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S.1. Air contactor process model 

We developed an air contactor process model in Aspen Plus in one of our previous works1 

and have modified it for the purposes of this study. In general, the model is based on Keith et 

al.’s2 work on CO2 capture from air using a liquid KOH/K2CO3 capture solvent. Our model lev-

erages the Electrolyte Non-Random Two-Liquid (ELECNRTL) thermodynamic model in As-

pen to account for like-ion repulsion and electroneutrality.3 Following Keith et al.’s method,2 

we added the ASPENPCD, AQUEOUS, INORGANIC, PURE26, and SOLIDS databanks to the 

ELECNRTL default databanks.  

We built the air contactor using a RADFRAC unit at 25˚ C and 1 atm with a constant sol-

vent flow rate of 3,418 kg per hour and a constant air flow rate of 157 t-air per hour. At these 

conditions, we are fixing the amount of CO2 that enters the air contactor per unit time. One 

of the key elements in this study was the constant CO2 capture rate of 646 t-CO2 per year, 

which allows us to perform a fair comparison of the KOH-based and K2CO3-based systems. 

In addition to the flow rate information, we fix the diameter of the contactor unit to 5 m and 

vary its length from 7 m to 110 m, depending on the concentration of the capture solvent. 

Table S.1. summarizes the design specifications of the contactor model. Further details 

about this model can be found in our previous work.1 

 

Table S.1. Modeling specifications. 

RADFRAC Specifications 

Number of Stages 16 

Calculation Type Rate-Based 

Condenser? No 

Reboiler? No 

Valid Phases Vapor-Liquid 

Convergence Type Standard 
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Pressure Drop 127.515 Pa 

Liquid and Gas Feed 

Temperature 
21 ˚C 

Operating Liquid and Gas 

Feed Pressure 
1 atm 

Liquid Feed Stage 16, On-Stage 

Air Feed Stage 1, On-Stage 

Stage 1 Pressure 1 atm 

Column Specifications 

Starting Stage 1 

Ending Stage 16 

Mode Rating 

Internal Type Packed 

Packing Type MELLAPAK 

Vendor Sulzer 

Material Standard 

Dimensions 250X 

Section Packed Height 7 m 

Diameter 5.642 m 

Design Specification 

Mass Recovery Ratio 0.255 

Vary Parameter 

Air Feed Rate 21,000 – 25,000 kmol/hr 
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Reaction Specifications 

Reactions Included Equations (S.1) – (S.4) 

Starting Stage 1 

Ending Stage 16 

Residence Time 0.001 sec 

 

S.2. General approach to electrolyzer mass balance 

The general approach that we follow to perform a full mass balance around the electro-

lyzer starts with estimating the Faradaic emiciency of CO (FECO) using a 1D multiphysics 

model, followed by a general mass balance of electrolysis, and ending with an estimation of 

the concentrations and pH values of relevant ionic and non-ionic species (i.e., CO2, H2CO3, 

HCO3
–, CO3

2–, OH–, and H+) using a microkinetic model. Figure S.1. summarizes this ap-

proach. 

 

Figure S.1. General approach to perform electrolyzer mass balance. 
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S.3. Multiphysics model 

Our 1D multiphysics model was built in COMSOL with the methodology presented in one 

of our previous works.4 Generally, the model considers a dimusion medium (DM) and a cata-

lyst layer (CL) that are flooded with a potassium bicarbonate at dimerent concentrations. It 

predicts the concentration of ionic species as well as the pH of the solution near the DM-CL 

region, allowing for estimation of the Faradaic emiciency of CO. For a full set of reactions, 

rate constants, and rate equations, we refer the reader to the original work.4 

 

S.4. Electrolyzer mass balance model 

To perform a mass balance around the electrolyzer, we use the assumptions stated in 

Table S.2. and eq S.1 to calculate the total current of the electrolyzer. We then use this result 

to calculate the species mass flow rates and concentrations.  

(S.1)    𝑖!"! = 𝑗!"! • 𝐴#$#%!&"$'(#& • 𝑛%#$$) • 𝑛)!*%+) 

 

Table S.2. Rate constants of included reactions in the microkinetic model. 

Metric Value Unit 

�̇� 0.1 L/min 

𝑗!"!  100 mA/cm2 

𝐴#$#%!&"$'(#&  100 cm2 

Number of cells 100 cell 
Number of 

stacks 138 stack 
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S.5. Microkinetic model 

Our microkinetic model was built in Python, in which we use eq S.2–S.7 to generate spe-

cies rate equations, eq S.8–S.13. We then utilize the backward dimerentiation formula (BDF) 

method to solve the set of ordinary dimerential equations, eq S.14–S.19, using the solve_ivp 

solver to estimate the steady-state concentrations of relevant ionic and neutral species (i.e., 

H+, OH–, HCO3
–, CO3

2–, CO2, and H2CO3). Table S.3. summarizes the rate constants used to 

build the microkinetic model. 

(S.2)      𝐻,𝑂 ↔ 𝐻- + 𝑂𝐻. 

(S.3)      𝐶𝑂, + 𝑂𝐻. ↔ 𝐻𝐶𝑂/. 

(S.4)      𝐻𝐶𝑂/. + 𝑂𝐻. ↔ 𝐶𝑂/,. + 𝐻,𝑂 

(S.5)      𝐻,𝐶𝑂/ ↔ 𝐻,𝑂 + 𝐶𝑂, 

(S.6)      𝐻,𝐶𝑂/ + 𝑂𝐻. ↔ 𝐻𝐶𝑂/. + 𝐻,𝑂 

(S.7)      𝐻𝐶𝑂/. + 𝐻- ↔ 𝐻,𝐶𝑂/ 

Table S.3. Rate constants of included reactions in the microkinetic model. 

Rate con-
stant Value Unit Source 

k1f 2.29 x 10–1 mol m–3 s–1 4 

k1b 2.30 x 107 m3 s–1 mol–1 4 

k2f 2.23 x 100 m3 s–1 mol–1 4 

k2b 5.35 x 10–5 s–1 4 

k3f 6.00 x 106 m3 s–1 mol–1 4 

k3b 1.22 x 106 s–1 5 

k4f 2.86 x 101 s–1 4 

k4b 7.00 x 10–2 s–1 4 

k5f 1.00 x 107 m3 s–1 mol–1 4 

k5b 5.90 x 10–1 s–1 4 

k6f 6.50 x 107 m3 s–1 mol–1 4 

k6b 1.10 x 107 s–1 4 
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(S.8)     𝑟0 = 𝑘01 − 𝑘02[𝐻-][𝑂𝐻.] 

(S.9)      𝑟, = 𝑘,1[𝐶𝑂,][𝑂𝐻.] − 𝑘,2[𝐻𝐶𝑂/.] 

(S.10)      𝑟/ = 𝑘/1[𝐻𝐶𝑂/.][𝑂𝐻.] − 𝑘/2[𝐶𝑂/,.] 

(S.11)      𝑟3 = 𝑘31[𝐻,𝐶𝑂/] − 𝑘32[𝐶𝑂,] 

(S.12)      𝑟4 = 𝑘41[𝐻,𝐶𝑂/][𝑂𝐻.] − 𝑘42[𝐻𝐶𝑂/.] 

(S.13)      𝑟5 = 𝑘51[𝐻𝐶𝑂/.][𝐻-] − 𝑘51[𝐻,𝐶𝑂/] 

 

(S.14)     6[8!]
6!

= 𝑟0 − 𝑟: 

(S.15)      6[;8"]
6!

= 𝑟0 − 𝑟, − 𝑟/ − 𝑟4 

(S.16)      6[<;#]
6!

= −𝑟, + 𝑟3 

(S.17)      6[8<;$"]
6!

= 𝑟, − 𝑟/ + 𝑟4 − 𝑟5 

(S.18)      6=<;$#">
6!

= 𝑟/ 

(S.19)      6[8#<;$]
6!

= −𝑟3 − 𝑟4 + 𝑟5 

 

S.6. Capital cost estimations 

In this work, we estimated the capital costs of the air contactor using the methodology 

presented by Towler and Sinnot.6 We used eq S.20 and S.21 to estimate the contactor capital 

cost, adjusted to 2023 prices using the June 2023 chemical engineering plant cost index 

(CEPCI) of 803.3.7 𝑓?@)!*$$*!?"@ is the installation factor of the equipment, summarized in Ta-

ble S.4. 𝐶&#1  is the reference price of the equipment (Table S.4). 𝑆&#1  and 𝑆@#A  are the sizes 

of the reference and new equipment, which can be a volumetric rate or a volume in our case. 

𝑛 is the scaling factor, which is summarized in Table S.5 for dimerent equipment. 

𝐶?@)!&BC#@!*!?"@ is the instrumentation cost if it was not accounted for in the installation fac-

tor (e.g., for fans), also included in Table S.4. 𝐶#DB?EC#@!  and 𝐶#DB?EC#@!,,G,/ are the total cost 

of the equipment (e.g., fans, pumps, etc.) in the referenced year and the current year, respec-

tively.  
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(S.20)    𝐶#DB?EC#@! = 𝑓?@)!*$$*!?"@𝐶&#1 5
H%&'
H(&)

6
@
+ 𝐶?@)!&BC#@!*!?"@ 

(S.21)    𝐶#DB?EC#@!,,G,/ = 𝐶#DB?EC#@! 5
<IJ<K#*#$
<IJ<K(&)

6 

In addition to the contactor capital cost, we also estimated the electrolyzer capital cost 

by performing a mass balance around the bicarbonate- and carbonate-fed electrolyzers. We 

considered a basis of 646 t-CO2 per year, which is the assumed capture rate of our air con-

tactor. Apart from the electrochemical CO2 reduction reaction, our electrolyzer process 

model accounts for the hydrogen evolution reaction (HER) and (bi)carbonate conversion to 

CO2. The key result from our electrolyzer model is the electrolyzer power capacity 

(𝑃#$#%!&"$'(#&; in kW), which we use along with an assumed electrolyzer price (𝐶#$#%!&"$'(#&,&#1) 

of $233.61 per kW to estimate the capital cost of the electrolyzer, (eq S.22). We note that the 

assumed electrolyzer price is consistent with the National Renewable Energy Laboratory’s 

(NREL) H2A production cost model for water electrolyzers in 2050.8  

(S.22)    𝐶#$#%!&"$'(#&,,G,/ = 𝑃#$#%!&"$'(#&𝐶#$#%!&"$'(#&,&#1 8
<IJ<K#*#$
<IJ<K+,-

9 

It is worth noting that the capital costs estimated here do not represent a full economic 

analysis, but rather a portion of it, focusing on the capital cost of simply the contactor and 

electrolyzer. We also note that the capital cost is not annualized here, meaning it represents 

the total investment regardless of the discount rate or lifetime of the system. Again, these 

calculations are made to clarify an economic point, and are not meant to cover the full eco-

nomics of the process. We refer the reader to Section 3 of the main text. 

 

 

 

 

 

 



 10 

Table S.4. Reference costs and sizes, installation factors and instrumentation costs of equipment. 

Equipment 
Refer-
ence 
Cost 

Refer-
ence Size 

Installation 
Factor 

Instrumentation 
Cost Source 

Centrifugal 
fans $15,850 10 m3/s 1.4 $7,000 9 

PVC packing $250 1 m3 3.2 Included in installa-
tion factor 

10 

Pump $28,102 137 L/s 4 Included in installa-
tion factor 

6 

H2O/CO2 
electrolyzer $233.61 1 kW 1.2 Included in installa-

tion factor 
8 

 

Table S.5. Scaling factors used of equipment. 

Equipment Scaling Factor 

Centrifugal fans 0.78 

PVC packing 1 

Pump 1 

H2O/CO2 electrolyzer 1 

 

S.7. Example calculation 

S.7.1. CAPEX of the 1 M K2CO3 capture-and-conversion system 

The referenced cost of centrifugal fans, PVC packing, and pump are $15,850, $250, and 

$28,102, respectively. Their corresponding sizes are 10 m3 per second, 1 m3, and 137 L per 

second, respectively. A single contactor that captures 646 t-CO2 per year with a 1.00 M K2CO3 

solvent requires a fan with an air flow rate of about 37.13 m3 per second, a PVC packing vol-

ume of 175 m3 times 2.44 (i.e., to account for volume di8erence), and a pumped liquid 
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solvent of about 0.86 L per second. Using this information and eq S.19 and S.20, we get the 

following: 

Centrifugal Fans: 

𝐶1*@) = (1.4)($15,850)D
37.13𝑚

/

𝑠
10𝑚

/

𝑠

I

G.M:

+ $7,000 = $68,736.68 

• Note that we include instrumentation costs, following the source’s method, because 

it is not accounted for in the installation factor 

 

PVC Packing: 

𝐶E*%+?@N = (3.2)($250) L
(2.44)(175	𝑚/)

1	𝑚/ N
0

= $341,600 

 

Pump: 

𝐶EBCE = (4)($28,102)O
0.86 𝐿𝑠
137 𝐿𝑠

Q

0

= $702.57 

 

Extrapolating these costs to June 2023 costs would give: 

Centrifugal Fans: 

𝐶1*@),,G,/ = ($68,736.68) 5
803.3
1,0006 = $55,216.18 

• Note that the CEPCI of fans is 1,000, as given in Woods.9 

 

PVC Packing: 

𝐶E*%+?@N,,G,/ = ($341,600) 5
803.3
521.96 = $525,785.17 

 

Pump: 

𝐶EBCE,,G,/ = ($702.57) 5
803.3
532.96 = $1,059.06 
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The total capital cost would then be:  

𝐶%"@!*%!"&,,G,/ = $55,216.18 + $525,785.17 + $1,059.06 = $582,060.41 

 

For the bicarbonate-fed and carbonate-fed electrolyzers, we found the power capacities to 

be 898 and 847 kW, respectively. Thus, we can estimate the 2023 electrolyzers’ capital costs 

as follows: 

𝐶#$#%!&"$'(#&,8<;$" = (1.2) L
$233.61
𝑘𝑊 N (898	𝑘𝑊) 5

803.3
541.76 = $373,457.59 

𝐶#$#%!&"$'(#&,<;$#" = (1.2) L
$233.61
𝑘𝑊 N (847	𝑘𝑊) 5

803.3
541.76 = $352,132.31 

 

Following the same calculation method, we estimate the capital cost of the baseline con-

tactor to be $271,760.96, which uses 1 M KOH to capture 646 t-CO2 per year. Additionally, 

for a gaseous CO2 electrolyzer that utilizes 646 t-CO2 per year, we calculate the power ca-

pacity to be 0.25, giving a capital cost of about $103,675.66. Using these numbers, we can 

find the capital cost ratios to be 2.14 and 3.40-3.60, as mentioned in the main text.  

 

S.8. Change in enthalpy calculations  

S.8.1. Dissociation of KHCO3 and K2CO3 

The dissociation of KHCO3 and K2CO3 simply happens when they are dissolved in water. 

The following equations (eq S.23 and S.24) present the balanced reactions: 

(S.23)    𝐾𝐻𝐶𝑂/,(*D) → 𝐾(*D)
- + 𝐻𝐶𝑂/,(*D)

. 																																							Δ𝐻&Q@ = 20.90 +R
C"$

 

(S.24)    𝐾,𝐶𝑂/,(*D) → 2𝐾(*D)
- + 𝐶𝑂/,(*D)

,. 																																						Δ𝐻&Q@ = −48.09 +R
C"$
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S.8.2. Enthalpies of reactions 

To estimate the enthalpies of reactions, we used the enthalpies of formation (Δ𝐻1) that 

are summarized in Table S.6 and applied Hess’ Law (eq S.25):  

(S.25)    Δ𝐻&Q@ = ∑ νSΔ𝐻1,??,E&"6B%!) − ∑ νTΔ𝐻1,UU,&#*%!*@!)  

Where 𝜈 is the stoichiometric coemicient of the respective species. 

 

Table S.6. Enthalpy of formation of all relevant species. 

Species 𝚫𝑯𝒇 (kJ/mol) 

𝐻𝐶𝑂/,(*D)
–

 -691.99 

𝐶𝑂/,(*D)
–

 -677.14 

𝐻(*D)
-

 0 

𝐶𝑂,,(N) -393.51 

𝐶𝑂(N)  -110.54 

𝑂𝐻(*D)
.

 -229.99 

𝐻,𝑂($) -285.82 

𝐾𝐻𝐶𝑂/,(*D) -963.20 

𝐾,𝐶𝑂/,(*D)  -1130.61 
 

S.9. Extra details on Figure 4 

We demonstrated in section 3 of the manuscript that the CO2 capture fraction decreases 

with simulation iteration (or with time). Here, we provide a step-by-step explanation of our 

understanding of what is happening in each of these cycles: 

1. Let’s consider that the 1st simulation iteration starts with 1 M K2CO3 as an input to the 

contactor. 
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2. The 1 M K2CO3 will capture some amount of the CO2 feed (say 78% of input CO2; Fig-

ure 4 of the main text) to produce KHCO3. The outlet will then contain some K2CO3 and 

KHCO3, which will be directly sent to the electrolyzer. 

3. The electrolyzer will get protons from the BPM and generate CO2 in-situ, which we as-

sume to be fully converted to CO (with a selectivity of 40%; good assumption for car-

bonate electrolysis). At this point, the outlet catholyte will be composed of both 

KHCO3 and K2CO3 because the HCO3
–-to-CO2 conversion is less than 1% of the input 

(bi)carbonate solution, as shown experimentally.11 In other words, the catholyte input 

to the electrolyzer will be almost the same as the catholyte output from the electro-

lyzer (we see that in Figure 2c and 2e in the main text). This solution will then be sent 

to the contactor for the 2nd simulation iteration. 

4. At this point, the pH of the outlet catholyte is still high due to the presence of car-

bonate ions (pH ≥ 11.5). 

5. In the 2nd iteration, the contactor will not be able to capture as much CO2 as it did in 

the 1st iteration because of the presence of a lower amount of K2CO3 (and KOH) com-

pared to that in the 1st iteration. Indeed, we find the capture fraction to decrease to 

about 34%, according to our Aspen simulations (Figure 4 in the main text). This means 

that the contactor will not produce the same amount of KHCO3 as in the 1st iteration, 

but rather a smaller amount. This solution is now sent to the electrolyzer. 

6. The electrolyzer will utilize the same number of protons as in the 1st iteration (assum-

ing the applied current is constant), but some of this amount will convert more car-

bonate to bicarbonate (and some will convert bicarbonate to CO2 for CO production). 

Thus, we’re now reducing the amount of carbonate, roughly maintaining the amount 

of bicarbonate, and increasing the amount of CO2. Due to these emects and to the 

carbonate-bicarbonate equilibrium, the catholyte outlet should now have a lower pH 

value (≈ 10.5). The solution is then sent to the contactor for the 3rd iteration. 

7. In the 3rd iteration, the solvent captures even less CO2 in the contactor because we 

now have even more KHCO3 than K2CO3 compared to the 2nd iteration. So, this 
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reduces the CO2 capture fraction to 12% (Figure 4). The liquid contactor outlet is sent 

again to the electrolyzer. 

8. The electrolyzer does a similar behavior as in step 6, which also reduces the pH value 

more (10, then 9.5, etc.) and subsequent cycles follow the same trend. 

9. Eventually, the pH value will reach a point where the system accumulated enough 

KHCO3 such that it cannot capture any more CO2 inside the contactor. According to 

the experimental12 and our simulation results, that pH is around 9.1-9.4, considering 

the equilibrium between carbonate, bicarbonate, and CO2. Note that this pH region 

is still slightly alkaline, but not alkaline enough for CO2 capture. At this pH, the elec-

trolyzer should perform better than in the 1st simulation iteration (due to the accumu-

lation of KHCO3), which was indeed observed experimentally.12 

 

S.10. Justification of using HCO3
– as a proton source 

for CO2 electrolysis 

The production of hydrogen or CO from various proton sources, such as H3O+, HCO3
–, and 

H2O cannot be distinguished on a thermodynamically relevant scale, namely RHE. Nonethe-

less, the pKa and the structure of the proton source dramatically influences the rate of reac-

tion. Early CO2ER studies did not provide clear dimerentiation because the bicarbonate con-

centrations were usually low, and the CO2ER had not been examined under mass transfer-

controlled conditions. Recently, it has been experimentally shown that phosphate (H2PO4
–) 

serves as a much more emective proton donor compared to H2O during HER on gold (Au) 

surfaces.13 Similar conclusions have been experimentally demonstrated in various studies 

on copper-gold electrodes during the CO2ER.14–16 The CO2ER progresses through H2CO3, 

H3O+, and HCO3
– as proton donors until a mass transfer limitation is reached, either due to 

the direct consumption or indirect consumption of the bumer ions. This typically manifests 

as a shoulder or plateau in the voltammetry curve at lower potentials than the water reduc-

tion (note that this should not be confused with CO adsorption or CO formation on copper 
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electrodes). In a conventional electrochemical cell with 1 M H2PO4
–, the plateau can be ob-

served at current density as high as 100 mA/cm2.17 Moreover, in bicarbonate electrolysis 

cells, bicarbonate can be present at even higher current densities (200-300 mA/cm2) near 

the catalyst layer due to the neutralization of the alkaline reaction products by the protons 

conducted through bipolar membrane or cation exchange membrane (CO3
2–/OH–).4,18 Table 

S.7. summarizes the takeaways presented in this paragraph. 

 

Table S.7. Summary of takeaways from literature regarding the proton source for 
HER/CO2ER. 

Source Takeaway regarding proton donors for HER/CO2ER 

Resasco et al. 

(2018)14 

“We propose that these residual differences are associated with the 

ability of buffering anions to serve as a significant source of hydrogen 

in competition with water.” a 

Jackson et al. 

(2019)13 

“…phosphate, unlike borate, can outcompete water as a proton do-

nor for interfacial CPET.” 

Marcandalli et al. 

(2021)16 

“In an electrolyte concentration of 0.1 M Na+, H2O reduction may be 

preponderant, while for a concentration of 0.5 M Na+, HCO3
– reduc-

tion is the dominant branch of HER.” 

Marcandalli et al. 

(2022)15 

“Through microkinetic modelling, we exclude that HER in bicar-

bonate can be explained via the generation of a proton by solution 

acid-base reactions.” 

Yang et al. 

(2019)17 
Plateau of cell voltage at 100 mA/cm2 

Kas et al. (2022)4 

“…this model suggests that the concentration of the bicarbonate 

does not reach a limiting value, both as a proton donor and CO2 

source, in the catalytically active regions of the bicarbonate flow cell. 

Since significant losses in electrocatalytic selectivity toward CO oc-

cur well below 100 mA cm–2…, the decrease in HCO3
– concentrations 
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may not be the primary reason for the decline in FE, as a function of 

current density.” 

Lees et al. (2022)18 

“As the current density increases, the HCO3
– concentration in the 

CEL decreases…because HCO3
– reacts with H+ from water dissocia-

tion to form CO2.” However, the HCO3
– concentration maintains a 

value of > 1 M at current densities greater than 100 mA/cm2 
 

a Bu$ering anions include HCO3
–. 

S.11. Supplementary Figures 

 
Figure S2. The catholyte outlet concentrations of HCO3

–, CO3
2–, and OH– as a function of the catholyte inlet concentra-

tion of K2CO3, with 0 M KHCO3. 
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S.12. Carbon eNiciency 

We define CO2 conversion/utilization the same way we define carbon emiciency, using the 

following equation: 

(S.26)    𝐶𝐸 = @.,.0,"B!
@.,1%"2134	.0#

= @.,.0,+43
@.,.0#,+43	-		@.,.0,+43
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