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Electrochemical reduction of CO, to produce chemicals or fuels may contribute to the zero-emission goal
of the chemical industry. Here, we report the state-of-the-art and future perspective of electrochemical
CO, conversion processes to produce CO, syngas, formic acid and ethylene. We selected and explored
six routes: low-temperature CO production, low-temperature formic acid production, low-temperature
ethylene production, high-temperature CO production, high-temperature syngas production, and
a tandem approach to produce ethylene. For these routes, we describe the current level of
development, performance indicators, and costs. The state-of-the-art of the chlor-alkali process is
included as an example of a commercially applied electrochemical process. We calculate the economic
performance of the various pathways in terms of levelized production costs and we use a learning curve
method to project costs up to 2050. The greenhouse gas performance for all routes is determined and
compared to the current reference of production from fossil-based resources. We conclude that high-
temperature solid-oxide electrolysis to produce CO and syngas is the most developed and closest to
reaching break-even levelized production cost in comparison to the fossil reference. Low-temperature
electrolysis processes are at a lower technology readiness level and still need a substantial reduction in
investment costs and improvements in process efficiency to achieve break-even with incumbent
technology. The most promising of the low-temperature processes is formic acid production.
Electrochemical production of formic acid, CO, and syngas results or can soon result in substantial GHG
savings compared to their fossil-based alternatives. The extent to which savings can be achieved
depends merely on the carbon intensity of the local power grid, or more generally, the supplied
electricity. Electrochemical CO, conversion to produce ethylene would require a very low emission
factor of electricity (<50 gco, per kW h) to be competitive with current production methods and is
therefore not likely to contribute significantly to the zero-emission goal of the petrochemical industry in
the foreseeable future. Research gaps are identified at various levels: improvement of the performance
of the various components, such as catalysts and electrodes, and of purification of feedstock and
product streams. Pilot and demonstration projects of the entire value chain from the CO, stream to the
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1 Introduction

The use of fossil resources provides the world with highly
concentrated forms of energy, but additionally with an abun-
dance of carbon. Due to fuel combustion and waste incinera-
“Energy Transition Studies (ETS), Netherlands Organization for Applied Scientific  tion, a substantial share of this carbon is emitted to the
Research (TNO), Radarweg 60, 1043 NT Amsterdam, The Netherlands. E-mail: atmosphere as carbon dioxide (CO,). Next to these undesirable
remko.detz@tno.nl CO, emissions, many materials that are used in society, for
example, bitumen, lubricants, plastics, and solvents, contain
carbon as the main element. A vital climate change mitigation

*Sustainable Technologies for Industrial Processes (STIP), Netherlands Organization
for Applied Scientific Research (TNO), P.O. Box 1, 1755 ZG Petten, The Netherlands
“Sustainable Process and Energy Systems (SPES), Netherlands Organization for Applied

Scientific Research (TNO), P.O. Box 6012, 2600 JA Delft, The Netherlands option encompasses the reduction of greenhouse gas (GHG)
“Y[EA Greenhouse Gas R&D Programme, Pure Offices, Cheltenham Office Park, —emissions of which fossil CO, emissions account for roughly
Hatherley Lane, Cheltenham, GLOS, GL51 6SH, UK 70%." Various technologies to provide renewable energy, such

f Electronic  supplementary information (ESI) available. See DOL 49 golar photovoltaics and wind turbines, are currently being
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deployed to avoid and replace the use of fossil fuels. Aban-
doning the use of fossil resources will eventually also reduce the
availability of carbon as a feedstock to produce fuels, chemicals,
building materials, and polymers. To find alternatives to fossil
carbon, the chemical industry is already exploring various
pathways to use circular flows of carbon, originating from either
biogenic or atmospheric sources, or waste streams.”

Carbon capture and utilization (CCU) technologies show
promise for providing valuable, cost-competitive products to
the economy while simultaneously mitigating CO, emissions
and climate change. Increased electrification and the increase
of carbon-free, intermittent electricity have attracted global
interest towards flexible CCU systems driven by electrical power.
Electrochemical systems use electrons to reduce, for instance,
CO, into a multitude of products. This variety of products
mirrors the diversity of electrochemical systems under devel-
opment. For example, proton exchange membrane (PEM) elec-
trolysers function under (near) ambient conditions, while solid-
oxide systems can operate at temperatures above 700 °C.
Unfortunately, existing CO, conversion processes are energy-
intensive and expensive. R&D efforts typically focus on
improving the energy efficiency and selectivity of laboratory-

IN SCOPE

High temperature electrochemistry
Tandem electrochemistry

Electroconversion

OUT OF SCOPE

Biochemical synthesis

Carbonation

Thermocatalysis

Fig.1 Overview of different approaches to convert CO, into products.
The category Tandem electrochemistry’ refers to a combination of
high- and low-temperature electroconversion of CO, to products.

Table 1 Scope overview with electrochemical CO, conversion technologies and products. Green ticks (
advanced (TRL > 4) and are within the scope of this study. Beaker symbols (
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scale demonstrations. More information is needed to under-
stand the technical and economic hurdles that unique reactor
systems may face when scaling from laboratory and bench scale
projects to demonstration and pilot scale applications.

In this study, we review the use of CO, as feedstock, also
known as carbon capture and utilization (CCU) routes, to
produce carbon-based chemicals, with a focus on carbon
monoxide (CO), syngas (CO/H,), formic acid (FA), and ethylene
(C,H,). Different sources of CO, are available, such as biomass,
atmosphere, ocean, or fossil resources. The origin of the CO,
feedstock is not part of this assessment but has important
implications for, for instance, the costs, energy demand,
accessibility, scale, societal acceptance, and sustainability of the
route.> CCU may have substantial market opportunities if it can
replace part of the fossil fuels and the chemical industry and
this prospect encourages several stakeholders to investigate
different approaches to convert CO, into products.** Many
routes at various stages of technological maturity are being
developed. The different approaches, such as biochemical
synthesis,® carbonation, electroconversion, photoreduction,”®
and thermocatalysis,® are schematically depicted in Fig. 1.

We here examine six electroconversion routes that apply
electricity as an energy carrier to directly convert CO, into
products by electrochemical means. Such an approach has
several advantages in that it can: (1) accelerate the uptake of
renewable electricity supply thanks to increased demand; (2)
reduce the reliance of industry on fossil fuels by enhancing
industrial electrification; (3) result in more efficient (ideally)
single-step conversion processes that can lead to pure products
and simplify purification steps.

In Chapter 2, we discuss the state-of-the-art in terms of the
development stage and performance metrics of direct electro-
chemical CO, conversion approaches. Several processes and
products are thoroughly studied at the laboratory scale,'**® but
only a few are more advanced in their development stage. We
have selected six routes, mainly based on the technology read-
iness level (TRL > 4: routes 1, 2, 4, and 5) and two potentially
interesting approaches to produce ethylene (TRL 3-4: routes 3
and 6), for further techno-economic assessment (Table 1).

) indicate routes that are relatively
) indicate processes that are currently at a relatively early devel-

opment stage (TRL < 4) and are outside the scope of this study, except for two processes to produce CyH,4. LT = low temperature; HT = high
temperature; SOEC = solid oxide electrolysis cell; MCEC = molten carbonate electrolysis cell; FA = formic acid; MeOH = methanol; OxA = oxalic

acid; EtOH = ethanol; PrOH = n-propanol

Product type Gaseous single carbon Liquid single carbon Gaseous and liquid multi-carbon
Technology line co CO/H, CH, FA MeOH CH,0 C,H, OxA EtOH PrOH
LT v \'4 =
HT SOEC . .
MCEC
Tandem HT/LT
v
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For these routes, we determine and discuss the current costs
and apply learning curve analysis to project costs up to 2050
(Chapter 3). At that time, the technology needs to be competitive
at an industrial scale in order to play a meaningful role in the
energy transition. To contextualize the analysis of these CCU
electrochemical conversion processes, the state-of-the-art of
chlor-alkali production as an existing, industrial-scale electro-
chemical process has been evaluated as well. The chlor-alkali
industry has demonstrated that it is feasible to build and
operate industrial scale electrochemical installations. These
installations will likely serve as a prime example for future
electrochemical plants.

Next to costs, we also touch upon the associated CO, emis-
sions for each of the routes (Chapter 4). This greenhouse gas
performance is important to understand the feasibility of the
electrochemical routes in comparison to conventional fossil-
based approaches. In Chapter 5, we provide an overview of
knowledge gaps and research questions before presenting the
conclusions in Chapter 6. We hope that the insight from our
assessment helps people from universities, knowledge insti-
tutes, industry, and governments to steer developments in the
right direction and to accelerate industrial transformation.

2 State-of-the-art

Electrochemistry may appear as an attractive approach to
convert a stable molecule like CO, into an array of carbon-
based products, such as CO, FA, and C,H,. Here we investi-
gate six routes to electrochemically convert CO, to produce CO
(2 routes), syngas (1 route), formic acid (1 route), and ethylene
(2 routes). In these routes, two key technologies are applied, i.e.
low temperature (LT) electrolysis and high temperature (HT)
electrolysis. We first determine the technical status of the
involved technology in terms of system size and configuration,
energy and mass balances, current investment costs, tech-
nology readiness level (TRL) and existing projects. Electro-
chemical CO, conversion processes are currently not
industrially applied and we include the commercial chlor-
alkali process as a reference and benchmark technology in
our analysis. The methodology for our analysis has been
described in more detail in the ESL}

2.1 Chlor-alkali process

The chlor-alkali electrolytic process is globally the main tech-
nology to produce chlorine and caustic soda. Three types of
systems are widely applied: the mercury cell, diaphragm cell
and membrane cell. The first two were commercialized in the
late 19th century, while the membrane cell process was devel-
oped in the 1950s."”'®* Due to concerns around the use of
mercury and asbestos in mercury and diaphragm cells respec-
tively, the membrane cell process has become the dominant
technology, possessing in the EU-27 a 60% share for chlorine
production in 2012," and an 85% share in 2019.> In all three
processes, an electric potential is applied onto two electrodes to
convert sodium chloride and water into sodium hydroxide,
chlorine, and hydrogen (eqn (1)).

This journal is © The Royal Society of Chemistry 2023
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2NaCl + 2H,0 — 2NaOH + Cl, + H, (1)

Another novel approach has recently entered the market, the
so-called oxygen-depolarised cathode (ODC) cell, which is an
update of the membrane cell approach. Rather than co-
producing H,, ODC cells consume O, at the cathode (eqn (2)).
This process benefits from a lower cell voltage (from around
3.0 Vdown to 2.0 V in the ODC) process and thereby reduces the
total energy requirements by around 25% (per kg Cl,
produced).”* A schematic design and operation of an electrolysis
cell is given in the ESI (Fig. S27).

2NaCl + H,0 + 1/20, — Cl, + 2NaOH (2)

Globally, around 90 Mt Cl, is annually produced next to
around 100 Mt of caustic soda.?* To produce such an amount
with an average stack electricity use of 2.4 MW h per ton of Cl,,
a total worldwide installed electrolyser capacity of around 27
GW is required (at a 90% load factor). This capacity (mainly
membrane technology) will likely increase to fulfil the chlorine
demand of a growing chemical industry.”® Chlor-alkali elec-
trolysis produces as a by-product around 2% of total global
hydrogen.* The equipment is supplied by several manufac-
turers around the world, such as Thyssenkrupp.** These
companies will likely also provide equipment for the water
electrolyser industry and currently their combined annual
equipment production capacity is roughly 2-3 GW per year in
2020.>*” This capacity has substantially increased over the last
years because many companies are preparing themselves for
a rapidly increasing demand for electrolysers.

The mass and energy balances of the current membrane
electrolysis chlor-alkali process are summarised in the diagram
in Fig. 2.

The complete chlor-alkali process starts from the NaCl salt
and purified water. These two elements undergo a preparation
process to produce the brine stream (concentrated aqueous salt
solution) that will feed the electrolysis unit. The brine stream,
along with the electricity input, yields the electrolysis process
possible, producing a gaseous Cl, stream (anode side), H,
(cathode side), and a concentrated aqueous caustic soda
(NaOH) stream at the cathode. A post-treatment step for all
three streams renders the final Cl, product, a 50% NaOH (aq.)

| 1.63 ton/tonCl, I

3 3

2.1-3.0 MWh/tonCl;

1.65 -1.75 ton/ton Cl,

0.02 - 0.38 MWh/tonCl,

PITPSEN  hydrogen gas
solution 28 kg/tonCl,
2.25 ton/ton Cl,

Fig. 2 Overview of the chlor-alkali production process and the main
material flows (reproduced from ref. 22).
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Fig. 3 Evolution of the specific energy consumption for the produc-
tion of Cl, through the membrane electrolysis technology since 2005.
H, co-production is the conventional technology seenin Fig. 2 and the
oxygen depolarised cathode (ODC) technology represents a novel
design in which oxygen is used at the cathode. Plot constructed with
data from ref. 14 and 17.

solution, and some H, gas. A more detailed mass and energy
balance is provided in the ESI (Table S27).

The membrane electrolysis technology for the chlor-alkali
process has undergone an optimisation process in terms of
energy consumption, with new cell designs over the past 15
years. The new ODC design also represents a major improve-
ment in the energy consumption for the chlor-alkali process
(Fig. 3). The thermodynamic minimal energy requirements for
both the H, co-production system and the ODC design are
indicated by the striped lines, showing the maximal optimisa-
tion potential of both technologies.

2.2 Route 1: low-temperature CO, electroconversion to
carbon monoxide

The LT electrochemical reduction of CO, into carbon monoxide
(CO) consists of the electrolysis unit and a series of auxiliary
units for the final production of a purified gaseous CO stream. A
simplified process diagram is shown in Fig. 4. The overall
reaction of the process is displayed in eqn (3). As is shown, CO,
is the only reactant in the process, yielding CO and O,.

CO, — CO + 120, 3)

The current state of development for the LT CO, conversion
to CO technology is estimated to be at a TRL 5-6.>® In the
Rheticus project, a joint venture between Siemens and Evonik,
this process route is followed by a downstream unit that
produces alcohols from the upstream electrochemical CO.* The
aim of this project is the construction and validation of a 25 kW

€O, + H,0 + 2¢™ - CO + 20H~ o,
40H™ 0, + 4e™ + 2H,0

€O, reject stream Purge stream

(CO+H,)

CO+COH,

Final product: CO(g)

LowT

rati
Electroconversion PSA separation

€O, Recovery
0,0, Loop

(8 T I
|

Electricity

Heat (steam)

Fig. 4 Process diagram of the LT CO, electrolysis towards CO.
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Fig. 5 Schematics of a typical membrane electrode assembly (MEA)
cell for CO; electrolysis to CO (reproduced from Liu et al., 2018).34

electrolyser stack for the production of syngas (CO + H,), which
will be fed to a bio-reactor for the fermentation into butanol and
hexanol.

The technology involves the use of gas diffusion electrodes
(GDESs) in a membrane electrode assembly (MEA) cell architec-
ture, inspired by the PEM water electrolyser design.*® An anion
exchange membrane (AEM) is used to allow ionic transport. A
gaseous, humidified CO, stream is fed at the back of the
cathode GDE, producing CO and (undesired) H, through the
hydrogen evolution reaction. The cathode outlet stream
contains CO,, H,0, CO and H,. A depiction of the MEA cell for
LT CO, to CO is shown in Fig. 5.

The alkaline nature of the cathode acts as a trap for the fed
CO,, converting it into carbonates. The negatively charged
carbonates cross the AEM and end up in the anode compart-
ment. There, given the acidic nature of the anode environment,
carbonates are acidified and CO, is released, along with O,,
produced through water oxidation. A neutral anolyte can be
used to supply water to the anode.

The CO, utilisation degree (CO,UD) determines the extent to
which CO, is effectively converted to the product of interest. It is
defined as the molar ratio of the CO, converted to the product of
interest and the total CO, inlet to the cathode. The CO,UD can
be calculated as the ratio of the faradaic efficiency (FE), defined
as the efficiency with which electrons participate in a given
electrochemical transformation, towards the product and the
total CO, consumed, as reported by Yang et al.** In neutral or
alkaline media, a theoretical maximum of CO,UD of 50% can be
hypothesised for a 100% FE towards CO because of the
concomitant formation of OH™. The latter reacts with CO, to
form HCO;~ and CO;>~ ions.

_ FEproduct
CO, consumed

=50% for CO,—CO
(4)

CO,UD {mol product}

mol CO; in

The gas outlet from the anode side will contain O,, CO, and
some H,0. Given the high O, concentration in this stream, CO,
needs to be captured in an oxidation-resistant process, like
a calcium caustic loop, used for direct air capture (DAC). Data
were retrieved from Keith et al.** for a caustic loop consisting of
three steps: a pellet reactor, calciner, and slaker. We assume
that the modelled loop for CO, reclaiming uses electric energy

This journal is © The Royal Society of Chemistry 2023
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Table 2 State-of-the-art process parameters for LT electrolysis of
CO, to CO

Parameter Value Ref.

Current density 2000 34
Cell voltage A% 3.0 34

Faradaic efficiency CO — 98% 34

CO, utilisation degree ~ molco/molco, in 49% 31

Carbon yield molco/Molco, reduced  100% Assumed
Power density kW m > 6.0 Calculated
Stack lifetime h 40000 35

as input for the HT steps and has as outputs a gas stream of
CO,, which is recycled back to the cathode inlet of the LT
electrolyser, and an O, gas stream.

On the cathode outlet, a mixture of CO, and CO (and traces
of H, and H,0) is sent to a pressure swing adsorption (PSA) unit
for CO purification. The PSA unit delivers a commercial grade
98 vol% CO stream® as the final output and a reject stream with
CO, and CO, which can be recycled to the electrolyser unit. In
our calculations, the energy for this process is provided by
electricity.

10.0 25

. — 80 | 20
Z‘;

% = 60 | 4 15
B

§‘} 40 | {1 10

I

2.0 \.\‘5

0.0 . (]

2020 2025 2030

Fig. 6 Roadmap for different process performance indicators for LT
CO; electrolysis for the current decade. Considered products are CO,
FA, and C,Hy4. Reproduced from ref. 28.
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Typical process performance indicators for the LT electrol-
ysis of CO, to CO are reported in Table 2. At a cell voltage of
around 3.0 V, the current density amounts to roughly 2000 A
m 2, which is an order of magnitude lower than that observed
for PEM water electrolysis. The CO, utilisation degree depends
on the FE and is close to its limit of 50% (see eqn (4)). We
assume that the net carbon yield is 100%, which means that all
CO, ends up either in the product or else is recycled in the
process. In reality, a fraction of the carbon is likely lost in the
purge stream. The production of 1 kg of CO requires around 1.6
kg of CO, and uses approximately 7.2 kW h of electricity. More
detailed mass and energy balances of the process are shown in
Table S3, while information concerning material use is
provided in Table S10 (see the ESI).t

Expectations are that these performance parameters for LT
CO, electrolysis towards different products can be improved
significantly. The development targets, in terms of current
density, cell voltage, and power density for the current decade
are described by Negrskov et al.*® and plotted in Fig. 6. The ex-
pected performance of LT CO, electrolysis by 2030 will
approach that of the current PEM water electrolysis technology
in terms of current density and power density. The power
density variable is the product of the cell voltage and the partial
current density (FE times total current density) towards the
product of interest and is a measure of the productivity of the
cell in terms of delivered power per unit of electrode area.

Our estimate of the investment costs for LT CO, electrolysers
is based on PEM water electrolysis, as the most comparable
commercial technology available. The electrolysis unit invest-
ment costs are reported as a function of the total electrical
installed capacity. The stack lifetime for the LT CO, electrolysis
stacks is taken from the PEM water electrolysis technology,
given the lack of data on long-term testing of this process under
industrially relevant conditions. An overview of long-term
performance data for several electrolysis technologies is given
by Kiingas,* reporting >4000 h of operation for an LT CO,
electrolysis unit for CO production. A summary of the different
cost indicators is presented in Table 3. Given the different
power densities for PEM water electrolysis and LT CO, elec-
trolysis, the reported values for investment costs for the PEM

Table 3 Investment costs for LT CO, electrolysis to produce CO

Parameter Unit Value Ref.

Total PEM electrolysis system (uninstalled costs)* € per kW 667-1450 38

Stack cost share” — 60% 39

Power electronics cost share” — 15% 39

Gas conditioning cost share” — 10% 39
Balance of plant cost share” — 15% 39

Power density PEM electrolysis® kW m™? 29 40

Total LT CO, electrolysis system (uninstalled costs) € per kW 3200-7000 This study
Calcium caustic recovery loop unit € per kW 2100 32

PSA CO/CO, separation unit € per kW 540 36 and 37
LT CO, electrolysis plant to produce CO (total investment costs) € per kW 11 700-19 000 This study

“ Approximate uninstalled investment costs for a PEM electrolysis unit (stack and auxiliary equipment) for a 1 MW electrolysis unit in 2019. ? The
cost share of the different components reported by B6hm et al.* refer to the first row of the table. © The ‘power density’ factor for PEM electrolysis is
reported by Mayyas et al.*® for a PEM system with a performance of 17 kA m™2 at 1.7 V total cell voltage.

This journal is © The Royal Society of Chemistry 2023
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€O, + HyO + 2¢~ — HCOOH + 20H~ O,

H.
40H™ - 0, + 4e™ + 2H,0 "
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85%wt. FA
—_—

Extraction /
Pervaporation +
Azeotropic

Low-T
Electroconversion

S10%wt. >10%wt.
FA+CO,(aqg.) — FA+CO,(aq.)

Electricity

Heat (steam)

Fig. 7 Process diagram of the LT CO, electrolysis towards FA.

systems have been adapted to the performance indicators for LT
CO, electrolysis (see also ESI, eqn (5)).f The specific capital
expenditure (CAPEX) for the LT CO, electrolysis system
amounts to 3200-7000€ per kW. The investment costs for the
calcium caustic recovery loop for CO, recovery from the anode
side are based on a 235 M€ investment for a 123 tco, per h
capture system.*> The PSA unit for CO purification costs around
1.7 M€ for 1000 Nm® h™".2*¥ CAPEX for these two units is
adapted to the size of our LT CO production plant using
a scaling factor of 0.7.%® The total investment costs for the LT
CO, electrolysis to CO facility are calculated by applying an
installation factor of 1.8 and adding 10% owner's costs over the
installed costs and amount to 11 700-19 000€ per kw.

2.3 Route 2: low-temperature CO, electroconversion to
formic acid

The LT electrochemical reduction of CO, into formic acid/
formate consists of an electrolysis unit and a series of auxil-
iary units for the final production of a purified aqueous FA
stream. A diagram of the complete process is shown in Fig. 7.
The overall reaction process is displayed in eqn (5). The reac-
tants CO, and H,0 are converted in the process into FA and O,.

C02 + HzO — FA + 1/202 (5)

The current development stage for the LT CO, conversion to
FA is claimed to be at a TRL 3-5.*" The most important projects
that aim to bring this process route to the next level are
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Fig. 8 Schematic representation of the 3-compartment electro-
chemical cell for the direct production of FA through an LT CO,
electrolysis process, showing proposed electrochemical reactions and
jon transport. Reproduced from Yang et al.,, 2017.4¢

summarised in Table 4. The state-of-the-art for LT electrolysis of
CO, to FA involves the use of GDEs and a special electro-
chemical cell design with an acidic centre compartment for the
direct production of FA and not the deprotonated formate
(HCOO™). The production of HCOO™ requires a costly down-
stream protonation step with, for instance, an electrodialysis
process to generate FA, as reported by Ramdin et al.*

An electrochemical cell design that is reported to directly
produce a diluted (up to 10 wt%) FA aqueous stream is reported
by Yang et al* The cell is a 3-compartment electrolyser,
featuring a cathode GDE for the conversion of gaseous CO, to
HCOO™ and an AEM directly attached to the cathode GDE that
allows for the direct migration of HCOO™ anions towards the
centre compartment. In the middle compartment, acid cation
exchange media are present to provide both electrical conduc-
tivity and protons to form FA from HCOO ™. On the other side,
an anode GDE compartment is fed with liquid water for O,
production. This GDE is directly attached to a CEM to allow for

Table 4 Summary of the most important development projects for LT CO, to FA

Project Framework Involvement Description

OCEAN? ASPIRE AVANTIUM, ERIC, IIT, Gaskatel, Achieve a TRL 6 development stage
Politecnico di Torino, RWE, for the electrochemical conversion
Universiteit van Amsterdam of CO, to formate (250 g h™" at 1500

Am?)

e2c? Interreg 2-Seas TNO, VITO, Universiteit Antwerp, Build a pilot demonstrator for the
Lille University, University of LT CO, conversion to FA and
Sheffield, University of Exeter, TU validate the technology at TRL 6
Delft

ECFORM* — DNV GL Semi-pilot ECFORM demonstration

¢ OCEAN (2022).%* ? €2C (2022).% ¢ Zhu (2019).%
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reactor with a 600 cm” surface area
and a capacity of reducing
approximately 1 kg CO, per day and
producing formic acid (85 wt%)

This journal is © The Royal Society of Chemistry 2023
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Table 5 State-of-the-art process parameters for LT electrolysis of
COZ to FA

Parameter Unit Value Ref.
Current density Am? 2000 47

Cell voltage v 3.75 47
Faradaic efficiency FA — 73-91% 47

CO, utilisation degree  molga/molco, in 37-46% 47

Carbon yield molpa/MOlco, reduced  100% Assumed
Power density kW m 2 7.5 Calculated
Stack lifetime h 40000 35

the transport of protons from the oxygen evolution reaction at
the anode towards the centre compartment. The sketch of the
said cell design is shown in Fig. 8.

Analogously as for the LT CO, to CO route, some CO, will
migrate from the gas compartment to the electrolyser in the
form of (bi)carbonates. The CO,UD can also be assumed as half
of the FE towards FA. The (bi)carbonate anions will cross
towards the middle compartment, and, given the acidic nature
of the latter (pH of ca. 1.0 for 10 wt% FA concentration),*” CO,
will be stripped out from this compartment, which can be easily
separated from the aqueous FA stream with a flash unit, as seen
in Fig. 7. Therefore, there is no need of adding a CO, recovery
loop for the anode outlet stream, as for the LT CO, to CO route.
The outlet FA stream from the flash unit is fed to a hybrid
extraction-distillation process to achieve industrially relevant
concentrations of FA > 85 wt% (aq.), as proposed by Ramdin
et al.> A simplified process flow diagram of this purification
section is depicted in the ESI (Fig. S31).

Our selected state-of-the-art process performance indicators
for the LT electrolysis of CO, to FA are reported in Table 5. The
typical current density of 2000 A m~? is in the same order of
magnitude as for the CO process, but the required cell voltage of
3.75 V is slightly higher. The FE is slightly lower compared to
that for CO production, because in the FA process also some H,
is formed. The CO, utilisation degree is dependent on the FE
towards FA, and consequently lower as for the CO case. The
production of 1 kg of aq. 85 wt% FA solution requires around
0.81 kg of CO, and uses approximately 6.0 kW h of electricity.
More detailed mass and energy balances of the process and
material use are shown in Tables S4 and S10,7 respectively.

CAPEX for the electrolysis unit for the LT CO, electrolysis to
FA is determined analogously as for the LT CO, to CO case (see
Table 3), by using the power density of the FA production
process. The specific CAPEX for the LT CO, electrolysis system
amounts to 2700-5700€ per kW (Table 6). The costs for the
additional cation exchange membrane (107€ per kW) have been
included.”* The costs of a downstream hybrid extraction and
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Fig. 9 Process diagram of the LT CO, electrolysis towards C,Ha.

distillation train for formic acid purification have been
described for a 1.0 tgo, per h system and come to 7.9 M€.* This
system is scaled to the required size (scaling factor 0.7) and
added to the total equipment costs. After correction for total
project costs (installation factor 2.0), the total investment costs
for the LT CO, electrolysis to FA facility amount to 10 700-16
700€ per kw.

2.4 Route 3: low-temperature CO, electroconversion to
ethylene

The LT electrochemical reduction of CO, into ethylene (C,H,)
consists of an electrolysis unit, and a series of auxiliary units for
the final production of a purified gaseous C,H, stream. A
diagram of the complete process is shown in Fig. 9. In the
chemical reaction CO, and H,O are converted into C,H, and O,,
as depicted in eqn (6).

2C02 + 2H20 - C2H4 + 302 (6)

LT CO, conversion to C,H, technology is being validated in
the laboratory, which implies a TRL of 3-4.** In two European
projects this process route is further developed (Table 7).
Currently, GDEs and a MEA-type of cell design are typically
used, analogous to that for LT CO production (see Fig. 5). In the
LT C,H, case, a humidified CO, gas stream is fed to the cathode
GDE, which is separated with an AEM from the anode side. At
the anode, an alkaline aqueous stream is fed to sustain the
oxygen evolution reaction. The cathode outlet stream contains
CO,, H,0, C,H,, other C-gaseous products, possible C-liquid
products, and H,. A depiction of the MEA cell for LT CO, 