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Engineering redox-active electrochemically 
mediated carbon dioxide capture systems

Michael Massen-Hane    , Kyle M. Diederichsen     & T. Alan Hatton     

With ever-increasing atmospheric carbon dioxide concentrations and 
commitments to limit global temperatures to less than 1.5 °C above pre-
industrial levels, the need for versatile, low-cost carbon dioxide capture 
technologies is paramount. Electrochemically mediated carbon dioxide 
separation systems promise low energetics, modular scalability and 
ease of implementation, with direct integration to renewable energy for 
net-negative carbon dioxide operations. For these systems to be cost-
competitive, key factors around their operation, stability and scaling need 
to be addressed. Energy penalties associated with redox-active species 
transport, gas transport and bubble formation limit the volumetric 
productivity and scaling potential due to their cost and footprint. Here we 
highlight the importance of engineering approaches towards enhancing the 
performance of redox-active electrochemically mediated carbon dioxide 
capture systems to enable their widespread implementation.

With atmospheric carbon dioxide (CO2) concentrations increasing, 
there is an obvious need for inexpensive, scalable and low-energy 
CO2 separation technologies across a range of operating conditions 
to mitigate the effects of climate change1. Traditional CO2 capture 
systems modulate temperature or pressure to swing CO2 sorption 
capacity2. Electrochemically mediated carbon capture (EMCC), on 
the other hand, with sorption capacity modulated by an applied poten-
tial, offers potentially lower energetics, direct integration with high 
capacity factor, low-carbon-intensity energy sources, and modular 
scaling and ease of implementation. EMCC can be realized in aqueous 
media by means of water dissociation in electrolytic cation exchange 
(ECC) or bipolar membrane electrodialysis (BPMED), or by the chemi-
cal looping of water oxidation and reduction products (O2 or H2;  
refs. 3 and 4, respectively) to drive pH changes or react with CO2 to 
swing CO2 capacity. Another class of EMCC introduces an additional 
redox-active species (in protic or aprotic media) to modulate the 
total CO2 sorption capacity. This Perspective focuses on the chal-
lenges faced in the development and scaled implementation of the 
latter class of EMCC systems using redox-active molecules. Substantial 
effort in the literature has focused on developing appropriate chem-
istries to avoid side reactions5–9, and little work has been directed to 
the engineering of such systems to address the scale of the target 
separations in relation to emissions associated with fossil-fuel power 
generation; natural gas treatment; cement, ammonia and steel 

production; distributed direct air capture; and, recently, marine inorganic  
carbon extraction.

System configurations and thermodynamics
EMCC employing redox-active molecules relies on modulation of the 
sorption capacity for CO2 through application of an applied potential. 
In the simplest implementation, the applied potential acts directly on a 
redox-active sorbent molecule, which alters its affinity for CO2 compl-
exation based on the oxidation state. This ‘direct’ cycle is shown in Fig. 1a 
for a generic redox-active sorbent, A, in aprotic media. In protic media, 
the reduced species, A−, can bind to protons rather than CO2 directly, 
resulting in a pH swing that shifts the CO2 solubility—the ‘semi-direct’ 
cycle shown in Fig. 1b. Alternatively, the applied potential can act on 
a redox-active blocker species, B, which, when activated, displaces 
CO2 from the electrochemically inert absorbent; this ‘indirect’ cycle 
is shown in Fig. 1c.

Several reviews summarize the various chemistries employed in 
these cycles5–10, although it is useful to briefly address one of the key 
challenges associated with the direct cycle. A subset of redox-active 
molecules used in the direct cycle are shown in Fig. 1d. The equilibrium 
binding of the activated form of these molecules with CO2, shown in  
Fig. 1e, plotted against their reduction potential, exhibits a linear trend. 
One key challenge arises when the region of suitable equilibrium bind-
ing constants is superimposed on that of oxygen sensitivity11,12. In the 
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coupled with CO2 absorption, is shown in Fig. 2c. The two-stage pro-
cess, which combines absorbent activation with CO2 absorption and 
absorbent deactivation with CO2 desorption, has been demonstrated in 
static (with no advection of the redox-active species), homogeneous15 
and heterogeneous16,17 configurations. Figure 2d depicts a two-stage 
configuration with advection of a homogeneous redox-active species 
between gas-diffusion electrodes that provide gas exchange with the 
feed and sweep streams. In static heterogeneous systems (not pic-
tured), the absorption and desorption stages are temporally separated, 
resulting in batch swing operation, although the introduction of gas-
gating membranes offers semi-continuous operation18.

A thermodynamic comparison of these configurations can be 
made by tracking the open-circuit potential against the system state 
of charge. The use of the deviation potential (Edev), the difference 
between the standard redox-couple potential (E0) and the open-circuit 
potential, can be used in place of the open-circuit potential here, as it 
allows for consistent comparison across cycles19. The deviation poten-
tial, Edev =

RT
mF

ln(1 + KCO2 p̃
m
CO2

) , is a function of the normalized CO2 
partial pressure, p̃CO2, the activated sorbent equilibrium binding con-
stant, KCO2, and number of moles of CO2 bound per mole of sorbent, 
m. Process configurations can then be overlaid on a plot of the deviation 
potential for constant normalized CO2 partial pressure and constant 
normalized CO2 liquid loading. The numbered points marked in  
Fig. 2e represent the four-stage process described previously, specifi-
cally for the up-concentration performed between 15% and 100% CO2. 
The work required for this separation is calculated by the path integral, 
W = ∮ EdevdQ, proportional to the contained area. The equivalent two-
stage process is represented with solid lines connecting points 1 and 
3. It is qualitatively clear from the contained area of each configuration 

presence of oxygen, the activated redox sorbent can react with dis-
solved oxygen to generate superoxide, which reduces the efficiency 
for absorbent activation and can result in performance degradation 
due to deleterious side reactions. Few molecules possess the necessary 
traits for application in direct air capture (DAC) or flue gas capture in the 
direct or semi-direct cycle due to these limitations6,12. The indirect cycle 
offers some advantages here, although the influence of other flue-gas 
impurities (SOx and NOx) on cyclic stability has not been sufficiently 
examined and is only now just starting to be investigated in the CO2 
electrolysis field13.

The reversible affinity of CO2 with a suitable redox-active molecule 
(or absorbent and blocker pair) can be exploited in various process 
configurations. The four-stage continuous process is the most familiar 
and is analogous to that of traditional thermal amine stripping, where 
CO2 absorption and desorption are performed in separate units. The 
process, shown in Fig. 2a, starts (point 1) with a CO2-saturated solu-
tion leaving the absorption unit and entering the anodic chamber of 
the electrochemical cell. On oxidation, the redox-active sorbent is 
deactivated (or blocker activated) and the sorption capacity for CO2 
is reduced (point 2). The solution is directed to a separation vessel 
where the liberated CO2 gas disengages from the liquid sorbent, which 
re-enters the electrochemical cell in the cathodic chamber (point 3). 
The sorbent is activated (or blocker deactivated) by electrochemical 
reduction and returns to the absorption unit, completing the cycle.

Intensified process variations, which combine one or more of the 
electrochemical and gas-contacting steps, have been conceptualized14 
and demonstrated in different forms. A three-stage process, where 
sorbent deactivation and CO2 desorption are coupled, is depicted in 
Fig. 2b. An alternate three-stage process, where sorbent activation is 
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Fig. 1 | Overview of electrochemically mediated cycles for CO2 capture 
and the typical molecules employed in the direct cycle. a, Direct cycle for a 
generic redox-active absorbent operating in aprotic media. A and A− represent 
the dormant and activated states, respectively. b, Semi-direct cycle operating 
in protic media. AH represents the activated protonated state. c, Indirect cycle: 
an electrochemically inert absorbent with a redox-active blocker species. B and 
B+ represent the dormant and activated states of the blocker, respectively. Inset 
graphs in a–c show the fraction of redox species active as a function of applied 

potential E, with the standard potential, E0, marked by a dashed gray line.  
d, Typical molecules employed in the direct and semi-direct cycles. e, Equilibrium 
binding between the activated redox sorbents in d and CO2 plotted against 
reduction potential (quinones, brown squares; bipyridines, red diamonds; 
disulfide, orange circle; transition metal complexes, purple triangles). Horizontal 
dashed lines indicate the minimum necessary equilibrium binding for direct air 
capture (blue) and flue gas (green) conditions11. Panels adapted with permission 
from: a,c, ref. 21, Springer Nature Ltd; e, ref. 10, Royal Society of Chemistry.
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that there is a substantial energy penalty associated with decoupling 
sorbent activation/deactivation and CO2 absorption/desorption, 
respectively. Figure 2f summarizes the ideal work of separation as a 
function of the CO2 absorbent binding equilibrium, the relative CO2 
solubility and process configuration. Notably, the work of separation 
for two-stage systems, across all parameters examined, falls near the 
thermodynamic minimum.

The thermodynamic analyses present a strong motivation to pur-
sue these configurations19,20, although the inefficiencies of real systems, 
including those in ancillary equipment, need to be quantified. Before 
discussing specific implementations, it is useful to define the key oper-
ating parameters and the derived metrics used to make comparisons. 
To realize changes in the state of charge of the redox-active species  
(or blocker), a current, I (in A), is passed through the electrochemical 
cell by applying a voltage, V (in V), a portion of which may be diverted 
to parasitic side reactions. The Faradaic efficiency, ηf, is the ratio of the 
time-integrated partial current, IR (that is, the current directly leading to 

the change in state of charge) to the time-integrated total current. High 
Faradaic efficiencies (>90%) are desired to maximize cyclic capacity 
and avoid deleterious side reactions. The current is often normalized 
to the electroactive surface area, yielding a current density (in A m−2), 
to allow for comparisons across various system sizes and geometries. 
Key derived system metrics are the electron utilization, ηe, defined 
as the ratio of the number of moles of CO2 captured/released to the 
number of electrons transferred (mol CO2/mol e−), and the specific 
energy consumption, E, defined as the energy required per mole of 
CO2 captured/released (kJ mol−1 CO2). The quantities, ηf, ηe and E are 
defined mathematically as follows:

Faradaic efficiency, ηf =
∫ IR dt
∫ Idt

(1)

Electronutilization, ηe = F
∫ ̇nCO2(g) dt

∫ Idt
(2)
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Fig. 2 | Process configurations leveraging the electrochemical reversibility of 
CO2 sorption with accompanying thermodynamic cycles and ideal work of 
separation. a–d, Simplified process configurations for four-stage (a), 
three-stage anodic desorption (b), three-stage cathodic absorption (c) and 
two-stage (d) processes. e, Deviation potential versus state of charge. Horizontal 
dashed lines indicate normalized CO2 partial pressure isobars; dotted lines 

indicate relative sorbent CO2 loading. Vertical arrows indicate the collapse from 
the four-stage work cycle to the two-stage cycle if processes are coupled, 
permitting CO2 exchange with a source or sink. Numbers correspond to those in 
a. f, Work of separation for two-, three- and four-stage systems at various relative 
Henry’s CO2 solubility, k̃, where AD and CA refer to anodic desorption and 
cathodic absorption configurations, respectively.
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Specific energy consumption, E = ∫ IVdt
∫ ̇nCO2(g)dt

(3)

The research trajectory of electrochemically mediated amine 
regeneration (EMAR) presents a useful blueprint for evaluating promis-
ing chemistries, provided appropriate methods are used to determine 
their efficacy21. This process employs aqueous ethylenediamine as a 
CO2 capture sorbent and cupric ions as a blocker species. A representa-
tive EMAR process flow diagram is shown in Fig. 3a, and the accompany-
ing chemistry cycle in Fig. 3b. Following the process flow diagram, the 
CO2-saturated sorbent leaving the absorption vessel (point 1) enters 
the anodic chamber where cupric ions are introduced, and CO2 gas is 
evolved. The exiting solution, now copper-rich, enters a separation ves-
sel where CO2 gas is separated, and the liquid is returned to the cathodic 
chamber (point 3). The cupric ion concentration is reduced, and the 
solution returns to the absorption unit to complete the cycle (point 4). 
In this four-stage configuration, a membrane separator between the 
anodic and cathodic chambers is used to prevent bulk mixing of anolyte 
and catholyte and gas crossover, but allow for ionic conductivity. The 
process cycle shown in Fig. 3c is generated by combining the results 
of the non-ideal liquid-phase thermodynamic model and a coupled 
electrochemical transport model, which accounts for electrode kinet-
ics and electrolyte advection such that the kinetic envelopes can be 
mapped over the thermodynamic behavior22–24.

Starting with the development of chemistry-specific thermo-
dynamic models, the deviation from the ideal thermodynamic case, 
presented above, can be established. The selection or development 
of an appropriate liquid-phase model depends on the availability of 
relevant chemical data. For instance, many chemistries are evaluated 
in organic solvents or ionic liquids and show substantial changes based 

on electrolyte composition or the presence of hydrogen-bonding 
compounds12,25,26. The effect of ion migration can be determined22, 
and direct the selection and evaluation of appropriate separators or 
ion-exchange membranes. It is necessary to determine the activation 
kinetics of the redox species such that coupled transport models can 
be used to characterize the system overpotentials required to sustain 
reasonable currents and transport rates, as well as to identify areas for 
improvement. Redox-active species transport in the four-stage EMAR 
continuous-flow process, for example, presented quite reasonable 
overpotentials, aided by the use of turbulence promoters to improve 
the power density and to reduce system energetics, footprint and cost. 
Further analysis indicated that substantial energy was required when 
operating with a single electrode pair, where inefficiencies arise due 
to performing the entire state of charge swing with that one electrode 
set22. Figure 3c shows the various operating potentials (solid red lines) 
of six sequential modules to achieve the desired state of charge swing, 
and the gray dashed line marks the operating potential if a single mod-
ule were used instead. These studies inform the electrochemical reactor 
design, operating window and scaling potential of these systems to 
industrially relevant applications. Analyses of this nature for generic 
and specific two-stage systems, in which the coupling of electrochemi-
cal kinetics and interfacial transport contributes additional complexity, 
have not yet been performed.

Transport considerations in EMCC
The four-stage systems are the simplest and most widely used con-
figurations for evaluating EMCC performance (for example, EMAR27, 
liquid quinone28, MnO2

29,30
, amino-pyridine31 and phenazines32–34). The 

transport within the electrochemical reactor, for a homogeneous redox 
sorbent flowing between parallel plates, is shown in Fig. 4a. To achieve 
the necessary swing in the state of charge of a redox-active sorbent  
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Fig. 3 | The electrochemically mediated amine regeneration process flow, 
chemistry and cell energetics. a, Simplified process flow diagram of the EMAR 
process, indicating three desorbers operating in series, each segment at a 
different operating potential. PC, partial condenser. b, EMAR chemistry cycle: 
CO2 is chemically bound to aqueous ethylenediamine, forming a carbamate, 
and cupric ions (blocker species) are introduced in the anode chamber, 
forming the amine–Cu complex, which releases CO2. c, Energy mapping of a 
six-module electrochemcal desorption unit, shown as a three-stage anodic 
desorption configuration where CO2 desorption occurs at ambient pressure 

as a function of relative copper loading (in weight fraction, xCu = 2cCu/cEDA, 
where c is concentration and EDA is ethylenediamine). The green area marks 
the thermodynamic minimum. The expanded region represents the necessary 
overpotentials to drive the given current for the required desorption rate. The 
red lines mark the electrode potentials, where all anodes are grounded to 0 V.  
The dashed gray line indicates the potential of the cathode if a single module 
were to be used for desorption. Panel a adapted with permission from ref. 22, 
Elsevier. Panels reproduced with permission from: b, ref. 27, Elsevier; c, ref. 23, 
American Chemical Society.
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(or blocker), the electrochemical reactor must be sized with the appro-
priate residence time for the achievable current density. The current 
density, a function of electrode kinetics, mass-transport limitations and 
ohmic losses, dictates the volumetric productivity of sorbent regenera-
tion and ultimately CO2 removal. The electrode and electrolyte design 
can be tuned to improve the electrochemical kinetics, although mass-
transfer limitations will always be present. Increasing the superficial 
velocity, incorporating turbulence promoters35 or using flow through 
porous electrodes offer means to reduce these limitations, although 
they have consequences in terms of reduced sorbent swing and elevated 
pressure drop. Inspiration from the adjacent redox flow battery36 and 
CO2 electrolysis37 fields can help in this regard, where the internal design 
of EMCC cells has not yet been a major focus. Alternate methods to 
reduce mass-transfer limitations include operating with pulsed flow38 
or potential39–41, or providing external stimuli to the electrochemical 
cell, such as sonication42. Any improvements in volumetric productiv-
ity need to be weighed against energy consumption, cell assembly size 
and complexity, and reliability.

Transport considerations in two-stage systems are more complex 
and have fewer demonstrations. One embodiment, shown in Fig. 4b, 
employs redox-active species immobilized on a conductive substrate, 
which is in contact with a porous conductive layer that facilitates in-
plane gas transport and through-plane electron transport. Absorption 
and desorption are temporally separated in this static heterogene-
ous configuration—Fig. 4b depicts the absorption stage, where CO2 
breakthrough behavior is a function of the ratio of advective and dif-
fusional transport, CO2 reaction kinetics and charging rate. To maxi-
mize sorbent utilization and yield favorable breakthrough behavior, 
the charging rate must be greater than the rate of CO2 absorption.  

Such configurations have employed ionic liquid electrolytes due to 
their favorable properties (low volatility, high stability window, non-
flammability, selectivity for CO2 (Henry’s Law)), but the low CO2 diffu-
sion coefficients (<10−10 m2 s−1) limit absorption rates even with thin 
electrodes (hundreds of micrometers). The development of micro-
structured porous materials that house the redox-active sorbent, 
while permitting advective gas transport, could substantially improve 
absorption rates by reducing the average CO2 diffusion lengths in elec-
trolyte volumes to charged active sites. Three-dimensional printing 
of conductive polymers43, engineering of porous layered materials, 
or employing functionalized hollow fibers, recently demonstrated 
for CO2 capture and release via joule heating44,45, could be employed 
to reduce mass-transfer resistances. System energy penalties associ-
ated with lower ionic and electronic conductivities. as well as pressure 
drops, must be weighed against improvements in absorption rate 
and scaling potential. Parametric studies of coupled electrochemical 
transport models can inform the design space and trade-offs in such 
new geometries.

An alternate two-stage configuration, in which all processes occur 
simultaneously in the same assembly, is shown in Fig. 4c. In this static-
homogeneous configuration, the redox-active sorbent is ‘shuttled’ 
between electrodes. At the cathode, the sorbent is activated and binds 
with CO2 introduced through the gas-diffusion cathode. At the anode, 
the sorbent-CO2 adduct is deactivated and releases CO2 through the 
gas-diffusion anode. Initially modeled14,46 and demonstrated in the 
flat cell geometry shown, the device was refined to utilize hollow fibers 
as gas-diffusion electrodes to increase the current density15. This cell 
architecture inherently includes an inefficiency associated with back-
diffusion of CO2 between the pure CO2 sweep stream and the dilute 
absorption stream (15% CO2). A minimum operating cell current is 
therefore required to overcome CO2 back-diffusion (influenced by the 
CO2 diffusion coefficient and inter-electrode spacing), which ultimately 
reduces electron utilization for the target separation. Liquid-phase 
mass transfer limits the achievable cell current, as net-zero pulsed flow, 
or convective mixing (and other active methods mentioned previously), 
can reduce the concentration boundary layers, although increased CO2 
back-diffusion will also result. Again, additional energy requirements 
and the integrity of the gas-diffusion electrodes should be considered.

Incorporating fluid circulation to reduce mass-transfer resist-
ances results in the configuration Fig. 4d, where a membrane prevents 
convective mixing of the bulk electrolyte. Although the presence of 
the membrane limits CO2 back-diffusion (depending on the chemistry, 
electrolyte system, membrane perm-selectivity and so on), there is 
still a minimum necessary current at which the cell must be operated 
to avoid underutilization of the redox-active sorbent. For the example 
separation between 15% CO2 and a 100% pure CO2 sweep stream, the 
anolyte enters (ideally) equilibrated with 15% CO2 and is exposed to 
the 100% CO2 sweep stream via a gas-diffusion layer. The cell operat-
ing current must be sufficient to raise the partial pressure of CO2 in 
the electrolyte to greater than that in the sweep stream. Below this 
level, CO2 will be absorbed from the sweep stream. This represents a 
similar inefficiency to the membrane-less cell, where electron utiliza-
tion is compromised by all processes occurring in a single assembly. 
Conversely, if the volumetric production of CO2 from the oxidation 
reaction exceeds the transport capability of the gas-diffusion layer 
(or otherwise) to remove such volumes, bubble formation, and the 
consequences thereof, may plague operation. Additionally, the energy 
balances of the cell assemblies must be considered to determine the 
relative effect of sorption/desorption and sorbent activation/deac-
tivation reaction enthalpies and joule heating on thermal operation. 
Failure to do so may conflate temperature- and electrochemically 
driven CO2 capture and release. The development of coupled transport, 
electrochemical and chemical kinetic models is necessary to guide 
appropriate cell assembly design and operation, as well as quantify 
the realized benefit of coupling all processes.
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Although two-stage devices potentially offer lower energy require-
ments and high volumetric productivity, coupled electrochemical and 
transport models are necessary to guide the design and operating 
limits, and also quantify trade-offs. The relative simplicity of four-stage 
configurations and potential applications in retrofitting existing CO2 
capture infrastructure warrant further investigation, where the most 
important chemistry-agnostic developments can be made to avoid the 
detrimental effects of bubble formation on cell performance.

Bubble management
Bubbles present great challenges for electrochemical processes, 
substantially limiting the current density by actively blocking elec-
trode area and increasing ohmic losses47,48. The turbulence produced 
by bubbles may also contribute to electrode degradation and cause 

entrapment of gas pockets in continuous systems. The impact of CO2 
bubbles on EMCC processes has only recently been highlighted, but 
it is an area that requires additional focus in future designs. Figure 5a 
presents an image of the anode outlet of an operating EMCC unit and 
shows the issue—the volume ratio of CO2 gas generated relative to the 
circulating electrolyte28. Bubble formation has been studied extensively 
in the context of water electrolysis and fuel cells47. Recent efforts have 
begun to investigate other non-aqueous electrochemical systems that 
involve gas49, but few have investigated EMCC systems, although similar 
strategies can be employed. Relevant examples of bubble remediation 
include passive (surface modification50, electrolyte modification51) or 
active (sonication, applied magnetic fields) techniques or cell design 
(gas-diffusion electrodes52, incorporation of hollow fibers15, or staged 
desorption), as shown in Fig. 5b–d. Our group has demonstrated the 
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use of surfactants to minimize the impact of bubbles on the electro-
chemically mediated amine regeneration process51, as well as the use 
of hollow fibers to more rapidly remove CO2 from the anolyte15,53, and 
we have analyzed the influence of operating pressure on system ener-
getics24. These strategies have focused on either limiting the initial 
formation of bubbles by removing CO2 before reaching the saturation 
limit, increasing the saturation limit by operating the electrochemical 
cell at pressure before flashing the stream to a lower pressure to remove 
CO2, or limiting the size of bubbles by solution engineering. This range 
of strategies highlights the applicability of methods investigated for 
bubble remediation in other electrochemical technologies for EMCC. 
All these strategies require additional evaluation of their practicality at 
scale, as active techniques bring concerns over energetic requirements, 
and passive techniques may substantially increase cell or system costs. 
The case of operation at pressure may be more challenging to inves-
tigate at the laboratory scale and require substantially more complex 
bench set-ups, but is quite common for larger industrial processes.

Scaling and economic considerations
The challenge of designing scaled EMCC systems is compounded by the 
relatively little attention given to developing system targets and met-
rics. To appropriately design large-scale capture systems, it is important 
to consider relevant metrics at target applications such that system 
optimization and research at earlier stages can be most relevant and 
ultimately useful. Important metrics to consider with given applications 
include the volume of gas to be processed, the desired capture frac-
tion of CO2 in the treated gas, the availability of waste heat or cooling 
water, and the availability of renewable-energy sources at common 
target locations. Generalized techno-economic models incorporating 
these factors and considering electrochemical processes have not been 
developed but would be valuable to the field.

The discussion so far has been largely chemistry-agnostic, 
although when considering scaling and process economics, chemistry 
specifics become important. The performance of the full EMCC cycle, 
as well as capital and operating costs (for example, the cost, toxicity, 
and lifetime of the redox-active species, electrolyte components, and 
membrane separator; the cost and replacement time of the electrodes 
and ancillary equipment), should be factors guiding development even 
at the laboratory scale, where performance or cost trade-offs can be 
identified. For example, improvements in the cell energetics and sta-
bility in EMAR provided by surfactant additives may negatively impact 
the absorption performance due to electrolyte foaming in traditional 
gas–liquid contacting equipment51. Meanwhile, sorbent modifica-
tion that improves cell energetics in EMAR54, and additives that avoid 
oxygen sensitivity with redox-active organic molecules12, increase the 
pumping requirements due to elevated viscosity and require solution 
make-up due to volatility, respectively, each representing increases in 
system operating expenses.

There are few studies that have considered the economics of full 
processes incorporating EMCC. The most advanced example available 
was developed for the EMAR process, for application at a coal-fired 
power plant24. This model incorporated a full thermodynamic and 
kinetic model of the electrochemical cell, requiring substantial inves-
tigation of these parameters over several previous publications22,55,56, 
as well as the design and optimization of the process model and sepa-
ration scheme. This model highlighted several critical parameters for 
process cost that may be relevant to other flowing electrochemical 
systems, including the high cost of ionomer-based membrane separa-
tors employed in many electrochemical cells, the electrode and cell 
cost, and the potential for cost savings with operation at elevated 
temperature. The importance of membrane cost was also noted in a 
recent analysis of a bipolar membrane electrodialysis process57. The 
economics of the EMAR process were also strongly dependent on 
metrics common to other CO2 capture technologies, such as the swing 
in sorbent capacity between the loaded and unloaded state. For the 

electrochemical process, this swing in sorbent capacity introduced 
an added complexity due to the relationship between sorbent conver-
sion and electrochemical potential and, in particular, the shift in the 
electrochemical potential as a function of position within the cell. This 
prompted the consideration of segmented electrodes or series reactors 
operating at potentials tailored for the sorbent conversion in that area, 
as depicted in Fig. 3c, and the consideration of electrochemical cell 
trains, like those illustrated in Fig. 5e ref. 24. This type of new research 
direction prompted by advanced cell modeling and process analysis 
is an example of the importance of such efforts.

The complexity of developing a model like that for EMAR also illus-
trates the importance of identifying simplified, generalized parameters 
that may be targeted by researchers at earlier stages. Such models and 
targets exist for other technologies aimed at electrochemical applica-
tions58. In the CO2 reduction literature, a commonly cited target is a 
current density of 100 mA cm−2 (refs. 59–61). This target was devel-
oped based on a number of generalized process analyses and techno-
economic modeling of CO2 reduction products and cell costs58,62. We 
suggest that similar targets may be possible within the field of EMCC, 
although these will probably be dependent on system format. It is use-
ful to determine the limiting current density in example EMCC systems 
as a proxy for scaling potential. This is proportional to the product of 
the mass-transfer coefficient and redox-active species concentration, 
when the redox-active species concentration at the electrode surface 
is maintained at zero and mass transfer is maximized. The limited 
solubility of some promising homogeneous sorbents32 (<100 mM) 
hinders their application at scale, and solubilizing agents to increase 
active-component concentrations can present additional diffusional 
limitations. For comparison, traditional amine scrubbers operate with 
30 wt% sorbent to minimize the required circulation rate and associ-
ated operating expenses63,64.

For two- and three-stage capture processes where CO2 capture 
occurs coincidentally with sorbent activation, the electrode area 
and the area for CO2 uptake from the gas are coupled. This means 
that CO2 flux from the gas is directly related to the current density at 
the electrode surface. Thus, process targeting may be able to provide 
very direct target metrics for electrode current densities in two- and 
three-stage EMCC processes. As an example, to fully remove CO2 from 
the exhaust of a 600 MWe coal power plant at ~500 m3 s−1 and 13% CO2 
with a cell area comparable to that required for traditional mem-
brane separation techniques (1 to 10 million m2)65, a current density 
of ~3–30 mA cm−2 would be required. Electrochemical cell area and 
traditional membranes require substantially different assumptions 
as to cost, as the cell requires two electrodes and a separator, while 
the membrane requires a pressure differential and typically advanced 
membrane materials. Furthermore, the calculation for membranes 
referenced here assumes a CO2 purity near 50%, whereas electro-
chemical technologies may produce streams of pure CO2 (ref. 15). We 
encourage contributions examining process and system costs for 
related electrochemical technologies, such that these comparisons 
can be rigorously examined. We recently examined experimentally the 
impact of alternate geometries to produce large cell areas in tubular 
geometries, and similar advances have been examined in related 
redox flow battery systems as well15,66. The new geometries may offer 
greater volumetric productivity and favorable module scaling, as 
depicted in Fig. 5f.

Three- and four-stage electrochemical systems that decouple the 
electrode area from gas contacting and mass transfer require substan-
tially different assumptions to produce targets for electrochemical 
system design. As discussed, the swing in sorbent capacity between 
loaded and unloaded states is a key design metric for such systems, and 
this swing dictates the necessary conversion of the electrochemical 
species within a single pass of an electrochemical cell28,56. Conversion 
of species within a flowing electrochemical system is dependent on 
flow rates and current, and the capture rate in steady-state operation 
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is only dependent on the absolute current value. Targets for current 
density in practical systems must thus be related to flow rate or system 
size to be meaningful.

The differences in scaling between two- and four-stage systems 
should also be noted. In either technology the electrochemical cell area 
would scale approximately linearly with system size, meaning that the 
cost of the cell and related components would also vary near linearly 
(depending on cost reductions due to bulk modular production), 
because additional current can only be produced from additional cell 
area. That additional cell area would only operate at the same current 
density as the existing cell, producing a linear relationship. Systems 
with decoupled gas contacting stages may, however, scale differently 
due to the economies of scale produced with absorption columns 
and related separations devices that have been produced for many 
years. These differences between electrochemical technologies and 
traditional separations may enable EMCC in smaller applications that 
would otherwise be infeasible for large absorption columns, but may 
preclude them from large applications where substantial savings may 
be realized for traditional separations, unless alternate factors such as 
space constraints play an important role in design decisions. It should 
be noted, however, that innovations in separations system design may 
be inspired by the new chemistries available within EMCC, such as the 
large-scale hollow-fiber contactor that we recently considered67.

Outlook
Electrochemically mediated carbon capture has several promising 
characteristics: modularity, low energy consumption and integra-
tion with high-capacity-factor, low-carbon-intensity energy sources. 
With an appropriate redox-active chemistry, several system configura-
tions are plausible, with various trade-offs. The electrochemical cell in 
four-stage configurations offers a simpler design that can be readily 
scaled to match the required CO2 flow rate in existing carbon capture 
infrastructure, or in the development of distributed ambient-air cap-
ture67. Two- and three-stage configurations offer potentially smaller 
footprints with lower energy consumption, with possible compromises 
in sorbent utilization. These trade-offs need to be better characterized 
with generalized transport models that inform scaling and economic 
analyses. Further work on minimizing mass-transfer resistances to 
improve cell current density and reducing the detrimental effects of 
bubble formation on these systems will enable their consideration for 
scaled implementation. Lastly, more general costing and scoping of 
EMCC systems can inform key areas of improvement and allow more 
direct comparisons to existing separation methods.
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