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[ appreciate the opportunity to testify before the Commitiee. My name is Feng Jiao,
Associate Professor of Chemical & Biomolecular Engineering at the University of Delaware.
also serve as the Associate Director of the Center for Catalytic Science & Technology at the
university. I have 15 years of experience in research and development of electrochemical
technologies for energy storage and conversion. My research group at University of Delaware has
been previously, and is currently being funded by several federal agencies, including the National
Aecronautics and Space Administration, Department of Energy (Office of Fossil Energy), and the
National Science Foundation, to develop new technologies for CO; utilization. Today, I am going
to talk about our recently funded project: the electrochemical conversion of CO; to high-value
chemicals such as alcohols.

The massive quantities of fossil fuels used by our society have led to unprecedented
atmospheric CO; levels with widespread climate impacts. Carbon Capture, Utilization, & Storage
(CCUS) technologies are being developed to mitigate CO; emission issues. Large-scale centralized
CO: capture and sequestration facilities, such as Petra Nova,' have been built to capture and store
thousands of tons of CO; per day. The typical capital investment for these centralized CCUS
facilities is on the scale of billion dollars, which makes it difficult for financing. Furthermore,
sequestrating the captured CO: in geological repositories often requires additional investment for
COz pipelines and infrastructure, which further increases the financial challenge to rapidly deploy
such highly centralized facilities. More importantly, carbon capture and sequestration process itself
18 not profitable without subsidies or carbon tax.

As a critical component in CCUS, carbon utilization holds the key to_generate revenues
that can offset the capture cost and initial investments. As an example, CO2 enhanced oil recovery
(accounting for ~6% of U.S. onshore oil production) is the most successful approach toward
utilizing the captured COz at power and chemical plants.® Similar to the sequestration approach,
COz enhanced oil recovery also requires significant capital investment for CO; pipelines and
infrastructure if the oil field is not near the CO2 capture facility.

To circumvent large capital investments in centralized carbon capture facility and pipeline
infrastructure, distributed CCUS approach may be considered as an alternative strategy. In
distributed CCUS, carbon capture facility using technologies that are not constrained by the carbon
point sources (such as direct air capture) can be built at locations where CO is utilized. By doing
s0, the capture facility can be built at a relatively small size to match the local CQO» demand.
Additionally, CO; transportation could alse be reduced to minimal. A good example is a Swiss
company Climeworks, who recently built the first industrial plant based on direct air capture
technology.® The facility captures up to 900 tons per year of CO, directly from the air, which are
directly sold to local greenhouse for revenue. It should be noted that an extremely large quantity
of air must be processed by direct air capture facility in order to capture an appreciable amount of
COz2 due to the highly diluted nature of CO3 in air (~400 ppm). Consequently, the CO2 cost based
on direct air capture technology is higher than that at large point sources where CO; has a much
higher concentration (typically 5% or higher).*




Alternatively, carbon utilization technologies that can be deployed near carbon capture
facilities are also attractive because the local utilization of CO, minimizes transportation costs and
additional infrastructure investments. At the University of Delaware, we are actively developing
new electrochemical reactors that can convert COz into high-value chemicals, such as alcohols and
ethylene. The project is funded by the Department of Energy, Office of Fossil Energy. The goal of
this project is to develop an innovative approach to utilize CO; that is captured at coal-fired power
plants for high-value chemical production. T will discuss this project in details in the following
sections.

Distributed chemical production using CO» as the carbon feedstock

Current commodity chemicals are largely based on fossil fuel derived carbon sources, such
as coal and crude oil. Using COz as an alternative carbon feedstock is an attractive approach toward
tackling CO» emissions in the chemical industry because it can drastically reduce, or even result
in negative, carbon footprint, whereas traditional chemical processes, such as steam methane
reforming and coal gasification, are carbon intensive. COz conversion can be performed through
biological, thermochemical, photochemical, and electrochemical means, each of which has been
widely studied. At University of Delaware, we are focusing on the electrochemical conversion of
COz because this technology has several advantages, including fine control of production rates,
wide scalability of modular electrolyzer designs, and the potential to produce a variety of high-
value products.® More importantly, this technology can be readily powered by carbon-free energy
sources, such as wind, solar, and nuclear, providing a zero-CO; emission {(or even negative)
pathway for commodity chemical production.

PV module experience curve

Historically, module prices have decreased as a function of cumulative global shipments (blue dots reflect
histarical data, red dots refiect extrapolated prices for 1 TW and 8 TW hased on the historical trend Iing). See
supplementary materials for data sources.
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Figure 1. Prediction of electricity price based on photovoltaic module production cost. An
electricity cost as low as $0.03 per kWh is predicted for the near future.®



In recent years, there has been a remarkable increase in investigating electrochemical
chemical production using COz as the carbon source. The research efforts are largely motived by
the ever-increasing CO:2 emission negatively impacting global climate and the decrease of
electricity prices derived from renewable energy sources. A recent scientific study on photovoltaic
(PV) clearly showed a decrease of PV electricity price over time (Figure 1) with a projected PV
electricity price as low as $0.03 per kWh in the near future.® Similar trend also holds for wind
energy with wind electricity price already being ~$0.02 per kWh.” The low electricity price makes
clectrochemically driven CO: utilization technologies potentially profitable for commercial
applications.

CO electrolyzer technology

CO2 electrolyzer 1s an electricity-powered chemical reactor that produces valuable
products using COz and water as feedstocks. COz electrolyzers are intrinsically scalable, making
them ideal for distributed systems at COz point sources. As the global energy supply shifts from
fossil fuel-based resources to renewable energy sources, it becomes increasingly important to
electrify chemical productions in order to take advantage of low-cost electricity obtained from
renewable sources, Depending on the design of the electrolyzer (especially the choice of catalyst),
a variety of valuable chemicals, such as carbon monoxide, ethanol, ethylene, and n-propanol, can
be produced at appreciable rates. The products from CO; electrolyzers can be readily integrated
into existing chemical plants for downstream fuel and fine chemical production. The overall
scheme is outlined in Figure 2.
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Figure 2: A rencwable ecn'city powered CO; electrolyzer technology using CO; captured at
point sources for fuel and chemical production,

In the U.S,, there are a few start-up companies, including CO2 Energy LLC, a start-up
company that we recently established at Delaware, with an aim of pushing CQO» electrolyzer
technology for commercialization. However, large international energy companies, such as Shell
and TOTAL, are also actively involved in developing CO» electrolyzer technology. Because of
these efforts, the performance of CO» electrolyzers have been rapidly improved over the past
decade, although the technology readiness level (TRL) of this technology is still relatively low
(~TRL 3-4). More investment for this technology is urgently needed in the U.S. to address key
technical challenges associated with the electrochemical process including cheap corrosion-
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resistive materials, fast prototyping methods, efficient membrane separators, real time
electrochemical process monitoring techniques, and standardized protocols for accelerated cell
degradation tests. Otherwise, it is likely that we will lose out on the opportunity to be the leading
CO; electrolyzer technology providers, since large international companies are rapidly becoming
involved in this growing technology.

Cost analysis of electrochemical CO;z conversion

With the financial support from DOE (through the National Energy Technology
Laboratory), my research group recently developed an economic model for general CO2
electrolyzer systems.® A copy of the full report is attached to the end of this testimony. The
economic model calculates the material and energy balances for the process, estimates the capital
investment and operating costs, and performs a cash flow analysis to determine the end-of-life net
present value (NPV). The model accounts not only the cost of electrochemical CO2 conversion,
but also costs associated with CQ; capture, purification, and product separation. By doing so, we
were able to compare various COz conversion products, as well as the sensitivity to the potentially
changing operating and/or market conditions,
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Figure 3: End-of-life Net Present Values for the electrochemical production of various
chemicals. All the key assumptions for the cost analysis are listed.

The net present values (NPVs) for the main products using the optimistic case assumptions
are shown in Figure 3. Some of the potential products are not shown because their current market
values were lower than the price of CO; (assuming $50 per ton) making profitability impossible
regardless of process performance. Based on our analysis, a range of products from CO;
clectrolyzer technology are profitable if the operating parameters is met. Among all the potential
products, propanol is the most profitable product, partially due to its high market price. To pave
the way toward commercialization, further research efforts are still required to develop more
efficient and selective catalysts for propanol production from COx.

We also analyzed the capital and operating costs of this COz electrolyzer technology
(Figure 4). For a. CO; electrolyzer system with a production rate of 100 tons per day (~40 times of
CO: process capability of Climeworks), the capital cost investment ranges from $10M to 40M
USD, which could significantly reduce the capital financing barrier. Additionally, the operating
costs are below $100k USD per day, with the majority of the cost being electricity. Therefore, CO>



elecirolyzer technology can greatly benefit from low-cost electricity generated from renewable
sources, such as solar and wind.
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Figure 4: Capital and operating costs for various products under optimistic case assumptions.

Final thoughts

COz utilization technologies that can generate high-value products from the captured CO>
are urgently needed because the revenue stream is crucial to the long term financial sustainability
of CCUS. Any CCUS operation fully relying on government subsidies is not sustainable.
Innovations for distributed CCUS systems, such as direct air capture and CO; electrolyzer, could
significantly reduce financial barriers and risks in capital and infrastructure investments, making
wide deployment of CCUS possible. While many of new CO; utilization technologies are
premature for commercialization today, their potential to be profitable shouid be recognized. 1
fully support the investment in advanced CCUS technologies. Finally, thank you for the
opportunity to present my testimony today.
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ABSTRACT: The electrochemical reduction of carbon dioxide (CO,) has received significant attention in academic research,
although the techno-economic prospects of the technology for the Jarge-scale production of chemicals are unclear. In this work,
we briefly reviewed the current state-of-the-art CO, reduction figures of merit, and performed an economic analysis te calculate
the end-of-life net present value (NPV) of a generalized CO; electrolyzer system for the production of 100 tons/day of various
CO, reduction products. Under current techno-economic conditions, carbon monoxide and formic acid were the only
economically viable products with NPVs of $13.5 million and $39.4 million, respectively. However, higher-order alcohols, such as
ethanol and n-propanol, could be highly promising under future conditions if reasonable electrocatalytic performance
benchmarks are achieved (eg, 300 mA/cm® and 0.5 V overpotential at 70% Faradaic efficiency). Herein, we established
performance targets such that if these targets are achieved, electrochemical CO, reduction for fuels and chemicals production can

become a profitable aption as part of the growing renewable energy infrastructure.

1. INTROBUCTION

Atmospheric carbon dioxide {CO,) concentrations have
recently reached the highest levels in human histery. It is
widely believed that failure to curb these rising emissions could
lead to potentially devastating climate change effects.’
Mitigating CO, emissions on a global scale remains a major
challenge since the global population, and subsequently the
global energy usage, is projected to continue fo increase.
Although renewable energy sources, sources such as wind and
solar are beginning to gain more market share, fossil fuel
resources will continue to be the dominant energy source
through the midcentury, A major driver for' this is the
continued dependence of the transportation and chemical
sectors on fossil fuels. For example, the U.8. Energy
Information Administration {EIA) estimated that while renew-
able sources will account for aver 27% of electricity generation
by 2040, renewable energy in the transportation and chemical
sectors will only be <1% and 9%, respectively.” This is because
petroleum-based vehicles will continue to dominate econom-
ically, and fossil fuel sources will continue to be a critical
chemical feedstock in the near future.

The conversion of CO, into fuels and chemicals using
renewable electricity is one promising method of increasing the
penetration of renewables into the fuels and chemicals
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industries.”™* CO, conversion can be performed through
biological, thermochemical, photochemical, and electrochemical
means, each of which has been widely studied."™" Electro-
chemrical conversion of CO; has several advantages, including
fine control of reaction rates/selectivities through the applied
voltage, wide scalability due to meodular electrolyzer designs,
and excellent coupling to intermittent renewable energy sources
due to the fast response time of electrochemical systems. With
this process, carbon-neutral electricity sources can be used to
electrochemically reduce CO, to valuable fuels and chemicals,
thus closing the carbon loop and reducing CO, emissions.

In recent years, there has been a remarkable increase in
studying electrochemical CO, reduction (eCO,R). Most
research has been focused on the fundamental understanding
of the catalysis and reaction mechanisms, while other work has
involved the design of lab-scale CO, electrolyzer flow
systems.””' ' However, there has been limited efforts related
to understanding the feasibility of this technology as 2 means of
producing fuels and chemicals on a techno-economic basis, as
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well as what role eCO,R could play in the future renewable
energy infrastructure. Some researchers have raised questions
regarding the potential of CO, reduttion to mitigate CO,
emissions at an appreciable level, and whether the process can
be performed in an economical way competitive to traditional
chemical manufacturing processes.”™ In this work, we reviewed
the historical performance trends for the electrochemical
reduction of CO, to commonly reported CO, reduction
preducts, Next, we developed a techno-economic model for a
generalized eCO,R plant. Using this model, we analyzed the
economic viability of various reduction products under current
and future conditions and proposed performance targets to
enable the profitable production of these products. Finally, we
considered the role eCO,R can play in reducing greenhouse gas
emissions as part of the future renewable energy infrastructure.

2. €O, REDUCTION PRODUCTS

The electrochemical reduction of CO,; can proceed through 2
two-, four-, six-, eight-, 12, or even an 18-electron reduction
pathway to produce various gaseous products (carben
monoxide, methane, and ethylene) and liquid products {formic
acid, methanol, ethanol, and propanol). Table | summarizes

Table 1. Selected Standard Potentials for the
Electrochemical Reduction of CQ,'™'°

' potential {V vs

halfcell electrochemical reactions SHE)
Oy + 2H' +26™ «» COg + Hy0g ~0.106
COyg + 2H* + 2¢” — HCOOHy —0250
COyg + 6H' + 66~ +» CHLOMy, + H0p 0016
COyp + 8H' + 8™ o+ CHyy + 2H, Oy 0.169
200y + 12H' + 126~ CH, g + 4H,0y, 0.064
3Oy + 12H" + 126 CH,0Hy, + 3H,0y 0,084
3COyg + 18H' + 18e™ «» C:H,OHg, + SH;Oy 0.095
ZH" + 2e” + Hyy, 0.000

seven common CO, electrochemical reducton products and
their half-cell electrochemical reactions as well as the
thermedynamic electrode potentials versus the standard
hydrogen electrode (V vs SHE) under standard cenditions,
calculated from the standard Gibbs free energies, Others have
also reported up to 16 different CO, reduction products,
including lglogroxal, ethylene plycol, acetaldehyde, propionalde-
hyde, etc.”™" However, these products are either reported as
trace amounts or uncommon; and thus, the seven major
products listed in Table 1 are the main focus. In addition, if
CQ, reduction is performed in an aqueous esvironment, then
the undesirable hydrogen evolution reaction also occurs- in
competition to the CQ; reduction reaction (also listed in Table
).

As shown in Table 3, CO, can be electrochemically reduced
to several products at similar potentials, and thus, a eritical
question arises: which CO, reduction product should be
targeted for commercialization? The answer to this question
greatly depends on economics, the supply and demand of
certain products, and indirectly relates to the current state-of-
the-art technologies that can affect the overall costs and
production rates. To help facilitate this discussion, the market
price {US $ kg™'} of the seven CO, reduction products are
listed in Table 2 and these values were taken and averaged from
various sources, including the Independent Chemical Informa-
tlon Service (ICIS), U.S. EIA, and various published
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Table 2. Market Price and Annval Global Production of
Major CO, Reduction Products

number of  market annual global
reguired rice normalized price production

product electrons (g/kg) {$/clectron) % 16° {Mtonne)
catbon 2 0,06 0.8 150.0

nranodde

{syngas)
carbon 2 0.6 LE]

monoxide
formie acid 2 0.74 16.1 06
methanal 6 0.58 31 1108
methane 8 0.18 [t2 250.0
ethylene i2 130 30 1400
ethanol 12 10O is8 77.0
n-propanol 18 1.43 4.8 02

works." ™' The market price was also normalized to the

number of required electrons to incorporate the eleetrical cost
te produce each product since ideally, electrical energy will be
used to drive the reduction of CQ,. Lastly, the annual global
productions of each product were also tabulated, which reflect
the market capacity and demand for each product, and were
also taken from various sources including the U.S. Department
of Energy (DOE), private company/organization Web sites,
and various published works.”"™**

In the case of carbon monoxide (CQ), it was broken down
inta two subproducts, syngas and pure CQ, since the majority
of industrially produced CO is in the form of syngas and is
typically produced inline with downstream gas-to-liquid
processing units. Interestingly, although formic acid had the
highest normalized market price (16.1 X 107 § electron™),
which is reflected by the number of electrons needed to
produce formic acid, the annual production of formic acid was
the second to lowest (0.6 million metric tons per year). This
value reflects the limited industrial use of formic acid as
preservative and antibacterial agent. On the contrary, being a
majer source for power generation and domestic heating as well
as having abundant sources of natural gas, methane had the
highest annual production (250 million metric tons per year)
and the lowest normalized market price (04 X 107 §
electron™). Turning to n-propanol, although this chemical is an
industrially important chemical precursor, it has the lowest
annual production (0.2 million metric tons per year) because it
is limited by the difficulty in production. However, if n-
propanel] could be efficiently produced through CO, reduction,
it could supplant ethanol as a transpertation fuel additive due to
its higher energy density, greatly increasing its market potential
Fram Table 2, it can be concluded that the highly desirable
products include ethylene, methanol, and ethancl since these
products have high market capacity as well as decent
normatized market prices. These four products have major
industrial uses as chemical precursors, fuel additives, and fuel
for energy generation. It must be noted that these values were
organized from an economic perspective to facilitate the
following discussion about the economic analysis of the CO,
electrochemical reduction process. The overall assessment of
which praduct is the most desirable for CO, electrolysis
technology will take into account the state-of-the-art
technologies, such as catalyst, electrochemical reactor design,
separation, and storage.

DOl 30 1027 a0 wecr 7TED2S 14
ind. Eng. Chem, Res. 2018, 57, 2165-2177



Industrial & Engineering Chemistry Research “Article’

a @ CO @ Formate < Mathanol & Melhane b & Ethylene @ Ethanc! @ n-Propana!

0y g g 8 o —_ 100+

©o P

Tl & & w0
g __— ® |3
§ 50 <& § 60- v
i} i
b i By 23 2 o
g & oA 2 8
& A o <o S o
E £ Fiy A E 2 & &

20 @ w

A
: B0 . °3.3 |
0

Time {yr}

1] T T U T T
1980 1985 19|90 1985 2000 2005 2010 2015 2020

i) = T
1980 1085 1990 1995 2000 2005 201
Time {yr)

215 2020

Figure 1. CO, reduction Faradaic efficiencies versus year (when reported) for {a) C; and (b) C,—C; products,' ™" 7% il A= mmaem2

3. FIGURES OF MERIT

The CO, molecule is fully oxidized and thermodynamically
stable and thus catalysts are needed to help facilitate the
chemical transformation to minimize the energy penalty
required to reduce CO, The study of catalysts for the
electrochemical reduction of CO, can be dated back to the
mid-1980s when Hori et al. completed a comprehensive study
on various transition-based metal electrodes to determine their
selectivity as well as their catalytic activity toward different CO,
reduction products.”™** Metals such as Au, Ag, and Zn were
discovered to be selective toward producing CO while metals
such as Pb and Su were selective toward producing formic acid.
Interestingly, Cu was the only metal that could redace CO, to
C, hydrocarbons and alcohols at appreciable levels, Since then,
there have been significant efforts in developing new catalysts
to improve selectivity, catalytic activity, and overall stability.
These efforts include developing nanostructured catalysts to
increase the number of active sites,” ™' tuning selectivity by
developing bimetallic catalysts,™** and even exploring catalysts
beyond just simple metallics, such as transition metal
chalcogenides™>> and even nitrogen-doped carbon-based
materials that have shown interesting catalytic abilities,”™"” In
addition, the choice of electrolyte, electrochemical reactor
design, electrode preparation, and delivery of reactant and
products to and from the active sites have also been studied to
improve the overall performance of eCO,R,'"! !

In general, an efficient CO, electrolyzer requires not only
highly active, stable, and selective catalysts, but also durability
with minimal ohmic resistance and high mass transport
preperties under reacting conditions. The characterization of
each individual feature of an electrolyzer is quite complex.
However, there are several figures of merit that are commonly
used to characterize the performance of an electrochemical
system, namely current density, Faradaic efficiency, energetic
efficiency, and stability.™*

The current density is defined as the current flow divided by
the active electrode area at a given potential. The most
commonly used is the geometric area. The current density is 2
measure of the electrochemical reaction rate (catalytic activity)
per area of electrode and is used to determine the overall
electrode size needed to obtain a desired reaction rate.
Furthermore, the current density is also dependent on multiple
factors, such as catalyst loading, utilization of the catalyst, and
transport rate of reactants and products to and from the
electrode. High current density is ideal since it minimizes the

21687

overall electrolyzer size and reduces capital investment for a
desired production rate.

The Faradaic efficiency, also known as the current efficiency,
for a given product is defined by the following equation:

_ z-n-F
Eraradaic = Q (1)

where z is the number of required electrons to praduce a given
product, # is the number of moles of the given product, F is
Faraday’s constant, and Q is the total charged passed: In other
words, the Faradaic efficiency of a given product is the
selectivity ‘of reducing CO, to that product. A high Faradaic
efficiency is desired to minimize necessary separation processes
that could dramatically increase the owverall capital and
operational costs.

The energetic efficiency is defined by the following question:

_ Z Ei."g,

e T, Faradaic
T Bt @)

energetic

where E is the equilibrium celi potential for product i, &, gyanc
is the Faradaic efficiency of product i, and # is the total cell
overpotentials including the anodic and cathodic kinetic
activations, mass transport limitations, and ohmic resistances.
The energetic efficiency describes the ratio between energy
stored in the desired products versus input energy needed to
produce those products. Qualitatively, a high energetic
efficiency signifies a small energy penalty needed to produce
the desired product.

The stability describes the gradual degradation/deactivation
of the electrode catalyst and the overall electrochemical cell.
Unfortunately, the durability of the electrochemical cell is
probably the least studied aspect of electrochemical reduction
of CQO, and is strongly affected by the nature of the working
load and operating conditions. It has also been known that
slight imputities in the electrolyte can significantly deactivate or
alter the catalytic performance of CO, reduction catalysts, In
regards to other related technologies, PEM water-splitting
electrolyzers have been shown to operate beyond 20000 h
under mild conditions; and therefore, CO, electrolyzers will
probably need to operate with lifetimes of similar ranges.’
Overall, better stability will reduce maintenance and replace-
ment costs as well as downtime during operation.

Figure | shows the general trends of Faradaic efficiencies
toward various CO, reduction products versus time dating back
to the comprehensive study published by Hori et al in 1985
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Figure 2. Faradaic efficiency versus total current density for (a} C, and {¢) €,—C, products and energetic-efficiency versus total current density for
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(b} C, and (d) C,—C; products.

(C, products for Figure 1a and C,—C; products for Figure 1b)
to year 2016, Although both homogeneons and heteroge-
neous catalysts for CO, reduction have been reported,
heterogeneous catalysts are the main focus of this review
considering the robustness of the catalysts. It must be noted
that Figure 1 does not fully reflect the true performance of the
state-of-the-art catalysts since some catalysts were able to
achieve high selectivity (ke Faradaic efficiency) by sacrificing
catalytic activity (i.e,, current density) and vice versa, which will
be discussed in detadl in the following section. In the case of C,
products, Faradaic efficiencies for CO and formic acid have
been consistently high (>80%) with majority of these catalysts
being Ag and Sn-based for CO and formic acid production,
respectively. In the case of methanol, only a few catalysts were
reported to be methanol selective and the reported methanol
Faradaic efficiencies varied greatly from 30 to 98%. On the
contrary, methane Faradaic efficiencies have been consistently
low {<50%) with the majority of these catalysts being Cu-
based. In the case of C, products, Faradaic efficiencies of
ethylene and ethanol have, but not uniil recently, been
consistently low and the majority of these catalysts were also
Cu-based. However, in 2016, significant strides have been made
on improving the Faradaic efficiency for C, products, achievin
as high as 41 and 63% for ethylene and ethanol, respectively.”
For the case of C, products, the Faradaic efficiency for n-
propanol was still significantly low {<59%) which reflects the
energy intensive (18 electrons) process and complex reaction
pathway that requires multiple carbon—carbon couplings.
Figure 2a and c shows the Faradajc efficiencies versus current
density while Figure 2b and d shows the energetic efficiencies
for C; and C,—C; products versus current density, respectively.
Enlarged figures of the low current density region are fonnd in
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the Supporting Information. In the case of energetic
efficiencies, the majority of CO, reduction research only
focused on the cathodic reaction and only reported the
overpotential of the CO, reduction reaction. Because of this,
the assessment assumed that the anodic reaction was the water
oxidation reaction with a standard potential of 1.23 V vs SHE
with an anode overpotential of 0.3 V, typical activation
overpotential for the state-of-the-art oxygen evolution: reaction
catalyst. * It must be noted, that each data point was not
consistent with each other and varied in terms of type of
catalyst, electrode preparation, electrochemical cell configu-
ration, and operating conditions. With that in consideration,
Figore 2 aims to convey the general catalytic performance
trends of varicus catalysts toward producing CO, formic acid,
methanol, methane, ethylene, ethanol, and a-propanol. Overall,
it has been difficult to simultanecusly achieve high current
density, Faradaic efficiency, and energetic efficiency, which
illusteates that further efforts are needed to develop better CO,
reduction catalysts. In general, high Faradaic efficiencies can be
achieved at the expense of current densities, and majority of the
energetic efficiencies for reduction CO, were less than 60%. It
must be noted that the majority of reported CQ, reduction
studies were conducted under short time scales {<5 h), and
thus long-term stability in the range of hundreds or even
thousands of hours are unknown.

4, MODEL FOR CQ, ELECTROLYZER SYSTEM

Despite the significant amount of research that has been
performed on eCO,R catalysts and electrolyzers, there have
been few technical and economic analyses that evaluate the
potential and feasibility of implementing the CO, electrolyzer
technology on a large scale. Previously, PerezFortes et al
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analyzed the economic and environmental potential of CC,
reduction to formic acid using ChemCAD simulations, " Li et
al. investigated the greenhouse gas emission reductions and
economic viabitity of an electrochemical CO, to CO system
coupled with a Fischer—Tropsch process to produce synthetic
fuels.”™ Furthermere, Verma et al. developed a gross-margin
model to determine and compare the maximum feasible
operating voltage for the production of various CO, electrolysis
products. "

Although these various investigations provide useful insights
to the economic potential of CO, reduction, there still lacks a
capital investment analysis of a general CO, electralysis system
from which the return on capital investment and time-valued
net present value (NPV) for the production of the most
commonly reported products can be determined. Due to the
lack of commercially developed analogues for a CO, reduction
precess, a highly detailed analysis is difficult. However, the use
of engineering approximations and assumptions based on
existing technologies allows for an insightful analysis to be
made.

Herein, we developed an economic model for a CO,
electrolyzer system that calculated the material and energy
balances for the process, estimated the capital investment and
operating costs, and performed a cash flow analysis to
determine the end-oflife net present value {NPV).” This
allowed fer the comparison of various CC, reduction preducts,
as well as the sensitivity to the potentially changing operating/
market conditions. A schematic of the general CO, reduction
system is shown in Figure 3,

In a general eCO,R process, CO, is first captured from either
a point source or the air, and purified for vse in the COQ,
electrolysis systemn, The concentrated CO, stream is fed along
with water to the CO, electrolyzer system, where lignid and gas
products are formed. The liquid products that are formed in the
electrolyte stream are fed to a separation system (distillation) to
extract the liquid products, while the electrolyte is recycled back
to the electrolyzer. Since the single pass accamulation for liquid
products is typically very small {~0.03%, see S$I for
calculation), ' the electrolyte can be recycled until the liguid
products accumulate to an appreciable amount before steady-
state separation begins, after which the exiting electrolyte is
continnously distilled. Significant accumulation of product in
the electrolyte could have a negative impact on electrolyzer
performance, but was not considered in this analysis. The gas
products, along with unconverted CO, and bypreduct
hydrogen, are separated in a gas separation unit, from which
the CO, is recycled back to the reactor. The gas products are
then compressed for storage and trensportation, or fed to
another downstream chemical process.
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5. MODELING OF SYSTEM COMPONENTS

5.1. CO, Capture. Te provide an estimate for the capital
costs of the CO, capture and purification process, various
existing technologies were first examined. The CQ, feedstock
for the electrochemical process can be obtained either from a
point source, such as a power plant or chemical facility, or
directly from the atmosphere. The incorporation of COs
capture systems to coal and natural gas power plants is
currently an area of intense research. The current state-of-the-
art involves chemical adsorption using monoethanolamine
{MEA} at a cost of $70 USD per ton of CO, captured.*” This
high cost is the main barrier for the incorporation of CO,
capture to power plants. Through solvent and process design
improvements, the cost of capture could be reduced to as much
as $44 USD per ton CO,." Furthermare, the use of CQ, in an
electrochemical conversion to create value added products
could also increase the economic viability of capture. One
concern of CO, capture from point seurces is the presence of
other combustion products, such as 0, and NO, compounds.
The impact of these compounds on electrolyzer performance is
not yet understood, but the CO; stream likely needs to be of
high purity for stable and efficient conversions,

Alternatively, the capture of CO; through direct air capture
{DAC) has yet to be commercially developed, although a small
deme facility by Climeworks in Switzerland recently opened.
The cost estimates for such a system range anywhere between
US$30 to USSI000 per ton of CO,™ One advantage of
DAC is the portability of the process, which allows for
distributed use, which couples well with renewable energy
sources, Furthermore, the capture of CO; from air represents a
net-reduction in CO, as opposed to avoided emissions since
the €O, is being taken from the atmosphere. For the purposes
of this analysis, it was assumed that CQO, was obtained at a hase
price of US$70 per ton.

5.2. Electrochemical Cell. Currently, CO, electrolyzers
exist only at the bench scale, Furthermore, there is no standard
design for a COZ electrolyzer cell with several configurations
reported to date."™'*™ To provide an estimate for the capital
costs of an electrolyzer system, an alkaline water electrolyzer
stack-as a representative model was used. In CO, electrolysis,
nonprecious metal catalysts can be used to produce all
products. Farthermore, the best bench-scale CQ, electrolyzers
to date utilize alkaline conditions which allow for the use of
nonprecious metals at the anode, makmg the comparison to
alkaline water electrolysis appropriate.'” " Furthermore, the
auxiliary systems and balance of plant for a CO, electrolyzer are
likely to be similar. The main difference would be the
electrolyzer design requiring a direct feed of CO, to the
catalyst surface, which would have a minimal cost difference.
The design of the reactor between different products would
also be consistent, with the exception being formate requiring
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protonation to formic acid. This has been demonstrated at the
lab scale.'” Therefore, the capital and operating costs for the
CO, electrolyzer were based on the DOE Current Central H2A
base case for an alkaline electralyzer.”® In this analysis, the
uninstalled capital costs attributed te the stack component were
$250/kW. To make the model sensitive to current density, a
cost per surface area was also determined. This cost was
calculated based on the typical operating conditions of 175
mA/em® and 1.75 V for the Norsk Hydro HPE Atmospheric
Type No. 5040 alkaline electrolyzer on which the base case was
derived from, corresponding to an installed cost of $920/m”
An installation factor of 1.2 was used for the capital investment.
Furthermore, it was assumed that maintenance costs were 2.5%
of the capital investment per year. These costs included
replenishing the catalysts and electrolytes used in the system.
The balance of plant {BoP) costs were assumed to be 35% of
the total cost of the electrolyzer system, and these values were
derived from the H2A model.™ The clectricity usage for the
electrolyzer subsystem was calculated based on the Faradaic
mass balances across the electrolyzer.

5.3. Product Separation. For gas product separation,
pressure swing adsorption (PSA} is an industrially used process
with low operating costs, high efficiency, and a limited
footprint.” For CO, electrolysis, the reactor exit gas consists
of unconverted CO, and gas products, as well as some
hydrogen. A similar separation is the upgrading of biogas, which
consists of roughly equal amounts of methane and CO,.
Industrial reports have been developed regarding the costs of
biogas upgrading with PSA and allowed for an estimation of the
separation costs for CO, electrolysis gas praduct separation
based on commercial systems. f Based on these stadies, a
reference cost of $1 990 000 per 1000 m*/h capacity was used,
with a capacity scaling factor of 0.7 and operatmg costs
consisting of only electricity at 025 kWh/m>™ After
separation, the gas products need to be compressed and
stored, unless they are transported to and used immediately in a
downstream process. Here, this additional cost was neglected.

Distillation was used as the separation process for the CO,
reduction liquid products, as alcohols are separated by
distillation commercially. Formic acid can also be separated
by distillation, although it is highly energy intensive due to the
close boiling points of water and formic acid. Furthermore,
water was the distillate product leading te a high heat duty
needed for the colurmn. Alternatively, BASF utilizes a liquid—
liquid extractlon . process to purify formic acid solutions up to
95% by welght * However, ta allow for consistent comparison,
the separation of formic acid was also modeled through
distiliation. The separation processes were modeled using the
RadFrac block in Aspen Plus, and capital and utility costs were
estimated using the Aspen Plus Economic Analyzer. An
electrolyte flow rate of 1000 L/min was assumed for the base
case, with a concentration of 10% product in water. The
separation was modeled as a single column with the product
leaving near the azeotropic concentration. In practice, more
elabosate methods, such as extractive or pressure swing
distillation would allow for higher product purity. The capital
costs were then scaled with a capacity factor of 0.7, while the
utility costs were scaled linearly.

6. MODEL ASSUMPTIONS

6.1. Base Model Assumptions. To perform a comparison
of the various CO, reduction products, several process
assumptions were made. We considered two sets of parameters:

a base case based on current feedstock prices and electrolyzer
performance, and an optimistic case that considered what these
values may be in the future. These assumptions are summarized
in Table 3

Table 3. Process Assumptions for CO, Electrolyzer Model

parameter base case optimistic case

preduction rate (ton/day) 100 100
lifatimme (years) 20 20
operating time {days/year) 350 350
electricity price ($/kWh) 0.05 0.03
current density {mA/en®) 200 300
cetl voltage (V) 2.3 2
praduct selectivity (96) B S0
conversion (%) 50 30
CO, price ($/ton) 70 40
interest rate (%) 10 10
electrolyzer cost ($/m”) 1840 920

For both cases, a product production rate of 100 tons/day
was chosen to allow for large scale chemical production, for
which the capital costs were more favorable and differences
between products were more discernible, while keeping the
electrolyzer system power requirements within the range of the
largest commescial systems (~100 MW). It was assumed that
the system would require 2 weeks of downtime each year for
maintenance over a 20-year lifetime. The base case electricity
price of 0.05 $/kWh was consistent with the cheapest industrial
electricity rates currently available. As renewsble energy
sources, such as solar and wind, continue to become cheaper,
the price of electricity could be as low as 0.02 $/kWh."" An
optimistic case value of 0.03 $! kWh was chosen as this could be
reached as soon as 2030.”' The electrolyzer total current
density of 200 mA/cm’ has been demonstrated in numerous
laboratory reactors at roughly 2 3 V. For the optimistic case, a
current density of 300 mA/ crn® was assumed at cell voltage of 2
V, which fell within the range of commercial water electro-
lyzers. As shown in Figure 2, Faradaic efficiencies of 0% have
been demonstrated for numerous CO, reduction products,
such as CO, formic acid, and methanol, and were assumed for
these cases, A haseline reactor conversion of 50% was chosen
for the analysis, with the assumption that high selectivity can be
reached at this conversion. It must be noted that CO,
conversion i5 not often reported in the literature because
most studies are performed in either a batch cell or single-pass
flow cell with conversions less than 10%, although higher
conversions near 35% have been shown.'*” A better
electrolyzer design could potentially boost the CO; conversion
to well over 50%. A low conversion results in 2 more
challenging product separation due to the unreacted CO; in the
reactor effluent that needs to be recycled

6.2. Financial Mode! Assumptions. To estimate the
return on capital investment for the development of 2 CO,
electrolysis facility, a cash flow spreadsheet was developed to
estimate the yearly revenue and present value of the plant over
the project lifetime. It was assumed that construction of the
facility was completed in the first year, with product praduction
beginning in the second year. The working capital was assumed
to be 5% of the capital investment. A modified accelerated cost
recovery systemn (MACRS) 10-year depreciation schedule was
used with a 20% salvage value at the end of plant life. A base
case nominal intevest rate {NIR) of 10%, compounded
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annually, and 2 total effective income tax rate of 38.9% were
assumed. These financial assumptions were consistent with
those in the DOE’s H2A analysis for water electrolysis."™ The
yearly profit was calculated as the income from selling product
minus the yeatly operating costs of the plant. The cost of sales,
cost of labor, and inflation were not accounted for in the
financial model. From this mode], the net present value of the
facility at the end of life was calculated.

7. ECONOMIC COST ANALYSIS

The net present value for the main products using the base case
and optimistic ‘case assumptions are shown in Figure .

n-Propanol

Formic Acid

Carbon Monoxide

Ethano!
Ethylene
o KB Otenistc Case
tathano| . " riay Bage Case

400 75 50 25 0 25 80 75 100
Met Prezent Value (5 milions)
Figure 4. End-oflife NPV values for the production of varicus
chemicals through eCO,R under base and optimistic conditions. X's
indicate that the yearly net income was negative, sc NPV was not

caleulated,

Methane and syngas are not shown because their current
market values are so low that profitability is impossible
regardless of process performance. The X’s indicate that the
production was not even profitable on a yearly basis, so the

product with a negative NPV. Based on CO; reduction studies
in the literature, selectively obtaining s-propancl as the sole
product is likely to be a major challenge, as the selectivity
toward n-propanol is still quite low. However, a mixture of
these liquid C,—~C, alcohols would still be economically
valuable since ethanol was also favorable under the optimistic
case.

To give a relative sense of the various costs of the process,
the breakdown ‘of capital and operating costs for each praduct
under optimistic case assumptions are shown in Figure 5. Of all
products, ethylene had the highest capital and operating costs
due to the large amount of current (electricity) needed per kg
of product. These high costs, along with 2 large CO, feedstock
requiremnent, contributed to the low profitability of ethylene
relative to other products. In contrast, formic acid and CQ
benefited from a small power requirement, which reduced the
cost of electricity and electrolyzer size, For formic acid, much of
the cost was associated with the challenging distillation process.
As stated earlier, there are industrial processes that may be
more cost-effective than distillation, which could further
improve the profitability of formic acid. For example, 2 50%
reduction in the operating and capital costs for formic acid
separation gave an NPV of $84.5 million. It must be noted, that
while the distillation and PSA systems had similar capital
investment requirements, the PSA systerns had a much lower
operating cost. Although this cheaper separation was an
advantage for gaseous products, they will likely require
additional compression for transportation/storage, which
could increase costs significantly.

To understand the sensitivity of the process profitability to
different parameters, a sensitivity analysis was performed. The
range of values considered for each parameter is listed in Table
4, with the results shown in Figure 6,

Table 4. Range of Values for Sensitivity Analysis

end-oflife NPV would be highly negative. sensitivity pacameters  better base worse
At the base case conditions, CQ and formic acid were the electric price {§/KWh) 0.02 0.03 0.04
only profitable products for the CO, electrolysis system, selling price ($/kg) +15% base —15%
whereas the other products, other than s-propanol, were not selectivity (%) 100 90 80
even profitable on a yearly basis. This is because CO and formic voltage (V) 7 2 23
acid have the highest product value per electron (Table 2), electrolyzer cost {$/m?) 460 920 1840
Even at a modest efectricity cost of $0.05/kWh, the amount of CO, cost (§/ton) o 40 0
electricity needed to produce hydrocarbons and alcohols current density (mA/cm?) 300 100 10
outweighed the values of the chemical products. However, canversion (%) 70 50 30
these products became much more favorable under the
optimistic case assumptions. The production of n-propancl
was the most favorable product, with methanol being the only
(a) Capital costs {b) QOperating costs
Elhylene Ethyiens
n-Fropanal £ n-Fropanal
Ethanp! Ethann] f73
]
Methanot i Methanal
Formic Acd ﬁ“m L pSA Formilc achd R
o EZ2] bistigation
Carbon Manoxide 7] .. . Carbon monoxide I
o TR T TR 0 40 0 20 40 50 &0 100
Capital Cost (5 miions) Cperatng Costs {5 thousands/day)
Figure 5. (a) Capital and (b} operating costs for varicus products under optimistic case assumptions.
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Figure 6. Sensitivity analysis of end-oflife NPV for COQ, reductien products: {a) n-propancl, (b} carbon menoxide, {c) ethylene, and {d) formic

acid.

For all products, a deviation in selling price of 15% had a
significant impact on the end-of-life NPV of the process. Over a
20-year period, the product price could fluctuate significantly
due to changes in market demand and development of new
technologies. Therefore, the production of products, such as
CO, n-propanol, and formic acid, are advantageous since they
remained profitable even if the product selling price dropped
significantly. For all products, other than CO and formic acid,
electricity was the major operating cost, resulting in a strong
economic dependence on the price of electricity. Even a change
of just $0.01/kWh resulted in a NPV difference of nearly $40
million for #-propanol production. Therefore, it is critical for
the CO, electrolyzer to have a steady supply of cheap electricity
if hiydrocarbons and alcohols are produced, which could he
obtained throngh renewable sources in the near future.”"

In terms of electrolyzer performance, selectivity and voltage
were the most important parameters for higher electron
products such as aleohols and ethylene. A higher selectivity
reduced the total current needed because less electricity was
wasted on hydrogen generation. This led to a lower power
requirement and subsequently a lower electricity operating cost.
Less hydrogen also seduced the separation requirement for
recycling the CO,, which was a significant cost even for liquid
preducts. Alse, a decrease in total current reduced the total
electrolyzer area, resulting in a lower electrolyzer capital cost.
Reducing the cell voltage {overpotentials) lowered the overall
power requirement, which significantly impacted products with
high electricity operating cost fraction. Furthermore, the reactor
conversion also impacted the economics. A lower reactor
conversion resulted in a higher separation cost due to an
increased amount of unconverted CO, in the separation/
recycle loop, and this consequentially increased the size/capital
cost of the PSA system. However, in the case of low conversion
and high selectivity toward liguid products, the gas stream
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exiting the reactor would consist almost entirely of CO, with
some residnal hydrogen. Thus, multiple passes could be made
before separation, as a small dilution of the CO, feedstock
would not significantly influence reactor performance.

Interestingly, the current density was the least important
parameter of electrolyzer performance once above a certain
threshold. This was due to the inverse square relationship
between the electrolyzer capital cost and current density. Thus,
for products that required large amounts of electricity,
increasing the current density to at least 250-300 mA/cm?
was critical. In the case of ethano}, a decrease in current density
to 100 mA/cm® resulted in a NPV decrease of $42 million,
while an increase to 500 mA/cm?® only gave an extra $8& million
{Figure S2). After a certain threshold, the capital costs of the
electrolyzer, which were directly influenced by current density,
became insignificant to the other costs. Stemming from these
calcnlations, since the cell voltage was a significant cost due to
the extra power requirement, the CQ, electrolyzer should
operate at as low of a voltage possible while still maintaining an
appreciable current density.

8. CATALYST ACTIVITY TARGETS

The CO, electrolyzer model was used to define activity targets
for electrolyzer performance needed to be profitable for a given
CQ, reduction product. As shown in the sensitivity analysis, cell
potential and selectivity were the major parameters. Since the
anode of the CO, electrolyzer is typically water oxidation, and
anion exchange membrane development is vastly improving,
the cell potential was simplified to the overpotential associated
with the electrochemical reduction of CO,. We assumed the
optimistic base case conditions with a current density of 300
mA/cm®. The anodic overpotential was estimated as 0.3 V with
a cell resistance overpotential of 0.1 V. Figure 7 shows
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Figure 7, Electrolyzer performance contour plots showing the dependence of end-oflife NPV on overpotential and selectivity under optimistic
conditions with a current density of 300 mA/em?® The selid line depicts an NPV of $0 (IRR = 10%).

overpotential/selectivity contour plots for various products
with the calculated end-of-life NPV, The solid line depicts the
performance needed for an NPV of $0 (i.e,, an investor’s rate of
return {IRR) of 10%). For the process te be profitable, the
electrolyzer performance must lie above the curve. As shown,
the production of CO and formic acid can be dane profitably
under the optimistic base conditions with relatively poor
electrolyzer performance, requiring Faradaic efficiencies much
lower than currently obtained. Since these products require
only 2 electrons/mol, they are much less sensitive to
inefliciency when electricity prices are low. Thas, they are
highly promising products under future conditions, although
there are concerns associated with the limited market potential
{Table 2}. n-Propanol requires a modest selectivity of 62% at
0.7 V overpotential, with the potential for significant profit-
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ability at high selectivities (>80%). Ethanol and ethylene
require relatively high Faradaic efficiencies of 77% and 89% at
0.7 V overpotential, respectively, Altogether, it is promising that
the activity targets for the profitable production of these
hydrocarbon and alcohol products are technologically feasible,
as they have a much Jarger market potential compared to CO
and formic acid. However, as shown by the current state-of-art
in Figwre 2, drastic improvements in electrolyzer performance
are needed for ethylene, ethanol, and n-propanol,

9. €O, EMISSIONS REDUCTION

Although eCO,R has the potential to profitably produce
valuable chemical feedstocks, it is unlikely that the technology
alone can significaritly reduce the atmospheric CO, concen-
tration for a couple of reasons. First, as discussed earlier, the
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divect air capture of CQ, is still expensive. Second, the total
amount of CQ, emission is too large to be handled by
electrochemical processes alone. Per the EIA, the US emitted
reughly 5.2 million metric tons of CO; from the energy-sector
alone in 2015.'" Reducing this CO, to only a two-electron
product, like formic acid, would require ~1.8 TW, which is
equivalent to roughly 8% of the world's energy output.
However, if low-carbon electricity sources such as wind and
solar are used, additional CO, emissions can be mitigated if the
CQ, is sourced from industrial sources, such as fossil fuel power
plants and chemical facilities, since converting this CO, through
¢CO,R would then be a reduction of emissions as opposed to
the commonly used case where the CO, is simply emitted. This
is true even if the CO, reduction product is a fuel that is later
burned, provided it replaces those derived from fossil fuels. For
example, consider the electrochemical reduction of CO, to
ethanol for use as a fuel additive. We estimated the greenhouse
gas emissions {reported as grams of CO; equivalent) for the
process associated with the electricity used, as this is the major
operating cost. Additicnal emissions would result from
construction of the facility materials and other process costs
(steam, heating, etc.), which were not considered as they are
assumed to be minor compared to the electrical system.
Despite being “renewable” sources, wind and solar have some
associated emissions due to construction and maintenance,
These values were derived from the IPCC.”” As illustrated in
Figure 8, the associated emissions with the electrochemical

100

80~

B0

gCO,eMd Fuel

Gasoline  Com Ethano! eCO,R-Solar eCO,R-Wind

Figure 8, Greenhouse gas emissions for the production of gasoline and
corn ethanel {ref 89) compared to electrochemical CO, reduction.

production of ethanol from CO; are much less than those of
gasoline, and comparable to ethanol derived from corn
feedstocks, which is the current dominant production
method,” This shows that CO,-detived chemicals and fuels
can indirectly lead to a reduction of CO, emissions.

10. CONCLUSIONS

The generalized techno-economic model for eCOLR presented
in this work provides insight into the feasibility of various
common CO, reducton products for large-scale chemical
production. We found that current density is the least
important electrolyzer parameter after a certain threshold
(200—400 mA/em?®) is reached, while selectivity and over-
potential are critical, especially for high-electron products.
Simple products, such as CO and formic acid, were more
profitable under current economic conditions and performance
based on the current state-of-the-art electrocatalysts, although

oaly lab-scale electrolyzer systems have been demonstrated.
However, the small market potential for formic acid and the
difficulty associated with storing/transporting gaseous products
motivates the production of liquids, such as ethanol and n-
propanol, which conld be profitable under more favorable
economic conditions in the future and may have a much higher
market potential. For higher-order alcohels to become
profitable, cheaper electricity costs and improved catalytic
performance are needed. However, with continual efforts, the
electrocatalytic performance benchmarks for these alcohols can
be achievable, and the use of C,—C; alcohols produced from
eCO,R would allow for renewable energy sources to penetrate
into the transportation and chemical sectors while potentially
reducing GHG emissions. Overall, the electrochemical
reduction of CQO, is a promising technology that could play a
significant role in the future renewable energy infrastructure if
further strides are made.
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