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ARTICLE INFO ABSTRACT

Keywords: The electrochemical reduction of carbon dioxide is an emerging strategy to reduce emissions, allowing the
CO; electrochemical reduction storage of renewable energy and the electrification of the chemical industry according to the principle of carbon
Electrolysers

dioxide utilization. Valuable fuels and chemical commodities can be obtained by ensuring a closed carbon loop
and the main important products are carbon monoxide, formic acid, methanol, methane, ethylene, ethanol, and
propanol. Inside this context, here, we explore the state-of-the-art of carbon dioxide electrolysis technologies,
showing that efforts have been put into the development of reactor cell architectures and catalysts able to
provide high selectivity and efficiency. New insights are currently about the study of reaction mechanisms,
optimization of cell design, and development of more performing electro-catalysts. Moreover, an overview of
economic and environmental studies based on carbon dioxide electrochemical reduction is conducted in this
work and a preliminary screening based on the levelized production cost and climate change impact of several
products obtained through carbon dioxide electrochemical reduction is proposed for a large-scale plant. Today,
carbon monoxide and formic acid are the primary carbon dioxide reduction product targets from an economic
point of view. In the future, production costs are expected to decrease, and other low-carbon products could be
competitive with market prices. Renewable energy sources and carbon dioxide with a low carbon footprint
contribute to an environmentally friendly electrochemical production process.

Economic analysis
Environmental analysis
Catalysts

1. Introduction

In the last few decades, carbon dioxide (CO3) emissions and atmo-
spheric concentration have increased, achieving respectively values of
34.81 billion tonnes and 413 ppm in 2020, with negative consequences
on the environment such as the phenomena of global warming and
climate change (NOAA, 2021). Due to the effect of this high value of
emissions, it is very important their reduction and to achieve this aim,
CO4 capture (from air and point sources) for its utilization and/or
storage has been developed. For the utilization route, in addition to the
biochemical (biological reactions through bacteria convert CO» in other
compounds), thermo-catalytic (catalysts are used to activate the reac-
tion synthesis from CO3) and photo-catalytic (photoactive catalysts are
used under sunlight to convert CO, into organic products) conversion
technology, CO; electrochemical reduction (CO2ER) has been proposed
in the literature as a promising CO- utilization strategy, according to the
electrification trend of the chemical industry (e.g. the replacement of
thermal and chemical energies by electrical energy) (Garg et al., 2020;

Sanchez et al., 2019).

Compared to other solutions, the electrochemical route is the most
promising alternatives available for CO5 reduction, as it does not require
high temperatures or high pressures for an efficient reduction, uses
water as a source of protons, and allows a greater product selectivity
than that obtained with other reduction methods. In addition to having a
greater operational flexibility, it can be easily installed in places with a
difficult access and/or the availability of cheap energy. However, this
method has still considerable challenges such as low CO solubility,
mass transfer limitations, low catalyst stability, and technology
commercialization (Wiranarongkorn et al., 2023).

In a CO; electrolyser at ambient temperature, CO; is reduced to
different products at the cathode side via a COy reduction reaction
(CO2RR), as in Eq. (1), while H,O is oxidized at the anode side according
to the oxygen evolution reaction (OER), as in Eq. (2).

xCOy +nH" 4+ ne~ —product +yH,0 D)
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Overall, the reaction involves multiple steps with the transfer of
multiple protons and electrons and electricity is provided to allow the
electrolytic reaction to produce fuels or chemical commodities. In
addition to main products (carbon monoxide, formic acid, methanol,
methane, ethylene, ethanol, and propanol), up to 16 different CO,-based
compounds, including glyoxal, ethylene glycol, acetaldehyde, propio-
naldehyde, etc. have been reported in the literature (Jouny et al., 2018).
However, these additional products are mainly reported as trace
amounts.

A COg2-closed loop is ensured when the process is powered by green
electricity and the CO5 emitted from each end product is captured, as in
Fig. 1, to be used in the electrochemical cell. In this way, emissions from
the usage stage of CO»-based products are captured so that no emissions
are outside the carbon cycle also because renewable and green elec-
tricity is used for the cell. Nowadays, this is of particular importance
because, it is imperative to exploit renewable energies and have pro-
cesses with net negative COy emissions (EIA, 2019).

For the electrochemical reduction of CO5 there are advantages and
disadvantages. Among advantages there is the decarbonization of soci-
ety, the operation under ambient pressure, the easy scale-up due to its
modularity, the possibility to tune the selectivity by controlling the
catalyst, and any source of electricity (renewable and non-renewable)
can be used to drive the process (Agarwal et al., 2011; 2017; Lu and
Jiao, 2016).

On the other hand, among disadvantages, there are some thermo-
dynamic and kinetic limitations. For example, CO5 activation is the
limiting step and CO» is a very stable molecule, therefore a substantial
input of energy is needed. However, despite its high thermodynamic
stability, the presence of an electric field is known to facilitate the
activation of CO5 through electrostatic effects. Additional disadvantages
are: high costs for the increased energy consumption, it is difficult to
simultaneously achieve high efficiencies and selectivities by minimizing
costs and the complexity of the separation section (Jouny et al., 2018;
Liang et al., 2020; Garg et al., 2020). According to these considerations,
to overcome these obstacles, many efforts have been put into developing
efficient catalysts.

Currently, CO2ER electrolysers are still not mature at an industrial
scale, but recent studies show their potential development at that level
although the most critical issue is the structural design of the electro-
lyser (Ma et al., 2021). There are only demonstrations at the pilot scale,
except for solid oxide electrolysers used by Haldor Topsoe already at a
commercial scale and by Shell actually under construction (van Bavel
et al., 2020; Qi et al., 2021; Welch et al., 2020; Kiingas et al., 2017;
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Fig. 1. A schematic diagram of COER (Reproduced with the permission of
Liang et al. (2020)).

935

Chemical Engineering Research and Design 208 (2024) 934-955

CERES, 2022). The SOEC plant, located in the Herning (Denmark), is
scheduled to be operational by 2025 with a capacity of 500 MW and a
size of 23000 m2. For the other electrochemical systems, data at a
smaller scale are present. When CO is produced, the current density can
range between 0.4 A/cm? and 0.7 A/cm? while the selectivity can be
between 90 % and 99 % (Yuan et al., 2023). For formate production
current density and selectivity are respectively 0.7-0.9 A/cm? and
91-93 %, while for ethylene production current density and selectivity
can vary between (Yuan et al., 2023).

Different factors influencing the reaction environment have been
investigated in the literature, such as temperature, pressure, potential,
current density and electrolyte composition (Gao et al., 2019; Liang
etal., 2020). It has been found that current density and voltage potential
have a positive effect on product selectivity. Moreover, at a higher cell
voltage there is a higher current density (Yuan et al., 2023). However, at
a higher current density the energy efficiency decreases (Yuan et al.,
2023). Electrolyte concentration can have a negative or positive effect
on product selectivity and current density (Yuan et al., 2023). Tem-
perature and pressure have different effects on CO2ER, but more sys-
tematic studies are needed to better understand the effects on CO2ER
under high temperature and atmospheric pressure conditions (Zong
et al., 2023).

Most of the recently published work on CO2ER has been focused on
the development of new catalysts, electrolyser system architectures,
economic and environmental analyses as well as on understanding re-
action mechanisms in order to improve performances and efficiencies as
explained below in this paper (de Salles Pupo and Kortlever, 2019; Lin
et al., 2020; Garg et al., 2020; Qiao et al., 2014; Ma et al., 2021; Seno-
crate and Battaglia, 2021; Lu and Jiao, 2016; Hatsukade et al., 2014;
Somoza-Tornos et al., 2021; Yang and Li, 2021; Hernandez-Aldave and
Andreoli, 2020).

New insights for CO2ER have been achieved for reaction mecha-
nisms. Li et al. (2023) proposed a new reaction pathway for the elec-
trochemical reduction of CO; to oxalate by using an aromatic
ester-functionalized ionic liquid ([N2222][4-MF-PhO]). In their pro-
posal, CO5 does not have electrons from the electrode directly, but the
anion of the ionic liquid, [4-MF-PhO]’, works as a catalyst and electron
transporter due to a lower Gibbs free energy barriers and higher selec-
tivity compared with the formation of oxalate on the electrode surface. A
mechanism of reaction for CO5 reduction to copper single-atom alloy
catalysts was suggested by Liu et al. (2023) finding that increasing the
coverage of *CO on the catalyst leads to relocation of the active site,
resulting in improved activity of Cy products.

In this work, we first and critically introduce the main products that
can be obtained via CO3ER. Next, we give an overview of different
electrolysis devices used for the reduction of CO, with future perspec-
tives, figures of merit (current density, Faradaic efficiency, energetic
efficiency and stability) and suggested electrocatalysts. In other sec-
tions, we analyze the literature research about the life cycle assessment
(LCA) and economic analysis of CO2ER systems. At the end, as the
innovative point of this paper, we propose an economic screening of the
main products obtained at a large-scale with the electrochemical
reduction of CO; for the current and future (2050) years as well as a
global sensitivity analysis (GSA) to find significant factors for the lev-
elized production cost. For the same COg-based products an environ-
mental analysis is also presented to evaluate the climate change impact.

2. Main products obtained from CO2ER

Depending on the number of electrons and protons transferred per
molecule of COy during its reduction, several compounds can be ob-
tained by CO2ER, as reported in Fig. 2, where the current industrial
production methods are also shown.

For 2 exchanged electrons, carbon monoxide (CO) and formic acid
(HCOOH) can be obtained. For 6 exchanged electrons, methanol
(CH30H) can be obtained while for 8 electrons, methane (CH4) could be
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Fig. 2. Main products from CO2ER and the respective current industrial production method.

produced. Ethylene (CoH4) and ethanol (CoHsOH) can be produced
when 12 electrons are exchanged. The exchange of 18 electrons can
produce propanol (C3H;OH).

For these main products, Table 1 shows the half-cell electrochemical
reactions and the respective thermodynamic electrode potential versus
the standard hydrogen electrode (V vs SHE) under standard conditions
(298 K, 1 atm, pH 0), evaluated from the standard Gibbs free energies
for aqueous solutions (Jouny et al., 2018). The values of standard po-
tentials are in a narrow range of —0.25V — 0.169 V and hence it is
difficult to achieve a high product selectivity (Garg et al., 2020). The
equilibrium standard potential suggests the thermodynamic propensity
of the reaction and does not provide information about the kinetics, such
as the reaction rate or mechanism, which also depend on the catalytic
properties of a given electrode material. In particular, the standard
electrode potential is a measure of the tendency of a species to gain
electrons (be reduced), measured under standard conditions. Generally,
a more positive value of this parameter suggests a higher propensity for
a reduction reaction to occur, so that the reduction reaction occurs with
difficulty at more negative values of equilibrium standard potential.

It is important to underline that for the overall process the cell po-
tential (e.g. the difference between the potential of cathode and anode)
must be considered to verify the spontaneity of the overall reaction that
is according to the following equation (see Eq. (3)) (Kortlever et al.,
2015a):

3

The value of k, n and m coefficients are reported in Table 2 for each
product P: propanol is the compound with the highest consumption of

kCO, +n(H' +e’) =2 P+mH,0

Table 1
Electrochemical reduction reactions of CO, (Jouny et al., 2018).

Reaction Potential (V vs SHE)

CO2(g)+2H " +2€ 2 COqg)+HaO0q) -0.106
COyg)+2H+2e'=HCOOH .0.250

COyg)+6H " +6e 2CH30H(y+H20( 0.016

CO2(g)+8H " +8e 2 CHyg)+2H,0() 0.169
2C05(5+12H"+12e 2 CoHy(g)+4H20() 0.064
2C0yg)+12H"+12e"2C,H50H1)+3H20() 0.084
3COyg)+18H"+18e"2C3H;0H ;)+5H,0() 0.095

2H " +2e"2Hyg 0
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Table 2
Stoichiometric coefficients for the overall reaction of CO, reduction and the
required minimum work.

k n m Minimum work (kWh/mole of product)
Carbon monoxide 1 2 1 0.07
Formic acid 1 2 0 0.08
Methanol 1 6 1 0.19
Methane 1 8 2 0.23
Ethylene 2 12 4 0.37
Ethanol 2 12 3 0.38
Propanol 3 18 5 0.55

CO4, per mole of product. Carbon monoxide, formic acid, methanol and
methane have the lowest consumption of CO, per mole of the product,
hence the lowest reduction of this emission is ensured producing these
compounds while propanol ensures the highest CO, reduction.

However, from an energetic point of view, as reported in Table 2, at
standard conditions, propanol has the highest minimum work (0.55
kWh/mole product) required for the electrolysis process. Here the
minimum work is evaluated from the Gibbs free energy, known the cell
potential and using the correlation as AG = -nFE, with n the number of
exchanged electrons, F the Faradaic constant and E the cell potential
(Kazmi et al., 2022). A trade-off between the energy consumption (in
term of minimum required work) and emission reduction (in term of
CO2 consumption per mole of product) should be considered when
selecting the best target compound.

3. Figures of merit for electrolysers

Figures of merit are used to describe the performance of an electro-
chemical process and include current density, Faradaic efficiency (FE),
energetic efficiency (EE), and stability. These figures of merit are
described below. An ideal and efficient electrolyser should have high
values for the parameters here defined, however, the increase of cell
voltage to improve the current density causes a decrease in the energy
efficiency (Gao et al., 2021). Nevertheless, high current densities should
be ensured at the expense of energetic efficiency as a trade-off between
costs and effectiveness.
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3.1. Current density

The current density measures the electrochemical reaction rate per
geometric area of the electrode (i.e. the geometric area and not the real
surface area, which can be greater due to roughness) (Kibria et al.,
2019). It is also defined as the ratio between the current and the elec-
trode area (Hamann et al., 2007). This parameter is affected by catalyst
loading, utilization of the catalyst, transport rate of reactants and
products to and from the electrode and higher values of current density
are preferred because they minimize the electrolyser dimensions and
CAPEX.

3.2. Faradaic efficiency

The Faradaic efficiency or current efficiency is provided by the
following relation (see Eq. (4)) (Dutta et al., 2024; Lv et al., 2014):

zn'F
EFaradaic = T (4)

where z is the number of required electrons to produce a given product,
n the number of moles of the given product, F the Faraday’s constant
(96,485 C/mol electrons), and Q the total charge passed. It is also
defined as the ratio between the charge used for the production of a
given product and the total charge passed (Gao et al., 2021). This
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parameter measures the selectivity of the electrochemical reaction to-
wards a specific product: higher values are preferred because reduce the
need for additional separation units that increase CAPEX and OPEX.
Generally, in aqueous electrolytes, the electrochemical reduction of CO»
occurs simultaneously with the HER limiting the Faradaic efficiency of
CO5, reduction.

3.3. Energetic efficiency

The energetic efficiency is defined by the following relation (see Eq.
(5)) (Hamann et al., 2007):

Eenergetic = EOE;‘F%:_H;M (5)
with E° being the thermodynamic voltage, 1 the total overpotential and
€raradaic the Faradaic efficiency. It is the ratio between the energy stored
in the desired product and the total energy input needed to synthesize it:
higher energy efficiencies mean a small energy penalty for the produc-
tion of the desired product.

3.4. Stability

Stability describes the variation of current density, Faradaic and
energetic efficiency with time due to the deactivation of catalyst and/or

Table 3
Main catalysts for carbon dioxide electrochemical reduction.
Catalyst Product Faradaic efficiency (%) Cell voltage (V vs RHE) Reference
Metal
Noble metal
Au Carbon monoxide 90 -0.67 Zhu et al. (2013, 2014)
Ag Carbon monoxide Hatsukade et al. (2014)
Non noble metal
Zn Carbon monoxide >55 Luo et al. (2019)
Cu Ethylene, methane, Tang et al. (2012)
alcohols
Oxides
Cu,0 Carbon monoxide/ formate 40 %/33 % Li and Kanan (2012)
Ag,0 Carbon monoxide Ma et al. (2016)
SnO, Formic acid 87 Li et al. (2017)
TiO, Ethanol Huo et al. (2017)
IrO2/NiO Formic acid Bashir et al. (2015); Jiwanti et al. (2020)
ZnO CO 91.6 Luo et al. (2020)
Cu,0 Ethylene 77 Liu et al. (2022)
Bimetallic
Au-Cu
Cu-In Carbon monoxide 90 Rasul et al. (2015)
Cu-Sn/Cu-Pd Carbon monoxide Sarfraz et al. (2016)
Cu-Ag Ethylene 76 Jiang et al. (2018)
Au-Pt Carbon monoxide Ma et al. (2017)
Au-Pd Formate Hahn et al. (2015)
Pd-Pt Formate 88 Kortlever et al. (2015b)
Cu-Al Ethylene 80 Zhong et al. (2020)
Cu-Al Formic acid, 33-44/17-26 Zeng et al. (2022)
carbon monoxide

PbCu Formate 96 -0.8 Li et al. (2022)
Sb SA/NC Formate 94 -0.8 Jiang et al. (2020)
ZrO,/Cu-Cuy0 Ethylene 62.5 Guo et al. (2022)
Metal chalcogenide
Transition metal chalcogenides Xu et al. (2017)
Non-metal
Ctuned by N, F, S, B Carbon monoxide up to 85 Wau et al. (2016)
S doped by N Carbon monoxide Pan et al. (2019)
Nb-N-C Carbon monoxide up to 90 Gao et al. (2022)
Molecular
Carbon nanotubes Carbon monoxide 92 Zhang et al. (2017¢)
Cu/CeO5 nanotubes Ethylene 78.3 -0.7 Tian et al. (2022)
CR-MOF Formate 90 Tufa et al. (2020)
In,03@In—Co PBA Formate 85 -0.96 Zhai et al. (2022)

Covalent organic frameworks

Carbon monoxide

Liu et al. (2018)
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degradation of the overall cell. Better stability allows the reduction of
maintenance and replacement costs as well as downtime during opera-
tion, playing, in this way, an important role in the scale-up of the process
(Lin et al., 2020). The electrolyser stability should be investigated at a
time scale of thousands of hours of operation.

4. Electrocatalysts for CO, reduction

The main catalysts for CO5 electrochemical reduction are developed
to produce CO, formic acid and ethylene, as shown in Table 3, where the
main investigated catalysts are those based on metals. A short overview
of these used catalysts is here reported.

4.1. Metal catalysts

4.1.1. Noble metals

Several noble metals are used for CO production, as they show good
activity and low overpotentials but, they are expensive and are therefore
rarely used in catalytic reactions. The main noble metals for CO for-
mation are gold (Au) and silver (Ag) (Tufa et al., 2020). Among them, Au
is the most active and investigated metal for the electrochemical con-
version of CO, to CO and good conditions could be obtained by using a
nanostructured morphology that reduces the reaction overpotential
significantly (Hansen et al., 2013). Zhu et al. (2013, 2014) found that the
highest selectivity of CO, reduction to CO is obtained with Au nano-
particles with a size of 8 nm (the measured FE was 90 % at —0.67 V vs
RHE).

On the other hand, the metallic Ag has also been suggested due to its
lower cost and higher selectivity compared to the Au surface. However,
a higher overpotential is needed due to the high activation energy
barrier of the initial electron transfer for the stabilization of COOH*
intermediate (Rosen et al., 2015). In Hatsukade et al. (2014), the
optimal selectivity of CO production from CO2ER with Ag electrodes was
measured at an applied voltage between —1 and —1.2 V vs RHE, with an
overpotential in the range of 0.9-1.1 V. This limitation could be over-
come by using nanostructured Ag with low coordinate sites that could
help the CO; activation decreasing the activation energy barrier (Lu
et al.,2014). Regarding the selectivity of Ag catalyst, it has been found
that facets have also an important role in the selectivity of CO2ER for CO
production better results were obtained on Ag(110) compared to Ag
(111) and Ag(100) (Hoshi et al., 1997).

4.1.2. Non noble metals

In addition to noble metals, non noble metals are used for CO pro-
duction and among them, Zinc (Zn) is an important catalyst due to its
intrinsic advantages, such as abundance on Earth, economic viability,
and high selectivity for CO production. However, bulk Zn electrodes
demonstrate poor performance in CO2ER, as they generally exhibit low
CO partial current density and have considerable overpotentials limiting
their application (Hori, 2008). However, porous Zn prepared with an
electrodeposition method was able to achieve a FE value higher than
55 % at an overpotential of 0.5 V (Luo et al., 2019). Overall, although Zn
is an abundant and low-cost metal, there are few studies on the devel-
opment of a selective and stable Zn catalyst at low overpotential (Zhang
et al., 2018; Quan et al., 2015).

Non noble metals are used for the production of other chemical
compounds in addition to CO and among them, Copper (Cu) has been
extensively explored in recent decades for CO3 reduction. This catalyst is
able to reduce CO; to several chemicals such as ethylene, methane and
alcohols, due to the suitable binding strength of intermediates like CO,
COH and CHO on its surface during CO5 reduction (Tang et al., 2012;
Peterson and Ngrskov, 2012). Cu-based catalysts are extraordinary at
converting CO; into various forms of liquid and gaseous products: in
Kuhl et al. (2012), 16 hydrocarbon and oxygenate products were ob-
tained at different potentials by using a Cu catalyst for CO, electro-
chemical reduction. However, the activity degradation is remaining
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challenges for practical application and great efforts are still needed to
reduce the overpotential, optimize the selectivity, and stability.

Generally, the surface morphology, size, crystal orientation and
roughness of this catalyst could significantly improve activity and
selectivity (Ma et al., 2015; Kas et al., 2014; Sen et al., 2014). In Tang
et al. (2012), Cu nanoparticles showed an improved selectivity for car-
bon monoxide and ethylene, especially at lower sizes due to a stronger
binding strength for key intermediates as H and COOH. In addition to
that, Ma et al. (2017) reported that the length and density of Cu nano-
wires can tune the selectivity of hydrocarbon products: higher values
improve the catalytic selectivity to ethane obtained from the interme-
diate (CH3CH20) or CH3 dimerization. On the other hand, the impor-
tance of roughness is reported by Sen et al. (2014): a high surface
roughness enhances the production of HCOOH, H; and CO while a small
amount of CyHy4, CoHg, CH4 and C3Hg was detected. Another factor
influencing the final product formation is the crystal orientation of the
Cu surface. Hori et al. (1995) found that Cu (100) favors ethylene pro-
duction while Cu (111) promotes CH,4 formation.

4.1.3. Metal oxides

Metal-oxide-based electrocatalysts have gradually got attention due
to their decent energy efficiency and selectivity for CO, electro-
reduction, although the instability is still a big problem. The use of metal
oxide was an attempt to enhance the CO; adsorption to the electrode
surface facilitating the C-C coupling, so that the HER is suppressed and a
better selectivity is obtained (Jiwanti et al., 2021). In addition, metal
oxide could also stabilize the intermediate for CO2 products (Chu et al.,
2018). For these reasons, different oxide derived metals have been
investigated for the electrochemical reduction of CO,. The main
analyzed metal oxides are those based on the main investigated metals,
as below described.

Li and Kanan (2012) studied the electrochemical reduction of CO5 on
Cuz0 obtaining CO and HCCOH with a FE of 40 % and 33 % respectively
at —0.5 V vs RHE. The reduction reaction was favored by the formation
of CO3 intermediate and by the high density of grain boundary surfaces
providing active sites. In this context, Frese et al. (1991) reported an
enhanced methanol production directly on CuyO catalysts in comparison
to the standard bulk Cu. Good performances are reported in other works:
the same catalyst achieved a maximum C3 Faradaic efficiency of 77.0
+0.3 % at a conversion rate of 513.740.7 mA/cm? in a neutral elec-
trolyte (Liu et al., 2022).

Another analyzed catalyst is the oxide derived Au nanocatalyst,
producing CO with 96 % of FE and only 0.24 V of overpotential (Chen
et al., 2012). Here, better performances are associated with the high
density of grain boundaries (Feng et al., 2015).

Ag-0 is another oxide derived metal used for CO,ER to CO produc-
tion (Ma et al., 2016): the catalyst is able to produce CO with 80 % of FE
at an overpotential of 0.49V. In this case, a better performance
compared to the polycrystalline form is due to the stability of the *COOH
intermediate.

SnO, is a metal oxide used for the electrochemical reduction of CO,
to formic acid with 87 % of efficiency at 0.88 V of overpotential in Li
et al. (2017). Other similar catalysts are TiO (Huo et al., 2017) for
ethanol production, IrOy (Jiwanti et al., 2020) and NiO (Bashir et al.,
2015) for formic acid formation.

ZnO-derived catalysts are highly selective and stable, showing a
selectivity to CO higher than 90 % and more than 18 h stability (Luo
et al., 2020). The great potential of ZnO-derived catalysts for industrial
applications was demonstrated in a flow reactor, where 91.6 % Faradaic
efficiency for CO at a current density of 200 mA/cm? can be achieved at
—0.62 V vs. RHE.

4.2. Bimetallic catalysts

Bimetallic catalysts have been investigated in the literature for
CO2ER to minimize costs and improve performances. The introduction
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of another element affects the electronic structure of the host materials,
which can modulate the binding strength of intermediates with the
metal surface.

The most investigated are those based on Cu. Kim et al. (2014)
studied an Au-Cu catalyst finding different product distributions at
different compositions, due to the changed degree of stabilization of
intermediates at the catalyst surface. On the other hand, the use of a
Cu-In catalyst was proposed by Rasul et al. (2015) for CO production
with 90 % of FE at 0.39 V of overpotential. Among these class of cata-
lysts, Cu-Sn and Cu-Pd have been investigated for COER to CO showing
a higher catalytic selectivity at a lower overpotential (Sarfraz et al.,
2016; Li et al., 2016a). In addition, Ren et al. (2016) prepared a CuZn
catalyst finding that the increase of Zn improves the selectivity towards
ethanol production (29.1 % of FE for ethanol was measured at —1.05 V
vs RHE on Cu4Zn). Moreover, Jiang et al. (2018) found that Cu-Ag was
able to achieve 76 % of FE for ethylene and other C§ products. On the
other hand, Zhong et al. (2020) described that Cu-Al electrocatalysts,
identified using density functional theory calculations in combination
with active machine learning, efficiently reduce CO3 to ethylene with a
high Faradaic efficiency (80 %). The same catalyst was investigated to
reduce CO; to CO and formic acid by Zeng et al. (2022): nanostructured
Cu-Al materials were able to convert CO» to CO and HCOOH with good
efficiency. The catalysts were synthesized via a green
microwave-assisted solvothermal route, and were composed of CuzO
crystals modified by Al. Other, Cu-based bimetallic catalysts have been
investigated. In Li et al. (2022), the as-prepared Pb single-atom alloyed
Cu catalyst (PbyCu) exhibited near unity selectivity towards HCOOH
and impressive stability, providing the prospect of industrial production
of HCOOH from COs.

Non-Cu binary catalysts have been proposed in the literature for the
electrochemical reduction of CO5 and among non-Cu binary catalysts,
AuPt, AuPd and Pd-Pt have been mostly investigated. Ma et al. (2017)
found that in the AuPt catalyst an increase in selectivity and activity for
CO formation is due to the electronic effect of Au content. In Hahn et al.
(2015) it is reported that AuPd showed more activity and selectivity for
formate production while both pure Au and Pd metals had negligible
amounts of the same compound. For the same product, Kortlever et al.
(2015b) obtained a high FE (88 %) at —0.4V vs RHE by using a
Pdyo-Pt3g binary catalyst.

Other bimetallic catalysts have been studied for CO2ER. Jiang et al.
(2020) discovered that an Sb single atom (SA) material consisting of
Sb-N4 moieties anchored on N-doped carbon (NC) nanosheets (named
Sb SA/NC) could serve as a CO2RR catalyst to produce formate with high
efficiency. Sb SA/NC exhibited a formate Faradaic efficiency of 94.0 %
at —0.8 V vs. RHE. As additional catalyst, the bimetallic Cu-Zr catalyst
(denoted as ZrO,/Cu-Cuy0) with a Cu/Zr molar ratio of 7/1 could
achieve a 62.5 % Faradaic efficiency of ethylene with a high current
density of 24 mA/cm? at —1.28 V (vs. RHE) in 0.1 M KClI electrolyte
(Guo et al., 2022).

4.3. Metal chalcogenide catalysts

Transition metal chalcogenides (TMC) have been investigated for
COER for their abundance and easy synthesis method and their per-
formance is strongly related to active edge sites that can control the
reaction selectivity. Among these metals, WSey, MoSeg, WS,, and MoS;
NFs exhibited more than 90 % of CO selectivity with current densities
above 130 mAcm 2 (Xu et al., 2017). Edges sites can be increased
through the doping of transition metals (Ta, Nb, etc.), reducing the
binding energy of intermediates and enhancing the product formation
(Abbasi et al., 2017).

4.4. Non-metal catalysts

Non-metal catalysts have been considered for COoER due to the low
cost and easy structural modifications for a better activity and selectivity
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(Sun et al., 2016; Wang et al., 2016). Among these catalysts, the most
commonly used are doped carbon catalysts, in fact, pure carbon catalysts
are not promising due to their very low ability to adsorb CO3. in-
termediates. However, their efficiency can be improved with the tuning
of heteroatoms such as nitrogen (N), fluorine (F), sulfur (S) and boron
(B) (Tufa et al., 2020). In this context, Wu et al. (2016) reported up to
85 % of FE at —0.47 V vs RHE for CO production by using graphene
foam catalyst doped by N, which creates lower energy for *COOH in-
termediates, more favorable for CO formation. Moreover, Sreekanth
et al. (2015) used boron-doped graphene for the electrocatalytic
reduction of CO; to formic acid obtaining a FE of 66 % at an over-
potential of —1.4 V vs. RHE. In addition, B and N doped nanodiamond
enabled a 93.2 % of selectivity towards ethanol at —1 V vs RHE (Liu
et al., 2017). Another investigated non-metal catalyst is the S, N doped
nanoporous carbon material, which showed a good CO production ef-
ficiency (selectivity 91 % at a current density of 2 mA/cm?) (Li et al.,
2016b; Pan et al., 2019). On the other hand, the Nb-N-C atomic catalyst
demonstrated aqueous CO2ER activity with CO Faradaic efficiency up to
90 % (Gao et al., 2022). Other metal free catalysts for CO2ER are:
g-C3N4/MWCNTs, CN-MWCNT, C-NF for CO production with a selec-
tivity of 89.6 %, 70 %, 70 % and 90 % (Xie et al., 2018; Lu et al., 2016b;
Jhong et al., 2017; Pan et al., 2019).

4.5. Molecular catalysts

Molecular catalysts are other promising solutions for the CO; elec-
trochemical reduction because improved performances can be obtained
by tuning the ligand position with advanced organic synthesis methods
(Elgrishi et al., 2017). However, molecular catalysts generally have low
stability with a lifetime of a few hours, and their recyclability deserves
attention as well (Zhang et al., 2019).

Different molecular catalysts have been investigated in the literature
and the most commonly used materials are carbon nanotubes (CNT),
metal organic frameworks (MOFs), covalent organic frameworks
(COFs). Among them, carbon nanotubes substrate bearing Cobalt(Il)
phthalocyanine (CoPc) efficiently catalyzed the reduction of CO3 to CO
with a FE of 92 % at —0.63 V vs. RHE (Zhang et al., 2017c¢). Similarly,
Choi et al. (2019) developed a 3D Fe-porphyrin graphene hydrogel
(FePGH) for an efficient electroreduction of CO2 to CO achieving a FE up
to 95 % at 0.39 V vs RHE. In Tian et al. (2022) hollow Cu/CeO5 nano-
tubes synthesized via the self-templated method displayed a high fara-
daic efficiency of 78.3 % for the electrochemical reduction of CO; into
ethylene in flow cell at a low applied potential of —0.7 V vs. RHE

Metal organic frameworks have received huge attention as catalysts
for CO2ER, due to their topology and structure that can be tuned at a
molecular level (Tufa et al., 2020). The copper rubeanate MOF
(CR-MOF) showed an excellent activity with a potential of 0.2 V and
high selectivity of HCOOH (90 %) at —1.6 V vs. RHE. In Zhai et al.
(2022), In203@In-Co PBA exhibited excellent performances with
Faradaic efficiency of 85 % for formate at a potential of —0.96 V vs. RHE
and with current density of 31.5 mA/cm? at —1.32 V vs. RHE, surpass-
ing most of the reported indium-based catalysts.

In addition, amine linkage covalent organic frameworks can improve
the reaction process increasing the CO conversion efficiency from 13 %
to 53 % at —0.70 V and from 43 % to 80 % at —0.85 V in comparison
with bare Ag electrode (Liu et al., 2018).

Other molecular catalysts for CO2ER are: Co-phthalocyanine, per-
fluorinated cobalt phthalocyanine, PorCu, ZnPor, Fe triphenyl
porphyrin and CoPc-py/CNT for CO production (Zhang et al., 2018;
Maurin and Robert (2016); Morlanés et al., 2016; Weng et al., 2016; Wu
et al., 2017) and Ir Pincer for formate production (Kang et al., 2014).

4.6. New insights for electrocatalysts

New research has led to new efficient catalysts with high selectivity
and durability. Nam et al. (2023) synthetized the TA-ZnS electrocatalyst
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(a Zn-based material) that is able to achieve around 83 % of CO Faraday
efficiency under the potential of —1.9 V vs Ag|AgCl, in stable conditions
and repressing the hydrogen evolution reaction. The size and
morphology of the catalyst have an important role in the overall effi-
ciency and recent studies showed that considering nano-sized materials
instead of macro-sized ones increase the number of superficial active
sites so that metal nanoparticles, nanocubes and nanostructured
(layered double hydroxides, MOFs, etc.) catalysts have been investi-
gated (Serafini et al., 2023). Progress has also been carried out in the
design and development of nanostructured Cu, Cu-based complexes
(including nonmetallic elements), Cu-based bimetallic catalysts
(including Cu and other metals), and carbon-based Cu-free catalysts for
the production of Cy and Cy . at high activity and selectivity (Chen et al.,
2021). New strategies to improve activity and selectivity has been
figured out. In Zeng et al. (2023) coating a hydrophobic polymer poly-
tetrafluoroethylene on Cu, the Faradaic efficiency to ethylene produc-
tion increases and achieves a value of 70.2 % due to a stronger CO5
adsorption and CO* binding. Moreover, in Zeng et al. (2022), the
addition of Sb on Cu allows to reduce energy barriers for the formation
of key intermediate, improve CO desorption and stabilize Cu surface for
the catalyst, ensuring selectivity and activity for CO production.

Recent studies have been conducted on proposing porous metal ox-
ides as catalysts for CO2ER due to their better performances on mass
transfer and lifetime. New insights have been achieved understanding
the relation between different factors (e.g. material composition, phase
transition, structural change during the reaction, etc.) encouraging their
use for the electrochemical reduction of CO, (Zhang et al., 2023).

5. Electrolysers for CO» reduction

CO2ER cells are classified in batch or continuous operation.
Continuous cell reactors can be classified as basic, proton exchange
membrane, microfluidic and solid oxide electrolysers and each of them
is characterized by advantages and disadvantages as described below.
Overall, flow continuous reactors (basic, proton exchange membrane,
microfluidic) have different configurations in the gas diffusion elec-
trode, influencing physical characteristics and performance. In partic-
ular, the microfluidic reactor has current density and mass transport
higher than proton exchange membrane and basic schemes but, with a
lower efficiency on the separation of products. In addition, among all
flow reactors, only solid oxide electrolysers work at high temperatures
(up to 1000 °C) ensuring high current density and an operation at a
larger scale, against other configurations working at ambient tempera-
ture and with a lower technology readiness level (TRL).

5.1. Electrolyser reactors

CO4, can be fed into the electrolytic cell as a gas phase or dissolved in
an electrolyte to be reduced at the catalyst surface. Among these two
options, practical limitations such as low solubility (30 mM in HyO at
1 bar) and diffusivity, make the option of aqueous CO» reduction
commercially unviable (Hernandez-Aldave and Andreoli, 2020; Weiss,
1974). However, the increase of pressure or the reduction of tempera-
ture could improve technical performance but, hamper commercial
viability. On the other hand, in the first case, gas diffusion electrodes
(GDEs) are used, allowing a higher current density due to high CO5 mass
transport and reduced diffusion lengths, which could ensure the scale-up
and commercialization. In addition, this kind of system is characterized
by a simple cell design and a higher resistance towards the metallic
contamination present in electrolytes (Liu et al., 2019). However, GDEs
have limited durability with performance degrading after several oper-
ating hours and a poor stability is due to the weak mechanical adhesion
between each element and catalyst deactivation (Birdja et al., 2019;
Burdyny and Smith, 2019; Yang and Li, 2021).

Generally, a GDE is composed of a gas diffusion layer (GDL), which is
a porous structure between a catalyst layer (CL) and a gas flow channel.
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Inside this structure, the GDL offers abundant CO supply to the catalyst
with a much shorter diffusion pathway and at the same time, due to its
low resistance, allows the transportation of electrons, protons and
products from the CL to the electrolyte (Ma et al., 2021). In particular,
the hydrophobic (avoiding the penetration of electrolyte into the gas
flow channel and blocks reactions causing flooding phenomena) GDL
can be a single macroporous layer or substrate, or a double layer (con-
sisting of a microporous layer with carbon fiber to suppress electrolyte
flooding and a macroporous layer with carbon powder working as a gas
diffuser). Regarding this last option, a schematic diagram of a GDE with
a double layer is reported in Fig. 3: the gas flow channel is in contact
with the macroporous layer, at the top of which the microporous layer is
present with the catalyst layer and after, the electrolyte.

The operating principle of a liquid-feed and gas-feed CO; electrolyser
is shown in Fig. 4.

In the first case there is a diffusion-limited problem because, a
diffusion layer of 50 pm is produced during the operation: CO diffuses
from the electrolyte bulk to the electrode surface where catalytic
nanoparticles are supported on a solid non porous substrate. On the
other hand, in the gas-feed electrolyser, CO, diffuses from the bulk of
GDE to the catalytic layer, producing a shorter diffusion layer of 50 nm
near the catalyst. This causes a CO, concentration gradient delivering
CO, to the catalyst in a faster way compared to the first case: the
transportation of CO; on the catalyst is facilitated and higher catalytic
surface areas are ensured, allowing higher current density and lower
overpotential but similar selectivities compared to the previous case
(Jiang et al., 2018; Dinh et al., 2018; Jeon et al., 2018; Hoang et al.,
2018). Moreover, the shorter diffusion path ensures the CO2-saturated
electrolyte layer on the catalyst, preventing the HER and avoiding the
reaction of CO, with the hydroxide in the electrolyte (Seifitokaldani
et al., 2018).

Generally, according to the operation, CO electrolysers are struc-
tured as H-cells or flow cells if a batch operation or a continuous oper-
ation is respectively present. A comparison between the two kinds of
systems is reported in Table 4.

5.1.1. H-type electrochemical cell reactors

A schematic diagram of an H-type electrochemical cell, commonly
used in the lab-scale, is reported in Fig. 5a. In this scheme, two com-
partments, called sections or chambers and representing the anode and
cathode, are connected by an ion-exchange membrane, providing an H
shape. In the cathode, a reference and working electrode are inserted:
the former ensures the possibility of potential control, while in the latter
the CO, reduction occurs. In the anode, a counter electrode is present
allowing voltage or current control (Endrodi et al., 2017). As additional
element of the H-cell scheme, a capillary tube or a glass frit is used to
feed CO; in the cathode through bubbles on the working electrode.
Moreover, a gas chromatographer (GC) measures gas phase composi-
tions at the outlet while liquid products are identified through a proton
nuclear magnetic resonance (PNMR) or a high-performance liquid
chromatography (HPLC).

Despite some advantages (ease of assembly, facile modification and
reproducibility, low costs), there are some disadvantages of this batch
reactor type such as: mass transport limitations, poor mixing, high cell
electrical resistance, low CO; conversion and current density and
metallic contamination present in the electrolyte that all contribute to
ensure a low system efficiency (Hernandez-Aldave and Andreoli, 2020;
Senocrate and Battaglia, 2021; Hori, 2008). However, H-cell reactors are
convenient for a small scale and can be used for experiments in the lab.

The limitations of H-cell electrolysers are overcome by flow cell re-
actors, characterized by a higher mass transfer and mixing, better con-
trol of temperature, heat and electrolyte residence time, so that they are
more suitable for the industrial scale (Hernandez-Aldave and Andreoli,
2020; Bevilacqua et al., 2015; Weekes et al., 2018). Then, the thermo-
dynamics and kinetics are improved in continuous reactors due to a
higher CO; concentration on the catalyst surface, a shorter transmission
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path and a suitable gas diffusion layer (Ma et al., 2021).

5.1.2. Flow cell reactors

Generally, unlike a batch H-cell reactor, a flow cell electrolyser can
work without a reference electrode or seldom with two reference elec-
trodes to monitor the electrode potential of both half-cells (Endrodi
et al., 2017).

Flow cell reactors are classified into basic flow, polymer electrolyte
membrane (PEM), micro-fluid and solid oxide (SOE) electrolyser.

The basic reactor is so-called because other configurations are
derived from it. A schematic diagram of a basic gas feed flow cell reactor
is reported in Fig. 5b, where three different compartments are present:
one for the CO4 gas flow, one for the catholyte and the other one for the
anolyte, each of which is fed by a pump to ensure a constant flow. In this
scheme, cathode and anode channels are separated by an ion-exchange
membrane to avoid the crossover of products between the compart-
ments. The cathode compartment and CO3 flow channel are divided by a
GDE, while a traditional non-porous electrode is used in the anode
section and a reference electrode is inserted in the cathode section.

There are two ways for CO3 to reach the catalyst layer in a basic flow
cell reactor: flow-by and flow-through (Duarte et al., 2019; Park et al.,
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2021; De Mot et al., 2020). In the first case, CO», flowing alongside the
electrode reaches the catalyst by diffusion, establishing CO5 and product
gradient concentrations inside the GDE. On the other hand, in the sec-
ond case, CO, is forced to flow with diffusion and convection through
the GDE, causing the formation of gas bubbles in the catholyte resulting
in an ohmic drop. In this way, CO, and product gradient concentrations
are not produced in this option but, electrolyte crystallization (crystal-
lization of hydroxide and bicarbonate salts) in the porous layer of the
GDL is reported (Hernandez-Aldave and Andreoli, 2020). For this last
reason, the flow-by case is suitable for long-term operations.

In PEM electrolysers, also called membrane electrode assembly
(MEA) electrolysers, a GDE is used as anode and cathode, both separated
by an ion-exchange membrane, as illustrated in Fig. 5c. The stack GDE/
membrane/GDE is known as membrane electrode assembly and polymer
electrolyte membranes can be: cation exchange membranes (CEMs),
anion exchange membranes (AEMs) or bipolar membranes (BPMs)
(Weekes et al., 2018; Endrodi et al., 2017). In this scheme, overall,
anode and cathode are composed of a GDE, current collector and flow
plate. Hence, unlike the basic flow cell configuration, in this case, the
catalyst layer is in contact with the membrane and so no liquid elec-
trolyte is used and no separation is present between electrode and
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Table 4
Description of electrolysers for CO, electrochemical reduction.
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Reactor configuration Characteristics

Advantages Drawbacks

Batch reactor H-cell Two chambers separated by an ion-exchange Convenient in lab-scale experiments Poor mass transfer and mixing
membrane, with a reference, working and Suitable for the study of half-cell High cell resistance
counter electrode reactions
Possibility screening of electrocatalysts Low CO, conversion and current density
Commercial available Metallic contamination from electrolytes
Easy of assembly and reproducibility Not easy identification of liquid products
Low costs Difficulty to use in large-scale application
(limited electrode surface area and large distance
between electrodes)
High cell voltage and low energy efficiency
Flow reactor Basic - A compartment for the CO, gas flow, anoly the ~ Mass transport and mixing better The way to supply CO to the catalyst is critical
and catholyte. compared to the H-cells
- Anode and cathode sides are separated by an Current density and Faradaic efficiency Cell design is critical
ion-exchange membrane. higher compared to the H-cells
- A gas diffusion electrode in the cathode. Potential for industrial applications High Ohmic drop and low energy efficiency
-A reference electrode in the cathode side Diffusion path shorter than that of H-cells
PEM - A gas diffusion electrode for the anode and Relatively easy scale-up and pH imbalance between anode and cathode
cathode sites separated by an ion-exchange pressurization favoring the HER
membrane. Existing know-how (similarity to water Cost and stability of membranes
- No liquid electrolyte and separation between electrolysers)
gas diffusion electrodes and membrane. Mass transport and mixing better than Drying of membranes
- No reference electrode (A working and the H-cells
counter electrodes are used) Potential for industrial applications Additional resistance or product crossover due to
membrane
Cell resistance an Ohmic loss lower Strong corrosion at high overpotential
compared to the basic cell (higher energy
efficiency)
Compact structure
Reduced risk of catalyst poisoning due to
impurities in the electrolyte
Microfluid - Two gas diffusion electrodes separated by a Current density and mass transport Less effective separation of products from
thin layer of electrolyte with a micro-reference  higher than PEM electrodes
electrode Fast screening of catalysts Lower liquid product concentration
Better control of flooding at electrodes Not easy pressurization
Decrease of ohmic losses Possibility of product re-oxidation
Avoidance of high membrane cost
Flexibility in operating conditions
Less decrease of pH
SOE - A cathode, an anode and a solid-oxide Longer operation times (about 500 h) High operating temperatures (500-1000 °C)

electrolyte

High current density due to high

Decrease in overpotential
Increase in charge transfer

Specific electrodes are needed

Impurities of gas feed cause the electrode
passivation

Carbon depositation

temperatures

Commercial scale only for CO production

Metal particles oxidation
Cell degradation
Low current efficiency

membrane (this is referred to as a ‘zero-gap’ arrangement). This
configuration decreases cell resistance and ohmic losses compared to the
basic configuration (Ma et al., 2021).

A PEM reactor works without a reference electrode, but only with a
counter and working electrodes (Liang et al., 2020). The main disad-
vantage of this reactor configuration is that the finite ion transport rates
across the membrane can induce a significant pH imbalance between
catholyte and anolyte, favoring the hydrogen evolution reaction and not
CO;4 reduction (Endrodi et al., 2017). Other problems of a PEM elec-
trolyser are the drying of the ion-exchange membrane with a detri-
mental effect on the ion transport capabilities, the cost and stability of
membranes (Nwabara et al., 2020; Sanchez et al., 2019). On the other
hand, advantages of this reactor configuration are: relatively easy
scale-up and pressurization being similar to PEM water electrolysers, the
possibility of different configurations with a straightforward stack con-
struction, the existing know-how due to similarities with water elec-
trolysers and the reduced risk of catalyst poisoning due to impurities in
the electrolyte (Sanchez et al., 2019; Ma et al., 2021).

To further decrease the cell potential, microfluidic reactors have
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been developed (Lin et al., 2020). The use of a microfluid reactor for CO,
reduction has been proposed by Whipple et al. (2010), while other
studies are about the screening of electrocatalysts and operating con-
ditions (Sanchez et al., 2019). Fig. 5d shows a schematic diagram of a
microfluidic electrolyser for CO; reduction: two electrodes as GDEs are
separated by a thin layer (< 1 mm) of a liquid electrolyte in a laminar
flow (Liang et al., 2020; Weekes et al., 2018). In this scheme, the catalyst
on the cathode side favors the CO; reduction while the catalyst on the
anode side promotes the oxygen evolution reaction (Ma et al., 2021). In
addition, the electrolyte can be managed in order to change operating
conditions and water management issues (cathode flooding and anode
dry-out) (Liang et al., 2020).

Compared to a traditional PEM, this configuration ensures a higher
current density because it eliminates problems related to the mass
transfer and neutralization between catholyte and anolyte caused by
crossover or mixing (Park et al., 2021). Moreover, unlike the other re-
actors, this configuration works without a membrane, relying on the
diffusion of the gaseous products to divide reduction and oxidation
products (Weekes et al., 2018). For this reason, there is a less effective
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(Hernandez-Aldave and Andreoli, 2020).

separation of products from electrodes and the possibility of product
crossover, potentially decreasing energy efficiency and productivity
(Sanchez et al., 2019; Yang and Li, 2021).

A micro reference electrode is inserted in the electrolyte allowing the
measurement of individual electrode potential while, the pressure
sensitivity (i.e. difficulty in pressurisation) of microfluidic cells limits
their potential industrialization and scale-up (Hereijgers et al., 2016).
Some advantages are the fast screening of catalysts under various
operating conditions, better control of flooding at electrodes and the
decrease of ohmic losses by working without a physical barrier as a
membrane (Sanchez et al., 2019; Lin et al., 2020; Leonard et al., 2020).
The use of a costly membrane is also avoided (Ma et al., 2021), while
ongoing challenges for this kind of reactor is a dual electrolyte system to
improve performances and avoid the crossover from cathode to anode of
liquid products that could be oxidized (Lu et al., 2016a).

In SOEs, electrodes and electrolytes are in the solid phase (the second
one is a layer of solid oxide). SOEs have been investigated for CO5
reduction since last decades due to the high temperature operation
(500-1000 °C), longer operation times (about 500 h), decrease in
overpotential, increase in charge transfer and the possibility of CO5 and
H,0 co-electrolysis (Bidrawn et al., 2008; Sanchez et al., 2019). Higher
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temperatures could ensure high current density due to the improved
kinetics (Zhang et al., 2017a).

Generally, the solid electrolyte can be oxygen ion conducting or
proton conducting. In the former case, the electrolyte transports oxygen
ions formed at the cathode, through the CO5 reduction, to the anode
where are oxidized to oxygen gas. On the other hand, in the second case,
the water is oxidized in the anode, producing oxygen and protons that
cross through the protonic conductor layer and react with CO in the
cathode (Zhang et al., 2017b).

Carbon deposition, metal particles oxidation, and cell degradation
are potential problems of this process (Zhang et al., 2017b), as also re-
ported in reviews on CO; reduction using SOEs conducted by Zhang
et al. (2017a). The first commercial plant based on a SOE cell for CO5
reduction was proposed by Haldor Topsoe: the plant is able to produce
10-100 Nm3/h of high purity CO (Kiingas et al., 2017). SOE cells are
unique to have a commercial scale but only CO is obtained: no catalysts
have been developed for the production of other compounds.

New insights are present for flow cell reactors. Regarding the elec-
trolytic cell design, several novel flow channel design, such as spiral flow
channel, corrugated flow channel, bionic flow channel, and multiple
flow channel combinations, have been suggested to improve the
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uniformity of the fluid flow distribution, enhancing local mass transfer,
CO; conversion with reduced pressure drop (Yuan et al., 2023). Im-
provements on GDE engineering have been achieved by proposing
MOF-modified GDEs that are able to increase COy concentration near
the catalytic active site, thereby enhancing CO,ER performances. In the
work conducted by Nam et al. (2022), the use of a GDE structure of
C/Cu/MOEF/PTFE allows to have 48 % of ethylene selectivity at a pro-
duction rate of 1000 mA/cm? and not the same selectivity on the
C/Cu/PTFE GDE at a production rate of 400 mA/cm?.

5.2. Future perspectives of electrolyser reactors

CO, gas feed flow electrolysers with GDE, ensuring higher current
densities, have a greater potential for future developments, although
more is needed to understand and do to make CO5ER industrially viable
(Jhong et al., 2013). Future research should be focused on the scalability
of these kinds of reactors, material and system design as well as on
operating conditions (Vennekoetter et al., 2019; Pérez-Rodriguez et al.,
2016).

New GDE materials and configurations are needed in order to ensure
industrial operations (current densities above 1 A/cm?, Faradaic effi-
ciency higher than 80 %, cell potential lower than 3 V and time opera-
tions more than 30,000 h) (Jouny et al., 2018). The material properties
of each element of a GDE have an effect on the transportation of re-
actants and products inside the electrolyser, influencing their accumu-
lation or depletion and then the performance of the cell (Liu et al.,
2019).

A trade-off between porosity, hydrophobicity (water management),
components and structure of GDE as well as feed should be evaluated to
avoid electrolyte flooding and electrolyte deposition respectively in the
flow-by and flow-through configurations. Focusing the attention on the
GDE, the GDL is an important component of the electrolyser, and it is
necessary to further study the integration with the catalyst layer to
improve CO2 reduction performance. The developing of super-
hydrophobic GDL materials to replace the commonly used carbon fiber
GDL to maintain its stability can be a future focus.

Other important points to be considered and improved in future
studies are the following: production rate, stability, CO5 utilization ef-
ficiency, energy efficiency, liquid product cross-over (Yang and Li,
2021). In this context, strategies that increase the current density could
improve production rates. Approaches to reduce the CO, cross-over
(bicarbonates produced at the cathode site and migrated to the anode)
are required to decrease downstream separation costs and improve the
membrane stability. As additional future studies, in order to achieve
long term operation, it is important to discover a catalyst that is stable
for the extended use or that can be regenerated at a low cost. Regarding
catalysts, strategies on introducing active sites such as defects engi-
neering (e.g., grain boundary, heteroatom doping, anion vacancies,
etc.), and surface engineering (e.g. size effect) can facilitate the reaction
process. In addition, catalysts with a CO adsorption capacity improving
the mass transfer and increasing conversion efficiency are suggested for
future research. It is also important to have a stable membrane that can
remain undamaged by swelling and/or dehydration. For example, a
membrane with a polymer matrix mixed with nanofillers could allow
high ion mobility and mechanical stability (Tufa et al., 2020). The
electrolyte is an important factor to be considered in order to increase
the efficiency of CO2ER systems: the exploration of an acidic electrolyte
or ionic liquid-based electrolyte to avoid crystallization and precipita-
tion of inorganic salts is suggested (Yuan et al., 2023).

Among electrolysers using GDEs, PEMs are the most promising for
practical applications analyzing carefully current density, Faradaic ef-
ficiency, energy efficiency and stability (Gao et al., 2021). A PEM
electrolyser is, in fact, used to produce jet fuel by the Twelve company
(Twelve, 2021). It is evident that with continued in-depth research and
development to optimize and improve the electrolyser configuration,
industrial scale CO2 electrolysis for clean fuel and value-added
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chemicals will be realized in the near future (Ma et al., 2021).
6. Economic profitability of CO2ER process
6.1. Literature studies

Economic analyses about the COs electrochemical reduction to
different compounds have been carried out in the literature, as reported
in Table 5. These analyses are based on different assumptions and so
there is a difficulty with comparing the results directly, however, among
different products, only CO, formic acid and oxalic acid are the most
economically viable products but only under certain conditions.

An economic analysis for the electrochemical process producing CO
has been conducted by Lee et al. (2021), proposing a new cell that,
without a catholyte compartment, enables reduction of Ohmic losses
and energy consumption. The authors found a production cost (584
$/tonCO) lower than that obtained by the methane steam reforming and
suggested by the market (600 $/tonCO) and better conditions are
ensured by increasing the current density and energy efficiency.

In Xing et al. (2023), it is reported that the production cost for CO
and formate for the eCO2RR process is about 378 $/tonproduct, Which is
much lower than the cost of a CO3 utilisation plant (835 $/tonpoduct) but
higher than that of conventional fossil fuel-derived technology at 315
$/ tONproduct-

Orella et al. (2020) performed an economic study to evaluate the
production cost of CO, formate, methane, ethylene and ethanol.
Assuming an electricity cost of 0.03 $/kWh, only CO has a production
cost lower than the current selling price.

The best conditions for CO and formic acid production via CO2ER are
underlined in the work of Jouny et al. (2018). Here, among propanol,
formic acid, CO, ethanol, ethylene, methanol, only CO and formic acid
have a positive Net Present Value (NPV) in all analyzed cases and as-
sumptions, although the electricity price has the highest impact on it.

A more detailed analysis was conducted by Rumayor et al. (2019a)
evaluating the economic feasibility of formic acid production via CO,
electrochemical reduction and comparing it with the conventional route
(hydrolysis of methyl formate). Results show that the alternative pro-
duction way is suggested only with favorable (lower cost of renewable
energy and emission trading systems) and optimal operating (100 % of
FE, current density of 300 rnA/cmZ) conditions and not under the cur-
rent market conditions. Moreover, a Faradaic efficiency of 90 % could
decrease the operating costs from 1.62 $/kg of formic acid to 0.19 $/kg
of formic acid, while the lowest operating cost obtained for the con-
ventional route is 0.24 $/kg of formic acid.

At the same value of Faradaic efficiency (with an energy conversion
efficiency of 70 % and electricity price of 0.04 $/kWh), a promising
production cost of formic acid (108 $/ton vs 570 $/ton of the traditional
route) was reported by De Luna et al. (2019) through the use of an
electrolyser system.

A favorable price was reported by Boor (2020), for oxalic acid pro-
duction via CO, electrochemical reduction. Based on many simplifica-
tions and assumptions (Faradaic efficiency of 80 % and a current density
of 120 mA/cm?) the suggested cost is 0.87 $/ton of oxalic acid
compared to 1 $/ton of oxalic acid that is the market value. Here, the
Faradaic efficiency and current density are the most important param-
eters that make the process unviable.

In particular conditions, ethylene and ethanol may have a production
cost lower than the market price. In Kibria et al. (2019), a CO4 cost of 40
$/ton, an electricity cost of 0.02 $/kWh, a cell voltage of 1.8V, a
Faradaic efficiency of 90 % and a current density of 500 mA/cm? ensure
a convenient price for CO, formate, ethylene and ethanol.

Despite the results of the previous research, a few positive results
have been reported in the literature through an economic analysis of the
CO-2ER process for formic acid production by Agrawal et al. (2011) and
Norouzi et al. (2021). In the former study, a negative NPV is reported
over a 10 year lifespan, if the CO2 price is ignored. In the second case
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Table 5

Literature studies about the economic analysis of COER.

References

Parameter
evaluated in the
economic analysis

CO, based-product

Comparison with the
conventional process

Parameters assumed in the economic analysis

Results

Pappijin et al. (2020)

Capex, Opex, Gross
margin

Ethylene

Yes
(conventional process:
steam cracking of

Selectivity = 70 %,
Conversion = 50 %
CO;3 = -30 euro/metric ton

COER has a higher CAPEX and OPEX, but a lower
gross margin vs the conventional route

naphtha) Electricity = 35 euro/MWh, production = 10°
Metricton/year
Spurgeon and Kumar (2018) Production cost (1) CO and subsequent Yes (1) cell voltage = 1.8 V, current density = 400 mA/cm?, production cost of (1) 18.9 $/gge vs 2.12-3.19
Fischer-Tropsch conversion of syngas FE = 98 % $/gge of the market value
to diesel fuel (CO,-CO-FTL) (2) cell voltage = 2.3 V, current density = 250 mA/cm?,  production cost of (2) 55.3 $/gge vs 2.1-2.55 $/gge
(2) ethanol in one step FE =28 % of the market value
(CO2-C,Hs0H) (3) cell voltage = 1.8 V, current density = 400 mA/cmZ, production cost of (3) 49.8 $/gge vs 2.1-2.55 $/gge
(3) CO and subsequent reduction to FE =98 % of the market value
ethanol in two steps (4) cell voltage = 3.5 V, current density = 140 mA/cm?,  production cost of (4) 1.16 $/kg vs 0.4-0.6 $/kg of
(CO,-CO-C,Hs0H) FE=94% the market value
(4) formic acid (COo-HCOOH)
Rumayor et al. (2019a) NPV Formic acid Yes Current density = 200 mA/cm?, Cell potential = 4.3V  CO.ER has a NPV<0 vs 16.9 M€ of the conventional

(conventional process:
hydrolysis of methyl

FE = 42.3 %, Formic acid = 21 w/w%

Current density = 300 mA/cm?, Cell potential = 1.48 V

route

formate) FE = 100 %, Formic acid = 85 w/w%
Lee et al. (2021) Production cost CO Yes Cell potential = 2.2 V, FE = 93.2 %, current density = CO-ER has a production cost of 584 $/tonCO vs 600
(conventional process: 209.7 mA/cm? $/tonCO of the market value
steam methane
reforming)
Herron and Maravelias (2016) Production cost Methanol Yes Current density = 33 mA/cmZ, FE =60 % CO2ER has a production cost of 5.79 $/kg vs 0.44
$/kg of the market value
Adnan and Kibria (2020) Levelized production Methanol Yes Current density = 0.3 A/cm?, Cell voltage = 2.5V, CO,  CO-ER to methanol is competitive with the market
cost conversion = 50 %, Faradaic efficiency = 50 % only in optimal operating conditions
Moreno-Gonzalez et al. (2021) Production cost Syngas Yes Current density = 0.2 A/cmz, FE to CO; = 95 %, FE to  CO,ER has a production cost of 1.3 $/kg vs 1.1 $/kg

(conventional process:
reverse water gas shift)

Hy = 5 %, cell voltage = 3V

of the conventional route

Orella et al. (2020) Production cost CO, Formate, Methane, Ethylene, Yes Electricity cost = 0.03 $/kWh In the CO5ER only CO have a lower cost than that of
Ethanol the market
Rumayor et al. (2019a) Utility costs Formic acid Yes FE =90 % In the CO,ER the cost of utilities ranged between

(conventional process:
hydrolysis of methyl
formate)

0.16 €/kg and 1.40 €/kg of FA vs 0.21-0.43 €/kg of
FA of the conventional route

Kibria et al. (2019)

Production cost

CO, Formate, Ethanol, Ethylene

Yes

CO,, cost = 40 $/ton, electricity cost = 0.02 $/kWh, cell
voltage = 1.8 V, FE = 90 %, current density = 500 mA/

CIIl2

The CO2ER route has a production cost lower than
that of the market

De Luna et al. (2019)

Production cost

Ethylene, CO, Formic acid

Yes
(conventional process:
fossil fuel derived)

FE = 90 %, electricity cost = 0.04 $/kWh, energy
efficiency = 70 %

Production cost of ethylene in CO,ER is 1100 $/ton
vs 600-1300 $/ton of the conventional route
Production cost of CO in CO,ER is 200 $/ton vs 150
$/ton of the conventional route
Production cost of formic acid in CO,ER is 108
$/ton vs 570 $/ton of the conventional route

(continued on next page)
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Table 5 (continued)

Results

Parameters assumed in the economic analysis

CO, based-product Comparison with the

Parameter
evaluated in the
economic analysis

References

conventional process

In CO,ER the production cost is of 0.87 $/ton vs 1

80 %

Current density = 120 mA/cm?, FE

Yes

Oxalic acid

Production cost

Boor (2020)

$/ton of the market value

CO and formate have a production cost of 378
$/ton, lower than that of CO, utilization plant (835

$/ton) but higher than that of conventional plant

CO, formate Yes

Production cost

Xing et al. (2023)

(315 $/ton)

Exergy rate cost and flow rate cost of
0.21 $/kWh and 2.280102 $/s.
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NPV<O over a 10 lifespan

No

Formate/Formic acid

NPV

Agarwal et al. (2011)

Only CO and Formic acid have NPV>0

Current density = 200 mA/cm?, cell voltage = 2.3V,

selectivity
lifetime = 20 year, production rate = 100 ton/day, CO,

Propanol, Formic acid, CO, Ethanol, No

NPV

Jouny et al. (2018)

90 %, electricity price = 0.05 $/kWh,

Ethylene, Methanol

price = 70 $/ton

Propanol, Formic acid, CO, Ethanol, Ethylene have

300 mA/cm?, cell voltage = 2V,
90 %, electricity price = 0.03 $/kWh,

Current density

selectivity
lifetime = 20 year, production rate = 100 ton/day, CO»

NPV>0

price = 40 $/ton
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study, an exergo-economic analysis was carried out considering
different anolyte solutions (DSA/O3, IrO, KOH, Amberlite IR120) for
the cell: the use of an IrO, anode decreases the exergy rate cost and the
flow rate cost to 0.21 $/kWh and 2.280x1072 $/s.

In Spurgeon and Kumar (2018) the following routes were analyzed:
(i) CO via CO2ER and subsequent Fischer-Tropsch conversion of syngas
to diesel fuel (ii) ethanol in one step via CO2ER (iii) CO via COER and
subsequent reduction to ethanol (iv) formic acid via CO2ER. However,
under specific assumptions all production routes were not competitive
with the traditional ones due to the high values of capital costs influ-
enced by the current density, Faradaic efficiency, and cost per electrode
area.

Other CO»-based compounds have been analyzed from an economic
point of view, showing their non favorable production of this innovative
route.

CAPEX, OPEX and gross margins (e.g. the difference between reve-
nues and feedstock cost) for ethylene production were evaluated by
Pappijin et al. (2020). The CO2ER route was compared with the tradi-
tional way of ethylene production via the steam cracking of naphtha in
different case studies (high selectivity, high conversion, high CO5 value,
free electricity and current operating conditions). Results show that the
electrochemical process has higher CAPEX, caused by the expensive
electrode materials combined with limited economies of scale due to the
modular character of the electrochemical cells.

Another compound obtained from CO2ER is methanol. Herron and
Maravelias (2016) found a production cost of 5.79 $/kg of methanol,
which is 13 times higher than the industrial selling price (0.44 $/kg of
methanol). The main cost is the solar electricity for the electrolyser
(63 % of the total cost). In the process, the Faradaic efficiency is 60 %
and the current density is up to 33 mA/cm?2. Adnan and Kibria (2020)
reported that only in optimistic scenario, methanol production via
CO9ER is competitive with the market ensuring a production cost of 430
$/ton.

Higher production costs for syngas production via CO2ER were ob-
tained in the work of Moreno-Gonzalez et al. (2021). The authors found
a price of 1.3 $/kg of syngas compared to 1.1 $/kg of syngas when the
reverse water gas shift is used despite a high value of Faradaic efficiency
for CO.

Some of the above discussed works have been conducted at the lab-
scale with relatively low current density and low energy efficiency.
Then, there is the need in future research to understand the operation of
CO4 electrolysis at industrial scale with higher current densities and
using CO; streams with impurities (SOx, NOx, etc.) (Somoza-Tornos
et al., 2021). Moreover, due to the high variabilities in the production
cost reported by different studies there is the need to further examine the
assumptions used for the techno-economic assessment.

6.2. Economic analysis

An economic analysis, evaluating the production cost of the main
COq-based products discussed in Section 2, is reported here for an eco-
nomic screening, suggesting more promising compounds in comparison
with the market price. The economic analysis was conducted consid-
ering the scheme for a CO2ER plant at a large-scale proposed by Jouny
et al. (2018), with the aim to have an estimation of the production cost at
the industrial level.

For this reason, in this analysis, the current density, Faradaic effi-
ciency, cell potential difference and CO, conversion were fixed as in
Jouny et al. (2018), where current values of these parameters are pro-
posed. Then, these figures of merit are assumed constant for all products,
as reported in the literature in Jouny et al. (2018). According to this
work, the cell works with alkaline conditions, because these conditions
are used by the best bench scale CO; electrolyser. Moreover, the use of
nonprecious metals at the anode allows a comparison with alkaline
water electrolysers. For these reasons, the current density was set at
0.3 A/cm? for all products, while the cell voltage is different for each
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Levelized costs of products obtained via CO,ER at different electricity costs (Park et al., 2021) and comparison with the market price (Jouny et al., (2018), Methanex
(2021), Global Petrol Price (2021), Factiva (2021)) (current density 0.3 A/cm?, Faradaic efficiency 90 %, CO, conversion 50 %).

Electricity from Electricity from Electricity from Electricity Electricity from Electricity from Electricity from
biomass geothermal hydro ($/kWh) from PV wind offshore wind onshore fossil fuels
($/kWh) ($/kWh) ($/kWh) ($/kWh) ($/kWh) ($/kWh)
0.078 0.087 0.056 0.081 0.136 0.063 0.213
Levelized cost Levelized cost Levelized cost Levelized cost Levelized cost Levelized cost Levelized cost Market
($/kg) ($/kg) ($/kg) ($/kg) ($/kg) ($/kg) ($/kg) price
($/kg)
Pure CO 0.74 0.79 0.61 0.75 1.07 0.65 1.57 0.72
Formic acid 0.76 0.79 0.68 0.77 0.97 0.71 1.24 0.88
Methanol 1.54 1.65 1.25 1.57 2.31 1.34 3.32 0.62
Methane 3.29 3.56 2.55 3.37 5.19 2.78 8.05 2.02
Ethylene 2.99 3.24 2.33 3.06 4.71 2.54 7.29 1.02
Ethanol 1.98 2.12 1.58 2.02 3.00 1.70 4.37 0.77
Propanol 2.30 2.47 1.85 2.35 3.48 1.99 5.04 1.71
Table 7

Levelized costs of products obtained via CO-ER for 2050 at different electricity costs (IEA, 2021) and comparison with the market price (Irena and methanol institute
(2021), Gorre et al. (2019), Neuwirth and Fleiter (2020)) (current density 2 A/cm?, Faradaic efficiency 90 %, CO, conversion 70 %).

Electricity from PV Electricity from wind offshore

Electricity from wind onshore

Electricity from fossil fuels

($/kWh) ($/kWh) ($/kWh) ($/kWh)
0.022 0.045 0.039 0.105
Levelized cost Levelized cost Levelized cost Levelized cost Market
($/kg) ($/kg) ($/kg) ($/kg) price
($/kg)
Pure CO 0.34 0.47 0.43 0.84 -
Formic acid 0.52 0.59 0.57 0.80 -
Methanol 0.71 1.00 0.92 1.79 0.25-0.63"*
Methane 1.23 1.97 1.76 4.09 0.89-2.32
Ethylene 1.12 1.78 1.59 3.69 0.88-3.73**
Ethanol 0.85 1.25 1.14 2.30 -
Propanol 1.01 1.47 1.34 2.67 -

" renewable methanol
" including production via steam cracker, electrolysis, methane pyrolysis

case study and about 2 V. In addition, Faradaic efficiencies of 90 % have
been demonstrated for numerous CO5 reduction products and were
assumed for these cases. The CO5 conversion was set at 50 % because it
could be achieved by a well-designed electrolyser.

The economic analysis was conducted for a system producing 100
ton/day of a product as in large-scale chemical production, with a
process scheme consisting of an electrolyser unit, a gas separation unit
(PSA) and a distillation unit when CO- liquid products are considered.
These assumptions are based on a developed scheme reported in the
literature (Jouny et al., 2018): in particular, capital costs were evaluated
as in Jouny et al. (2018) while operating costs were according to the
Peter and Timmerhaus (1991) method (the methodology is reported in
more detail in the Supplementary Material).

Results are reported in Table 6, where levelized costs based on
different electricity sources (from biomass, geothermal energy, hydro
energy, PV, wind offshore, wind onshore and fossil fuel that are
renewable and non renewable sources) are compared with the market

Table 8
Factors chosen for the global sensitivity analysis for each product obtained via
CO.ER.

Factor Distribution Lower Upper
type bound bound
1 Electricity price from Uniform 0.058 0.285
biomass ($/kWh)
2 CO, price ($/ton) Uniform 15 25
3 Faradaic efficiency (%) Uniform 80 100
4 CO,, conversion (%) Uniform 30 70
5 Current density (A/cm?) Uniform 0.1 0.5
6 Electrolyser cost ($/m?) Uniform 549 2198
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price: only CO and formic acid show some promising conditions through
their electrochemical production at the current operating conditions.

In fact, for both products, the production cost is lower than that of
the market (0.72 $/kg of CO and 0.88 $/kg of formic acid) in all cases
with the exception when electricity from offshore wind energy and fossil
fuels are used (CO production via COER by using electricity from
offshore wind energy is 1.07 $/kg of CO and 1.57 $/kg of CO is fossil fuel
is used as electricity source; formic acid production via CO2ER by using
electricity from offshore wind energy is 0.97 $/kg of formic acid and
1.24 $/kg of formic acid if electricity from fossil fuels is used). CO
production cost via CO2ER with electricity from biomass, geothermal
energy, hydro energy, PV and onshore wind energy is respectively of
0.74 $/kg of CO, 0.79 $/kg of CO, 0.61 $/kg of CO, 0.75 $/kg of CO and
0.65 $/kg of CO. Formic acid production cost via CO2ER with electricity
from biomass, geothermal energy, hydro energy, PV and onshore wind
energy is respectively of 0.76 $/kg of formic acid, 0.79 $/kg of formic
acid, 0.68 $/kg of formic acid, 0.77 $/kg of formic acid, 0.71 $/kg of
formic acid. On the other hand, methanol, methane, ethylene, ethanol,
and propanol productions via CO2ER are not economically favorable
compared to the market in all investigated cases.

The same analysis is reported for the future (considering a 2050
scenario). In this case, the electrolyser capital cost was assumed to be
4080 $,/m? (IRENA, 2020). For operating conditions, the current density
was set at 2 A/cm? while, CO; conversion at 70 % (IRENA, 2020; Jouny
et al., 2018). The input CO; price was reduced to 11 $/ton from the
current 25 $/ton (METI, 2021). Other assumptions were unchanged.
Results are reported in Table 7 (for some products the future market
price is missing in the existing literature).

A comparison between Tables 5 and 6 shows that in the future the
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Total Sobol sensitivity index of each factor for each product obtained via CO,ER (1 = Electricity price from biomass; 2 = CO price; 3 = Faradaic efficiency; 4 = CO,

conversion; 5 = Current density; 6 = Electrolyser cost).

Carbon monoxide Ethanol Ethylene Formic acid MeOH Methane Propanol
Stot[1] 0.8057 0.9018 0.9049 0.8089 0.9043 0.9075 0.9016
Stot[2] 1.43-10° 2.67°10°° 5.46'10°¢ 1.76:10° 2.51'10°¢ 3.10110°¢ 2.70-10°¢
Stot[3] 0.0513 0.0609 0.0598 0.0510 0.0603 0.0617 0.0609
Stot[4] 0.1306 0.0200 0.0184 0.1296 0.0193 0.0114 0.0200
Stot[5] 0.0108 0.0145 0.0143 0.0096 0.0136 0.0159 0.0147
Stot[6] 0.0061 0.0082 0.0080 0.0054 0.0077 0.0089 0.0082

production cost of compounds from COER decreases. Moreover,
methane and ethylene could be also competitive with the market due to
a lower cost compared to the expected range. The lowest expected cost
of methane from CO5ER is 1.23 $/kg of methane while for ethylene the
lowest expected cost from CO2ER is 1.12 $/kg of ethylene.

For the same systems analyzed above for the current economic
screening, a global sensitivity analysis (with the methodology reported
in the Supplementary Material) was conducted in order to find signifi-
cant factors for the total levelized cost. For the sensitivity analysis, the
considered factors are the electricity price (from biomass), CO price,
Faradaic efficiency, COy conversion, current density and electrolyser
cost that with a uniform distribution have upper and lower bounds as in
Table 8. The upper and lower bounds for the electricity price are set
according to Park et al. (2021),the CO4 price is reported as in [EA (2021)
while, the range of other inputs was set as in Jouny et al. (2018).

The results are reported in Table 9, showing the total order Sobol
sensitivity index value for each factor and each COy-based product. A
value higher than 0.05 makes the input significant for the total levelized
cost (Zhang et al., 2015) so that the electricity price and Faradaic effi-
ciency influence the cost in all products. CO5 conversion is significant
only for the cost of CO. Due to a higher value of the index, the electricity
price has the highest influence on the production cost and therefore its
reduction reduces significantly total costs. Economic incentives and
political actions should be done with the aim to reduce the electricity
price allowing the economic profitability of this new carbon dioxide
conversion process. In addition, continuous research is required to
improve the selectivity (in terms of Faradaic efficiency) and CO2 con-
version with the aim to decrease production costs.

7. Life cycle assessment of CO2ER process
7.1. Literature studies

The LCA of the CO; electrochemical reduction has been reported in
several studies, as documented in Table 10. Different methodologies
were used and different assumptions were made during the modelling
stage, so that different results were obtained among the considered
studies.

Most of the environmental investigations consider formic acid and
formate production and improved performances compared to the con-
ventional route are obtained especially when renewable electricity and
optimal conditions are implemented.

In Banu et al. (2023) a LCA (cradle-to-gate) for formic acid produc-
tion was carried out considering experimental lab data in the inventory.
Results are respectively 3.27 kgCOgeq, 4.28010-3 kgSOoeq, 2.12¢1072
kgPeq, 3.85¢107!1 kgcrc.11eq and 8.35 m? for climate change, terrestrial
acidification, freshwater eutrophication, ozone depletion and water
depletion for 1 kg formic acid produced.

In Thonemann (2020), a LCA for formic acid production was con-
ducted and compared to the traditional CO, hydrogenation route. Re-
sults show that hydrogenation performs better in most indicators, but
the investigated alternative route is promising in terms of climate
change and human health when the German electricity grid or electricity
from wind energy are used.

However, Rumayor et al. (2019b) found that only the renewable
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electrical energy pathway is able to ensure a global warming potential
(GWP) and abiotic depletion potential (ADP) value lower than that of
the conventional route. The cradle-to-gate analysis was conducted using
the GaBi tool with the CML2001 methodology.

Overall, optimal operating conditions allow better environmental
performances in formate production via CO2ER. In Dominguez-Ramos
et al. (2015) the first LCA study on the CO2ER to formate is reported.
Here, a very optimistic scenario (Faradaic efficiency of 100 %, extractive
distillation and solar energy) reduces CO, emissions up to 41 %
compared to the conventional process, although the current state of
technology is not suggested from an environmental point of view.

Also, Paulillo et al. (2021) developed a LCA of CO2ER with ionic
liquid ([P66614][124Triz]), at a lab scale. The authors found that the
recycling rate of unreacted reagents is the most important parameter
and only with its value of 99.9 % the electrochemical reduction of CO»
to formate can be competitive with the traditional process, based on the
hydrolysis of methyl formate.

Another product investigated for the LCA is ethylene oxide in Rondin
et al. (2022): negative emissions of up to —0.5 kgcozeq/Kgproduct Were
obtained under optimized process conditions regarding energy and
conversion efficiency and using biogenic COs. In contrast, emissions
exceeded the fossil benchmark when the European grid mix was applied.

Other non-comparative LCA studies about formic acid production
through the CO2ER have been carried out by Thonemann and Schulte
(2019) and Norouzi et al. (2021). In the former, the authors, analyzing
different reactor configurations, found that the flow-through reactor has
a GWP value lower than that of the batch reactor and
three-compartment cell. In the second, an exergo-environmental anal-
ysis was conducted considering different anolytic solutions (DSA/O,,
IrO2, KOH, Amberlite IR120). Results show net negative CO2 emissions
in all investigated cases.

In addition to formic acid and formate, other compounds are ob-
tained by CO; electrochemical reduction and their production has been
analyzed using LCA.

Among ten potential products (carbon monoxide, formic acid,
formaldehyde, methane, methanol, ethylene, ethane, ethanol, oxalic
acid, and propanol) according to Roh et al. (2020), carbon monoxide,
formic acid, formaldehyde, and n-propanol are attractive as they give
both positive specific GHG reduction and positive gross operating
margin (e.g. revenues less direct operating costs), based on the current
market in South Korea.

With the aim to improve the electrochemical process performance,
Yu et al. (2021) compared the simple CO; electrochemical reduction to
formate and CO with the bi-carbonate conversion to the same products.
Results show a lower environmental impact for the second mentioned
option (total GHG emissions for formate and CO production from bi-
carbonate are respectively —0.5238 and —0.6287 tonCO2eq/tonCO; in-
jection of carbon-based fuels).

Ethylene production has been investigated by Khoo et al. (2020) and
Pappijn et al. (2020). In Khoo et al. (2020) small and large-scales are
considered with a functional unit of 1 gr and 1 ton of ethylene, respec-
tively. Results show a GWP of 0.98-3.7 grCOa..q for the small-scale setup
and 0.65-3.0 tonCOx.¢q for the large-scale model. On the other hand, in
the second research, an environmental analysis was conducted consid-
ering energy consumption and electricity emission factors (which for
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Table 10

LCA literature studies on CO,ER.

References LCA typology Used CO;, based product Functional unit Comparison with the Assumed parameters Results
software conventional route
Thonemann (2020) Cradle-to-gate Formic acid 1 kg of formic acid Yes The hydrogenation performs better in most
(conventional route: COy indicators, but the
hydrogenation) electrochemical route shows promising results in
terms of
impacts on climate change and human health. These
results
are valid when electricity is taken from Germany grid
or wind energy.
Dominguez-Ramos et al. Cradle-to-gate Formate 1 kg of HCOO- Yes Better performance of COER only with optimistic
(2015) (Conventional route: From conditions (100 % FE, extractive distillation, and a
formic acid or sodium solar photo-voltaic-powered electrolyzer) (GWP 41 %
formate) lower than that of the conventional process)
Kibria Nabil et al. (2020) Cradle-to-gate Carbon monoxide, 1 kg of product Yes FE =90 % Syngas, ethylene, and n-propanol are the most
formic acid, methane, (but 1 kg CO + (Conventional route: Electricity emission factor compelling products in terms of GWP
methanol, ethylene, 0.216 kg Hy) thermochemical and = 0.17 kgCO2¢q/kWh
ethanol, n-propanol, incumbent processes)
acetic acid
Pappijn et al. (2020) Cradle-to-gate Ethylene 1 ton ethylene Yes Ideal electrolyzer (100 %  The electroreduction of CO, needs to be powered by
(but no (Conventional route: naphtha of conversion and green electricity in order to obtain an overall negative
separation and cracking) selectivity) net CO, balance.
purification) Electricity emission factor
for natural gas, solar, wind
=490, 48, 12 kgCO2/MWh
Rumayor et al. (2019b) Cradle-to-gate GaBi Methanol 1 kg of methanol Yes FE = 45.7 %, Current Worse conditions in terms of GWP for CO2ER due to
(Conventional route: from density = 6.93 mA/cm?, the high steam required in the distillation section
natural gas and direct COy Overall cell voltage = (methanol purification)
hydrogenation) 2.335V
Rumayor et al. (2019a) Cradle-to-gate GaBi Formic acid 1 kg of formic acid Yes FE = 90 % GWP, ADP fossil are lower than conventional route
(Conventional route: only with electricity from renewable energy
hydrolysis of methyl formate)
Paulillo et al. (2021) Cradle-to-gate Gabi Formate 1 kg of formate Yes FE =95 % The recycling
(Conventional route: via rate of unreacted reagents is the most significant
hydrolysis of methyl formate parameter.
obtained from fossil fuels) The system needs to attain a 99.9 % recycling rate to
be competitive
with the conventional process
Wyndorps et al. (2021) Ethylene 1 kg of ethylene Yes CO2ER to ethylene could reduce GHG emissions over
(Conventional route: via the Hy-based
hydrogenation reaction) pathway by up to 44 %
Rodin et al. (2022) Cradle-to-gate Gabi Ethylene oxide 1 kg of ethylene oxide Yes Cell voltage up to 10 V, Negative emissions of up to —0.5 kg COx¢q./kg
current density of product are obtained under optimized process
150-200 mA/cm?, cell area conditions regarding energy and
=300 cm? conversion efficiency and using biogenic CO»
Khoo et al. (2020) Cradle-to-gate Ethylene 1 gr/1 ton ethylene No With the use of renewable energy sources to power

CO2ER processes, a potential net 0.98-3.7 g COx.¢q is

achievable in the small-scale setup; 0.65-3.0 tCO2.¢q
is achievable in the large-scale model

(continued on next page)
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Northwestern Europe, for natural gas, solar and wind are equal to
. © P! 8 q
E g g ?ﬁ % g 5 '!% . respectively 490, 48, and 12 kg CO2¢q/MWh). Results show that only
ST 2 & € E g 55 with renewable electrical energy the alternative production route is
[} 9 ] 7] b= e
E, 3 3 g £ §E8|S8]| . ;:E S5 competitive with the traditional one based on cracking of naphtha.
2 P sl B | 5= g8 .. . ops
5 E g é ° 8 § g 5 gc.g g -2 However, CO, emissions related to the product separation and purifi-
E ¢ E sl s g 3 § g §| ¢ gl E£87 é'ﬁ: cation steps are not taken into account in this calculation.
< ‘§ 5% 8gs 2 B2 % S g é’,zo i A LCA on carbon monoxide, formic acid, methane, methanol,
[Z] = < —= 9 8 ERea . . .
3 E B g EO f § g é SE| 8 ol £ é;“‘g S £ ethylene, ethanol, propanol and acetic acid production was conducted
9] 3| < e . . . . .
g £ ;‘E S|5£8 |2 “E’ 5188 <% npE by Nabil et al. (2021) considering a single or two steps (CO» to CO in
© =) ¥ . @ & - . . . . .
&35 % 8| &3 £ 28 2 = g7 o e solid oxide electrolysis cell followed by CO electroreduction in the
= = Q ~ = - . . .
g 2 SR g 28 é HEXE 5 3 alkaline flow cell) of CO5 electroreduction. The system boundaries
§ gg gé 8 £ g cg|8g ‘§ 8% involve COy capture, conversion and product separation (without
o = o 32} g a . . . . . .
2 S0 S5 5% g % g £ ’5« _§‘ considering the disposal of products). A lower environmental impact is
S 5o B A S =2 .
E § :% § g % © % K E present in the two-step route and CO, ethylene, n-propanol are the most
g4 2 & £ g %" compelling products in terms of GWP. Here, the environmental analysis
. was done evaluating the energy consumption and considering an elec-

g n 3 tricity emission factor.

‘g ? & Worse conditions were obtained for methanol production via CO2ER

g g % éw in Rumayor et al. (2019b), due to the high steam requirement in the

iy IS g E distillation section because no process integration is considered,

£ 3 %% although solar electricity is used. 949 tonCOycy/ton methanol are
= . .

2 = 5 emitted by the electrochemical system.
= g

< 23 According to the above literature analysis, further research should be

performed to determine which method is more suitable for the assess-

2, ment of CO2ER. The number of analyzed indicators is scarce: the GWP is

g g widely used by the LCA community, so that future studies should tackle

s 'T: the inclusion of a combination of midpoint and endpoint indicators. A

§ é 2 2 2 2 2 clearer system boundary should be defined for a better comparison of

g this research and, as for the economic analysis, studies at a large-scale

a >

£ g are useful.

(s} 9

7.2. Environmental analysis
S o

o =% 3 = o =

B - < 3] o o . . .

5 g 5 % _S % E s A LCA for the main COs-based products obtained via the electro-

g |2 vz g B2 g chemical reduction is reported here and the analysis was conducted

=} %] L S . . e . .

g R ) o o according to four phases: goal and scope definition, life cycle inventory

B SR © [s28<} © . . . .

2 E-g % 4 5 £ & (LCD), life cycle impact assessment (LCIA) and interpretation (ISO
88 - - ° - 14040, 2009; 1SO 14044, 2006). Among these phases, goal and scope
<. definition, LCI and LCIA stages are discussed in the Supplementary

s g E Materials, while the interpretation phase as a discussion of results is
< S . . .

5 I reported in this section.

g E g g 8|l S - o Results are shown in Fig. 6 where the climate change impact is re-

2 =55 85|35 o S g ; . .

a gEBE| S g s s ported for the electrochemical processes at different electricity sources

= BEERTINTY — =~ o . . . . . . . .

g EEE E E £ E E (wind and solar energies and mix grid, this last with a carbon intensity of

'g, é 1 % 5| = g £ | & 0.0935 kgCO2eq/MJ, located in the UK) and for the conventional pro-

O g @ g s cesses taken from SimaPro, based on the Ecoinvent database (Ecoinvent,

5 TQ % 2018) (the combustion of heavy heating oil for carbon monoxide, direct

©50 hydration of ethylene for ethanol, steam cracking of hydrocarbons for
v « < ethylene, hydrolysis methyl formate for formic acid, up grading of
-

3 g L_j % 8 biogas for methane, reforming of natural gas for methanol, catalytic

P s g & © hydrogenation of propionaldehyde for propanol).

For the CO; feedstock two different values (-0.5 kgCOz¢q and —0.8

;Za i go %:, i 4::0 kgCO2¢q per kg of CO,) of carbon footprint were taken into account

'g s & oy s 8 (Nabil et al., 2021).

2 |2 & g & g

=1 =1 = =1 o
§ & & § & & 7.2.1. LCA results for formic acid
From the reported results, it is evident that the production of formic
acid through CO2ER is always promising compared to the conventional
8 route also when electricity from mix grid is used for the electrolyser due
':U: 2 £ 2 to a lower value of climate change impact. For the CO, feedstock with a
§ ﬁ s 2z a S @ carbon footprint of —0.5 kgCO2¢q/kgCO, the climate change impact for
N =) = . . . . . . .
g % S s § = ) formic acid production via electrochemical reduction is 31.7 kgCOzeq/
g ~ = g - ; g = ton of formic acid, 283 kgCOa2¢q/ton of formic acid and 1970 kgCOxzeq/
o g g g % % ; ton of formic acid when wind, solar energies and grid are respectively
2|2 S & |2 |3 used.
[

On the other hand, for a CO, feedstock with a carbon footprint of
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Fig. 6. Climate change impact for products obtained via CO-ER at different electricity sources and carbon footprints of CO, with a comparison with the conventional
process (blue bar=carbon footprint of CO2: —0.5 kgCO2¢q/kgCO2; orange bar= carbon footprint of CO2: —0.8 kgCO2eq/kgCO2).

—0.8 kgCO2¢q/kgCO> the climate change impact for the innovative
formic acid production is —539 kgCOazeq/ton of formic acid, —288
kgCO2¢q/ton of formic acid and 1400 kgCOxeq/ton of formic acid when
wind, solar energies and grid are respectively used. The conventional
formic acid production has a climate change impact value of 5030
kgCO2¢q/ton of formic acid (Ecoinvent, 2018).

7.2.2. LCA results for methane and propanol

Methane and propanol are preferred over the respective BAU pro-
cesses when renewable electricity is used. These results are in agreement
with those obtained by Rumayor et al. (2019b). For a carbon footprint of
—0.5 kgCO2¢q/kgCOo, the climate change impact of CO is respectively
59.6 kgCOxeq/ton of CO and 467 kgCOxzeq/ton of CO when wind energy
and solar energy are used for the electricity. On the other hand, for a
carbon footprint of —0.8 kgCO2¢q/kgCO2, CO has —875 kgCO2¢q/ton of
CO and —468 kgCOzeq/ton of CO respectively when wind and solar
energies are used for electricity. These values are clearly lower than that
of conventional process (1590 kgCOa2¢q/ton of CO) and of electrolytic
process moved by electricity grid. Regarding methane, results show that
for a carbon footprint of —0.5 kgCO2eq/kgCO2, the climate change
impact of methane is respectively 289 kgCOyeq/ton of methane and
2530 kgCOz¢q/ton of methane if wind and solar energies are used for
electricity. Considering a carbon footprint of —0.8 kgCO2¢q/kgCOs,
methane has an environmental impact of —1270 kgCOgeq/ton of
methane when wind energy is used for electricity and 9.66 kgCOeq/ton
of methane when solar energy is used for electricity. These values are
lower than that of the conventional process (3080 kgCOgeq/ton of
methane) and CO2ER moved by electricity grid. For the propanol syn-
thesis it is obtained that for a carbon footprint of —0.5 kgCO2¢q/kgCO»,
the environmental impact is of 203 kgCOx2¢q/ton of propanol and 1620
kgCOz¢q/ton of propanol when wind and solar energies are respectively
used for electricity. When the carbon footprint is of —0.8
kgCO2¢q/kgCO; the climate change impact is of —1070 kgCOz¢q/ton of
propanol and 343 kgCOzq/ton of propanol respectively for electricity
moved by wind and solar energy. Also in this case, for both carbon
footprints propanol synthesis has a lower environmental impact
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compared to that of the conventional one (3240 kgCO2q/ton of prop-
anol) and that based on CO; electrochemical reduction using grid
electricity.

7.2.3. LCA results for ethanol and ethylene

Ethanol and ethylene production via electrochemical reduction of
CO4 are promising compared to the traditional pathways when renew-
able electricity from wind and solar energies and when lower values of
carbon footprint for CO, are almost used. For ethanol, considering a
carbon footprint of —0.5 kgCO2¢q/kgCO2, the climate change impact is
181 kgCOzeq/ton of ethanol when wind is used for the electricity. This
value is lower compared to that obtained when ethanol is produced
through COER using electricity from solar energy (1420 kgCO2eq/ton of
ethanol), grid electricity (9730 kgCO2eq/ton of ethanol) and through the
conventional process (1330 kgCOz¢q/ton of ethanol). On the other hand,
for a carbon footprint of —0.8 kgCO2.q/kgCO,, the environmental
impact of ethanol production is —931 kgCOzeq/ton of ethanol, 306
kgCO2¢q/ton of ethanol and 8620 kgCO2.q/ton of ethanol respectively
when CO,ER using wind and solar energies and grid electricity are used.
For ethylene, considering a carbon footprint of —0.5 kgCO2eq/kgCOo,
the CO2ER process moved by wind energy has an environmental impact
of 302 kgCOz¢q/ton of ethylene that is lower compared to that obtained
when the CO2ER uses solar energy for electricity (2340 kgCOaz¢q/ton of
ethylene) and grid electricity (16,000 kgCO2¢/ton of ethylene) and that
of the conventional process (1740 kgCOzeq/ton of ethylene). On the
other hand, for a carbon footprint of —0.8 kgCO2¢q/kgCO», ethylene
production through CO2ER has an environmental impact of —1500
kgCOzeq/ton of ethylene, 538 kgCOyeq/ton of ethylene and 14,200
kgCOy¢q/ton of ethylene respectively for an electricity moved by wind
energy, solar energy and grid.

7.2.4. LCA results for methanol

The use of the alternative production of methanol is not suggested
when electricity from grid and solar energy are used and with higher
values of carbon footprint for CO5 feedstock. In fact, for a carbon foot-
print of —0.5 kgCOgeq/kgCO2, the climate change for methanol
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production through CO2ER using wind energy is 135 kgCOaeq/ton of
methanol while the environmental impact for the same process using
solar energy and grid energy is respectively of 1060 kgCOzeq/ton of
methanol and 7280 kgCO2¢q/ton of methanol. The conventional process
has 795 kgCO2q/ton of methanol. When the carbon footprint of CO; is
—0.8 kgC0O2¢q/kgCOo, the electrochemical conversion of CO; is favor-
able also if electricity from solar energy is used. In fact, the climate
change for CO2ER using wind and solar energy for electricity and grid
electricity is respectively of —670 kgCOgeq/ton of methanol, 255
kgCO2¢q/ton of methanol, 6470 kgCO2q/ton of methanol.

7.2.5. Overall considerations for LCA results

Overall, these results show that, as suggested in Pappijn et al. (2020),
in the most cases only renewable electricity (mostly electricity from
wind energy) and particular CO, sources (ensuring a very low value of
carbon footprint for CO3) should be used to have a negative value of
GWP for the CO5ER process ensuring a strong climate change mitigation.
It is not only important to develop an innovative process but also to have
alternative renewable energy sources and CO, with a low environmental
impact. Nabil et al. (2021) report that global warming impact of elec-
trochemical route is highly sensitive to the electricity emission intensity
and is compelling over incumbent routes only when coupled with low
emission intensity (<0.25 kgcozeq/kKWh).

It is important to underline that in this analysis a negative value of
climate change impact does not mean a removal of CO,, because a
cradle-to-gate analysis has been conducted (Muller et al., 2020).

8. Conclusions

In this critical state-of-the-art, we investigated the CO, electrolysers
proposed in the literature. Continuous flow cell reactors are the most
promising and are classified into basic flow, PEM, micro-fluid and SOE
electrolysers. Among these systems, SOEs are currently at a commercial
scale for CO production, while other systems are at a pilot scale but
ongoing research could take them to an industrial scale in the next years
because important steps in this direction have been made with encour-
aging results.

Electrocatalysts for CO2ER were reviewed and according to the state-
of-art were classified in terms of metals, bimetallic catalysts, metal
chalcogenides, non-metal catalysts and molecular catalysts. The current
research is looking for new electro-catalysts, understanding the mech-
anism of reaction and developing more efficient cell designs.

The economic and the environmental impacts are important aspects
for the application of this new strategy and hence a literature analysis on
LCA and economic studies was conducted in this overview followed by
our evaluation of production cost and climate change for a large-scale
plant at different electricity sources.

Results of our economic analysis show that today, only CO and for-
mic acid electrochemically produced have the potential for a levelized
cost lower than the current market price. In the future (in 2050), the
production costs of these compounds produced via COER can decrease
so that other products can be economically competitive. In the economic
analysis, electricity price, Faradaic efficiency and CO5 conversion have a
significant influence for the reduction of the production cost and more
effort should be done to find their optimal values.

Moreover, to enable the economic future of these processes, the focus
of research must eventually shift to large-scale applicable and affordable
materials. A trade off among all operating conditions must be evaluated
in the future to ensure the optimal economy of the process. Finding a
robust and selective electrocatalysts for COy reduction to individual
products could really help the achievement of these objectives because
separation costs will be reduced. In this context, a close and interdisci-
plinary collaboration between academia and industry is suggested to
ensure progress of this technology.

Regarding the environmental analysis, results show that only formic
acid production has a climate change lower than that of traditional
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process in all investigated case studies. For other products, the use of a
renewable energy and COy with a low carbon footprint ensure better
performances of the alternative process compared to the conventional
one. So that, in a future work, it is important to increase the energy
efficiency of the process in order to reduce the electricity consumption
and hence the environmental burden, in addition to benefits on the
economic point of view.

CRediT authorship contribution statement

Anna Hankin: Writing — review & editing. Grazia Leonzio: Writing
- original draft, Investigation, Data curation, Conceptualization. Nilay
Shah: Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.cherd.2024.07.014.

References

Abbasi, P., Asadi, M., Liu, C., Sharifi-Asl, S., Sayahpour, B., Behranginia, A., et al., 2017.
Tailoring the edge structure of molybdenum disulfide toward electrocatalytic
reduction of carbon dioxide. ACS Nano 11, 453-460.

Adnan, M.A., Kibria, M.G., 2020. Comparative techno-economic and life-cycle
assessment of power-to-methanol synthesis pathways. Appl. Energy 278, 115614.

Agarwal, A.S., Rode, E., Sridhar, N., Hill, D., Conversion of CO2 to Value Added
Chemicals: Opportunities and Challenges; Springer International Publishing
Switzerland 2017 W.-Y. Chen et al. (eds.), Handbook of Climate Change Mitigation
and Adaptation.

Agarwal, A.S., Zhai, Y., Hill, D., Sridhar, N., 2011. The electrochemical reduction of
carbon dioxide to formate/formic acid: engineering and economic feasibility.
ChemSusChem 4, 1301-1310.

Banu, A., Mir, N., Ewis, D., El-Naas, M.H., Amhamed, A.I., Bicer, Y., 2023. Formic acid
production through electrochemical reduction of CO2: a life cycle assessment.
Energy Convers. Manag. 20, 100441.

Bashir, S.M., Hossain, S.S., Rahman, S., Ahmed, S., Hossain, M.M., 2015. NiO/MWCNT
catalysts for electrochemical reduction of CO2. Electrocatalysis 6 (6), 544-553.
van Bavel, S., Verma, S., Negro, E., Bracht, M., 2020. Integrating CO2 electrolysis into the

gas-to-liquids— power-to-liquids process. ACS Energy Lett. 5, 2597-2601.

Bevilacqua, M., Filippi, J., Miller, H.A., Vizza, F., 2015. Recent technological progress in
CO2 electroreduction to fuels and energy carriers in aqueous environments. Energy
Technol. 3, 197-210.

Bidrawn, F., Kim, G., Corre, G., Irvine, J.T.S., Vohs, J.M., Gorte, R.J., 2008. Efficient
reduction of CO2 in a solid oxide electrolyzer. Electrochem Solid State Lett. 11,
B167-B170.

Birdja, Y.Y., Pérez-Gallent, E., Figueiredo, M.C., Géttle, A.J., Calle-Vallejo, F., Koper, M.
T.M., 2019. Advances and challenges in understanding the electrocatalytic
conversion of carbon dioxide to fuels. Nat. Energy 4, 732-745.

Boor, V.S. (2020), Electrochemical reduction of CO2 to Oxalic Acid, Master thesis, An
electronic version of this thesis is available at http://repository.tudelft.nl/.

Burdyny, T., Smith, W.A., 2019. CO2 reduction on gas-diffusion electrodes and why
catalytic performance must be assessed at commercially-relevant conditions. Energy
Environ. Sci. 2019 (12), 1442-1453.

CERES, 2022, Available at: https://www.ceres.tech/news/agreement-with-shell-to-
locate-a-mw-scale-electrolyser-in-bangalore-india/.

Chen, Y., Li, C.W., Kanan, M.W., 2012. Aqueous CO2 reduction at very low overpotential
on oxide-derived Au nanoparticles. J. Am. Chem. Soc. 134, 19969-19972.

Chen, J., Wang, T., Li, Z., Yang, B., Zhang, Q., Lei, L., Feng, P., Hou, Y., 2021. Recent
progress and perspective of electrochemical CO2 reduction towards C2-C5 products
over non-precious metal heterogeneous electrocatalysts. NanoResearch 14 (9),
3188-3207.

Choi, J., Kim, J., Wagner, P., Gambhir, S., Jalili, R., Byun, S., et al., 2019. Energy efficient
electrochemical reduction of CO2 to CO using a three-dimensional porphyrin/
graphene hydrogel. Energy Environ. Sci. 12, 747-755.

Chu, S., Ou, P., Ghamari, P., Vanka, S., Zhou, B., Shih, L., Song, J., Mi, Z., 2018.
Photoelectrochemical CO2 reduction into syngas with the metal/oxide interface.

J. Am. Chem. Soc. 140 (25), 7869-7877.

De Luna, P., Hahn, C., Higgins, D., Jaffer, S.A., Jaramillo, T.F., Sargent, E.H., 2019. What
would it take for renewably powered electrosynthesis to displace petrochemical
processes? Science 364 eaav3506.



https://doi.org/10.1016/j.cherd.2024.07.014
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref1
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref1
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref1
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref2
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref2
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref3
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref3
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref3
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref4
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref4
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref4
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref5
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref5
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref6
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref6
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref7
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref7
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref7
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref8
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref8
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref8
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref9
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref9
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref9
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref10
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref10
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref10
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref11
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref11
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref12
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref12
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref12
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref12
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref13
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref13
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref13
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref14
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref14
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref14
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref15
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref15
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref15

G. Leonzio et al.

De Mot, B., Ramdin, M., Hereijgers, J., Vlugt, T.J.H., Breugelmans, T., 2020. DirectWater
injection in catholyte-free zero-gap carbon dioxide electrolyzers. ChemElectroChem
7, 3839-3843.

Dinh, C.-T., Burdyny, T., Kibria, M.G., Seifitokaldani, A., Gabardo, C.M., Garcia de
Arquer, F.P., Kiani, A., Edwards, J.P., De Luna, P., Bushuyev, O.S., et al., 2018. CO2
electroreduction to ethylene via hydroxide-mediated copper catalysis at an abrupt
interface. Science 360, 783.

Dominguez-Ramos, A., Singh, B., Zhang, X., Hertwich, E.G., Irabien, A., 2015. Global
warming footprint of the electrochemical reduction of carbon dioxide to formate.
J. Clean. Prod. 104, 148-155.

Duarte, M., De Mot, B., Hereijgers, J., Breugelmans, T., 2019. Electrochemical reduction
of CO2: Effect of convective CO2 supply in gas diffusion electrodes.
ChemElectroChem 2019 (6), 5596-5602.

Dutta, N., Bagchi, D., Chawla, G., Peter, S.C., 2024. A guideline to determine faradaic
efficiency in electrochemical CO2 reduction. ACS Energy Lett. 9, 323-328.

Ecoinvent, 2018. Ecoinvent Data Version 3.5. Swiss Centre for Life Cycle Inventories.

EIA, 2019, https://www.eia.gov/outlooks/ieo/.

Elgrishi, N., Chambers, M.B., Wang, X., Fontecave, M., 2017. Molecular polypyridine-
based metal complexes as catalysts for the reduction of CO2. Chem. Soc. Rev. 46,
761-796.

Endrodi, B., Bencsik, G., Darvas, F., Jones, R., Rajeshwar, K., Janaky, C., 2017.
Continuous-flow electro reduction of carbon dioxide. Prog. Energy Combust. Sci. 62,
133-154.

Factiva, 2021, (https://global.factiva.com/ha/default.aspx).

Feng, X., Jiang, K., Fan, S., Kanan, M.W., 2015. Grain-boundary-dependent CO2
electroreduction activity. J. Am. Chem. Soc. 137, 4606-4609.

Gao, D.F., Aran-Ais, R.M., Jeon, H.S., Roldan Cuenya, B., 2019. Rational catalyst and
electrolyte design for CO2 electroreduction towards multicarbon products. Nat.
Catal. 2, 198.

Gao, D., Wei, P., Li, H., Lin, L., Wang, G., Bao, X., 2021. Designing electrolyzers for
electrocatalytic CO2 reduction. Acta Phys. -Chim. Sin. 37 (X), 2009021.

Garg, S., Li, M., Weber, A.Z., Ge, L., Li, L., Rudolph, V., Wanga, G., Rufford, T.E., 2020.
Advances and challenges in electrochemical CO2 reduction processes: an
engineering and design perspective looking beyond new catalyst materials. J. Mater.
Chem. A 8, 1511.

Global Petrol Price (2021), (https://www.globalpetrolprices.com/methane_prices/).

Gorre, J., Ortloff, F., van Leeuwen, C., 2019. Production costs for synthetic methane in
2030 and 2050 of an optimized Power-to-Gas plant with intermediate hydrogen
storage. Appl. Energy 253, 113594.

Guo, P.P., He, Z.H., Yang, S.Y., Wang, W., Wang, K., Li, C.C., Wei, Y.Y., Liu, Z.T., Han, B.,
2022. Electrocatalytic CO2 reduction to ethylene over ZrO2/Cu-Cu20 catalysts in
aqueous electrolytes. Green. Chem. 24, 1527-1533.

Hahn, C., Abram, D.N., Hansen, H.A., Hatsukade, T., Jackson, A., Johnson, N.C., et al.,
2015. Synthesis of thin film AuPd alloys and their investigation for electrocatalytic
CO2 reduction. J. Mater. Chem. A 3, 20185-20194.

Hamann, C.H., Hamnett, A., Vielstich, W., Electrochemistry, 2007. Wiley-VCH.

Hansen, H.A., Varley, J.B., Peterson, A.A., Norskov, J.K., 2013. Understanding trends in
the electrocatalytic activity of metals and enzymes for CO2 reduction to CO. J. Phys.
Chem. Lett. 4, 388-392.

Hatsukade, T., Kuhl, K.P., Cave, E.R., Abram, D.N., Jaramillo, T.F., 2014. Insights into
the electrocatalytic reduction of CO2 on metallic silver surfaces. Phys. Chem. Chem.
Phys. 2014 (16), 13814-13819.

Hereijgers, J., Ottevaere, H., Breugelmans, T., De Malsche, W., 2016. Membrane
deflection in a flat membrane microcontactor: experimental study of spacer features.
J. Membr. Sci. 504, 153-161.

Hernandez-Aldave, S., Andreoli, E., 2020. Fundamentals of gas diffusion electrodes and
electrolysers for carbon dioxide utilisation: challenges and opportunities. Catalysts
10 (6), 713.

Herron, J.A., Maravelias, C.T., 2016. Assessment of solar-to-fuels strategies:
photocatalysis and electrocatalytic reduction. Energy Technol. 4, 1369-1391.

Hoang, T.T.H., Verma, S., Ma, S., Fister, T.T., Timoshenko, J., Frenkel, A.L., Kenis, P.J.A.,
Gewirth, A.A., 2018. Nanoporous copper-silver alloys by additive-controlled
electrodeposition for the selective electroreduction of CO2 to ethylene and ethanol.
J. Am. Chem. Soc. 140, 5791-5797.

Hori, Y., 2008. Electrochemical CO2 reduction on metal electrodes. In: Vayenas, C.G.,
White, R.E., Gamboa-Aldeco, M.E. (Eds.), Mod. Asp. Electrochem. Springer, New
York, NY, pp. 89-189.

Hori, Y., Wakebe, H., Tsukamoto, T., Koga, O., 1995. Adsorption of CO accompanied
with simultaneous charge transfer on copper single crystal electrodes related with
electrochemical reduction of CO2 to hydrocarbons. Surf. Sci. 335, 258-263.

Hoshi, N., Kato, M., Hori, Y., 1997. Electrochemical reduction of CO2 on single crystal
electrodes of silver Ag (111), Ag (100) and Ag (110). J. Electroanal. Chem. 440,
283-286.

Huo, S., Weng, Z., Wu, Z., Zhong, Y., Wu, Y., Fang, J., Wang, H., 2017. Coupled metal/
oxide catalysts with tunable product selectivity for electrocatalytic CO2 reduction.
ACS Appl. Mater. Interfaces 9 (34), 28519-28526.

IEA, 2021, (https://www.iea.org/reports/world-energy-model/techno-economic-input
s).

IRENA (2020), Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the
1.5°C Climate Goal, International Renewable Energy Agency, Abu Dhabi.

1SO 14040, 2009. Environmental Management — Life Cycle Assessment — Principles And
Framework. European Committee for Standardisation, Brussels.

1SO 14044, 2006. Environmental Management — Life Cycle Assessment — Requirements
And Guidelines. European Committee for Standardisation, Brussels.

Jeon, H.S., Kunze, S., Scholten, F., Roldan Cuenya, B., 2018. Prism-shaped Cu
nanocatalysts for electrochemical CO2 reduction to ethylene. ACS Catal. 8, 531-535.

953

Chemical Engineering Research and Design 208 (2024) 934-955

Jhong, H.-R.M., Ma, S., Kenis, P.J.A., 2013. Electrochemical conversion of CO2 to useful
chemicals: Current status, remaining challenges, and future opportunities. Curr.
Opin. Chem. Eng. 2, 191-199.

Jhong, H.-R.M., Tornow, C.E., Smid, B., Gewirth, A.A., Lyth, S.M., Kenis, P.J.A., 2017.
A nitrogen- doped carbon catalyst for electrochemical CO2 conversion to CO with
high selectivity and current density. ChemSusChem 10, 1094-1099.

Jiang, K., Sandberg, R.B., Akey, A.J., Liu, X., Bell, D.C., Ngrskov, J.K., Chan, K.,

Wang, H., 2018. Metal ion cycling of Cu foil for selective C-C coupling in
electrochemical CO2 reduction. Nat. Catal. 1, 111-119.

Jiang, Z., Wang, T., Pei, J., Shang, H., Zhou, D., Li, H., Dong, J., Wang, Y., Cao, R.,
Zhuang, Z., 2020. Discovery of main group single Sb-N4 active sites for COy
electroreduction to formate with high efficiency. Energy Environ. Sci. 13,
2856-2863.

Jiwanti, P.K., Ichzan, A.M., Dewandaru, R.K.P., Atriardi, S.R., 2020. Improving the CO2
electrochemical reduction to formic acid using iridium-oxide-modified borondoped
diamond electrodes. Diam. Relat. Mater. 106.

Jouny, M., Luc, W.W., Jiao, F., 2018. General techno-economic analysis of CO2
electrolysis systems. Ind. Eng. Chem. Res. 57, 2165-2177.

Kang, P., Zhang, S., Meyer, T.J., Brookhart, M., 2014. Rapid selective electrocatalytic
reduction of carbon dioxide to formate by an iridium pincer catalyst immobilized on
carbon nanotube electrodes. Angew. Chem. Int Ed. 53, 8709-8713.

Kas, R., Kortlever, R., Milbrat, A., Koper, M.T., Mul, G., Baltrusaitis, J., 2014.
Electrochemical CO2 reduction on Cu20-derived copper nanoparticles: controlling
the catalytic selectivity of hydrocarbons. Phys. Chem. Chem. Phys. 16,
12194-12201.

Kazmi, M., Irfan, M., Zhou, L., Yuan, S., Fatima, H., Tian, L.Y., Ye, Y.L., Lu, Q.S., Lu, X.Y.,
Yang, S.Z., Gu, J.D., Mu, B.Z., 2022. Electron donors and mediators in the
thermodynamics and kinetics of CO2 bioreduction. Renew. Sustain. Energy Rev.
156, 111997.

Khoo, H.H., Halim, 1., Handoko, A.D., 2020. LCA of electrochemical reduction of CO2 to
ethylene. J. COz Util. 41, 101229.

Kibria, M.G., Edwards, J.P., Gabardo, C.M., Dinh, C.T., Seifitokaldani, A., Sinton, D.,
Sargent, E.H., 2019. Electrochemical CO2 reduction into chemical feedstocks: from
mechanistic electrocatalysis models to system design. Adv. Mater. 31, 1807166.

Kim, D., Resasco, J., Yu, Y., Asiri, A.M., Yang, P., 2014. Synergistic geometric and
electronic effects for electrochemical reduction of carbon dioxide using gold-copper
bimetallic nanoparticles. Nat. Commun. 5, 4948.

Kortlever, R., Peters, 1., Koper, S., Koper, M.T.M., 2015b. Electrochemical CO2 reduction
to formic acid at low overpotential and with high faradaic efficiency on carbon-
supported bimetallic Pd-Pt nanoparticles. ACS Catal. 5, 3916-3923.

Kortlever, R., Shen, J., Schouten, K.J.P., Calle-Vallejo, F., Koper, M.T.M., 2015a.
Catalysts and reaction pathways for the electrochemical reduction of carbon dioxide.
J. Phys. Chem. Lett. 6, 4073-4082.

Kuhl, K.P., Cave, E.R., Abram, D.N., Jaramillo, T.F., 2012. New insights into the
electrochemical reduction of carbon dioxide on metallic copper surfaces. Energy
Environ. Sci. 5, 7050-7059.

Kiingas, R., Blennow, P., Heiredal-Clausen, T., Holt Ngrby, T., Rass-Hansen, J.,
Primdahl, S., Hansen, J.B., 2017. eCOs — a commercial CO2 electrolysis system
developed by haldor topsoe. ECS Trans. 78 (1), 2879-2884.

Lee, J., Lee, W., Hwan Ryu, K., Park, J., Lee, H., Lee, J.H., Park, K.T., 2021. Catholyte-
free electroreduction of CO2 for sustainable production of CO: concept, process
development, techno-economic analysis, and CO2 reduction assessment. Green
Chem. 23, 2397.

Li, F., Chen, L., Knowles, G.P., MacFarlane, D.R., Zhang, J., 2017. Hierarchical
mesoporous SnO2 nanosheets on carbon cloth: a robust and flexible electrocatalyst
for CO2 reduction with high efficiency and selectivity. Angew. Chem. - Int. Ed. 56,
505-509.

Li, G., Jiang, C., Zeng, S., Peng, K., Yuan, L., Chu, J., Zhang, X., 2023. Novel theoretical
insight on CO2 electroreduction mechanism induced by aromatic ester-
functionalized ionic liquids: a bulk-phase reaction pathway. J. Mol. Liq. 375,
121392.

Li, C.W., Kanan, M.W., 2012. CO2 reduction at low overpotential on Cu electrodes
resulting from the reduction of thick Cu20 films. J. Am. Chem. Soc. 134, 7231-7234.

Li, W., Seredych, M., Rodriguez-Castell6n, E., Bandosz, T.J., 2016b. Metal-free
Nanoporous Carbon as a Catalyst for Electrochemical Reduction of CO2 to CO and.
ChemSusChem 9 (606-16), CH4.

Li, M., Wang, J., Li, P, Chang, K., Li, C., Wang, T., et al., 2016a. Mesoporous
palladium-copper bimetallic electrodes for selective electrocatalytic reduction of
aqueous CO2to CO. J. Mater. Chem. A 4, 4776-4782.

Li, J., Zhang, Z., Hu, W., 2022. Exclusive CO2-to-formate conversion over single-atom
alloyed Cu-based catalysts. Green Energy Environ. 7, 855-857.

Liang, S., Altaf, N., Huang, L., Gao, Y., Wang, Q., 2020. Electrolytic cell design for
electrochemical CO2 reduction. J. COz Util. 35, 90-10592.

Lin, R., Guo, J., Li, X., Patel, P., Seifitokaldani, A., 2020. Electrochemical reactors for
CO2 conversion. Catalysts 10, 473.

Liu, H., Chu, J., Yin, Z., Cai, X., Zhuang, L., Deng, H., 2018. Covalent organic frameworks
linked by amine bonding for concerted electrochemical reduction of CO2. Chem
2018 (4), 1696-1709.

Liu, K., Smith, W.A., Burdyny, T., 2019. Introductory guide to assembling and operating
gas diffusion electrodes for electrochemical CO2 reduction. ACS Energy Lett. 4,
639-643.

Liu, T., Song, G., Liu, X., Chen, Z., Shen, Y., Wang, Q., Peng, Z., Wang, G., 2023. Insights
into the mechanism in electrochemical CO2 reduction over single-atom copper alloy
catalysts: A DFT study. iScience 26, 107953.


http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref16
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref16
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref16
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref17
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref17
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref17
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref17
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref18
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref18
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref18
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref19
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref19
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref19
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref20
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref20
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref21
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref21
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref21
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref22
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref22
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref22
https://global.factiva.com/ha/default.aspx
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref23
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref23
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref24
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref24
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref24
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref25
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref25
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref26
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref26
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref26
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref26
https://www.globalpetrolprices.com/methane_prices/
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref27
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref27
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref27
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref28
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref28
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref28
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref29
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref29
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref29
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref30
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref30
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref30
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref31
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref31
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref31
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref32
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref32
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref32
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref33
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref33
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref33
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref34
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref34
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref35
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref35
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref35
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref35
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref36
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref36
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref36
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref37
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref37
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref37
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref38
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref38
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref38
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref39
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref39
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref39
https://www.iea.org/reports/world-energy-model/techno-economic-inputs
https://www.iea.org/reports/world-energy-model/techno-economic-inputs
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref40
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref40
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref41
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref41
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref41
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref42
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref42
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref42
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref43
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref43
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref43
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref44
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref44
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref44
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref44
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref45
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref45
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref45
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref46
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref46
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref47
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref47
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref47
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref48
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref48
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref48
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref48
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref49
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref49
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref49
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref49
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref50
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref50
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref51
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref51
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref51
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref52
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref52
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref52
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref53
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref53
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref53
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref54
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref54
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref54
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref55
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref55
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref55
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref56
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref56
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref56
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref57
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref57
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref57
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref57
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref58
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref58
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref58
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref58
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref59
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref59
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref59
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref59
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref60
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref60
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref61
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref61
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref61
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref62
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref62
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref62
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref63
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref63
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref64
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref64
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref65
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref65
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref66
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref66
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref66
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref67
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref67
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref67
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref68
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref68
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref68

G. Leongzio et al.

Liu, Y., Zhang, Y., Cheng, K., Quan, X., Fan, X., Su, Y., et al., 2017. Selective
electrochemical reduction of carbon dioxide to ethanol on a boron- and nitrogen-Co-
doped nanodiamond. Angew. Chem. Int Ed. 56, 15607-15611.

Liu, C., Zhang, M., Li, J., Xue, W., Zheng, T., Xia, C., Zeng, J., 2022. Nanoconfinement
engineering over hollow multi-shell structured copper towards efficient
electrocatalytical C—C coupling. Angew. Chem. Int. Ed. 61, 3.

Lu, Q., Jiao, F., 2016. Electrochemical CO2 reduction: electrocatalyst, reaction
mechanism, and process engineering. Nano Energy 29, 439-456.

Lu, X., Leung, D.Y.C., Wang, H., Maroto-Valer, M.M., Xuan, J., 2016a. A pH-differential
dual-electrolyte microfluidic electrochemical cells for CO2 utilization. Renew.
Energy 95, 277-285.

Lu, Q., Rosen, J., Zhou, Y., Hutchings, G.S., Kimmel, Y.C., Chen, J.G., et al., 2014.

A selective and efficient electrocatalyst for carbon dioxide reduction. Nat. Commun.
5, 3242.

Ly, X, Tan, T.H., Ng, Y.H., Amal, R., 2016b. Highly selective and stable reduction of CO2
to CO by a graphitic carbon nitride/carbon nanotube composite electrocatalyst.
Chem. — A Eur. J. 22, 11991-11996.

Luo, W., Zhang, J., Li, M., Ziittel, A., 2019. Boosting CO production in electrocatalytic
CO2 reduction on highly porous Zn catalysts. ACS Catal. 9, 3783-3791.

Luo, W., Zhang, Q., Zhang, J., Moioli, E., Zhao, K., Ziittel, 2020. A. electrochemical
reconstruction of ZnO for selective reduction of CO2 to CO. Appl. Catal. B 273,
119060.

Lv, W., Zhang, R., Gao, P., Lei, L., 2014. Studies on the faradaic efficiency for
electrochemical reduction of carbon dioxide to formate on tin electrode. J. Power
Sources 253, 276-281.

M.E. Leonard, M.J. Orella, N. Aiello, Y. Roman-Leshkov, A. Forner-Cuenca, F.R. Brushett
(Eds.), 2020. Choice—Flooded by Success: On the Role of ElectrodeWettability in
CO2. In: M.E. Leonard, M.J. Orella, N. Aiello, Y. Roman-Leshkov, A. Forner-Cuenca,
F.R. Brushett (Eds.), Electrolyzers that Generate Liquid Products. J. Electrochem.
Soc, 167124521.

Ma, M., Djanashvili, K., Smith, W.A., 2015. Selective electrochemical reduction of CO2 to
CO on CuO-derived Cu nanowires. Phys. Chem. Chem. Phys. 17, 20861-20867.

Ma, M., Hansen, H.A., Valenti, M., Wang, Z., Cao, A., Dong, M., et al., 2017.
Electrochemical reduction of CO2 on compositionally variant Au-Pt bimetallic thin
films. Nano Energy 42, 51-57.

Ma, D., Jin, T., Xie, K., Huang, H., 2021. An overview of flow cell architecture design and
optimization for electrochemical CO2 reduction. J. Mater. Chem. A 9, 20897.

Ma, M., Trzesniewski, B.J., Xie, J., Smith, W.A., 2016. Selective and efficient reduction of
carbon dioxide to carbon monoxide on oxide-derived nanostructured silver
electrocatalysts. Angew. Chem. Int Ed. Engl. 55, 9748-9752.

Maurin, A., Robert, M., 2016. Noncovalent immobilization of a molecular iron-based
electrocatalyst on carbon electrodes for selective, efficient CO2-to-CO conversion in
water. J. Am. Chem. Soc. 138, 2492-2495.

Methanex, 2021, (https://www.methanex.com/sites/default/files/Mx-Price-Sheet%
20-%200¢t%2029%202021.pdf).

METI, 2021, (https://www.meti.go.jp/english/policy/energy_environment/global_warm
ing/roadmap/innovation/ccus.html).

Moreno-Gonzalez, M., Berger, A., Borsboom-Hanson, T., Merida, W., 2021. Carbon-
neutral fuels and chemicals: Economic analysis of renewable syngas pathways via
CO2 electrolysis. Energy Convers. Manag. 244, 114452.

Morlanés, N., Takanabe, K., Rodionov, V., 2016. Simultaneous reduction of CO2 and
Splitting of H20 by a single immobilized cobalt phthalocyanine electrocatalyst. ACS
Catal. 6, 3092-3095.

Muller, L.J., Katelhon, A., Bringezu, S., McCoy, S., Suh, S., Edwards, R., Sick, V.,
Kaiser, S., Cuellar-Franca, R., Khamlichi, A.E., Lee, J.H., von der Assena, N.,
Bardow, A., 2020. The carbon footprint of the carbon feedstock CO2. Energy
Environ. Sci. 2020 (13), 2979.

Nabil, S.K., McCoy, S., Kibria, M., 2021. Comparative life cycle assessment of
electrochemical upgrading of CO2 to fuels and feedstocks. Green. Chem. 2021 (23),
867-880.

Nam, H., Park, K.R., Choi, Y.W., Sim, H., Sohn, K.Y., Lim, D.H., 2023. Electrocatalytic
CO2 reduction using self-supported zinc sulfide arrays for selective CO production.
Appl. Surf. Sci. 612, 155646.

Nam, D.-H., Shekhah, O., Ozden, A., et al., 2022. High-rate and selective CO2 electrolysis
to ethylene via metal-organic framework-augmented CO2 availability. Adv. Mater.
34 (51), 2207088.

Neuwirth, M., Fleiter, T., 2020, Hydrogen technologies for a CO2-neutral chemical
industry — a plant-specific bottomup assessment of pathways to decarbonize the
German chemical industry, ECEEE INDUSTRIAL SUMMER STUDY PROCEEDINGS.

NOAA, 2021, (https://reader.elsevier.com/reader/sd/pii/$2589004221013936?token =
EADDA8738BB778785E82FEC8A89836CAD7A5BDF0D64C2
7356B1861AFD0749F0BBO5C1E9F5ECC558B133FAEBAB11B0A97 &originRegion
= eu-west-1&originCreation = 20211226211743).

Norouzi, N., Hosseinpour, M., Talebi, S., Fani, M., 2021. A 4E analysis of renewable
formic acid synthesis from the electrochemical reduction of carbon dioxide and
water: studying impacts of the anolyte material on the performance of the process.
J. Clean. Prod. 293, 126149.

Nwabara, U.O., Cofell, E.R., Verma, S., Negro, E., Kenis, P.J.A., 2020. Durable cathodes
and electrolyzers for the efficient aqueous electrochemical reduction of CO2.
ChemSusChem 13, 855-875.

Orella, M.J., Brown, S.M., Leonard, M.E., Roman-Leshkov, Y., Brushett, F.R., 2020.

A general technoeconomic model for evaluating emerging electrolytic processes.
Energy Technol. 8, 1900994.

Pan, F,, Li, B., Deng, W., Du, Z., Gang, Y., Wang, G., et al., 2019. Promoting
electrocatalytic CO2 reduction on nitrogen-doped carbon with sulfur addition. Appl.
Catal. B 252, 240-249.

954

Chemical Engineering Research and Design 208 (2024) 934-955

Pappijn, C.A.R., Ruitenbeek, M., Reyniers, M.F., Geem, K.M.V., 2020. Challenges and
opportunities of carbon capture and utilization: electrochemical conversion of CO2
to ethylene. Front. Energy Res. 8, 557466.

Park, S., Wijaya, D.T., Na, J., Lee, C.W., 2021. Towards the large-scale electrochemical
reduction of carbon dioxide. Catalysts 11, 253.

Paulillo, A., Pucciarelli, M., Grimaldi, F., Lettieri, P., 2021. The life-cycle environmental
performance of producing formate via electrochemical reduction of CO2 in ionic
liquid. Green. Chem. 23, 6639-6651.

Pérez-Rodriguez, S., Barreras, F., Pastor, E., Lazaro, M.J., 2016. Electrochemical reactors
for CO2 reduction: From acid media to gas phase. Int. J. Hydrog. Energy 41,
19756-19765.

Peter, M.S., Timmerhaus, K.D. 1991. Plant design and economics for chemical
engineering, McGraw-Hill,

Peterson, A.A., Ngrskov, J.K., 2012. Activity descriptors for CO2 electroreduction to
methane on transition-metal catalysts. J. Phys. Chem. Lett. 3, 251-258.

Qi, Z., Biener, M.M., Kashi, A.R., Hunegnaw, S., Leung, A., Ma, S., Huo, Z., Kuhl, K.P.,
Biener, J., 2021. Electrochemical CO2 to CO reduction at high current densities
using a nanoporous gold catalyst. Mater. Res. Lett. 9, 99-104.

Qiao, J., Liu, Y., Hong, F., Zhang, J., 2014. A review of catalysts for the electro reduction
of carbon dioxide to produce low-carbon fuels. Chem. Soc. Rev. 43, 631-675.
Quan, F., Zhong, D., Song, H., Jia, F., Zhang, L., 2015. A highly efficient zinc catalyst for
selective electroreduction of carbon dioxide in aqueous NaCl solution. J. Mater.

Chem. A. 3, 16409-16413.

Rasul, S., Anjum, D.H., Jedidi, A., Minenkov, Y., Cavallo, L., Takanabe, K., 2015.

A highly selective copper-indium bimetallic electrocatalyst for the electrochemical
reduction of aqueous CO2 to CO. Angew. Chem. Int Ed. Engl. 54, 2146-2150.

Ren, D., Ang, B.S.-H., Yeo, B.S., 2016. Tuning the selectivity of carbon dioxide
electroreduction toward ethanol on oxide-derived CuxZn catalysts. ACS Catal. 6,
8239-8247.

Rodin, V., Zeilerbauer, L., Lindorfer, J., Paulik, C., Finger, D., 2022. Life cycle assessment
of a novel electrocatalytic process for the production of bulk chemical ethylene oxide
from biogenic CO2. Front. Sustain. 3, 799389.

Roh, K., Bardow, A., Bongartz, D., Burre, J., Chung, W., Deutz, S., Han, D.,
HeBelmann, M., Kohlhaas, Y., Konig, A., Lee, J.S., Meys, R., Volker, S., Wessling, M.,
Lee, J.H., Mitsos, A., 2020. Early-stage evaluation of emerging CO2 utilization
technologies at low technology readiness levels. Green. Chem. 22, 3842-3859.

Rosen, J., Hutchings, G.S., Lu, Q., Rivera, S., Zhou, Y., Vlachos, D.G., et al., 2015.
Mechanistic insights into the electrochemical reduction of CO2 to CO on
nanostructured Ag surfaces. ACS Catal. 5, 4293-4299.

Rumayor, M., Dominguez-Ramos, A., Irabien, A., 2019a. Environmental and economic
assessment of the formic acid electrochemical manufacture using carbon dioxide:
Influence of the electrode lifetime. Sustain. Prod. Consum. 18, 72-82.

Rumayor, M., Dominguez-Ramos, A., Irabien, A., 2019b. Innovative alternatives to
methanol manufacture: carbon footprint assessment. J. Clean. Prod. 225 (2019),
426-434.

de Salles Pupo, M., Kortlever, M., 2019. Electrolyte effects on the electrochemical
reduction of CO2. ChemPhysChem 20 (22), 2926-2935.

Sanchez, O.G., Birdja, Y.Y., Bulut, M., Vaes, J., Breugelmans, T., Pant, D., 2019. Recent
advances in industrial CO2 electroreduction. Curr. Opin. Green Sustain. Chem. 16,
47-56.

Sarfraz, S., Garcia-Esparza, A.T., Jedidi, A., Cavallo, L., Takanabe, K., 2016. Cu-Sn
bimetallic catalyst for selective aqueous electroreduction of CO2 to CO. ACS Catal. 6,
2842-2851.

Seifitokaldani, A., Gabardo, C.M., Burdyny, T., Dinh, C.-T., Edwards, J.P., Kibria, M.G.,
Bushuyev, O.S., Kelley, S.O., Sinton, D., Sargent, E.H., 2018. Hydronium-induced
switching between CO2 electroreduction pathways. J. Am. Chem. Soc. 140,
3833-3837.

Sen, S., Liu, D., Palmore, G.T.R., 2014. Electrochemical reduction of CO2 at copper
nanofoams. ACS Catal. 4, 3091-3095.

Senocrate, A., Battaglia, C., 2021. Electrochemical CO2 reduction at room temperature:
Status and perspectives. J. Energy Storage 36, 102373.

Serafini, M., Mariani, F., Basile, F., Scavetta, E., Tonelli, D., 2023. From Traditional to
New Benchmark Catalysts for CO2 Electroreduction. Nanomaterials 13, 1723.

Somoza-Tornos, A., Guerra, O.J., Crow, A.M., Smith, W.A., Hodge, B., 2021. Process
modeling, techno-economic assessment, and life cycle assessment of the
electrochemical reduction of CO2: a review. iScience 24, 102813.

Spurgeon, M.J., Kumar, B., 2018. A comparative technoeconomic analysis of pathways
for commercial electrochemical CO2 reduction to liquid products. Energy Environ.
Sci. 11, 1536.

Sreekanth, N., Nazrulla, M.A., Vineesh, T.V., Sailaja, K., Phani, K.L., 2015. Metal-free
borondoped graphene for selective electroreduction of carbon dioxide to formic
acid/formate. Chem. Commun. 51, 16061-16064.

Sun, X., Kang, X., Zhu, Q., Ma, J., Yang, G., Liu, Z., et al., 2016. Very highly efficient
reduction of CO2 to CH4 using metal-free N-doped carbon electrodes. Chem. Sci. 7,
2883-2887.

Tang, W., Peterson, A.A., Varela, A.S., Jovanov, Z.P., Bech, L., Durand, W.J., et al., 2012.
The importance of surface morphology in controlling the selectivity of
polycrystalline copper for CO2 electroreduction. Phys. Chem. Chem. Phys. 14,
76-81.

Thonemann, N., 2020. Environmental impacts of CO2-based chemical production: a
systematic literature review and meta-analysis. Appl. Energy 263, 114599.

Thonemann, N., Schulte, A., 2019. From laboratory to industrial scale: a prospective LCA
for electrochemical reduction of CO 2 to formic acid. Environ. Sci. Technol. 53,
12320-12329.


http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref69
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref69
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref69
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref70
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref70
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref70
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref71
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref71
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref72
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref72
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref72
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref73
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref73
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref73
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref74
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref74
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref74
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref75
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref75
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref76
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref76
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref76
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref77
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref77
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref77
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref78
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref78
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref79
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref79
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref79
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref80
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref80
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref81
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref81
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref81
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref82
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref82
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref82
https://www.methanex.com/sites/default/files/Mx-Price-Sheet%20-%20Oct%2029%202021.pdf
https://www.methanex.com/sites/default/files/Mx-Price-Sheet%20-%20Oct%2029%202021.pdf
https://www.meti.go.jp/english/policy/energy_environment/global_warming/roadmap/innovation/ccus.html
https://www.meti.go.jp/english/policy/energy_environment/global_warming/roadmap/innovation/ccus.html
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref83
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref83
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref83
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref84
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref84
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref84
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref85
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref85
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref85
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref85
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref86
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref86
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref86
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref87
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref87
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref87
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref88
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref88
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref88
https://reader.elsevier.com/reader/sd/pii/S2589004221013936?token=EADDA8738BB778785E82FEC8A89836CAD7A5BDF0D64C27356B1861AFD0749F0BB05C1E9F5ECC558B133FAEBAB11B0A97&amp;originRegion=eu-west-1&amp;originCreation=20211226211743
https://reader.elsevier.com/reader/sd/pii/S2589004221013936?token=EADDA8738BB778785E82FEC8A89836CAD7A5BDF0D64C27356B1861AFD0749F0BB05C1E9F5ECC558B133FAEBAB11B0A97&amp;originRegion=eu-west-1&amp;originCreation=20211226211743
https://reader.elsevier.com/reader/sd/pii/S2589004221013936?token=EADDA8738BB778785E82FEC8A89836CAD7A5BDF0D64C27356B1861AFD0749F0BB05C1E9F5ECC558B133FAEBAB11B0A97&amp;originRegion=eu-west-1&amp;originCreation=20211226211743
https://reader.elsevier.com/reader/sd/pii/S2589004221013936?token=EADDA8738BB778785E82FEC8A89836CAD7A5BDF0D64C27356B1861AFD0749F0BB05C1E9F5ECC558B133FAEBAB11B0A97&amp;originRegion=eu-west-1&amp;originCreation=20211226211743
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref89
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref89
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref89
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref89
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref90
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref90
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref90
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref91
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref91
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref91
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref92
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref92
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref92
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref93
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref93
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref93
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref94
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref94
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref95
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref95
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref95
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref96
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref96
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref96
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref97
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref97
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref98
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref98
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref98
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref99
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref99
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref100
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref100
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref100
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref101
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref101
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref101
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref102
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref102
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref102
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref103
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref103
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref103
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref104
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref104
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref104
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref104
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref105
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref105
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref105
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref106
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref106
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref106
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref107
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref107
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref107
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref108
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref108
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref109
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref109
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref109
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref110
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref110
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref110
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref111
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref111
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref111
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref111
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref112
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref112
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref113
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref113
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref114
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref114
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref115
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref115
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref115
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref116
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref116
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref116
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref117
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref117
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref117
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref118
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref118
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref118
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref119
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref119
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref119
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref119
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref120
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref120
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref121
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref121
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref121

G. Leonzio et al.

Tian, Y., Fei, X., Ning, H., Wang, W., Tan, X., Wang, X., Ma, Z., Guo, Z., Wu, M., 2022.
Membrane-free Electrocatalysis of CO3 to Cz on CuO/CeO Nanocomposites. Front
Chem. 10, 915759.

Tufa, R.A., Chanda, D., Ma, M., Aili, D., Demissie, T.B., Vaes, J., Li, Q., Liu, S., Pant, D.,
2020. Towards highly efficient electrochemical CO2 reduction: cell designs,
membranes and electrocatalysts. Appl. Energy 277, 115557.

Twelve, 2021, available at: https://www.twelve.co/careers.

Vennekoetter, J.-B., Sengpiel, R., Wessling, M., 2019. Beyond the catalyst: How electrode
and reactor design determine the product spectrum during electrochemical CO2
reduction. Chem. Eng. J. 364, 89-101.

Wang, H., Chen, Y., Hou, X., Ma, C., Tan, T., 2016. Nitrogen-doped graphenes as efficient
electrocatalysts for the selective reduction of carbon dioxide to formate in aqueous
solution. Green. Chem. 18, 3250-3256.

Weekes, D.M., Salvatore, D.A., Reyes, A., Huang, A., Berlinguette, C.P., 2018. Electrolytic
CO2 reduction in a flow cell. Acc. Chem. Res. 2018 (51), 910-918.

Weiss, R.F., 1974. Carbon dioxide in water and seawater: the solubility of a non-ideal
gas. Mar. Chem. 2, 203-215.

Welch, A.J., Dunn, E., DuChene, J.S., Atwater, H.A., 2020. Bicarbonate or carbonate
processes for coupling carbon dioxide capture and electrochemical conversion. ACS
Energy Lett. 5, 940-945.

Weng, Z., Jiang, J., Wu, Y., Wu, Z., Guo, X., Materna, K.L., et al., 2016. Electrochemical
CO2 reduction to hydrocarbons on a heterogeneous molecular Cu catalyst in aqueous
solution. J. Am. Chem. Soc. 138, 8076-8079.

Whipple, D.T., Finke, E.C., Kenis, P.J.A., 2010. Microfluidic reactor for the
electrochemical reduction of carbon dioxide: the effect of pH. Electrochem Solid
State Lett. 13, B109.

Wiranarongkorn, K., Eamsiri, K., Chen, Y.S., Arpornwichanop, A., 2023.

A comprehensive review of electrochemical reduction of CO2 to methanol: technical
and design aspects. J. CO2 Util. 71, 102477.

Wu, Y., Jiang, J., Weng, Z., Wang, M., Broere, D.L.J., Zhong, Y., et al., 2017.
Electroreduction of CO2 catalyzed by a heterogenized Zn—porphyrin complex with a
redox-innocent metal center. ACS Cent. Sci. 3, 847-852.

Wu, J., Liu, M., Sharma, P.P., Yadav, R.M., Ma, L., Yang, Y., et al., 2016. Incorporation of
nitrogen defects for efficient reduction of CO2 via two-electron pathway on three-
dimensional graphene foam. Nano Lett. 16, 466-470.

Wyndorps, J., Ostovari, H., von der Assen, N., 2021. Is electrochemical CO2 reduction
the future technology for power-to-chemicals? An environmental comparison with
H2-based pathways. Sustain. Energy Fuels 5, 5748-5761.

Xie, J., Zhao, X., Wu, M., Li, Q., Wang, Y., Yao, J., 2018. Metal-free fluorine-doped
carbon electrocatalyst for CO2 reduction outcompeting hydrogen evolution. Angew.
Chem. Int Ed. 57, 9640-9644.

Xing, L., Jiang, H., Tian, X., Yin, H., Shi, W., Yu, E., Pinfield, V.J., Xuan, J., 2023.
Combining machine learning with multi-physics modelling for multi-objective
optimization and techno-economic analysis of electrochemical CO2 reduction
process. Carbon Capture Sci. Technol. 9, 100138.

Xu, J., Li, X., Liu, W., Sun, Y., Ju, Z., Yao, T., et al., 2017. Carbon dioxide
electroreduction into syngas boosted by a partially delocalized charge in
molybdenum sulfide selenide alloy monolayers. Angew. Chem. Int Ed. 56,
9121-9125.

955

Chemical Engineering Research and Design 208 (2024) 934-955

Yang, Y., Li, F., 2021. Reactor design for electrochemical CO2 conversion toward large-
scale applications, Current Opinion in Green and Sustainable. Chemistry 27, 100419.

Yu, P., Kang, Z., Fu, Q., Li, J., Zhang, L., Zhu, X., Liao, Q., 2021. Life cycle and economic
analysis of chemicals production via electrolytic (bi)carbonate and gaseous CO2
conversion. Appl. Energy 304, 117768.

Yuan, L., Zeng, S., Zhang, X., Ji, X., Zhang, S., 2023. Advances and challenges of
electrolyzers for large-scale CO2 electroreduction. Mater. Rep.: Energy 3, 100177.

Zeng, J., Fiorentin, M.R., Fontana, M., Castellino, M., Risplendi, F., Sacco, A., Cicero, G.,
Farkhondehfal, M.A., Drago, F., Pirri, C.F., 2022. Novel insights into Sb-Cu catalysts
for electrochemical reduction of CO2. Appl. Catal. B: Environ. 306, 121089.

Zeng, D., Li, C., Wang, W., Zhang, L., Zhang, Y., Wang, J., Zhang, L., Zhou, X., Wang, W.,
2023. Insights into the hydrophobic surface promoting electrochemical CO2
reduction to ethylene. Chem. Eng. J. 461, 142133.

Zhai, J., Kang, Q., Liu, Q., Lai, D., Lu, Q., Gao, F., 2022. In-situ generation of In203
nanoparticles inside In [Co(CN)6] quasi-metalorganic-framework nanocubes for
efficient electroreduction of CO2 to formate. J. Colloid Interface Sci. 608,
1942-1950.

Zhang, L., Hu, S., Zhu, X., Yang, W., 2017b. Electrochemical reduction of CO2 in solid
oxide electrolysis cells. J. Energy Chem. 2017b (26), 593-601.

Zhang, T., Li, X., Qiu, Y., Su, P., Xu, W., Zhong, H., et al., 2018. Multilayered Zn
nanosheets as an electrocatalyst for efficient electrochemical reduction of CO2.

J. Catal. 357, 154-162.

Zhang, X., Song, Y., Wang, G., Bao, X., 2017a. Co-electrolysis of CO2 and H20 in high-
temperature solid oxide electrolysis cells: Recent advance in cathodes. J. Energy
Chem. 26, 839-853.

Zhang, X.Y., Trame, M.N., Lesko, L.J., Schmidt, S., 2015. Sobol sensitivity analysis: a tool
to guide the development and evaluation of systems pharmacology models. CPT:
Pharmacomet. Syst. Pharmacol. 4 (2), 69-79.

Zhang, X., Wu, Z., Zhang, X., Li, L., Li, Y., Xu, H., et al., 2017c. Highly selective and
active CO2 reduction electrocatalysts based on cobalt phthalocyanine/carbon
nanotube hybrid structures. Nat. Commun. 8, 14675.

Z. Zhang, J. Xu, Y. Zhang, L. Zhao, M. Li, G. Zhong, D. Zhao, M. Li, X. Hu, W. Zhu, C.
Zheng, X. Sun, 2023. Porous metal oxides in the role of electrochemical CO2
reduction reaction, Journal of Energy Chemistry.

Zhang, F., Zhang, H., Liu, Z., 2019. Recent advances in electrochemical reduction of CO2,
Current Opinion in Green and Sustainable. Chemistry 16, 77-84.

Zhong, M., Tran, K., Min, Y., Wang, C., Wang, Z., Dinh, C.-T., De Luna, P., Yu, Z.,
Rasouli, A.S., Brodersen, P., 2020. Accelerated discovery of CO2 electrocatalysts
using active machine learning. Nature 581, 178-183.

Zhu, W., Michalsky, R., Metin, O., Lv, H., Guo, S., Wright, C.J., et al., 2013.
Monodisperse Au nanoparticles for selective electrocatalytic reduction of CO2 to CO.
J. Am. Chem. Soc. 135, 16833-16836.

Zhu, W., Zhang, Y.J., Zhang, H., Lv, H., Li, Q., Michalsky, R., 2014. et al. Active and
selective conversion of CO2 to CO on ultrathin Au nanowires. J. Am. Chem. Soc. 136,
16132-16135.

Zong, S., Chen, A., Wisniewski, M., Macheli, L., Jewell, L.L., Hildebrandt, D., Liu, X.,
2023. Effect of temperature and pressure on electrochemical CO2 reduction: a mini
review. Carbon Capture Sci. Technol. 8, 100133.


http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref122
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref122
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref122
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref123
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref123
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref123
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref124
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref124
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref124
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref125
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref125
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref125
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref126
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref126
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref127
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref127
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref128
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref128
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref128
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref129
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref129
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref129
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref130
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref130
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref130
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref131
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref131
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref131
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref132
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref132
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref132
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref133
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref133
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref133
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref134
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref134
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref134
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref135
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref135
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref135
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref136
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref136
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref136
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref136
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref137
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref137
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref137
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref137
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref138
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref138
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref139
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref139
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref139
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref140
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref140
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref141
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref141
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref141
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref142
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref142
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref142
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref143
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref143
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref143
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref143
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref144
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref144
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref145
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref145
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref145
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref146
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref146
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref146
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref147
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref147
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref147
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref148
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref148
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref148
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref149
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref149
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref150
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref150
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref150
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref151
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref151
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref151
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref152
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref152
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref152
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref153
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref153
http://refhub.elsevier.com/S0263-8762(24)00406-4/sbref153

	CO2 electrochemical reduction: A state-of-the-art review with economic and environmental analyses
	1 Introduction
	2 Main products obtained from CO2ER
	3 Figures of merit for electrolysers
	3.1 Current density
	3.2 Faradaic efficiency
	3.3 Energetic efficiency
	3.4 Stability

	4 Electrocatalysts for CO2 reduction
	4.1 Metal catalysts
	4.1.1 Noble metals
	4.1.2 Non noble metals
	4.1.3 Metal oxides

	4.2 Bimetallic catalysts
	4.3 Metal chalcogenide catalysts
	4.4 Non-metal catalysts
	4.5 Molecular catalysts
	4.6 New insights for electrocatalysts

	5 Electrolysers for CO2 reduction
	5.1 Electrolyser reactors
	5.1.1 H-type electrochemical cell reactors
	5.1.2 Flow cell reactors

	5.2 Future perspectives of electrolyser reactors

	6 Economic profitability of CO2ER process
	6.1 Literature studies
	6.2 Economic analysis

	7 Life cycle assessment of CO2ER process
	7.1 Literature studies
	7.2 Environmental analysis
	7.2.1 LCA results for formic acid
	7.2.2 LCA results for methane and propanol
	7.2.3 LCA results for ethanol and ethylene
	7.2.4 LCA results for methanol
	7.2.5 Overall considerations for LCA results


	8 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supporting information
	References


