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A Gross-Margin Model for Defining Technoeconomic
Benchmarks in the Electroreduction of CO,

Sumit Verma,® ® Byoungsu Kim,”® Huei-Ru “Molly” Jhong,® ™ Sichao Ma,* 9 and

Paul J. A. Kenis*™ ®!

We introduce a gross-margin model to evaluate the technoe-
conomic feasibility of producing different C,—C, chemicals such
as carbon monoxide, formic acid, methanol, methane, ethanol,
and ethylene through the electroreduction of CO,. Key per-
formance benchmarks including the maximum operating cell
potential (V,,,), minimum operating current density (j.,), Fara-
daic efficiency (FE), and catalyst durability (t...q,) are derived.
The V.., values obtained for the different chemicals indicate

Introduction

The development of economically viable technologies that can
stabilize and eventually reduce the rising levels of CO, in the
earth’s atmosphere (currently close to 400 ppm)" remains one
of the grand challenges of the 21st century.”’ Earlier, Socolow
et al. proposed the stabilization wedge approach to help guide
the mitigation of the rise in atmospheric CO, levels.”! Their
strategy entailed the simultaneous implementation of different
methods that include increasing the energy efficiency of build-
ings and vehicles, moving from fossil-fuel-based power plants
to renewable energy sources, and the capture and sequestra-
tion of CO, from point sources such as coal-fired power plants
and cement plants. The photochemical or electrochemical re-
duction of CO, to different value-added C,-C, chemicals such
as carbon monoxide, formic acid, methanol, methane, ethanol,
or ethylene could provide an additional option for a stabiliza-
tion wedge.” As a result of major technological advances in
wind and solar electricity generation, the cost of producing re-
newable electricity has declined steadily over the last decade,
and a recent U.S. Department of Energy (DOE) report indicated
that wind energy could be used to generate electricity at
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that CO and HCOOH are the most economically viable prod-
ucts. Selectivity requirements suggest that the coproduction of
an economically less feasible chemical (CH;OH, CH,, C,H;OH,
CH,) with a more feasible chemical (CO, HCOOH) can be
a strategy to offset the V,,,, requirements for individual prod-
ucts. Other performance requirements such as j, and t.qu
are also derived, and the feasibility of alternative process de-
signs and operating conditions are evaluated.

a cost as low as $0.02 kWh~""! The use of cheap, readily acces-
sible renewable energy for electrochemical CO, reduction pro-
vides an attractive approach for the production of carbon
chemical feedstocks in a carbon-neutral way. The process can
be utilized to solve the intermittency problem of renewables
through the storage of excess renewable electricity as chemical
energy if grid supply exceeds demand. In addition, the tech-
nology has the potential to be implemented on an industrial
scale more quickly than some competing technologies such as
direct photochemical CO, reduction.

In the early 1990s, Hori et al. performed a comprehensive
screening of different metal electrodes to determine their se-
lectivity and activity towards different CO, electroreduction
products.”” Transition metals such as Au, Ag, and Zn were se-
lective towards CO production, whereas Pb and Sn exhibited
selectivity towards HCOOH production. Cu was the only metal
electrode that could produce C, chemicals such as C;H;OH and
C,H, at significant levels of selectivity (>5%). Since then, nu-
merous research efforts have focused on the development of
new catalysts,”’ the analysis of the effects of different electro-
lytes,” the development of new electrolyzer designs,” the
comparison of different methods of electrode preparation,””
and the optimization of process conditions"” to identify
design rules to improve the selectivity and activity of CO, elec-
troreduction towards a particular product.

Herein, we report a technoeconomic analysis for the electro-
reduction of CO, to different value-added chemicals and fuels.
The performance of a particular catalyst or a reaction system in
the area of CO, electroreduction is usually defined in terms of
four parameters, namely, (1) the current density (j), which signi-
fies the total productivity or activity of the catalyst; (2) the op-
erating cell potential (V), which signifies the amount of energy
required to form a particular product; (3) the Faradaic efficien-
cy (FE), which signifies the selectivity towards a particular prod-
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uct; and (4) the catalyst durability (t.,q.)- Although some tech-
noeconomic analyses for the electroreduction of CO, have
been reported,"” a comprehensive and straightforward analy-
sis tool explicit in terms of different variables (such as catalyst
cost, electricity cost, electrolyzer cost, separation cost, interest
rate, consumable chemical cost, and the market price of the
product) that can provide benchmarks for a variety of CO,
electroreduction products is still lacking. We report a gross-
margin model to fill in this gap. Gross-margin models are often
used across the manufacturing and chemicals industries to
assess the profitability of different products and processes."
Here, we utilize such a model to evaluate the economic viabili-
ty of CO, electroreduction to different C,~C, chemicals and
fuels. We also use the model to calculate the performance tar-
gets required in terms of maximum operating cell potential
(Vima): Minimum operating current density (j,.), FE, and tequr
for an economically viable electrochemical CO, reduction pro-
cess. A comparison of the V,,,, values obtained for the different
products and operating conditions with the absolute value of
the standard cell potential (|E|) helps answer some key
questions: What specific products should be produced? What
level of selectivity (FE) is required for such a product? The
question of selectivity is rather important for two main rea-
sons. First is the debate between whether to produce CO se-
lectively as a lone product or to produce a mixture of CO and
H,, that is, syngas, as a product of CO, electroreduction. The
second issue is the selective production of chemicals such as
CH,, CH;0OH, C,H;OH, and C,H,, which is currently difficult to
achieve. Existing electrocatalysts exhibit low selectivity owing
to the existence of a scaling relationship between the binding
energies of rate-limiting intermediates and the commonality in
rate-determining steps.*®'¥ The gross-margin model reported
here provides an economic basis to answer the aforemen-
tioned questions. We further use the model to study the ef-
fects of parameters such as catalyst durability and cost on the
Jjmin requirements. Such an analysis of the different parameters
that affect the economics of the overall process provides a val-
uable perspective on research directions that should be pur-
sued and can, thus, help to guide electrochemical CO, reduc-
tion towards economic viability.

Gross-margin model

The gross margin (expressed in %) is defined as the difference
between the revenue and the cost of goods sold divided by
the revenue.™ The model does not take into account tax pay-
ments, cost of personnel, equity, and other overhead expenses.
As most of the products of electrochemical CO, reduction are
commodity chemicals, we assume a base-case gross margin of
30% (that is, the average value across the commodity-chemi-
cals market)"™ for the process to be economically viable
[Eq. (1)]. Moreover, as the gross margin required for a particular
chemical may vary from case to case depending on the market
demand, we also performed a sensitivity analysis for gross mar-
gins of 15 and 45 %.
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Revenue — Cost of goods sold
>0.3 (M
Revenue

The electrolyzer design we consider here is similar to a poly-
mer electrolyte membrane (PEM) fuel cell. The electroreduction
of CO, can be performed in such a device by applying an ex-
ternal potential. The production scale is assumed to be of the
order of that reported in the DOE H,A Forecourt analysis for
water electrolysis, that is, 1500 kg per day.'® The cost of goods
sold is given by the sum of the product-manufacturing and
product-separation costs. The product-manufacturing cost
comprises the cost of the electrolyzer (Agecyoyze), balance of
plant (Agop), catalyst (A.), electrolyte (Ayecyonye) and electricity
(Aetectiiciry)- The Agop consists of the costs of different auxiliary
electrolyzer components such as power electronics, control
sensors, gas management, and electrolyte management. The
mathematical definitions of these terms are as follows:

/lelectrolyzer: Celectrolyzert

y—— (Ccathat + CGDL)At
ct— ~— £

tcatdur

le|e5t'°|yfe = Celectrolyte Qt
/lelectricity: VjAtCE x 107°

where Cyectrolyzer i the hourly installment payment towards cap-
ital investment for setting up the electrolyzer [$h™'], C,, is the
catalyst cost [$mg~'], W, is the catalyst loading [mgcm™],
CeoL is the cost of the gas diffusion layer [$cm™], A is the sur-
face area of the electrode [cm?, t.q. is the catalyst durability
[h], Cuectrore is the cost of the electrolyte [SmL7"], Q is the
purge flow rate of the electrolyte [mLh™"], V is the cell poten-
tial (V), j is the current density [mAcm™], t is the time [h], and
Ce is the cost of electricity [$kWh™']. As, by definition, Aqecrolyzer
Ao @Nd Agecrronre are independent of j, we can combine them
to form a single parameter 1. According to the DOE Forecourt
analysis, A makes up 41% of the overall capital cost, and the
rest is Agopl

The product-separation costs can be estimated from the
Sherwood plot for the separation of dilute streams."” Accord-
ing to the plot, the cost of separating a particular product
from a mixture scales inversely with the concentration of the
product and can be represented by ky/wp; kp is the separation
constant for the product [$Kgmywuwe '1, and wp is the weight
fraction of the product in the mixture. Thus, the overall cost of
separating CO, electroreduction products can be obtained by
multiplying the cost of separation with the production rate
(given by the Faraday electrolysis law) and is defined as follows
[Eg. )1

36 x 10°° x jAt " FE, (ngvp)/vl @

Cost of separation = 3
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where M is the molar mass of the product [gmol™'], F is the
Faraday constant (96485 Cmol™"), z is the number of electrons
transferred in the electroreduction of CO, to the product, and
FE, is the Faradaic efficiency for the product [%)].

The combination of the definitions above provides an ex-
pression for the cost of goods sold as in Equation (3):

Cost of goods sold =

36 Y FE, (k—W>M (3)

A
LAt x 107% x |VCe + F

0.41

The revenue for the electrochemical CO, reduction process
is given by the sale price of the product [Eq. (4)].

JAt x 36 x 1076 x S oM (4)

Revenue = =
F

where G, is the market price for the product [$kg™']. The com-
bination of Equations (3) and (4) with Equation (1) gives Equa-
tion (5):

36 x 3.2 (0.7C, — )M
F

A
—VCe| > 57 (5)

JAt x 107 x

As the right-hand side is a positive quantity, the left-hand
side should also be a positive quantity. The terms between the
brackets in Equation (5) can be rearranged to form an expres-
sion for the maximum operating potential (V,,,,) that can be
used to drive the CO, electroreduction process in an economi-
cally viable manner [Eq. (6)]:

36 x $% (07C, — 2 )M
FCE

(6)

Voperating < Vmax =

The minimum operating current density (j.,) required for an
economically viable CO, electroreduction process can be de-
rived by rearranging the left-hand side of Equation (5) to give
Equation (7):

A
0.41 x 1076 X AtC¢[Vmax — V] )

Joperating > Jmin =

Results and Discussion
Identifying suitable operating cell potentials

Before deriving the V., requirements for the different prod-
ucts of CO, electroreduction, we validated the gross-margin
model against H, production by water electrolysis. The G,
value for H, was assumed to be $4.5kg™",'"® and C; was as-
sumed to be $0.06 kWh™', that is, the average price in the
U.S." As H, production by water electrolysis requires minimal
product separation from the exiting gas stream, we chose
a value of k,=0 for the calculations. From Equation (6), it is
predicted that a V,,,, of 1.96 V will be required for economical-
ly viable H, production by water electrolysis. The state-of-the-
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art water electrolyzers operate at a cell potential of 1.6V,
which is lower than the V,, predicted by our model?” In
other words, this analysis shows that the model provides a real-
istic upper limit for the operating potential for water electroly-
sis.

The V.., defined by this model should be utilized as the first
criterion for economic feasibility. If the absolute value of the
standard cell potential (|E’|) to form a particular product is
higher than the V,,,, required for the same process under a par-
ticular set of operating conditions, then the identification of
catalytic systems that can produce such products directly
through CO, electroreduction will not be possible. Therefore,
this criterion should be used to examine what products could
feasibly be produced under certain operating conditions.

To estimate the V,,, values required for different electro-
chemical CO, reduction products, we consider three different
scenarios that correspond to three different C; values. These in-
clude $0.06 kWh™" (corresponding to the current average grid
electricity price in the U.S.), $0.04 kWh™' (corresponding to hy-
droelectric power generation in the state of Washington and
the cheapest electricity price in the U.S.)," and $0.12 kWh™'
(the grid electricity price after the inclusion of a CO, capture
cost of $60 tonne ").?

Six major CO, electroreduction products (that is, HCOOH,
CO, CH,;0H, CH,, CH, and CH;OH) were analyzed by the
gross-margin model. For the base-case analysis, the C, values
for CO and HCOOH were taken from the literature, and the C;
values for CH;0H, CH,, C,H,, and C,H;OH were obtained from
different industrial and government price indices by averaging
the data over a three year time period from 2012 to 2014. The
values were taken as $1.2, $1.2, $0.51, $0.21, $1.2, and
$0.8 kg ' for HCOOH,” CO,* CH,OH,* CH,"* C,H,™ and
C,H;OH,?” respectively. As the C, values for the products fluc-
tuate with time, we also considered a sensitivity analysis with
Cp, +30%. Furthermore, we assumed a FE, of 100% for all the
calculations. To estimate the cost of product separation, we
considered a k, value of $0.001 kg, e | fOr the separation of
the gaseous products from the exit gas stream, as calculated
previously by Dahmus et al.”® Similarly, a linear fit in the com-
modity chemical (water, ethanol, and citric acid) section of the
Sherwood plot reveals a k, value of $0.006 kgyuwe ' for the
separation of liquid products from the exit electrolyte
stream."”?! Furthermore, we assumed that the exit streams are
dilute in the CO, electroreduction products; hence, a weight
fraction (w;) of 0.1 was utilized for our calculations.

At a C; of $0.12 kWh™" including the cost of CO, capture, the
model shows that CO and HCOOH are the only products that
are economically viable, as the V., values are much greater
than the required |E%,| values (Table 1). As the cost of CO,
feed is not considered explicitly in our model, a C; of
$0.12 kWh ' seems most relevant for the assessment of practi-
cal application. However, if the electrolyzer is placed next to
a CO, point source and, hence, can utilize the flue gas direct-
Iy"™ or the CO, capture process can be combined with CO,
conversion,® then lower C; values of $0.06 and $0.04 kWh™'
become relevant. Such process-design considerations are im-
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Table 1. Maximum operating cell potential (V,,,,) that can be utilized to form different products of CO, electroreduction.

Product G, M Cathode reaction z @ Anode reaction EO [Eu Voo™ V]

kg™l [gmol] v v v C9=004 006 0.2
H, 45 2 2H F2e —H, 2 000 2H,0—-4H*+4e 40, -123 123 2.94% 196* 098
HCOOH 1.2 46.02 CO,+2H*+2e —HCOOH 2 —-0.25 1.48 16.74* 11.16* 5.58*
co 1.2 28.01 CO,+2H 426 —CO+H,0 2 —-01 1.34 10.84* 7.23*  361*
CH,OH 051 3204 CO+6H™+66" —CH,;0H+H,0 6 002 121 1.48* 099  0.49
CH, 021 16.04 CO+8H +8e —CH,+2H,0 8 017 1.06 0.26 017 0.09
CH, 120 2805 2C0,+12H¥+12e” —CH,+4H,0 12 006 117 1.81% 121% 0,60
GHOH 08 46.07 2C0,4+12H +12e" =CHOH+3H,0 12 008 115 1.79% 119% 0,60

(Vipax < | Ean])- [c] Ce in [$ KWh'].

[a] E° values are reported under standard conditions [1 atm (0.1 MPa) and 25 °C; vs. reversible hydrogen electrode (RHE)] in aqueous media; according to
Ref. [21]. [b] Values marked by * represent economically viable conditions (V,.,,> | E°|); all other values represent economically unfavorable conditions

portant for exploration as CH;OH, C,H,, and CH;OH (larger
market size!) become economically viable.

Recall that we mentioned earlier that the market prices of
the products are subject to fluctuations and the gross margin
required to make a particular chemical economically viable
may vary from case to case. A sensitivity analysis showed the
changes that might be expected in the V,,,, requirements as
a result. We considered a 4-30% fluctuation in G, for the differ-
ent products. The gross margins were assumed to vary from
15 to 45%, and 30% was our base case. The C; value was as-
sumed to be $0.12 kWh™' for the calculations to account for
the cost of CO, capture. As shown in Table 2, even for a gross
margin of 15% and a G, value 30% above the base case, the

Table 2. Sensitivity analysis to study the effects of fluctuations in product
price (G;) and gross margin.?
Product Gy Voo™ V] [ B ™
[$kg™] GM@=15 30 45 I\
0.84 4.68* 3.78% 2.88*
HCOOH 1.20 6.87% 5.58* 4.29% 1.48
1.56 9.06* 7.38* 5.71*
co 0.84 3.07* 2.52* 1.97*
1.20 4.40% 3.61*% 2.83* 1.34
1.56 5.73* 4.71* 3.69*
0.36 0.40 0.32 0.23
CH;OH 0.51 0.62 0.49 0.37 1.21
0.66 0.84 0.67 0.51
0.15 0.07 0.06 0.04
CH, 0.21 0.1 0.09 0.07 1.06
0.27 0.14 0.1 0.09
0.84 0.51 0.42 0.33
CH, 1.20 0.73 0.60 0.47 1.17
1.56 0.96 0.79 0.62
0.56 0.50 0.40 0.30
C,H;OH 0.80 0.74 0.60 0.45 1.15
1.04 0.98 0.80 0.61
[a] C,+30% and gross margins of 15, 30, and 45% were used for the cal-
culations; for all values, it was assumed that C;=$0.12 kWh". [b] Values
marked by * represent economically viable conditions (V> |E°.); all
other values represent economically unfavorable conditions (V. < |
E). [l | values are reported under standard conditions [1 atm
(0.1 MPa) and 25°C] in aqueous media, and it is assumed that the O, evo-
lution reaction at the anode has F°= —1.23 V versus reversible hydrogen
electrode (RHE). [d] Gross margin in [%].
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V..x values for CH,OH, CH,, C,H,, and C,H,OH are below the
|E°i| values. Therefore, to make the electroreduction of CO,
to CH;0OH, CH,, CH,, and CH;OH price-competitive with exist-
ing technologies, alternative process-design strategies such as
starting with different raw materials (e.g., CO)*” or increasing
the temperature and pressure of the electrocatalytic system to
enter a different Gibbs free energy of formation regime should
be pursued as research directions."™ Owing to the significantly
larger market demand for CH;OH, CH,, C;H,, and C,H;OH than
for HCOOH and CO, such approaches have the potential to
provide a much larger stabilization wedge® to reduce CO,
emissions.

Analyzing the effect of Faradaic efficiency

To provide an answer to whether the selective production of
CO from CO, electroreduction is a better strategy than the pro-
duction of a mixture of CO and H,, that is, syngas, we consid-
ered different ratios of CO and H, and calculated the corre-
sponding V., values with our economic model. A C of
$0.12 kWh™' was chosen for the analysis to incorporate the
cost of CO, capture, and A gross margin of 30% was used. The
V..a Shows a linear relationship with FE.,, and the value is
larger for a higher CO content (Figure 1). As a consequence,
the coproduction of H, with CO can be a good strategy from
an economic perspective, as the low V. ,, requirements for the
production of H, by water electrolysis are offset. However, if H,
is derived from natural-gas reforming, then a lower production
cost of $1.97 kg~ can be achieved.®” For such cases, the selec-
tive production of CO followed by combination with H, ob-
tained from natural-gas reforming can be an economically
viable strategy as well.

Additionally, we considered binary mixtures of CH;OH and
C,HsOH with CO (Figure 1). In all cases, the presence of CO as
a side-product relaxed the V.., requirement for the products,
as V..., tends to scale linearly with FE.,. Moreover, the copro-
duction of a liquid product such as CH;OH and C,H;OH with
a gaseous product, that is, CO, does not pose a difficult prod-
uct-separation problem. As a result, the coproduction of an
economically less feasible product (CH,OH, CH,, C,H;OH, C,H,)
with a more feasible product (CO or HCOOH) present in a dif-
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Figure 1. Calculated maximum operating cell potential (V,,,,) for the produc-
tion of binary mixtures of CO with H,, CH,;OH, and C,H;OH through the elec-
troreduction of CO,; C;=3$0.12 kWh™", gross margin=30%.

ferent phase can be used as a process-design strategy to offset
V.ax Fequirements.

Identifying suitable operating current density

As shown in Equation (7), j, is a function of 4, V, V,,,, C and
FE» Estimates for Agecolyzer Were obtained from the capital-cost
analysis for a 25 kW direct H, PEM fuel cell stack in Ref. [31].
The overall electrolyzer design was assumed to consist of 70
individual stacks. Each individual stack (Figure 2) was made of

Gaseous products

Electrolyte CO, Hy, CHyor CoHy o
CO, End plate
) — —
. Catalyst coated GDL cathode .
— N mm—
BT cataystcoateacbLanode M
_: - ) ||
. . __
B __
| . -
PTFE flow | Liquid products ™M
channel | HCOOH, CH;0H or C,H;0H
Repeat units 0, or Cl, ¢
Gasket | Bipolar plates
+ !
N - B V .
! . A |
, I i
[ —

Figure 2. Schematic illustration of a CO, electrolyzer stack. Each stack con-
sists of two aluminium end plates and 106 cells connected in series. Each
cell is made up of two bipolar graphite plates that sandwich a catalyst-
coated gas diffusion cathode, a PTFE electrolyte flow channel, and a cata-
lyst-coated gas diffusion anode layer.
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Table 3. Design parameters for the CO, electrolyzer.

Parameter Value
Active area per cell [cm?] 400
Total number of cells in a stack 106
Total active area per stack [m?] 4.24
Total number of stacks in the electrolyzer 70
Total active area of electrolyzer [m?] 296.8
Plant runtime per year [h] 8000
Interest rate [%] 5
Loan term [years] 20

106 cells. As a result, the net active surface area of the electro-
lyzer was estimated to be 296.8 m? (Table 3). Liquid electrolytes
were used for our analysis instead of the Nafion membrane
used in in Ref. [31]. The use of liquid electrolytes is important
for CO, electroreduction, especially if the desired result is the
production of liquid products such as HCOOH, CH,OH, or
C,HsOH. To account for this change, a polytetrafluoroethylene-
based (PTFE-based) electrolyte flow channel with a thickness
of 0.0625" was added to the design to replace the Nafion
membrane.*? The change in the electrolyzer cost as a result of
this modification was considered in the model. The electrolyzer
was estimated to run for 8000 h per year. If it is assumed that
the capital required to set up this CO, electrolyzer is taken as
a loan at an interest rate of 5% for a period of 20 years,
Cotectrolyzer 1S $1.73 h™' (Table 4).

Table 4. Capital-cost estimates for the manufacture of the CO, electrolyz-
er.

Part Part total [$] Stack count Stack total [$]
Aluminium end plate 40.24 2 80.48
Bipolar graphite plate 6.81 107 728.67
PTFE flow channel - - 1095.21
Gaskets 2.62 212 555.44
Tie Rods - - 40
Capital cost per stack 2499.8
Total electrolyzer cost 174986
Celectrolyzer [hq] 1.73

The cathode catalysts used in the analysis were Sn, Au, Ag,
and Zn, and the anode catalyst was Pt. A loading (W) of
0.5 mgcm~ was used for the analysis. The C_, values for Sn,
Au, Ag, Zn, and Pt were assumed to be $1.5x107°,5¥ $4.06x
107259 $55%x 10745 $1.7x 107559 and $3.6x10 2 mg',®" re-
spectively. A 2.0m KOH solution at a purge flow rate (Q) of
5mLmin~" through each stack was used as the electrolyte,
and the Cuecope Was $1.465x107* mL.P¥ The gas diffusion
layers (GDL) for the stacks were assumed to be 2 mm thick
carbon paper dip-coated with PTFE, and the Cgp, value was
taken as $0.006 cm 25"

To validate the j,;, values predicted by the model, we again
analyzed water electrolysis for H, production. A C; value of
$0.06 KWh ™", t .. Of 4000 h, |V| of 1.6V, and k, of 0 (as no
product separation required) were chosen as the design pa-
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rameters. Pt was used as both the cathode and the anode cat-
alyst. The model gave a j,, of 465 mAcm™ to break even
(gross margin =0%) over 20 years. The current state-of-the-art
electrolyzers operate at a j~1Acm % which corresponds to
a gross margin of 23%.

Next, we estimated the j;, required for an economically
viable CO and HCOO™ production process at a FE, of 100%. A
C; value of $0.12 kWh™' (to account for the cost of CO, cap-
ture), tee Of 4000 h, and a | V| of 2.25 V were considered for
this analysis. Au was chosen as the cathode catalyst for CO
production, and Sn was chosen as the cathode catalyst for
HCOO™ production; Pt was the anode catalyst for both cases.
With these inputs, the j,,, values required to produce CO and
HCOO™ at a 30% gross margin are 212 and 56 mAcm™2, re-
spectively. In addition, other j;, values that meet our criteria
for economic viability as a function of |V| and C; for the pro-
duction of CO and HCOO™ can be determined from Figure 3.

600 4 ] 5
] co Hcoo c./$kwn
40{ -@- -@- 006
] o —o- 0.12
gzoo-
<
£ _o--9®
iy _ - @&
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Figure 3. Minimum operating current density (j;,) required for the produc-
tion of CO and HCOO™ (assuming FEcq, FE,coo. = 100% respectively) as

a function of cell potential (| V|) and electricity price (C¢). Cathode catalys-
t=Au for CO and Sn for HCOO™ production, anode catalyst=Pt, and

teaqur =4000 h. A 30% gross margin was assumed for the analysis.

As a significant fraction of the cost of CO and HCOO™ pro-
duction is due to the catalyst, we derived j, as a function of
t.aaur The results shown in Figure 4 indicate that j,;, increases
significantly for catalysts that show durabilities of approximate-
ly 2000 h or less. A catalyst durability of approximately 3000 h
or more should be targeted because the j.;, value starts to
level off after that. Typically, laboratory-scale studies of catalyst
durability for the electroreduction of CO, to CO and HCOOH
have lasted less than 10 h.7>9 Thus, research should focus on
the design of catalysts that are stable over several thousand
hours. Different catalytic support materials should be explored
as research directions to improve the stabilities of the current
state-of-the-art catalysts. However, electrocatalytic systems that
show very high activities but low durabilities might still be
economically viable as long as the system meets the j,, re-
quirements derived from Equation (7).
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tion of CO and HCOO™ (assuming FEco, FE,coo. =100 %, respectively) as

a function of catalyst durability (t ,q.,). Cathode catalyst=Au for CO and Sn
for HCOO™ production, anode catalyst =Pt, C;=$0.12 kWh ', and

| V| =2.25V. A 30% gross margin was assumed for the analysis.
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Figure 5. Minimum operating current density (j,) required for the produc-
tion of CO (assuming FE.,=100%) as a function of cathode-catalyst cost.
Ce=%0.12 KWh ™, t;4er=4000 h, | V| =2.25V, and anode catalyst=Pt. A 30%
gross margin was assumed for the analysis.

We also analyzed whether the utilization of a cheaper cath-
ode catalyst might be a better strategy for reducing the j, re-
quirements for CO, reduction. As shown in Figure 5, the re-
quired j,, shows the following trend: Znx~Ag<Au. As
a result, for the same or even lower current density, a cheaper
and more durable catalyst might be more economical. Caution
should be exercised if the catalytic performance of an expen-
sive catalyst is compared with that of a cheaper alternative, as
other factors need to be taken into account. For CO, conver-
sion to CO, the j,, required for Zn is comparable to that for
Ag for two reasons. First, the anode utilizes Pt, which becomes
a major cost driver if a cathode catalyst cheaper than Ag is
used. If the electrocatalytic system were to utilize an inexpen-
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sive anode, that is, an O, evolution catalyst with a cost compa-
rable to that of Zn, a j,. as low as 69 mAcm™ would be re-
quired for an economically viable CO production process with
Zn as the cathode catalyst and at a C¢ of $0.12 kWh™, t_,q. Of
4000 h, and a |V| of 2.25V. The second reason behind the
comparable j.;, requirements for Zn and Ag is the cost of the
GDL ($0.006 cm~2), which is 3.38x cheaper than that for Au
but 21.8x more expensive than that for Ag and 7058x more
expensive than that for Zn (assuming W_,=0.5 mgcm™).
Therefore, the GDL becomes a major cost driver if Zn and Ag
are used as the catalysts. Further research into the develop-
ment of inexpensive and durable GDLs will be required to
lower the overall system cost and, hence, the j,, required for
an economically viable process.

Summary and Outlook

Although a significant amount of prior research has focused
on the design of new catalysts, electrolytes, and electrocatalyt-
ic systems to tailor the electroreduction of CO, towards a par-
ticular product at low overpotentials, a comprehensive tech-
noeconomic insight into what performance levels are required
for a commercially viable process is still lacking. The gross-
margin model reported here defines such benchmarks for sev-
eral different products of CO, electroreduction under different
process conditions. Performance targets in terms of maximum
operating cell potential (V,,,), Faradaic efficiency (FE), catalyst
durability (t.,q.), @and minimum operating current density ()
were derived using the model. The values of V,,, obtained
from the model indicate that the production of CO and
HCOOH could soon be commercialized successfully. However,
as the market for chemicals such as CH;OH, CH,, C,H;OH, and
C,H, is significantly larger than the market for CO and HCOOH,
different process-design strategies such as coproduction with
CO and HCOOH to offset V., requirements, the use of CO as
the raw material instead of CO,, the direct utilization of flue
gas, or the combination of the CO, capture and CO, conver-
sion processes will be required for the electroreduction of CO,
to become a significant stabilization wedge for the reduction
of CO, emissions.

Unsurprisingly, an analysis of the catalyst durability and cost
shows that the durabilities of CO, reduction catalysts need to
be improved so that they last for thousands of hours. Opti-
mized designs for the gas diffusion layer will also be required
to further decrease the stack cost once cheap and durable cat-
alysts have been identified. In addition, the utilization of cheap
and durable catalysts for the anode reaction, that is, O, evolu-
tion, should also be considered in overall system performance
studies.

Although some recent studies, especially those focusing on
HCOOH production, have achieved current density values close
to the j, values calculated here, very high cell potentials were
often required to achieve these current densities; thus, the
energy efficiency was reduced significantly. Moreover, the anal-
yses of the commercial viabilities of the state-of-the-art sys-
tems are often hampered by the lack of information on dura-
bility and cell potentials.
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Other researchers in the field can utilize the gross-margin
model introduced here to analyze a variety of scenarios (such
as different products combinations, selectivity ratios, and pro-
cess designs) for the electroreduction of CO, to different value-
added products or product mixtures. The model presented
here uses the product price as the input and provides the as-
sociated required performance levels as the output. The model
can also be used in reverse to estimate the cost of a product
produced (in $kg™') with the performance parameters (e.g., V,
Jji teadun FE) @s the inputs. Furthermore, with appropriate modifi-
cations, the model reported here could be applied more gen-
erally to other sustainable electrochemical processes (such as
electrochemical CH, oxidation or NH; synthesis through N, and
H,O electrolysis) as a tool to identify the minimum per-
formance levels needed for economic viability.
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