeOH generation the CO, utilization efficiency
only needs to be greater than 64% at a CO, capture energy
requirement of 2 kWh kg™ to achieve a competitive STF
conversion efficiency relative to the thermochemical ap-
proaches.
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B NOMENCLATURE

Abbreviations
CST concentrated solar thermal device
CO,R (photo)electrochemical CO, reduction
DAC direct air capture
EC electrochemical reaction
ECF energy consumption factor
EL water electrolysis
EtOH ethanol
FE faradic efficiency
HER hydrogen evolution reaction
LTE low temperature electrolysis
MeOH methanol
MSPS minimum separation power of a separation process
OER oxygen evolution reaction
PSA Pressure swing adsorption
PV photovoltaic
rWGS reverse water gas shift reaction
STF solar-to-fuel
TC thermochemical reaction

Latin symbols
E electrode equilibrium potential (V)
ECF energy consumption factor (kWh kWhg.,))
FE Faradaic efficiency (1)
J current density (mA cm™2)
m substance mass (kg)
N, number of electrons transferred (1)
Q energy consumption (kW h)

Greek symbols
AGY, fuel Gibbs free energy (kWh kg™")
AH reaction enthalpy change (kJ mol™")
n efficiency (1), overpotential (V)
x feedstock utilization efficiency (1)

Subscript
0 energy consumption per kilogram substance
cap feedstock capture
fuelER fuel evolution reaction
loss energy loss
ohmic ohmic potential
OER oxygen evolution reaction
recycle feedstock and product

Superscript

e electricity
h heat

solar equivalent solar energy
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