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(;arbon capture has been lauded as a promising area of .research. Cathode: loz + H,O + 2e~ — 20H" [1]
Rapid economic growth and the corresponding increase in use of 2
fossil fuels has resulted in a rise in the atmospheric carbon dioxide
(CO,) levels from 304 ppm' to 417 ppm? in the last century. The rise Anode: 20H™ + H; — 2H,0 + 2e~ [2]

in anthropogenic greenhouse gas emissions (GHG) have been linked
to global warming and climate change which has spurred research to
capture CO,. A bulk of this research has focused on CO, capture at

However, the EDCS is operated to maximize CO, separation,
ignoring power generation. In order to achieve this, the EDCS is

point sources where CO, concentrations are high making separations
more favorable and efficient. However, there is an increasing interest
in CO, removal technologies focused on low CO, concentrations,
defined here as below 0.5% CO,.>7'° Areas that will benefit from the
development of these low CO, concentration technologies include:
direct air capture (DAC), air compression pretreatment for medical
or SCUBA use,” air-breathing hydroxide exchange membrane fuel
cell (HEMFC) pretreatment,'"'? building'® and mining ventilation,
nuclear submarine life support systems, and space habitation.” State-
of-the-art technologies for these applications primarily involve
solvent absorption and solid adsorption. For long-term continuous
operation, both types of technologies rely on a supply of fresh
sorption material or additional equipment and energy for
regeneration.>'* These limitations are especially prevalent in trans-
port and life support applications where supli‘)lies are not readily
available and volume/weight are constrained.'>™” Recently, there
has been more interest in electrochemical separation of CO, which
has the potential to allow for continuous CO, removal at low
concentrations while meeting strict volume/weight requirements.

The electrochemically-driven CO, separator (EDCS) is a pro-
mising and versatile CO, removal technology that takes advantage
of the alkaline environment of an anion exchange membrane to scrub
CO, from air.'""'*!® The EDCS operates similarly to a HEMFC:
oxygen in air fed to the cathode undergoes the oxygen reduction
reaction (ORR) while hydrogen fed to the anode undergoes the
hydrogen oxidation reaction (HOR).
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operated at high air flows to maximize CO, capture at the cathode,
but maintain low hydrogen feed flow and low current densities in
order to maximize electron efficiency for CO, separation. Hydroxide
anions generated by the cell current at the EDCS cathode effectively
capture CO, from air even at low, sub-ambient concentrations via
the following processes:

CO, + H,0 = H,CO; [3]
CO, + OH™ = HCO;3 [4]
H,CO; = HCO5 + H* [5]
HCOj; = CO3™ + Ht [6]

The kinetics of Eqs. 3 and 4 determine the rate of CO, capture in
the EDCS at a given cell current while Eqs. 5 and 6 are fast and
always equilibrated.'® It is important to note that CO, is not directly
involved in the electrochemical reactions. Cell current controls the
rate of hydroxide generated at the cathode, and hydroxide partici-
pates in the CO, hydration reaction when CO, is present in the air
stream. As such, a carbon-ionomer cathode interlayer was intro-
duced to the EDCS in Matz et al. (2021)"" between the cathode
catalyst layer and anion exchange membrane as seen in Fig. 1. The
electrochemical reaction that generates hydroxide occurs exclusively
within the catalytically-active cathode catalyst layer with the
potential driving the ions toward the anode. Thus, the interlayer is
a hydroxide-rich volume of space where CO, gas can penetrate from
the flow fields and react with hydroxide. Carbonate and bicarbonate
anions formed at the cathode and interlayer are transported across
the membrane to the anode due to the potential gradient created by
the concurrent HOR and ORR reactions. Carbonates build up in the
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Figure 1. Simplified diagram of EDCS of cell components, relevant species
in each layer, and species flow paths. The interlayer is a carbon-ionomer
layer between the cathode and anion exchange membrane (AEM). There are
two methods shown to complete the electronic circuit indicated by *. An
external circuit can be completed by an external wire connecting the anode to
the cathode. An internal circuit can be completed by the introduction of a
carbon-composite AEM, allowing for direct transport of electrons from the
anode to the cathode through the membrane and interlayer.

anode, decreasing the local pH, and thereby promoting the release of
C0,.2?" This yields a concentrated CO, product stream at the
anode with only water as the byproduct. Once again, CO, is not
directly involved in the electrochemical reaction. As CO, is released
as a gas into the anode stream, hydroxide ions are formed. Water is
then generated by the subsequent HOR reaction between hydroxide
and hydrogen, freeing electrons which are then transported back to
the cathode. Unlike sorption-based technologies, the EDCS con-
tinuously self-regenerates electrochemically as ORR ensures a
constant supply of hydroxide for CO, capture at the cathode, and
CO, is continually released at the anode following sufficient
carbonate buildup.

Typically, in fuel cells, the electronic circuit is completed by
conducting electrons from the anode to cathode via an external
circuit, producing power. Since power production is not the goal of
the EDCS, an external circuit is not required. By using a carbon-
composite anion exchange membrane (or “shorted membrane”) like
the one discussed in Shi et al. (2022),'2 an internal circuit can be
established, allowing electrons to flow directly from the anode to the
cathode. Both of these electron pathways are in the EDCS schematic
shown in Fig. 1. The introduction of an internal circuit removes the
need for bipolar plates and can greatly reduce the size of the final
device. However, when using the shorted membrane, cell current
cannot be directly controlled, requiring the development of alter-
native control schemes to indirectly control current via hydrogen
flow and limiting current at the anode.'"'? Similar or better CO,
removal performance has been achieved using the shorted mem-
branes as the standard membranes described above.'>

Others have observed the phenomena of CO, scrubbing in
alkaline electrochemical devices. Wynveen et al. (1972)* and
Winnick et al. (1974)* initially developed hydrogen-powered,
chemical-electrochemical devices using alkaline electrolytes for
CO; removal in life support applications. Numerous researchers
have noted the sensitivity of HEMFCs to the presence of CO, in air
and subsequent CO, purging mechanism at the anode, resulting in a
substantial voltage loss and decreased power production.?*>">
Similarly, the transport of (bi)carbonates across the membrane has
been shown to have a negative impact in CO, electrolysis when
using an anion exchange membrane, resulting in a loss of
reactant.’* 7 But the focus of most of these works has been on
mitigating the impact or limiting transport of CO, not improving

CO, separation with the exception of Zheng et al. (2021).'%
Additionally, technologies reliant on applied voltage, such as
electrodialysis”**>° or oxygen pump,** have been proposed for
CO, separation and concentration. Recently, there has been some
interest in coupling CO, separation and concentration with a Hy-air
electrochemical cell using an anion exchange membrane.'''>!846
No other research to the author’s knowledge has focused on
optimizing the hydrogen-power, electrochemically-driven CO, se-
paration for the range of CO, concentrations focused in this work or
the range of applications under consideration.

Of the numerous applications in need of advancements in CO,
removal technologies, four are of particular interest for use of the
EDCS: (i) direct air capture (DAC), (ii) treatment of air feed
upstream of the HEMFC stack, (iii) nuclear submarine life support
systems, and (iv) manned-spacecraft air revitalization.

(1) Direct air capture: In order to reduce GHG in the atmosphere
and meet climate mitigation goals, a broader CO, capture
approach must be implemented including direct air capture.
DAC is a relatively new strategy requiring significant advance-
ments in CO, removal technologies to efficiently and cost-
effectively remove CO, from air at ambient levels and at rates
that will impact the global atmospheric concentration of
C0,. >

(1) Treatment of air feed to HEMFC stacks: A hydroxide exchange
membrane fuel cell stack operating on ambient air is an
attractive alternative to the proton exchange membrane fuel
cell (PEMFC) stack that currently dominates the fuel cell
vehicle market. HEMFCs have the potential to reduce costs
compared to the PEMFC because the alkaline environment
allows for the use of non-platinum group metal catalysts and
cheaper construction materials.*’” However, HEMFCs are
highly vulnerable to CO, at atmospheric concentrations as
carbonation is associated with significant loss of
power,20:21:25:26:29.31.33:48-54 1y o1 der to achieve performance
parity with the incumbent PEMFC, CO, must be removed from
the air feed stream prior to the HEMFC stack. This requires a
technology to remove CO, continuously and efficiently from
air down to single digit ppm levels within a compact, light-
weight, and low-cost device.

(iii) Nuclear submarine life support: The life support systems in
nuclear submarines are responsible for ensuring a healthy,
breathable atmosphere for the crew. The life support system
includes oxygen generation, removal of particulates and odors,
and CO, separation.'®> Each crewmember aboard the sub-
marine consumes 0.90 kg, day~! 336 which must be supplied
by the oxygen generation system. In submarines, oxygen is
produced by sending desalinated seawater to a water electro-
lyzer, producing a hydrogen byproduct. Oxygen is sent to the
cabin air while hydrogen is vented overboard to prevent
accumulation. Meanwhile, cabin air is recirculated over elec-
trostatic filters and activated carbon beds to remove particulates
and odors, respectively.”” In addition to particulates and odors,
each crewmember aboard the submarine generates
1.04 kg, day™ %% which must be removed then vented over-
board. The separation of CO, from cabin air is a vital process
for ensuring the health and safety of the crew and prolonging
the ability of the submarine to remain submerged. Currently,
liquid amine systems (LAS) using monoethanolamine as a
solvent are used to remove CO, produced by the crew from the
cabin air.'®'7>7 The liquid amine system is bulky and complex
as the amine solvent must be regenerated via pressure and
thermal desorption of the CO, to maintain continuous
operation.”® Submarine life support systems have historically
operated at nearly 5,000 ppm CO, which is a relatively high
CO, concentration for human occupancy.'® This is in part due
to the constraints of the CO, removal technology efficiency and
space available within the confines of the submarine.'”
Prolonged exposure to high CO, concentrations has been



Version of record at: https://doi.org/10.1149/1945-7111/ac7adf

Journal of The Electrochemical Society, 2022 169 073503

linked with numerous health issues and decreased cognition.>
In light of this, the Navy is looking to reduce the cabin air CO,
concentration to below 3,000 ppm to ensure the health and
safety of the crew during extended submersions.'’
Improvements in efficiency and compactness of the CO,
removal technology is needed to attain this more stringent
requirement.

(iv) Manned-spacecraft air revitalization: Space habitation systems
require air revitalization for prolonged, manned space travel.
Unlike the submarine life support systems, space-based life
support systems are nearly closed-loop as resupply is not
feasible during extended missions.®® The life support system
includes oxygen generation, CO, removal, particulate and odor
removal, and water recovery. Water and oxygen are valuable
resources and must be recycled within the life support system.
Cabin oxygen is replenished via water electrolysis using the
limited water supply or recycled water recovered from human
respiration.®’ Hydrogen is produced as a byproduct of water
electrolysis, and its use is dependent on whether the air
revitalization system is open- or closed-loop. In a closed-loop
life support system, CO, captured from cabin air and hydrogen
from the water electrolyzer are fed to a Sabatier reactor to
produce methane and water. The water is then recovered and
recycled back into the life support system.® In open-loop life
support systems, CO, and hydrogen are vented into space. CO,
is removed from cabin air using sorbent-based technologies to
counteract crew respiration rates and to maintain levels below
3,300 ppm.®! NASA is looking to further reduce the cabin air
CO, concentration to less than 2,600 ppm as more research of
the negative health and cognitive impacts of CO, on the crew
becomes available®™ and NASA considers extending mission
durations.®? Typical CO, removal technologies such as amines
and solid adsorbents struggle to meet the CO, removal targets
at the tight volume and weight requirements for space travel.
The Carbon Dioxide Removal Assembly (CDRA) on the
International Space Station (ISS) uses a solid adsorbent
technology to remove CO,; however, this technology cannot
meet the reduced target CO, concentrations as designed® and
has been plagued with maintenance issues due to particulate
leakage during its tenure on the ISS.'>°

The EDCS is a promising CO, removal technology for use in
these four applications. The EDCS is able to effectively remove CO,
from an air stream at sub-ambient levels using a small hydrogen
stream to power the separation. In DAC, a green hydrogen source
must be supplied for net negative CO, emissions to be achieved,
possibly by the addition of water electrolyzers powered by renew-
able energy. In the other applications, existing hydrogen waste
streams can be utilized such as the stack purge in the HEMFC
vehicle and the hydrogen byproduct from water electrolysis in both
life support systems. In life support applications, it is important to
note that the EDCS consumes both hydrogen and oxygen, and thus
the water electrolysis unit will need to be sized accordingly.
Although the EDCS will require a larger electrolyzer, it is able to
utilize the existing system and removes the need for regeneration and
its associated equipment. As the EDCS is a membrane technology,
we are able to efficiently package large areas into small volumes
using configurations such as plate-frame stacks or spiral wound

Table 1. Ink recipes used for preparation of MEAs.

Electrodes Interlayer
Catalyst/Carbon (mg) 12.5 (Pt/C) 25 (Vulcan XC-72)
Deionized water (uL) 50 0
HEI Solution, 3.5 wt% (mg) 89 360
Isopropyl alcohol (mL) 1.25 1.67
Active Area (cm?) 25 25

modules which allows for high air processing without large increases
in volume.'*%

The main focus of the ensuing paper is to demonstrate EDCS
performance in CO, removal from air streams at moderate CO,
levels ranging from 400 ppm to 5,000 ppm, which are relevant to the
applications discussed above. Additionally, we investigate some key
parameters requiring optimization to achieve minimal outlet CO,
concentrations and hydrogen consumption at the highest viable air
throughput. Single-cell testing focused on the performance using the
standard AEM to allow the current to be directly measured and
controlled. This allowed the hydrogen consumption to be directly
measured and removed confounding factors associated with opera-
tion of the shorted-membrane EDCS over a wide operating window.
It should be noted that the shorted-membrane EDCS performance
has been demonstrated to be comparable to the standard AEM by Shi
et al. (2022).'* After determining the performance of the EDCS at
relevant operating conditions, a scaled EDCS stack module is
proposed and compared to incumbent technologies to assess its
feasibility.

Methods

Membrane electrode assembly (MEA) preparation.—MEAs
were fabricated using PAP-TP-85 membranes (Versogen, 70 um),
Pt/C catalyst (Alfa Aesar HiSpec 4000, 40 wt% Pt on Vulcan XC-
72) at both electrodes, carbon black (Cabot, Vulcan XC-72) in the
cathode interlayer, and 3.5 wt% PAP-TP-85 ionomer solutions in
ethanol.® The electrodes were prepared with an ionomer to carbon
(I:C) weight ratio of 0.4 while the cathode interlayer I:C ratio was
0.45. The recipes for the inks are shown in Table 1. Prior to hand-
spraying, inks were sonicated in an ice bath for 1 h. The anode and
interlayer inks were sprayed directly onto the membrane and the
cathode ink was sprayed on top of the interlayer ink using an Iwata-
Medea airbrush and a 25 cm? active area stencil to produce the
MEAs.

CO; separation testing protocol—The EDCS cell was as-
sembled with the prepared, 25 cm? active area MEAs sandwiched
between gaskets and a gas diffusion layer (GDLs) or nickel mesh in
single cell hardware from Fuel Cell Technologies, Co. Gasket
thickness was adjusted based on the gas diffusion layer (for the
anode) or nickel mesh (for the cathode) thickness to ensure it was
not overcompressed or damaged the membrane. For SGL 29BC
GDL, a 127 pum polytetrafluoroethylene (PTFE) gasket was used in
concert with a 13 pm fluorinated ethylene propylene (FEP)
subgasket. For the woven nickel mesh (26 threads per inch,
530 pm), two 254 pm thick FEP gaskets were used with a 13 ym
FEP subgasket. A Scribner 850e fuel cell test system with a
backpressure module was used for testing. Cathode outlet CO,
concentration was monitored using a Teledyne TML20 CO,
analyzer (0-2,000 ppm CO,) or Vaisala GMP252 CO, probe
(0-5,000 ppm CO,) preceded by a chilled condenser.

After assembly, a similar break-in procedure as described in
Matz et al. (2021)'! was performed prior to CO, removal testing.
The cell was heated to 60 °C while flowing oversaturated nitrogen
by keeping the cell temperature below the humidifier temperatures.
The anode and cathode humidifiers were heated concurrently to 57.7
°C (90% relative humidity). Once temperatures were stabilized, 500
scem H, and 500 sccm O, were fed to the anode and cathode,
respectively. The cell was activated by increasing the current density
in steps then allowing the voltage to stabilize before stepping the
current again. An example of the current density steps and voltage
response during break-in are shown in Fig. SI-1. The cell had similar
break-in response as that shown in Shi et al. (2020)7 where the
voltage initially drops as current density steps up and a voltage
recovery is observed. Activation was considered complete when
voltage stabilized below 0.3 V. After activation, temperatures were
adjusted to test conditions and CO,-containing air was introduced to
the cell while maintaining a current density of 20 mA cm+>. The
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transient voltage response of an example cell when air containing
400 ppm CO; is introduced to the cathode is shown in Fig. SI-2. As
CO; enters the cell, the voltage gradually decreases and stabilizes as
a steady-state is reached, following the characteristic curve observed
by Zheng et al. (2020).*8

When testing the EDCS, air containing a range of CO,
concentrations was fed to the EDCS cathode from a 10% CO, air
mixture (Keen Compressed Gas Co.) combined with CO,-free air.
The cathode flow was 3000 sccm air containing CO,, unless
specified. Hydrogen was fed at 12 sccm H, (unless otherwise stated)
to the anode which is slightly higher than the hydrogen consumption
rate at 50 mA cm 2 (9 scem Hy). It has been previously demon-
strated that hydrogen flow can approach the theoretical stoichio-
metric limit without significant impact on CO, removal
performance.'' Each set of operating conditions was held for 1h
with data collected at 10s intervals and the latter 30 min-average
reported.

Single-Cell EDCS Experimental Results

In order for the EDCS to be considered a feasible CO, removal
solution for the previously mentioned applications, the EDCS must
be able to remove CO, effectively at a range of CO, feed
concentrations and relevant operating temperatures. Figure 2 shows
EDCS performance parameters at cathode inlet CO, concentrations
ranging from 400 ppm to 5,000 ppm at current densities of 10, 20,
and 30 mA cm™2 and at temperatures of 40 °C and 60 °C.

Increasing inlet CO, concentration at a given current density
from 400 to 5,000 ppm resulted in an increase in the CO, flux but the
fraction of CO, removed decreased. Higher inlet CO, concentrations
shifts the acid-base equilibria in Eqs. 3 and 4 towards the right
promoting CO, capture and resulting in a higher CO, flux. At low

inlet CO, concentrations, there is less overall CO, entering the
EDCS and therefore, lower CO, flux is attained for a given CO,
removal and current density. This can be shown by the following
relationship:

Yco, Vair
Nco, = y——— 7
co, =X AVig [7]

where Ngo, is the CO, flux, y is the fraction of CO, removed,
Yco, is the mole fraction of CO, fed to the EDCS, Vir is the
volumetric flow rate of air to the cathode, and Vg is the molar
volume. The fraction of CO, removed is a function of inlet CO,
concentration, cathode flow, current density, and gas-phase mass
transport in the cathode. At 100% CO, removal, where y = 1, Eq. 7
represents the maximum theoretical CO, flux the EDCS could
achieve based on the inlet CO, concentration and air flow rate.
Higher CO, flux reduces the required active area and/or the
processed air flow in order to achieve the same CO, removal rate.
This is important when evaluating the EDCS for life support
applications where size and weight constrain the system.

The cell current is the main user controlled parameter of the
EDCS. Current density influences the rate of hydroxide generation at
the cathode catalyst layer as well as the rate of ionic flux, including
hydroxide and (bi)carbonate ions, across the membrane. Current

density, %, can be related to the CO, flux by

1
Nco, = — 8
o, = T r (8]

where / is the current, n is number electrons transferred per CO,,
F is Faraday’s constant, and A is the active area. For the case of
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Figure 2. EDCS performance for a range of cathode inlet CO, concentrations: (a-c) show the percentage of carbon dioxide removed, (d-f) show carbon dioxide
flux across the cell, and (g-i) show electron efficiency which defines hydrogen consumption. From left to right, the columns show EDCS performance at 10, 20,
and 30 mA cm 2 All tests were performed at 40 °C or 60 °C (70% RH) operating with an anode flow of 12 sccm H, and cathode flow of 3000 sccm air with the
reported CO, concentrations. Backpressure was 0 kPa(g) on both the anode and the cathode.
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100% electron efficiency, n is assumed to be equal to one electron
transferred per CO, based on the bicarbonate stoichiometry shown in
Eq. 4 and electron efficiency is defined as the inverse, 1/n. As current
density increased from left to right across Fig. 2, both the fraction of
CO; removed and the CO, flux increased as more hydroxide ions
were generated at the cathode catalyst layer increasing the rate of
CO, capture and ionic flux across the membrane. The improvement
in CO, removal is more easily observed at cathode inlet CO,
concentrations above 2,000 ppm. At 400 ppm, the fraction of CO,
removed is nearing 100% even at 10 mA cm™2, and hence there is
very little room for fraction of CO, removed or CO, flux to improve.
But increasing current density resulted in lower electron efficiency,
indicating not all hydroxide was converted to bicarbonate due to
mass transport, kinetic, and/or thermodynamic limitations in the
system. Whereas increasing inlet CO, concentration at a given
current density increased electron efficiency. More CO, entering at
constant rate of hydroxide generation results in more CO, molecules
captured and transferred per hydroxide ion. Electron efficiency is
inversely related to the hydrogen consumption, and a valuable
parameter to assess the EDCS energy efficiency compared to other
CO, removal technologies. Higher electron efficiency means lower
hydrogen consumption and lower energy costs to separate CO,. For
certain applications at low CO, concentrations, electron efficiency
will be the most important EDCS performance parameter for
determining economics (such as DAC), and thus even lower current
densities will need to be investigated to improve electron efficiency.

Figure 3 compares the EDCS CO, flux at 400 ppm for a range of
current densities against the ideal CO, fluxes defined by Eqs. 7 and 8
Ideal performance of the EDCS with 100% electron efficiency and
100% CO, removal is represented by the intersection of the black
and red lines, which is 3.5mA cm 2 for this set of conditions.
Experimental performance falls below these thresholds due to non-
idealities in the EDCS. Increasing current density results in a sharp
rise in CO, flux before it plateaus. By 20 mA cm ™2, the experimental
CO; flux is nearly at the limit set by 100% CO, removal; therefore,
increasing current density beyond this range results in a reduction in
electron efficiency due to excess hydroxide generation without any
improvement in CO, capture because the system is limited by the
rate at which CO; enters the EDCS. Based on this data, the operating
current density for DAC and air pretreatment upstream of a HEMFC
stack will be quite different. In DAC where the goal is to cheaply
capture CO,, electron efficiency and therefore hydrogen consump-
tion will be the determining factor for choosing the current density.
In order to minimize hydrogen consumption and the associated cost,
a low current density near the intersection of the black and red line
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should be chosen. Operation in this regime balances the competing
demands of maximizing CO, removal to reduce air throughput and
minimizing excess hydroxide generation to avoid “wasted” elec-
trons. In Fig. 3b, the electron efficiency peaks near 5 mA cm 2.
Insufficient current density can result in poor electron efficiency due
to bicarbonate back-diffusion from the anode as a result of the (bi)
carbonate concentration profiles. For the HEMFC vehicle applica-
tion, high CO, removal greater than 99% is the determining factor,
and therefore a higher operating current density must be chosen at a
penalty to electron efficiency. However, it should be noted that the
influx of CO, at 400 ppm is relative small and would not require
large hydrogen flows relative to the air processed even at low
electron efficiencies of 5%—0% (5-10 H, per CO, removed). For
each CO, removal application, there will be tradeoffs for the
operating parameters chosen on the EDCS CO, removal perfor-
mance.

Figure 2 also shows the impact of increasing the operating
temperature from 40 °C to 60 °C on the EDCS performance
parameters. Increasing temperature improved all three parameters:
CO, removal, CO, flux, and electron efficiency. The improved
performance at higher temperatures is primarily a result of the faster
kinetics associated with the chemical reaction between hydroxide
and carbon dioxide (Eq. 4). The actual operating temperature of the
EDCS will depend on the constraints of the application. HEMFC
vehicles are projected to operate at 80 °C or more, but in DAC and
life support systems, the EDCS will need to operate at levels closer
to ambient. Minimizing extraneous equipment such as heat exchan-
gers will be vital for reducing the capital cost in DAC and the size
and weight of the system in life support systems. Finally, it is
important to note that the operating temperature range of the EDCS
is mild compared to other CO, removal technologies like those
based on sorbents or cryogenics, giving the EDCS an important
advantage.

A subset of EDCS performance at varying cathode flows and
inlet CO, concentrations is shown in Fig. 4. Similar to increasing
inlet CO, concentration, as cathode flow increases, the percentage of
CO, removed decreases while CO, flux and electron efficiency
increase. Increasing the air flow rate increases the amount of CO,
entering the EDCS in a given time, resulting in a lower single pass
CO, removal but allowing for a higher CO, flux. As hydroxide
generation rate is determined by the set current density, the amount
of hydroxide available does not change at a given current density.
Therefore, as CO, flux increases, the electron efficiency increases at
a given current density. Higher air flow rates which will be required
life support systems due to strict volume constraints and will result
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Figure 3. EDCS (a) CO, flux and (b) electron efficiency measured for a range current densities when fed air with 400 ppm CO,. The black dashed line
represents theoretical flux at 100% electron efficiency (see Eq. 8) and the red solid line represents theoretical flux at 100% CO, removal (see Eq. 7). All tests
were performed at 40 °C (70% RH) operating with an anode flow of 12 sccm H; and cathode flow of 3000 sccm air containing 400 ppm CO,. Backpressure was 0

kPa(g) on both the anode and the cathode.



Version of record at: https://doi.org/10.1149/1945-7111/ac7adf

Journal of The Electrochemical Society, 2022 169 073503

(@) 100% £ ©
: g oo o) &
— 80% § .
g i
o [
E 60% o o
o :
o~ - O
. o}
8 40% -E o
20% 0400 ppm
:OEOCO ppm
0% [ 03000 up:?. : . .

0 1000 2000 3000 4000 5000
Cathode Flow (sccm)

(b) e | 0400 ppm
I ©2000 ppm
g :oaoco ppm
E 02 o)
3 8
3 8
()]
=, o]
>
= 0.1
i o 5
I o o
L O
8 i D i
0 1000 2000 3000 4000 5000
Cathode Flow (sccm)
(c) 100%
:O-JOO;:;:m
[ ©2000 ppm
- ©80% To3000 ppm
g5 |
3 260% |
g8 "1 0 8 8
L (o] | o
= L
e ©40% + o]
o [
Q o~
TTRe) [ o
W o20% ¢ 5 o
i o ©°
OO/n ..Q.:....:....:....:....
0 1000 2000 3000 4000 5000

Cathode Flow (sccm)

Figure 4. EDCS performance measured for a range of cathode flow rates
when fed air with CO, concentrations of 400, 2,000, and 3,000 ppm: (a)
shows percentage of carbon dioxide removed, (b) shows carbon dioxide flux,
and (c) shows electron efficiency. All tests were performed at 60 °C (70%
RH) operating at a current density of 20 mA cm ™~ with an anode flow of 12
sccm H, and a cathode flow of air containing CO,. Backpressure was 0 kPa
(g) on both the anode and the cathode.

in higher pressure drops in the EDCS. Therefore, there will be higher
fan/blower energy consumption which will in turn effect the cost of
CO, separation. Reduced air flows increase CO, removal but require
increased active area and therefore, increase capital cost. As such,
the cathode flow rate must be set based on the constraints of the
application. For the application of the EDCS to life support systems
discussed below, the cathode flow rate was set to achieve compar-
able CO, removal to commercial technologies. The cathode flow rate
for HEMFC-powered vehicles was chosen based on the assumed
stoichiometry of the stack.

Scaled EDCS Stack Projections

To compare the EDCS to incumbent technologies, a multi-cell
100 cm? stack using shorted membranes was designed. A diagram of
the EDCS stack is shown in Fig. 5 and the important dimensions are
included in Table II. A repeating unit in this module is a cathode
frame and mesh, cathode, shorted membrane, anode, hydrogen
diffusion barrier, anode frame and mesh. Then the same components
in reverse: hydrogen diffusion barrier, anode, shorted membrane,
and cathode to complete the repeating unit, followed by the next
cathode frame and mesh. The 100 cm? active area was chosen to
enable fabrication and lab-scale testing of the shorted module stack
within the limitations of membrane casting and membrane electrode
assembly preparation. Each cell within the stack is four times the
size of single-cells tested previously. The size allows for reasonable
scale-up and is relatively similar in size to the commercial 300 cm?
fuel cells and electrolyzers.(’g’69 Key concerns when scaling up is to
ensure uniform flow distribution and low pressure drop. As such, a
2:1 aspect ratio for anode to cathode was chosen for the frames. The
EDCS operates with an anode flow nearly 3 orders of magnitude
lower than the cathode flow. The 2:1 aspect ratio provides a shorter,
wider path for the much higher cathode flow to ensure uniform
distribution and lower pressure drop. By using the shorted mem-
brane rather than the standard AEM, bipolar plates can be eliminated
from the stack. Additionally, the frames can be fabricated from
engineered plastic rather than a conductive material, meaning they
can be cheaper and lighter. The frames are sealed with gaskets
against the membrane and contain the gas manifold which transports
gas into and out of the mesh flow field. Without bipolar plates, the
mesh of each frame is able to supply gas to the active area of two
adjacent membranes, reducing the number of frames required. For
example, in an 800 cm?, 8-cell stack there would be 8 MEAs, 4
cathode frames, and 5 anode frames. Cathode frames must always be
between two anode frames to ensure air flow is exposed to the
cathode catalyst on both sides for adequate CO, capture and mass
transport. The separator cells are sandwiched between two stainless
steel end plates. The wet end plate supplies gas flow to the frame
manifolds and provides a product flow path. The dry end plate
ensures even sealing and compression of stack components.

The four areas of interest for investigating the use of the multi-
cell EDCS stack are DAC, HEMFC vehicles, submarine life support,
and space habitation. An operating paradigm was selected to
minimize stack size while maximizing CO, flux and electron
efficiency for each application. The operating conditions and
resulting performance used as the basis for scaling calculations for
each of the four applications are shown in Table III with steady-state
CO, removal shown in the Supplemental Information (Fig. SI-3).
Comparable CO, removal was selected to match incumbent tech-
nologies for a more direct comparison. As there are tradeoffs in the
operating conditions and performance, some judgement was required
to weigh the parameters based on the constraints of the application
under review. The system parameters for each application and key
experimental performance factors are shown in Tables IV, V, VI,
and VII for DAC, HEMFCs, submarine, and space applications,
respectively. A maximum stack size of approximately 350 cells was
used.

The steady-state cell voltage was included for each application in
Fig. SI-3 to demonstrate the stability of the electrochemical device.
Please note that upsets or instability at the beginning of the hold was
due to non-steady operation as operating conditions were changed.
Cell voltage is related to both the operating current density as well as
the degree of carbonation within the cell. Higher current density or
higher inlet CO, concentration resulted in lower cell voltage. It
should be noted that operation at extremely low voltage did not
negatively impact the stability of the outlet CO, concentration.
Reduction in voltage over long-term operation (tens to hundreds of
hours) indicates degradation of the electrochemical cell and will
eventually negatively impact CO, removal performance; however,
this is not the focus of the current work.
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Figure 5. Exploded diagram of the building blocks of a proposed multi-cell, shorted-membrane EDCS stack with 100 cm? active area. The stack is composed of
two end plates, plastic cathode frames, polypropylene mesh flow fields, and catalyst coated shorted membrane.

Table II. Multi-cell, 100 em? EDCS stack dimensions.

End Plate

Length 19.7 cm
Width 12.6 cm
Height 1.6 cm
Wet End Plate 682 cm®
Dry End Plate 387 cm®
Frame

Length 19.7 cm
Width 12.6 cm
Height 0.12 cm
Active Area

Length 14.1 cm
Width 7.1 cm
Anode Mesh Height 0.08 cm
Cathode Mesh Height 0.12cm
Diffusion Barrier Height 0.02 cm
Cell Pitch 0.13 cm

electrolyzer and the EDCS as the reactions are reversed. Therefore,
the addition of an EDCS will not impact the overall atom balance in
life support systems. Using the water electrolyzer performance
described in Li et al. (2020),”° the size and load of the water
electrolyzers needed for each of these applications was determined.
For life support scenarios, the initial size of the water electrolyzer
determined prior to the addition of the EDCS system. The results for
the three applications are shown in Table VIII.

Direct air capture (DAC).—To remove 1 tonne per year from
atmospheric air, a single 339-cell EDCS stack that is 7.7 L and
weighs 17 kg will be required. The operating parameters were
chosen for optimized CO, flux and electron efficiency while meeting
a minimum CO, removal of 60%. As mentioned previously,
hydrogen consumption and electron efficiency are the key factors
to consider in DAC to ensure reasonable economics. As such, a low
current density of 5mA cm™? was chosen as the basis for DAC
scaling.

For comparison, Carbon Engineering has published a series of
papers on their liquid amine CO, removal technology for DAC and
the performance of their prototype.'®’""? At a slightly higher CO,

Table III. Supporting 25 cm” single-cell performance data used in scaled EDCS stack calculations.

DAC HEMEFC Vehicle Submarine Life Support Space Habitation
Operating Temperature (°C) 40 60 60 40
Inlet CO, Concentration (ppm) 400 400 5,000 3,000 3,000 2,000
Outlet CO, Concentration (ppm) 161 0.9 3.5 891 582 577 336
Current Density (mA cm’z) 5.0 35 45 50 50 45 45
Voltage (V) 0.458 0.335 0.273 0.033 0.051 0.034 0.008
Anode Flow (sccm H,) 12 12 12 12 12 12 12
Cathode Flow (sccm Air + CO,) 3000 2000 3300 2000 3000 2000 3000
Backpressure (anode-cathode, kPa(g)) 0-0 150-150 0-0 0-0

It is expected that the main cost contributor to EDCS operation
and feasibility will be hydrogen consumption for DAC and both
submarine and space life support systems. As such, preliminary
analysis was performed to assess the impact of the EDCS on the
power and size requirements of the upstream water electrolyzer in
these systems. It is important to note that EDCS also consumes a
small amount of oxygen from the air stream to produce the water
byproduct, as seen in the electrochemical reactions shown in Egs. 1
and 2 Based on the system stoichiometry, both hydrogen and oxygen
will be supplied and consumed at the same rate between the water

removal rate of 74.5%, approximately 320 L of absorbent beds
(excluding any additional volume associated with the regeneration
equipment) would be required in order to remove 1 tonne per year of
CO, based on the performance reported in Keith et al. (2018),'°
meaning the EDCS has the potential to be orders of magnitude more
efficient on a volume basis.

Under the near ambient operating conditions chosen, the EDCS is
estimated to consume 0.056 kgy /kgqo,. The water electrolyzer
necessary to supply H, to the EDCS for DAC is relatively small
compared to the EDCS stack, only requiring 0.2% of the active area
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Table IV. System requirements and EDCS stack design for DAC
application, removing 1 tonne CO, per year from ambient air (400
ppm CO,).

System Requirements—DAC

System Basis 1 tonneco,/yr

Feed Air CO, Concentration 400 ppm
EDCS Stack Design

Temperature 40 °C

CO, Removal 60%

Air Flow 7.5 tonnes/day
H, Consumption 0.056 kg, /kgco,
Electron Efficiency 41%

CO; Flux 0.034 kg o, /m*/h
Required Active Area 3.4 m?
Total Number of Cells 339
Stacks 1

Total EDCS Volume 7.7L
Total EDCS Mass 17 kg

pressure drop are under consideration for further scale-up. An EDCS
architecture with more open manifolds and/or thicker and more open
mesh flow fields could potentially reduce pressure drop and
operating costs per tonne of CO, removed.

Air treatment upstream of HEMFC in vehicles.—As mentioned
previously, the HEMFC’s performance is significantly reduced when
the air feed contains CO, at ambient levels, and therefore CO, must
be reduced in the incoming air to prevent this performance drop. The
reported maximum acceptable CO, concentration in the incoming air
fed to a HEMFC varies based on source, as does the acceptable
power loss,2-2!2%:26:29:31.3348-5% A fyy]] agsessment of the sensitivity
of HEMFCs to CO, is beyond the scope of this work. For a
conservative estimate, the EDCS stack will target >99% CO,
removal to reduce the impact of air CO, on HEMFC performance.
A 100 kW HEMEFC stack operating with an air stoichiometry of 1.5
was used as the basis for evaluation of the EDCS in HEMFC vehicle
applications. A target of less than 1 ppm CO, at the EDCS outlet
(99.8% removal) would require two 351-cell EDCS stacks in parallel
to process the HEMFC stack air supply. The required EDCS would
be 17 L in volume and weigh 41 kg. For comparison, the PEMFC

Table V. System requirements for a 100-kW HEMFC stack with an EDCS upstream the air feed removing 99.8% and 99% of CO, from ambient

air (400 ppm CO,).

System Requirements—HEMFC Powered Vehicle

System Basis

HEMEFC Cell Peak Power Point
HEMFC Air Stoichiometry
Feed Air CO, Concentration
Product Air CO, Concentration
Air Flow

EDCS Stack Design
Temperature

CO, Removal

H, Consumption

Electron Efficiency
CO, Flux

Required Active Area
Total Number of Cells
Stacks

Total EDCS Volume
Total EDCS Mass

to generate the necessary H, to supply the EDCS stack. Minimizing
hydrogen consumption is crucial for the EDCS to be feasible for
commercialization as hydrogen adds to both the operating and
capital costs. Therefore, a relatively high electron efficiency (in
this case, 41%) was a key parameter in selecting the single-cell
performance data. At the current renewable electrolytic hydrogen
costs ranging from $4-$6,”* the cost of removing one tonne of CO,
would be $223-335 when only accounting for hydrogen consump-
tion. As of 2021, the U.S. Department of Energy has proposed the
Hydrogen Shot initiative to reduce the cost of hydrogen to $1/kgy,, in

the next decade.”® If this cost target is met, the hydrogen cost of CO,
removal by the EDCS would substantially reduce to $56 per tonne
CO,. Future development may also reduce cost by increasing
electron efficiency above the current value of 41%.

Another major contributor to the cost of removing CO, will be
the energy to power fans or blowers as large amounts of air need to
be treated in order to remove a substantial amount of atmospheric
CO,. This is beyond the scope of this work; however, the cost of the
blower will likely be a significant portion of the total cost for the
present design of our EDCS due to the pressure drop created by
operating at such large air flow rates. Although an EDCS stack
module was chosen for this work, other designs with ultra-low

100 kW HEMFC Stack
044V at 1.4 Acm ™

1.5
400 ppm
<1 ppm <4 ppm
430kgh™!
60 °C
99.8% 99.0%
0.33 kgy,/kgco, 0.27 kgy,/kgco,
6.5% 8.3%
0.039 kgCOZ/mZ/h 0.064 kgCOz/mZ/h
7.0 m* 43 m?
702 426
2 2
17L 10L
41 kg 26 kg

stack in the Toyota Mirai only has a volume of around 37 L,%®
meaning if the HEMFC stack were of comparable size, the EDCS
stack would add an additional 46% to the stack volume. However,
the 1 ppm CO, outlet target may be too severe. Allowing a higher
EDCS outlet concentration of up to 4 ppm (99% removal) reduces
the EDCS stack volume to 10 L (two 213-cell stacks in parallel),
corresponding to only 28% increase in system volume compared to
the Toyota Mirai stack volume. Additionally, operation at 99% CO,
removal is accompanied by 20% lower hydrogen consumption.

Further size reductions may be achieved by optimizing the stack
geometry as the 100 cm? active cell area design may not be the most
efficient for every application. Matching the active area to the 300
cm® Toyota Mirai stack could further reduce the volume of the
EDCS stack, possibly by combining the end plates of both stacks or
reducing the frame to active area ratio. Additionally, as the HEMFC
technology is not commercialized at this point, it is possible there
will be additional volume improvements based on enhanced cell
performance that could ensure an overall system volume, including
the EDCS, comparable to the PEMFC.

Hydrogen fuel cell stack systems typically operate with a recycle
loop in order to maximize hydrogen utilization but require a small
purge to offset nitrogen buildup due to crossover.”> By using the
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Table VI. System requirements and EDCS stack design for a 150-
person crew in a submarine life support system, removing ~80% of
CO, from cabin air containing 3000 and 5,000 ppm CO,.

System Requirements—Submarine Life Support

System Basis

150-person crew

156 kg, /day
CO, Removal Rate
Feed Air CO, Concentration 5,000 ppm 3,000 ppm
EDCS Stack Design
Temperature 60 °C
CO, Removal 82.2% 80.6%
Air Flow 25 tonne/day 42 tonne/day
H, Consumption 0.049 kgy, /’kgco,  0.056 kgy, /kgeo,
Electron Efficiency 47% 41%
CO; Flux 039 kgeo,/m*h  0.34 kgeo,/m*/h
Required Active Area 16.9 m? 19.2 m?
Total Number of Cells 1687 1921
Stacks 5 6
Total EDCS Volume 38L 44L
Total EDCS Mass 85kg 99 kg

Table VII. System requirements and EDCS stack design for a 6-
person crew in space habitation, removing ~80% of CO, from cabin
air containing 2000 and 3,000 ppm CO.,.

System Requirements—Space Habitation

System Basis

6-person crew

6.24 kg, /day
CO, Removal Rate
Feed Air CO, Concentration 3,000 ppm 2,000 ppm
EDCS Stack Design
Temperature 40 °C
CO, Removal 81% 83%
Air Flow 1.1 tonne/day 1.7 tonne/day
H, Consumption 0.071 kgy, /kgco,  0.073 kgy, /Kgco,
Electron Efficiency 32% 32%
CO; Flux 0.24 kgCOZ/mz/h 0.23 kgCOZ/mz/h
Required Active Area 1.1 m? 12 m?
Total Number of Cells 109 112
Stacks 1 1
Total EDCS Volume 32L 33L
Total EDCS Mass 10 kg 10 kg

fresh hydrogen, parasitic power consumption can be eliminated. The
purge rate of the HEMFC stack is dependent on the purge control
scheme and is in the range of 0.7%—-1.2% of the hydrogen fed to the
stack.”>’® Based on the HEMFC stack design described and a
hydrogen utilization of 0.99, the EDCS hydrogen consumption is
1.1% and 0.84% of the stack demand for the 99.9% and 99% CO,
removal cases, respectively. This means that the hydrogen purge
from the stack is viable option for the EDCS hydrogen source.

Submarine life support.—For the submarine life support system,
a 150 person crew was used as the basis for the EDCS stack
calculation. When maintaining a cabin CO, concentration of 5,000
ppm, an EDCS module containing five 338-cell, 100 cm? stacks in
parallel with a total volume of 38 L and weighing 85 kg would be
sufficient to handle crew respiration rates. The liquid amine system
employed in submarines is nearly 1,800 L and weighs 2,270 kg."”
The EDCS module is only 2.1% the size and 3.7% the weight of the
LAS. Even when reducing the cabin CO, concentration down to
3,000 ppm, the EDCS is projected to be 44 L and weigh 99 kg, only
2.4% compared of LAS. The addition of an air blower and possible
air pretreatment equipment such as a humidifier to the final EDCS
module design will add to EDCS system volume. However, the bulk
of the size and weight of the LAS is dedicated to the regeneration
system and associated controls. Since the EDCS does not require
external regeneration, a substantial fraction of the projected reduc-
tion in EDCS size compared to LAS will be realized upon final
design. As such, the EDCS appears to be a promising technology for
submarine life support systems based on the substantial reduction in
size while providing improved air quality to the crew.

The addition of the EDCS in the submarine applications requires
a 15 kW or 17 kW increase in electrolyzer power for the 5,000 ppm
and 3,000 ppm CO, cases corresponding to a 45% and 51% increase
in electrolyzer load, respectively. The increased electrolyzer load
corresponds to 2.3 kWh/kgqo, and 2.7 kWh/kgq, relative power

consumption, respectively. It should be noted that the electrolyzer
load increase in both submarine cases is less than the 26 kW power
consumption of the liquid amine system, including thermal regen-
eration, pumping, etc.!” This corresponds to 4.0 kWh/kg ., for the

liquid amine system, substantially higher than the projected power
for CO, separation in the EDCS.

Manned-spacecraft air revitalization.—A 6-person crew in a
manned spacecraft at 3,000 ppm CO, was used as the basis for space
application. The basis accounts for 4 crewmembers plus the
additional respiration rates of animals involved in onboard
experiments.®> A single 109-cell EDCS stack with a total volume
of 3.2L and weighing 10 kg would be sufficient to support a 6-
person crew. The CDRA in operation on the ISS has a volume of
388 L and weighs 204 kg;®* therefore, the EDCS is estimated to be
less than 1% of the volume and less than 6% of the mass of the

Table VIII. Calculated electrolyzer requirements to support EDCS systems in DAC and life support applications. EDCS performance shown in
Tables IV, VI, and VII for submarine and space life support applications, respectively.

System DAC Submarine 150-person crew Space 6-person crew

Crew O, Consumption — 135.5 kg, /day 3.50 kg, /day

Base Electrolyzer Power — 34 kW 1.4 kW

Base Electrolyzer Active Area — 0.70 m? 0.028 m?

Feed Air CO, Concentration 400 ppm 5,000 ppm 3,000 ppm 3,000 ppm 2,000 ppm
EDCS O, Consumption 1.2 kg, /day 60 kg, /day 69 kg, /day 3.5 kgg,/day 3.6 kgp,/day
Electrolyzer Power 0.30 kW 49 kW 51.3 kW 2.2kW 2.3 kW
Electrolyzer Active Area 0.006 m* 1.0 m? 1.1 m? 0.046 m* 0.047 m*
EDCS Energy Consumption 2.7kWh/kgco, 2.3 kWh/kgco, 2.7kWh/kgco, 3.4 kWh/kgco, 3.5 kWh/kgco,

purge as the hydrogen source for

the EDCS rather than diverting

incumbent technology. Decreasing the target cabin air to 2,000 ppm
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CO; results in a slight increase in EDCS size to 3.3 L weighing
10 kg. This is still less than 1% of the volume and only 4.8% of the
weight of the CDRA. In the CDRA, the solid adsorbent beds are
accompanied by a substantial footprint associated with the pressure-
swing regeneration system and air pretreatment and post-treatment,
meaning a significant portion of the equipment will not be required if
replaced by the EDCS system.”’

When both solid adsorbent beds in the CDRA are online
(meaning no regeneration and no long-term operation), the CDRA
can maintain a cabin air concentration of 3,000 ppm CO,. In order to
reach the lower CO, concentration target, the CDRA will require the
addition of new beds and the associated controls or a substantial
improvement in the adsorbent performance.®® The scalability of the
EDCS in stack form only results in a small increase in volume and
weight when decreasing the target cabin air concentration from
3,000 ppm to 2,000 ppm. Further reductions in cabin air concentra-
tion or increases in crew size up to 19 crewmembers (at 3000 ppm)
can be accomplished with the addition of more cells to the EDCS
stack using the existing end plates.

For the manned spacecraft application, the electrolyzer power
would increase by nearly 65% at both 2,000 ppm and 3,000 ppm
CO, concentration cases. Although, it is important to note that the
magnitude of power consumption in this system is low, on the order
of 1 to 2kW for the entire system. On a carbon dioxide removal
basis, the power consumption in the manned spacecraft applications
is 3.6 kWh/kg -, and 3.5 kWh/kg, at inlet concentrations of 2,000

ppm and 3,000 ppm CO,, respectively. For comparison, the CDRA
consumes approximately 4.7 kWh/kgq 2.78 The slightly higher

power consumption in the space life support application relative to
the submarine is due to operation at lower temperatures and CO,
inlet concentrations, both of which reduce CO, flux and electron
efficiency. However, the weight and volume constraints in the space
application are more severe compared to the submarine system. As
such, upstream temperature control equipment such as heat exchan-
gers would be more detrimental to the EDCS design in the space life
support system and have been avoided in the design process.

Conclusions

Interest in low concentration CO, removal technologies is on the
rise. Here we have proposed and demonstrated the use of a compact
and continuous electrochemically-driven CO, separator device for
CO, removal from air at concentrations below 5,000 ppm. The
EDCS was proposed for four different applications: direct air
capture, air pretreatment for HEMFC vehicles, submarine life
support, and space habitation. Based on the experimental data
provided, the projected EDCS stack systems are feasible for DAC
and more than met the CO, removal and size requirements in life
support applications. Although the proposed stack design could be
directly scaled and implemented in life support applications, for
commercial application of DAC, a more open architecture may be
required to decrease pressure drop to decrease the electrical
operating costs associated with the fan or blower; however, there
will be a tradeoff as these open architectures will likely result in an
increase in gas-phase CO, mass transport resistance, leading to
lower CO, removal performance. As the system is scaled, alternative
designs will need be evaluated and a balance between pressure drop
and CO, removal determined. In HEMFC vehicles, further improve-
ment in the design is possible and may be required in order for the
EDCS to be practical, especially when comparing the total system
volume to the commercial PEMFC stacks available.

A 100 cm?, multi-cell prototype EDCS is in the process of being
fabricated to verify the projected EDCS stack performance and size
calculations. Potential iterations of the EDCS design with larger
active area may be pursued in order to optimize area to volume ratio
which could benefit not only the HEMFC vehicle application but
also DAC and the life support systems. Further work is also needed
to fully define the EDCS system in life support applications to
include any extraneous equipment such as air blowers, heat

exchangers, or humidifiers to better compare to systems in operation.
Once the full system design has been finalized for each application, a
rigorous energy assessment and technoeconomic analysis can be
used to further compare the EDCS to commercial CO, removal
technologies.
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