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ABSTRACT

Carbon utilization is a crucially important performance characteristic of CO; electrolyzers;
however, the application of simple and accurate descriptive models to experimental data on this
topic are currently lacking. Here, we apply a simple analytical reactor model to parameterize
single-pass conversion as a function of feed-gas flow rate and show that it captures a wide body
of experimental data in the literature exceptionally well. In doing so, we demonstrate that this
simple conceptual approach can characterize progress and capture recent innovations in reactor
design. To validate the extracted parameters, we employ a well-established comprehensive model
to confirm that the results agree with physical expectations. Finally, we explore the implications

of the descriptive model by examining the inherent tradeoff between single-pass conversion



efficiency and reactor productivity. Understanding such tradeoffs is crucially important for

advancing this electrolyzer technology toward commercial applications.

TOC GRAPHICS




The idea of using electrolyzers to transform CO; into value-added products has gained significant
attention over the past decade.!"!* The overall viability of this approach compared to alternative
CO» mitigation strategies will depend on the confluence of reactor performance and numerous

external economic factors.!? 1420

When assessing reactor performance, a number of key
performance indicators (KPIs) are crucial to consider when evaluating progress. For example,
some of these KPIs include system-level characteristics such as specific energy consumption (e.g.,
kWh/kg product), productivity (e.g., kg product/time/system size or partial current density), and
carbon utilization (e.g., single-pass CO> conversion efficiency). Most importantly, one must
consider these KPIs simultaneously rather than individually as there can be inherent tradeoffs
between them. Only by taking a multifaceted approach to performance evaluation can meaningful
progress be made across different electrolyzer designs and operation modes. For example,
Kungas?! compared low- and high-temperature electrolysis technologies for producing CO from
COz by examining specific energy consumption in kWh/Nm? as a function of CO partial current
density, which is directly proportional to reactor productivity. For the data considered, the
investigation revealed that high-temperature solid-oxide electrolysis had substantially lower
specific-energy consumption at a given productivity compared to the low-temperature devices.
This example highlights the power of using KPI tradeoff curves to compare reactor designs even
when the reactors themselves are radically different. Because high-fidelity tradeoff curves are
experimentally laborious to create, it is beneficial to have a simple descriptive model to provide

some guidance and insight into why the tradeoff trends as it does, what effective parameters

influence the tradeoff, and what the reasonable limits might be given the current design.??

Along these lines, here we employ a simple model to understand carbon utilization in CO>

electrolyzers, enabling an exploration of the relationship between two KPIs: carbon utilization and



reactor productivity. Productivity is important because it is directly tied to capital intensity for a
given product output, while single-pass conversion efficiency is important because of the need to
efficiently transform CO; into products while minimizing downstream separation costs.'® !7-20- 23
Previously, Weng et al.>* 2> developed and examined both gas diffusion electrode (GDE) with
liquid electrolyte and membrane-electrode-assembly (MEA)-specific frameworks for modeling
CO2 electrolyzers and used it to examine the conversion and consumption of CO; as a function of

1.26

applied current density. Subsequently, Kas et al.”> developed a 2-D model for investigating how

gradients along the gas channel impact CO> conversion and consumption. Experimentally, several

studies have focused on single-pass conversion,?’"

while the Seger group has extensively
examined the overall carbon balance within different reactor configurations.’!** To the best of
our knowledge, though, there has been little work merging models with experimental data on the

topic of single-pass conversion efficiency. In fact, CO> conversion efficiency in general has

received relatively little attention despite its importance in CO> electrolyzers.

Here, we establish a model that describes experimental data across several different reactor
designs from different research groups. We model the gas channel as a simple plug-flow reactor
(PFR), which we find accurately characterizes a wide cross section of CO> conversion results in
the literature for GDE and MEA-type devices.?® 337 We further link our simplified PFR model to
the more comprehensive model of Weng et al.>* > to compare how the PFR parameters correlate
with a more physically detailed model. With the foundation for single-pass conversion efficiency
firmly established, we then examine the compromise between productivity and conversion
efficiency as a function of CO» feed rate. Our results have strong implications for reactor control
and operation as well as the optimization of reactor design. This work can serve as motivation for

exploring new approaches to CO; electrolyzers and can aide in understanding the ultimate



capabilities of CO; electrolysis. Finally, we hope that this analysis serves to encourage the
development of system-level KPIs that allow for better comparison of different electrolyzer

designs.

For a simple descriptive model of single-pass conversion, we envision a generic reactor
structure like that depicted in Fig. 1. For our purposes, the details of the anode, cathode, and
separator structures are not relevant, as the reactor is simply imagined as a CO» sink attached to a
gas channel.

(a) Electrolyzer (b) Gas Channel
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Fig. 1 (a) Overview of model concepts, highlighting the three different paths that influent CO» is imagined taking
through the electrolyzer. (b) Conceptual representation of a portion of the gas channel.

With this in mind, Fig. 1a sketches the three distinct pathways that we consider for CO; passing
through the reactor. These pathways include: 1.) incoming CO> passing directly through the gas
channel without being reacted, 2.) incoming CO- that enters the reactor and is electrochemically
reduced, and 3.) incoming CO: that enters the reactor but reacts with hydroxide to form

(bi)carbonate. We aim to capture these effects by considering the gas channel as a PFR-like sub-



reactor within the system. To this end, if the underlying electrochemical assembly acts as an

irreversible first-order sink, then standard PFR analysis predicts that

kv Acar
XcoZ =XC02R (l—e ¢ ] (1)

where X, is the single-pass CO: conversion efficiency, X, ; is the internal CO> conversion
efficiency, Q is taken here as the total volumetric flow rate into the reactor (cm’/s), k,,, is the
effective overall effective mass-transfer coefficient for the electrolyzer (cm/s), and 4, (Fig. 1b)

is the geometric area of catalyst that interfaces the gas channel (cm?). We define single-pass

conversion efficiency X, (sometimes referred to as simply CO> conversion or COz utilization)

as the ratio of CO; molecules electrochemically reduced per unit time divided by the total number

of CO2 molecules fed into the gas channel per unit time, while the internal CO; conversion

efficiency X, ; is defined as the ratio of CO2 molecules electrochemically reduced per unit time

to the total CO, molecules that enter the porous electrode from the gas channel per unit time, Fig.

1a. We note here that the ratio X, / X, , 1s equal to the ratio of the total CO2 consumption of

the reactor (CO2R + bicarbonate formation) to the total CO fed to the gas channel and that the
term k,, A, /Q 1is the Damkohler number (Da) for a PFR with first-order kinetics. While Eqn.

38, 39

(1) can be found in chemical engineering textbooks, such as Levenspiel and Fogler, we also

provide a detailed derivation in the supporting information (SI).

There are several crucial assumptions in using Eqn. (1) that must be discussed. First, by
using Eqn. (1), we ignore gas gradients across the cross-section (4y in Fig. 1b) of the gas channel
and only consider changes along the channel length (i.e., gas flow direction). Second, we ignore

any gas-phase interactions and assume that the underlying reactor behaves as a simple first-order



sink for CO» from the gas channel, which is likely a reasonable assumption since CO> dissolution,
the first electron transfer in CO2R, and the reaction between CO; and hydroxide to form
bicarbonate are all first order. To further justify this assumption, though, we fit a subset of the data
below to an arbitrary reaction order and find that the effective reaction order is close to unity with
good confidence (see Fig. S1 in the SI). Third, we ignore diffusion and flow dispersion along the
flow direction of the channel, only accounting for the convective flux. We estimate that for the
experimental systems under consideration, the ratio of convective timescale to diffusion timescale
is very small (~107*), making this a reasonable assumption.*® Calculation of the Péclet numbers
are given in the SI. Finally and most importantly, we use the inlet gas flow rate as the effective
constant volumetric flow rate in Eqn. (1). While the focus of this paper is vapor fed reactors, this
assumption allows for the model to be extended to liquid fed reactors. One issue with this
assumption is that various features of the gas channel (e.g., turnaround points) could lead to errors
in the assumption of Darcy-like flow due to inertial effects.***! Another issue is that one would
not necessarily expect the volumetric flow rate along the length of the channel to be uniform
considering that there can be substantial perturbations to the gas concentration as CO; is depleted
and water, reaction products, and possibly external sources of gas emerge to contribute to the total
volumetric flow rate.>* % Thus we would expect Eqn. (1) to be most applicable to low COa
consumption conditions and where water and product gasses compensate for CO; losses in the
channel (e.g. CO production). We note that this complex issue has been explored experimentally,
3134 where for example Ma et al.>? found that the decrease in outlet flow rate relative to inlet flow
rate was ~40% for a 15 ml/min feed at 300 mA/cm? in a 1 M KOH Cu-catalyst anion exchange
membrane VFR. In such situations, Eqn. (1) may not be appropriate for describing single pass

conversion efficiency as a function of flow rate; however, for the cases examined below, we find



that Eqn. (1) parameterizes X, vs. O remarkably well even at low flow rates and high

consumptions. In addition to the prior mentioned factors, another reason for such good agreement
could be that most of the COz is consumed near the inlet where the flow rate is closer to the feed

flow rate, making the choice of feed flow rate a reasonable approximation for Eqn. (1).

With these assumptions in mind, at low feed volumetric flow rate Eqn. (1) plateaus at the internal

conversion efficiency X, , of the reactor, which is a measure of how facile CO2R is compared to

(bi)carbonate formation. In the high flow rate regime, Eqn. (1) follows a horizontally shifted 1/Q-
type dependance (see SI). Additionally, Eqn. (1) contains a mass-transport parameter, k7, that can
be used to assess a reactor’s overall CO> mass-transport characteristics. This parameter is related
to both the CO2R partial current density and (bi)carbonate formation and is thus expected to be
strongly dependent on applied voltage, pH in the catalyst layer, CO, transport distances, and other
reactor characteristics. Notably, for the case of measuring X, vs. O at constant current instead
of constant voltage, which is the situation for all experimental data below, one would expect that

kmr would also be a function of the volumetric flow rate of CO». In such a case, Eqn. (1) is further

simplified to

_ Acat (']e,tot - JHER)

co, — —
nFcCOz,feedQ

)

where J,,,is the local total electric current density (mA/cm?), 7 is the average number of

electrons per CO2 molecule reduced, J,,, is the total hydrogen evolution current density, and F'is

Faraday’s constant. We present a detailed derivation and discussion of Eqn. (2) in the SI. Thus, if
only kyr changes to keep the total current density constant as a function of flow rate, then Eqn. (2)

predicts that the single-pass conversion efficiency should scale as 1/Q and be directly proportional



to the total applied current density. We note that Eqn. (2) is consistent with the predictions made
by substantially more comprehensive 1-D and 2-D models which calculated that at constant flow
rate CO» conversion scales linearly with total current density over a wide range of applied

currents.?* 26

As will be demonstrated below, we unexpectedly find that Eqn. (1) parameterizes the data
substantially more accurately than Eqn. (2) in the results analyzed. We suspect that a reason for
this discrepancy is due to current-compensating effects related to the hydrogen evolution current
and possibly the average number of electrons per CO; reduced 7 (i.e., the CO2R product
distribution).?® >3 These changes can alleviate the need for kur to increase with decreasing flow
rate so as to keep the total current density constant. This has been directly observed in experimental

128 noted little change in applied voltage as a function of

data where, for example, O’Brien et a
flow rate at a constant 150 mA/cm?. A more comprehensive model than that used here is needed
to understand why literature data appears to follow Eqn. (1) and not Eqn. (2). We make some
progress along these lines by verifying that measured k7 values are consistent with those predicted

from the model presented by Weng et al.”> First, however, we demonstrate the fit of Eqn. (1) to

multiple sets of experimentally measured single-pass conversion data from different groups.

We begin by applying Eqn. (1) to our own previously published data (Fig. 2).



N
[$,]

)

w

(3,
N
o
o

(a) Total Current Density (C)
® 72 mAlcm?
& 214 mAlcm?
A 358 mA/cm?

¥ 501 mA/cm?

©

o
-
N
[$)]

-

Efficiency, X-or (%)
S (22}
o o

Internal Conversion

N
o

Mass Transfer
Coefficient, k,,, (mm/s)
o o
N 9N
(4] [$,] (6]

CO, Conversion, X, (%
o

o O,

(=]

1 1 1 1 1 1 1 1 | 0 L 1 1 L 1 1 1 1 1 L
0 5 10 15 20 25 30 35 40 45 0 100 200 300 400 500 100 200 300 400 500
Inlet CO, Flow Rate, O (sccm) Total Current Density (mA/cm?) Total Current Density (mA/cm?)

o

Fig. 2 (a) Application of Eqn. (1) to CO; conversion data from Corral et al.*® (b) The internal conversion efficiency
and (c) the overall effective mass transfer coefficients resulting from the fits in (a) as a function of current density.
Error bars are 95% confidence intervals of the fit parameter.

Fig. 2a shows that Eqn. (1) describes all single-pass conversion efficiency data presented by Corral

et al.>®

across the full measured range of inlet gas flow rates and applied current densities. The
resulting internal conversion efficiency and overall mass-transfer coefficient are plotted in Fig. 2b
and Fig. 2c, respectively. For the current density curves in Fig. 2a below 250 mA/cm?, the data do

not extend low enough in flow rate to make an accurate determination of internal conversion

efficiency (i.e. a wide range of X, , values makes little impact on the sum of squares error),
which is why there is significant uncertainty in X, , in that regime of applied current density.

Nevertheless, all of the data is captured to a high degree of accuracy by Eqn. (1) using the fit

parameters in Fig. 2b and Fig. 2c.
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Fig. 3 (a) Application of Eqn. (1) to CO; conversion data from Gabardo et al.?* (b) Application of Eqn. (1) to CO,
conversion data from Wheeler et al.” assuming that 4, = 3 cm? in order to calculate kmr. (c) The internal conversion
efficiency and (d) the overall effective mass transfer coefficients resulting from the fits in (a) as a function of current
density for Gabardo et al.*® assuming 4c = 5 cm?. Error bars are 95% confidence intervals of the fit parameter.

To show that Eqn. (1) is generally applicable to a diversity of CO; electrolyzers, we also
applied our model to the results of Gabardo et al.** (Fig. 3a,c,d) and Wheeler et al.?” (Fig. 3b).
The results of this assessment in Fig. 3 demonstrate again that Eqn. (1) is able to accurately
parameterize single-pass conversion-efficiency data as a function of inlet flow rate over a wide
range of flow and current density. The results in Fig. 3a in particular are interesting because CO>

1.35

conversion for Gabardo et al.”> was measured down to inlet flow rates of <5 sccm and yet Eqn.

(1) still describes the curves remarkably well over the entire range of flow rates.

Finally, recent work by O’Brien et al.”® has detailed an innovative approach to reactor

design that largely eliminates the (bi)carbonate formation problem.?* In terms of the model

11



presented here, this corresponds to an internal conversion efficiency of 100% or X, , =1. Thus,

we would expect that the application of Eqn. (1) to conversion efficiency data from O’Brien et
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1.28 along with (b) the overall effective

al.”® would naturally describe the results with X, co,r ~ 1 across all current densities. Fig. 4a shows

that this is indeed true, where all three current densities accurately follow Eqn. (1) over all flow

rates measured with X, , =1and k7 values corresponding to Fig. 4b. This result further confirms

the relevancy of Eqn. (1) by accurately capturing state-of-the-art innovations in reactor design.

In short, Fig. 2-Fig. 4 demonstrate the applicability of the simple descriptive PFR model

employed here to capture observed trends in single-pass conversion efficiency as a function of

inlet CO, flow rate. The excellent goodness of fit (typically R? > 0.999, Table S1) suggests that

the generic rationale is relevant across a diversity of reactor designs made by different research

groups. For convenience, we present all the numerical fit parameter results from Fig. 2-Fig. 4 in

Table 1 of the SI. With the efficacy of Eqn. (1) demonstrated, we now turn to understanding better

12



the trends in kyr as function of flow rate and applied current density as shown in Fig. 2¢, Fig. 3c,

and Fig. 4b.

To gain insight into the extracted kur parameter in Eqn. (1), we implement the model presented

1.2, which can be used to describe CO, conversion and consumption from the

by Weng et a
perspective of a gas-diffusion electrode. This 1D, steady-state model includes the cathode gas-
diffusion media and catalyst layer for a silver-catalyst GDE for CO; electroreduction with the bulk
electrolyte and gas channels as the boundaries. The model is one of the most comprehensive
currently published in the literature, and includes key physical phenomena including gas transport,
electrochemical reactions using Tafel kinetics, bulk homogenous reactions, diffusion and
migration of ions in solution, dissolution of gaseous CO: into liquid water, and catalyst-layer
saturation (defined as the volume fraction of the layer that is occupied by liquid electrolyte). For
simplicity, the modeling results presented here use the exact same equations and parameter set as
described in the original manuscript.?> Importantly, this model does not include a treatment of the
gas channel, but rather can be imagined as representing the complex underlying CO; sink
mechanism beneath a given slice of the gas channel dx as shown in Fig. 1b. This more
comprehensive model can therefore be used to make a better-informed interpretation of

experimental kyr values if one makes the same simplifying assumptions about the gas channel as

discussed above.

13
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Fig. 5 (a) The calculated local CO, flux into a theoretical gas-diffusion electrode, (b) the corresponding effective kur
values from (a) using the definition of Eqn. (S4), and (c) the calculated total current density all as a function of local
CO; concentration in the gas channel for a series of applied cathodic voltages from -1.3 V to -1.8 V. Note that the
voltage steps between curves are not uniform from -1.3 Vto -1.8 V.

With this in mind, we begin by examining predictions of kyr as a function of cathodic voltage
and local CO; concentration in the gas channel. To do so, we fix the mass fraction of COy) over
a wide range of values (here 0.02-0.998) and subsequently calculated the steady-state local CO>

flux and electric current density over a series of applied voltages. For gas transport calculations in

14



the diffusion medium, we assume that the total mass density is constant and any remaining mass
fraction that is not CO> is composed of equal mass fractions of CO and H». The results of these
calculations are shown in Fig. 5 for a series of applied cathodic potentials from -1.3 Vto -1.8 V

1. This potential range was

where the potential is defined in the same manner as in Weng et a
chosen to span a range of total current densities that was comparable to the experimental data
above. From Fig. S5a, we first see that there is a non-linear relationship predicted between the CO»
flux entering the reactor and the external COy) concentration in the gas channel. Such a
dependance directly implies via that kyr is not predicted to be constant as a function of COx(y)
concentration in the gas channel (Fig. 5b). However, beyond ~0.8 kg/m? (~18 mM) COx(g), kmrin
Fig. Sb varies relatively slowly and is reasonably approximated by a constant average value. This
high CO) concentration regime is the region where most experiments are conducted and
therefore the assumption of constant kyr would be reasonable. Furthermore, these values only
represent the conditions at a local slice in the gas channel, whereas experiments represent the
average consumption over the entire channel (see SI for calculated internal COz) and electric
current density profiles). In any case, it is encouraging that a rough comparison of Fig. Sb to values
experimentally extracted in Fig. 2¢ and Fig. 3¢ at similar current densities are in reasonable
agreement without adjusting any parameters from Weng et al.>> In terms of the functional
dependence of the calculated ka7 on CO> concentration in the gas channel, we hypothesize that the
predicted rise in kyr at lower values of external COz) concentration in Fig. 5b is due to increased
(bi)carbonate formation caused by an increase in pH at the cathode.*? In other words, as the COx()
supply becomes limited, the pH-decreasing effect of CO> dissolution is lessened, which drives up

the pH at the cathode and increases (bi)carbonate formation. In terms of our simple model above,

this would translate to a non-constant value of X, , as a function of local COx) concentration

15



that is especially pronounced in strongly CO»-depleting conditions (i.e., high currents and low flow

rates). Finally, similar to our simple PFR model, the model from Weng et al.?

predicts a significant
decrease in electric current density for lower values of the external COz) concentration (Fig. 5c).
Notably, the total current does not go to zero in Fig. 5S¢ when the external COx(y) is zero due to a
finite hydrogen-evolution-reaction (HER) current.”> As discussed in the SI, this baseline HER
current can partly prevent a dramatic drop in total current at low external COx) concentrations
(Fig. S5b), which we hypothesize is one primary reason why Eqn. (1) is able to describe constant-
current experiments. Additionally, the assumption of a constant Tafel slope in the model may not
fully capture an increase in HER rate when CO, concentrations are low.* ** Additional losses,

such as crossover of products and subsequent reaction at the opposite electrode may also contribute

to the change in Faradaic efficiencies with potential.

We can further examine what the results of Fig. 5 imply in terms of the effective measured kur

by numerically solving Eqn. (S1) at numerous voltages for a series of flow rates with &,,,(c.,, )

interpolated from the relevant curves in Fig. Sb. At each flow rate, we can then calculate the total
CO» consumption and current density by interpolating the relevant values from Fig. S given the
final COx(g) profile from Eqn. (S1). The results of this procedure are shown with open symbols in
Fig. 6a at currents of 50 mA/cm?, 100 mA/cm?, and 150 mA/cm?. For Fig. 6a, we plot the inverse
of CO> consumption vs. flow rate in order to linearize Eqn. (1) in the high flow rate regime (see
Eqgn. (S17) in the SI), which allows for direct extraction of k7 from the slope of the line. In Fig.
6b, the resulting ka7 are values are plotted against current density. Notably, the values of kur in
Fig. 6b are in excellent agreement with experimental data in both magnitude and trend with applied

total current density. For example, at 150 mA/cm? both Fig. 3¢ and Fig. 6b both give

16



k., = 0.4 mm/s, which suggests that the order of magnitude of the experimentally extracted kur

values are generally in line with physical expectations as predicted by the model of Weng et al.?®

- Calculated CO, consumption using k,,, from Fig. 5b
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Fig. 6 (a) The inverse of the calculated CO, consumption ( X' CO,R /X co, ) using input data from Fig. 5 for three

different current densities along with linear fits. Here we used 4..: = 5 cm? to align with the experimental data in
Fig. 3. (b) The corresponding effective kyr values obtained from the slope of the linear fits in (a) from Eqn. (S17).

Now that we have shown Eqn. (1) to be descriptive of experimental data and giving
physically reasonable values for the parameters, we turn to one of its key implications for
understanding reactor performance. Namely, we use Eqn. (1) to examine the fundamental tradeoff
between CO:2 conversion and productivity. Here we define productivity as the amount of CO2
reduced per unit time normalized to reactor size, where catalyst geometric area Aca is taken as a
proxy to represent reactor size. By this definition, productivity and partial COzR current density
are essentially synonymous. We use CO; as opposed to a given product species in this definition
to make the analysis more general and easily comparable across reactors; however, one could also
easily define productivity on a product basis for more relevance to technoeconomic analysis. With

this dimensional definition, one can write an expression for the productivity as
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_ Cco,, feea X co, 0

A

cat

3)
where ¥ is the productivity in mol CO»/s/m* or kg CO»/s/m*. We can substitute X, , from Eqn.

(1) to get

X 7kAMTAcat
- Ccoz,fzd CO,R Q(l—e 0 J (4)

cat

For a better sense of productivity trends, it is useful to take the limit of Eqn. (4) as Q — o, which

results in an expression for maximum productivity

\Ilmax =Cco,, feedX C02RkMT (5)
where Whax 1s the maximum achievable productivity of the reactor under the condition of zero

single-pass conversion (i.e., differential conditions). In other words, Eqn. (5) can be imagined as

the limit of what the reactor can consume when the CO; concentration in the gas channel is fixed

everywhere atCe, 4., due to, for example, an extremely high flow rate. Thus, Eqn. (4) can be re-

written using Eqn. (5) as

kMTAmr
Y_ 9 oo (6)
lP kMTAcat

max

Inspection of Eqn. (1) and Eqn. (6) indicates that both functions can be plotted in one dimension

in terms of the Damkohler number ,,, 4., / O. Along these lines, Fig. 7a illustrates the
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Fig. 7 (a) Single-pass conversion efficiency and relative productivity as a function of the Damkoéhler number
kyy A, Q- (b) Parametric plot illustrating the tradeoff between conversion efficiency and productivity at different

values of X COR (c) Single-pass conversion efficiency vs. total productivity using parameters from the different

at

references above at a total current density of 100 mA/cm?. We used ¢ Oy feed = 41 mM to calculate all curves in (c).

general productivity and conversion curves, giving a sense of the fundamentally opposite
trajectories when varying the feed gas flow rate. To illustrate this relationship more directly, Fig.
7b shows a parametric plot where productivity is directly plotted against conversion efficiency for
all values of Da. The parametric relationship is represented analytically by combining Eqn. (1)

and Eqn. (6) to yield

Y o XCOZ/XCOZR
\P - s (7)

max X
In|1-—%

CO,R
which is the underlying function for the curves shown in Fig. 7b. Eqn. (7) is an important result
because it better defines the meaning of reactor performance. For example, it is not relevant to
discuss single-pass conversion efficiency or productivity independently without mention of the
other because these two KPIs tradeoff against each other when varying the feed flow rate. For a
sense of how this analysis practically translates to the data analyzed in this work, we plot in Fig.
7c the full dimensional parametric plots of single-pass conversion vs. productivity derived from
the parameters of three different studies at an applied total current density of 100 mA/cm?. The

productivity-conversion KPI curves in Fig. 7¢ help one understand the relative merits of each
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electrolyzer in a broader sense. For example, the innovation of O’Brien et al.?®

gives access to a
wide range of single-pass conversion efficiencies that are not accessible by the other reactors at
any flow rate. In the productivity range of ~0.5-0.8 mg CO»/min/cm?, however, the reactor

1.% has the highest COx conversion efficiency but with an overall value

presented by Gabardo et a
less than 25%. Finally, if sub-10% single-pass conversion efficiencies can be tolerated, the work
of Wheeler et al.>” demonstrates excellent performance by being the only device that can reduce >
~0.9 mg CO2/min/cm?. The upper limit for productivity at 100 mA/cm? with a 2-electron reaction

is 1.37 mg CO/min/cm?, which puts Wheeler et al.>’

near the productivity maximum in the high
flow rate limit. Notably, we ignore energy consumption here, which would be another factor to
consider when assessing the “highest performing” results. In the end, the relative value of
conversion efficiency, productivity, and energy consumption must be weighed in economic terms
within the context of the application.!? !> 16 20:45 In our view, though, tradeoff curves like those
illustrated in Fig. 7 can paint a more complete picture of electrolyzer performance and serve as

essential inputs to technoeconomic models.!'® 17 19:20

In summary, we derive a simple expression for COz single-pass conversion efficiency and
show that it accurately parameterizes the results from a range of experiments from several different
research groups. We further demonstrate that the parameters derived from fitting this equation to
experimental data are generally consistent with a more comprehensive state-of-the-art model of
gas diffusion electrodes that is well accepted in the literature. With the validity of the approach
established, we explore the implications for the tradeoff between reactor productivity and single-
pass conversion efficiency. Using this approach, researchers can fit their experimental
measurements of single-pass conversion efficiency to generate a tradeoff curve for these two KPIs

that will allow them to understand the relative merits of their reactor design. Understanding such
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relationships are essential for guiding electrolyzer design and operation for turning CO» into value-

added products.
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