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Abstract: Electrochemical CO; reduction (ECO,RR) provides a promising route for its conversion into fuels and
value-added chemicals using renewable electricity. Recent advancements have explored the integration of cathodic
ECO,RR with various anodic organic oxidation reactions (OOR) to enhance economic feasibility and lower
operating potentials. However, process-level insights into these integrated systems remain largely unexplored. The
numerous potential combinations of ECO,RR and OOR make it impractical to conduct detailed process designs
for every pairing. In this paper, we review existing half-reaction experiments and establish a framework to screen
for potential integrations of OOR and ECO;RR based on reported technical feasibility and economic margins.
From our framework, we have identified seven candidate pairing systems, predominantly demonstrating economic
margins ranging from $0.1 to $0.4 per kg of product. In addition, we highlight the practical challenges encountered
in downstream processing, particularly the recovery of ionic products from dilute reaction media. Overall, we
conclude that co-electrolysis is economically viable when the added value from the anodic reaction provides
sufficient margins to offset downstream separation and purification costs (e.g., pairing methanol and glycolic acid
production), or when both half-reactions yield identical products (e.g., formate), which significantly simplifies
downstream processing.
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1. Introduction

Carbon dioxide (CO,) reduction is a vital part of current carbon capture and utilization research.
Traditionally, thermal catalysis is used to transform CO- into valuable chemicals. Examples include the production
of hydrocarbons [1,2], alcohols [3], carbonates [4], carbamates [5], and others. While this method is well
established, it usually requires high temperatures and high pressures. In addition, expensive green hydrogen is
often assumed in relevant research, leading to economic barriers and practical limitations for regions with limited
green electricity. Other emerging methods include photocatalysis and biocatalysis. Photocatalysis uses direct solar
energy but currently suffers from low efficiency and poor stability [6]. Multi-carbon product formation remains
particularly challenging because efficient charge transfer and C-C coupling are both required [7]. Biocatalysis
offers high selectivity for products like biodegradable plastics, but it remains very difficult to scale up due to high
costs and low production rates.

Electrochemical CO> reduction reaction (ECO,RR) emerges as a competitive alternative [8]. Operating at
room temperature and standard pressure significantly reduces the safety risks and overall energy requirements.
Driven by electricity, the process can be easily integrated with renewable energy sources. It offers a modular design
and high selectivity for products such as carbon monoxide, methanol, ethanol, and formic acid [9-12]. These compact
electrolyzers can be deployed directly near industrial emission sources to facilitate efficient carbon recycling.
Electrolyzers are broadly divided into solid and liquid systems based on their operating temperatures. High-
temperature solid electrolyzers operate between 600 and 800 °C to efficiently produce carbon monoxide [13].
Meanwhile, low-temperature liquid electrolyzers operate between 25 and 80 °C [14]. With proper catalyst design,
these low-temperature systems use water directly as a clean hydrogen source, offering an eco-friendly way to
generate the valuable chemicals mentioned earlier [15,16].
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Mechanistically, ECO,RR typically involves gas adsorption, electron transfer, and product desorption. While
generating single carbon products (e.g., CO, formic acid) is straightforward, producing multi-carbon chemicals is
much more challenging because of the high energy barriers for C-C coupling [17]. Previous research has
extensively attempted to address these thermodynamic and kinetic issues through advanced catalyst design and
surface engineering [18,19]. However, most of those studies remain at the fundamental level. Metrics such as
Faradaic efficiency, current density, specific energy consumption, and single-pass conversion are used to compare
electrolyzer performance across studies. In general, post-electrolysis product recovery requires complex separation
of mixed ions, gases, and liquids. Because experimentally validated downstream separation processes remain
limited, the economic and environmental performance of these systems remains uncertain. Overall, translating
these laboratory successes into practical applications requires a broader, process-level perspective.

At the cell level, CO; reduction occurs at the cathode, whereas conventional electrolyzers use the oxygen
evolution reaction (OER) at the anode. However, the high thermodynamic potential (i.e., 1.23 V) of OER typically
consumes over 90% electricity required at the electrolyzer. Recently, researchers have explored replacing OER
with other organic oxidation reactions (OORs) in coelectrolysis systems, eyeing on achieving higher economic
potential and lower energy demand. Examples include oxidizing glycerol at the anode to produce lactic acid [20],
oxidizing 5-hydroxymethyl-furfural to produce 2,5 furandicarboxylic [21], among others. While this coupling
strategy provides inherent economic and energy benefits, the addition of new species and low selectivity make the
challenges in downstream separation more severe. In addition, numerous combinations of ECO,RR and OOR are
possible. It would be very challenging and time-consuming to carry out detailed process design and evaluation on
each combination to provide technical recommendations.

While previous reviews on low-temperature CO, electrolysis have often covered reactor design (including
gas-diffusion electrodes, flow-cell and membrane electrode assembly design, mass transport, and scale up) [14,22],
paired alternative anodic reactions [23-26], and process-level techno-economic considerations [27-29], they are
typically organized by reaction type or catalyst and cell performance, with experimental data and downstream
considerations treated separately. Consequently, a more integrated pre-design approach is needed.

To address this need, we introduce a conceptual design and integration framework for coelectrolysis systems
pairing ECO,RR (cathode) with OOR (anode). Drawing on reported experimental findings for both half-reactions,
we propose a structured screening procedure. This framework evaluates inherent thermodynamic properties (e.g.,
theoretical voltage), technical performance metrics (e.g., current density, selectivity, specific energy consumption),
and economic indicators (e.g., reactant and product unit costs) to identify combinations capable of sustaining the
economic margins required for downstream separation processes. Ultimately, this study aims to connect process-
level insights during the early design phase, identifying the most viable pathways for rigorous technical and
economic evaluation.

2. Pairing of ECO:RR and OOR

In this section, the potential ECO,RR (cathode) and OOR (anode), as well as existing coelectrolysis systems,
are reviewed. We aim to connect the fundamental properties of these electrochemical half reactions to broader
process insights.

At the cathode, the target products of ECO,RR are primarily determined by the choice of electrocatalyst.
Table 1 summarizes the representative experimental data for various cathodic reduction pathways, where the types
of electrocatalysts and electrolytes, information regarding the byproducts, and process indicators obtained from
these experiments are listed. Generally, Faradaic efficiency (FE) and total current density (TCD) are used to
evaluate electrochemical conversion systems. FE represents the fraction of charge directed toward the targeted
product, reflecting the selectivity of the process. TCD denotes the overall rate of charge transfer per unit of
electrode area. The product of FE and TCD, the partial current density, directly indicates the productivity of the
electrochemical conversion. In contrast, the half-cell potential represents the electrical driving force required per
unit charge. However, none of these indicators alone captures the electricity required per unit mass of product.
Therefore, the specific electricity consumption (SEC), defined in Equation (1), is used here as the primary energy
indicator for screening. For brevity, representative studies demonstrating high current density and Faradaic
efficiency are listed for each chemical.

|Enaiel nF

SEC = FE X M, x 36 x 108 M

where Enar is the reported half-cell potential (vs. RHE), n denotes the number of electrons transferred per mole of

product, F represents the Faraday constant, M, is the product molar mass in kg mol™!. Overall, SEC rises with the

half-cell potential and reduces as FE increases. Although TCD does not appear explicitly in Equation (1), a higher
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current density often requires larger half-cell-potentials or alters FE, thereby affecting SEC indirectly. Note that
the SEC values listed in Table 1 describe cathodic half-reactions. The corresponding full-cell values for paired
systems are used later in the economic evaluation.

Two key observations emerge from these data. First, controlling the selectivity of the reduction products
remains a significant challenge. The competitive reduction of water to hydrogen frequently occurs at the cathode,
further decreasing the overall selectivity toward the target carbon products. Second, while fundamental
electrochemical principles dictate a trade-off between productivity and overpotential (as described by the Butler-
Volmer equation), this is not a general trend across the various pathways listed in Table 1. Specifically, several
systems for producing methanol and formate reveal higher partial current densities alongside lower SEC compared
to others. This is particularly evident in formate production, which represents a widely investigated cathodic
reaction pathway in the field of ECO,RR. This phenomenon is driven by continued advancements in catalytic
technologies (e.g., nanoparticle design and defect engineering).

Although downstream separation has not yet been considered, a preliminary economic margin can be
estimated by comparing product revenue with the electricity cost implied by these SEC values. At an electricity
price of $0.10 kWh™!, hydrocarbon production showed no positive margin and would require a substantial green
premium to become profitable. In contrast, carbon monoxide, formate, and alcohol production showed positive
preliminary margins and therefore warranted further evaluation, including detailed separation design.

The separation of individual products raises specific issues that require further investigation. For example,
CO sometimes serves as a reaction intermediate in electrolyte systems, making it challenging to recover efficiently.
Liquid products such as formic acid, ethanol, and propanol form azeotropes with water, which significantly
complicates downstream separation processes. Furthermore, if the system produces liquid formate, an additional
acidification step is required to convert it into its acid form before effective separation. Across all these pathways,
the target chemicals must be separated from an aqueous electrolyte solution. Consequently, the proper recovery
and recycling of the electrolytes is essential for the sustainability of the entire process.

At the anode, OORs should have a lower onset potential than the OER and yield products significantly more
valuable than oxygen. Table 2 summarizes the representative OORs reported in the literature. Their onset
potentials and Faradaic efficiencies serve as benchmarks to evaluate their feasibility for pairing with ECO,RR. As
indicated, the candidate products from OORs include various carboxylic acids, acetates, aldehydes and ketones.
Most of these chemicals can be generated with a high Faradaic efficiency. The market prices of the target products,
along with the costs of the corresponding organic reactants, are also provided to help identify the potential
economic margin. However, from a process operation perspective, oxygen can be easily separated from the
electrolyte solution, despite its lower economic value. This fundamental trade-off between product value and
separation difficulties cannot be addressed by looking at the half-reaction alone.

Tables 1 and 2 independently assess the cathodic and anodic half-reactions in terms of their electrochemical
performance, potential economic value, and separation considerations. Pairing these half-reactions, however, is
not simply a matter of selecting the best entry from each table. In a full cell, the two electrodes are linked by charge
balance, while the selected electrolyte environments and reactor architecture influence ion transport, species
crossover, and outlet-stream composition. To illustrate these integrated effects, Table 3 summarizes representative
existing full-cell coelectrolysis systems that integrate ECO,RR and OOR. Formate/formic acid is the most
common product, either generated from CO, reduction at the cathode or co-produced at the anode through glycerol,
methanol, or ethylene glycol oxidation. Other reported product pairs include CO/FDCA, C,H4/FDCA, and
C,Ha4/hypochlorite. Most systems operate in alkaline media, commonly KOH based electrolytes, with the anolyte
containing the necessary organic substrates. Reactor configurations vary widely, encompassing flow cells,
standard and zero-gap MEAs, membrane-free cells, and CEM-based flow cells. Overall, Table 3 illustrates how
coelectrolysis research has progressed from isolated half-reactions toward integrated full-cell systems with diverse
product combinations, electrolyte environments, and reactor designs.
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Table 1. Representative data for half reactions at the cathode in the literature.

Half-cell TCD® SEC® Market
Products  Electrocatalyst Electrolyte Potential FE * (%) (A/m?)  (kWh/kg) Price Byproducts
(vs. RHE) ($/kg)

Ag nanoparticle [10] 1 M KOH -1.60 V 83.5 2310 3.704 15% Hz; 1% HCOO~
Cco Ni-S [30] 0.5 M KHCO; —0.62V 98.0 325 1.223 0.60 H>; others not reported

Sn-NOC [31] 0.1 M KHCO; —0.7V 94 148.1 1.425 HCOOH; H»
CHa CuNCN-500 [32] 1 M KOH -1.00V 66.3 3000 5.091 20% Ha; 8% C2HsOH; 5% C2He

Zn [33] 1 M KHCO3 -1.8V 85.0 374 7.148 0.02 10% Hz; 3% CO
CoHa CuNCN-300 [32] 1 M KOH -1.00 V 48.5 5000 3.979 ’ 17% Hz; 10% CH3COOH; 15% C2HsOH

Cu cubes/spheres GDE [34] 1 M KOH -0.7V 60 2000 2.229 CO; H»
MeOH Pd1 80%/MnO2 [9] 1 M KOH 0.6V 80.9 3010 1.253 032 10% CO; 10% Ha

Mo2C/N-CNT [35] 0.1 M KHCO;3 -1.10V 80.4 40 2312 ) 10% Ha; 7% CO; 2% CHa; 1% HCOO™
FA Sn(S)-H [11] 0.5 M K2SO4/H2S04 N.A. 92.1 2000 e 5% CO; 3%H2
Formate Sn30(OH):2Cl2 [36] 0.5 M KHCO; —0.90V 96.1 649 1.283 2% Ha2;2% CO

Cu-doped SnSz [37] 0.5 M KHCO;3 -1.0V 90.5 165 1.287 CO; Hz2

Sn(S)/Au needles [38] 0.1 M KHCO;3 —0.75V 93.3 550 0.936 (CO, H2) < 7%

SnO2 NP [39] 1 M KHCO3 -1.21V 64 1450 2.202 CO:16%; Ethanol:10%

Ultra-small SnO:z (grain-boundary rich) [39] 1 M KOH (flow cell) -095V 97 1000 1.141 0.73 CHa4:3%
Formate hp-In (3D hierarchical [40] porous In) 0.1 M KHCO:s -12V 90.4 675 1.546 CO & H

NTD-Bi (from Bi2O3 NTs) [41] 1 M KHCO:; —0.86 V 90.4 1360 1.108 CO & H2

NTD-Bi (from Bi2O3 NTs) [41] 1 M KOH —0.61V 98 2880 0.725 CO & H:

Sn-SnSx on Cu foil (self-supporting) [42] 0.1 M KHCO;3 (COz-sat) —1.2V 93.3 199 1.498 CO:3%; H2:4%

POD-Bi (p-orbital delocalized Bi) [43] 0.5 M KHCO;3; —0.61V 93 2000 0.764 CO & H2

0, . 0, - QO, .

C2He Cul [44] 0.1 M NaHCO3 -0.74V 300 200 4.441 0.02 ;&/ﬂcléz_’ SlolA]/ ;ICCZ(I){(“):? g‘, /DCZCI;I;I?CI){I’{
EtOH SnS»/Single atom Sn [12] 0.5 M KHCO;3 —0.90V 82.5 178 1.336 118 15% HCOO™; 5% CO; 3% Ha

CuSno.025 [45] 0.1 M KHCO;3 -1.40V 26 580 6.265 ) H2:13%; CO:7%; CH4:10%; C2H4:33%
n-PrOH Ago.015INn0.9855€0.734 [46] 0.1 M KHCO; —0.60 V 75.2 134 0.719 0.83 15% CO; 10% Ha

50.85% C2H4; 15.95% C2Hs0OH;

Propene  Cu nanoparticle [47] IMKOH+02MGCsl  —0.60V 142 2863 54.22 0.88 13.36% Hy; 7.21% CO; 4.12% C3H0H;

2.19% HCOO™; 0.68% CH3COO;
0.42% C3HeO; 0.14% CHa; 0.02% C2Hs

aFE: faradic efficiency; ® TCD: total current density; ¢ SEC: specific electricity consumption.

117



Green Energy Fuel Res. 2026, 3(3), 114—128 https://doi.org/10.53941/gefr.2026.100009

Table 2. Representative data for half reactions at the anode in the literature.

s . . o Material Cost Prod. Market
Reactant Product Half-Reaction Potential (V) FE% (S/kg) Price ($/kg)
Water Oxygen 2H,0 — O +4H +4e- 1.600 100% [29] 0.000 0.223
Water Hydrogen Peroxide 2H,0 — H,0,+2H"+2¢" 2.500 35% [48] 0.000 0.505
Methanol Formaldehyde Methanol— Formaldehyde+2H"+2¢" 0.505 47% [49] 0.753 0.503
Methanol Formic Acid Methanol+H,0O — Formic Acid+4H'+4e” 0.502 ~100% [50] 0.753 0.930
Methanol Formic Acid Methanol+H,0 — Formic Acid+4H +4e" 1.654 >98% [51] 0.753 0.930
Ethanol Acetaldehyde Ethanol — Acetaldehyde+2H"+2e” 1.453 89% [52] 0.960 1.080
Ethanol Acetic Acid Ethanol+H,0 — Acetic Acid+4H" +4¢” 1.446 73% [53] 0.960 0.572
Ethanol Ethyl Acetate 2Ethanol — Ethyl Acetate+4H +4e" 1.322 98% [54] 0.960 1.184
Ethylene Glycol Glycolic Acid Ethylene Glycol+H,0 — Glycolic Acid +4H +4e 0.336 85% [55] 0.665 1.500
Ethylene Glycol Oxalic Acid Ethylene Glycol+2H,0 — Oxalic Acid +8H +8¢" 0.345 60% [56] 0.665 1.310
Ethylene Glycol Glycolic Acid Ethylene Glycol+H,0 — Glycolic Acid +4H +4e 1.250 93% [57] 0.665 1.500
Isopropanol Acetone Isopropanol+H,0 — Acetone+2H " +2¢” 1.354 98% [58] 1.270 1.045
Glycerol Lactic Acid Glycerol — Lactic Acid+2H"+2e” 0.451 73% [59] 1.148 1.100
1,3-Propanediol Acrylic Acid 1,3-Propanediol — Acrylic Acid+4H"+4¢ 0.798 77% [60] 4.126 1.453
1,2-Propanediol Lactic Acid 1,2-Propanediol+H,0 — Lactic Acid+ 4H +4e” 0.486 87% [61] 1.728 1.100
Benzyl Alcohol Benzaldehyde Benzyl Alcohol — Benzaldehyde+2H+2e” 1.203 96% [62] 1.978 1.465
Benzyl Alcohol Benzoic Acid Benzyl Alcohol+H,0 — Benzoic Acid +4H +4e” 1.046 98% [63] 1.978 1.465
Furfural Furoic Acid Furfural+H,0 — Furoic Acid+2H"+2¢ 1.430 ~100% [64] 1.665 131.88
Furfuryl Alcohol Furoic Acid Furfuryl Alcohol+H,0 — Furoic Acid +4H" +4e 1.365 ~100% [65] 1.720 131.88
5-Hydroxymethylfurfural (HMF) 2,5-Furandicarboxylic Acid (FDCA) HMF +H,0 — FDCA +6H"+6¢ 1.250 99% [21] 440 600
Table 3. Representative coelectrolysis systems reported in the literature.
E CD Time Type of
o,
Authors Electrode Electrocatalyst Electrolyte Reactant Product FE (%) ) Am?) (i) Electrolyzer
Cathode Bi NS/carbon paper 1 M KOH CO2 Formate 91.3
hen et al. [66 - - 2.32 1600 10 MEA
Chen ctal. [66] Anode NiOOH@Ni3So/NF 1 M KOH + 0.3M Glycerol Glycerol Formate  98.7
. Cathode Bi203 CO2 Formate 96.0 Without
+
Lietal. [67] Anode NiV/Ni foam I MKOH + 0.5 M Glycerol Glycerol Formate 97.0 225 1000 313 membrane
Cathode Sn/Sigracet 39BB 1 M KOH CO2 Formate 85.0
Le ctal. [68] Anode CNBO 1 M KOH + 0.1 M Glycerol Glycerol Formate 89.6 2.3 500 100 flow cell
Cathode Ni/Fe-DAC 1M KOH CO2 CO 100
Luetal. [69] Anode Pd-NF 1 M KOH + 0.1 M HMF HMF FDCA 90 148 2000 - Flow cell
. Cathode CuiBi 1 M KOH CO2 Formate 90
Liuetal. [70] Anode NiCoLDH/NF 1 M KOH + 0.1 M HMF HMF FDCA 85 235 150010 MEA
Cathode Cu20/CuNF@GDL 0.5 M KCl CO2 C>H4 74.5
Zhang etal. [71] Anode CuO-NF@Cu 2 M KOH + 0.01 M HMF HMF FDCA 966 > 1888 > flow cell
Cathode Ni&NINC 1 M KOH CO2 formate 90.0 Zero gap—
Zhou et al. [72] Anode Ni-MOFs@350 1 M KOH + 1 M Methanol Methanol Formate _ 90.0 24 5000 8 MEA
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Table 3. Cont.

E CD Time Type of
0,
Authors Electrode Electrocatalyst Electrolyte Reactant Product FE (%) V) (Am?) (hr) Electrolyzer
0.5MKOH+15M
Cathode  in situ-formed Cu/GDL sea salt + CO2 C2Ha 47.0
Kang et al. [73] 1 mg/mL EDTA - 1000 3 Flow cell
0.5MKOH+15M .
Anode GDL sca salt + 1 mg/mL EDTA Sea salt CIO 85.0
Cathode Bi20.CO3@GDE 1 M KOH CO2 Formate 86.0
Yuetal [74] Anode 3D Ni foam 1 M KOH + ethylene glycol Ethylene glycol  Formate 93.7 34-40 5000 100 Flow cell
. Cathode BiOI/CP 0.5 M KHCOs3 CO2 Formate 92
Pei etal. [75] Anode Nio.33C00.67(0OH)2 1 M KOH + 0.1 M glycerol Glycerol Formate 90 1.9 224 ) Two-electrode cell
Cathode Ag/GDL 3 M KCI, pH 1 by H2SO4 CO2 CO 96
Wang etal. [76] Anode PUTi fiber felt 0.05 M KOH + 0.5 M allyl alcohol __ Allyl alcohol _ Acrolein 85 32 100010 CEM flow cell
Cathode . . 0.5 M KHCO:s CO2 CO 98.12
Zhang et al. [77] T Anode NiPc-NiPor COF M KOH + 1 M methanol Mothanol HCOOH 9375 2.1 62 8.5 Two electrode cell
Cathode Sn/C GDE 0.5 M KHCOs3 CO2 Formate 74
Vehrenberg etal. [78] Anode Pt/C 1 M KOH + 2 M glycerol Glycerol Formate 30 44 500 > CEM flow cell
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3. Process Perspectives
3.1. Rationale for Process Screening

Figure 1 depicts the conceptual flowchart for designing the co-electrolysis process. It consists of four steps:
half-reaction mapping and shortlisting (Step 1), preliminary gross-margin evaluation (Step 2), detailed process
simulation (Step 3), and final process-level comparison (Step 4). Given the multitude of half-reactions occurring
at the anode and cathode, it is very inefficient to conduct detailed simulations for every possible combination.
Here, we propose a screening framework for early-stage decision-making (i.e., Steps 1 and 2 in Figure 1). This
tool first screens out reaction pairs that are impractical for coupled electrolyzers, and then identifies the remaining
candidates that warrant detailed process simulation based on their economic margins.

In Step 1, the reported data for current density, Faradaic efficiency, and potential are used to construct
technology feasibility maps for individual OOR (anodic) and ECO,RR (cathodic). Here, we specifically focused
on the partial current density that used to produce the targeted product, which was derived from the reported current
density and Faradaic efficiency.

Table 4 presents the minimum industrial standards published by the Fraunhofer Society for the
electrochemical conversion of CO,. Although specifically discussing carbon monoxide, formic acid, and ethylene,
these metrics provide a valuable baseline for evaluating the industrial potential of various lab-scale technologies.
Practical industrial requirements often deviate from laboratory-scale conditions in several key aspects. First,
balancing productivity and energy efficiency requires a minimum current density of 200 mA/cm? and electrolyzer
voltage below 3 V. Second, industrial systems must operate between 60 and 90 °C, which is significantly higher
than the temperature in typical room-temperature experiments. This elevated temperature is process-driven, aiming
to reduce cooling costs, lower solution resistance, and accelerate carbon dioxide mass transfer. Finally, the heat
generated from electrical energy dissipation lowers the overall energy efficiency. However, it is challenging to
accurately measure this heat release in lab-scale experiments. Therefore, crucial parameters such as electrode
stability, membrane durability, and reaction selectivity under actual high-temperature operations still require
rigorous verification to successfully meet industrial expectations.

Table 4. The minimum requirements and latest technologies for the industrial application of electrochemical
conversion [79].

Items Minimum Requirement Latest Technology
Current density >200 mA/cm? 500-1800 mA/cm?
Energy efficiency >50% ~40% [80]
Faradaic efficiency >80% 80-90%
) <3.0V
Voltage (@300 mA/cm?) (Note: better <2.5 V; ideal <2.0 V) 27V
Per-pass conversion >50% 30-70%
Operating temperature 60-90 °C [81] 40-80 °C
Other Challenges
Stability <10 pwV h'!
Electricity cost <0.04 $/kWh [8]

Currently using anion exchange membrane (AEM), targeting for bipolar
membrane (BPM) for better efficiency
Inlet concentration CO, > 10 vol%, deep removal of NOy and O, [82,83]

Membrane selection

Figure 2a,b illustrate the technology feasibility screening results (Step 1) for OORs and ECO:RR,
respectively. Both scatter plots display the potential (y-axis) and the partial current density (x-axis) of the existing
studies in literature. Based on the requirements listed in Table 4, we identified the threshold of 0.16 A cm 2 for
partial current density (derived from a total current density of 200 mA cm™2 and a Faradaic efficiency of 80%),
and 2.0 V potential for each reaction. This establishes an early-stage screening window, and all the candidates
passing this screening are sent to the next step. Among these candidates, the representative paired cases
summarized in Table 5 were constructed by matching half-reactions with compatible alkaline or carbonate
electrolyte environments, comparable operating conditions, and sufficient reported data for charge-balance and
margin calculations.

In Step 2, economic margins are calculated for the half-reaction pairings that passed the initial screening. The
margin for each combination is determined by subtracting total reactant and electricity costs from the combined
revenues of the anodic and cathodic products. Table 5 summarizes these results for representative pairings, all
normalized to a basis of 1 kg of cathodic product. Because most literature focuses on cathodic ECO,RR metrics,
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the corresponding anodic reactants and products are derived via charge balance. The total electricity requirement
is evaluated based on the specific electricity consumption (SEC) per kilogram of cathodic product, assuming an
electricity cost of 0.10 $/kWh. Ultimately, pairings with negative gross margins lack the necessary economic
allowance to offset downstream separation costs and are therefore screened out.

Table 5 reveals that seven of the nine evaluated pairings exhibit positive economic margins, predominantly
ranging from $0.1/kg to $0.4/kg. Notably, Cases #5 and #6, which couple cathodic methanol production with
anodic glycolic acid production (via ethylene glycol oxidation), yield the highest gross margins (>$2.0/kg), making
them highly recommended for detailed process design. On the other hand, while Cases #1 and #2 present lower
economic margins, they generate identical products (formate) at both electrodes. This unique feature significantly
simplifies downstream separation. Therefore, despite the smaller economic margins, the potential of pairing half-
reactions to co-produce the same product should not be overlooked.
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Figure 2. The screening results. (a) anode; (b) cathode. Points are labelled by first author and year: (a) Hao 2023 [51],
Zhang 2016 [52], Liu 2024 [55] and Yan 2026 [57]; (b) Zhu 2023 [9], Hong 2022 [10], Li 2023 [32] (two points),

Gong 2019 [41] and He 2018 [43].
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Table 5. Results for economic margins for the candidate paired electrolysis systems.

Revenue * SEC * Gross Margin *

Case  Electrode Electrolyte Main Product (S/kg) (kWh/kg) ($/kg) Ref.
o oo 0% 21w
e e 0w o um
#3 C:::ziie 1M N;?)/IHK-(:PII MEG Glycglg acid 0776 4437 0332 1053
# C:::ziie 3M I((l)ll-\l/[-ll-(((igI MEG Glycglg acid 0-900 6532 0247 10.37]
e e TR
w7 C{:f;(:j(le — KOIHM+K101\I;II o Fofrgate ~0.156 7.458 ~0.901 [10,51]
s C,fféiie 1M 1<01HM+K101\P/1I MeOH li\(;[:r(r?;le 0376 13983 o i
o (ff,}éiie 05M Klol\}/{I EO1HM EtOH ljxocr:tl:tt: 0823 4270 0-3% sl

* Calculate on producing 1 kg cathodic product.

The reaction pairs shortlisted in Table 5 still require validation at larger scales. Larger-area cells and stacks
must meet the Table 4 targets [79,81] while maintaining performance at both electrodes and managing reactant
and electrolyte flows, current distribution, water and heat, and product crossover [85]. Future studies should report
full-cell voltage, Faradaic efficiency and productivity at both electrodes, single-pass conversion, product
concentration, crossover, and material balances during continuous operation. These data are needed for separation
design and techno-economic and life-cycle assessment.

3.2. The Separation Strategies

Product separation from aqueous electrolytes constitutes a considerable challenge. Due to the low product
concentrations in the electrolyzer output, the separation process often entails a significant energy penalty, with the
energy required for purification being substantially higher relative to the electrolysis itself. Generally, using the
boiling point of water as a reference, the hierarchy of separation difficulty is as follows: ionic species are the most
challenging to recover, followed by high boiling azeotropes, high boiling compounds, low boiling azeotropes, and
finally low boiling compounds. Additionally, the phenomenon of crossover [85], wherein products or ions migrate
across the membrane, results in further product loss and electrolyte contamination. These factors, coupled with the
presence of various byproducts, markedly increase the complexity of downstream purification and affect the
overall feasibility of the system.

Most systems that pass the screening utilize alkaline electrolytes, where acidic products typically exist in
their ionic salt forms. For these specific scenarios, the conversion of these ions back into their neutral acid forms
can be achieved through either chemical acidification followed by evaporation or bipolar membrane
electrodialysis. While chemical acidification is a straightforward approach that requires the addition of a strong
acid, bipolar membrane electrodialysis utilizes electrical energy to split water and directly acidify the product stream,
avoiding the need for external chemical reagents. The choice between these two methods involves a clear trade-off:
chemical acidification is simpler but increases operational costs owing to reagent consumption, whereas bipolar
membrane electrodialysis is more elegant but requires a higher capital investment in specialized membrane equipment.

However, bipolar membrane electrodialysis is not without limitations, as ion crossover can significantly
hinder its performance [86]. When product ions unintentionally migrate across the membrane, an additional acid
or base must be introduced to neutralize the stream. This process inadvertently converts the target molecules back
to salts, necessitating a subsequent evaporation step (e.g., multi-effect evaporation) to recover the final product. In
such cases, the process essentially resembles a more complex and energy-intensive version of chemical
acidification. Furthermore, this unintended ion migration and the resulting neutralization requirements lead to a
sharp increase in the electricity demand. This additional energy consumption incurs a substantial penalty that
negatively impacts the economic and environmental performance of the overall system.

Once the products are recovered from their ionic forms, the focus shifts to their purification and concentration
from dilute aqueous solutions. Distillation is a primary method for separating zeotropic systems. However, the
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presence of azeotropes introduces significant complexity (e.g., the maximum boiling azeotrope such as formic acid
and water, or minimum boiling azeotropes such as ethanol and propanol in water). Therefore, advanced techniques
(e.g., pressure swing distillation, extractive distillation, or hybrid extraction-distillation) must be employed [87—89].
The separation challenge is further intensified when byproducts are present, even in small amounts, as they can
form additional multicomponent azeotropes that require even more sophisticated and energy intensive recovery
strategies. Overall, the energy penalty associated with these distillation processes is highly sensitive to the initial
product concentration. In dilute systems, the heat duty required to vaporize large amounts of water or to maintain
high reflux ratios can become the dominant factor in the overall operational cost, potentially overshadowing the
energy savings achieved in the electrolyzer.

Taken together, the evidence in Tables 1-3, the scale-up targets in Table 4, the screening results in Table 5,
and the separation analysis presented above show that reported half-cell performance alone does not determine
whether a pairing warrants further development. The two electrodes must satisfy charge balance under compatible
operating conditions, and a positive preliminary gross margin must leave sufficient allowance for downstream
recovery and purification costs. Figure 3 places these requirements in historical context. Paired ECO,RR—OOR
systems build on early studies of electrochemical CO, reduction and electrode-dependent product selectivity
[90,91]. Later work demonstrated that the oxygen evolution reaction could be replaced by value-added alcohol
oxidation [92,93] and expanded the analysis from individual electrodes to the process-level evaluation and
screening of candidate reaction pairs [20,29]. Subsequent studies reported durable paired operation and reactant
recycle [94,95], followed by high-rate operation and product management [72,96,97]. More recent studies reported
enlarged-cell operation and large-area membrane-electrode-assembly stack demonstrations [67,98]. Because these
milestones involve different reaction pairs and operating conditions, Figure 3 traces the broadening of development
priorities rather than a year-by-year performance trend. Section 3.3 then illustrates how reaction pairing, product
recovery, and process-level evaluation are combined in a single process.

Zhou 2023; Liu, Lin 2024
High-rate operation and

. Verma 2019; Na 2019 product management Zhang 2025
Royer 1870 Bevilacqua 2014 Process-level evaluation . . ted~05 Large-area MEA and stack
Early CO, electroreduction Energy-saving anodic coupling ‘ e i
2 Energy and separation analyses and 1.2 Acm™; a separate 100 ecm? paired MEA: 30 A for
Early electrochemical conversion of  Replacing OER with alcohol oxidation supported TEA of 295 zero-gap cell collected 3.24 M 130 h. Five-cell stack: 100 A,
CO, to formic acid was reported. lowered electricity demand. coproduction processes. formate. 2.1 kW, 10.5 mol h™'.
Hori 1985 Li 2017 Wang 2022; Xie 2022 Li 2025
Product selectivity mapping Dual-value electrosynthesis Durable operation and recycle Durability and enlarged area
Metal electrodes were linked to formate, CO,-to-CO was paired with selective >400 h paired operation; a separate 2cm?cell: 313 hat 0.1 Aem™ and
CO, and CH, formation alcohol oxidation at the anode. MEA enabled CO, recovery and recycle. 225V . 225¢cm?cell: 8 Aand
0.216 mol h™.

Figure 3. Selected milestones leading to and within paired ECO2RR—-OOR systems, from early electrochemical
COz reduction and product-selectivity mapping to recent demonstrations of durable high-rate operation, product
management, enlarged cells, and large-area MEA stacks. Milestones are labelled by first author and year: Royer
1870 [91]; Hori 1985 [90]; Bevilacqua 2014 [92]; Li 2017 [93]; Verma 2019 [20] and Na 2019 [29]; Wang 2022 [94]
and Xie 2022 [95]; Zhou 2023 [72], Liu 2024 [96] and Lin 2024 [97]; Li 2025 [67]; Zhang 2025 [98].

3.3. An Example for a Complete Electrochemical CO, Conversion Process

Our group has investigated a coelectrolysis system for the simultaneous conversion of CO; and ethanol into
formate and acetate (i.e., Case #9 in Table 5) [84]. The integrated process begins with monoethanolamine-based
carbon capture to provide a high-purity feedstock for the system. In an alkaline electrolyzer, CO> is reduced to
formate at the cathode, while ethanol is oxidized to acetate at the anode. This coupling of ethanol oxidation at the
anode helps reduce the voltage of the electrolyzer. This stage is followed by bipolar membrane electrodialysis
(BPMED) for the acidification and recovery of these ions in their corresponding neutral acid forms (i.e., acetic
acid from the anode, and formic acid from the cathode). The downstream section then employs a distillation
sequence to concentrate formic acid to 85 weight percent and a hybrid extraction distillation process to purify
acetic acid to 99 weight percent. Furthermore, potassium sulfate, which is generated as a byproduct of ion
migration within the electrodialysis unit, is recovered through multi-effect evaporation and crystallization. The
overall process concept is depicted in Figure 4.
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Figure 4. The overall process concept of the coelectrolysis process involving ethanol (anode) and COz (cathode).

The baseline evaluation of this integrated system initially showed a global warming potential (GWP) of 16.87 kg
COseq per kg of formic acid and a minimum selling price (MSP) of $6.94/kg [84]. To address these economic and
environmental barriers, several strategic optimizations have been explored, including the adoption of solar
photovoltaic energy to eliminate the grid carbon footprint, elimination of acid crossover within the bipolar
membrane, reduction of electrolyzer voltage, and lowering of capital investment. Under these optimized
conditions, the GWP and MSP significantly decreased to 0.94 kg CO,eq and $1.39/kg, respectively. While further
experimental verification of this integrated process remains necessary, these results provide quantitative economic
and environmental profiles for the investigated coelectrolysis process.

4. Conclusions

This paper reviewed the progress of ECO,RR and OOR and proposed a framework to screen for potential
coelectrolysis systems. We aimed to connect technological performance (e.g., current density, Faradaic efficiency,
and operating potential) reported in the literature with economic margins, which are used to shortlist possible
combinations. Due to the numerous possible combinations of half-reactions, this framework helps identify the
potential combinations before conducting detailed process design.

Overall, we conclude that paired CO; electrolysis is economically viable when the added value from the
anodic reaction provides sufficient margins to offset downstream separation and purification costs (e.g., pairing
MeOH and glycolic acid production), or when both half-reactions yield identical products (e.g., formate), which
potentially simplifies downstream processing. We introduced the detailed engineering concept using a
demonstrative coelectrolysis system coupling CO; reduction with ethanol oxidation. Evaluating its baseline and
prospective economic and environmental profiles allowed us to identify process bottlenecks and characterize
potential improvements.

In summary, this screening framework enables early-stage decision-making for coelectrolysis systems.
Future research must shift from optimizing isolated electrochemical metrics to generating process-relevant data
(e.g., outlet stream composition, crossover, carbon balance, and long-term stability), which is crucial for designing
downstream separation and conducting reliable techno-economic and life-cycle analyses. Ultimately, coupled CO,
electrolysis will only achieve practical viability when reaction pairing, electrolyte management, and separation
strategies are optimized together as an integrated process.
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