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Direct air capture (DAC) is a leading carbon dioxide removal (CDR) technology that extracts CO, directly
from ambient air, independent of emission sources. Among the various process designs, temperature—
vacuum swing adsorption (TVSA) has emerged as the most mature technology and is currently deployed
at commercial scale, particularly in its steam-assisted configuration. However, the DAC-TVSA process
has often been evaluated using incomplete models, where critical aspects such as the O, purity
constraint were ignored or the condenser energy cost was neglected, potentially leading to misleading
feasibility assessments. This work develops a comprehensive TVSA modeling framework that unifies
detailed adsorption thermodynamics for both dry and humid conditions, refined heat-transfer
descriptions accounting for wall-driven regeneration, realistic treatment of auxiliary equipment, and
explicit oxygen-purity constraints. The model was benchmarked against literature data, demonstrating
that the omission of stricter process constraints can severely underestimate the actual energy—
productivity trade-offs. Additionally, the study identified the pre-heating step required to meet the O,
specification as the critical bottleneck in both wall-heated and steam-assisted configurations. The
impact of this limitation was further analyzed by systematically varying the adsorber aspect ratio. This
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revealed the existence of an optimal region, governed by the trade-off between enhanced heat transfer
in flatter geometries and increased pressure drop associated with longer beds. In parallel, the benefits of
DOI: 10.1039/d5ya00336a steam injection were visualized through minimum work envelopes, which clearly highlighted the

performance gains achievable by improving the desorption step. Overall, the results highlight the
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1 Introduction

Global CO, emissions have risen steadily since the industrial
era, driving climate change and severe environmental impacts.
Average temperatures are already 1.1 °C above 1850-1900 levels
and will continue to increase without rapid mitigation." Since the
launch of the UN Framework Convention on Climate Change in
1992, emissions have grown by 60%.> In response, the 2015 Paris
Agreement set the critical target of limiting warming to 1.5 °C by
2100.>* Meeting climate goals demands both deep emission cuts
and large-scale deployment of negative emission technologies
(NETs) to offset residual emissions from hard-to-abate sectors
such as aviation, agriculture, and heavy industry.’

Direct air capture (DAC) is a leading carbon dioxide removal
(CDR) technology that extracts CO, directly from ambient air,
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substantial potential that can be realized by directly addressing the critical bottlenecks of DAC.

independent of emission sources. The captured carbon can
either be sequestered or converted into valuable products
through hydrogen-based pathways.®® To achieve net zero emis-
sions (NZE), the International Energy Agency projects DAC
deployment to rise from negligible levels today to 85 Mt CO,
annually by 2030 and nearly 1 Gt by 2050.>"°
Amine-functionalized solid sorbents are among the most
investigated materials for adsorption-based DAC, offering
strong CO, affinity under ambient conditions, low-tempera-
ture regeneration, and competitive capture costs.'’ Recent
work shows that well-optimized temperature-vacuum swing
adsorption (TVSA) processes can surpass absorption-based
approaches in both energy efficiency and productivity.'* One
of the benchmark sorbents frequently considered in the litera-
ture is Lewatit VPOC 1065 (referred to in the text as “Lewatit”
for conciseness), a commercially available amine-functio-
nalized anion exchange resin (AER) with notable capture capacity
under DAC conditions. Structurally, it is a cross-linked polystyr-
ene-divinylbenzene polymer functionalized with benzylamine
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groups.” Veneman et al. (2015) were among the first to study
its CO, adsorption behavior, focusing on post-combustion
applications.'® Later, Sutanto et al. extended the analysis to
biogas upgrading.’® Bos et al. advanced this work by inves-
tigating intrinsic adsorption kinetics and expanding the
isotherm dataset across additional temperatures.'® The first
application of Lewatit VPOC 1065 to DAC was reported by
Young et al., who provided a comprehensive experimental
and modeling framework including both dry/wet isotherms
and TVSA process optimization.'” Subsequent studies further
refined the thermodynamic picture: Low et al. measured low-
pressure isotherms under DAC-relevant conditions, while
Shi et al. and Petersen et al. investigated adsorption kinetics
and performed breakthrough experiments for packed-bed
adsorption.'®2°

Assessing the feasibility and scalability of DAC requires
detailed TVSA process modeling to capture system behavior
under practical operating conditions.>* Yet, reliable simula-
tion remains challenging. In particular, several critical aspects
complicate the development of accurate models.

Adsorption isotherms often deviate from ideal behavior and
exhibit strong CO,-H,O co-adsorption effects, which are non-
trivial to capture with reported models in the literature. More-
over, thermodynamic data are often found with significant
variations and discrepancies between scientific articles, leading
to large variations in predicted energy requirements and
capture performance.>”

Heat transfer strongly influences regeneration efficiency and
is rarely modeled with sufficient detail, often using simple
models that neglect the radial contribution to heat transfer,
crucial in process configurations where desorption energy is
delivered to the bed radially through the walls. A similar
situation holds for auxiliary process equipment, such as
condensers and vacuum pumps, which can significantly
impact overall energy consumption.

Moreover, oxygen contamination limits impose strict
requirements on cycle design. In fact, oxygen control is not
only essential for downstream utilization to avoid compromis-
ing CO, transport infrastructure but also crucial to mitigate its
strong oxidative degradation effect on amine sorbents, parti-
cularly under high-temperature desorption conditions.>®
Despite their importance, the effect of oxygen specifications
on TVSA cycle performance has received virtually no attention
in the literature, leaving a critical gap in our understanding of
how purity constraints shape process operation and energy
efficiency.

This work addresses these gaps by developing a comprehen-
sive TVSA modeling framework that unifies detailed adsorption
thermodynamics for both dry and humid conditions, refined
heat-transfer descriptions accounting for wall-driven regenera-
tion, realistic treatment of auxiliary equipment, and explicit
oxygen-purity constraints. By systematically incorporating these
elements, we reveal how current simplifications in the litera-
ture may lead to misleading feasibility assessments and provide
a more robust picture of the true performance and scalability
potential of DAC systems.
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2 Thermodynamics

Adsorption isotherms are mathematical models used to
describe the equilibrium adsorption capacity as a function of
partial pressure and temperature.>® For the reference Lewatit
sorbent, a substantial amount of thermodynamic data is avail-
able in the literature, in publications published between 2015
and 2024. However, as shown in our previous work, a closer
examination highlights significant discrepancies and variabil-
ity among reported isotherms.>” Achieving the most accurate
possible description of adsorption thermodynamics is essential
for TVSA modeling, as even moderate deviations in the iso-
therm shape or capacity translate into large errors in predicted
energy consumption and process performance. For this reason,
two complementary strategies are pursued: fitting all available
data to capture the broadest possible description and filtering
the dataset to retain only consistent measurements in order to
obtain a more coherent and physically reliable fit.

2.1 Unary CO, isotherm

2.1.1 Data collection. The collection of all the available
isotherm data points can be found in Fig. 1. The experimental
dataset comprises a total of 638 data points, predominantly
originating from the study by Low et al. (324 points, 50.8% of
the total). The second largest contributor is the study by
Sutanto et al. with 81 points (12.7%), followed by the studies
by Petersen et al. (71 points, 11.1%), Shi et al. (57 points, 8.9%),
Young et al. (58 points, 9.1%), Veneman et al. (42 points, 6.6%),
and Bos et al. (5 points, 0.8%). Within the DAC-relevant
pressure window, the dataset remains imbalanced: most data
originate from the studies by Low and, to a lesser extent, Shi
and Petersen, while other sources contribute only marginally.
In addition, as highlighted in our recent analysis, the coverage
across temperatures is sparse and irregular, while deviations
between sources can be observed homogeneously among all
temperatures, particularly pronounced in the high CO, partial
pressure range.”?

2.1.2  Isotherm fitting. The most common model used to fit
unary CO, isotherm data is the temperature-dependent Toth
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Fig. 1 Experimental unary CO, adsorption isotherms reported in the
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literature, covering multiple temperatures and sources.
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model (eqn (1)). In this work, we adopted the Toth model as
a pragmatic and parsimonious reference model to describe
and summarize the joint literature datasets. Its simplicity
and widespread use in adsorption studies make it a suitable
baseline for comparing data across different sources, while
acknowledging that deviations may occur where experimental
uncertainties become more pronounced.

The full model involves seven parameters to be fitted from
experimental isotherm data: g, y, bo, AHY, 1o, 5, and T, where
q - is the maximum adsorption capacity, b, is the affinity at the
reference temperature Tp, and AHY is the isosteric heat of
adsorption at zero loading, while y, 1, and f are empirical
parameters.>* Typically, the reference temperature T, is fixed
a priori, while y is usually set to zero, enforcing that the
maximum number of adsorption sites in Lewatit does not
decrease with temperature. Thus, the actual number of para-
meters to be obtained by fitting reduces to five,

Qeq(P,T) = m(T) T (1a)
(14 (bryP)" )70
T

qm(T) = oo €XP |:7<1 - ?0>:| (1b)

AHY [Ty
bipy=b St 1

(1) oexp{RgﬂsT(T )} (1)
T

T(T) =710+ ﬁ(l — ?O) (1d)

However, when applied to the complete set of literature data,
the model does not provide a satisfactory description, as
illustrated in Fig. S1 (SI). As discussed in the study by Galanti
et al. (2025), the Toth model cannot simultaneously capture all
datasets with equal accuracy across the full pressure range,
reflecting both its intrinsic functional limitations and experi-
mental variability among sources.>” To ensure internal consis-
tency, we assessed the mutual coherence of each dataset rather
than its absolute agreement with the model:

e The measurements reported by Shi et al. contain points at
extremely low CO, partial pressures (0.01-0.1 mbar) which
display trends that differ from the other datasets, not only in
magnitude but also in shape (curvature) in log-p space. This
mismatch may reflect the intrinsic challenges of generating
reliable adsorption data under such dilute conditions, where
measurement uncertainty and noise are more pronounced.
Additionally, the Toth model might be unable to accurately
describe those points. In fact, as discussed in the study by
Galanti et al. (2025) and highlighted in Fig. S2 in the SI,
residual-vs.-fit plots show clustered negative residuals at low
loadings (model overestimation) and a curvature mismatch,
consistent with a structural limitation of the Toth functional
form. A revised analysis with additional details can be found
in the SI.

Following a model-independent perspective, between
0.1 and 10 mbar, the data from the study by Shi et al. deviate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from the rest. In fact, at 288 K (where only data from the studies
by Low and Shi are available), the data from the study by
Shi remarkably disagree with those from the study by Low,
and at 303 K, data also deviate from those from the study by
Petersen. However, data from the studies by Low and Young
closely agree at 298 K. Data from the studies by Petersen and
Low show a slight deviation at 343 K, while data from the
studies by Petersen and Young appear to deviate at 323 K. The
latter mismatch is likely due to measurement errors in the two
lowest-pressure points of Young’s dataset, as these align well
with the rest of the data at higher pressures. Given the 298 K
Low-Young cross-validation, the consistent agreement among
the remaining datasets, and acknowledging that including
anomalous data at ultra-low pressures would bias parameter
estimation and degrade the overall quality of the isotherm
model, the measurements from the study by Shi et al. were
removed from the dataset.

e In the higher-pressure region (10-1000 mbar), a similar
consistency check was performed. In this range, data from
from the study by Low et al. begin to systematically deviate
from the other datasets, underestimating the loading across
the entire interval, as highlighted in Fig. S3 in the SIL
In contrast, the remaining datasets, though not accurately
reproduced by the Toth model in absolute terms, exhibit
mutually consistent residual patterns, indicating that they
respond coherently within the model’s structural limitations.
The residual distribution analysis reported in the SI confirms
this observation: data from the study by Low show a statisti-
cally significant deviation from all other sources, whereas data
from the studies by Young, Sutanto, and Veneman display
comparable residual distributions within model uncertainty.
This indicates that the divergence originates from dataset-
specific bias rather than from a structural limitation of the
model. Consequently, the high-pressure subset from the study
by Low et al. was excluded, whereas their low-pressure data
were retained due to close cross-validation with data from
the study by Young et al. under overlapping conditions.
The detailed statistical comparison supporting this decision
is provided in the SI.

Given the significant scatter and inconsistencies across
published unary CO, isotherm datasets, directly adopting any
single literature source would inevitably introduce implicit bias
toward specific authors or measurement techniques. For this
reason, we curated the compiled database by prioritizing
mutual coherence between independent datasets, rather than
absolute agreement with any individual study. This procedure
results in a more internally consistent reference dataset, pro-
viding a bias-minimized and more representative ‘reference-
average’’ adsorption description. The fitting results of the Toth
model referring to the new curated dataset (‘“selected data’) are
presented in Fig. 2. A better general description is obtained
compared to the “all data” dataset, both qualitatively and
quantitatively, as shown in Table 1, where the root mean
squared error (RMSE) and mean absolute error (MAE) fitting
error metrics are presented (definitions are available in the SI)
(Table 2).

Energy Adv., 2026, 5, 273-289 | 275
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Fig. 2 Unary CO, adsorption isotherm Toth fit using selected data
sources.

Table 1 Comparison of error metrics obtained for the Toth isotherm fit
using the complete dataset and the selected dataset

Dataset RMSE (mmol g™ *) MAE (mmol g™ )
All data 0.1114 0.0889
Selected data 0.0881 0.0671

Table 2 Optimized parameters of the Toth isotherm model for the
selected dataset

Parameter Value Unit

Gsato 4.078 mmol g*l
by 307.59 mbar~
AH, 104935 J mol*
70 0.222 —

o 0.548 —

2.2 Unary H,O isotherm

2.2.1 Data collection. H,O isotherm data points for the
Lewatit sorbent were gathered from three main sources: from
the studies by Low et al., Young et al., and Wilkins et al., and
can be seen in Fig. 3. While the data from the studies by Low
and Young refer to humid air in the 15-70 °C range, the
measurements reported by Wilkins et al.>® correspond to pure
steam at 110 °C. Because steam-phase isotherms for this
sorbent had not been reported prior to Wilkins et al., assem-
bling a dataset that spans both humid air and steam provides a
more complete basis for model development, enabling a more
reliable and accurate description of H,O adsorption across the
operating conditions.

In total, 260 points were collected (180 adsorption and 80
desorption). For adsorption, the study by Low contributes 115
points (63.9%), Young 60 (33.3%), and Wilkins 5 (2.8%); for
desorption, from the study by Low contributes 60 points (75.0%),
Young 12 (15.0%), and Wilkins 8 (10.0%). The only temperature
at which multiple authors shared measurements is 25 °C, also
providing a good correspondence between the sources.

As first reported by Veneman et al, H,O adsorption on
Lewatit is a strong function of relative humidity, with a weaker
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Fig. 3 Unary H,O adsorption isotherms, covering multiple temperatures
and sources.

dependence on temperature.'* Moreover, the system is char-
acterized by a pronounced hysteresis behavior, highlighted in
Fig. S4 of the SIL

2.2.2 Isotherm fitting. The water adsorption onto the
Lewatit sorbent follows closely a type III isotherm behavior
following the IUPAC classification, characterized by multi-layer
adsorption.?® One of the most common models used to predict
these types of systems is the Guggenheim-Anderson-de Boer
model, an extension of the BET isotherm valid for high relative
humidity values. The sets of equations in the Anderson deriva-
tion form are shown in eqn (2),""*"*®

k(T)e(T)x

9ea, T) = I T 0 + () = DR %Y
K(T) = exp (E279(T])Qg; 1T510+(T)) (2b)

(,(T) —exp (El (T)R_gaSE,]l—,OJr(T)) (ZC)

E\(T) = C — exp(DT) (2d)

E, o(T) = F+ GT (2e)

Ey0.(T) = 57220 — 44.38T (2f)

where ¢y, is the monolayer maximum loading, k and c are
the temperature-dependent affinity parameters, and x is the
relative humidity.

The energy terms appearing in the affinity parameters refer
to the adsorption energy difference between the different
formed multilayers. In particular, E; refers to the first mono-
layer, and E, o refers to the adsorption heat from the 2nd to
oth layer, while E;,. refers to the energy associated after the
10th layer, which can be assumed to be equal to the heat of
condensation. Following the observations of Young et al., the
different energy terms were modeled using the empirical
expression provided by the author (eqn (2d)-(2f)). Therefore,
the adopted GAB model requires five parameters to be fitted
with the experimental data: ¢, C, D, F, and G.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Finally, for an accurate estimation of water saturation pres-
sure and following the approach of Wilkins et al., we employed
the IAPWS 1995 Equation of State, as recommended by
NIST:*>?°

PS'Klt TC
ln(P ) :—(/311’+[32V1'5 + B3 + By’ +/35V4+/36V7‘5>7

) T
(3)

where T, and P, refer to the H,O critical temperature
and pressure (647 K and 220.64 bar, respectively), while v is
defined as 1 — T/T., and the regression coefficients are f; =
—7.85951783, B, = 1.8440825, f; = —11.7866497, B, =
22.6807411, fi5 = —15.9618719, and ffs = 1.80122502.

As already discussed, a pronounced hysteresis behavior is
observed for H,O isotherms on Lewatit. However, Fig. S4 clearly
shows that the degree of hysteresis decreases with increasing
temperature. A typical TVSA process operates with adsorption
at low temperature and desorption at higher temperature.
Therefore, while the adsorption branch correctly represents
the loading behavior under adsorption conditions, during
desorption, the difference between the two branches becomes
very small. For these reasons, and considering that explicit
hysteresis models would add considerable complexity without
significantly improving predictive capability for overall cycle
performance, we therefore fitted the GAB model only to the
adsorption branch (Table 3).

2.3 Binary CO,-H,0 isotherm

Previous studies on amine functionalized adsorbents have
shown that the presence of H,O can enhance the adsorption
of CO,.**'73%3! This makes Lewatit and other amine functio-
nalized sorbents particularly advantageous for DAC, as water is
present in ambient air. The co-adsorption enhancement effect
has been shown to be stronger in the low partial pressure
region, which aligns well with the conditions for DAC. Con-
versely, it has been shown that CO, has little impact on H,O
adsorption, although this assumption might not be valid at
high relative humidity.

Young et al. and more recently Song et al. performed a co-
adsorption experiment via dynamic vapor sorption (DVS) at a
RH of 80% and observed an actual decrease in mass, suggesting
that the assumption that CO, does not influence water adsorp-
tion might not hold at high relative humidities. A change in the
adsorption mechanism has been observed in the presence of
water, yet the exact mechanism is unknown.

Table 3 Optimized overall parameters of the GAB isotherm model for
H,0O adsorption

Parameter Value Unit

qm 3.197 mmol g~*
c 46779.95 J mol ™!

D 0.023 K

F 56233.72 J mol™*

G 42.738 Jmol *K!

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3.1 Data collection. Following the approach presented in
the previous sections, motivated by the data scarcity on co-
adsorption isotherms, binary adsorption data were collected
from five published sources. As shown in Fig. S6, 53.8% of the
data originated from two papers by Young et al. and Piscina
et al. using the DVS method.'”?? The data from the study by
Piscina et al. duplicated Young’s results, except for the points at
RH 80%. However, these points were not included during the
analysis due to their inconsistencies compared to other similar
data; details can be found in the SI. The data from the studies
by Chimani and Veneman via the breakthrough curve method
(BT) make up 17% and 9% of the total dataset, respectively."**°
In conclusion, the co-adsorption dataset is unevenly distributed
across the studies by different authors, as the majority of the
data points were provided by two collaborating studies. This
hinders the evaluation of the reliability of the data, as similar
conditions are rarely repeated by different authors.

An overview of the collected data is found in Fig. S5 (SI),
where isotherm points were binned in pressure intervals for
visualization purposes only. Overall, the cured dataset confirms
the positive effect of humidity on CO, adsorption onto the
sorbent, highlighted by the presence of the dry condition
reference. Points from different authors predict similar trends,
especially in the 40 Pascal bin. Conversely, as reported in the
studies by Young et al. and Piscina et al., in the high pressure
bins, the effect of humidity seems to hinder CO, adsorption at
high relative humidity values. At 55% RH, the relative change
becomes marginal or even negative, which may be attributed to
pore blocking effects or to measurement inaccuracies arising
from the high water content."” Although the authors stated that
the experiments were repeated, kinetic effects might have
played a role where the equilibrium loading was not fully
reached. Although not explicitly reported in the literature,
experiments currently ongoing in our group reveal a noticeable
tailing in the CO, uptake curves, suggesting a remarkably
prolonged equilibration period. A similar trend can be dis-
cerned upon close inspection of published uptake data.

2.3.2 Isotherm fitting. In this work, the co-adsorption
isotherm was modeled using the weighted average dual site
Toth (WADST) model first proposed by Young et al'’ The
model assumes the presence of two available types of adsorp-
tion sites: dry sites (without a water molecule) and wet sites
(with an available water molecule). The probability that a site is
occupied by water is described using an Arrhenius-like distri-
bution, analogous to a Maxwell-Boltzmann exponential form,"”

A A
qco, = <1 - qHzo)‘Idry(p, T)+e ™Oque(p, T) (4)

where gq,, refers to the Toth model fitted in Section 2.1.2, Gyt
represents the Toth model to be fitted, accounting for the
humid contribution of the model, and A refers to the prob-
ability distribution parameter.

The fitting results are reported in Fig. 4, where the model
accurately captures the dependency of CO, loading on relative
humidity. The fitted parameters are reported in Table 4.
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Fig. 4 Binary CO,—-H,O isotherms collected from different authors and measurement techniques. DVS refers to dynamic vapor sorption, and BT to

breakthrough experiments. Empty circles refer to the dry data point.

Table4 Optimized parameters of the WADST model for binary CO,-H,0
adsorption

Parameter Value Unit

Do wet 6780.19 —

AHy et 130526.77 J mol™*
TO,wet 0.1480 —_

Ohvet 0.2012 —

Gmwet 4.592 mmol g~*
Afact 0.2609 —

MAE 0.0881 mmol g *
RMSE 0.1201 mmol g~*
R? 0.9822 —

It is worth noting that several recent studies on DAC process
modeling have relied on the empirical modified Toth model
proposed by Stampi-Bombelli et al., hereafter referred to as the
SB model.**> This model has often been adopted in the
literature due to its simplicity and straightforward implemen-
tation. However, as shown in Fig. S7 (SI), the SB model provides
a poorer fit to the cured co-adsorption dataset compared to the
WADST model.

Beyond the isotherm fitting, a second and even more critical
limitation emerges at the process level. As discussed in Section
$1.6 (SI), in line with the observations of Young et al.,"” the SB
model predicts worse process performances than the dry case,
opposite to the expected enhancement effect brought by humid
air. This counterintuitive result originates from the fact that the
SB formulation cannot properly describe CO, desorption: a
significant fraction of CO, remains stored inside the adsorbent
but is not released and collected, as shown in Fig. S6. Impor-
tantly, this is not only a qualitative inconsistency but also
quantitatively relevant. In the full quantitative comparison
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reported in the SI, the SB model leads to a higher equivalent
work (4.08 — 4.91 MJ kgco, ') and to substantially reduced
productivity (38.6 — 31.5 kgco, per m® per day) and total yield
(58.0% — 38.5%) compared to the dry case (Table S1). As a
consequence, the SB model underestimates the cyclic working
capacity and collected CO,, while overestimating the internal
CO, loading during desorption.

Mechanistically, this behavior arises from the way the SB
model introduces the dependency of CO, loading on H,O.
Specifically, gco, is coupled to gu,o through the parameters
gm and b. Since water adsorption is described by the GAB
isotherm, gp o is almost independent of temperature. There-
fore, even at high temperatures where desorption should occur,
the GAB isotherm still predicts high water loadings. Through
the SB formulation, this translates into artificially high CO,
loadings during desorption, despite the fact that CO, uptake
should physically decrease. In practice, H,O enhances the
apparent CO, loading at desorption, leading to unrealistically
high internal storage inside the adsorber and ultimately to
degraded process performance.

For these reasons, the SB model may not be suitable for
reliable process simulations under humid conditions. In contrast,
the WADST model overcomes these limitations by providing a
more consistent description of both adsorption and desorption
behavior.

3 Detailed process modeling

In this work, we consider TVSA cycle design, which has become a
benchmark for DAC in industry and scientific research.'>'72%33738
TVSA is particularly suited for DAC because of the stringent
purity requirements and the harsh desorption conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Capturing ultra-diluted CO, from air demands strong adsorp-
tion, which inevitably increases the energy required during
desorption. A combined application of heat and vacuum there-
fore represents an effective regeneration strategy. In addition,
the inclusion of a blow-down step in TVSA enhances control
over CO, purity, as it enables purging of residual inert gases
from the bed.*®

3.1 Process configurations

A visual representation of the process configuration employed
in this work is shown in Fig. 5. Ambient air consisting of CO,,
H,0, N, and O, flows through a jacketed packed-bed adsorber
during the adsorption step (ADS). Then, during the blow-down
step (BD), pressure in the column is brought to vacuum
conditions using a vacuum pump at the outlet of the bed. This
step will purge the majority of N, and O,, controlling the purity
of the product stream. A pre-heating step (PH) via wall heating
is then required for two main reasons: (i) the gas displacement
will enforce the evacuation of any leftover inert in the column,
along with a portion of the adsorbed water and CO,, ensuring a
stricter control on product purity; (ii) for the cycle configuration
where steam is employed, the temperature of the bed must be
brought above the steam condensation temperature to avoid
the presence of liquid water inside the adsorbent bed. Two
modes of desorption (DES) will be considered: wall-heated
(WH) and steam-assisted (SA). In the wall-heated configuration,
heat will be delivered from the walls to the bed through the
heating jacket only. However, the effectiveness of this approach
might decrease when a bigger bed radius is considered, due to
reduced heat transfer to the bulk via inefficient packed-bed
conduction. Therefore, steam is employed to help the desorption

To atmosphere To atmosphere To atmosphere

ADS BD PH

A

Ambient air

View Article Online
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Table 5 Ambient operating conditions employed for the adsorption step

Parameter Value

CO, mole fraction, Yco, 400 ppm
Relative humidity, RH 50%
Ambient temperature, Tomp 25 °C
Ambient pressure, pamp 101325 Pa
Mole fraction ratio,*’ yo /yx, 20.94/78.08

phase not only by delivering latent heat of condensation directly
to the bed but also by favoring evacuation due to fluid displace-
ment. To enforce purity constraints, a condenser is placed
downstream of the bed to remove most of the water from the
product stream. This also reduces the load on the vacuum pump,
which has to handle a smaller gas volume, thereby lowering the
energy demand. Finally, pressure is brought back to ambient
conditions during the pressurization step (PS), where fresh air is
blown into the bed. The subsequent cycle can then start, with the
new adsorption step used as an active cooling step to bring back
the temperature to ambient conditions (Table 5).

3.2 Process simulation

3.2.1 Governing equations. The mathematical description
of the process is based on the conservation balances of the
individual species, the total mass, and the thermal energy of
both the adsorbent bed and its wall boundary, giving rise to a
system of eight PDEs.

The key assumptions of the model are listed below:

e The fluid behaves as an ideal gas;

e The flow is described by an axially dispersed plug-flow
regime;

e Gradients in the radial direction are neglected;

CO, storage
H,0 —_—
Key:
/\ |>< Packed Column
DES PS Blower/Fan

Vacuum Pump

Condenser

Steam Valve

Cooling Jacket

[[2Q0O®

)\ Heating Jacket

Steam Ambient air

Fig. 5 TVSA cycle process scheme used in this work. Cycle steps follow the order reported: adsorption (ADS), blow-down (BD), pre-heating (PH),
desorption (DES), and pressurization (PS). Depending on the steam valve position, the process can be operated in two modes: (i) steam-assisted-TVSA,
where steam is used to help the desorption step, and (i) wall-heated-TVSA, where only the heat jacket is used during desorption.
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e N, and O, are considered as non-adsorbing species;"®

e The densities, thermal conductivities, and axial gas dis-
persion coefficients are temperature-independent and constant
throughout the reactor;

e Instantaneous thermal equilibrium is established between
the fluid and the solid phase;

e The gas velocity field is obtained from a packed-bed
pressure-drop closure (Kozeny-Carman relation), where the
axial velocity is computed from the axial pressure gradient;

e The adsorption kinetics is described by the linear driving
force approximation (LDF).*'™*3

The resulting full set of non-dimensional governing equations
is given below:

on +y'(p'81 Tﬁr) N pv (T}'v
T 1 _p
.- Ly 5
v ( Pemvﬂ,) 5)
T 8x,-
_pflpads,ia
8x,-
57 = (x] = x:) (6)
op por o (P A 1 _p
L_ L7 — _71v- (L) =T = Ly
ot T ot v (TV) ;V PemvT}
?)
7”comp 6xl'
_T Sat)
; lpdds,z ot
af ap - - _ ” Hcomp axi
5~ P =~ el VT + QT — ; Vheari gy 9
+Qu(Ty —T)
0T

5= Qe V2T — QT — T) + Q2(T; - Ty)  (9)
. 4

Here, the overbar indicates non-dimensional variables
obtained using the reference values defined in Section S2.1 of
the SI, which also provides the definitions and descriptions of
all parameters used in the system.

3.2.2 Closure models. Additional constitutive relations are
required for the description of momentum, mass, and heat
transfer. These semi-empirical expressions, commonly referred
to as closure models, provide correlations for parameters such
as the pressure drop, axial dispersion coefficient, and heat
transfer coefficients. More information about the adopted
equations can be found in the SI. It is worth noting that, while
LDF kinetic coefficients are mechanistically expected to exhibit
the temperature dependence, quantitative correlations for
DAC-relevant solid amines under co-adsorption conditions
remain material- and regime-specific and are still an active
research topic. Recent studies (including work from our group)
have started to quantify temperature-dependent kinetics for
DAC sorbents.**** In the present study, we therefore adopt
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temperature-invariant LDF coefficients as a simplifying
assumption to limit parametric uncertainty and enable consis-
tent comparisons across configurations; incorporating vali-
dated temperature-dependent kinetics will be addressed in
future work.

Particular attention is given to radial heat transfer from the
heated wall to the packed-bed bulk, which governs regeneration
in the wall-heated configuration, where wall to bed heat trans-
fer becomes rate limiting as the bed radius increases. Rather
than using a constant internal heat transfer coefficient, we
adopted an overall 1D internal heat transfer coefficient Ui,
following the 2D — 1D reduction developed by Dixon et al., as
shown in eqn (10),"™**

Uy = 1+
Y \ Uy

where h,, is the internal convective heat transfer coefficient,
Araq 1S the effective radial conduction, Bi is the Biot number and
dy, is the bed internal diameter. This enhanced formula allows
us to better capture the shifting balance between wall convec-
tion (h,) and radial conduction (4..4) as a function of the bed
radius. The complete sets of definitions and equations required
for the heat transfer model are reported in the SI.

Following the approach of Ward et al, the downstream
condenser and vacuum pump were modeled as two equilibrium
separator stages in series, with O, and N, being incondensable
species. In their study, the optimal configuration was empiri-
cally identified as having the condenser upstream of the
vacuum pump, with the condenser removing most of the H,O
and the pump providing a final knockout upon discharge.
In addition to this separation-driven rationale, we highlight
that positioning the condenser before the vacuum pump
also yields a substantial energy advantage: by condensing water
vapor prior to evacuation, the gas load handled by the pump is
drastically reduced, thereby lowering its energy consumption.

3.2.3 Numerical implementation. The system of PDEs
described above, together with all the additional equations,
was solved numerically using an in-house finite-difference
solver based on the method of lines (MOL), implemented in
Python 3.12.2. The PDEs were first semi-discretized in the
spatial dimension and transformed into a set of ordinary
differential equations (ODEs) via finite-difference schemes
using the pymrm package developed in our group.*® Then,
the resulting ODE system was integrated with the open-source
SUNDIALS library (SUite of nonlinear and DIfferential/ALge-
braic equation solvers), using the CVODE module.*>*! The
solver was accessed using the Python interface provided by
scikit-SUNDAE.”> CVODE was used in stiff mode with the
backward differentiation formula (BDF), and convergence was
controlled with relative and absolute tolerances of 10~° and
10~%, respectively. To ensure numerical robustness in the
presence of the ppm-level O, and CO,, the governing equations
were implemented in a non-dimensional and normalized for-
mulation, such that each state variable is scaled to the [0,1]
interval. This improves conditioning and mitigates stiffness

. -1
d, Bi+ 3) (10)

64104 Bi+4
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that typically arises when simultaneously resolving major spe-
cies and ppm-level components. Finally, it is worth noting that
the oxygen specification is enforced on the integrated product
stream composition rather than on local point-wise concentra-
tions, which reduces sensitivity to local numerical noise.

Each step of the TVSA cycles was simulated using its own set
of boundary conditions, while the initial conditions were taken
from the previous simulated step. The full cycle is solved by
simulating each step sequentially until the cyclic-steady-state
(CSS) is reached. The CSS was defined as the condition in which
the relative difference between all eight simulated outlet pro-
files after the pressurization step and those of the previous
cycle was within 0.5%.

The model was validated against cyclic-steady-state (CSS)
outlet profiles reported by Young et al. (Fig. S9-S11 in the SI),
showing excellent agreement. In addition, an independent
validation was performed against experimental dynamic break-
through data for Lewatit®™ VPOC 1065, as reported by Petersen
et al. (Fig. S12 in the SI), confirming that the present column
model captures the dominant transient uptake dynamics under
different DAC-relevant conditions. Interestingly, the LDF mass-
transfer coefficient fitted from the Petersen dataset (kppr &~ 2 X
107 s7Y) is close to the value adopted in the main text based
on the study by Young et al. (kypr ~ 3 x 107° s7%), despite
the substantially different column geometries and operating
conditions. This consistency supports the transferability of
the kinetic parameter order of magnitude across different
experimental configurations and indicates that the model is
not overly dependent on case-specific parameter tuning. Full
details on boundary conditions, validation cases, and numer-
ical solver settings are provided in the SI.

3.3 Optimization framework

3.3.1 Key performance indicators. To assess the perfor-
mance and feasibility of the purity-constrained DAC process,
the trade-off between the energy input and the actual CO,
captured is investigated. For the latter, the productivity KPI
(kgco, m~° d ') was defined:

des
CO,

Vbed ! cycle

(11)

Ilco, =

des
where meo,

refers to the CO, mass obtained in the desorption
step after the condenser and the vacuum pump discharge, Vieq
is the adsorber bed volume and ¢ refers to the total cycle
time in the CSS. The energy contributions are divided into
electrical and thermal contributions. For each step, we defined
the specific electrical contribution as the combination of (i)

compression energy and (ii) vacuum pump energy. Therefore,

the total electrical energy consumption (M] kgcoz’l) is calcu-
lated as follows:
Nisteps
€comp,i T €vac,i
Ba=) =0 (12)

) mco,

The thermal energy requirement is partitioned into (i) heat-
ing the jacket, (ii) steam generation, and (iii) water condensation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in the downstream condenser. Unlike previous studies, we
explicitly model the condenser and include its heat-removal
duty in the energy use. This captures the non-negligible load
associated with condensing co-desorbed H,O, providing a more
realistic estimate of plant-level energy consumption (M]
Kgco, ):

sle s

hol %dck i+ {steam cold {cond 1
Z mdes ’ Q des ( 3)
CO, CO,

To obtain a unique representative metric of the process
energy requirement, we therefore expressed all thermal duties
in terms of equivalent work. While electrical and thermal
contributions can be evaluated separately, a direct summation
would be misleading because the two energy forms have
different qualities. In particular, thermal energy cannot be fully
converted into work, as limited by the second law of thermo-
dynamics. Following the approach of Danaci et al., the hot-side
thermal inputs were weighted by the Carnot efficiency and
corrected with a turbine effectiveness, while the cold-side
condenser duty was converted into an equivalent electrical

demand through a COP-based refrigeration model:**

Tt I Teond Id
W — E 1 hot CO!
eq el T Meurb < TH) th T Mrefr (TL ~ Teond th
(14)

where the terms Ty and 77, represent the desorption and ambi-
ent temperatures, respectively, while T.,nq denotes the conden-
ser operating temperature. A turbine effectiveness of #uyp =
0.75 and a refrigeration effectiveness of #,.¢ = 0.5 were selected
to remain consistent with commonly adopted DAC-TVSA
benchmarking practice. Using alternative values from the lit-
erature would mostly translate the absolute W, axis but would
not alter the relative ranking and qualitative conclusions. The
evaluation of each individual energy term can be found in
the SI.

Finally, the purity of the product stream after the vacuum
discharge was evaluated. As a reference target, we adopted the
specifications of the ARAMIS project in the Netherlands, which
aims to develop the infrastructure for CO, transport and
storage.”®> The provided specifications led to the definition
of two purities KPIs: (i) CO,-based purity (>95 mol%) and
(ii) O,-based content (<40 ppm mol).

mco
Puco, = Z 15
co, = S e (15)
i
des
no,
¢02 = aneb (16)
1

where the i index refers to CO,, H,0, O, and N, species.

3.3.2 Multi-objective optimization. Process performance in
TVSA is governed by the choice of operating conditions at the
cycle level, from step durations to feed velocities, etc. To explore
how operating conditions affect capture, energy use, and
product composition, we optimized the cycle timings, setpoints,
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and inlet velocities within physically and operatively meaningful
bounds. Let the decision vector collect these variables as

— T 7
X= [tadsy theata tdes, Tde57 pvac» Vfeed) vsteam] € R 1]

where t,4s is the adsorption step duration, tpe, is the wall-
heating (preheating) duration, #4.s is the desorption step dura-
tion, Tges is the desorption temperature setpoint, py.. is the
absolute bed pressure targeted during the vacuum step, Veeeq is
the superficial velocity of the air feed during adsorption and
Vseeam 15 the superficial velocity of the regeneration steam
during steam-assisted desorption (set to zero when steam is
not used).

The bi-objective-constrained problem is then defined as

follows:

‘ Ll (X)] [—HCOZ(X)]

min  f(x) = = ; (17)
xee 2(x) Weq(x)

s.t. g1(x) = 0.95 — Puco (x) < 0, (18)
2:(x) = ¢o,(x) — 40 x 107° < 0, (19)
&%) = Teoad(x) — Tha(®) < 0, (20)
(i < x < wyy, i=1,...,7 (21)

with Q = {x € R”:/ < x < u}, where ¢ and u represent the lower
and upper bounds (see Table 6). Note that eqn (20) was added
to force the bed temperature (T,,) to be always greater than the
steam condensation temperature (Tsana'), at the given vacuum
pressure value.

Given the multi-objective nature of the problem, and the
expensive objective function evaluation, we solved (17)-(21)
using the constrained non-dominated sorting genetic algorithm
(NSGA-II), implemented in Python via the pymoo optimization
framework.”®>”

Each optimization run employed a population size of 250
over 250 generations. The genetic operators were configured
with simulated binary crossover (SBX) with a crossover prob-
ability of p. = 0.9 and a distribution index of 7. = 15, together
with polynomial mutation 7, = 20.°® Duplicate solutions
were eliminated at each generation to maintain population
diversity, while the initial population was sampled using the
latin hypercube sampling method.

Table 6 Bounds for the decision variables used in the MOO formulation

Variable Symbol Bounds Unit
Adsorption time tads 1800-36 000 s
Heating time theat 300-36 000 s
Desorption time tdes 300-36 000 s
Desorption temperature Tdes 363.15-373.15 K
Vacuum pressure Dvac 0.05-0.5 Bar
Feed velocity Veeed 0.001-1 mst
Steam velocity” Vsteam 0.001-1 ms*

“ Only active for steam-assisted desorption.
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4 Process modeling results

Unless explicitly specified, all the parameters used for the
process modeling are reported in the reference parameter set
available in Section S2.5 of the SI.

4.1 Literature benchmark

An overview of the optimization results is presented in Fig. 6,
where the obtained Pareto fronts were first benchmarked
against literature data on TVSA cycle optimizations for DAC. From
the study by Balasubramaniam et al., four amine-functionalized
sorbents were considered: TRI-PE-MCM-41 (TMCM-41), SI-
AEATPMS (TPMS), APDES-NFC-FD-S (APDES), and NbOFFIVE-
1-Ni (NDOFFIVE).>® From the study by Ward et al, both the
APDES Pareto front and the estimated operative region of
Climeworks were included.**

In Fig. 6a, both wall-heated and steam-assisted configura-
tions are compared against literature steam-heated cases.
Notably, the APDES values from the study by Ward et al. appear
significantly lower than the corresponding APDES values from
the study by Balasubramaniam, even though both studies
employed the same LDF kinetic constant. This discrepancy
may arise from differences in the adsorber aspect ratio (bed
height to diameter, 1/16 in the study by Ward versus 1/4 in the
study by Balasubramaniam) or from slight variations in the
isotherm model parameters adopted.

Two main details emerge from Fig. 6a. (i) At the reference
aspect ratio (Hpea/Dpea = 1/16), the wall-heated configura-
tion exhibits an extremely narrow productivity window.
This constraint arises from the thermal bottleneck imposed
by wall-to-bed heat transfer, which limits the system’s ability to
supply heat efficiently and leads to a steep rise in equivalent
work as productivity increases. (ii) In the steam-assisted
configuration, the feasible productivity range expands signifi-
cantly, at the cost of additional steam generation and conden-
sation duty. This performance gap originates in the desorption
step, where in the wall-heated configuration, desorption
remains bottlenecked by slow radial heat transfer, whereas in
the steam-assisted configuration, the injection of steam removes
this limitation by delivering heat volumetrically through con-
densation while simultaneously purging CO,. This is confirmed
by examining the optimized decision variable boxplots, shown
in Fig. S13 and S14 in the SI. In the wall-heated case, the
desorption time t4.s consistently saturates at its upper bound,
indicating that the maximum allowed desorption duration is
required to overcome the radial heat transfer limitation. In
contrast, in the steam-assisted case, the distribution of #4
collapses near the lower bound (around 5% of the normalized
range), confirming that steam injection enables significantly
faster desorption.

Remarkably, despite the additional energy term for the
condenser and the stricter O,-based purity constraint, the
optimizer finds sets of operational parameters (steam flow,
Tqes, and vacuum depth) such that the Pareto front results are
within literature ranges. Part of this robustness is also material-
driven: the Lewatit sorbent exhibits high working capacity at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Pareto front analysis. (a) Comparison of wall-heated and steam-assisted configurations with literature data. (b) Effect of including (complete)
and excluding (incomplete) condenser duty and O, content constraint on the steam-assisted configuration, benchmarked against literature data.

DAC partial pressures with favorable kinetics, which helps
maintain competitive Weq at a given productivity.

The material-driven advantage is further highlighted in
Fig. 6b, which shows results obtained without accounting
for the condenser energy penalty and O, content constraint
(incomplete case), thereby allowing a more direct comparison
with literature data. The isolated impact of enforcing the O,
specification alone is reported separately in the SI (Fig. S16).
The Lewatit Pareto fronts display a significantly more favorable
energy-productivity trade-off, approaching the values predicted
by Ward et al. and the Climeworks operational range. This
reflects both the higher intrinsic working capacity of Lewatit at
DAC-relevant partial pressures and its ability to sustain compe-
titive performance despite additional process constraints.

The remarkable difference between the incomplete and
complete cases in Fig. 6b can be rationalized by analyzing the
decision variable distributions shown in the SI. Comparing
the boxplots of the (SA) complete case (Fig. S14) with those of
the (SA) incomplete case (Fig. S15) shows that the largest shifts
occur in the pre-heating duration and the steam velocity, which
drive the observed performance difference. In the incomplete
case, significantly higher steam velocities are allowed, with a
broader distribution, since no energetic penalty is associated
with the condenser. This allows more aggressive steam use,
leading to deeper regeneration and, consequently, higher pro-
ductivities. Conversely, in the complete case, the steam velocity
distribution is much narrower, as larger steam flows directly
translate into higher condenser duties. A similar trend is
observed for the pre-heating time: in the incomplete case, it
remains relatively short, as the sole requirement is to heat the
bed above the steam condensation temperature to avoid liquid
water formation. In contrast, when the O, specification is
enforced, much longer pre-heating times are required to purge
residual N, and O,, resulting in longer cycles and reduced
productivities.

These shifts in decision variable distributions also explain
the progressively larger discrepancy between the complete and

© 2026 The Author(s). Published by the Royal Society of Chemistry

incomplete Pareto fronts. At low productivities, the impact of
longer pre-heating and restricted steam flow is relatively mod-
est, so the two formulations remain relatively close. However,
as productivity increases, the penalties associated with both
variables accumulate: the need for longer pre-heating increasingly
reduces the productivity, while the restriction on steam use limits
the extent of regeneration and adds condenser costs. Conse-
quently, the energy gap between the complete and incomplete
cases widens with productivity, ultimately leading to nearly a
two-fold difference at the upper end of the Pareto front.

4.2 Aspect ratio

In the previous section, the bed aspect ratio emerged as a
critical design parameter. At the reference value (Hped/Dped =
1/16), the bed is relatively flat, with a large diameter compared
to its height. This geometry accentuates radial heat-transfer
limitations, which become particularly severe during the pre-
heating step (for both wall-heated and steam-assisted config-
urations) and the desorption step (for wall-heated operation).
In both cases, the poor radial heat transfer imposed serious
challenges in meeting the O, specification, requiring prolonged
purging times regardless of whether steam was employed.
While steam injection can partly overcome heat-transfer limita-
tions during desorption, the pre-heating step remains inher-
ently inefficient due to the large radial distance. Increasing the
aspect ratio reduces the radial dimension and produces a more
slender cylindrical geometry, thereby alleviating this bottle-
neck. To evaluate whether wall-heated configurations can
regain competitiveness through aspect-ratio optimization
and to benchmark this against steam-assisted operation, a
dedicated parametric study was performed. The aspect ratios
investigated, along with the corresponding bed heights and
diameters, are summarized in Table 7.

4.2.1 Wall-heated configuration. As shown in Fig. 7a, as
the aspect ratio increases, the wall-heated configuration exhi-
bits clear performance trends. In line with the observations of
Ward et al., a shallow minimum in equivalent work is observed

Energy Adv,, 2026, 5, 273-289 | 283


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00336a

Open Access Article. Published on 26 januar 2026. Downloaded on 11.6.2026. 12.22.54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 7 Geometry of the adsorber for different aspect ratios © = Hpeq/Dped-
The bed volume is kept constant at .20 x 10~> m? (ref. 34)

T Diameter (m) Height (m)
1/16 0.290 0.018
1/8 0.230 0.029
1/4 0.183 0.046
1/2 0.145 0.072
1 0.115 0.115
4 0.072 0.290

for © = 1/8-1/2, although the effect is not dramatic. The impact
of 7 can be summarized in two main effects: (i) an expansion of
the productivity span and (ii) a reduction in equivalent work.
This decrease continues up to t = 1, while further increa-
sing the aspect ratio (e.g., T = 4) leads again to higher energy
requirements.

Beyond these general trends, an interesting observation is
that the Pareto points are not uniformly distributed but tend to
cluster around specific regions. This behavior is illustrated in
Fig. 8a, which depicts the distributions of productivity and
equivalent work within the Pareto front space using violin
plots. In this representation, the width of each “violin” corre-
sponds to the density of Pareto-optimal solutions: a pro-
nounced bulge therefore indicates a higher concentration of
solutions in that region of the trade-off. The red diamonds
mark the marginal modes, i.e. the most probable values along
each individual axis (productivity or work), while the yellow
stars denote the joint modes, identifying the most statistically
favored operating regimes when both objectives are considered
simultaneously. A clear trend emerges: as highlighted pre-
viously, equivalent work exhibits a minimum around 7 = 1/4,
while productivity steadily increases up to t = 1, after which it
plateaus. Fig. 8b further illustrates this by reporting the
extracted joint modes as a function of 7. These results show
that the choice of the optimal aspect ratio depends on the
design objective. If, for example, a maximum threshold of
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Weq = 10 M] kgco;l is imposed while aiming to maximize
productivity, then 7 = 1 is the most favorable geometry. Conversely,
if the priority is to minimize equivalent work regardless of produc-
tivity, then 7 = 1/4 represents the optimal configuration.

A further analysis of the operational variable distributions
explains the observed behaviors. In Section S4.1 of the SI, we
report the distributions of the optimized step durations again
via violin plots. Similar to the clustering patterns shown in
Fig. 8a and b, the violin plots of the step durations also display
distinct clusters, with the marginal modes highlighted in red,
emphasizing the underlying statistical trends. As shown in
Fig. S17, the adsorption time increases with the aspect ratio,
since flatter geometries allow for faster adsorption (the gas
interacts with more solid per unit bed length), while larger t
values require longer times for the bed to saturate for the
opposite reason. However, Fig. S18 and S19 show that both
the pre-heating time and the desorption time decrease with
increasing 7, due to the more favorable area-to-volume ratio
that enhances radial heat transfer. Overall, the combined effect
results in a net reduction of the total cycle time, as reported in
Fig. S20. Shorter cycles enable higher productivities, as less
time is lost during purging and fewer CO, losses occur.

On the other hand, the longer adsorption time required to
fill the bed affects the equivalent work in two ways: (i) higher
compression energy due to the prolonged adsorption step and
(i) higher compression energy associated with the increased
pressure drop. This behavior is confirmed by inspecting
Fig. S21-S24, which show the violin plots of the energy term
distributions. As shown, increasing 7 leads to higher compression
work, while the contributions from pre-heating, desorption, and
condenser duties (which account for the majority of the equiva-
lent work) decrease. The net result is the emergence of a
minimum in equivalent work, which directly reflects the trade-
off between pressure drop and heat-transfer efficiency in packed-
bed systems. From a design standpoint, this result implies that
the aspect ratio should not be selected solely to maximize

Equivalent Work [MJ/kgco,]

Steam-assisted, T=1/16
Steam-assisted, T=1/8
Steam-assisted, t=1/4
Steam-assisted, 1=1/2
Steam-assisted, =1
Steam-assisted, T=4

25 50 75 100 125 150 175
Productivity [kgco,/m>/day]

(b)

Fig. 7 Effect of the aspect ratio (t = Hped/Dpbed) ON the Pareto fronts of DAC adsorbers. (a) Wall-heated configuration for different t values. (b) Steam-

assisted configuration for different t values.
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Fig. 8 Clustering of Pareto-optimal solutions in the wall-heated configuration. (a) Violin plots of productivity distributions for different aspect ratios, with
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regimes.

productivity or solely to reduce thermal duties. The existence
of a shallow minimum therefore indicates that intermediate geo-
metries provide the most balanced compromise, whereas
extreme aspect ratios are dominated by a single limiting mecha-
nism (heat-transfer limitation at low = and hydraulic limitation
at high 7).

4.2.2 Steam-assisted configuration. As shown in Fig. 7b,
both productivity and energy cost domains are substantially
expanded compared to the wall-heated case, a direct conse-
quence of steam injection, reaching productivity values as high
as 180 kgco, m ° day ' while keeping the equivalent work
within 30 MJ kgcoz’l. As previously mentioned, by providing
heat volumetrically through condensation, steam enables rapid
and complete desorption, which not only shortens the required
desorption time but also increases the amount of CO, released
per cycle. This combination allows the process to reach much
higher productivities at a given energy cost, offering a degree of
flexibility that is unattainable with wall heating.

If we now focus on how the ranges vary with the bed aspect
ratio 7, the steam-assisted configuration does not show the
progressive expansion of the productivity window observed in

© 2026 The Author(s). Published by the Royal Society of Chemistry

the wall-heated case. Instead, for almost every 7, the productiv-
ity range already spans nearly the full extent of the plot (with
the exception of 7 = 1/2 and t = 4). This is even more
pronounced for the equivalent work, where the feasible range
nearly covers the entire vertical axis of the plot for all aspect
ratios, indicating that the steam-assisted configuration can
access the full spectrum of energy costs regardless of 7. The
only exception is t = 4, which behaves as an outlier. In other
words, the intrinsic flexibility of the steam-assisted system
delivers wide operative windows across all aspect ratios.
Unlike the wall-heated case, the distribution of Pareto-
optimal solutions is not clustered around a single point but
rather appears more homogeneously spread across the produc-
tivity-work space. As a result, marginal and joint mode analyses
cannot be meaningfully applied in this case to study the
observed trade-off given by the geometry. This behavior is
illustrated in Fig. S25 of the SI, where the violin plots appear
more smeared out instead of bulging around one dominant
value, reflecting a more uniform density of solutions. The
absence of strong clustering highlights that, once the radial
heat-transfer bottleneck is removed by steam injection, the
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performance becomes governed by a wider set of variable
combinations, leading to a smoother energy-productivity land-
scape across geometries.

Given these circumstances, namely, the homogeneous dis-
tribution of solutions and the wide operative windows, the
identification of optimal trends becomes more straightforward
than in the wall-heated configuration. From a visual inspection
of Fig. 7b, the most favorable trade-off between productivity
and equivalent work is achieved at t = 1/2. This optimal region
can be explained by analyzing the cycle step durations (see
Fig. S26), where a minimum in total cycle time is observed. This
minimum arises from a trade-off between the increased adsorp-
tion time and reduced the pre-heating time, as discussed
previously for the wall-heated configuration. A modest mini-
mum is also observed for the desorption time, further con-
tributing to the productivity maximum.

4.2.3 Configuration envelopes and discussion. In summary,
both configurations revealed the existence of an optimal bed
aspect ratio range under the present modeling assumptions,
arising from a trade-off between efficient heat transfer (most
strongly impacting the pre-heating step) and the penalties
associated with pressure drops. In the wall-heated case, this
balance defines a narrow operative window and limits desorption
performance. In contrast, steam injection fundamentally alters
the picture, removing the bottleneck during desorption and
effectively unlocking a new region of operation. To better
visualize the impact brought by enhancing the desorption step,
we computed the minimum-work envelopes for each mode
(wall-heated, steam-assisted) as a function of productivity. For
each mode and each productivity, we extracted the minimum of
equivalent work, defining a discrete lower envelope. The two
envelopes were then plotted together, as shown in Fig. 9.

Fig. 9a shows the global Pareto envelopes for wall-heated
and steam-assisted configurations, illustrating how steam
unlocks the extended operating region mostly by alleviating
the desorption bottleneck. A clearer breakdown of these
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advantages is presented in Fig. 9b. The red-shaded area iden-
tifies the energy premium region, where steam requires more
equivalent work than wall heating at the same productivity.
Conversely, the green-shaded area marks the energy savings
region, where steam injection reduces the equivalent work
compared to wall heating. Finally, the light-blue shaded area
indicates the newly accessible operating region, where only
steam-assisted operation can reach, thereby expanding the
productivity frontier beyond the limits imposed by wall heating
alone.

These findings underscore several key aspects. From our
DAC-TVSA cycle simulations, the most critical energy contribu-
tions arise from three sources: (i) the pressure drop across the
bed, (ii) the pre-heating energy required to purge nitrogen and
oxygen and to exceed the steam condensation temperature, and
(iii) the energy delivered during desorption, which must be
both rapid and cost-effective. With the aim of tackling the first
point and second point, our geometry study showed that these
bottlenecks can be mitigated by tailoring the adsorber design,
with an optimal region emerging between extremely flat beds
and conventional elongated packed beds. The development of
tailored geometries is essential for enabling large-scale DAC
deployment. Ideally, a DAC unit should combine three features:
(i) high sorbent loading, to maximize the amount of CO,
captured; (ii) large gas-bed contact areas, to ensure rapid
saturation and thus shorter cycle times; and (iii) low pressure
drops, to minimize the energy penalty for gas transport. Geo-
metry and heat transfer are inherently coupled when indirect
heating is applied, as in the case of wall-heated configurations.
Enhancing heat delivery to the bed would not only improve
purging efficiency during pre-heating but could also provide a
practical alternative to steam in the desorption step. In fact,
while steam injection has proven to be highly effective for
achieving rapid and efficient desorption, it poses significant
challenges in terms of both energy consumption and techno-
logical implementation. While commercial level productivity

40 —— Wall-heated min. work
Steam-assisted min. work
Energy premium

35 Energy savings
Productivity unlocked
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15
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Fig. 9 Minimum work envelopes as a function of productivity for wall-heated and steam-assisted configurations. (a) Global Pareto envelopes
highlighting the active mode at different productivity levels. (b) Mode comparison showing the regions of energy premium (red), energy savings (green),
and the new accessible operating window unlocked by steam-assisted desorption (light blue).
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regions were achieved, the associated energy cost was prohibi-
tively high, particularly when compared to the estimated oper-
ating range of Climeworks. This underlines the need to pursue
alternative heating strategies that are more economical yet as
effective as steam assisted requirement, to exploit the new
productivity region while reducing the current cost.

Conclusions and remarks

A comprehensive TVSA modeling framework was developed to
provide a more accurate representation of DAC-TVSA perfor-
mance, focusing on both wall-heated and steam-assisted design
configurations. The study was carried out using Lewatit VPOC
1065, a benchmark amine-functionalized sorbent widely adopted
in DAC research and industrial practice for its high CO, capture
capacity and its commercial availability. We offered a critical
assessment of literature benchmarks and introduced visualiza-
tion tools to highlight trade-offs and optimization opportunities,
ultimately pointing to strategies that could help close the gap
toward commercial DAC deployment.

First, the thermodynamics description was enhanced for
both unary and binary CO,-H,O isotherms. New datasets were
created by collecting all the available data in the literature,
followed by a data curation analysis where consistency between
sources was prioritized. The co-adsorption aspect, both yet not
fully understood and often oversimplified in the literature, was
tackled by using the WADST isotherm model on the newly
generated co-adsorption dataset. The WADST model was super-
ior with respect to the widely used Stampi-Bombelli model,
which posed serious issues when used in cyclic adsorption
process simulations, due to inabilities to accurately des-
cribe the desorption step, along with an inferior descriptive
performance.

The TVSA process model was developed with a particular
focus on accurately capturing aspects often oversimplified in
recent literature, such as radial heat transfer and the integra-
tion of downstream process equipment. On top of this detailed
framework, a multi-objective optimization strategy was imple-
mented to quantify the typical energy-productivity trade-offs of
DAC-TVSA cycles. A key novelty of this work is the explicit
enforcement of oxygen content constraints on the optimized
solutions, in line with commercial CO, transport specifications,
an aspect not previously addressed in the DAC modeling
literature.

The obtained optimized solutions were first benchmarked
against literature data, demonstrating that despite enforcing
stricter process constraints, optimized solutions remain com-
parable with previously reported ranges. This underlined the
robustness of the Lewatit sorbent and the optimization frame-
work. More importantly, results emphasized that neglecting
such constraints can lead to overly optimistic performance
estimates, reaching an equivalent work overestimation of
nearly 50% in the productivity ranges commercially covered.

The modeling effort allowed us to highlight the bottlenecks
of the two considered configurations. The wall-heated design

© 2026 The Author(s). Published by the Royal Society of Chemistry
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failed in reaching competitive productivity ranges, unlocked
when using steam to drive the desorption step, at the cost of
higher energy expenditure. However, the study revealed that
both design strategies were severely hindered by the efficiency
of the pre-heating step, which in our framework plays a critical
role in enforcing the O, content specification, emerging as a
major contributor to the overall process performance. In both
configurations, this step is significantly limited by the wall-to-
bed heat transfer resistance, ultimately becoming a dominant
bottleneck that strongly influences the attainable productivity
and equivalent work.

The impact of the aforementioned bottlenecks in both
configurations was further investigated by enhancing the indir-
ect wall heating through systematic variation of the adsorber
aspect ratio. Reducing the radial dimension increased the
available heat transfer surface area per unit volume, thereby
relaxing radial heat transfer resistances. The analysis revealed
the existence of an optimal aspect ratio region, arising from the
trade-off between improved heat transfer in flatter geometries
and the additional pressure drop incurred in longer beds.

However, the remarkable performance gap observed between
the two configurations, even at the optimal aspect ratio, demon-
strates that desorption efficiency ultimately governs overall
process performance. Steam injection proved to be decisive in
this regard, unlocking a productivity region that is fundamen-
tally unattainable with wall heating alone. This effect was further
illustrated by extracting the minimum work-productivity envel-
opes, which clearly expose the expanded operating domain
enabled by steam. Altogether, the results highlight the substan-
tial potential that can be realized by directly addressing the
critical bottlenecks of the DAC-TVSA process.

Ultimately, we believe that accelerating the economic feasi-
bility of large-scale DAC deployment requires not only the
development of more performant sorbents but also the intro-
duction of innovative design concepts. Recently, increasing
attention in the literature was gained by Joule-heating techno-
logies, as a promising alternative to conventional wall heating.
For instance, Verougstraete et al. reviewed the application of
electrothermal swing adsorption in structured adsorbents,
highlighting the potential of monoliths and fiber cloths to
achieve rapid and homogeneous heating with reduced energy
losses.>® In parallel, Lee et al. demonstrated sorbent-coated
carbon fibers capable of direct Joule heating, reaching
desorption temperatures within one minute and enabling
rapid regeneration with competitive projected costs.®® More-
over, newly efficient geometries are currently investigated and
proposed. For instance, recent works have explored triply
periodic minimal surface (TPMS) geometries as advanced
gas-solid contactors for DAC," as well as monolithic contac-
tors with helical channels designed to enhance gas mixing and
improve CO, transport.®

Such approaches could directly target the key bottlenecks
identified in this work, offering viable alternatives to conven-
tional pre-heating and desorption strategies while paving the
way toward achieving the performance required for a world-
wide deployment of DAC technologies.
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