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Direct air capture (DAC) of CO2 is a key component in the portfolio of negative emissions technologies

for mitigating global warming. However, even with the most potent amine sorbents, large-scale DAC

deployment remains limited by high energy and capital costs. Recently, adsorbents relying on weak

interactions with CO2 have emerged as a potential alternative, thanks to their rapid adsorption kinetics

and superior long-term stability, particularly under sub-ambient conditions (B253 K). Despite these

advantages, their use is hindered by the need for a water-removal process, location-specific constraints,

and insufficient working capacity even in cold climates. In this study, we hypothesized that further

reducing the adsorption temperature to a near-cryogenic range (160–220 K) could enable cost-

effective DAC by utilizing the full potential of physisorbents. We primarily consider integrating DAC with

a relatively untapped source of cold energy—liquified natural gas (LNG) regasification—to perform near-

cryogenic DAC. From large-scale molecular simulations, Zeolite 13X and CALF-20 were identified as

promising candidates. These materials were subsequently examined through experiments, including

breakthrough analyses at 195 K. Their high CO2 sorption capacity (4.5–5.5 mmol g�1), combined with a

low desorption enthalpy and robust long-term stability, led to a threefold reduction in the levelized cost

of capture (down to 68.2 USD per tonne CO2). Estimates of the global LNG regasification resource

suggest that LNG–DAC coupling could potentially enable the capture of 103–142 megatonnes of CO2

annually as of 2050.

Broader context
Global-scale adoption of negative emissions technologies like direct air capture (DAC) is essential for all climate targets that maintain global surface
temperatures below +3.0 1C relative to pre-industrial levels. However, DAC remains too costly for such widespread deployment and too energy-intensive for
near-term viability, given the pace of energy sector decarbonization. The primary energy demand for DAC comes from the heat required to regenerate CO2

capture sorbents. Heat demand is typically determined by the sorbent and the capture process. Two pathways towards low-cost DAC are the use of robust
sorbents with low energy requirements and the integration of largely untapped energy sources. In this work, we propose a process that achieves both: DAC at
near-cryogenic temperatures obtained via integration with liquefied natural gas (LNG) regasification. Multi-scale assessment, including molecular simulations,
experiments, and techno-economic analysis, demonstrates that near-cryogenic conditions enable cost- and energy-efficient DAC using durable, low-cost
sorbents (Zeolite 13X and CALF-20) with minimal regeneration energy. Our analysis estimates the net energy demand at 1.7–3.3 gigajoules per tonne of
CO2—far lower than conventional DAC, which requires more than 7 GJ per tonne—along with approximately 60% reduction in cost. This approach presents a
promising pathway to making DAC a viable near-term solution.

a School of Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA. E-mail: ryan.lively@chbe.gatech.edu
b School of Chemical Engineering, School of Semiconductor and Chemical Engineering, Clean Energy Research Center, Jeonbuk National University, JeonJu, Jeonbuk 54896,

Republic of Korea
c Department of Petrochemical Materials, Chonnam National University, 50 Daehak-ro, Yeosu-si, 59631, Republic of Korea
d Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA

† This manuscript has been authored by UT-Battelle, LLC, under contract DE-AC05-00OR22725 with the US Department of Energy (DOE). The publisher acknowledges
the US government license to provide public access under the DOE Public Access Plan (https://energy.gov/downloads/doe-public-access-plan).
‡ Electronic supplementary information (ESI) available: Document S1. Figures S1–S33, Tables S1–S11, and supplementary experimental procedures. Data S1.
Numerical data for Fig. 2–5. See DOI: https://doi.org/10.1039/d5ee01473e

Received 13th March 2025,
Accepted 19th June 2025

DOI: 10.1039/d5ee01473e

rsc.li/ees

Energy &
Environmental
Science

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 6
:4

3:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-8357-1826
https://orcid.org/0000-0002-8070-9233
https://orcid.org/0000-0002-4669-1631
https://orcid.org/0000-0002-5423-5206
https://orcid.org/0000-0002-8039-4008
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee01473e&domain=pdf&date_stamp=2025-07-02
https://energy.gov/downloads/doe-public-access-plan
https://doi.org/10.1039/d5ee01473e
https://rsc.li/ees
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5EE01473E
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018015


7428 |  Energy Environ. Sci., 2025, 18, 7427–7439 This journal is © The Royal Society of Chemistry 2025

Introduction

Direct air capture of CO2 (DAC)1–5 is a key component of many
of the climate scenarios in which global surface temperatures
are stabilized within +1.5–2.0 1C relative to pre-industrial
times.6,7 Despite promising candidate processes and materials
for DAC developed over the last decade, the high capital and
energy costs of DAC have limited its deployment to date.8–10

The energy required to recover captured CO2 during DAC as
a purified product is a significant issue. Solid adsorbents, such
as amine-impregnated porous oxides, have among the lowest
overall energy requirements for DAC processes, with lower-
bound estimates for total energy penalty ranging from 4–6 GJ
per tonne of CO2 (tCO2), although energies in excess of 7 GJ per
tCO2 are commonly realized in practice.5,11–13 Moreover, DAC
also requires large capital costs,13,14 which largely depend on
the performance of sorbent materials, including the working
capacity, adsorption kinetics, long-term stability, and price.5,15,16

Unfortunately, the most promising DAC sorbents to date, sup-
ported amine sorbents, have limitations in working capacity
(B2.5 mmol gpowder

�1), adsorption kinetics, and oxidative stabi-
lity. Moreover, most DAC sorbent materials also adsorb significant
quantities of water from ambient air, and water removal or
desorption is often a major energy penalty.17,18

Recently metal–organic frameworks (MOFs) selected for
physisorption-based DAC processes have garnered interest
due to favorable adsorption kinetics and low CO2 desorption
enthalpies.19 A handful of physisorbing MOFs out of the
B60 000 experimentally synthesized MOF materials have been
suggested as having sufficient CO2 selectivity for DAC.20,21

However, these materials significantly underperformed amine-
based materials in realistic DAC experiments, largely due to issues
associated with water co-adsorption.13,20,22 In addition, MOFs
often require expensive precursors and, to date, only a very small
selection of MOFs have been scaled up. Recent work showed that
commercially-available zeolites could exhibit moderate DAC per-
formance at sub-ambient temperatures (�20 1C to 0 1C); however,
they require a separate water removal process and do not have
CO2 working capacity advantages over amine sorbents operating
at ambient conditions and without water removal.23 The DAC
sorption capacity of zeolites was further evaluated at a much lower
temperature of �58 1C, where atmospheric air can be assumed
to be nearly dry. However, even under these extremely low-
temperature conditions, which are naturally achievable but lim-
ited to very specific regions and seasons, the sorption capacity of
zeolites did not surpass that of conventional amine sorbents.24

DAC at lower temperatures, unattainable for atmospheric air
under natural conditions, can fully utilize the capacity of
adsorbents with low heats of adsorption for CO2. Atmospheric
air cooling to 120–150 K to directly sublime atmospheric CO2

(‘cryogenic DAC’) was found to be infeasible due to the sub-
stantial energy required for cooling.25,26 However, compared to
direct sublimation, physisorption can facilitate DAC at higher
near-cryogenic temperatures (160–240 K), significantly reducing
air cooling enthalpy and the capital associated with specialized
cryogenic equipment. Nevertheless, it remains essential to

leverage ‘‘free’’ sources of cold energy (e.g., energy recovery)
to consider deploying near-cryogenic DAC in warmer regions
and extend its broader impact.27

Liquefied Natural Gas (LNG) regasification systems are
currently an untapped source of cold energy.28 In these sys-
tems, LNG is vaporized at terminals into natural gas (NG).
These terminals operate at large scale in coastal regions, and
the latent heat of vaporization is transferred to seawater and
exhausted back into the ocean.29 Indeed, about 95% of the
regasification processes are conducted by heat exchange with
seawater, which wastes the exergy (i.e., the available energy
capable of doing useful work) of LNG and also raises concerns
for local ecosystems.29,30 The regasification process can be
integrated by heat exchange with other processes instead,
including the Rankine vapor cycle,31,32 air separation unit
(ASU),33 adsorbed natural gas,34,35 and post-combustion CO2

capture,36,37 to provide cold energy to those processes.
In this study, we hypothesize that the cold energy from LNG

regasification or other available external cooling cycles can
enable cost-efficient DAC at near-cryogenic temperatures
(160–240 K). DAC at near-cryogenic temperatures is expected
to enable the use of adsorbents with low heats of adsorption for
CO2, which can reduce energy and capital costs via significant
enhancements in working capacity.38–42 Part of the cold energy
provided by LNG regasification or a cooling loop can be used to
condense out the water vapor in air during the early stages of heat
exchange, resulting in cold air with sub-ppm levels of water vapor.
This low water concentration also enables the use of many
physisorbents that have previously been ruled out for DAC.

The potential of physisorbents under near-cryogenic DAC
conditions was initially evaluated through large-scale grand
canonical Monte Carlo (GCMC) simulations of the CoRE-MOF
database with density derived electrostatic and chemical
(DDEC) charges.43 Notably, the structure–property relation-
ships learned from the CoRE-MOF database are not confined
to MOFs and can be extended to other classes of sorbents.44

Based on these simulations, CO2 adsorption equilibrium
uptakes of four physisorbents–MIL-120(Al),45 Zeolite 5A, Zeolite
13X,23,46 and CALF-2047–were examined under various near-
cryogenic temperatures in volumetric adsorption apparatuses.
Among these adsorbent candidates, Zeolite 13X and CALF-20
were selected and further examined by dynamic breakthrough
analysis at 195 K. The experimental results were used to perform
techno-economic analyses of near-cryogenic DAC processes incor-
porating thermal coupling with LNG regasification. The potential
scale of carbon capture via LNG–DAC deployment was also
assessed to illustrate the long-term impact of the concept on
global climate change scenarios.

Results and discussion
Identifying promising adsorbents via large-scale GCMC
simulation

In LNG regasification, the vaporization temperature of LNG can
vary between 109 and 190 K depending on the storage pressure
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of LNG.48 After vaporization, the natural gas is heated to
around room temperature (up to 283 K) before being supplied
into pipeline networks. Therefore, the thermal coupling of DAC
with LNG regasification can enable adsorption temperatures
between 109 K and 283 K. In this study, a suitable range of
adsorption temperature for the near-cryogenic DAC process was
assumed to be between 160 and 220 K (Fig. 1A). At temperatures
lower than 160 K, it is likely that competitive adsorption of O2

and N2 will become an issue for CO2 product purity and
recovery. At temperatures higher than 220 K, there are simply
too few physisorbents that can successfully capture CO2 from
air with a high working capacity. An important feature of this
approach is that cooling air to 160–220 K removes nearly all
water that is present in ambient air via condensation.49,50 For
example, 50% relative humidity at 283 K corresponds to
6100 ppm water vapor, but the same relative humidity at
160 K yields a water concentration of only 3.95 � 10�4 ppm
(Fig. S1, ESI‡).

In the proposed DAC process coupled with LNG regasifica-
tion, the feed air flow is first cooled to the adsorption tempera-
ture of the adsorbent materials (160–220 K). The cooling is
achieved by heat exchange in the LNG evaporator, and during
the process the water vapor in the air almost completely freezes
out.51 Alternatively, the water vapor could condense and be
removed before freezing during the initial few heat exchanger
stages, as previously proposed for an air separation unit (ASU)
coupled to the LNG evaporator (Fig. S1, ESI‡).50,52 If necessary,
trace amounts of residual moisture after cooling can be
removed with a small amount of desiccant to ensure complete

dehydration. Regardless, the cold, dry air passes through the
adsorbent bed, simultaneously cooling the bed and introducing
CO2 for capture (Fig. 1A). In this process, the cold energy from
the LNG regasification process is used to compensate for four
enthalpy changes: (1) cooling the feed air, (2) cooling and
condensing or freezing water, (3) cooling the adsorbent bed,
and (4) mitigating heating of the adsorption bed due to CO2

adsorption.34,35 After the adsorption process, the bed is isolated
from gas flow and heated up to around room temperature
(B283 K) by heat exchanging with seawater. If this temperature
is insufficient for recovery of the given sorbent, it can be further
increased to a higher desorption temperature (e.g., 473 K) by
external thermal energy (e.g., heat from natural gas combustion).
Various desorption processes can be considered depending on the
characteristics of the sorbent used. Notably, the near-cryogenic
DAC has the potential to utilize physisorbents, which are suitable
for desorption with high-purity CO2 as a desorbent gas at elevated
temperature (4423 K), at which amine sorbents may become
unstable. Using high-purity CO2 to sweep desorbed CO2 out of the
bed can achieve high CO2 product purity and obviate the need
for vacuum systems (Fig. 1B).23 Alternatively, vacuum-assisted
desorption at relatively lower temperatures could also be consid-
ered to reduce thermal energy costs (Fig. 1C). It is worth noting
that the cycle can also produce fresh water53 and pre-cooled air for
an ASU, which could generate additional profit. However, the
potential cost reduction from these byproducts was not included
in this study due to uncertainty about whether their future
demand will align with the substantial production volumes from
the DAC process.

Fig. 1 Schematic illustration of the LNG–DAC coupling and near-cryogenic DAC processes. (A) Adsorption of CO2 from the cold, dry air (160–220 K)
produced by heat exchange with LNG regasification. (B) Desorption of CO2 and recovery at 473 K using a CO2 sweep gas. (C) Desorption of CO2 at
283–293 K without external thermal energy but aided by a vacuum pump. Representative CO2 isotherms and adsorption–desorption conditions for
typical physisorbents during temperature (vacuum) swing adsorption between (D) near-cryogenic DAC conditions and the suggested desorption
conditions, (E) room temperature and elevated temperature.
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As mentioned earlier, DAC at near-cryogenic temperatures is
expected to enable the use of physisorbents with low heats of
adsorption.23,24,54,55 These physisorbents have insufficient
interaction with CO2 for room-temperature DAC and typically
have very low CO2 uptake from the ambient air (Fig. 1E).
However, exothermic physisorption is thermodynamically
much more favored at near-cryogenic temperatures and can
result in high working capacity (Fig. 1D).

Exact prediction of the CO2 adsorption behavior of indivi-
dual MOFs at highly dilute conditions (0.0004 bar) by molecular
simulations with a generic force field is very challenging
because of potential influences from framework flexibility
and defects in addition to the precision of the force fields;56,57

however, their trends are still instructive. Large-scale molecular
simulations were conducted for crystallographic structures in
the CoRE-MOF-DDEC database43,58 to explore the potential of
CO2 physisorption for near-cryogenic DAC (Fig. 2A). Lowering
the adsorption temperature strongly increases CO2 adsorption
at low CO2 loadings (Fig. 2B).57 The Henry’s constant for CO2

adsorption increases exponentially when the temperature is
reduced from 298 K to 220 and 160 K while the heat of
adsorption (DĤs) was largely unchanged over that same tem-
perature range.59 Henry’s constants of promising DAC materi-
als at room temperature were calculated to identify potential
materials for near-cryogenic DAC. A heat of sorption (DĤs) of
�60 kJ mol�1 has been suggested as a benchmark for DAC
sorbents operating at ambient conditions.60,61 We estimated
Henry’s constant at 298 K for all of the MOFs with heats of
sorption around �60 kJ mol�1, finding an average Henry’s
constant of 0.139 mol kg�1 Pa�1. At lower temperatures, our
calculations on the CoRE-MOF database materials show that
this ambient temperature Henry’s constant can be achieved with
materials with much lower sorption enthalpies (i.e., between
�40 and �24 kJ mol�1 for 220 and 160 K, respectively). This
finding identified a large number of candidate adsorbents for
DAC at near-cryogenic conditions (Fig. 2B and Fig. S2, ESI‡).

Lowering the DAC adsorption temperature reduces the gap
between the optimal physical properties of DAC adsorbents and
the typical properties of physisorbents (Fig. 2C). At room
temperature, the properties of MOFs suitable for DAC diverge
from those of most MOFs in the CoRE-MOF database. For
example, most of the adsorbents predicted to be suitable for
DAC at 298 K have total pore volume (Vp) between 0.249 cm3 g�1

(1st quartile) and 0.346 cm3 g�1 (3rd quartile), which shows
minimal overlap with the total pore volume distribution of all
structures in CoRE-MOF-DDEC, where the 1st and 3rd quartiles
are 0.327 cm3 g�1 and 0.592 cm3 g�1, respectively. However, at
lower adsorption temperatures, a substantially larger fraction
of the CoRE-MOF-DDEC structures—including some well-
known MOFs—falls within the optimal pore volume range for
DAC (Table S1, ESI‡). Similar to the total pore volume, the
largest cavity diameter (LCD), crystal density (Dc) (Fig. 2C), and
other physical properties (gravimetric surface area, volumetric
surface area, PLD, helium void fraction, Fig. S3, ESI‡) of
adsorbents for DAC application shift closer to those of most
CoRE MOFs when the adsorption temperature is reduced to

220 or 160 K. This indicates that it will likely be easier to
develop practical materials for near-cryogenic DAC than for
DAC at ambient conditions. In addition, shifting to a larger
LCD and Vp implies a higher probability of large CO2 uptake,
since adsorbents with higher LCD and Vp generally have higher
saturation uptake for CO2.62 In particular, the peaks in the LCD
range of 9.7 Å to 16.1 Å and in the Vp range of 0.73 cm3 g�1 to
1.55 cm3 g�1 under near-cryogenic DAC conditions highlight
opportunities for very high CO2 uptake compared with amine
sorbents (Fig. S4 and S5, ESI‡). The LCD regions are also where
some well-studied adsorbents are located, namely, Zeolite 13X,
MIL-53(Al), HKUST-1, MOF-74(Co), and others.63–67

The opportunity for high CO2 uptake in near-cryogenic DAC
was explored by GCMC simulations (Fig. 2D). At 298 K, no
adsorbent in the database could surpass 3 mmol g�1 of CO2

uptake unless its sorption enthalpy was more exothermic than
�60 kJ mol�1. In contrast, many structures, especially those
with sorption enthalpies between �36 and �60 kJ mol�1,
exhibited CO2 uptakes exceeding 4 mmol g�1 at 220 K
(Fig. S6, ESI‡). Based on these molecular simulations, a guide-
line for identifying promising materials for near-cryogenic DAC
was established (Table S2, ESI‡). A search of MOF and zeolite
databases using this guideline led to the selection of Zeolite
13X and CALF-20 as the most promising adsorbents, while MIL-
120(Al) and Zeolite 5A also showed potential, though to a lesser
extent (Fig. S7, ESI‡). We performed an experimental evaluation
of these four materials.

Experimental evaluation of near-cryogenic DAC sorbents

The computational analyses described in the prior section only
considered pure-CO2 adsorption. We used experimental
measurements to address the competitive adsorption of CO2

and N2, which is likely to be significant under near-cryogenic
conditions (unlike ambient conditions). Single-component
adsorption experiments were carried out with each gas and
ideal adsorbed solution theory (IAST) was used to predict
mixture adsorption. The first candidate, MIL-120(Al),45 was
selected because it is isostructural with MIL-120(Ga),68 which
showed high uptake at 220 K in our GCMC simulations (Fig. S8
and Table S3, ESI‡). However, experimental results revealed
that MIL-120(Al) requires a temperature below 220 K to achieve
sufficient CO2 uptakes at 40 Pa (2.02 mmol g�1 at 180 K and
3.46 mmol g�1 at 160 K, Fig. 3A and Fig. S11, ESI‡). At these low
temperatures, N2 adsorption is also enhanced significantly
compared to higher temperatures (Fig. S12, ESI‡). IAST calcula-
tions based on our experimental single-component data predict
that N2 is non-negligibly concentrated in the adsorbed phase
on MIL-120(Al) at 160 K (Fig. 3C). The CO2/N2 selectivity at these
conditions is predicted to be 654, which is insufficient for DAC
CO2 purity targets (495 mol%). This example highlights the
need to find materials exhibiting both high capacity for CO2

and very high selectivity for CO2 over N2 under near-cryogenic
conditions.

Zeolite 5A and Zeolite 13X were also selected as candidates
for near-cryogenic DAC not only because their physical proper-
ties align well with the guidance established by molecular
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simulations (Table S2, ESI‡), but also because they are known
to have strong interactions with CO2.69,70 Their CO2 adsorption
isotherms at 180–220 K revealed that both zeolites have signi-
ficant CO2 uptake at 40 Pa (Fig. 3A and B). However, Zeolite 5A
exhibited limited CO2/N2 selectivity similar to MIL-120(Al),
probably due to its small pore sizes, which are favorable for

N2 (Fig. 3C). In contrast, Zeolite 13X exhibited much higher
CO2/N2 selectivities (B106) than MIL-120(Al) and Zeolite 5A.
Zeolite 13X has significantly larger pore sizes (B10 Å) and pore
volumes (0.27 cm3 g�1) than Zeolite 5A, which provides large
saturation CO2 loadings (B8.5 mmol g�1). At 40 Pa and 200 K,
Zeolite 13X utilized almost half of its large pore volume for CO2

Fig. 2 Molecular simulation results for structures in the CoRE-MOF-DDEC database. (A) Dataset reduction procedure of subject structures for Widom
insertion and GCMC simulations. (B) Effect of temperature on the heat and Henry’s constant of CO2 adsorption calculated from Widom insertion
simulations. Each point represents a structure in the CoRE-MOF database and is color-mapped by total pore volume (Vp). The histograms on the top and
right sides of the graph depict the distributions of heat of adsorption and Henry’s constant for CoRE-MOFs, respectively. Red, blue, and green lines on the
top histogram indicate the heat of adsorption region of candidate DAC adsorbents at 160 K, 220 K, and 298 K. (C) Violin plots of physical properties
for adsorbents with suitable heats of adsorption for DAC at 160 K, 220 K, and 298 K. The suitable heat of adsorption ranges were set as �37 o DĤs o
�24 (160 K),�56 o DĤs o �40 (220 K), and�80 o DĤs o�60 (298 K), respectively. These ranges were set to ensure the same maximum and minimum
in expected Henry’s constant. The properties of Zeolite 13X and CALF-20 are shown with the dashed line. (D) Effect of heats of adsorption on CO2 uptake
at 40 Pa and 298 K (left), and at 220 K (right), calculated from GCMC simulation. Each circle represents a structure in the CoRE-MOF database, and
its color and size represent Vp and the largest cavity diameter (LCD). Materials showing 44 mmol g�1 uptake at 220 K with DĤs between �36 and
�60 kJ mol�1 are highlighted in the pink box. (E) Crystallographic structures of four candidate materials for experimental evaluation. See also Fig. S2–S8
and Tables S1 and S2 (ESI‡).
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adsorption (4.1 mmol g�1). Notably, the adsorption capacity
of Zeolite 13X observed in this study (4.1–5.5 mmol g�1 at 195–
200 K) is nearly double the previously reported performance at
cold sub-ambient temperatures (B2.8 mmol g�1 at 215 K),24

further emphasizing the advantages of near-cryogenic DAC.
CO2 equilibrium uptake of Zeolite 13X at 473 K and 1 bar was
0.56 mmol g�1 (Fig. 3D), indicating low residual CO2 loading
under desorption with high-purity CO2 sweep gas, which in
turn leads to a high CO2 working capacity.

CALF-20, a MOF of considerable interest due to its promis-
ing CO2 adsorption behavior, scalable synthesis, and long-term
stability even under steam desorption conditions,47 also demon-
strated significant CO2 sorption capacity at 195 K (B4.3 mmol g�1,
Fig. 3B and E). This observation is particularly surprising, consider-
ing that CALF-20 had previously shown negligible CO2 sorption
(o0.1 mmol g�1) from DAC-level dilute CO2 sources at room
temperature.20 IAST results indicated that CALF-20 adsorbs CO2

almost exclusively over N2 at 195 K, with a CO2/N2 adsorption
selectivity exceeding 4� 105, well beyond the requirements for DAC

purity targets. At near room temperature (283–303 K), CALF-20
exhibited low CO2 uptakes, consistent with previous observations of
its desorbability under mild conditions.71 These characteristics
suggest potential use of CALF-20 for vacuum-assisted desorption
under near-room temperatures (Fig. 3E). Given their performance
under near-cryogenic DAC conditions, scalability, and long-term
stability, Zeolite 13X and CALF-20 were selected for further mixture
adsorption testing using dynamic breakthrough analysis.

Dynamic breakthrough analysis on Zeolite 13X and CALF-20
powder columns was performed at 195 K using a dry ice/
ethanol cooling bath (Fig. 4 and Fig. S15, ESI‡). The Zeolite
13X powder-packed bed exhibited highly favorable DAC perfor-
mance: we observed approximately 5.5 mmol g�1 of CO2

pseudo-equilibrium capacity under a 100 sccm flow of a 400
ppm CO2 mixture balanced with N2 (Fig. 4A). The capacity
aligns well with single-component CO2 uptake of Zeolite 13X at
40 Pa and 195 K (Fig. 3D and Fig. S16, ESI‡), consistent with
exceptionally high CO2/N2 selectivity from IAST. The high
pseudo-equilibrium capacity was also observed at the higher

Fig. 3 CO2 adsorption isotherms from experimental measurements and IAST-predicted mixture adsorption behaviors. (A) CO2 uptakes of MIL-120(Al),
Zeolite 5A, Zeolite 13X, and CALF-20 at 40 Pa at various near-cryogenic temperatures. The dashed-line box highlights regions with promising CO2

uptakes exceeding 3.6 mmol g�1. (B) Single-component CO2 and N2 adsorption isotherms of MIL-120(Al) (at 160 K), Zeolite 5A (at 220 K), Zeolite 13X (at
200 K), and CALF-20 (at 195 K). The line plots represent fitted curves based on dual-site Langmuir–Freundlich equations. (C) CO2/N2 mixture (4/9996)
adsorption isotherms and CO2/N2 selectivity predicted by IAST. Closed and open symbols indicate CO2 and N2 uptakes, respectively, while line plots
represent selectivity. (D) CO2 adsorption isotherms of Zeolite 13X at 195 K, 293 K, and 473 K. (E) CO2 adsorption isotherms of CALF-20 at 195 K, 283 K,
293 K, and 303 K. See also Fig. S9–S14 and Table S4 (ESI‡).

Paper Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 6
:4

3:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5EE01473E


This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 7427–7439 |  7433

flow rate of 200 sccm (Fig. 4A), indicating that the system is not
strongly limited by adsorption kinetics even at low tempera-
tures within this flow regime. However, when the CO2 break-
through curves measured under a CO2 (400 ppm)/N2 (balance)
feed mixture were compared to those under a CO2 (400 ppm)/
He (balance) mixture, the curves were less sharp and exhibited
broader mass transport zones (Fig. 4A and B). This effect
became more pronounced at the 200 sccm flow rate, where
the adsorption speed under a He balance was much faster than
under an N2 balance, implying slower adsorption kinetics in
the N2 atmospheres, as expected given the relative magnitudes
of CO2–He and CO2–N2 gas–gas diffusivities. Overall, the results
indicate the presence of some competitive adsorption kinetic
limitations at 195 K. We were able to close the mass balance
and observed that the adsorbed CO2 could be recovered almost
fully by heating the bed up to 200 1C while flowing He (Fig. 4C).
The purity of the desorbed gas was high (94%) despite the
probable presence of some N2 in the interstitial volume of the
column after the initial He sweep.

CALF-20 also exhibited a large pseudo-equilibrium capacity
of 4.5 mmol g�1 under a 100 sccm flow of a 400 ppm CO2

mixture balanced with N2 at 195 K (Fig. 4D and E). Considering
the sample amount in the fixed bed and CO2 uptakes, the
overall sorption kinetics of Zeolite 13X and CALF-20 were com-
parable under a flow rate of 100 sccm (Fig. S21, ESI‡). After the first

adsorption cycle, the column was exposed to a vacuum of
approximately 0.08 bar while being heated to 22 1C (Fig. 4F).
Desorbed CO2 under the near–room–temperature desorption
was quantified as 3.9 mmol g�1, highlighting the feasibility of
CALF-20 desorption at low temperatures. A second adsorption
cycle was conducted under a 200 sccm flow of a 400 ppm CO2

mixture balanced with N2, which resulted in a pseudo-equili-
brium capacity of 3.4 mmol g�1—around 76% of the adsorbed
CO2 during the initial adsorption (Fig. 4E). The slight discrepancy
between the regenerated CO2 capacity and the quantified
desorbed CO2 may be attributed to inaccuracies in quantifying
CO2 residue within the downstream lines and the internal pump
volume. Zeolite 13X and CALF-20 exhibited no observable
decrease in CO2 uptake over ten cycles of near-cryogenic adsorp-
tion and desorption, indicating that their well-established stability
also holds under cryogenic DAC conditions (Fig. S22, ESI‡).47,72,73

Techno-economic analysis of the near-cryogenic DAC process

Based on the experimental results, the thermal and electrical
energy requirements for the near-cryogenic DAC using Zeolite
13X and CALF-20 were estimated and compared with those of
ambient DAC using an amine sorbent (Fig. 5A–C). For the cost
model, CO2 uptake under near-cryogenic conditions was taken
from dynamic breakthrough experiments using a 400 ppm CO2/
N2 mixture, while the residual CO2 under desorption conditions

Fig. 4 Dynamic breakthrough analysis of powder-packed Zeolite 13X and CALF-20 bed at 195 K. (A) Breakthrough curves and (B) corresponding CO2

adsorption kinetics of powder-packed Zeolite 13X bed under a CO2 (400 ppm)/N2 (balance) feed mixture and under a CO2 (400 ppm)/He (balance)
mixture. (C) Integral desorption profile of the Zeolite 13X bed under He flow at 200 1C. (D) Breakthrough curves and (E) CO2 adsorption kinetics of
powder-packed CALF-20 bed under a CO2 (400 ppm)/N2 (balance) mixture. The 200 sccm data were obtained after degassing at 22 1C and 0.08 bar.
(F) Integral desorption profile of the CALF-20 bed by applying vacuum at 22 1C. See also Fig. S17–S21 (ESI‡). Normalized time (L) is defined as the product
of time and flow rate (L = time � flow rate).
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was taken from single-component isotherms, assuming near-
equilibrium behavior due to elevated temperature and a CO2-
rich environment (Tables S8 and S9, ESI‡). Unlike the ambient
DAC process, which requires only fan energy (Efan) during
adsorption, the near-cryogenic DAC process demands signifi-
cant amounts of cold energy, mainly for cooling down (Eair,c =
247.6 GJ per tCO2) and dehumidifying (Ehumid,c = 41.8 GJ per
tCO2) atmospheric air at the global average temperature
(14–15 1C) (Fig. 5B and C). Providing cold energy at such a
scale through an external cooling cycle is economically prohi-
bitive, making coupling with LNG regasification essential
unless the process is conducted in very cold climates (Fig. S23,
ESI‡). In the LNG–DAC process, the cold energy from LNG
regasification (290.4 GJ per tCO2) compensates for all four
thermal energy requirements during the adsorption process,
namely, Eair,c, Ehumid,c, Eads,c (energy for cooling adsorbents),
and Ehoa,c (heats of adsorption). To meet these significant cold
energy demands, 327.9 tons of LNG must be regasified per
ton of CO2 captured, which implies a potential limitation
on scale due to the availability of LNG resources. However,
with advancements in adsorbent materials and process

design—which are discussed in detail in the final two para-
graphs of the Results and Discussion section, including cold
energy recovery from the cold downstream air25,26—LNG con-
sumption could decrease to 30.1 tLNG per tCO2 (See also
sections S3.5–S3.6 in ESI‡). Aside from the cold energy, adsorp-
tion under near-cryogenic conditions incurs a slightly higher
Efan owing to less efficient mass transport at these temperatures
(Tables S7–S9, ESI‡).

Near-cryogenic DAC demonstrated significant energy sav-
ings in the desorption process compared to ambient DAC
(Fig. 5A–C). The energy requirements of ambient DAC using
amine sorbents were estimated assuming an annual sorbent
degradation rate of 50% and 70–90% recovery of water latent
heat.14 The results indicate that the conventional temperature-
vacuum adsorption (TVSA) process with amine sorbents can
require substantial thermal energy (12.9–17.8 GJ per tCO2) and
electrical energy (5.5 GJ per tCO2). The energy associated with
water desorption (Qsen,H2O, Qlat,H2O, and Evac,H2O) is a significant
contributor, accounting for 42–54% of the total energy con-
sumption. When sorbent degradation is assumed to be negli-
gible, the thermal energy requirements were 9.1–14 GJ per

Fig. 5 Energy requirement and cost estimation for LNG–DAC. Thermal and electrical energy requirements during adsorption (left) and desorption (right)
for (A) ambient DAC with an amine sorbent using temperature-vacuum swing, (B) near-cryogenic DAC with Zeolite 13X, using high-purity CO2 as a sweep
gas for desorption, and (C) near-cryogenic DAC with CALF-20 utilizing ambient-temperature desorption with the aid of a vacuum swing. Refer to Table 1
for the list of symbols. (D) Breakdown of levelized cost of capture (LCOC) for LNG–DAC with Zeolite 13X, LNG–DAC with CALF-20, and ambient DAC
with an amine sorbent. (E) Parametric sensitivity analysis of LCOC for the three processes. The parameter ranges are shown on the left-hand side unless
specified alongside individual bars. Cthrm: thermal energy unit cost (USD per GJ), Celec: electrical energy unit cost (USD per MWh), k: overall mass transfer
coefficient (m s�1), Zlat,rec: water latent heat recovery efficiency, Ccont: contactor base cost (USD per kgads), rH2O/CO2

: H2O/CO2 selectivity (kg kg�1),
rdeg: Annual degradation rate (%/year), wc: CO2 working capacity (mmol g�1), Zgrid: electrical energy efficiency, Zvac: vacuum efficiency, Zthrm: thermal
energy efficiency, DĤs,H2O: heat of water adsorption (kJ mol�1), Cads: Sorbent base price (USD per kg), Qloss: heat loss, Zfan: fan efficiency, Chex,area: heat
exchanger unit cost (USD per m2). See also Fig. S23–S28 and Tables S5–S10 (ESI‡).
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tCO2, which is comparable to previous studies.16,74 We note
that these energy requirements can likely be decreased via
improved materials (especially water : CO2 sorption ratios) and
heat integration.

In contrast, the LNG–DAC process eliminates the water-
related energy costs to the DAC plant operator. Additionally,
when using Zeolite 13X, employing high-purity CO2 as a sweep
gas further reduces desorption energy consumption and com-
plexity by eliminating the need for vacuum pump operation
(Fig. 5B). After accounting for the energies compensated by
heat exchange with seawater during bed heating step, the
thermal energy input required for desorption was 2.0 GJ per
tCO2,RE. These low thermal energy requirements are also attrib-
uted to the advantages of physisorbents in working capacity,
heat of adsorption,75 and specific heat capacity of sorbents.76

Considering CO2 emissions from thermal energy production
via NG combustion for process operations, the overall energy
requirement for adsorption and desorption of the Zeolite 13X
system amounts to 3.3 GJ per tCO2,NRE.

The near-cryogenic DAC with CALF-20 was designed to per-
form desorption at ambient temperature (283 K), which can be
achieved through heat exchange with seawater or other low-
grade heat sources. As a result, the CALF-20 system requires
no additional thermal energy input for desorption and relies
exclusively on electrical energy for vacuum pump and fan
operation (Fig. 5C). In terms of energy efficiency, the CALF-20
system outperformed the Zeolite 13X system, with a total energy
requirement of 1.7 GJ per tCO2,NRE.

Finally, the levelized cost of capture (LCOC) for near-
cryogenic DAC was evaluated compared to ambient DAC
(Fig. 5D). For a conventional ambient DAC using amine sor-
bents, the primary contributors to the LCOC (171.3 USD per
tCO2,RE) are the energy costs associated with managing water
co-adsorbed with CO2 (35% of LCOC) and the costs related to
the sorbent contactor, including OPEXads (5.6%), CAPEXcont

(19.3%), and Qsen,ads (12.8%). The water-related components
of the LCOC are primarily influenced by sorbent material
parameters such as the ratio of CO2 working capacity to
water working capacity (rH2O/CO2

), the heat of water adsorption
(DĤs,amine,H2O), and the recovery efficiency of water latent heat
(Zlat,rec) (Fig. 5E). Other main contributors, OPEXads, CAPEXcont,
and Qsen,ads are largely dependent on factors such as annual
sorbent degradation (rdeg), contactor cost (Ccont), and CO2

working capacity (wc).13,14 The integration with renewable
energy is critical for achieving cost-efficient DAC with amine
sorbents, as the use of NG combustion leads to a high LCOC of
1231.7 USD per tCO2,NRE.

The near-cryogenic DAC process provides significant
improvements in all the main cost-driving parameters identi-
fied in conventional DAC (Fig. 5D). Zeolite 13X system achieves
large cost reductions by eliminating water desorption-related
expenses and vacuum energy costs. In addition, it shows
improvement in OPEXads, CAPEXcont, and Qsen,ads from amine
sorbent-based system due to enhanced sorbent characteristics,
including wc (1.7 mmol g�1 - 5 mmol g�1) and rdeg (0.5 - 0).
It is notable that the cost saving comes at the expense of
substantial investment in additional heat exchange area
required for thermal coupling between LNG regasification
and DAC (Fig. S25–S28, ESI‡). Overall, the LNG–DAC process
with Zeolite 13X is projected to reduce the LCOC by approxi-
mately 60%, achieving low-cost DAC at 68.2 USD per tCO2,RE.

The LNG–DAC process with CALF-20 also demonstrates a
promising LCOC (86.3 USD per tCO2,RE) by eliminating water
desorption-related costs and thermal energy costs. The main
contributor to the higher LCOC compared to the Zeolite 13X
system is the significantly higher CAPEXads, resulting from the
higher sorbent cost (Cads, 20 USD per kg) of CALF-20 and its
lower wc (1.8 mmol g�1) due to low desorption temperature.
That said, the relative economic feasibility of the Zeolite 13X
and CALF-20 systems may vary depending on the prices of
thermal and electrical energy (Celec and Cthrm) and their effi-
ciencies (Zgrid and Zthrm) (Fig. 5E). Notably, due to the minor
cost contribution of thermal energy demand, both the Zeolite
13X and CALF-20 systems exhibited much smaller increases in
LCOC when assuming NG combustion as the source of thermal
energy (78.9 USD per tCO2,NRE and 86.8 USD per tCO2,NRE,
respectively).

Overall, the near-cryogenic DAC consistently outperforms
the amine sorbent-based system under most scenarios. The
cost effectiveness of the two processes becomes comparable
only when the five key parameters—mass transfer coefficient
(k), heat exchanger unit cost (Chex,area), wc, Celec, and Cthrm—are
simultaneously set to favor the ambient DAC system and
disadvantage the near-cryogenic DAC system (Fig. 5E and
Fig. S29, ESI‡). Relative to typical DAC systems, the LNG–DAC
system may require a 13–27% increase in land footprint due to

Table 1 Components of energy duty and levelized cost of capture breakdown

Parameter Description Parameter Description

Energy duties and OPEX in levelized cost of capture (LCOC)
Eair,c Cold energy for dry air cooling Qsen,H2O Sensible heat for H2O
Ehumid,c Cold energy for humidity removal Qsen,CO2

Sensible heat for CO2
Eads,c Cold energy for sorbent cooling Qlat,H2O Latent heat for H2O
Ehoa,c Cold energy for adsorption heat removal Qlat,CO2

Latent heat for CO2

Efan Electrical energy for fan Qsen,ads Sensible heat for adsorbent
Evac,CO2

Electrical energy for vacuuming CO2 OPEXads Sorbent replacement cost
Evac,H2O Electrical energy for vacuuming H2O
CAPEX in LCOC
CAPEXbed Capital expenditure for sorbent bed CAPEXvac Capital expenditure for vacuum pump
CAPEXhex Capital expenditure for heat exchanger CAPEXfan Capital expenditure for fan
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the volume of additional heat exchangers. However, this may be
partially offset by a reduced vaporizer volume required at the
regasification terminal.

We explored the global carbon drawdown potential of the
LNG–DAC concept. Without cold energy recovery, the global
deployment of LNG–DAC is projected to be constrained to only
4.2 MTPA and 6.6 MTPA, based on current global LNG regasi-
fication capacity and projections for 2050, respectively (Fig. S28,
ESI‡).77,78 This highlights the need for investment in air–air
heat exchangers for cold energy recovery is critical to extending
the long-term impact of LNG–DAC, which has already been
accounted for in the techno-economic analysis (Fig. 5). The
recovery efficiency of cold energy from downstream cold air is
assumed to reach 0.9 as of 2050, as proposed in earlier
cryogenic DAC studies.25,26 Another frequently considered pro-
cess combination in carbon capture involves blending feed air
with CO2 emissions from natural gas combustion, which pro-
vides thermal energy for the process. This integration can lower
total cold energy consumption by approximately 12.5%
(Fig. S28, ESI‡). Given the relatively uncommon adsorption
conditions of near-cryogenic DAC, there is substantial potential
to develop advanced sorbents that achieve high capture effi-
ciency (B0.9) at relatively high temperatures (B240 K), thereby
reducing the LNG/CO2 ratio further (Fig. S30 and S31, ESI‡).

Considering these potential advancements, along with the
emergence of cold energy resources from hydrogen and ammo-
nia economies,77,79 the global LNG–DAC potential could reach
44–45 MTPA by 2030 and 103–142 MTPA by 2050, depending on
LNG regasification growth (Fig. S32, ESI‡). This would account
for approximately 10.6–14.6% of the overall DAC target for 2050
(970 MTPA),80 indicating that LNG–DAC has the potential to
substantially contribute to both short- and long-term DAC
objectives as a negative emission technology.

Conclusion

DAC at near-cryogenic temperatures makes it possible to
unlock the full potential of large-pore-volume physisorbents,
offering exceptionally high CO2 working capacity with lower
desorption enthalpy. For example, Zeolite 13X exhibits nearly
double the sorption capacity under DAC conditions at 195 K
compared to the coldest sub-ambient DAC system in polar
regions (215 K), underscoring the advantages of operating
at lower temperatures. Performing DAC at near-cryogenic
conditions, of course, requires energy input associated with
achieving the relevant temperatures. The energy required for
near-cryogenic DAC when performed via thermal coupling with
LNG regasification can be as low as 1.7–3.3 GJ per tCO2. As a
result, the levelized cost of capture (LCOC) for near-cryogenic
DAC is estimated to be approximately half that of state-of-
the-art amine sorbent-based systems. Near-cryogenic DAC also
offers considerable potential for further energy efficiency
improvements through integration with green processes such
as Rankine cycles, air separation units (ASU), and hydrogen or
ammonia production.

We used molecular simulations to demonstrate that near-
cryogenic DAC offers an opportunity to employ a broad range of
physisorbents. Zeolite 13X stands out as a promising candidate
with a high CO2 capacity of 5.5 mmol g�1 at 195 K. Similarly,
CALF-20, despite underperforming in ambient or sub-ambient
DAC conditions, achieves a CO2 capacity of 4.5 mmol g�1 at
195 K. Beyond their high CO2 capacities, both sorbents exhibit
critical characteristics such as low desorption enthalpy, cost
efficiency, scalability, and long-term stability, all of which
are essential for real-world applications. Based on simulation
results, sorbents with heat of adsorption between �36 kJ mol�1

and �60 kJ mol�1 should be prioritized for evaluating their
DAC potential at near-cryogenic temperatures. The develop-
ment of advanced sorbent materials could further reduce the
cost of the near-cryogenic DAC process beyond the estimates
presented in this study.

The adsorption behavior of CALF-20 introduces an intri-
guing concept: a temperature swing from near-cryogenic con-
ditions to room temperature, relying solely on low-grade heat
energy (e.g., heat exchange with seawater). CALF-20 exhibited
a moderate CO2 swing capacity between adsorption from
400 ppm CO2 mixture at 195 K and desorption at 283 K under
vacuum. Our analysis indicates that the LCOC of the CALF-20-
based system exceeds that of the Zeolite 13X-based system that
requires external thermal energy input; however, their relative
cost-effectiveness could shift depending on factors such as the
prices of thermal and electrical energy.

Key limitations of this study include a relatively modest
analysis of the adsorption kinetics under near-cryogenic con-
ditions. While we observed no major kinetic limitations within
a narrow window of air velocities, the kinetics at higher
velocities require further examination. That said, even under
the assumption of a lower mass transfer coefficient, near-
cryogenic DAC demonstrates a lower LCOC.

Another limitation lies in the estimation of the potential
scale of the LNG–DAC process, given its reliance on the fore-
casts for global LNG resources and the potential development
of sorbents. Still, near-cryogenic DAC via LNG–DAC coupling
could drive early DAC deployment, which is increasingly
recognized as critical for influencing global temperature
trajectories.81,82 Its potential scale could cover approximately
60% of the DAC target as of 2030. The potential upper limit of
the LNG–DAC process’s contribution to net zero emissions is
estimated to be 11–15% of the DAC target as of 2050, depend-
ing on the capture efficiency of sorbent materials. The signifi-
cant cost reduction (B60%) compared to conventional amine
sorbent-based systems, however, makes including LNG–DAC in
the DAC portfolio impactful even with a limited share.

Methods

Widom insertion and GCMC simulations were conducted for
CoRE-MOF-DDEC database58 using RASPA2.0.83 The LJ para-
meters of framework atoms were assigned following the UFF
forcefield.84 The TraPPE model85 was used for adsorbate molecules.
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Physical properties of crystallographic structures were determined
by Zeo++ package.86 Detailed simulation procedures are presented
in Section S1 in ESI.‡

MIL-120(Al) and CALF-20 were synthesized following pre-
viously reported procedures.45,87 Zeolite 13X and Zeolite 5A
were purchased from MilliporeSigma (US) and used without
further treatment. CO2 and N2 adsorption isotherms at near-
cryogenic temperatures were measured using HPVA II with a
single-stage cryogenic refrigerator, Cryostat I (Micromeritics
Instrument Corporation, US). IAST predictions were conducted
using the IAST++ software88 by fitting the experimental data to
the dual-site Langmuir–Freundlich equation. CO2 adsorption
behaviors of Zeolite 13X and CALF-20 were also measured in a
volumetric apparatus capable of activation under high vacuum,
ASAP2020HD analyzer (Micromeritics Instrument Corporation,
US) using a dry ice/acetone cooling bath.

The breakthrough analyses of Zeolite 13X and CALF-20 were
conducted at 195 K using a custom-built fixed bed system
(Fig. S15, ESI‡). The powder sample was loosely packed in a
10 cm long, 1/4 inch stainless steel tube. The temperature was
held around 195 K via a dry ice/ethanol cooling bath. The outlet
gas concentration profile was recorded by LI-850 gas analyzer
(LI-COR Biosciences, USA) or Pfeiffer Vacuum QMS 200 Omnis-
tar Mass Spectrometer (Pfeiffer Vacuum GmbH, Germany).
Detailed experimental procedures are presented in Section S2
in ESI.‡

Energy duty estimation and techno-economic analysis for
near-cryogenic DAC and ambient DAC, LNG–DAC potential
scale estimation, and energy duty estimation for near-cryo-
genic DAC with external cooling cycles,25 were described in
detail in Section S3 in ESI.‡

Author contributions

Conceptualization, S. K.; methodology, S. K. and R. P. L.;
investigation, S. K. and A. S.; formal analysis, S. K.; writing –
original draft, S. K.; writing – review & editing, S. K., A. S., S. C.,
J. K., M. J. R., D. S. S., and R. P. L.; funding acquisition, R. P. L.;
resources, D. S. S. and R. P. L.; supervision, R. P. L.

Conflicts of interest

The authors declare no competing interests. Georgia Tech
Research Corporation has applied for provisional disclosure
for the processes discussed herein, on which S. K. and R. P. L.
are included as inventors.

Data availability

The data supporting this article have been included as part of
the ESI.‡

Acknowledgements

This work was financially supported by a gift from Meta.

References

1 S. Chowdhury, Y. Kumar, S. Shrivastava, S. K. Patel and
J. S. Sangwai, Energy Fuels, 2023, 37, 10733–10757.

2 J. Fuhrman, A. Clarens, K. Calvin, S. C. Doney, J. A.
Edmonds, P. O’Rourke, P. Patel, S. Pradhan, W. Shobe
and H. McJeon, Environ. Res. Lett., 2021, 16, 114012.

3 W. H. Lee, X. Zhang, S. Banerjee, C. W. Jones, M. J. Realff
and R. P. Lively, Joule, 2023, 7, 1241–1259.

4 X. Zhu, W. Xie, J. Wu, Y. Miao, C. Xiang, C. Chen, B. Ge,
Z. Gan, F. Yang, M. Zhang, D. O’Hare, J. Li, T. Ge and
R. Wang, Chem. Soc. Rev., 2022, 51, 6574–6651.
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