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electroreduction. In this study, we investigated the technical and
economic feasibility of the direct and indirect CO, conversion routes
to C, products. For the indirect route, CO, to CO conversion in a high temperature solid oxide electrolysis cell (SOEC) or a low
temperature electrolyzer has been considered. The product distribution, conversion, selectivities, current densities, and cell potentials
are different for both CO, conversion routes, which affects the downstream processing and the economics. A detailed process design
and techno-economic analysis of both CO, conversion pathways are presented, which includes CO, capture, CO, (and CO)
conversion, CO, (and CO) recycling, and product separation. Our economic analysis shows that both conversion routes are not
profitable under the base case scenario, but the economics can be improved significantly by reducing the cell voltage, the capital cost
of the electrolyzers, and the electricity price. For both routes, a cell voltage of 2.5 V, a capital cost of $10,000/m?, and an electricity
price of <$20/MWh will yield a positive net present value and payback times of less than 15 years. Overall, the high temperature
(SOEC-based) two-step conversion process has a greater potential for scale-up than the direct electrochemical conversion route.
Strategies for integrating the electrochemical CO,/CO conversion process into the existing gas and oil infrastructure are outlined.
Current barriers for industrialization of CO, electrolyzers and possible solutions are discussed as well.

CO, recycle
Net present value / ($ millions)

B INTRODUCTION

In the past decade, electrochemical reduction of CO, (CO2R)
to C, products (e.g, CO and formic acid) has been studied
extensively.' > The outcome of all these efforts is that CO and
formic acid/formate can be produced with high Faraday
efficiencies (FEs > 90%) and industrial scale current densities
(CDs > 150 mA/cm?), but only in near-neutral to alkaline pH
conditions. Recent studies show that CO2R to C,, products
such as ethylene and acetic acid/acetate are also favored in
alkaline media. The selectivity of the existing (copper-based)
catalysts for C,, products is significantly lower than that for C,
products, which results in a mixture of several (by)products.
Although CO2R in alkaline media seems to be promising in
terms of FEs, it has some major drawbacks, which significantly
affects the economics and scale-up of CO, electrolyzers. For
example, CO2R to ethylene in alkaline media can be

the formation of hydroxide ions, which forms the basis for all
the problems in alkaline CO, electrolysis, is eliminated from
the reaction. The reaction should be written in alkaline form,
not only to be consistent with the pH conditions, but also due
to the fact that water and not H" is involved in the CO2R
mechanism, as ascertained by Hori.* The drawbacks of CO2R
in alkaline conditions are related to the formed hydroxide ions,
which react with fresh CO, supplied to the cathode resulting in
(bi)carbonate precipitation in gas diffusion electrodes (GDEs).
A large fraction of the supplied CO, is converted to
(bi)carbonate, which has a dramatic effect on the CO,
utilization efficiency.” In the best case, 12 mol of CO, is
converted to (bi)carbonate for every mole of ethylene
obtained. In practice, more CO, will be converted to
(bi)carbonate, because part of the CO, also reacts with the

represented by the following reaction: Received: September 5, 2021
_ _ Revised:  November 18, 2021
2C0O, + 8H,0 + 12¢ - C,H, + 120H (1) Accepted: November 18, 2021

Published: November 30, 2021

Note that eq 1 is often written in acidic form (i.e., a proton
(H*) instead of water is used as a hydrogen source), even
though the reaction is performed in alkaline media. In this way,
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alkaline electrolyte. It is difficult to avoid CO, losses in alkaline
solutions, because the absorption rate of CO, in concentrated
potassium or sodium hydroxide (KOH or NaOH) is much
higher than the electrochemical conversion rate of CO,. For
example, the initial absorption rate of CO, in a 7 M KOH
solution is around 6 sccm/cm?° which is a factor of 10 faster
than the electrochemical conversion rate of CO, to ethylene at
250 mA/cm?®. Furthermore, in alkaline solutions, weak acids
such as formic acid or acetic acid almost completely dissociate
into the ionic form, which is not the desired product from a
market perspective and complicates the downstream process-
ing.” A simple solution would be to perform the CO2R in
(slightly) acidic conditions, but the Faraday efficiency tends to
be lower, because the competing hydrogen evolution reaction
(HER) is dominant in low pH solutions.”” Recently, Huang et
al.'® achieved promising results for CO, electrolysis to
multicarbon products in very acidic solutions, but this
approach is still in its infancy and needs to be developed
further. An alternative solution is to use a three-compartment
cell, where CO, is reduced in the cathode compartment, water
is oxidized in the anode compartment, and protons from the
anode and the conjugate bases (e.g, formate, acetate,
bicarbonate) from the cathode are combined in the center
compartment to produce acids."' However, the combination of
protons and bicarbonate ions will cause CO, evolution in the
center compartment, which might result in a potential drop. In
addition, the center compartment needs to be filled up with an
ion conducting material, because the conductivity of
undissociated acids is poor. Therefore, the capital (CAPEX)
and operating (OPEX) costs of a three-compartment CO,
electrolyzer will be higher due to the increased complexity and
higher potential requirement. Another option is to convert
(bi)carbonate to chemicals using bipolar membrane (BPM)
based electrochemical cells, but the potential of this route has
yet to be explored.'>"* Recently, Lee et al."* showed that CO,
bound to an amine could be electrochemically converted to
CO with an FE of 72% at 50 mA/cm?. These integrated CO,
capture and conversion methods are promising, but more
research and optimization is required to assess their potential
for scale-up.

As a possible solution, a two-step process has been proposed
to overcome the limitations posed by the direct electro-
chemical reduction of CO, in alkaline media.'®”"® In the first
step, CO, is converted to CO in neutral to slightly acidic
conditions to prevent bicarbonate formation. In a subsequent
step, CO is electrochemically reduced (COR) in alkaline
media to desired C,, products such as ethylene. The advantage
of the two-step process is that (1) the parasitic loss of CO, and
bicarbonate precipitation in the GDE are avoided, because CO
does not react with the electrolyte; (2) the FEs for C,,
products in the second step are higher, because COR requires
fewer electrons than CO2R; and (3) higher reaction rates and
reactant conversion are observed for COR. Furthermore, it is
important to note that (1) the product distribution of COR
can be different than that for CO2R, (2) COR in alkaline
media also results in the dissociation of carboxylic acids to
carboxylates (e.g., acetate), and (3) CO can react with water,
nonaqueous solvents, and alkaline electrolytes, but typically
high temperature and pressure conditions are required. In the
worst case, the two-step conversion will require two electro-
lyzers, which will significantly affect the capital cost of the
process. In the best case, the two electrolyzers can be
integrated into a single electrolyzer stacked alternately with

two different types of catalyst."” For example, by using silver
catalysts in the first stack CO, can be converted to CO, which
is further reduced in a second stack of copper-based catalysts
to C,, products. The concept of such an integrated electrolyzer
is interesting, but might be difficult to implement in practice
due to the increased complexity of the process, which requires
management of different reaction conditions (pH, temper-
ature, pressure), product and recycle streams, and lifetime of
catalysts. However, the increased CAPEX of the two-step
process, whether integrated into a single electrolyzer or not,
relative to the direct CO2R process might be offset by the
higher FEs, CDs, single-pass conversion, and CO, utilization
(i.e, lower OPEX). Therefore, the choice between direct
CO2R and the two-step CO2R/COR conversion to C,,
products will be governed by the economics and scalability
of both processes. Several studies reported the techno-
economics of CO, reduction to ethylene, but none of these
considered a realistic downstream processing of the CO2R or
COR to C, products.”*~*

Here, we will perform a detailed process design and techno-
economic analysis of the direct CO2R process and the two-
step conversion of CO,/CO to C, products including ethylene,
ethanol, and acetic acid. The design and economic analysis
include CO, capture, electrochemical CO, and CO con-
version, reactant recycling, and downstream product separa-
tion. An extensive literature review is performed, and the
currently best available technologies (BATs) for CO,
separation, electrochemical CO,/CO conversion, and product
separation are selected for the process design. It is very unlikely
that CO, or CO electrolyzers will operate on a standalone
basis due to the requirement of different feedstocks and the
challenges related to the condensation, storage, transportation,
and distribution of a range of difficult to handle products.
Therefore, to improve the economics, we investigate different
strategies to integrate the CO,/CO electrolyzer into the
existing chemical industry infrastructure. The best integration
options are selected on the basis of the product distribution
and process conditions for CO2R and COR. We present
guidelines for the design, scale-up, integration, and implemen-
tation of CO,/CO electrolyzers on industrial relevant scales.

In the following, we will start with a literature review of
technologies and methods for the different processing steps in
the value chain. On the basis of this review, the best available
technologies/methods will be selected for the process design
modeling in the next section. Aspen Plus will be used for
detailed flowsheeting, optimization, and sizing of process units,
and to estimate capital and operating costs of the downstream
process. In a subsequent section, an economic analysis of the
full value chain for producing chemicals from CO, will be
presented. Next, strategies for integrating the CO, electrolysis
process into the existing infrastructure are outlined. In a
follow-up section, the main barriers that impede successful
implementation of CO, electrolyzers on a commercial scale are
discussed. Finally, we will summarize the outcome of this study
and present the main conclusions.

B STATE OF THE ART OF CO2R AND COR TO C,,
PRODUCTS

The research on CO2R and COR to hydrocarbons started in
the 1980s with the pioneering work of Hori.””?° At that time,
both reactions were performed in the liquid phase, which
caused significant mass transfer limitations due to the poor
solubility of CO, and CO in aqueous electrolytes. It is now

https://doi.org/10.1021/acs.iecr.1c03592
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generally recognized that gas diffusion electrodes are
indispensable for CO2R or COR at industrial scale current
densities. So far, only copper-based catalysts with varying
morphologies have been demonstrated to reduce CO, or CO
with a reasonable selectivity and reaction rates to C,, products.
In Table S1, we have compiled a list of landmark studies that
reported current densities higher than 100 mA/cm?® for CO2R
to C,, products.”’ ~** In Table S2, a compilation of interesting
studies on CO reduction to C,, products is provided.”>* We
note that several studies reported high FEs for C,, products
but at much lower CDs, which is less interesting from an
economic point of view and have been excluded from the list.
As noted by Romero Cuellar et al.** and Xia et al,> COR has
a few advantages compared to CO2R: (1) the FEs for C,,
products are higher, because COR typically requires a lower
number of electrons for a specific product; (2) the current
densities are higher due to the higher reactivity of CO, which
results in a higher single-pass conversion of CO; (3) the cell
potential is lower for COR and (4) the CO, utilization
efficiency is higher for COR because of the parasitic loss of
CO, in CO2R due to reactions with the electrolyte.
Furthermore, it is clear that the main CO,/CO electro-
reduction products on copper-based catalysts are ethylene,
acetic acid/acetate, ethanol, propanol, and hydrogen. All three
liquid products (i.e., acetic acid, ethanol, and propanol) exhibit
an azeotropic behavior with water, which will add significant
expenses in the downstream process. Strictly speaking, the
acetic acid/water system shows a pinch point, which is like an
azeotropic point difficult/impossible to overcome by ordinary
distillation. Therefore, in practice, azeotropic distillation is
used to obtain pure acetic acid. It is important to note that the
reaction pathway can be steered to some extent to yield higher
fractions for one of these products by controlling the
composition, size, morphology, grain boundaries, oxidation
states, type of dopants, facets, fragmentation, dealloying,
confinement, and porosity of the catalyst.”*">" Even cofeeding
of CO,/CO mixtures on Cu catalysts seems to have a
significant effect on the product distribution.”” Many of these
selectivity controlling measures (especially morphologies,
facets, and grain boundaries) are affected at high current
densities and results in performance degradation over time.
However, the key characteristic of CO2R or COR on copper
catalysts is that a multicomponent mixture is obtained as
product, which requires purification to meet customer
specifications.

Furthermore, a very concerning experimental observation is
that for C,, products a relatively pure CO, or CO stream is
required. A dilute CO, stream results in a low CO, coverage of
the catalyst surface, which affects the C—C coupling process
and shifts the mechanism from C,, products to methane.®!
The main consequence of this observation is that typical
industrial CO, or CO streams cannot directly be used in the
electrochemical process, but will require a purification step to
increase the concentration. Therefore, upstream and down-
stream separation, and smart system integration, will play a
crucial role in reducing the cost of CO, electroreduction
products. Recently, a tandem catalysis approach has been used
to demonstrate efficient CO,/CO electroreduction to C,,
products for some specific CO,/CO ratios.”” In this case, a
separation step will also be required, because industrial CO,/
CO streams often contain nitrogen, methane, hydrogen, and
other impurities. We note that neither the liquid products nor
the involved gas mixtures from a CO,/CO electrolyzer are easy

to separate. CO, forms an azeotrope with ethylene, which
means that cryogenic distillation cannot be used for product
purification. Similarly, the separation of CO from ethylene is
also not straightforward due to their similar kinetic diameters
and adsorption behavior. In Process Design and Modeling, we
will present some guidelines to separate such a multi-
component mixture, which is not a trivial task due to the
presence of several gases, liquids, recycle streams, and
azeotropes.

In the two-step process, CO, is first converted to CO, which
is further reduced in a subsequent step to C,, products. For
this reason, in Table S3, we have compiled a list of ground-
breaking studies on CO, reduction to CO.""*>~”’ The main
goal of the two-step process is to minimize the loss of CO, due
to (bi)carbonate formation, which can only be achieved when
the reaction is performed in acidic or neutral conditions.
However, most of the studies were performed in alkaline
conditions, but it is possible to obtain relatively high FEs for
CO in slightly acidic or near-neutral conditions and in
membrane electrode assembly (MEA) based cells.””™®' An
alternative technology, based on a solid oxide electrochemical
cell (SOEC), has been developed and commercialized by
Haldor Topsoe to convert CO, to CO, which has a claimed
energy requirement of 6—8 kWh/Nm? CO.% Furthermore,
many industrial (purge) streams already contain substantial
amounts of CO, which can be utilized (after purification) in
the second step of the process. Note that it is crucial to have a
high conversion of CO, in the first step. Otherwise, a mixture
of CO, and CO is obtained, which will cause CO, loss in the
second step and compromise the benefits of the two-step
process. Often, the FE is not 100% and a mixture of CO and
hydrogen (i.e., syngas) in a variety of ratios is produced. If both
the conversion and FE are <100%, then a mixture containing
CO,, CO, and hydrogen is obtained. In the second step, which
is performed in alkaline conditions, part of the CO, will be
converted to bicarbonates, while the presence of hydrogen
might result in the hydrogenation of ethylene. An option is to
purify the reaction mixture from the first step before feeding to
the second step, but this will increase the costs of the two-step
process.

It is clear from the foregoing discussion that both processes,
ie,, the direct CO2R process and the two-step CO2R/COR
process, need to be designed carefully for optimal functioning,
In Process Design and Modeling, we will present a detailed
process modeling of both processes, including CO, capture,
CO, conversion, reactant recycling, and downstream separa-
tion of products. A detailed discussion on downstream
separation is presented with the aim to help electrochemists
in making catalyst and process design decisions. For this
reason, a relatively complex (gaseous and liquid) mixture is
chosen for the downstream separation.

B PROCESS DESIGN AND MODELING

In this section, we will present the process design and
modeling of the direct CO2R to ethylene (i.e., the single-step
process) and the indirect CO2R/COR to ethylene (i.e., the
two-step process). The modeling of both processes includes
CO, capture from a point source, electrochemical conversion
of CO,, recycling of reactants, and downstream separation of
the multicomponent product mixture. As we will show later, it
is better to integrate the CO, electrolysis process into the
existing (oil and gas) infrastructure to minimize costs for
purification, transportation, storage, and distribution of

https://doi.org/10.1021/acs.iecr.1c03592
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Figure 1. Overview of the single-step process for CO2R to C, products. CO, is captured from biogas (40% CO, and 60% methane) and fed to the
electrolyzer, which converts CO, to ethylene, ethanol, and acetate. The electrolyzer is operated in alkaline conditions in a three-compartment
configuration, which converts the acetate to acetic acid in the center compartment. An amine absorber is used to separate the unconverted CO,,
which is recycled back to the electrolyzer. The remaining ethylene/H, mixture is separated in an adsorber using activated carbon. The acetic acid
stream from the center compartment is flashed to separate dissolved CO,, which is recycled to the electrolyzer. The liquid stream from the flash is
fed to the liquid—liquid extractor, which uses ethyl acetate to extract acetic acid. The extract is sent to the azeotropic distillation column, where
pure acetic acid is obtained as bottoms, while an azeotropic mixture of water and ethyl acetate is distilled and condensed in two liquid phases in a
decanter. The ethyl acetate rich stream from the decanter can be recycled to the extractor. The water-rich stream from the decanter and the
raffinate stream from the extractor are typically combined and sent to the water treatment (not shown). The ethanol stream from the cathode
compartment is sent to an ordinary distillation column, which can purify ethanol up to the azeotropic point. This ethanol stream is dehydrated in
an azeotropic distillation column using cyclohexane as entrainer. Almost pure ethanol is obtained in the bottom of the azeotropic distillation
column. The distillate, which is a ternary azeotropic mixture, is sent to a decanter to condense two liquid phases. The cyclohexane-rich phase is

\I: Ethyl acetate

Raffinate

recycled to the azeotropic distillation column, while the water-rich phase is sent to a stripper (not shown).

reactants and products. However, here we will design an
autonomous decentralized power-to-ethylene process, which
excludes any integration. This is done on purpose to have a
system independent benchmark case and to demonstrate the
importance of process integration. For the single-step CO2R to
ethylene process, only low temperature (<100 °C) electrolysis
will be considered, since high temperature electrolysis of CO,
has only been demonstrated for CO or syngas as the main
products. For the two-step CO2R/COR process, low and high
temperature electrolysis (e.g., the solid oxide electrochemical
process of Haldor Topsoe) will be considered.

We will design a process that can convert 10 ton/h CO, to
C,, products with the assumption that only ethylene, ethanol,
and acetic acid are formed in the CO2R and COR processes.
In addition, we assume that hydrogen is the only gaseous
byproduct that is formed in both processes. These compounds
typically account for the majority of the C, products (>90%),
with the remainder being a mix of C; and C; products. We
implicitly assume that with proper catalyst and process design
the formation of C, and C; products can be suppressed. If the
development of such a selective catalyst remains elusive, much
more complicated downstream processing will be required

17865

than presented here. We assume that the COR process has a
slightly higher conversion than CO2R (75% vs 50%), which
can be justified on the basis of recent experimental results. The
CO,/CO electrolyzers will be operated at elevated pressures
(10 bar) to achieve a higher single pass conversion. We assume
that the concentrations of ethanol and acetic acid are 10 and
20% (w/w), respectively. These numbers depend on the
reaction conditions (e.g, flow rate of reactants and catholyte,
FE, and conversion), which cannot be changed independently
in a real process. The concentration of ethylene cannot be
chosen independently if the conversion is fixed, but the
concentration of liquid products can be varied by changing the
supply rate of water to the cathode or center compartment of a
three-compartment cell. In the Supporting Information
(section S6), we have calculated the concentrations of ethanol
and acetic acid as a function of the water supply rate for
different cell configurations (zero-gap and flow cells). It is
important to note that much higher ethanol concentrations will
likely require new membranes, because Nafion membranes can
only tolerate small amounts of organics (<10 wt %). The
concentration of acetic acid is based on the current status of
electrochemical CO, conversion to formic acid, which
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produces around 20 wt % formic acid. In the following, a
detailed process modeling of both processes is presented.
Process Design for CO2R to C, Products. An overview
of the CO, to ethylene process is provided in Figure 1. We
capture CO, from a relatively high partial pressure stream (e.g,,
biogas) using absorption with amines. The costs of CO,
capture from biogas using membranes, pressure swing
adsorption (PSA), and scrubbers are very similar for large
scale processes and are in the range $25—50/ton CO,.” The
cost of CO, capture from air is a factor of 5—10 higher and will
not be considered here.*” The captured CO, is fed to a high
pressure (10 bar) GDE-based electrolyzer, which converts CO,
to ethylene, acetate, and ethanol. Note that the CO, feed to
the electrolyzer does not necessarily need additional
pressurization, because CO, from a biogas plant is often
available at elevated pressures. The electrolyzer is operated in
alkaline media using a three-compartment configuration, which
converts acetate to acetic acid in the center compartment. For
the base case of the CO2R process, it is assumed that ethylene,
ethanol, acetic acid, and hydrogen are produced at a total CD
of 500 mA/cm?* with FEs of 50, 20, 20, and 10%, respectively.
It is difficult to choose a distribution for the products, since it
depends on many factors such as temperature, pressure,
catalyst type and morphology, cell potential, current density,
pH, and type of reactant (CO,/CO). We have fixed the
Faraday efficiency of ethylene and that of hydrogen to 50 and
10%, respectively, which is realistic as can be seen in Tables S1
and S2. The Faraday efficiencies of ethanol and acetic acid are
highly condition dependent, but CO2R tends to produce more
ethanol than acetic acid while this seems to be the opposite for
COR. For simplicity, we have decided to use an FE of 20% for
both components. Later, we will show that the distribution of
the C, products does not matter much for the economics.
At the assumed conditions and a CO, conversion of 50%,
the outlet concentrations of ethylene, CO,, and hydrogen are
16, 65, and 19 mol %, respectively. The gaseous ethylene,
hydrogen, and unconverted CO,, and the liquid containing
around 10 wt % ethanol from the cathode compartment are
separated in a flash tank. The gas stream from the flash mostly
contains ethylene, hydrogen, and CO,, which is sent to the gas
purification section (GPS). The aim of the GPS is to provide a
nearly pure ethylene stream, recycle the unconverted CO,, and
recover as much as possible hydrogen with a high purity. Such
a separation cannot be achieved in a single unit but will require
multiple (at least two) steps to obtain the desired products.
The technologies available for separating hydrogen/CO,/
ethylene mixtures include absorption, adsorption, membranes,
and cryogenic distillation. By using an elimination procedure,
one can select the most suited technology for the separation.
The starting point is that CO,/ethylene selectivities of existing
membranes and adsorbents are relatively low. Several recent
techno-economic studies have used pressure swing adsorption
to separate CO,/ethylene mixtures without specifying the
adsorbent.””***”** To the best of our knowledge, currently
available industrial adsorbents cannot be used for efficient
CO,/ethylene separation due to their similar adsorption
behaviors. In principle, hydrogen selective membranes and
adsorbents could be used, but these processes typically require
much higher hydrogen concentrations (>40 mol %) to justify
the economics. Cryogenic distillation cannot be used, because
CO, and ethylene form an azeotrope and CO, will cause dry
ice formation in the column.*> From this elimination

procedure, absorption appears to be the most interesting
option for the first separation step.

In the absorber, a physical solvent (e.g., Selexol) could be
used to remove CO,, because the partial pressure of CO, is
relatively high (~6.5 bar). However, the CO,/ethylene
selectivity of classical solvents (e.g., Selexol, NMP, Purisol,
and Rectisol) is very low (around 2—3),* which will result in a
high ethylene concentration in the CO, recycle stream. In
principle, the ethylene in the recycle is not lost but will dilute
the CO, feed to the electrolyzer, which might affect the CO2R
process. The CO,/ethylene selectivity in water is around 10,*
but the feed stream needs to be pressurized, because the
solubility of CO, in water is relatively low. For this reason, we
have decided to use a chemical solvent (e.g., a monoethanol-
amine (MEA) solution) to selectively remove CO, from the
ethylene and hydrogen mixture. The absorption of CO, is
performed at the high feed pressure (~10 bar), which is not
necessary for chemical solvents but is beneficial as repressu-
rization of the ethylene/hydrogen stream is avoided. On the
other hand, the CO, recycle stream needs to be pressurized,
because the CO, desorption step is performed at low pressures.
The gas stream after the CO, capture step will likely be
saturated with water, which is not desired for downstream
processes (e.g., membranes, adsorbents, and ethylene reac-
tions). In the process design and economics, the drying step to
remove water is neglected. After removal of all the CO,, the
concentrations of ethylene and hydrogen are increased from 16
to 45 mol % and from 19 to 55 mol %, respectively. Such a
mixture is often present in industrial streams (e.g., ethylene off-
gas or refinery off-gas) and can be separated by membranes,
PSA, or cryogenic distillation. The selection between these
technologies depends on the operating conditions and
requirements (feed pressure, feed composition, flow rate,
desired purity, (by)product recovery, process flexibility,
turndown ratio, reliability, and scale-up considerations).
Guidelines for selecting a hydrogen separation process are
provided by Benson et al** and Miller et al® We have
considered membranes and adsorption to separate hydrogen
from ethylene. Note that for membranes ethylene will be
obtained approximately at feed pressure, since hydrogen will
selectively permeate through the membrane. For adsorption,
hydrogen will be obtained at feed pressures, since ethylene is
selectively adsorbed on the adsorbent. This means that, in the
case of membranes, the hydrogen stream needs to be
compressed for storage or transportation, but at low pressures
it could be used on-site as fuel. We have neglected these details
in the process design, but they are important to consider in a
real process. The selectivity and permeability data of hydrogen
and ethylene in polyamide membranes of UBE were taken
from Al-Rabiah et al.”’

The countercurrent hollow fiber membrane model of
Pettersen and Lien”' was used for the design calculations. In
this algebraic model, the permeate mole fraction of component
i is calculated from known feed concentrations and design
variables such as the molar stage cut, pressure ratio, and a
dimensionless permeation factor, which is related to the
membrane area. The simplified model of Pettersen and Lien”"
is suitable for multicomponent mixtures and can easily be
implemented in flow sheet calculations. In the Supporting
Information (section S2), we show that it is hard to achieve
99% purity for ethylene using commercial membranes. A purity
of 85—90% can be achieved with a single-stage membrane
process using a stage cut of around 0.5 and a pressure ratio of
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Figure 2. Two-step (tandem) CO,/CO electrolysis to value-added products. CO, is first converted to CO in a high temperature (e.g., SOEC) or
low temperature CO, electrolyzer. The unconverted CO, is removed from the product mixture using an amine absorber. The nearly pure CO is
converted to ethylene, ethanol, and acetic acid in a CO electrolyzer operated in a three-compartment configuration. The downstream separation of
the gases and liquids is similar to the single-step CO2R process. More details are provided in the text.

10. The purity can be increased by using a cascade of
membranes, but this will significantly increase the separation
costs. Therefore, we have decided to use adsorption for the
separation of ethylene from hydrogen with activated carbon as
adsorbent. A five-bed vacuum pressure swing adsorption
(VPSA) process was designed to recover ethylene with a
purity of >99%. The adsorption process was modeled at 25 °C
and 10 bar feed pressure. No feed pressurization was required,
since the pressure at the electrolyzer outlet is 10 bar. VPSA
processes include the following four basic steps: (1)
adsorption, where the feed enters the bed at the bottom and
nonadsorbed components leave at the top; (2) blow down,
where the bed is partly regenerated by releasing the pressure to
the atmosphere; (3) evacuation, where the bed pressure is
reduced further with a vacuum pump to achieve higher
regeneration levels; (4) and repressurization, where the bed
pressure is increased to a level similar to that in the adsorption
step. Often, one or more of these basic steps are included to
increase the performance of the process (ie., increase the
purity and/or recovery, decrease the energy costs, etc.). In our
process, three pressure equalization steps were used for the
separation of H, and ethylene. More details of the VPSA
process can be found in the Supporting Information (section
S3). The purities of ethylene and hydrogen were 99.5 and
97.5% at recoveries of 97 and 99%, respectively. Note that the
purity specifications for ethylene depend on the application.
For example, for polymerization processes at least 99.9%
ethylene is required, while other processes (e.g., vinyl acetate)
can tolerate higher concentrations of impurities. Therefore, the
ethylene stream from the adsorption unit might require some
polishing steps to remove traces of H, and other impurities.
These polishing steps are not included in the process design
and techno-economic evaluation.

The acetic acid stream from the center compartment is
flashed to separate CO,, which results from the protonation of
bicarbonate. Due to the operation in alkaline media,
(bi)carbonate is formed and transported through the anion
exchange membrane to react with the protons from the anode
to give water and CO, in the center compartment. We have
assumed that all hydroxide ions generated in the CO2R
process will be converted to (bi)carbonate; see the Supporting
Information (section S7) for more details. The liquid stream
from the flash contains around 20% acetic acid, which is
further purified in a hybrid liquid—liquid extraction followed
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by an azeotropic distillation process. It is well-known that
liquid—liquid extraction is the most economic method to
separate acetic acid from dilute streams (i.e., concentrations of
<30%).”” We have used ethyl acetate as the extracting solvent,
which is the industrial standard for acetic acid separation. The
extract containing acetic acid, ethyl acetate, and coextracted
water is fed to the azeotropic distillation column. In this
column, an azeotropic mixture of water and ethyl acetate is
obtained as distillate, while almost pure acetic acid is obtained
as bottoms. Water and ethyl acetate form a heterogeneous low
boiling azeotrope, which can be separated in a decanter into an
ethyl acetate rich stream (which is recycled to the extraction
column) and a water-rich stream, which is sent to the raffinate
treatment process (not shown). The liquid—liquid extraction
process was designed and modeled in Aspen Plus according to
the procedures outlined by Shah et al.”> The extractor was
modeled with the EXTRACT unit block in Aspen Plus and
operated at 25 °C and 1 bar. The number of stages and the
solvent flow in the extractor were optimized for an acetic acid
recovery of 99.0 wt %. The optimization was performed with
the constraint that the extraction factor should be between 1.5
and 2. For the design, the number of stages was set to 15 and a
solvent flow of 25000 kg/h was chosen. For more details on
the liquid—liquid extraction process, the reader is referred to
the Supporting Information (section SS).

The ethanol stream from the flash tank can be purified
further in an ordinary distillation column up to the azeotropic
point (95.6 wt % ethanol). If anhydrous ethanol is desired, an
additional step will be required to break the low boiling
azeotrope by, for example, azeotropic distillation, extractive
distillation, membranes, or adsorption. We will concentrate the
ethanol stream up to 99.9% using azeotropic distillation with
cyclohexane as the entrainer. The distillation column was
modeled in Aspen Plus using the RADFRAC unit block. The
distillation columns were optimized using two design
specifications: (1) the purity of the ethanol stream and (2)
the ethanol mass recovery. The reflux ratio and the bottoms
rate were varied to meet the design specifications. The Model
Analysis tool in Aspen Plus was used to optimize the number
of stages and the feed stage by reducing the reboiler duty. See
the Supporting Information (section S4) for the optimized
parameters of the distillation column.

The proposed process in Figure 1 was simulated, from which
the capital and operating costs of all the units (electrolyzers,
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absorbers/adsorbers, membranes, extraction and distillation
columns) were derived. More details are provided under
Economic Analysis of Value Chain.

Process Design for CO2R/COR to C, Products. The
design of the two-step (CO2R/COR) process is very similar to
the single-step CO2R process explained in the previous
section. The only difference is that the CO, electrolyzer in
the single-step process is replaced by a couple of CO, and CO
electrolyzers in the two-step process, as shown in Figure 2. In
the first electrolyzer, CO, is converted to CO, which is further
reduced in the second electrolyzer to C, products. Two cases
are considered for the conversion of CO, to CO: (1) low
temperature electrolysis and (2) high temperature electrolysis
using a SOEC. Recently, Kiingas et al.”* reviewed the
advantages and disadvantages of both technologies. The high
temperature SOEC process for CO production has a few
advantages over the low temperature process; i.e., the electric
power consumption of the SOEC is much lower, the Faraday
efficiency is higher (near 100%), the conversion of CO, to CO
is higher, the stability of the cell is higher and the degradation
rate is lower, the overpotentials are lower, and the technology
readinesss level (TRL) is higher (SOEC is nearly commercial).
It is important to note that the conversion of CO, in both
(high and low temperature) processes is less than 100%, which
means that a mixture of CO and unconverted CO, will be
obtained as product in the first electrolyzer. In the low
temperature process, the first electrolyzer is operated at high
pressures but in nonalkaline conditions to minimize the loss of
CO, due to bicarbonate formation. In the first electrolyzer, we
assume Faraday efficiencies of 95% for CO and 5% for
hydrogen at a current density of 300 mA/cm* and a cell
voltage of 2.5 V. Furthermore, we assume a CO, conversion of
50%.”° The small amount of hydrogen is neglected in the
process design (i.e., no downstream processing is designed for
the separation of hydrogen from CO and unconverted CO,).
The CO,/CO mixture from the first electrolyzer can in
principle directly be fed to the second electrolyzer, but initial
experimental results show that the presence of large amounts
of CO, in the mixture has a detrimental effect on the product
distribution.*®

Since the second electrolyzer is operated in alkaline
conditions, part of the CO, from the outlet of the first
electrolyzer would be converted to (bi)carbonate, compromis-
ing the usefulness of the two-step process. Therefore, in the
process design, we have decided to separate the CO, from the
CO,/CO mixture using amines. The captured CO, is recycled
to the first electrolyzer, while the almost pure CO is fed to the
second electrolyzer, which is operated at high pressure (10
bar) in a three-compartment configuration. We again assume
that only ethylene, ethanol, acetic acid, and hydrogen are
produced in the second electrolyzer. As explained earlier, the
FE, CD, concentration, and conversion of the COR process is
slightly higher than that of the single-step CO2R process. For
the base case of the COR process, we have assumed that
ethylene, ethanol, acetic acid, and hydrogen are produced at a
total CD of 750 mA/cm? with FEs of 50, 20, and 20, and 10%,
respectively. Clearly, the partial CD of the products in the
COR process is assumed to be higher than that in the CO2R
process. At these conditions and a conversion of 75%, the
outlet concentrations of ethylene, CO, and hydrogen are 31,
45, and 24 mol %, respectively. Furthermore, the concen-
trations of ethanol and acetic acid are 10 and 20% (w/w),
respectively. The concentrations of ethanol and acetic acid are

kept the same as in the CO2R process to reduce the (possibly
dominating) effect of the liquid separations on the overall cost.
Note that the concentration of acetic acid can be controlled
independently by the flow rate of water in the center
compartment. The concentration of ethanol depends on the
water supply rate at the cathode.

The purification steps for acetic acid and ethanol are the
same as in the single-step process. The separation of ethylene
from CO/H, is far more challenging than that from CO,/H,.
The reason for this is that CO and ethylene have very similar
kinetic diameters, diffusion properties, and adsorption
behaviors. Methods for CO separation, but not necessarily in
the presence of ethylene, can be found in the paper of Dutta
and Patil.”® Commercial membranes are not suitable for the
separation of CO and ethylene mixtures, because the CO/
ethylene selectivity is very low. Cryogenic separation is not
selected due to the high operating costs. Since the pressure is
relatively high, physical solvents such as Selexol and NMP,
which show relatively high ethylene solubilities and ethylene/
CO selectivities (~10), could be used. We will use adsorption
to separate ethylene from a CO/H, mixture. Many different
types of adsorbents have been reported for ethylene/ethane
separation, but adsorption studies on CO/ethylene separation
are scarce. Bachman et al.”” studied the adsorption of ethylene
from different gases including CO wusing metal—organic
frameworks (MOFs) and a commercial zeolite CaX, which
exhibited a relatively high ethylene/CO selectivity. However,
these adsorbents are expensive, in particular the MOFs, which
also have some stability issues in the presence of water. We
have selected activated carbon for the separation of ethylene
from the CO/H, mixture. A five-bed VPSA process was
designed to recover ethylene with a purity of at least 99%. The
adsorption process was modeled at 25 °C and 10 bar feed
pressure. The basic steps in the VPSA cycle are similar to the
one discussed for H,/ethylene separation in the previous
section. Here, we have used two pressure equalization steps
and a purge step to purify the ethylene stream. In the purge
step, partial ethylene product is pumped back into the
adsorption bed from the bottom before the blow down step
moving impurities up from adsorbents or void spaces for
obtaining a clean product in the following desorption step. The
purge gas amount is 63% of total ethylene desorption gas
amount. Note that in this case an additional compressor is
needed to pump ethylene from 1 bar (after vacuum pump) to
10 bar for purging the bed. The technical details of the VPSA
process can be found in the Supporting Information (section
S3). The five-bed VPSA system is able to recover 76% of the
ethylene with a purity of 99% (the remaining 1% is mainly
CO). It is not possible to obtain higher recoveries with the
current VPSA process with activated carbon as adsorbent.
Therefore, it is highly desired to develop better adsorbents for
CO/ethylene separation. The syngas-rich stream leaving the
adsorber contains around 10% ethylene, 31% hydrogen, and
59% CO. This ethylene containing syngas mixture can be
utilized on-site as a fuel, but it is better to recover the hydrogen
and to recycle the valuable reactant (CO) and product (C,H,)
to the electrolyzer. We have separated the C,H,/CO/H,
mixture with a polyimide membrane into a CO-rich stream
(including ethylene), which is recycled to the electrolyzer, and
a H,-rich stream, which can be used as fuel or purified further
for storage and transportation. The model of Pettersen and
Lien”" and the C,H,/CO/H, permeability/selectivity data
from Al-Rabiah et al.”’ were used to design the membrane
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process. The details of these calculations can be found in the
Supporting Information (section S2).

In the high temperature SOEC process, CO, is electro-
chemically converted at 700—850 °C to CO. In the absence of
water in the feed, the SOEC process does not produce
hydrogen as a byproduct. For the SOEC, we do not assume
Faraday efficiencies, current densities, and cell voltages, but we
compute the required power to convert 10 tons/h of CO,
directly from the energy consumption reported by Haldor
Topsoe (6 kWh/Nm® CO).** A high degree of conversion is
avoided in the SOEC process to limit carbon formation from
the Boudouard reaction. The concentration of CO at the exit
of the SOEC is typically between 20 and 80 wt %, which
corresponds to conversions of approximately 30 and 85%,
respectively. In the Haldor Topsoe process, the CO, is
captured from the CO,/CO mixture using PSA and recycled
back to the SOEC. In the process design, we will assume a CO,
to CO conversion of 75%, which is higher than that of the low
temperature CO2R process. As mentioned earlier, a mix of
CO, and CO has a possibly negative effect on the product
distribution, FEs of C, products, and CO, utilization efficiency.
For this reason, the CO,/CO mixture from the SOEC will be
purified before feeding to the COR process. We have used
absorption with amines to remove the CO, from the CO,/CO
mixture, because the CO, partial pressure is relatively low as
the SOEC is operated at atmospheric pressures. The captured
CO, is recycled back to the SOEC, while the pure CO is
reduced in the second (low temperature) electrolyzer to C,
products. This electrolyzer is operated at high pressure and
alkaline conditions in a three-compartment configuration. The
remaining steps and assumptions are the same as in the low
temperature electrolysis process. An advantage of the high
temperature SOEC process is that the excess heat can be
integrated with the ethanol and/or acetic acid distillation
columns.

B ECONOMIC ANALYSIS OF VALUE CHAIN

To assess the potential of CO2R and COR to ethylene, a
detailed economic analysis of the full value chain, including
CO, capture, electrochemical conversion, reactant recycling,
and product separation has been performed. Two cases have
been considered for the conversion of CO, to ethylene. In the
first case, CO, is directly converted to ethylene in alkaline
media (i.e., the single-step process). In the second case, CO, is
first converted in acidic or neutral conditions to CO, which is
subsequently converted to ethylene (i.e., the two-step
(tandem) process). The estimation of the capital and operating
costs of all components in the value chain involve some degree
of uncertainty. To take this variability into account, a
sensitivity analysis will be performed to investigate the effects
of different parameters on the process economics. For the base
case, we will use the currently best available estimates for the
cost components. In case of lacking data, we will estimate the
costs based on closely related processes (e.g., water
electrolysis). The base case will be supplemented with two
additional (worst and best case) scenarios. In the following, we
will shortly discuss some of the parameters (CO, price,
electricity price, CAPEX and OPEX of CO, electrolyzers, and
product selling price) that significantly effect the cost analysis.

Base Case Assumptions. For the price of CO,, we have
used the Sherwood (cost versus concentration) correlation of
Bains et al.:”®

Iogm[cost/($/kg)]
= —0.5558 logm[mole fraction of CO,] — 1.8462 )

This correlation is based on cost data for different gas
capture technologies (NO,, SO,, and CO,) calculated with the
Integrated Environmental Control Model (IECM) by Rubin.
The correlation of Bains et al.”® accounts for CO, capture costs
including CAPEX and OPEX, but it excludes costs related to
compression, transportation, and storage. To decouple the
CAPEX and OPEX costs, we have assumed a CAPEX to
OPEX ratio of 25% to 75% (i.e., 25% of the cost ($/kg) is due
to CAPEX and 75% is due to OPEX). The cost of CO, capture
can be calculated once the CO, concentration in the feed is
known (the higher the concentration the lower the capture
cost). For CO, capture from flue gas with 10% CO,, the
correlation predicts a cost of around $50/ton, which is in good
agreement with costs reported for commercial scale processes
(e.g, Boundary Dam and Petra Nova®). In our process design,
CO, is captured from a biogas plant with a concentration of
40% CO,, which results in a CO, capture cost of ~$25/ton.
The concentration of CO, in the product mixture, hence the
cost of recycling, depends on the conversion in the
electrolyzer. We assumed that all CO, reacted to (bi)carbonate
is recovered in the three-compartment cell and recycled to the
process. Finally, we note that the effects of carbon taxes or
credits, and other climate change policies on the CO, price,
were not considered in the techno-economic analysis.

The electricity price has a huge influence on the cost of
power-to-X processes, including CO, electrolysis to chemicals
and fuels. It is crucial to use electricity from renewable energy
sources to have a significant impact on the CO, emissions.
Using electricity generated from an energy mix with a high
carbon intensity will compromise the usefulness of power-to-X
concepts. Before the COVID-19 pandemic, the wholesale
prices of electricity in Europe were between $40/MWh and
$50/MWh, which decreased to $20/MWh just after the
COVID-19 outbreak, but the prices are now bouncing back to
the old level.'”” For most European countries the share of
renewable energy is still relatively low, but it is expected to
increase rapidly. However, the cost of electricity (COE) in
countries that do have a high share of renewables in the energy
mix (e.g, Scandinavian countries) is similar to the COE in
countries with a low degree of renewable energy sources. A few
conclusions can be derived from this observation: (1)
renewable energy sources such as solar and wind are already
competitive with conventional (fossil-based) electricity gen-
eration technologies; (2) the high share of renewables does not
necessarily lead to lower electricity prices, because the cost is
also determined by other factors (e.g, taxes and levies, market
competition, environmental policies and regulation, supply and
demand, etc.); and (3) in the short term it will be very
challenging to have an electricity price lower than $20/MWh.
Recently, the U.S. Energy Information Administration
(EIA)'"" and Lazard'®® estimated the levelized cost of
electricity (LCOE) from renewable sources (wind and solar)
to be around $30/MWh. It is important to realize that
electricity prices have a huge impact on the economics of
power-to-X concepts, because the operating cost is typically
dominant. In the techno-economic analysis, we do not
consider operating the process in an intermittent mode (e.g.,
running the process only during off-peak hours when the
electricity price is low or negative). It is very unlikely that large
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scale CO, electrolyzers will be operated on a discontinuous
basis due to the very high capital cost of these processes, which
will result in an extremely high payback time. For the base case
of the techno-economic analysis, we will assume an electricity
price of $25/MWh. The operating costs of the low
temperature CO, or CO electrolyzers were computed from
the power consumption:

b =iav o
where P; is the power required to produce component j, j; is
the partial current density for component i, A is the electrode

area, and V is the cell voltage. The electrode area (A) required
to convert 10 tons/h of CO, was estimated from

Ao Neo,
(i/F) X _Vj(FEj/"j) 4)

where Nco, is the mole flow of CO,, i, is the total current

density, F is the Faraday constant, FE; is the Faraday efficiency
for component j, n; is the number of electrons involved in the
CO2R (12, 12, and 8 for ethylene, ethanol, and acetic acid,
respectively), and 2; is the stoichiometric number of CO, in
the respective. CO2R (=2 for ethylene, ethanol, and acetic
acid), where the convention is used that reactants have a
negative stoichiometric number.

The operating cost of the high temperature SOEC unit was
derived from the total energy consumption (6—8 kWh/Nm?®
CO) reported by Haldor Topsoe for CO, electrolysis to CO. A
value of 6 kWh/Nm?® CO was used in the economic analysis.
The operating cost can then be determined from the required
amount of CO, corresponding to the conversion target of 10
tons/h CO,, and the electricity price. We have assumed that
the total energy consumption includes the electrical and
thermal energy demands of the SOEC but excludes the energy
required for the downstream separation. The energy/cost
required for CO, separation from the CO product was
obtained from the correlation of Bains et al.”®

It is difficult to estimate the capital cost of CO,/CO
electrolyzers, because there are currently no large scale CO,/
CO electrolyzers available on the market. For this reason, we
have estimated the capital cost by comparison with related
electrolysis processes. In Table 1, we estimated the capital

Table 1. Capital Costs of Water Electrolyzers, Chlor-Alkali
Process, and Aluminum Smelters

parameter unit AEC SOEC chlor-alkali ~ aluminum
cell voltage A% 2.0 1.5 3.0 4.5

CD mA/cm? 600 850 500 1000
power kW/m? 12 13 15 45
CAPEX $/kW 650 1,250 2,000 2,500
CAPEX $/m? 7,800 15938 30,000 112,500

costs of water electrolyzers (alkaline and SOEC), the chlor-
alkali process, and aluminum smelters. For the water
electrolyzers, we have used target current densities and capital
costs per kilowatt reported by Hydrogen Europe.'”> The
capital cost of the chlor-alkali process was estimated in our
previous work.” Data for aluminum electrolyzers have been
taken from the literature.'”*™'%® Using typical values for the
current density and operational voltage of the processes, we
have converted the capital cost per unit of power ($/kW) to a
capital cost per unit of electrolyzer area ($/m>). For low

temperature CO, or CO electrolyzers, we have assumed a
capital cost of $20,000/ m?, which lies between the SOEC and
chlor-alkali capital costs. In the absence of commercial scale
units, we feel that this cost of merit is justifiable considering
the similar complexities and operating conditions of these
processes. For the SOEC, we have used a projected cost of
€1250/kW reported by Hydrogen Europe.'®’

The capital and operating costs of the ethanol and acetic
acid distillation columns were calculated by Aspen Plus. As
utilities, cooling water, low pressure steam, and medium
pressure steam were used at a cost of $1.5/G]J, $6.0/G]J, and
$8.0/G]J, respectively. The capital cost of the extractor was
estimated with the correlations from Woods.'”” The operating
cost of the extractor was neglected, because this is typically
very small compared to the solvent recovery (acetic acid
distillation) column. The capital cost of the five-bed VPSA
process was estimated according to the guidelines provided by
Woods.'”” The operating cost of the VPSA process is mainly
determined by the power consumption of the vacuum pumps
and/or compressors. The power input (W) for adiabatic
vacuum pumps and compressors for ideal gas can be estimated
from

(r=1/r
W= (nf/m(Ll]RTl [5] 1
y 3

' (s)
where n; is the mole flow, 7 is the compressor/pump efficiency
assumed to be 0.7, y = Cp/Cy is the adiabatic expansion
coefficient, R is the ideal gas constant, T, is the inlet
temperature, and P,/P, is the pressure ratio. The capital
costs of the vacuum pump and the compressor were estimated
from the correlation of Luyben.'"!

The capital costs of the membrane units were estimated
using a skid price of $500/m? membrane area. This cost is
based on the works of Baker et al."'” and includes the cost of
membrane modules, module housing, valves, instrumentation,
piping, and frame structures. The cost of compressors is not
included in the turnkey skid price, but in our process design
compressors are not required, since the electrolyzer is operated
at high pressure. The required membrane area for the different
gas separations was calculated from the countercurrent hollow
fiber model of Pettersen and Lien.”' The details of all these
calculations are provided in the Supporting Information
(section S2).

The selling prices of products can have a huge effect on the
economic analysis. The prices assumed here are based on the
European market, which can be very different from U.S. or
Middle East prices. For example, the price of ethylene in
Europe ($1,200/ton) is almost twice the U.S. price of ethylene.
The same holds for the prices of other products such as
ethanol and acetic acid, which can differ strongly depending on
the region. Therefore, the competitiveness of the electro-
chemical process will highly depend on the region and market
conditions. Also, the grade of the products can have a
significant influence on the price. Here, we have designed the
downstream process to produce absolute ethanol (>99.5%)
and glacial acetic acid (>99.5%), which have much higher
market prices compared to the lower grades of the products.
Note that the byproduct hydrogen is purified up to 99%, which
can be sold to conform to the market price ($1,000/ton). The
value of oxygen produced at the anode in the electrolyzers is
not taken into account in the economic analysis. However, in
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the system integration section, we provide guidelines how the
produced oxygen can be utilized. Furthermore, we do not
consider any premium pricing for the carbon-neutral products.
It is obvious that any carbon credits will have a positive impact
on the economics of CO, utilization processes.

Financial Assumptions. The profitability of a process is
often judged on the basis of the payback time (PBT), the
return on investment (ROI), or the discounted cash flow, also
referred to as the net present value (NPV) approach. Here, we
will employ the NPV criteria to evaluate the economic
feasibility of the single-step or two-step CO2R/COR
processes. The NPV is calculated by taking the sum of the
discounted cash flows over the lifetime of the process:

i=n C
p— (1 + ir)" (6)

where C, is the initial investment, C, is the cash flow, n is the
year, and ir is the interest rate. We assumed a nominal interest
rate of 5% and an income tax rate of 25%. The straight line
depreciation method was applied over a depreciation period of
10 years using a salvage value of 10% of the total capital
investment at the end of plant life. The working capital was
assumed to be 5% of the capital investment, which was
recovered at the end of the project. The total CAPEX was
calculated as the sum of the capital cost of all units. The yearly
profit was calculated from the revenues generated by selling the
products minus the annual OPEX of the process. In the
economic analysis we have assumed that 1% of all products are
lost in the downstream separation process. The lifetime of the
process was assumed to be 20 years with 8000 h/year of
operation.

Economic Analysis for CO2R to C, Products. In this
section, we will present the results of the economic analysis for
the single-step CO2R process to C, products. In Table 2, the

Table 2. Capital and Operating Costs of the Single-Step
CO2R Process

step CAPEX/$M OPEX/($M/year) CAPEX/% OPEX/%

CO, capture 9.5 14 S.3 4.7

CO, recycling 7.3 11 4.0 3.6

LT CO, 146.2 25.6 81.1 84.1
electrolyzer

C,H, 1.8 0.01 1.0 0.0
separation

ethanol 7.1 0.7 3.9 2.3
separation

acetic acid 8.4 1.6 4.7 53
separation

total 180.2 304 100.0 100.0

capital and operating costs of all the major units are presented.
The total capital cost and the operating cost of the CO2R
process are around $180M and $30M/year, respectively. A
breakdown of the CAPEX and OPEX is also shown in Table 2.
It is interesting to see that the share of the CO, electrolyzer in
the CAPEX and OPEX is >80%. Despite the difficult
separations, the downstream processing costs are relatively
low compared to the electrolyzer costs. The revenues
generated from selling the products is approximately $36M/
year. The NPV of the CO2R process is negative, and the
payback time is higher than the operational lifetime of the
plant. Therefore, the CO2R process is not profitable under the

base case conditions considered here. It is clear that the
CAPEX and OPEX of the CO, electrolyzer need to be reduced
drastically to make the process profitable. For the CAPEX this
means that a higher current density is required or the capital
cost per electrolyzer area ($/m”) needs to be reduced. To
reduce the OPEX, the power requirement (i.e., the cell
voltage) should be reduced or the electricity price should drop
significantly.

In Figure 3, a sensitivity analysis is performed to show the
effects of cell voltage, electricity price, product price, current

Best case [ Capital cost
B Worst case
I Elec. price
— Voltage
Product price
|
I Current density
1 1 1
200 -150 -100 -50 0

Net present value / (S millions)

Figure 3. Sensitivity analysis of NPV for the single-step CO,
reduction to C, products. Base case parameters: electrolyzer capital
cost, $20,000/m?; electricity price, $25/MWh; cell voltage, 3.5 V;
product price $1,200/ton, $800/ton, $800/ton, and $1,000/ton for
ethylene, ethanol, acetic acid, and hydrogen; current density, 500
mA/cm?; and base case NPV, —$97M. The best case and worst case
scenarios represent an increase or decrease of the base case
parameters by 25%.

density, and electrolyzer capital cost on the economics. It is
clear that the product price and the electricity price have a
strong influence on the economics. A positive NPV can be
obtained by reducing the cell voltage to 2.0 V, or by lowering
the capital cost of the electrolyzer to <$3,000/m?, or by using
an electricity price of <$15/MWh, or by increasing the selling
price of all the products by 35%. All these individual targets are
very hard to achieve, but the economics can be improved
significantly if progress is made on all fronts. For example, the
NPV of the process increases to $38M and a payback time of
13 years is achieved for a cell voltage of 3.0 V, an electricity
price of $20/MWh, and a capital cost of $10,000/m> For the
economics, it is important to have a high C, selectivity, not
necessarily a high ethylene selectivity, because all the CO2R
products are valuable and can be sold (after separation) for a
relatively high price. To understand this, in Table 3, we have
computed the value of 1 mol of supplied electrons (V,) based
on the required number of electrons and the market price of
the products:

PM,,
V= )

where V, is in ($/mol of electrons), P, is the market price of
the product in ($/g), M, is the molecular weight in (g/mol),
and n is the mole of electrons required to produce 1 mol of
product.

The values of V, for ethylene, ethanol, acetic acid and
hydrogen are $2.8 X 1073/mol of electrons, $3.1 X 10~3/mol

of electrons, $6.0 X 1073/mol of electrons, and $1.0 X 1073/
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Table 3. Value of 1 mol of Electron Input Based on Market Price of the Components

component n/(e/mol) M,,/(g/mol)
C,H, 12 28.05
ethanol 12 46.07
acetic acid 8 60.05
hydrogen 2 2.01

“Prices are based on www.icis.com and www.echemi.com.

price”/($/ton) V, X 1,000/($/e)
1,200 2.8
800 3.1
800 6.0
1,000 1.0

mol of electrons, respectively. From this we can conclude that
both ethanol and acetic acid are more valuable than ethylene
per electron input. On the other hand, hydrogen is almost 3
times less valuable than ethylene. Hence, the coproduction of
ethanol and acetic acid will not have a negative impact on the
economics of the ethylene process, but hydrogen production
should be minimized. In other words, the economics of the
ethylene process will not be affected if the sum of the FEs for
the C, products are high (i, a relatively low FE for
hydrogen). However, we note that an increase in the FE for
ethylene will likely cause a decrease in the FEs of acetic acid
and/or ethanol and vice versa. In general, a high FE toward a
single product will reduce the separation costs, but the cost
reduction will be marginal, because the contribution of the
downstream processing to the overall cost is relatively low.
This conclusion is somewhat different from those of previous
studies,””** which showed a strong dependence of the ethylene
price on the FE of ethylene. The main reason for the
apparently conflicting conclusion is due to the underlying
assumption for the product distribution. Most of these studies
assumed ethylene as the only CO2R product with hydrogen as
the byproduct. In this case, a decrease in the FE of ethylene
automatically results in an increase in the FE of hydrogen. This
will affect the economics, because (1) hydrogen is less valuable
than ethylene per electron input and (2) often no value is
given to the produced hydrogen. In our case, a decrease in the
FE of ethylene can be compensated by the increase in the FEs
for ethanol and/or acetic acid, while keeping the FE of
hydrogen constant. Finally, we note that it is currently not
possible to only produce ethylene, since ethanol and acetic acid
are coproduced on Cu catalysts. Current research is mainly
dedicated to optimizing the catalyst, process conditions, and
reactor design for a better selectivity, but there is much to be
gained from an optimized separation train. Given the limited
number of catalysts that can produce hydrocarbons and the
complex multielectron transfer reactions involved, we feel that
CO2R or COR to multicarbon products will always yield a
mixture of different components. For this reason, it is
important to develop efficient downstream processes tailored
for the separation of CO2R or COR products.

Economic Analysis for CO2R/COR to C, Products. In
this section, we will present the results of the economic
analysis for the two-step CO2R/COR process to C, products.
The low temperature CO, to CO process will be discussed first
and then the high temperature SOEC process. In Table 4, the
capital and operating costs of the low temperature process for
CO, reduction to CO followed by CO electrolysis to C,
products are presented. The total CAPEX and OPEX of the
low temperature two-step process are around $181M and
$25M/year, respectively. The electrolyzers contribute approx-
imately >75% to the total CAPEX and OPEX. Revenues
generated from selling the products are similar to those in the
single-step CO2R process ($36M). The NPV of the low
temperature two-step process is negative, which means that the

17872

process is not profitable under the base case scenario.
However, a positive NPV can be obtained by setting the cell
voltage of both electrolyzers to 2.0 V, or by using a capital cost
of $10,000/m? for both electrolyzers, or by using an electricity
price of $15/MWh. Simultaneously reducing the cell voltage of
the COR process (2.5 V), the electricity price ($20/MWh),
and the capital cost of both electrolyzers ($10,000/m?) yields a
NPV of $67M and a PBT of 10 years. These results show that
only slight improvements, but at all fronts, are required to have
an economically feasible process.

In Table S5, the capital and operating costs of the high
temperature CO2R to CO followed by the low temperature
COR process are presented. The total CAPEX and OPEX of
the process are around $130M and $24M/year, respectively.
Again, the CAPEX and OPEX of the CO, and CO
electrolyzers have a high share in the total costs. The income
from selling the products is approximately $36M. The process
has a positive NPV under the base case scenario, but the
payback time is 20 years. The NPV increases to $46M (PBT of
13 years), $41M (PBT of 14 years), and $28M (PBT of 15
years) by individually changing the cell voltage to 2 V, using an
electricity price of $20/MWHh, and lowering the capital cost of
the CO electrolyzer to $10,000/m? respectively. A NPV of
$79M and a PBT of 9 years are obtained by simultaneously
reducing the cell voltage (2.5 V), the electricity price ($20/
MWh), and the capital cost of the CO electrolyzer ($10,000/
m?). In Figure 4, a sensitivity analysis is performed to show the
effects of different parameters on the economics. Again, the
product price and electricity price seem to have a huge effect
on the economics. It is clear that the high temperature two-

Best case [ Capital cost
B Worst case
] Elec. price
I Voltage
Product price
I
[ | Current density
1 1 1

-100 -50 0 50 100
Net present value / ($ millions)

Figure 4. Sensitivity analysis of NPV for the two-step CO,/CO
reduction to C, products. Base case parameters: electrolyzer capital
cost, $20,000/m* for CO electrolyzer and $1,250/kW for SOEC;
electricity price, $25/MWh; cell voltage, 3.0 V; product price $1,200/
ton, $800/ton, $800/ton, and $1,000/ton for ethylene, ethanol, acetic
acid, and hydrogen; current density, 750 mA/cm? and base case
NPV, $4.5M. The best case and worst case scenarios represent an
increase or decrease of the base case parameters by 25%.
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step process is more profitable than the low temperature two-
step process and the single-step CO2R process. The two-step
process, in particular the high temperature route, has better
technical and economic feasibility compared to the single-step
route due to a higher TRL, lower capital cost and operating
cost, and higher conversion efficiency and selectivity for C,
products.

In summary, neither the single-step nor the two-step process
is profitable under the base case scenario considered here, but
the economics can be improved significantly by reducing the
cell voltage, the capital cost of the electrolyzers, and the
electricity price. A cell voltage of 2.5 V, a capital cost of
$10,000/m?, and an electricity price of $20/MWh will yield a
positive NPV and a payback time of less than 15 years for all
three conversion processes studied here. Therefore, improve-
ments at all fronts are required to have an economic feasible
process that can be scaled up. Future studies should focus on
the reduction of the CAPEX and OPEX of the electrolyzers,
because these account for >75% of the total cost. Furthermore,
we have provided guidelines to separate the complex gaseous
and liquid products using currently best available technologies.
We have shown that it is not necessary to have a high FE for a
single CO2R product (e.g, ethylene), since the coproduced
chemicals are also valuable and can be recovered at a relatively
low cost. Our analysis shows that the high temperature two-
step tandem process is currently the best technology to
produce C, products. This is in agreement with the
conclusions of a number of recent studies.'®*>>"**

We have already discussed a couple of options to improve
the economics of CO2R or COR to C, products. Most of these
options require significant technological and/or manufacturing
advancements in terms of catalyst/materials development to
improve FEs and CDs, reduce cell voltages, reduce power
requirements (lower electricity prices), and reduce capital costs
of electrolyzers. An interesting way to improve the economics
of the overall process is to couple the CO2R/COR at the
cathode with an oxidation reaction at the anode that produces
a more valuable product than oxygen. Verma et al.'"> showed
that the coelectrolysis of CO, and glycerol can reduce the
electricity consumption by 33%. Recently, Khan et al.''*
demonstrated that the cost of CO2R to ethylene can be
reduced by 80% when combined with glycerol oxidation at the
anode to produce glycolic acid. These coelectrolysis concepts
are very promising, but they will require simultaneous
optimization of both reactions, and strategies to prevent
product crossover and recovery of products. A more appealing
approach to improve the economics is by smart system
integration where the CO2R/COR electrolyzer is embedded
into an existing manufacturing process. System integration can
significantly reduce the CAPEX and OPEX costs of upstream
and downstream processes and does not require any additional
technological advancement other than catalyst stability.
Recently, Barecka et al.''’ showed that it is economically
viable to integrate the CO2R unit into an existing ethylene
oxide (EO) plant, which had a payback time of 1—2 years in
regions with low electricity prices and high carbon taxes. We
believe that system integration will play a crucial role in the
acceptance and scale-up of CO,/CO electrolyzers. An example
of such an integration was recently presented by van Bavel et
al,'"> who discussed the integration of CO, electrolyzers into
gas-to-liquid (GTL) and power-to-liquid (PTL) processes.

In the following, guidelines and strategies are presented to
smartly integrate CO,/CO electrolyzers into the existing oil

and gas infrastructure. Such an integration will be beneficial in
the transition period to avoid the high cost associated with
stranded assets.

B INTEGRATION OF CO,/CO ELECTROLYZERS

As explained earlier, it is very unlikely that CO,/CO
electrolyzers will operate on a standalone basis, because (1)
the required feedstocks (e.g, CO, and electricity) should be
available from nearby sources to minimize logistics costs and
(2) a range of difficult to handle (gaseous and liquid) products
are obtained which requires a costly infrastructure for further
processing, storage, transportation, and distribution. Note that
difficult to condense or toxic molecules are often directly used
on-site at a chemical plant to minimize storage/transportation
costs and environmental and safety issues. For these reasons,
CO,/CO electrolyzers should be integrated into the existing
infrastructure, which has been unrolled in the past century for
the oil and gas industry around the globe. In the following, the
best strategies for system integration are analyzed on the basis
of feedstock requirements, distribution of products, and
process conditions. Considering the feedstocks, CO,, clean
water, and renewable electricity, it would be beneficial to
integrate the electrolyzer with readily available CO, streams
and renewable energy sources (e.g, solar or wind). The
products of CO,/CO electrolysis to C,, products are typically
ethylene, acetic acid or ethanol, and oxygen. The aim is to
avoid storage and transportation of ethylene by directly
converting it to desired easy to handle (liquid) products.
Therefore, one option is to integrate the CO, electrolyzer into
processes that use ethylene as feedstock. Ethylene is mainly
used to produce a range of intermediates for the polymer
industry, e.g, polyethylene (59%), ethylene oxide (13%),
ethylene dichloride (13%), ethylbenzene (7%), and others
(8%).

In Table 4, a selection of ethylene-based processes and their
operating conditions are reported. The most obvious solution

Table 4. Typical Reaction Conditions of Ethylene-Based
Processes”

product P/bar T/°C reactants
polyethylene 1500—-3500  >160 ethylene
ethylbenzene 40 <289 ethylene, benzene
ethylene oxide 10-30 200—300  ethylene, oxygen
ethylene <$ 85-200 ethylene, chlorine

dichloride
ethyl acetate 10 180 ethylene, acetic acid
vinyl acetate 5-12 120—180  ethylene, acetic acid,
oxygen

acetaldehyde 4 130 ethylene, oxygen
2-ethoxyethanol 15 150—200  ethylene oxide, ethanol
diethyl ether <S50 <150 ethylene, ethanol
ethanol 50—-80 300 ethylene, water

“Data taken from refs 116 and 127—134.

would be to integrate the CO,/CO electrolyzer into an existing
ethylene plant which already has an infrastructure for reactant
and product handling. For example, most ethylene plants have
a gas removal (CO, capture) section and a downstream section
to purify ethylene. Additionally, the byproduct hydrogen could
easily be used on-site in a refinery, reducing the costs of
compression, storage, and transportation. Eliminating the CO,
capture step and some downstream units will significantly
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improve the economics of the electrolysis process. However,
based on the product distribution of CO,/CO electrolyzers
and the required reactants and conditions for the processes in
Table 4, it is probably better to integrate the electrolysis
process within a vinyl acetate (VA) plant. To understand why
this is the ideal integration, it is important to first discuss the
VA process. VA is produced via the exothermic reaction of
ethylene, acetic acid and oxygen over a palladium catalyst:

C,H, + CH,COOH + 0.50, —» C,H,O, + H,0  (s)

In Figure S, a typical process flow diagram of a vinéyl acetate
plant integrated with a CO, electrolyzer is shown.''® The VA
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Figure S. Integration of a CO, electrolyzer into the vinyl acetate (VA)
process. CO, produced in the VA process or from other sources are
fed to the electrolyzer, which produces ethylene and acetic acid at the
cathode and oxygen at the anode. These electrolysis products,
together with the unconverted CO,, are mixed in the vaporizer and
fed to the high pressure reactor, which operates at 120—180 °C and
5—12 bar. After the reaction mixture is cooled, the gaseous and liquid
streams are separated. The gaseous stream is washed to remove traces
of liquid products (washing step not shown) and sent to a CO,
capture unit, which removes additional CO, produced in the reactor
due to overoxidation of ethylene. The liquid products from the
separator is fed to the azeotropic distillation column, where acetic acid
is recovered as bottoms and recycled back to the vaporizer. The
azeotropic mixture of vinyl acetate and water azeotrope leaves the
column as tops and is condensed in a decanter into a VA-rich stream
and an aqueous stream. Both streams might be purified further, but
this is not shown in the diagram.

process involves the following steps: feed preparation, reaction,
phase separation, gas washing and recycling, and product
distillation. In the feed preparation step, fresh ethylene, acetic
acid, and recycled feed materials are mixed in a 2—3:1 mole
ratio of ethylene to acetic acid and preheated to a temperature
of 120—180 °C. This mixture is diluted with (recycled) CO,
(10—30%) to control the exothermicity and explosive limits in
the reactor. In a next step, up to 0.5 mol equivalent of oxygen
relative to acetic acid and some catalyst promoter (potassium
acetate) are added in the stream just before the high pressure
reactor. The reactor is operated between S and 12 bar, but the
conversion of reactants is relatively low due to the low
residence time in the reactor to prevent overoxidation. In a
subsequent step, the reaction mixture is phase-separated into a
gaseous stream mostly containing the unconverted reactants,

an organic-rich phase containing the liquid (by)products, and a
water-rich phase. The gas stream is treated in a washing
column (not shown in Figure S) to remove traces of acetic acid
and (by)products. After the washing step, part of the ethylene
and CO, mixture is recycled to the feed preparation unit and
another part is sent to a CO, scrubber to remove excess CO,
formed due to side reactions in the reactor. The organic-rich
phase, containing 20—40% vinyl acetate, >50% acetic acid, 6—
10% water, and small amounts of byproducts (e.g, ethyl
acetate), is sent to an azeotropic distillation column. VA and
water form a low-boiling heterogeneous azeotrope and leave
the column as distillate, while acetic acid is recovered as
bottoms and recycled back to the feed preparation step. The
distillate is condensed into a water-rich stream and a vinyl
acetate rich stream, which is further purified in a product
distillation column (not shown in Figure 5).

The integration of the CO,-to-ethylene electrolyzer into the
VA process is ideal, because (1) the electrolyzer produces
ethylene and acetic acid in a ratio similar to that desired in the
VA process; (2) the gas stream from the electrolyzer contains
ethylene and unconverted CO,, which can directly be fed to
the VA process; (3) the pure oxygen produced at the anode
can be used in the VA reactor, which eliminates the need for an
air separation unit; (4) the excess CO, and water produced in
the VA process can be utilized in the CO, electrolyzer; (5) the
VA process already has CO, capture and distillation units,
which will simplify retrofitting of the CO, electrolyzer; and (6)
multiple gaseous feedstocks are converted to a single relatively
easy to handle liquid product, which simplifies storage and
transportation. Furthermore, it is beneficial to operate the
electrolyzer at slightly elevated temperatures and pressures to
match the conditions of the VA process. In addition, the
current density and CO, conversion in the electrolyzer are
higher for elevated temperature and pressure conditions.
Furthermore, it is beneficial to use a three-compartment
alkaline CO, electrolyzer, since acetic acid and not acetate is
required as feedstock in the VA process.

In the previous integration example, we have assumed that
acetic acid is the main byproduct of CO2R. However, it is clear
that the system integration will be different for ethanol as the
main byproduct, but the strategy is again to convert ethylene to
some liquid products. In Table 4, different options for
integrating the CO,/CO electrolyzer into ethylene- or
ethanol-based processes are provided. The first option is to
convert ethylene to ethylene oxide, which can subsequently be
reacted with ethanol to produce 2-ethoxyethanol. The second
option is to react ethylene and ethanol to produce diethyl
ether. The third option is to convert ethylene to ethanol, but
this route seems to be economically less attractive compared to
the fermentation process. Of course, ethylene can be
transformed to any other products mentioned in Table 4 but
not involving ethanol in the reaction. In the latter case, two
liquid products will be produced in the integrated process,
which is not an issue as long as the existing infrastructure can
be used.

The above proposed integration is based on the assumption
that CO, is the reactant (i.e., single-step CO2R), which results
in a CO, and ethylene mixture for conversions lower than
100%. However, in the two-step process (i.e, CO2R/COR),
CO is the reactant, which will yield a mixture of CO and
ethylene for incomplete conversions. An option in this case is
to integrate the CO electrolyzer into a propionic acid plant for
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the hydrocarboxylation of ethylene according to the
reaction' !’

C,H, + CO + H,0 — CH,CH,COOH 9)

One of the main byproducts in COR is ethanol, which can be
converted with ethylene and CO to ethyl propionate by
essentially replacing water by ethanol in eq 9. Clearly, the
system integration will be affected by the choice of the
conversion process (ie, CO2R or COR) and the formed
byproducts.

For the system integration, we have selected processes on
the basis of the typical product distributions of CO2R and
COR electrolyzers, the reaction temperature and pressure
conditions, and the required reactants. However, the
integration might also depend on the location, the availability
of feedstocks, the desired purity of products, the operational
flexibility and reliability of renewable energy based processes,
and the costs of retrofits. Since there are a couple of options for
system integration, the ultimate decision can only be made
after a detailed techno-economic analysis of the fully integrated
system, which is beyond the scope of the current work.
Nevertheless, we hope that the basic strategies presented here
will help to accelerate the commercialization of CO,/CO
electrolyzers. Furthermore, the strategies presented here are
also applicable to other gaseous CO, electroreduction products
such as CO and methane. It is clear that decentralized
production of gaseous products will bring additional expenses
for transport and storage, which can be avoided when CO,
electrolyzers are smartly integrated into the existing infra-
structure. Such an integration will be crucial for the large scale
implementation of power-to-X concepts including CO,
electrolysis to value-added products. In the next section, we
present a list of current barriers that impede scale-up and
commercialization of CO, electrolyzers. These barriers were
partly derived from the carbon capture and storage (CCS)
field,"'*~"** but they alp}gly equally well to carbon capture and
utilization (CCU)'**~"*> and were partly identified during the
Energy-X workshop “research needs: toward sustainable
production of fuels and chemicals” in Brussels (Belgium).'*®

B BARRIERS FOR INDUSTRIALIZATION OF CO,
ELECTROLYZERS

Often, it takes a lot of effort, time, and persistence to replace
well-established (fossil fuel based) processes with new
(renewable energy based) technologies. To accelerate the
implementation of CO, electrolyzers in the chemical industry,
the following barriers need to be addressed.

1. Lack of upstream and downstream processing studies:
The effect of impurities in the reactants and products has rarely
been investigated, but it is well-known that upstream and
downstream purification steps can account for >30% of the
total costs. It is obvious that the feedstock costs will be
significantly higher if ultrapure CO, and water are required in
the electrolysis process.

2. Lack of system integration studies: As explained earlier, it
is very unlikely that CO, electrolyzers will operate on a
standalone basis due to the lack of infrastructure. It is better to
integrate CO, electrolyzers into the existing fossil fuel based
infrastructure. However, it is currently unclear how to retrofit
CO, electrolyzers into chemical processes.

3. Lack of process design and techno-economic feasibility
studies: It is important to consider the economics of a new
technology in an early stage of the development process to

assess the competitiveness, select the most promising
alternatives, and identify research and development gaps.

4. Lack of scale-up studies: For new technologies, it is
common practice to first run long-term pilot scale experiments
before implementing on a commercial scale. To assess the
feasibility of CO, electrolysis at an industrial scale, it is
important to move from lab to pilot scale.

S. Lack of infrastructure: Power-to-X concepts such as CO,
electrolysis require an infrastructure for the feedstocks (e.g,
renewable energy and CO,) and products. The lack of such an
infrastructure is a significant barrier for scale-up and
industrialization of CO, electrolyzers.

6. Lack of funding opportunities: Development of new
technologies requires a high up-front investment, which is one
of the main hurdles for start-up companies to bringing the
product on the market. This initial investment should come
from fund-raising, because major companies are typically
reluctant to invest in low TRL technologies.

7. Lack of regulations and policy incentives for large scale
CCU projects: Currently, it is extremely difficult for CCU
processes to economically compete with the fossil fuel based
counterparts. In the absence of direct economic drivers, a clear
regulatory framework and policy incentives are crucial for
successful implementation of CCU projects on a large scale.

8. Lack of environmental, health and safety, and societal
impact studies: A large number of CCS projects have been
canceled due to underestimation of ecological and societal
factors such as public acceptance. To avoid similar issues with
CCU, it is important to thoroughly assess the impact of new
technologies on the environment and society and to involve all
stakeholders at an early stage of the development.

9. Lack of education and training: A large amount of
manpower with skills in power-to-X technologies will be
required for the envisioned large scale deployment of CO,
electrolyzers. The new generation of operators, technicians,
and engineers needs to be educated and trained for the
operation of renewable energy based processes.

By adequately addressing these barriers, we might be able to
accelerate the implementation of power-to-X technologies
including CO, electrolyzers on an industrial scale. However,
experience from the CCS field shows that a significant effort
from all stakeholders (i.e., energy companies, industry, policy
makers, technology suppliers, environmental agencies, local
public, nongovernmental organizations, and academia) will be
required to make a success of CCU.

B CONCLUSIONS

Direct electrochemical reduction of CO, to value-added
products (i.e, the single-step process) is more efficient is
alkaline conditions, but it has a negative impact on the carbon
utilization due to (bi)carbonate formation. A two-step
(tandem) process, where CO, is first converted to CO
which is then further reduced to the desired products (indirect
route), has been proposed to overcome the problems
associated with direct CO, conversion in alkaline media.
Here, we performed a detailed process design and techno-
economic analysis for direct and indirect CO, conversion to C,
products (ethylene, acetic acid, and ethanol). For the two-step
tandem process, CO production by high temperature (i.e.,
SOEC) or low temperature CO, electrolysis has been
considered in the design. For both (CO2R and CO2R/
COR) processes, guidelines are provided for the downstream
processing of the complex gas and liquid mixtures containing
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CO,, ethylene, CO, H,, acetic acid, and ethanol. Process
modeling and economic analysis of both (single-step and two-
step) routes have been performed. Capital and operating costs
of CO, capture, CO,/CO reduction, CO, recycling, and
product separation have been calculated for both routes. Our
economic analysis shows that with the current electrolyzer
performance, electricity prices, and electrolyzer capital costs
both routes are economically not compelling. However, the
economics of both processes can be improved significantly by
reducing the CAPEX and OPEX of the electrolyzers, which
have a high share (>75%) in the total cost. For both routes, a
cell voltage of <2.5 'V, an electricity price of <$20/MWh, and a
capital cost of <$10,000/m? for the electrolyzers will result in a
significantly improved economics (NPV of >$60M and
payback times between 9 and 11 years). We demonstrate
that the coproduction of ethanol and acetic acid does not have
a negative impact on the economics of the process, because the
downstream separation costs are relatively low and both
products can be sold for a high market price. For this reason, it
is not necessary to have a high FE for a single product, but it is
crucial to keep the sum of the FEs for the C, products high.
Overall, the high temperature two-step tandem process has a
better technical and economic viability than the single-step
CO2R process and the low temperature two-step process.
Guidelines are provided to integrate CO,/CO electrolyzers
into the existing oil and gas infrastructure, which will be crucial
to increasing the acceptance of these technologies, to reducing
upstream and downstream processing costs, and to avoiding
problems with logistics, storage, transportation, and distribu-
tion of difficult to handle gaseous and liquid products. Finally,
we provide an overview of the current barriers that impede
commercialization of CO,/CO electrolyzers.
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