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Supplemental items 

 

Figure S1. (a) Water saturation loading in air at 100% relative humidity (RH) across a temperature 
range of 110 K to 303 K.1 (b) Schematic illustration of the thermal coupling process between LNG 
regasification and near-cryogenic direct air capture (DAC). 
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Figure S2. (a) Distribution of CO2 heat of adsorption for structures in the CoRE-MOF DDEC dataset. 
(b) Probability of structures having a Henry’s constant greater than 0.1388 mol/kg/Pa at 298 K, 220 K, 
and 160 K. 
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Figure S3. Violin plots of adsorbents with suitable heat of adsorptions for DAC at 160 K, 220 K, and 
298 K. The suitable heat of adsorption ranges were set as 37 < ∆𝐻௦ < -24 (160 K), -56 < ∆𝐻௦ < -40 (220 
K), and -80 < ∆𝐻௦ < -60 (298 K), respectively. (a) gravimetric surface area, (b) volumetric surface area, 
(c) pore limiting diameter, and (d) helium void fraction. 
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Figure S4. Violin plots showing (a) pore volume and (b) largest cavity diameter for the top 100 
structures ranked by CO2 uptake at 40 Pa, under various temperature conditions (298 K, 220 K, and 160 
K). The yellow box highlights the range of properties that represent a potential new opportunity for 
adsorbents under near-cryogenic DAC conditions. 

  



8 

 

Figure S5. Effect of (a) heat of adsorption at 298 K and (b) largest cavity diameter on predicted 
saturation CO2 loading of structures in CoRE-MOF DDEC database. The saturation loading was 
calculated by assuming that CO2 fully occupies the total pore volume of the structures, and that CO2 
has the same density as liquid CO2 at 298 K. 

  



9 

 

Figure S6. Predicted saturation uptake (qsat, green line) and degree of pore saturation (q/qsat, red line) 
of structures in CoRE-MOF DDEC database at 298 K and 220 K. The saturation loading was calculated 
by assuming that CO2 fully occupies the total pore volume of the structures, and that CO2 has the same 
density as liquid CO2 at given temperatures. The plot was drawn using the Locally Weighted 
Scatterplot Smoothing (Lowess) method for scattered data for CoRE-MOF DDEC. 
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Figure S7. Distribution of physical properties for CoRE-MOF DDEC structures identified as promising 
candidates for DAC at 160 K. (a) Crystal density vs. total volumetric surface area, (b) total gravimetric 
surface area vs. largest cavity diameter, (c) pore limiting diameter vs. total pore volume, and (d) crystal 
density vs. helium void fraction. Green symbols highlight the properties of four selected near-cryogenic 
DAC sorbents: MIL-120(Al), Zeolite 5A, Zeolite 13X, and CALF-20. The curves along the top and 
right edges of each graph represent distribution profiles generated using kernel smoothing. Dashed-line-
highlighted areas denote the range of physical properties found to be optimal for near-cryogenic DAC 
conditions in Table S2. 
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Figure S8. Henry’s constant for CO2 adsorption in MIL-120(Ga) (UVEXAV in CoRE-MOF DDEC) 
and MIL-120(Al) (BUSQIQ in CoRE-MOF2019) at various temperatures predicted using GCMC 
simulation. The simulation for MIL-120(Al) was conducted after assigning atomic charges using DDEC 
method. 
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Table S1. The first and third quartiles of physical properties for optimal structures for DAC at 298 K, 220 K, and 160 K in comparison with those for all 
structures in CoRE-MOF DDEC. 

Condition the optimal 
structures were 
selected under 

Crystal 
density 
(g·cm-3) 

Pore volume 
(cc·g-1) 

Largest cavity 
diameter 

(Å) 

Pore limiting 
diameter 

(Å) 

Gravimetric 
surface area 

(m2·g-1) 

Volumetric 
surface area 
(m2·cm-3) 

Helium void fraction 

  
1st 

quartile 
3rd 

quartile 
1st 

quartile 
3rd 

quartile 
1st quartile 3rd 

quartile 
1st quartile 3rd 

quartile 
1st quartile 3rd 

quartile 
1st quartile 3rd 

quartile 
1st quartile 3rd 

quartile 

298 K 1.50 1.92 0.249 0.346 4.73 5.62 3.71 4.24 439 910 774 1460 0.467 0.569 

220 K 1.13 1.60 0.302 0.523 4.87 6.52 3.64 4.86 478 1570 799 1880 0.472 0.617 

160 K 1.04 1.47 0.329 0.560 5.02 7.16 3.86 5.48 549 1580 822 1700 0.469 0.610 

All structures in 
CoRE-MOF DDEC 

1.03 1.51 0.327 0.592 5.04 7.31 3.86 5.72 574 1680 858 1790 0.481 0.624 

Average 
(220 K and 160 K) 

1.08 1.54 0.315 0.542 4.94 6.84 3.75 5.17 514 1570 810 1790 0.471 0.613 
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Table S2. Summary of guidelines for identifying promising near-cryogenic DAC sorbents based on molecular simulations of CoRE-MOF DDEC 
structures. 

Candidates 
Crystal 
density 
(g·cm-3) 

Pore volume 
(cc·g-1) 

Largest cavity 
diameter 

(Å) 

Pore limiting 
diameter 

(Å) 

Gravimetric 
surface area 

(m2·g-1) 

Volumetric 
surface area 
(m2·cm-3) 

Helium void 
fraction 

 
1st 

quartile 
3rd 

quartile 1st 3rd Extra* 1st 3rd Extra* 1st 3rd 1st 3rd 1st 3rd 1st 3rd 

 1.08 1.54 0.315 0.542 
0.73 

~1.55 
4.94 6.84 

9.7 
~16.1 

3.75 5.17 514 1570 810 1790 0.471 0.613 

MIL-120(Al) 1.57 0.275 4.49 3.69 614 963 0.432 

Zeolite 5A 1.42** 0.298 9.53 3.86 677 962 0.424 

Zeolite 13X 1.41 0.322 10.4 5.89 871 1230 0.503 

CALF-20 1.38 0.403 5.06 4.39 583 803 0.560 
*Physical property region suggested for high CO2 uptake/working capacity under near-cryogenic DAC condition. 
**Physical property that satisfies the criteria appears in italics and bold text. 
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Table S3. Near-cryogenic DAC performance of MIL-120(Ga) based on molecular simulations. 

 ∆𝐻௦  

(kJ/mol) 
KH_CO2,160 K 
(mol/kg/Pa) 

KH_N2,160 K 
(mol/kg/Pa) 

KH_CO2/KH_N2, 
at 160 K 

KH_CO2,220 K 
(mol/kg/Pa) 

qCO2,220 K 

(mmol/g) 

MIL-120(Ga) -52.0 2.99·106 0.167 1.79·107 62.7 3.53 
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Figure S9. PXRD patterns of (a) synthesized MIL-120(Al) and prepared Zeolites, and (b) CALF-20. 

 

 

 

Figure S10. Nitrogen adsorption isotherms of MIL-120(Al), Zeolite 5A, Zeolite 13X, and CALF-20 at 
77 K.  
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Table S4. BET surface area and pore volume of MIL-120(Al), Zeolite 5A, Zeolite 13X, and CALF-20.  

 BET surface area (m2/g) Total pore volume (cm3/g)* 

MIL-120(Al) 297 0.294 

Zeolite 5A 719 0.287 

Zeolite 13X 695 0.275 

CALF-20 509 0.196 

*Calculated from single point adsorption at around P/P0=0.95 

  



17 

 

Figure S11. Experimental CO2 adsorption isotherms of (a) MIL-120(Al), (b) Zeolite 5A, (c) Zeolite 
13X, and (d) CALF-20 under near-cryogenic conditions (160 K–220 K), measured using a volumetric 
apparatus and a cryogenic temperature controller.   
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Figure S12. Experimental CO2 and N2 adsorption isotherms of (a) MIL-120(Al) at 160 K, (b) Zeolite 
5A at 220 K, and (c) CALF-20 at 195 K, along with fitted curves using the dual-site Langmuir 
Freundlich equation for calculating IAST selectivity.  
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Figure S13. Experimental N2 adsorption isotherms of Zeolite 13X at 180 K, 200 K, and 220 K. The 
data was curve-fitted using the dual-site Langmuir Freundlich equation.   
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Figure S14. Experimental CO2 and N2 adsorption isotherms of Zeolite 13X (a) at 180 K, (c) at 200 K, 
and (e) at 220 K and fitted curve using dual-site Langmuir Freundlich equation. Adsorption behavior of 
CO2 and N2 from CO2/N2 mixture (4/9996) predicted by IAST (b) at 180 K, (d) at 200 K, and (f) at 220 
K. 
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Figure S15. (a) Schematic illustration of the breakthrough analysis for Zeolite 13X and CALF-20 under 
near-cryogenic DAC conditions (195 K). (b) Experimental setup for Zeolite 13X desorption using inert 
gas (He) flow at 473 K. (c) Experimental setup for CALF-20 desorption under vacuum (~0.08 bar) at 
approximately 293 K. 
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Figure S16. CO2 adsorption isotherm of Zeolite 13X and CALF-20 at 195 K measured under a 
volumetric apparatus with high-vacuum activation. The adsorption cell temperature was maintained 
during the measurement using a dry ice/acetone cooling bath. 

 



23 

 
Figure S17. Breakthrough curves and bed surface temperatures for Zeolite 13X under (a) 100 sccm of 
400 ppm CO2 in He balance, (b) 200 sccm of 400 ppm CO2 in He balance, (c) 100 sccm of 400 ppm 
CO2 in N2 balance, and (d) 200 sccm of 400 ppm CO2 in N2 balance. 
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Figure S18. Breakthrough curves and bed surface temperatures for CALF-20 under (a) 100 sccm of 
400 ppm CO2 in N2 balance, and (b) 200 sccm of 400 ppm CO2 in N2 balance. 
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Figure S19. (a) Gas concentration profile from breakthrough analysis of Zeolite 13X under near-
cryogenic DAC conditions (195 K) using a 1% CO2 mixture in an N2 balance at 50 sccm. (b) CO2 
adsorption kinetics during breakthrough analysis of Zeolite 13X with a 1% CO2 mixture in an N2 
balance. 
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Figure S20. Pseudo-equilibrium capacity comparison during series of breakthrough analysis for Zeolite 
13X and CALF-20 at 195 K. 

 

 

Figure S21. Normalized CO2 uptakes of Zeolite 13X and CALF-20 fixed bed during breakthrough 
analysis at 195 K under 100 sccm of simulated dry air (400 ppm CO2/balance N2). 

 



27 

 

Figure S22. Ten sequential adsorption cycles for Zeolite 13X (a-c) and CALF-20 (e-f). (a) 1st, 2nd, and 
3rd adsorption breakthrough curves of Zeolite 13X at 195 K using 400 ppm CO2/N2 under various flow 
rates (400, 570, and 1000 sccm). (b) 3rd to 10th adsorption breakthrough curves of Zeolite 13X at 195 K 
using 1000 sccm of 400 ppm CO2/N2. (c) Comparison of pseudo-equilibrium adsorption capacity 
(qpseudo-eq, calculated at C/C0=0.95) of Zeolite 13X during ten cyclic adsorption runs. (d) 1st, 2nd, and 3rd 
adsorption breakthrough curves of CALF-20 at 195 K using 400 ppm CO2/N2 under various flow rates 
(400, 570, and 800 sccm). (e) 3rd to 10th adsorption breakthrough curves of CALF-20 at 195 K using 
800 sccm of 400 ppm CO2/N2. (f) Comparison of pseudo-equilibrium adsorption capacity of CALF-20 
during ten cyclic adsorption runs. Desorption was conducted under N2 flow for 20ௗminutes at 200ௗ°C 
for Zeolite 13X and 90ௗ°C for CALF-20, respectively. 
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Table S5. Shared parameters for DAC systems coupled with LNG regasification.  

Parameter Description Value Reference 

𝑇ௗ௦ 
Adsorption temperature of 

LNG-DAC 
195 K  

𝑇ଵ 
System temperature achieved by 

heat exchange with seawater 
283 K  

𝑀  Average molecular weight of dry air 28.96 g/mol  

𝐶,ைమ
 Specific heat of CO2 in constant 

pressure 
0.851 kJ/kg·K 2 

𝐶,  Specific heat of dry air 1.004 kJ/kg·K 2 

𝐶,௪௧ Specific heat of water vapor 1.996 kJ/kg·K 2 

∆𝐻௪௧, Heat of water condensation 2256 kJ/kg 2 

𝑈ି  
Overall heat transfer coefficient of 

air-air heat exchanger 
35 W/m2/K 3-5 

𝑉ைమ
 Price of high-purity CO2 51 USD/tonnes 6 

𝜂ୡୟ୮ Carbon capture efficiency of 
process 

60% or calculated from 
mass-transfer coefficient 

 

𝐶𝐼௧ Carbon intensity of thermal energy 5–56 kgCO2/GJ 7 

𝐶𝐼 Carbon intensity of electrical energy 12 kgCO2/MWh  

𝑃ୟ୲୫ 1013.25 mbar  
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Table S6. Parameters for the LNG regasification process coupled with DAC systems.  

Parameter Description Value Reference 

𝑇ேீ,ଵ NG temperature after heat exchange 
with DAC system 

~283 K  

∆𝐻ேீ,௩ 
Enthalpy change of NG (methane) 

during evaporation 
511.35 kJ/kg NG 2 

∆𝐻௧,ଵ 
Enthalpy change of NG (methane) 

during heating from 109.1 K to 
TNG,1. 

H|்ಿಸ,భ,ଵ bar 

- H|ଵଽ.ଵ ,ଵ bar 
2 

∆𝐻௧,ଶ Enthalpy change of NG (methane) 
during heating from TNG,1 to 283 K. 

H|ଶ଼ଷ ,ଵ bar  
- H|்ಿಸ,భ,ଵ bar 

2 

𝑈௩,  
Overall heat transfer coefficient of 
air heat exchanger for evaporation 

of LNG 
44.5-95.8 W/m2/K 8, 9 

𝑈௧,  
Overall heat transfer coefficient of 
air heat exchanger for heating NG 

to TNG,1 
100-130 W/m2/K 8, 9 

𝑈௩,௪௧  
Overall heat transfer coefficient of 

seawater heat exchanger for 
evaporation of LNG 

630 W/m2/K 10, 11 

𝑈௧,௪௧ 
Overall heat transfer coefficient of 

seawater heat exchanger for heating 
NG to 283 K 

850 W/m2/K 10-12 

�̇�ேீ  
Mass flow rate of LNG 

(1 kg Zeolite 13X, 1cycle/h) 
kg/h  

�̇�ைమ
 Mass flow rate of produced CO2 

(1 kg Zeolite 13X, 1cycle/h) 
kg/h  

𝑀ேீ  Global regasification capacity MtLNG/year  

𝑀ைଶ Global LNG-DAC potential MtCO2/year  
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Table S7. Parameters for the techno-economic analysis of amine sorbent-based ambient DAC system.  

Parameter Description Value Reference 

𝑇ௗ௦ Adsorption temperature 298 K 13 

𝑇ௗ௦ Desorption temperature 383 K 13 

𝑤𝑐 
Working capacity of an amine 

sorbent under DAC TVSA 
0.0748 gCO2/gads/cycle 14 

𝐶,  Specific heat of an amine sorbent 1.7 kJ/kg·K 15 

∆𝐻௦,,ைమ
 

Heat of adsorption for CO2 for an 
amine sorbent 

2045 J/gCO2 16 

∆𝐻௦,,ுమை 
Heat of adsorption for water for an 

amine sorbent 
2970 J/gH2O 17 

𝐶ௗ௦ Sorbent price of an amine sorbent 2.7 USD/kg 18 

𝑟ுమை ைమ⁄  Ratio of water working capacity 
over CO2 working capacity 

6.3 kgH2O/kgCO2 17 

𝑟ௗ Annual degradation rate 50%/year  

𝜂୪ୟ୲,୰ୣୡ Water latent heat recovery 
efficiency 

0.7  

𝑃୴ୟୡ 
Target vacuum pressure during 

desorption 
100 mbar  

𝑟 Compression ratio of moisture after 
the condensation 

2 19 

𝑘 Mass transfer coefficient 0.005 m/s  
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Table S8. Parameters for the techno-economic analysis of Zeolite 13X-based near-cryogenic DAC.  

Parameter Description Value Reference 

𝑇ௗ௦ Desorption temperature 473 K  

𝑤𝑐 
Working capacity of Zeolite 13X in 

LNG-DAC 
0.22 gCO2/gads/cycle This work 

𝐶,ଵଷ௫ Specific heat of Zeolite 13X 0.943 kJ/kg·K 20 

∆𝐻௦,ଵଷ,ைమ
 Heat of adsorption for CO2 in 

Zeolite 13X 
861.4 J/g 21 

𝐶ௗ௦ Sorbent price of Zeolite 13X 0.85 USD/kg  

𝑟ுమை ைమ⁄  Ratio of water working capacity 
over CO2 working capacity 

0 kgH2O/kgCO2  

𝑟ௗ Annual degradation rate 0%/year  

𝜂୪ୟ୲,୰ୣୡ Water latent heat recovery 
efficiency 

0  

𝑘 Mass transfer coefficient 0.004 m/s  

 

 

 

 

Table S9. Parameters for the techno-economic analysis of CALF-20-based near-cryogenic DAC.  

Parameter Description Value Reference 

𝑇ௗ௦ Desorption temperature 283 K  

𝑤𝑐 
Working capacity of CALF-20 in 

LNG-DAC 
0.082 gCO2/gads/cycle This work 

𝐶ௗ௦ Sorbent price of CALF-20 20 USD/kg 22 

𝑟ுమை ைమ⁄  Ratio of water working capacity 
over CO2 working capacity 

0 kgH2O/kgCO2  

𝑟ௗ Annual degradation rate 0%/year  

𝜂୪ୟ୲,୰ୣୡ Water latent heat recovery 
efficiency 

0  

𝑃୴ୟୡ 
Target vacuum pressure during 

desorption 
100 mbar  

𝑘 Mass transfer coefficient 0.004 m/s  

  



32 

Table S10. Other parameters for techno-economic analysis.  

Parameter Description Value or unit Reference 

𝜂 Fan efficiency 0.614 19 

𝜂௩ Vacuum efficiency 0.5 19 

𝜂௧ Thermal energy efficiency 0.85 23 

𝜂ௗ Electrical energy efficiency 0.4 23 

𝑄௦௦ 
Heat loss during sensible and latent 

heat supply 
0.1 19 

𝐶 Unit cost of electrical energy (grid) 30 USD/MWh 19 

𝐶௧ Unit cost of thermal energy (NG) 3.5 USD/GJ* 24 

𝑘 Overall mass transfer coefficient 0.005 m/s (at 298 K) 25 

𝐶௨ Total equipment cost USD  

𝐶௧ Contactor cost USD/kgads  

𝐴௧ Contactor cross-sectional area m2  

𝐴௫,௧௧ Total heat exchanger surface area m2  

𝐶ைమ
 CO2 concentration in atmospheric 

air 
 0.719 gCO2/m3

air  

𝐶ௗ௦ Sorbent price USD/kgads  

𝐶௫, Unit cost per area of heat exchanger 100 USD/m2 26 

𝐶௫ Equipment cost of heat exchanger USD  

𝐶, Equipment reference cost for fan 2000 USD 19 

𝐶 Equipment cost of fan USD 19 

𝐶௩ Equipment cost of vacuum pump USD 27 

�̇�௩ Inlet flow rate of vacuum pump m3/h 27 

a vacuum pump cost estimation 
coefficient 

423.9 19, 27 

b  vacuum pump cost estimation 
coefficient 

0.653 19, 27 

c vacuum pump cost estimation 
coefficient 

30000 19, 27 

𝐸 Electrical energy duty from fan GJ/year  

𝐸௩,ைమ
 Electrical energy duty from 

vacuuming CO2 
GJ/year  

𝐸௩,ுమை Electrical energy duty from 
vacuuming H2O 

GJ/year  
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𝐹  Air flow rate m3
air/s  

𝐹, Air flow rate at reference scale 1.77 m3
air/s 19 

𝑓 
Multiplication factor of the 

annualization 
-  

𝐼𝑅 Interest rate 0.08 27 

𝑦 Operation period of the DAC plant 15 year 23 

𝑀௦ Annual CO2 capture scale 8760 tCO2/year  

𝑁௬ Number of cycles per year 8760 cycle/year  

𝑟ଶ  Surface area to volume ratio 469.6 m2/m3 19 

∆𝑃 Pressure drop 100 Pa 19 

𝑣  Air velocity 2 m/s  

ℎ Contactor height 1 m 18 

R Ideal gas constant 8.314 J/mol/K  

𝑄௦,ுమை Sensible heat for water GJ/year  

𝑄௦,ைమ
 Sensible heat for CO2 GJ/year  

𝑄௧,ுమை Latent heat for water GJ/year  

𝑄௧,ைమ
 Latent heat for CO2 GJ/year  

𝑄௦,ௗ௦ Sensible heat for adsorbent GJ/year  

𝑄௦௨ Sum of thermal energy duty GJ/year  

𝑄௧௧  
Total thermal energy duty 

(considering energy efficiency) 
GJ/year  

𝐸௦௨ Sum of electrical energy duty GJ/year  

𝐸௧௧  
Total electrical energy duty 

(considering energy efficiency) 
GJ/year  

𝑂𝑃𝐸𝑋 Annual operating expenditure USD/year  

𝑂𝑃𝐸𝑋ௗ௦ Sorbent replacement cost USD/year  

𝐶𝐴𝑃𝐸𝑋 Total capital expenditure USD  

𝐶𝐴𝑃𝐸𝑋௨ Total capital expenditure for 
equipment 

USD  

𝐶𝐴𝑃𝐸𝑋ௗ 
Total capital expenditure for sorbent 

bed 
USD  

𝐶𝐴𝑃𝐸𝑋ௗ௦ Capital expenditure for sorbent USD  

𝐶𝐴𝑃𝐸𝑋௧ Capital expenditure for contactor USD  

𝐶𝐴𝑃𝐸𝑋 Annualized capital expenditure USD/year  

𝐶𝐴𝑃𝐸𝑋, Annualized capital expenditure for 
fan 

USD/year  
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𝐶𝐴𝑃𝐸𝑋௩, Annualized capital expenditure for 
vacuum pump 

USD/year  

𝐶𝐴𝑃𝐸𝑋௫, Annualized capital expenditure for 
heat exchanger 

USD/year  

𝐶𝐴𝑃𝐸𝑋ௗ, Annualized capital expenditure for 
sorbent bed 

USD/year  

𝐸ௗ  Total cold energy duty GJ/tCO2  

𝐸, Cold energy duty from dry air 
cooling 

GJ/tCO2  

𝐸௨ௗ,  Cold energy duty from humidity 
condensation 

GJ/tCO2  

𝐸ௗ௦, Cold energy duty from adsorbent 
cooling 

GJ/tCO2  

𝐸, Cold energy duty from removing 
heat generated from adsorption 

GJ/tCO2  

𝑀ௗ௦ Sorbent mass kg  

𝑓ௗ Correction factor for the sorbent 
degradation 

-  

𝑤𝑐௧ Actual CO2 working capacity gCO2/gads/cycle  

𝑤𝑐௧,௩  Average CO2 working capacity until 
replacement 

gCO2/gads/cycle  

𝑤𝑐௧,௧ Average CO2 working capacity until 
optimal replacement time 

gCO2/gads/cycle  

𝑤𝑐 
CO2 working capacity without 

degradation 
gCO2/gads/cycle  

𝑦ெ  Sorbent replacement period year  

𝑦ெ,௧ Optimal sorbent replacement period year  

𝑓ௗ௦ 
Correction factor for sorbent 

fabrication 
3 18 

𝑓௧ 
Correction factor for contactor 

fabrication 
3 18 

𝑓 ூ 
Multiplication factor of the total 

equipment capital investment 
3.06 28 

𝐷 Knudsen diffusivity m2/s  

𝛿 Diffusion path length m  

𝜂, Cold air enthalpy recovery 
efficiency 

0.9 29, 30 

𝐿𝐶𝑂𝐶 Levelized cost of capture USD/tCO2  

𝐸𝐼 Energy intensity GJ/tCO2  

*Four-year averaged Henry Hub natural gas spot price (1.4.2021~12.31.2024)  
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Figure S23. Effect of atmospheric air temperature on cold energy consumption for operating a near-
cryogenic DAC process at 195 K. The capture efficiency (𝜂) was assumed to be 0.6, and no cold 
energy recovery was considered (𝜂,=0). 
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Figure S24. Impact of the annual degradation rate of amine sorbents on total LCOC. (a) Effect of 
sorbent replacement time on LCOC for sorbent inventory and replacement under different annual 
degradation rate assumptions. (b) LCOC for sorbent inventory and replacement under various annual 
degradation rate assumptions, considering the optimal replacement time for each degradation condition. 
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Figure S25. Required heat exchanger area for operating the LNG-DAC process with 1 kg of Zeolite 
13X, assuming a single cycle per hour (220 g CO2/hr). The estimation was performed for various target 
temperatures of natural gas after heat exchange with the DAC system (𝑇ேீ,ଵ ). The required heat 
exchanger area for gasifying the same amount of LNG using an ambient air vaporizer (AAV) and an 
open rack vaporizer (ORV) is also shown for comparison. Capture efficiency (𝜂) was assumed to be 
0.6, and cold energy recovery was not considered (𝜂,=0). 

 

Figure S26. Estimated additional heat exchanger cost for LNG-DAC coupling (195 K adsorption, 
𝜂=0.6, no cold energy recovery) to capture 1 tCO2/hr using Zeolite 13X, compared to ORV. The 
market price of high-purity CO2 was set at 51 USD/tCO2.6 

  



38 

 

Figure S27. Effect of 𝑇ேீ,ଵ in Zeolite 13X-based LNG-DAC process (1 tCO2/hr, 195 K adsorption) on 
annualized CAPEX for heat exchanger and LNG consumption. The capture efficiency (𝜂 ) was 
assumed to be 0.6, and cold energy recovery was not considered (𝜂,=0). 
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Figure S28. Process optimization strategies to minimize cold energy consumption in the LNG-DAC 
process and their estimated impacts. (a) Integration of CO2 emissions from NG combustion, used to 
generate thermal energy for LNG-DAC operation, into the DAC feed stream. (b) Cold energy recovery 
from downstream air to fresh feed air using an additional heat exchanger. (c) Combined effect of the 
two strategies on global LNG-DAC potential. Empty symbols indicate the case with the integration of 
emitted CO2 from NG combustion. The adsorption temperature for the Zeolite 13X-based LNG-DAC 
process was set at 195 K (𝜂 =0.6). Global LNG-DAC potentials were estimated based on the 
reference case in international LNG import outlooks from the U.S. Energy Information 
Administration.31 (d) Impact of cold energy recovery efficiency on the levelized capital cost of the 
additional heat exchanger in the Zeolite 13X-based LNG-DAC coupling process.   
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Figure S29. Case comparison of Zeolite 13X-based near-cryogenic DAC and amine sorbent-based 
ambient DAC processes. Scenarios were configured to simultaneously favor the ambient DAC process 
and disadvantage the near-cryogenic DAC process. The cost comparison is presented for two cases: (a) 
considering the five most influential parameters—mass transfer coefficient, heat exchanger unit cost, 
working capacity, and thermal and electrical energy costs—and (b) considering all 16 parameters used 
in the sensitivity analysis shown in Figure 5E. Refer to Table S11 for the specific values of each 
parameter. 
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Table S11. Parameters for case comparison between ambient and near-cryogenic DAC.  

 
Reference 

case 
Ambient  

(favorable case) 
Near-cryogenic 

(unfavorable case) 
Ambient  

(best case) 
Near-cryogenic  

(worst case*) 

𝜂 0.614 0.614 0.614 0.614 0.614 

𝜂௩ 0.5 0.5 0.5 0.6 0.6 

𝜂௧ 0.85 0.85 0.85 0.95 0.95 

𝑄௦௦ 0.1 0.1 0.1 0.05 0.05 

𝜂ௗ 0.4 0.4 0.4 0.48 0.48 

𝐶ௗ௦ 2.7/0.85 2.7 0.85 1.35 1.275 

𝐶௫,  100 - 120 - 120 

𝐶 30 10 10 10 10 

𝐶௧ 3.5 1 1 1 1 

𝑘 0.005/0.004 0.01 0.001 0.01 0.001 

𝐶௧ 25 25 25 12.5 12.5 

∆𝐻௦,ுమை 53.5 53.5 - 40 - 

𝑟ுమை ைమ⁄  6.3 6.3 - 5.04 - 

𝑤𝑐 1.7/5.0 2.04 4.0 2.04 4.0 

𝑟ௗ 50% 50% - 30% - 

𝜂୪ୟ୲,୰ୣୡ 0.7 0.7 - 0.9 - 

*Economic parameters that commonly used for both systems were set following the best case scenario for 
ambient DAC 
**Values that differ from the reference value are highlighted in bold   
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Figure S30. Effect of capture efficiency (𝜂) of DAC side in Zeolite 13X-based LNG-DAC process 
on global LNG-DAC potential. The temperature of the adsorption process was set to 195 K. Both cold 
energy recovery (𝜂,=0.95) and integration of emitted CO2 from NG combustion were considered. 
The global LNG-DAC potentials were estimated based on reference case of international LNG imports 
outlooks from the U.S. Energy Information Administration.31 

 

 

Figure S31. Effect of adsorption temperature on global LNG-DAC potential. Capture efficiency was 
set as 0.6 (open symbols) and 0.9 (closed symbols). Both cold energy recovery (𝜂, =0.95) and 
integration of emitted CO2 from NG combustion were considered. The global LNG-DAC potentials 
were estimated based on reference case of international LNG imports outlooks from the U.S. Energy 
Information Administration.31  
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Figure S32. (a) Global LNG-DAC potential estimated based on international LNG trade outlooks from 
the U.S. Energy Information Administration, IEO2023 (INTERNATIONAL ENERGY OUTLOOK 
2023).31 The prediction considered probable advancement of LNG-DAC technology to reduce LNG 
consumption, namely, high adsorption temperature (240 K), high capture efficiency ( 𝜂 =0.9), 
integration of emitted CO2 from NG combustion, and cold energy recovery (𝜂, =0.9). The line 
represents reference case projection. The shaded region represents the maximum and minimum values 
across the cases in IEO2023. (b-c) Global LNG-DAC potential prediction in (b) 2030 and (c) 2050 
under various cold energy recovery efficiency. The probable contribution of cold energy from hydrogen 
and ammonia trade and use for shipping fuel is also reflected in 2050.32  
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Figure S33. Compressor input work required for (a) CO2 desublimation in the deposition chamber29, 30 
and (b) operating near-cryogenic DAC at various atmospheric temperatures. The temperatures shown 
represent conditions prior to radiation cooling.  
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S1. Supplemental simulation and experiment procedure  
S1.1. Large-scale molecular simulation procedure 

The CoRE-MOF DDEC33 is a subset of the 5,109 structures in CoRE-MOF 2014,34 whose atomic 
charges were assigned using the DFT-based DDEC method35 (Figure 2A). Large-scale molecular 
simulations were conducted exclusively on the CoRE-MOF DDEC structures, as accurate atomic 
charges are essential for the precise prediction of CO2 adsorption.36 The Zeo++ package37 was used to 
determine the pore-limiting diameter (PLD), largest cavity diameter (LCD), gravimetric surface area 
(GSA), volumetric surface area (VSA), pore volume (Vp), and helium void fraction. Materials with a 
PLD smaller than 3.3 Å were excluded from further consideration due to potential diffusion limitations 
for CO2. This approach identified 1,984 structures for Widom insertion simulations and grand canonical 
Monte Carlo (GCMC) simulations to evaluate the potential of physisorbents for near-cryogenic DAC. 

Molecular simulations for CO2 and N2 adsorption were conducted using RASPA 2.0.38 All simulations 
assumed rigid MOF structures. The Lennard–Jones (LJ) potential was used to model van der Waals 
interactions between atoms, with LJ parameters for framework atoms assigned according to the UFF 
force field.39 The TraPPE model40 was employed for adsorbate molecules, and force field parameters 
for adsorbate-framework interactions were defined using standard combining rules. A cutoff distance 
of 12.8 Å was applied, with interactions beyond this distance shifted to zero. Coulomb interactions were 
approximated using Ewald summation with a precision of 10−6. The combination of the UFF force field 
and TraPPE model has been widely used in molecular simulations for CO2 capture.41-47 

For each structure, 2 × 105 cycles of Widom insertion were performed to calculate Henry’s constant and 
heat of adsorption at 160, 220, and 298 K. For GCMC simulations, 105 initialization cycles were 
followed by 105 data collection cycles to determine CO2 uptake at 220 and 298 K. GCMC simulations 
assigned equal probabilities to swap, translation, rotation, and reinsertion moves. 

MIL-120(Ga) (structure code UVEXAV) 48 was identified as a high-performing MOF under near-
cryogenic DAC conditions. However, due to limited reports on its synthesis and stability, its better-
known isostructural MOF, MIL-120(Al), was considered a more practical synthetic candidate. To verify 
if MIL-120(Al) also exhibits comparable performance to MIL-120(Ga), the crystallographic structure 
of MIL-120(Al) was obtained from the CoRE-MOF 2019 database (structure code BUSQIQ),49 as it 
was not included in the CoRE-MOF DDEC database.50 For comparison with MIL-120(Ga) (UVEXAV) 
in the CoRE-MOF-DDEC database, atomic charges for BUSQIQ were assigned using the DDEC 
method. For both structures, Henry’s constants for CO2 adsorption were calculated using Widom 
insertion simulations over a temperature range of 130–300 K. 

In contrast, Zeolite 5A, Zeolite 13X, and CALF-20 were selected based on their physical properties, 
which align with the structure-property guidelines derived from the simulation results (see Table S2 and 
Section S2 in the Supplemental Experimental Procedure). The physical properties of Zeolite 5A and 
Zeolite 13X were calculated using Zeo++, with structures generated through an interpolation method.51 
Silica LTA frameworks were modified by interpolation to achieve an Si/Al ratio of 1, following 
Lowenstein’s rule.52 Ca ions were added to maintain charge neutrality, with their positions determined 
using parallel tempering. The crystallographic structure of CALF-20 was obtained from its original 
report.53 

  



46 

S1.2. Experimental procedure 

S1.2.1. Materials 

Zeolite 13X (powder, ~2 μm avg. particle size) and Zeolite 5A (powder, undried) were purchased from 
MilliporeSigma (US) and used without further treatment. Al(NO3)3·9H2O (ACS reagent, ≥98%), 
1,2,4,5-benzenetetracarboxylic acid (for synthesis, ≥98.0%), sodium hydroxide (ACS reagent, ≥97.0%, 
pellets), Zn(OAc)2·2H2O (ACS reagent, ≥98%), sodium oxalate (ACS reagent, ≥99.5%), 1,2,4-triazole 
(for synthesis, ≥98.0%), and methanol (≥99.8%, ACS reagent) were purchased from MilliporeSigma 
(US). 

S1.2.2. Synthesis 

MIL-120(Al) was synthesized following the reported procedure.49 Briefly, 3.4 ml of NaOH solution 
(4M) and 10 ml of deionized water were poured into 3.2 g of Al(NO3)3·9H2O to dissolve the metal 
precursor and make a homogeneous solution. 0.5 g of 1,2,4,5-benzenetetracarboxylic acid was 
dissolved in 10 ml of deionized water in another vial, and the two solutions were mixed in a 100 ml 
Teflon-lined hydrothermal autoclave. The reaction was conducted at 210 oC for 24 h. After the reaction, 
white powder (~0.5 g) was collected via centrifuge. The sample was washed by reflux with 500 ml of 
water for 12 h. At last, the sample was dried in an oven at 60 oC overnight. 

CALF-20 was synthesized following the reported procedure.54 Briefly, Zn(OAc)2·2H2O was dissolved 
in 20 mL of an aqueous methanol solution (4:1, v/v) and stirred for 5 minutes to obtain a clear solution. 
Sodium oxalate was then added, and the mixture was stirred for an additional 5 minutes, resulting in a 
suspension of Zn-oxalate particles. Subsequently, 1,2,4-triazole was introduced into the suspension, and 
the mixture was stirred for 50 minutes. The product was collected by centrifugation and thoroughly 
washed with distilled water six times. Finally, it was dried at 100 °C in air overnight. 

S1.2.3. Sample characterization 

Powder X-ray diffraction (PXRD) patterns (4o < 2θ < 70 o) of four prepared samples, MIL-120(Al), 
Zeolite 5A, Zeolite 13X, and CALF-20 were recorded using Rigaku Miniflex Powder XRD instrument 
(Rigaku Corporation, Japan). The PXRD patterns were recorded with a step size of 0.005o and 
measurement speed of 5o/min using Cu K alpha radiation. 

The porosity of the samples was examined by N2 adsorption experiments at 77 K using BelsorpMax 
(MicrotracBEL, Japan). Before the adsorption, the samples were degassed with vacuum at elevated 
temperatures. MIL-120(Al) and CALF-20 were degassed for 12 h at a relatively low temperature of 150 
oC and 110 oC, respectively. Zeolites require higher temperatures to eliminate strongly bonded water 
molecules. Zeolite 5A was degassed at 320 oC overnight, whereas Zeolite 13X was degassed at 350 oC 
overnight. BET surface area of the samples was determined using the collected adsorption points within 
a suitable pressure range selected following previously reported criteria.55, 56 Total pore volume was 
calculated using an adsorption point at the P/P0 higher than 0.95. 

CO2 and N2 adsorption isotherms at cryogenic temperatures were measured using HPVA II 
(Micromeritics Instrument Corporation, US) with a single-stage cryogenic refrigerator, Cryostat I 
(Micromeritics Instrument Corporation, US). Multiple CO2 adsorption experiments under near-
cryogenic temperatures were conducted to find the optimum temperature for each sample. For MIL-
120(Al), CO2 adsorption behaviors at 160 K, 180 K, 200 K, and 220 K were observed. The N2 adsorption 
isotherm of MIL-120(Al) was collected at 160 K to predict CO2/N2 mixture adsorption behavior using 
ideal adsorbed solution theory (IAST)57 at the temperature. Similarly, CO2 adsorption isotherms at 180 
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K, 200 K, and 220 K along with an N2 adsorption isotherm at 220 K were collected at 220 K for Zeolite 
5A. For Zeolite 13X, both CO2 and N2 adsorption isotherms were collected at 180 K, 200 K, and 220 
K to predict CO2/N2 mixture adsorption behavior using IAST at the temperatures. For CALF-20, CO2 
adsorption behaviors at 180 K, 195 K, 200 K, and 220 K were observed. The N2 adsorption isotherm of 
CALF-20 was collected at 195 K. For Zeolite 13X and CALF-20, several CO2 adsorption experiments 
at some temperatures between 273 K and 473 K were conducted to examine suitable desorption 
conditions. All the IAST predictions were conducted using IAST++ software58 by fitting the 
experimental data with a dual-site Langmuir-Freundlich equation.59 All the curve fittings were 
accomplished with R2 > 0.998. 

CO2 adsorption behavior of Zeolite 13X and CALF-20 was measured using another volumetric 
apparatus capable of activation under high vacuum, ASAP2020HD analyzer (Micromeritics Instrument 
Corporation, US) (Figure S16). During the adsorption experiment, the cell temperature was maintained 
at 195 K using a dry ice/acetone cooling bath.  

S1.2.4. Breakthrough analysis 

Breakthrough analyses on Zeolite 13X and CALF-20 were conducted at 195 K using a custom-built 
fixed bed system. For both adsorbents, the powder was loosely packed in a 10 cm long, 1/4 inch stainless 
steel tube. The powder-packed column was installed in a breakthrough system with gas flow controllers 
and detectors (Figure S15). The temperature was maintained around 195 K via a dry ice/ethanol cooling 
bath. The temperature during all measurements was maintained under 196 K (Figures S17 and S18). 
To guarantee the dehumidification of feed gas, a bed packed with silica gel was installed before the 
adsorption bed. 

Activation of the Zeolite 13X bed was conducted by raising the temperature to 350 oC under 100 sccm 
of N2 flow for 4 h. Similarly, activation of the CALF-20 bed was conducted by raising the temperature 
to 150 oC under 100 sccm of N2 flow for 12 h. After the degassing, the system was submerged in a dry 
ice/ethanol bath. After the bed temperature was stabilized, the inlet gas stream to the bed was switched 
to 400 ppm CO2 under N2 or He balances with a flow rate of 100 sccm or 200 sccm. The outlet gas 
concentration profile was recorded by LI-850 gas analyzer (LI-COR Biosciences, USA).  

The desorption experiment was conducted after recording the CO2 adsorption experiment with 100 sccm 
of 400 ppm CO2 under an N2 balance. For Zeolite 13X, the bed was purged with 100 sccm of He for 10 
min at 195 K. While flowing He at 100 sccm, the bed temperature was first raised to around 20 oC by 
heating under ambient air. When the bed temperature reached 20 oC, it was further raised to 473 K by 
heating tape. The mass spectrometer, Pfeiffer Vacuum QMS 200 Omnistar Mass Spectrometer (Pfeiffer 
Vacuum GmbH, Germany), recorded the outlet gas concentration profile. For CALF-20, the bed was 
first evacuated at 195 K by vacuum pump, down to ~0.08 bar. While evacuating, the bed was heated by 
ambient air. The flow rate and concentration of the evacuated gas were recorded by a mass flow meter 
and LI-850 gas analyzer. After the bed temperature reached ~22 oC, N2 flowed through the downstream 
lines to quantify the existing CO2 inside the lines and vacuum pump. Due to the high fluctuation of flow 
rates during the last N2 purging step with vacuuming, the quantification of CO2 inside the downstream 
lines can be relatively inaccurate. 

To examine the saturation uptake of the Zeolite 13X bed, a breakthrough analysis was conducted using 
a feed gas stream of 1% (10,000 ppm) CO2 mixture in N2 balance at 50 sccm (Figure S16). The outlet 
gas concentration profile was recorded using an LI-850 gas analyzer, after dilution with 100 sccm N2 
flow.  
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S2. Candidate material selection for near-cryogenic DAC 

As mentioned earier, MIL-120(Ga) (UVEXAV)48 was selected directly from MC and GCMC 
simulation results for structures in the CoRE-MOF DDEC database due to its moderate heat of 
adsorption for CO2, high Henry’s constant at 160 K and 220 K, high CO2/N2 selectivity, and high CO2 
uptake at 40 Pa, 220 K (Table S3). However, the number of studies that have synthesized and tested 
MIL-120(Ga) is small, which raises questions on the reproducibility of its synthesis, especially on a 
large scale. Instead, its isostructural MOF with more frequent reports, MIL-120(Al) (BUSQIQ)49 was 
included for examination by simulation after point charges were assigned by the DDEC method (Figure 
S8). MIL-120(Al) exhibited a higher Henry’s constant for CO2 adsorption than MIL-120(Ga) under 
near-cryogenic DAC conditions, and therefore, MIL-120(Al) was selected as the first synthetic target. 

Other candidate sorbents were found through relatively indirect routes, using the guideline established 
from the large-scale molecular simulations. Optimal sorbent physical properties for near-cryogenic 
DAC were derived from the simulation results as described in the following paragraph (Table S1). The 
approach enabled us to find sorbent candidates outside of the CoRE-MOF DDEC database. 

To derive the optimal conditions for a near-cryogenic DAC sorbent, the physical properties of 
structures with promising Henry’s constant (KH) at 160 K or 220 K (0.1388 mol kg-1Pa-1 < KH < 113.2 
mol kg-1Pa-1) were analyzed. For eight properties, namely, crystal density, pore volume, largest cavity 
diameter, pore limiting diameter, gravimetric surface area, volumetric surface area, and helium void 
fraction, the physical properties between the 1st and 3rd quartile of the MOFs with promising KH were 
regarded as indicators for a promising near-cryogenic DAC sorbent.  

Notably, these criteria can be useful in finding adsorbents that have suitable interaction with CO2 at 
near-cryogenic DAC conditions with a higher likelihood, but they are not necessarily relevant to high 
CO2 uptake, since the uptake can be limited by saturation capacity (or pore volume). From this 
perspective, due to their positive correlation with saturation CO2 uptake (Figure S5), higher pore 
volume and largest cavity diameter are considered favorable. In the GCMC simulation results, it was 
shown that CO2 uptake surpassing what is typically observed under ambient DAC conditions can be 

achieved under near-cryogenic DAC, especially with structures with ∆𝐻௦  ranging from -36 to -60 
kJ/mol (Figure 2D and Figure S6), a pore volume ranging from 0.73 to 1.55 cc/g, and a largest cavity 
diameter ranging from 9.7 to 16.1 Å (Figure S4). Therefore, pore volume and largest cavity diameter 
in this region were also regarded as promising for near-cryogenic DAC. The physisorbents that satisfy 
these conditions were searched, especially among materials known for high CO2 selectivity. 

Zeolite 13X and CALF-20 satisfied seven criteria out of eight (Table S2 and Figure S7) and thus were 
selected for experimental validation. Zeolite 5A was selected as a control experiment material since it 
satisfied four criteria and is known to have a higher affinity for CO2 than Zeolite 13X.60, 61 All the 
physisorbents are known to have high CO2/N2 selectivity, excellent stability, and low sorbent cost. 
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S3. Techno-economic analysis of near-cryogenic DAC 

A techno-economic analysis (TEA) was conducted for the LNG-DAC process employing Zeolite 13X 
and CALF-20 as sorbent materials and for temperature vacuum swing adsorption (TVSA) based 
ambient DAC using amine sorbents. Levelized cost of capture (LCOC) is total annual capital and 
operational expenditures divided by the CO2 capture scale, and energy intensity (EI) is total electrical 
and thermal energy divided by the CO2 capture scale. LCOC and EI were calculated from the equations 
below.  

𝐿𝐶𝑂𝐶 (𝑈𝑆𝐷 𝑡𝐶𝑂ଶ
ିଵ) =

𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋 (𝑈𝑆𝐷 𝑦𝑒𝑎𝑟ିଵ)

𝑀௦ (𝑡𝐶𝑂ଶ 𝑦𝑒𝑎𝑟ିଵ)
 Equation 1 

𝐸𝐼 (𝐺𝐽 𝑡𝐶𝑂ଶ
ିଵ) =

𝑄௧௧ + 𝐸௧௧  (𝐺𝐽 𝑦𝑒𝑎𝑟ିଵ)

𝑀௦  (𝑡𝐶𝑂ଶ 𝑦𝑒𝑎𝑟ିଵ)
 Equation 2 

 

S3.1. Energy duty calculations 

For Zeolite 13X-based system, CO2 captured at 195 K from dry air is assumed to be desorbed at 473 K 
using pure CO2 as a desorbent gas.62 The CO2 working capacity under the near-cryogenic DAC process 
was estimated based on the CO2 uptake measured in the breakthrough experiment and the uptake at 473 
K and 1 bar measured in the static adsorption instrument, HPVA II (see S1.2.3.). For the CALF-20 
system, CO2 captured at 195 K from dry air is assumed to be desorbed at 283 K using a vacuum pump. 
The CO2 working capacity was estimated based on the CO2 uptake measured in the breakthrough 
experiment and the uptake at 283 K and 0.1 bar, as determined by HPVA II measurements. The specific 
parameter values used for the sorbent are provided in Tables S8 and S9, respectively. 

Techno-economic feasibility of amine sorbent-based ambient DAC system was also evaluated, 
employing operating conditions in previous studies. Adsorption at 298 K from humid air with 400 ppm 
CO2 and vacuum-assisted desorption at 383 K were considered. The target vacuum pressure was set to 
be 0.1 bar. CO2 working capacities and other parameters used are specified in Table S5–S10. 

 

S3.1.1 Energy duty for cooling & adsorption process 

The total cold energy required for the adsorption step was calculated by summing enthalpy changes: 
Dry air (including CO2 in the air) cooling, condensing the humidity in the air, adsorbents cooling, and 
CO2 adsorption heat (Figure 5). In LNG-DAC, all these enthalpy changes were assumed to be achieved 
by using cold energy from LNG regasification. For LNG-DAC, Feed air was assumed to be humid air 
with 400 ppm CO2 at 14 oC (RH=68%), employing the climate conditions of Cove Point, Maryland, 
USA as a benchmark. The case using an external cooling cycle is addressed in S3.6. 

𝐸ௗ = 𝐸, + 𝐸௨ௗ, + 𝐸ௗ௦, + 𝐸, Equation 3 

 

Total feed air volume was estimated based on the total CO2 capture scale (8760 tCO2/year) and mass 
transfer coefficient. The mass transfer coefficient for near-cryogenic adsorption was set to be lower than 
that of the amine sorbent-based system reflecting the temperature dependence of coefficients. The 
assumption is conservative, since physisorbents do not have severe internal resistance shown in amine 
sorbents that is related to amine mobility and reaction (sorption) kinetics, and therefore can have faster 
overall sorption kinetics even under lower temperatures. The major mass transfer resistance is expected 
to be intra-particle diffusion, and therefore the temperature dependence of the overall mass transfer 
coefficient was estimated following that of Knudsen diffusion. 

𝑘 ∝ 𝐷 𝛿⁄ ∝ √𝑇        (When Knudsen diffusion is dominant) Equation 4 
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𝑘ଵଽହ 𝑘ଶଽ଼⁄ = ඥ195 298⁄ = 0.809 Equation 5 

 

Then fan energy was calculated using the following equations. 

𝐸 =
1

𝜂ୟ୬

∆𝑃 × 𝐹 Equation 6 

𝐹 = 𝐴௧ × 𝑣 Equation 7 

𝐴௧ = ൬1 − exp (−
𝑟ଶ  ×  ℎ × 𝑘

𝑣

)൰
ିଵ

×
𝑀௦

(𝑣  ×  𝐶ைమ
)
 Equation 8 

 

S3.1.2 Energy duty for heating & desorption 

The thermal energy required for the desorption process was calculated by summing the enthalpy 
required for desorbing CO2 (𝑄௧,ைమ

) and the energy required for heating the adsorbent bed (𝑄௦,ௗ௦) 
and the released CO2 (𝑄௦,ைమ

 ). Constant specific heat capacity was assumed for the adsorbents 
(Zeolite 13X, CALF-20, and amine sorbents). The specific heat capacities of CO2, dry air, and water 
were assumed to be constant and equal to those of the vapor phase, regardless of whether they are 
adsorbed or not. CO2 desorption was assumed to occur linearly with increasing temperature, based on 
observations of significant desorption at temperatures below 283 K (Figure 4). The thermal energy for 
heating the adsorbent bed from 200 K to 283 K was assumed to be supplied by thermal coupling with 
seawater. Therefore, the thermal energy required during heating the system from 200 K to 283 K was 
excluded from the total thermal energy requirements. 

For the Zeolite 13X-based LNG-DAC process, the required thermal energy was calculated by summing 
the latent heats (𝑄௧,ைమ

) and the sensible heats (𝑄௦,ௗ௦, 𝑄௦,ைమ
) during the heating from 283 K to 

473 K. 

𝑄௧,ைమ
= 𝑀௦ × (

1

10ଷ
× ∆𝐻௦,ଵଷ,ைమ

) ×
𝑇ௗ௦ − 𝑇ଵ

𝑇ௗ௦ − 𝑇ௗ௦

×
1

(1 − 𝑄௦௦)
 Equation 9 

𝑄௦,ைమ
= 𝑀௦ × (

1

10ଷ
× 𝐶,ைమ

) × (𝑇ௗ௦ −  𝑇ଵ) ×
1

(1 − 𝑄௦௦)
 Equation 10 

𝑄௦,ௗ௦ = 𝑁௬ × 𝑀ௗ௦ × (
1

10
× 𝐶,ଵଷ௫) × (𝑇ௗ௦ −  𝑇ଵ) ×

1

(1 − 𝑄௦௦)
 Equation 11 

𝑀ௗ௦ =
10ଷ  ×  𝑀௦

𝑤𝑐 ×  𝑁௬

 Equation 12 

 

In contrast,  𝑇ௗ௦ = 𝑇ଵ in the CALF-20-based system, which leads to zero thermal energy duty. 

In the amine sorbent-based system, the thermal energy duty for the latent and sensible heat of water 
must be included. Also, 𝑀ௗ௦ needs to be adjusted to account for sorbent degradation. The equations 
for 𝑄௦,ைమ

and 𝑄௦,ௗ௦ are the same with Equation 10 and Equation 11. 

𝑄௧,ைమ
= 𝑀௦ × (

1

10ଷ
× ∆𝐻௦,,ைమ

) ×
1

(1 − 𝑄௦௦)
 Equation 13 

𝑄௧,ுమை = 𝑀௦ × 𝑟ுమை ைమ⁄ × (
1

10ଷ
× ∆𝐻௦,,ுమை) ×

1

(1 − 𝑄௦௦)
×

1

(1 − 𝜂௧,)
 Equation 14

𝑄௦,ைమ
= 𝑀௦ × (

1

10ଷ
× 𝐶,ைమ

) × (𝑇ௗ௦ −  𝑇ௗ௦) ×
1

(1 − 𝑄௦௦)
 Equation 15
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𝑄௦,ௗ௦ = 𝑁௬ × 𝑀ௗ௦ × (
1

10
× 𝐶,) × (𝑇ௗ௦ − 𝑇ௗ௦) ×

1

(1 − 𝑄௦௦)
 Equation 16

𝑄௦,ுమை = 𝑀௦ × 𝑟ுమை ைమ⁄ × (
1

10ଷ
× 𝐶,௪௧) × (𝑇ௗ௦ − 𝑇ௗ௦) ×

1

(1 − 𝑄௦௦)
 Equation 17

𝑀ௗ௦ =
10ଷ  ×  𝑀௦

𝑓ௗ ×  𝑤𝑐 ×  𝑁௬

 Equation 18

𝑓ௗ =
௪ೌ,

௪
= 𝑓𝑢𝑛(𝑟ௗ)  Equation 19

The procedure for finding 𝑤𝑐௧,௧ is addressed in a later part (S3.4). 

The electrical energy duty for desorption was calculated based on the energy for vacuum pump 
operation. Since the Zeolite 13X-based system does not use a vacuum pump for desorption, 𝐸௩,ைమ

 
was assigned a value of zero. For both the CALF-20-based system and the amine sorbent-based system, 
the target vacuum pressure was set to 100 mbar. 

𝐸௩,ைమ
=  

1

𝜂୴ୟୡ

×
1

10ଷ
× (

𝑀௦

44
) × R × 𝑇ௗ௦ ln ൬

𝑃ୟ୲୫

𝑃௩

൰ Equation 20 

For the amine sorbent-based system, the energy duty for water evacuation was included. 

𝐸௩,ுమை =  
1

𝜂୴ୟୡ

×
1

10ଷ
× (

𝑀௦  ×  𝑟ுమை ைమ⁄

18
) × R × 𝑇ௗ௦ ln൫𝑟൯ Equation 21 

 

S3.2 Operating expenditure (OPEX) estimation 

𝑂𝑃𝐸𝑋 =  𝑄௧௧ × 𝐶௧ + 𝐸௧௧ × 𝐶 + 𝑂𝑃𝐸𝑋ௗ௦ Equation 22 

𝑄௧௧ =
𝑄௦௨

𝜂௧

 Equation 23 

𝑄௦௨ = 𝑄௦,ைమ
+ 𝑄௦,ுమை + 𝑄௦,ௗ௦ + 𝑄௧,ைమ

+ 𝑄௧,ுమை Equation 24 

𝐸௧௧ =
𝐸௦௨

𝜂

 Equation 25 

𝐸௦௨ = 𝐸 + 𝐸௩,ைమ
+ 𝐸௩,ுమை Equation 26 

 

For Zeolite 13X and CALF-20, 𝑂𝑃𝐸𝑋ௗ௦ ≈ 0, assuming negligible degradation of the sorbents. For 
amine sorbents, 𝑂𝑃𝐸𝑋ௗ௦ is a function of sorbent price (𝐶ௗ௦) and sorbent replacement period (𝑦ெ). 
The 𝑀ௗ௦ and 𝑦ெ were determined based on 𝑟ௗ, which is addressed in S3.4. 

𝑂𝑃𝐸𝑋ௗ௦ =
𝑀ௗ௦

𝑦ெ,௧

 × 𝐶ௗ௦ × 𝑓ௗ௦ Equation 27 

𝑦ெ = 𝑓𝑢𝑛൫𝑟ௗ൯  Equation 28 

𝑀ௗ௦ = 𝑓𝑢𝑛൫𝑟ௗ൯ Equation 29 

 

  



52 

S3.3 Capital expenditure (CAPEX) estimation 

The CAPEX of near-cryogenic DAC systems and an ambient DAC system was estimated using the 
equations below. Among the parameters used, the derivations of 𝐴 ,௧௧, 𝑀ௗ௦, and 𝐶𝐴𝑃𝐸𝑋௧ are 
detailed in S3.4 and S3.5. 

𝐶 = ൬
ிೌೝ

ிೌೝ,ೝ
൰

.଼

× 𝐶, Equation 30 

𝐶௩ = (a × ൫�̇�௩൯
ୠ + c) × 1.07 Equation 31 

�̇�௩ =
10 × 𝑀௦ × ቀ

1
44

+
𝑟ுమை ைమ⁄

18
ቁ × 8.314 × 𝑇ௗ௦

10ଶ × 𝑃௧

×
1

365 × 24
 Equation 32 

𝐶௫ = 2 × ൫𝐴௫,௧௧൯
.

× 𝐶௫,  Equation 33 

𝐶௨ = 𝐶 + 𝐶௩ + 𝐶௫ Equation 34 

𝐶𝐴𝑃𝐸𝑋 = 𝐶𝐴𝑃𝐸𝑋௨ + 𝐶𝐴𝑃𝐸𝑋ௗ Equation 35 

𝐶𝐴𝑃𝐸𝑋௨ = 𝐶௨ × 𝑓 ூ Equation 36 

𝐶𝐴𝑃𝐸𝑋ௗ = 𝐶𝐴𝑃𝐸𝑋ௗ௦ + 𝐶𝐴𝑃𝐸𝑋௧  Equation 37 

𝐶𝐴𝑃𝐸𝑋ௗ௦ = 𝑀ௗ௦ × 𝐶ௗ௦ × 𝑓ௗ௦ Equation 38 

𝐶𝐴𝑃𝐸𝑋 = 𝐶𝐴𝑃𝐸𝑋 × 𝑓 Equation 39 

𝑓 = 𝐼𝑅 × ቀ1 −
ଵ

(ଵାூோ)


ቁ
ିଵ

 Equation 40 

 

S3.4 Sorbent cost (𝑂𝑃𝐸𝑋ௗ௦ and 𝐶𝐴𝑃𝐸𝑋ௗ௦) estimation 

The degradation of amine sorbents was modeled by a simple exponential function.  

𝑤𝑐௧ = 𝑓𝑢𝑛(𝑦) = 𝑤𝑐 × 𝑒ି∙௬ Equation 41 

Since 𝑤𝑐௧(𝑦 = 1) = 𝑤𝑐 × 𝑒ି = 𝑤𝑐 × (
ଵ ି 

ଵ
), 

𝑐 = − ln ቀ
ଵି

ଵ
ቁ Equation 42 

 

The average working capacity during operation before sorbent replacement period (𝑦ெ ) was then 
calculated using Equation 43 and Equation 44. 

𝑤𝑐௧,௩ =
1

𝑦ெ

න 𝑤𝑐௧ 𝑑𝑦
௬ୀ௬ಾೆ

௬ୀ

=  
𝑤𝑐

𝑦ெ

න 𝑒ି∙௬ 𝑑𝑦
௬ୀ௬ಾೆ

௬ୀ

=
𝑤𝑐

−𝑐 ∙ 𝑦ெ

× (1 − 𝑒ି∙௬ಾೆ) Equation 43 

𝑀ௗ௦ =
10ଷ  ×  𝑀௦

𝑤𝑐௧,௩  ×  𝑁௬

 Equation 44 

 

The LCOC contribution of sorbent costs (𝑂𝑃𝐸𝑋ௗ௦ and 𝐶𝐴𝑃𝐸𝑋ௗ௦,) was calculated for various 𝑦ெ 
values (Figure S24). The optimal replacement period (𝑦ெ,௧) and the average CO2 working capacity 
under the optimal replacement (𝑤𝑐௧,௧ ) were determined when the sum of sorbent costs was 
minimized. Using Equation 43 and Equation 19, 𝑀ௗ௦ and 𝑓ௗ were calculated. 
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Contactor capital costs were derived from 𝐶௧ as shown below. 

𝐶𝐴𝑃𝐸𝑋௧ = 𝑀ௗ௦ × 𝐶௧ × 𝑓௧ Equation 45 

All parameters used are given in Tables S5-S10. 

Each component of CAPEX can be represented in its annualized value as shown below. 

𝐶𝐴𝑃𝐸𝑋, = 𝐶𝐴𝑃𝐸𝑋 × 𝑓 Equation 46 

𝐶𝐴𝑃𝐸𝑋௩, = 𝐶𝐴𝑃𝐸𝑋௩ × 𝑓 Equation 47 

𝐶𝐴𝑃𝐸𝑋௫, = 𝐶𝐴𝑃𝐸𝑋 × 𝑓 Equation 48 

𝐶𝐴𝑃𝐸𝑋ௗ, = 𝐶𝐴𝑃𝐸𝑋ௗ × 𝑓 Equation 49 

 

S3.5. Additional heat exchanger area estimation (LNG-DAC) 

While the LNG-DAC process provides significant benefits, there is a potential drawback related to 
inefficiency in heat exchange for LNG regasification, which may result in a considerable increase in 
the required heat exchanger surface area and capital costs. The additional cost for the heat exchanger in 
the LNG-DAC process was estimated by comparing it to that of conventional open rack vaporizer 
(ORV)10 and ambient air vaporizer (AAV).8, 9 ORV offers fast heat transfer by regasifying LNG through 
heat exchange with seawater. In contrast, AAV regasifies LNG through heat exchange with ambient air 
to avoid any negative environmental impact stemming from the outlet cold water of ORV. However, the 
use of air instead of water results in less efficient heat transfer due to lower convection heat transfer 
coefficient of air. 

In the LNG-DAC process, the LNG is initially regasified through heat exchange with the air, similar to 
the AAV approach, resulting in NG at a specific temperature (𝑇ேீ,ଵ). The NG is then further heated to 
near-room temperature (~283 K) through heat exchange with seawater, similar to the ORV. 

The heat exchanger for LNG-DAC coupling was assumed to have a similar overall heat transfer 
coefficient as that of AAV. The initial condition of LNG was assumed to be 1 bar and 109.1 K. LNG 
regasification, coupled with DAC, produces NG at 𝑇ேீ,ଵ  and 1 bar. LNG evaporation enthalpy 
(∆𝐻 ேீ,௩), energy for heating the NG to 𝑇ேீ,ଵ (∆𝐻 ௧ ,ଵ), and energy for heating the NG from 
𝑇ேீ,ଵ  to 283 K (∆𝐻 ௧ ,ଶ ) were derived from the NIST web book, assuming NG composed of 
methane (90%) and ethane (10%). The overall heat transfer coefficient was obtained from previous 
literature for AAV and ORV. The heat exchanger area for LNG-DAC (Figure S25) was calculated using 
the following equations. 

𝑄,௧௧ = 𝑄௩ + 𝑄௧,ଵ =  ∆𝐻ேீ,௩ ∙ �̇�ேீ + ∆𝐻௧,ଵ ∙ �̇�ேீ  Equation 50 

𝑄௩ = 𝐴௩ ∙ 𝑈௩, ∙ 𝐿𝑀𝑇𝐷  Equation 51 

𝑄௧,ଵ = 𝐴௧,ଵ ∙ 𝑈௧, ∙ 𝐿𝑀𝑇𝐷  Equation 52 

𝑄௧,ଶ = 𝐴௧,ଶ ∙ 𝑈௧,௪௧ ∙ 𝐿𝑀𝑇𝐷 Equation 53 

𝐴௫,௧௧ = 𝐴௩ + 𝐴௧,ଵ + 𝐴௧,ଶ Equation 54 

where 𝑄,௧௧ is the amount of heat required for natural gas regasification in the LNG-DAC system, 
which is equal to the amount of cold energy for operating a DAC system (1kg Zeolite 13X, 1 cycle/h). 
LMTD represents the logarithmic average of the temperature difference. All parameters used for the 
calculation are provided in Tables S5 and S6. 

Although the overall heat transfer coefficient was assumed to be equal, the heat transfer between 
LNG/NG and air can be relatively inefficient in the LNG-DAC heat exchanger compared to AAV due 
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to a smaller LMTD. In contrast, NG heating from 𝑇ேீ,ଵ to 283 K in LNG-DAC coupling is expected to 
be more efficient than AAV, owing to the much higher convection heat transfer coefficient on the water 
side. As a result, LNG-DAC does not require additional heat exchanger area compared to AAV when 
𝑇ேீ,ଵ is set at temperatures lower than 263 K (Figure S25). Even when seawater is not involved in NG 
heating (𝑇ேீ,ଵ=283 K), the total heat exchanger area required for LNG-DAC coupling is expected to be 
only 25% larger than that of AAV. 

On the other hand, the LNG-DAC coupling requires a significantly larger heat transfer area compared 
to the ORV. That being said, the additional heat exchanger cost was estimated to be trivial compared to 
the expected profits from CO2 production (Figure S26). The additional heat exchanger cost could be 
reduced by lowering 𝑇ேீ,ଵ; however, the cost savings achieved by lowering 𝑇ேீ,ଵ were not significant. 
Therefore, reducing 𝑇ேீ,ଵ  at the expense of increased LNG consumption is not expected to be 
worthwhile (Figure S27). 

The heat exchanger area and cost of the LNG-DAC process with cold energy recovery from downstream 
air were estimated in a similar manner. The heat transfer between cold air and fresh warm air was 
calculated using the overall heat transfer coefficient of the air-air heat exchanger from the literature.3-5 
The mass flow rates of cold downstream air and warm fresh air were assumed to be equal. The total 
additional heat exchanger area and costs, including the air-air heat exchanger, were estimated under 
various cold energy (or enthalpy) recovery efficiencies. 

𝐴௫,௧௧ = 𝐴ି + 𝐴௩ + 𝐴௧,ଵ + 𝐴௧,ଶ Equation 55 

𝐴ି =
𝑄ି

𝑈ି ∙ 𝐿𝑀𝑇𝐷
 Equation 56 

𝑄ି = 𝐸, × 𝜂, Equation 57 

 

S3.6. Global LNG-DAC potential estimation 

The annual global regasification capacity (𝑀ேீ) was estimated based on a scenario where it increases 
proportionally with the growth in global LNG trades (imports), following the trend predicted by the 
U.S. Energy Information Administration (International Energy Outlook 2023).31 

The global LNG-DAC potential (𝑀ைଶ) was calculated using the following equations. 

ቆ
∆𝐻ேீ,௩ + ∆𝐻௧,ଵ

10ଷ
ቇ ∙ �̇�ேீ = 𝐸ௗ ∙ �̇�ைమ

 Equation 58

𝑀ைమ
=

�̇�ைమ

�̇�ேீ

∙ 𝑀ேீ  Equation 59

where �̇�ைమ
 is CO2 captured by operating a DAC system and �̇�ேீ is the consumption of LNG. 

The effect of the adsorption temperature of the LNG-DAC process on �̇�ைమ
�̇�ேீ⁄  was estimated by 

adjusting the enthalpy required for cooling the feed air (Figure S31). On the other hand, the effect of 
capture efficiency (𝜂) was estimated considering the decrease in the total amount of feed air to be 
cooled and the amount of moisture to be condensed (Figure S30). 

As mentioned earlier in S3.5, the cold energy of downstream air can be recovered using an air-air heat 
exchanger and utilized to cool fresh feed air (Figure S28a). Cold energy recovery can significantly 
decrease 𝐸ௗ by reducing 𝐸,. Considering cold energy recovery, the actual cold energy required 
for air cooling (𝐸,,௧) decreases based on the cold energy recovery efficiency (𝜂,). 
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𝐸,,௧ = 𝐸, ∙ (1 − 𝜂,) Equation 60

The effect of integrating natural gas combustion with LNG-DAC (Figure S28b) was estimated by 
considering the decrease in the total amount of feed air to be cooled and the amount of moisture to be 
condensed. The amount of CO2 added to the feed air was calculated using the CO2 emission per unit of 
natural gas energy (56 kgCO2/GJ)7 and the thermal energy required for desorption. 

 

S3.7. Energy estimation for external cooling cycle-based system 

Compressor work input to cool air for direct desublimation of CO2 and for operating near-cryogenic 
DAC was estimated (Figure S33) under four cold ambient environments: Snag, Yukon (5 °C); 
Oymyakon, Russia (-15 °C); and Vostok Station, Antarctica (-40 and -65 °C). All procedures for 
calculating the compressor work followed methods outlined in the literature.29, 30 Radiation cooling with 
the night sky was assumed at 25 °C. 

Direct desublimation has a limitation in capture efficiency (𝜂 ) when utilizing a high-efficiency 
precooler (or cold energy recovery heat exchanger) due to fouling caused by solidified CO2 within the 
heat exchanger. Maximum 𝜂 when using a precooler with 𝜂, = 0.9 and 0.95, was assumed to be 
0.4 and 0.6, respectively, based on previous studies. When 𝜂, is lower than 0.9, such a limitation in 
𝜂  was not considered. Under each condition, the optimal 𝜂  that minimizes work input was 
selected. Near-cryogenic DAC is expected to be free from such fouling issues due to its much higher 
operation temperatures compared to CO2 desublimation temperatures. In both cases, only the 
compressor work for dry air cooling was considered. The detailed procedure for the estimation can be 
found in the literature. 

The feasibility of external cooling cycles for near-cryogenic DAC was also assessed. As discussed 
earlier, cooling atmospheric air in warm regions (>15 oC) to near-cryogenic temperatures is deemed 
impractical (Figure S23). The selection of regional DAC points under cold climates and systematic 
manners to minimize cold energy consumption were guided by previous research on the direct 
sublimation of atmospheric CO2.29, 30 Results indicate that the input work for air cooling in near-
cryogenic DAC (0–9.0 GJ/tCO2) is significantly lower than that required for direct sublimation (45.8–
163.2 GJ/tCO2) (Figure S33). The additional energy cost of operating cooling loops for near-cryogenic 
DAC is estimated to range from 0 to 37.0 USD/tCO2, depending on atmospheric temperatures ranging 
from -65 ℃ to -15 ℃.   
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