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ABSTRACT: This study presents a comprehensive comparison between the packed bed and monolith contactor configurations for
direct air capture (DAC) via process modeling of a temperature-vacuum swing adsorption (TVSA) process. We investigate various
design parameters to optimize performance across different contactor geometries, including pellet size, monolith wall thickness,
active sorbent content in monoliths, and packed bed structure configurations, considering both a traditional long column (PB40) and
multiple shorter columns configured in parallel (PB5). Our parametric analysis assesses specific exergy consumption, sorbent, and
volume requirements across different operating conditions of a five-step TVSA cycle. For minimizing sorbent requirements, PB5 and
monoliths with over 80% sorbent loading were the best-performing contactor designs with overlapping performance in the low-
exergy region. Beyond this region, PB5 faced limitations in reducing sorbent requirements further and was constrained by a
maximum velocity at which it is sensible to operate without substantially increasing the exergy demand. In contrast, monoliths
decreased sorbent requirements with minimal exergy increase due to reduced mass transfer resistances and lower pressure drop
associated with their thin walls. The analysis of volume requirement-specific exergy Pareto fronts revealed that PB5 was less
competitive with this metric due to the requirements for additional void space in the contactor configuration. The study also
revealed that optimal sorbent loading for reducing volume requirements in monoliths differed from those minimizing sorbent usage,
with the most effective loading being below 100%. Thus, the optimal contactor design varies depending on the goals of minimizing
sorbent and volume requirements, and the choice and design of the contactor will depend on the relative costs of these factors.
Lastly, our findings challenge the assumption that higher velocities are always preferable for direct air capture, suggesting instead that
the operating velocity depends on the contactor configuration.

1. INTRODUCTION
In alignment with the 2015 Paris Agreement, global efforts to
limit warming to a 1.5 °C increase above preindustrial levels call
for substantial reductions in CO2 emissions.1 Although
decarbonizing mobility, households, industry, and power
generation is crucial, these measures are slow to implement
and incomplete, leaving residual emissions in so-called hard-to-
abate sectors that need to be addressed. Thus, negative emission
technologies (NETs) that allow for carbon dioxide removal
(CDR) from the atmosphere, such as afforestation, bioenergy
with carbon capture and storage, and direct air capture and
carbon storage, play a vital role. Direct air capture (DAC), a
technology that extracts CO2 directly from the atmosphere,

emerges as a promising CDR technology. Employing both solid
sorbents (adsorption) and liquid solvents (absorption), DAC
research and deployment are brought forward by both academia
and industry, with companies like Climeworks, Global Thermo-
stat, and Carbon Engineering leading the way. The lower energy
demand for sorbent regeneration in adsorption offers an
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advantage over absorption (with heats of desorption of ca. 40−
90 kJ/mol vs 200 kJ/mol in adsorption and absorption,
respectively2,3), yet DAC’s widespread adoption hinges on
resolving significant technical and economic challenges.
The low concentration of CO2 and the unavoidable humidity

in the air are two of the primary challenges associated with DAC.
As a result, a large portion of DAC research has centered around
developing materials with high CO2 capacity and selectivity over
N2 and O2,

4,5 evaluating sorbent stability4,6−8 and accurately
characterizing CO2−H2O coadsorption.9−13 Amine-function-
alized materials have emerged as promising sorbents, offering
high CO2 capacities even in dilute CO2 conditions, often
enhanced in humid environments.12,14,15 However, despite their
favorable thermodynamic properties, amine-functionalized
sorbents have been shown to exhibit kinetic limitations.11,16−20

Various studies have shown that external and internal diffusion
resistances in the gas phase are the limiting mechanisms defining
the adsorption kinetics,20−22 with their limitations increasing as
the feed concentration decreases.21,22 This is particularly
relevant in DAC, where a low CO2 concentration significantly
affects gas-phase mass transport, contributing to slow kinetics,
early breakthrough, and inefficient sorbent utilization. Exper-
imental characterization of mass transfer kinetics under
conditions relevant to DAC remains sparse despite its critical
importance.12,22,23 However, precise modeling of these
dynamics is essential, as evidenced by the significant impact
that the mass transfer coefficient, k, has on DAC performance
through cyclic temperature-vacuum swing adsorption calcu-
lations.24−26

Another major challenge associated with the dilute CO2
concentration in the feed is that large volumetric amounts of
air need to be processed to capture a significant amount of CO2.
Coupled with the desire to operate at high air velocities to
maintain short cycle times, this requirement might result in a
large pressure drop across the air−solid contactor, thus
increasing the energy demand of the blowers. Given that
pressure drop increases with longer beds, lower bed porosities,
and higher velocities,27,28 it is intuitive to reduce bed lengths or
to increase bed porosities to accommodate high air velocities.
Multiple new contactor designs have been proposed to achieve
the goal of reducing pressure drop while trying to maintain a
compact structure. These include thin-layered packed beds
arranged in compact geometries, such as radial bed con-
tactors,12,24−26,29−33 and structured sorbents like laminates34

and monoliths,2,21,23,30,31,35−40 which are compact and feature
high porosities. Monoliths have gained particular attention due
to their wide use in the catalyst industry and readiness at a
technical level. With their parallel channel configuration, they
have been shown not only to reduce pressure drop but also to
enhance mass transfer kinetics in point-source CO2 capture
applications,41−46 thereby also potentially addressing the kinetic
limitations inherent in DAC. Both packed bed and monolith
structures present distinct advantages and drawbacks for DAC
applications, each influenced by current technological and
commercial realities.28 Monoliths, although beneficial for their
lower pressure drops and higher mass transfer rates, are typically
constrained by lower sorbent loadings, while at the same time,
monoliths tailored for DAC are not readily commercially
available. On the other hand, packed beds exhibit a higher
pressure drop but benefit from high sorbent loadings and the
availability of commercially viable pelletized sorbents like
Lewatit VP OC 1065 for easier scalability.

The literature contains only a limited number of direct and
quantitative analyses comparing the packed bed and monolith
configurations. In the field of point-source CO2 capture, Rezaei
andWebley demonstrated that monoliths not only yield reduced
pressure drop and faster kinetics but also enhanced cyclic
productivity.41 In a further study, Rezaei et al. showed via
vacuum swing adsorption cycle modeling that longer cycle times
favor packed bed geometries while short cycle times favor
monolith geometries.47 These studies, however, were confined
to traditional packed bed column designs without considering
innovative configurations that may positively affect the pressure
drop. Additionally, they focused solely on point-source CO2
capture, which has distinct requirements and limitations
compared to direct air capture. To the best of our knowledge,
a direct and quantitative comparison of the packed bed against
monolith configurations, specifically within the context of DAC,
has not yet been done.
With the goal of performing a detailed comparison of packed

bed and monolith contactors in DAC-relevant conditions, in
previous works, we presented two novel adsorbents:22,48

triamine-functionalized γ-alumina pellets and triamine-function-
alized γ-alumina-coated mullite monoliths, with γ-alumina
comprising 6.9 wt % of the total monolith mass. We collected
CO2 isotherm data48 for these materials and conducted
breakthrough experiments at 400 ppm dry CO2, applying a 1D
adsorption model to estimate mass transfer coefficients, which
were validated against well-established literature correlations.22

The monolith exhibited larger mass transfer coefficients during
adsorption due to its lower CO2 adsorption capacity and smaller
sorbent size, notably the reduced wall thickness compared to the
pellet diameter (0.4 mm vs 3 mm). The sorbent size proved to
be a critical factor in our investigation, significantly affecting
both mass transfer and pressure drop. Although the monolith
demonstrated better performance during the adsorption step,
the analysis did not include desorption. This research aims to
provide a direct and novel comparative analysis of packed bed
and monolith contactor geometries in the context of direct air
capture via temperature-vacuum swing adsorption (TVSA)
cycle modeling. The active sorbent used, triamine-grafted γ-
alumina (referred to herein as TRI-al), has been selected based
on the collected experimental thermodynamic and kinetic data
from prior works.22 We explore several geometric characteristics
crucial to each contactor type as identified in the existing
literature. These include (1) the pellet diameter and monolith
wall thickness, (2) the active sorbent loading in monolith
contactors, and (3) the configuration of the packed beds,
exploring both a conventional column design and one that
decreases pressure drop. To evaluate and compare the
contactors under consideration, we perform an extensive
sensitivity analysis on the operating parameters of a five-step
TVSA DAC cycle, including feed velocity, adsorption step time,
and desorption step time, and compute sorbent, volume, and
energy demand.
While our study aims to advance the understanding of packed

bed and monolith configurations for DAC cycles, we acknowl-
edge that many aspects of DAC technology still require further
investigation. The approach adopted in this work is deliberately
grounded in the availability of characterized experimental data
for sorbents in both pellet and monolith forms, ensuring a
consistent comparison and aiming to minimize speculative
assumptions. This research aims to provide a solid framework
for evaluating packed bed and monolith systems based on
current knowledge and experimentally validated parameters.
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2. METHODOLOGY
2.1. Materials and Contactor Geometries. 2.1.1. Active

SorbentMaterial.The active sorbent material considered in this
study is triamine-grafted γ-alumina (TRI-al), which was
produced and experimentally characterized in prior works.22,48

Details on sorbent synthesis and properties are reported in the
Supporting Information (Section S1). Pure-component CO2
andN2 adsorption isotherms on TRI-al have been measured and
published in prior works, demonstrating negligible N2
adsorption and a favorable CO2 isotherm.22,48 A temperature-
dependent Toth model was found to be well-suited to estimate
CO2 adsorption on TRI-al (eqs (S1) to (S4)), and the fitted
Toth parameters and the heat of adsorption are provided in
Table S1.48 Mass transfer kinetics were characterized from
breakthrough experiments and were compared with literature
correlations that are further used in this study.22

2.1.2. Contactor Properties. This study employs two distinct
sorbent geometries: spherical pellets consisting entirely of TRI-
al and TRI-al-coated mullite honeycomb monoliths. Mullite is a
macroporous material that provides the support structure of the
monolith and adsorbs neither CO2 nor N2.

48 The TRI-al coat
forms small pockets within the mullite macropores,48 as shown
in Figure 1, rather than a homogeneous layer on the mullite wall

like in the case of other sorbent-coated monoliths.2,23 The
monolith features a square cross-section, i.e., 3.5 cm in width and
40 cm in length. For modeling purposes, the monolith is
represented as a cylindrical monolith with an equivalent cross-
sectional area (D = 4 cm) to have the same gas velocity.22 The
pellets are arranged in a cylindrical packed bed column,
measuring 4 cm in diameter and with different column lengths,
as discussed below. Details of the material and contactor
properties are provided in Table S2 for the packed bed and in
Table S3 for the monolith.

2.1.3. Geometric Characteristics. While the materials that
have been used and characterized in experiments consisted of
one pellet size and one type of monolith with a given amount of
TRI-al coating and a given wall thickness, in this work, we
expand upon the previous experimental analyses to include
additional geometric characteristics for two contactors whose
DAC performance can be evaluated via modeling. In particular,
we study the effect of (i) the sorbent size (pellet diameter or
monolith wall thickness), (ii) the amount of TRI-al coating on
the monolith, and (iii) the packed bed configuration. The
contactors and their geometric characteristics are reported in
Table 1 and illustrated in Figure 1.

Figure 1. Visual illustration of the geometries of the packed bed and monolith contactors used in this work, along with the representation of the varied
geometric characteristics: pellet size/wall thickness, packed bed configuration, and monolith TRI-al loading.

Table 1. Contactor Geometries Examined in this Study and Their Variation in Geometric Characteristics

acronym type sorbent size TRI-al content configuration

PB40 - PB5 packed bed dp = 1−5 mm ω = 1 single- and multicolumn
M10 - M100 monolith wwall = 0.25−1.8 mm ω = 0.1−1 single-column
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2.1.3.1. Sorbent Size. The sorbent size, specifically the pellet
diameter in packed beds and the wall thickness in monoliths, is
the characteristic length that impacts mass transfer rates and
pressure drops, as discussed quantitatively in Section 2.4.
Monolith contactors are generally designed with wall thick-
nesses that are thinner than the typical pellet diameters found in
packed beds; this decrease in characteristic diffusion length can
substantially influence separation performance.22,28,41 To
quantify these differences using a TVSA model, we explore the
effect of the characteristic length within the practical limits of
each contactor. For the packed bed, we vary the pellet diameter
within the feasible range of 1−5 mm to emulate industrially
relevant sorbents while fulfilling particle diameter-to-bed
diameter requirements (to avoid wall effects).49 For the
monoliths, we use a cell per square inch (CPSI) value of around
100, using a 14× 14 cell structure with an overall cell width ofw2
= 2.5 mm. Then, we vary the channel width w1 to achieve aspect
ratio values, w1/w2, in the range 0.3−0.9, with 0.3 representing a
very dense monolith with thick walls and narrow channels (wwall
= 1.8 mm) and 0.9 being a very porous monolith with thin walls
and broad channels (wwall = 0.25 mm). Here, the feasible lower
wall thickness limit was set to 0.25mm, which appears consistent
with other works on honeycomb monoliths.2,35,42

2.1.3.2. Monolith TRI-al Coating. The second geometric
characteristic concerns TRI-al loading in monoliths, denoted as
ω, defining the ratio of active sorbent mass to total monolith
mass, where the latter comprises both active sorbent (TRI-al)
and inert support material (mullite). The TRI-al loading affects
many aspects of a monolith, including its overall CO2 capacity,
the pore structure of the monolith walls, mass transfer kinetics,
and the parasitic heat losses associated with heating up the inert
support material during regeneration. We explore monoliths
consisting of a TRI-al coating, varying between 10 and 90 wt %
(ω = 0.1−0.9), on macroporous mullite substrates. Additionally,
we explore the hypothetical case of monoliths made entirely of
TRI-al (100 wt %, ω = 1), i.e., exploiting the maximum
adsorption capacity of the monolith structure.

2.1.3.3. Packed Bed Configuration. The third geometric
characteristic examined pertains to the packed bed config-
uration, whereby we explore two alternatives. The first is a
conventional packed bed column, measuring 40 cm in length
and 4 cm in diameter, identical to the dimensions of the
monolith column. The second configuration, inspired by
Climeworks’ patents33 and by the literature,25,29 involves using
the same amount of sorbent material in multiple shorter packed
beds arranged in parallel to alleviate pressure drop. We assume a
uniform flow distribution across the plate supporting the packed
beds, ensuring equivalent velocities for all packed beds. For this
configuration, we consider a contactor comprised of eight
packed beds measuring 4 cm in diameter and 5 cm in length (see
Figure 1). Unlike the single-column contactor, the total
contactor volume must accommodate the extra void space
necessary to realize this configuration. Here, we adopt a bed
volume-to-contactor volume ratio of ψ = 0.4, as proposed in the
literature,25 implying that the combined volume of the eight
packed bed columns occupies only 40% of the total contactor
volume. Optimizing such a parameter and assessing its impact
on separation performance is beyond the scope of this work.
Aspects pertinent to adsorptionmodeling, which vary with the

geometric characteristics under investigation, such as bed
density and porosities, are summarized in Tables S2 and S3 of
the Supporting Information. Throughout the remainder of this
work, all contactors under investigation will be referred to as CL

ω,

where C indicates the contactor type (PB or M for packed bed
and monolith, respectively), ω represents the weight percentage
of active sorbent comprising the total solid weight, and L
indicates the length. Given that all monoliths are 40 cm long and
the packed beds contain 100% active sorbent material, for the
sake of simplicity, they will be referred to simply as PBL and Mω

for the rest of this work.
2.2. Cycle Design. The TVSA cycle analyzed in this study

and shown in Figure 2 consists of five steps, namely, (1)

adsorption, (2) blowdown, (3) desorption, (4) cooling, and (5)
pressurization. During the adsorption step, air at TL = 25 °C is
blown through the column with a blower, regulated by a back
pressure regulator at the exit, and set at pH = 1 bar, thus
simulating ambient conditions. Our simulations are based on in-
house adsorbents with characterized single-component CO2
thermodynamic and kinetic properties. Due to the absence of
binary CO2−H2O adsorption data for these materials, we
conducted our simulations under the assumption of dry air. Due
to the inert nature of N2 and O2 on this material,22 dry air is
modeled as a binary mixture of 400 ppm of CO2 in 99.96% inert
gas. Thus, in the adsorption step, CO2 selectively adsorbs on the
sorbent and the CO2-lean air leaves the column. During the
blowdown step, the column inlet is closed, and the column is
evacuated to a vacuum pressure (pL) for desorption. The
discharged gas is released into the atmosphere, ensuring high
CO2 purity (>99%

50,51) in the product by expelling the majority
of the inert gas that is in the contactor voids at the end of
adsorption. The desorption step involves heating the column to
the desired regeneration temperature with the heat jacket while
under a vacuum, enabling a combined pressure- and temper-
ature-driven CO2 desorption. The gas leaving the column during
regeneration is collected in the product stream, which contains
extracted CO2 andmust, therefore, be of high purity. Desorption
is carried out at TH = 100 °C and pL = 10 mbar. While the
desorption temperature of 100 °C permits the use of low-grade
heat for heating, the vacuum pressure of 10 mbar remains
notably low for industrial applications. As CO2 is the only
species desorbing during regeneration, its molar fraction can
rapidly reach 1, with its partial pressure matching the vacuum
level. Thus it is necessary to choose a vacuum pressure that
allows operating with a positive value of the maximum cyclic
capacity, defined as the difference between the equilibrium CO2
loading under adsorption and desorption conditions. The
isolines of maximum cyclic capacity, plotted in Figure S1,
illustrate how the required regeneration pressure needs to be
well below 100 mbar for feed temperatures between 10 and 30

Figure 2. Five-step temperature-vacuum swing adsorption cycle used
for the packed bed and monolith simulations. A: adsorption, BD:
blowdown, D: desorption, C: cooling, and P: pressurization.
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°C. Thus, despite selecting a feed temperature of 25 °C for our
simulations or even lower, it is obviously not possible to increase
much regeneration pressures on TRI-al. After regeneration, the
column is sealed and cooled to at least 70 °C to prevent the
degradation of amines in the presence of oxygen.52 Cooling
times (tC) of 450 s for the packed bed configurations and 950 s
for the monolith configurations were sufficient to ensure that the
entire column temperature dropped to 70 °C or below in all
simulations. Finally, during the fifth process phase, the column is
pressurized to atmospheric pressure (pH) with air; then, the
column is ready to start the cycle once again. In Table 2, a
detailed overview of the fixed process parameters for each cycle
step, including the duration, pressures, and external jacket
temperatures, is provided.

2.3. Mathematical Model. The model used to simulate the
TVSA cycle is a first-principles model of a transient, one-
dimensional cylindrical column of length L, consisting of
material and energy balances involving the gas phase, the solid
phase, and the column wall. The material and energy balances
form a set of partial differential equations that are solved
iteratively until a cyclic steady state is reached. The following
assumptions are made:

• One-dimensional model in the axial direction with no
radial concentration, temperature, or velocity gradients.

• The solid and gas phases are in thermal equilibrium with
each other.

• The gas is described with the ideal gas law.
• The solid mass balance is written using the linear driving

force (LDF) model in the solid phase with a lumped
overall mass transfer coefficient k, which is kept constant
within each step of the cycle:

q
t

k q q( )= *
(1)

• Thermal conductivity in the axial direction is neglected.
• The heat capacities, the viscosity, the isosteric heat of

adsorption, and the heat transfer coefficients are constant.

The detailed set of partial differential equations correspond-
ing to the material and energy balances is reported in Table S4 of
the Supporting Information (eqs (S5) to (S11)). The equations
involved in the packed bed model and the monolith model differ
only in the momentum balance, which is described by the Ergun
equation for the packed bed and by the Hagen−Poiseuille
equation for the monolith, as to eqs (S10) and (S11),
respectively.
The CO2 adsorption equilibrium is modeled using the

temperature-dependent Toth isotherm, as given by eqs (S1)
to (S4), with the corresponding parameters reported in Table
S1. The presented model has been previously validated on a
variety of cycle designs and applications for packed bed
configurations.53−55 Recently, validation efforts have been
extended to include both packed bed and monolith contactor
geometries through fixed bed DAC experiments utilizing the
pellets and monolith sorbents described in Section S1.22 More
details on the model, its boundary conditions, and other
applications can be found in previous works.32,53

2.4. Transport Phenomena.To accurately characterize the
dynamics of each cycle step, we draw upon insights obtained
from prior fixed bed breakthrough experiments conducted on
both packed bed and monolith configurations with the materials
presented in Section S1.22 The model outlined in Table S4 was
used to estimate transport parameters on these contactors,
namely, the overall mass transfer coefficient, the axial dispersion
coefficient, and the heat transfer coefficients between column,
wall, and ambient surroundings. The values and correlations
used to compute axial dispersion and heat transfer are
summarized in Tables S2 and S3 and Table S5 (eqs (S12) to
(S23)), respectively, while the determination of the overall mass
transfer coefficient is discussed below.
The overall mass transfer coefficient, k, used in eq 1, is defined

considering three resistances in series, as follows56−59

k c u

k u

q

c k

q

c k

( , , geom.)

1
( , geom.)

1
(geom.)

1V V

f p s

1

=
*

+
*

+
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ (2)

where kf, kp, and ks are the film, gas pore, and solid mass transfer
coefficients, respectively. Note that the adsorbed-phase
concentration, qV, is expressed inmolmparticle

−3, thus considering
the volume occupied by sorbent and support, including its pores,
but excluding the interparticle voids. In prior works, the
estimation of individual mass transfer coefficients from break-
through experiments22 demonstrated close alignment with the
established literature correlations, summarized in Table S5.
Therefore, in the TVSA simulations presented in this study,
these correlations will be employed to estimate kf, kp, and ks for
both the packed bed and the monolith.
The expression presented in eq 2 represents an extension of

the Glueckauf approximation, which, in addition to its validity
for linear isothermal systems, has demonstrated reasonable
accuracy for nonlinear systems as well.22,53,60 The quantity qV* is
the adsorbed-phase concentration in equilibrium with the gas-
phase concentration c, and the ratio qV*/c accounts for the effect
of concentration on mass transfer in the case of nonlinear
adsorption isotherms (note that in the case of a linear isotherm,
this ratio coincides with the Henry’s constant). As to the term
qV*/c, often it has either been neglected in adsorption modeling
(when k is estimated from literature correlations) or it has been
assumed to be the same in all steps of the DAC cycle (when k is

Table 2. Process Conditions of the TVSA Cycles Analyzed in
This Work, Including Constant Parameters and Lower and
Upper Bounds of the Three Decision Variables: Adsorption
Step Time (tA), Adsorption Feed Flow Rate (ṅin), Desorption
Step Time (tD)

feed conditions

yCOd2
[−] 400 ppm

yair [−] 0.9996
Tin [K] 298
flow rate [mol s−1] 0.002−0.12

Column Conditions
pH [bar] 1
pL [bar] 0.01
TH [K] 373
TL [K] 298

Step Times
tA [s] 700−200,000
tBD [s] 50
tD [s] 1000−20,000
tC, monolith [s] 950
tC, packed bed [s] 450
tP [s] 50
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either estimated from literature correlations or breakthrough
experiments).2,12,24−26,32,37 However, qV*/c can significantly
affect the value of k as a consequence of the changes in the
gas-phase concentration throughout the cycle. This is especially
relevant in the case of DAC, where the very low CO2
concentration in the feed results in notably lower mass transfer
coefficients during adsorption compared to during desorption.61

To account for the variation of qV*/c throughout the cycle while
avoiding adding numerical complexities associated with
updating its value at each time step and each location in the
column during the simulation, qV*/c was determined for each of
the five steps of the cycle at the beginning of the step and
maintained constant during that step. For the adsorption and
pressurization steps, we used the equilibrium ratio at the feed
conditions qV,in* /cin, an approach often adopted in the
literature.56−58,62 However, we have not found in the literature
examples of the application of this approach to the blowdown,
desorption, and cooling steps. Therefore, for these steps, we
have decided to consider the CO2 concentration at the
temperature and pressure specified by the step’s boundary
conditions (TL or TH; pL or pH), assuming yCOd2

= 1, thus
pretending that CO2 is the only gas desorbing (see Section 2.2).
While the assumption that the gas phase contains only CO2
during the blowdown step is inaccurate as both CO2 and the
inert gas are removed from the interparticle voids, the step is so
fast that no significant desorption of CO2 from the solid phase
occurs; thus, a precise estimation of k is less critical in this stage.
2.5. Key Performance Indicators. The metrics chosen to

measure the performance of the DAC cycle in this study include
CO2 purity of the product stream, specific energy demand, and
sorbent and volume requirements.
The purity of the extracted CO2 is defined as follows

N

N N
CO

CO inert

2

2

=
+ (3)

where NCOd2
and Ninert are the total number of moles of CO2 and

inert gas in the product stream, respectively.
Sorbent and volume requirements enable comparisons among

DAC configurations that utilize different materials, contactors,
and cycle designs. They measure the required sorbent mass and
total volume to produce a specified amount of CO2 per unit time
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where mCOd2
= NCOd2

× MWCOd2
is the mass of CO2 in the product

stream, tcycle is the total cycle time,madsorbent is the total adsorbent
mass (including the mullite support in the case of TRI-al-coated
monoliths), Vbed is the total contactor volume. The two metrics
are related through Ŝ = ρbψV̂, where ρb is the bed density. Note
that these metrics are the inverses of the mass and volumetric
productivity metrics typically used in TVSAmodeling. Note also
that while the volume requirement is clearly a proxy for capital
costs (it is controlled by the volume of the vessels that contain
the adsorbent material), the sorbent requirement also
contributes to the operating costs when the lifetime of the
adsorbent is factored in (this is on the order of months to a few
years, whereas the plant itself has a lifetime of decades).

The specific energy demand is an indicator of the operating
costs of the DAC plant, accounting for both thermal (Q) and
electrical (W) energy requirements. To ensure a consistent and
fair comparison, these energy forms are expressed in terms of
specific exergy (Espec), which accounts for both energy quantity
and energy quality. Electricity is pure exergy, while thermal
energy needs to be converted to reflect its actual work potential.
The overall specific exergy is defined as
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where T0 is the ambient temperature and Treg is the temperature
of regeneration. The thermal energy demand required for the
TVSA cycle is determined by integrating the heat flow supplied
to the column via external heating, Q̇in, during the desorption
step
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The electrical energy demand is equal to the sum of the
blower and vacuum pump energy demand, the latter being
described as an isothermal compression
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where V̇ is the volumetric flow rate of gas fed to the column, ηfan
= 0.5 is the efficiency of the blower, and ṅ is themolar flow rate of
gas processed through the vacuum pump, which compresses the
gas from vacuum pressure pL to atmospheric pressure pH with an
efficiency of ηcomp = 0.3.32,63

2.6. Sensitivity Analysis. Among the various degrees of
freedom in designing cyclic adsorption processes, three
operating parameters have been identified as particularly
influential on the DAC TVSA cycles. These are (1) the duration
of the adsorption step, denoted as tA; (2) the molar flow rate of
air during adsorption, represented as ṅ; and (3) the duration of
the desorption step, tD. In DAC processes, where CO2 recovery
is not a stringent constraint, both the feed flow rate and the
duration of the adsorption step can be adjusted freely. Longer
adsorption times can increase cyclic capacities but might
increase sorbent/volume demand, whereas higher flow rates
can reduce this demand but potentially increase specific energy
demands. By varying these parameters, we can identify the range
of conditions that result in the trade-off that minimizes sorbent/
volume demand on the one hand and blower requirements on
the other hand. Flow rates that achieve superficial velocities of
up to 2.4 m s−1, at an average column pressure of 1 bar, have
been assessed. Additionally, variations in the desorption step
duration were examined to determine their effects on overall
cyclic capacity and the demands for heat and vacuum power. A
comprehensive parametric analysis of these decision variables
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was conducted to calculate sorbent and volume demand as well
as specific exergy requirements. The computed results yielded
feasible operating regions and associated Pareto fronts, which
represent optimal trade-offs between minimizing sorbent and
volume requirements on the one hand and minimizing specific
exergy requirements on the other. From the range of conditions
explored, the points along the Pareto front are such that no
singular set of decision variables improves the two KPIs
considered simultaneously. The ranges of the decision variables
for all simulations are summarized in Table 2.
2.7. Impact of Assumptions. In this work, we make three

assumptions that deserve being discussed: (1) H2O is not
included in the adsorption modeling; (2) TRI-al loadings in the
monolith range from 10 to 100 wt %; and (3) the regeneration
pressure is 10 mbar. These assumptions result from our decision
to use experimentally characterized thermodynamic and kinetic
adsorption data from TRI-al pellets and a TRI-al-coated
monolith (Section 2.1). Given that the objective of this research
is to compare TVSA cycle results between packed bed and
monolith contactor geometries, it is crucial to clarify how our
assumptions may influence the results.
The TRI-al pellets and TRI-al-coated monolith possess well-

characterized experimental thermodynamic and kinetic data for
single-component CO2 adsorption. However, CO2−H2O
coadsorption on these materials has not been characterized
yet. According to Young et al., inaccuracies in modeling binary
isotherms can lead to divergent TVSA outcomes.12 Rather than

introducing potential errors by inaccurately modeling water
adsorption, we opted to rely on the validated dry data available
for these materials and present results under dry conditions to
establish a baseline for comparing the different contactors.
Although this approach allows for an assessment of the
contactors’ geometric properties in terms of relative perform-
ance, we acknowledge that excluding water from our simulations
may have a significant limitation on the quantitative outcomes.
Achieving up to 100% TRI-al monoliths is yet unverified in

practice, but significant active sorbent loadings on monoliths
have been achieved in the literature, with direct extrusion and
postfunctionalization methods achieving up to 100 wt %.28,35,64

Industry patents suggest that 80 wt % γ-alumina washcoats are
achievable,65 while the potential to produce 100 wt % γ-alumina
monoliths has been demonstrated by Corning.35 Further
validation of triamine grafting on 100% γ-alumina monoliths is
necessary but beyond the scope of this study. In our research, we
explore monoliths with TRI-al loadings up to 100% in order to
determine whether they are even desirable.
Lastly, in selecting the vacuum pressure for regeneration, we

are confronted with two constraints. First, to ensure a positive
cyclic capacity of CO2 on TRI-al, we necessitate low
regeneration pressures (see Figure S1). On the other hand, we
need to be mindful of the industrial implications of working at
low pressures. Low regeneration pressures raise vacuum pump
energy demand, which we have incorporated into our results,
raising the costs of operation (OPEX). Moreover, low

Figure 3. Fundamental properties of packed bed and monolith contactors evaluated against pellet particle size and monolith wall thickness,
respectively: (a, b) CO2 equilibrium capacity at feed conditions (yin = 400 ppm, 25 °C, 1 bar); (c, d) mass transfer coefficient of the adsorption step;
and (e, f) pressure drops for an average velocity of 0.8 ms−1. The pressure drop across the entire column is given only for comparison. In the
simulations, the momentum balance was estimated within specific control volumes using the system of PDEs outlined in Table S4.
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regeneration pressures impact capital costs (CAPEX) because of
the requirement for advanced industrial vacuum pumps,
effective sealing techniques, and robust structural integrity of
the contactor module’s inlet. These considerations impact
equally all of the designs analyzed in this work and, therefore, not
the conclusions about their relative merits.

3. ANALYSIS OF CONTACTOR GEOMETRIC
CHARACTERISTICS

Figure 3 shows the influence of sorbent size (pellet diameter and
monolith wall thickness), TRI-al loading in monoliths, and
packed bed configuration on key metrics in adsorption. These
include CO2 adsorption capacity per unit contactor volume, the
adsorption mass transfer coefficient (kA), and the pressure drop
across the column during adsorption. This figure serves to
quantitatively assess the advantages and drawbacks of the two
structures.28 The CO2 capacity per contactor volume, qV,in* , is
computed as follows

q qV b,in in
* = *

(11)

where qin* = 0.42 mol kgTRI−al
−1 is the CO2 capacity per unit mass

of TRI-al at equilibrium at the feed conditions, ρb is the bed
density, ω is the TRI-al loading, and ψ is the bed-to-contactor
volume ratio. The volumetric CO2 capacity of PB5 is significantly
lower than that of PB40 due to the effect of ψ. In both
configurations, changes in pellet size barely alter the overall CO2
capacity due to minimal variation in bed porosity with dp (Figure
S3(a)). Instead, variations in wall thickness significantly alter the
overall bed porosity of the monolith (Figure S3(b)),
consequently affecting the total TRI-al content in the contactor
and resulting in a wide range of achievable CO2 capacities,
further amplified by the variation in the TRI-al loading. Overall,
despite the variability introduced by these factors, the range of
CO2 capacities achieved in monolith configurations is
comparable to that observed in packed beds.
The mass transfer coefficient during the adsorption step is

computed from eq 2 using the correlations presented in Table S5
considering an average feed velocity of us = 0.8 m s−1 (Figure
3(c,d)). The resulting breakdown of kA in terms of kf, kp, and ks is
shown in Figure S4(a,b) in the Supporting Information. In both
the packed bed and monolith configurations, decreasing the

sorbent size increases the mass transfer coefficients due to
shortened diffusion paths, as expected. Despite having lower
surface areas compared to pellet sorbents, we observe higher
mass transfer coefficients in monoliths compared to pellets. This
is primarily attributed to the significantly thinner wall
thicknesses achievable in monoliths, providing a distinct
advantage over pellets.28,41,47 In the monoliths, both the
variation in wwall and in TRI-al loading result in a trade-off
between the CO2 capacity and kinetics. Indeed, kinetics are
inversely proportional to the TRI-al loading, as influenced by the
qV,in* /cin factor in the computation of kA (see Figure S2).
The pressure drop across the contactor, as shown in Figure

3(e−f), is computed from eq (S10) for the packed bed and eq
(S11) for the monolith, considering an average bed velocity of us
= 0.8 m s−1. We observe a substantial decrease in pressure drop
levels in the PB5 configuration compared to those in the PB40
configuration, as expected. At this velocity, operation with the
PB5 configuration yields pressure drop levels similar to those of
the monoliths. However, the packed beds and the monoliths
exhibit contrasting trends: smaller pellets offer more resistance
to flow in packed beds, thereby increasing the pressure drop,
whereas thinner walls in monoliths lead to lower pressure drops
due to the larger channel width. Consequently, the observed
trade-off between pressure drop and kinetics given upon
variation in pellet size does not apply to monoliths, where
thinner walls simultaneously yield faster kinetics and a lower
pressure drop. However, the CO2 capacity is lower in monoliths
with thin walls. Indeed, determining the optimal contactor
configuration is nontrivial, as no single configuration simulta-
neously offers the highest CO2 loadings, fastest mass transfer,
and lowest pressure drop over the others. Several trade-offs have
been identified: (1) PB40 vs PB5: CO2 loading vs pressure drops,
(2) dp: kinetics vs pressure drops, (3) M10 vs M100: kinetics vs
CO2 loadings, and (4) wwall: kinetics and pressure drop vs CO2
loadings. While detailed TVSA modeling is essential for
determining the optimal contactor configuration and opera-
tional parameters of the DAC cycle, the observed trade-offs
provide a foundational basis for contactor design and enhance
our understanding of the TVSA modeling outcomes. Note that
we have chosen to fix the monoliths’ CPSI to 100 for this study,
though it can be varied as a parameter. To illustrate the influence
of CPSI on capacity, mass transfer, and pressure drop, Figure S5

Figure 4. TVSA results showing cyclic steady-state profiles for tA = 180,000 s, tD = 20,000 s, and n = 2 mmol s−1 (ca. 0.4 m s−1) for each cycle step. For
PB40, we compare 1mm pellets (solid line) vs 5mm pellets (dashed line), and forM100, we compare 0.3 mmmonolith walls (solid line) vs 1.8 mmwalls
(dashed line). Subfigures are divided into (a, b) CO2 loading at the column exit, (c, d) column temperature, and (e, f) pressure profiles at the column
exit.
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compares the effects of using 200 and 400 CPSI against 100
CPSI for the M100 monolith. The impact of varying CPSI on
cycle operation lies beyond the scope of this work but may be
explored in future studies.

4. TVSA RESULTS FOR PB40 AND M100

In this section, we present a comparative assessment of
contactors PB40 and M100, which have the same amount of
active phase and the same volume (5 cm diameter and 40 cm
length). The differences between these two contactors are
accounted for using the corresponding mathematical descrip-
tion of bed porosity (Tables S2 and S3), mass transfer
correlations (Table S5), and momentum balance (Table S4).
We analyzed these differences by analyzing the cyclic steady-
state profiles obtained in simulations at identical operating
conditions, the results of the sensitivity analysis, and the effect of
pellet size and monolith wall thickness on the DAC perform-
ance.
4.1. Cyclic Steady-State Profiles. The adsorbed-phase

concentration fronts (at the column exit), the column
temperature profiles, and the downstream pressure for both
PB40 and M100 are shown in Figure 4 for the smallest and largest
particle size for PB40 or wall thickness for M100. The operating
conditions are chosen to illustrate differences in column profiles
between the two contactors, though they are not yet optimized
in terms of our KPIs; the adsorption step time of 180,000 s

ensures full saturation in all cases, while the desorption step time
is set so as to exploit the maximum CO2 cyclic capacity.
The PB40 simulations using 1 and 5 mm pellets (Figure 4a)

attain similar saturation capacities, yet the smaller pellets exhibit
much faster adsorption kinetics due to faster pore diffusion.
During regeneration, the adsorbed-phase concentration profiles
of the two pellet sizes are very similar, as desorption is governed
by the rate of heat transfer to the column, which is the same in
the two cases (Figure 4c). This similarity stems from
comparable total sorbent mass and CO2 cyclic capacities in
the two cases, resulting in similar thermal energy requirements
for desorption (Table 3). However, the smaller pellets incur
higher electrical energy requirements due to increased pressure
drops.
The M100 monolith with thinner walls facilitates rapid mass

transfer yet substantially lower cyclic capacities relative to that
with thicker walls. Additionally, the monolith with 0.3 mm walls
exhibits reduced electrical and thermal energy demands due to
decreased pressure drops and less thermal mass during
regeneration. Nonetheless, the low cyclic capacity of this thin-
walled monolith results in higher specific thermal energy
requirements than the thick-walled monolith.
4.2. Pareto Fronts. The results of the sensitivity analysis on

tA, tD, and us for the PB40 contactor are shown in Figure 5a in the
exergy-sorbent requirement plane and in Figure 5b in the
exergy-volume-requirement plane. A Pareto optimum curve was
generated for each pellet size, represented by a color ranging

Table 3. TVSA Results in Terms of CO2 Cyclic Capacity, Heat, and Electrical Energy Demand for the Simulations Presented in
Figure 4

PB40 M100

units dp = 1 mm dp = 5 mm wwall = 0.3 mm wwall = 1.8 mm

ΔqCOd2
[mmol] 78 75 24 115

Q [MJ] 0.04 0.04 0.023 0.052
Qspec [MJ kg−1] 11.8 12 22 11.4
W [MJ] 0.7 0.06 0.006 0.33
Wspec [MJ kg−1] 195.4 17.1 5.9 65.9

Figure 5. Pareto sets obtained by varying tA, tD, and us on the TVSA cycle for PB40 with pellet sizes in the range of 1−5 mm (dark blue to light blue
lines), generated from simultaneously minimizing specific exergy and minimizing (a) sorbent requirements; or (b) volume requirements (design
variables in Figure S6). The hollow markers in red, blue, and black highlight points of the 1 mm and 5 mm Pareto curves, which correspond to feed
velocities of 0.72, 0.95, and 1.04 m/s, respectively. All points respect a minimum CO2 purity requirement in the product stream of 99%.
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from dark to light blue as dp increases. All points on these curves
meet a minimum CO2 purity constraint of 99%. The points
displayed in subfigures (a) and (b) are related by the expression
Ŝ = ρb(dp)ψV̂ for each pellet size, with the corresponding design
variables shown in Figure S6.
The convolution of the individual Pareto curves for each pellet

size forms the overall Pareto curve for PB40, shown by the solid
markers in Figure 5. Smaller pellets facilitate rapid cycling due to
faster mass transfer kinetics, which reduces sorbent and volume
use while leading to higher specific exergy requirements. Larger
pellets reduce specific exergy costs but increase the sorbent
demands necessary for achieving the targeted CO2 output.
Notably, there exists a critical minimum sorbent and volume
requirement for each pellet size, below which it is not possible to
operate. This minimum increases with pellet size as a result of
increasing mass transfer resistances with dp, which limit
adsorption rates and cap the maximum practical air velocity
for operation. Surpassing this operational velocity increases
specific exergy requirements to capture equivalent amounts of
CO2 without corresponding reductions in cycle times (Figure
S6).
Figure 6 depicts the CO2 loading profiles during adsorption

for the three highlighted points on the 1 and 5mmPareto fronts,

whose simulations yielded equal cycle times at three different
feed velocities. The adsorption rate of the 5 mm pellets is
minimally affected by changes in velocity, as mass transfer
kinetics govern the adsorption rate already at 0.72 m s−1; thus,
increasing velocity does not result in any additional
benefits.2,23,61 On the other hand, operating at the same three
velocities with 1 mm pellets increases cyclic capacity as us
increases due to reduced mass transfer kinetic limitations. Thus,
for 1 mm pellets, higher velocities inevitably increase exergy
demand but also decrease the contactor volume or the sorbent
mass needed for a desired CO2 production rate, in contrast to
the 5 mm pellets.
The exergy-sorbent requirements and exergy-volume require-

ments of Pareto fronts for all wall thicknesses considered for
M100 are shown in Figure 7 for a purity specification of 99%.
Similar to PB40, the two metrics on the horizontal axes are
related by the expression Ŝ = ρb(wwall)ψV̂ for each wall thickness,
and the corresponding design variables are shown in Figure S7.
The overall Pareto curve in Figure 7a is limited to wall

thicknesses between 0.3 and 0.8 mm. Thinner walls simulta-

neously improve the kinetics and pressure drop (Figure 3),
thereby reducing cycle times and specific exergy needs. Thus,
wall sizes above 0.8 mm are disadvantageous. The points on the
Pareto curve in Figure 7b, derived from the same simulations as
those in Figure 7a, do not show a consistent reduction in volume
requirements with a decrease in wwall within the specified
operating conditions. This reflects the trade-off between mass
transfer kinetics and volumetric CO2 capacity with varying wall
thickness, as observed with reference to Figure 3. Indeed, in
contrast to packed beds where the bed density is constant with
dp, bed density varies significantly with wwall (see Figure S3).
Thinner walls no longer result in the Pareto curve because, while
they may be beneficial for sorbent requirements, they yield bed
densities that are too low, thus not minimizing volume
requirements. As a result, the overall Pareto curve consists of
wall thicknesses between 0.5 and 1 mm.
The differences in the overall Pareto curves in Figure 7a and b

show that the choice of wall thickness depends on whether the
priority is to minimize sorbent material usage or to reduce the
spatial and material requirements of the vessel components.
These design decisions are ultimately determined by balancing
the cost of the sorbent with the cost of vessel components and
land use.

5. COMPARISON OF CONTACTORS
The overall Pareto curves obtained on all contactors considered,
including the two packed bed configurations and monoliths with
TRI-al loadings ranging from 30 to 100%, are shown in Figure 8.
The design variables yielding the Pareto curves in subfigures (a)
and (b) are the same for the two packed bed configurations but
differ for the monoliths due to the varying impact of design
variables and monolith wall thickness on the two sorbent and
volume requirement metrics, as discussed in Section 4.2. The
resulting design variables are shown in Figures S8 and S9 in the
Supporting Information.
For all configurations in Figure 8, long cycle times and low

feed velocities reduce specific exergy demand, and short cycle
times and high feed velocities decrease sorbent and volume
requirements (Figures S8 and S9). The relative position of the
monolith Pareto fronts in Figure 8a shows a consistent increase
in performance with rising TRI-al loading in terms of both
specific exergy and sorbent requirements. Although not shown
in the figure, simulations with TRI-al loadings of 80 and 90%
yielded Pareto curves that are indistinguishable from those of the
M100 monolith, suggesting that any loading above 80% exhibits
equally good performance. The comparison between the PB5
configuration and the standard configuration PB40 reveals that
PB5 achieves similar sorbent requirements with reduced exergy
demands. The best relative performance overall is observed for
the PB5 and the monoliths with high TRI-al loading, with similar
performance in the low-exergy region (4−7MJ kg−1 and 0.25−1
t/(kg h−1)). Beyond this region, M100 offers significant
advantages over PB5. First, it halves the sorbent requirements
achievable with PB5, which are limited by mass transfer
constraints that impede reductions in cycle times despite
increased velocities. This improvement is possible because
monolith structures utilize thinner wall thicknesses than the
smallest available pellet sizes, enhancing mass transfer kinetics
and allowing operations at higher velocities to reduce both cycle
times and sorbent requirements. This indicates that higher
velocities are not universally beneficial for direct air capture;
instead, the optimal velocity range depends on the specific
contactor configuration. Second, the reduction in sorbent

Figure 6. Effect of increasing feed velocity on the CO2 loading profiles
at z = L for 5 mm pellets (light blue) and 1 mm pellets (dark blue) on
Δq in the PB40 contactor. The simulations derive from the TVSAmodel
results taken from the Pareto curves in Figure 5 with tA = 13,450 s, tD =
4000 s for the points on the 5 mm Pareto curve and tA = 4450 s, tD =
5000 s for the points on the 1 mm Pareto curve.
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demand in M100 is achieved with only a minor increase in exergy
demand thanks to the dual benefits of thin walls, which not only
enhance kinetics but also reduce pressure drop. This is not the
case in packed beds where operating at higher velocities with
smaller pellets than those considered might further decrease
sorbent demands but at the cost of substantially increased exergy
demand due to elevated pressure drop levels.
The analysis of specific exergy demand and volume

requirements in Figure 8b demonstrates notable variations in
the relative performance of the different contactors compared to
those in Figure 8a. The substantial benefits associated with the
PB5 configuration relative to all other contactors become less
pronounced when considered in terms of the total contactor
volume. This reduction in effectiveness is due to the packed beds

occupying only ψ = 40% of the contactor volume, a necessary
but undesirable consequence of the use of thin beds in such a
configuration. The volume ratio that the packed beds occupy
may change if the angle between the plates that hold them is
lowered. However, such changes could alter the fluid dynamics
within the contactor, potentially leading to variable air flow rates
across different beds and challenging the assumption of uniform
velocity. Furthermore, to reduce volume requirements, it
becomes apparent that high TRI-al loadings do not consistently
enhance performance. Instead, there appears to be an optimal
loading below 100% that reduces volume requirements,
illustrating the fundamental trade-off between mass transfer
kinetics and volumetric CO2 capacity as shown in Section 3.
This result suggests that contrary to the findings for sorbent

Figure 7. Pareto sets obtained by varying adsorption step time, desorption step time, and feed velocity on the TVSA cycle for M100 with wall thickness
ranging from 0.3 to 1.8 mm (dark red to light red), expressed in terms of (a) sorbent-exergy demand and (b) contactor volume-exergy demand. The
design variables for subfigures (a) and (b) are the same and are shown in Figure S7. All points respect a minimum CO2 purity requirement in the
product stream of 99%.

Figure 8. Pareto optimal curves obtained from the sensitivity analysis for the monoliths with a TRI-al content of 10, 30, 50, 70, and 100% (M10, M30,
M50, M70, and M100, respectively) and for the packed bed of 40 and 5 cm in length (PB40 and PB5, respectively), considering all wall thicknesses and
pellet sizes. The Pareto curves result from minimizing specific exergy and minimizing (a) sorbent requirements or (b) volume requirements.
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requirements, the largest TRI-al loadings might not always be
ideal. With the relative differences observed in Figures 8a and b,
it is clear that the choice of contactor design will hinge on
balancing the costs of adsorbent materials and vessel
components within the overall capital expenditure.
The specific exergy breakdown for the points along the Pareto

curves in Figure 8b is shown in Figure 9. The exergy breakdown
includes the electrical energy demands for blower and vacuum
pump operation, the thermal energy required for CO2
desorption, and the parasitic thermal load, which encompasses
all additional heat demand during regeneration exceeding that
specifically needed for CO2 desorption. This includes energy
utilized to raise the temperature of the contactor walls, the
mullite support (where applicable), and the adsorbent to the

desired desorption temperature. For all contactors, the decrease
in volume requirements is mostly caused by an increase in
blower usage, which is particularly prominent in the packed bed
configurations. Additionally, the thermal energy demand largely
exceeds the minimum thermal energy requirements for CO2
desorption (in black). Specifically, the contactor wall’s sensible
heat contributes significantly to the heat demands; for packed
beds, it accounts for 50% of the required heat, and for monoliths,
it ranges from 50−70%. The large portion of column wall heat
demand highlights an opportunity for design optimization by
minimizing the wall-to-sorbent mass ratio, thereby reducing the
thermal parasitic load.37 As TRI-al loading diminishes and the
relative mass of mullite increases, the thermal significance of
mullite becomes apparent, thus highlighting a drawback caused

Figure 9. Breakdown of exergy demand for the Pareto fronts of Figure 8b, including the electrical energy (in blue) associated with the blowers and
vacuum pumps and the sensible heat (in red) of the column wall, mullite, and sorbent and the CO2 heat of desorption (in black).

Table 4. Comparison of PB5 and M100 with other DAC TVSA Modeling Works2,12,25,37,66

Qspec [MJ kg−1] Wspec [MJ kg−1] Espec [MJ kg−1] PV × 10−3 [kg m−3 h−1] refs

Packed Bed Contactors
Packed bed PB5 12.6−15.3 1.8−11.7 4.4−14.8 0.2−1.1
Young et al., mechanistic 8.8−9.3 0.8−1.2 2.5−2.7 2.6−3.3 12
Sabatino et al., E-A n/a n/a 2−12 0−1 25
Climeworks 11.9 2.52 4.9 0−1 25,66
Monolith Contactors
Monolith M100 13−26 1.5−3.1 4.1−8.3 0.2−1.5
Sinha et al., MIL-101(Cr)-PEI-800 9.7 0.8 n/a n/a 2
Sinha et al., mmen-Mg2(dobpdc) 4.5 0.7 n/a n/a 2
Sinha and Realff, MOF (generic) 1.9−19.3 0.1−3.8 n/a n/a 37
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by the inert support materials in structured contactors.36

Overall, monoliths primarily require thermal energy (60−
80%), while packed beds require mainly electrical energy (40−
99%), largely due to blower energy demand; this suggests that
different approaches may be needed in the various contactors
when coping with the corresponding energy demand.
To provide a broader context within the DAC literature and

possibly to understand the quantitative implications of our
assumptions (Section 2.7), we compare the energy requirements
and volumetric productivity (defined as the inverse of the
volume requirements, PV = V̂−1) of PB5 andM100 with the results
of similar TVSA modeling works. We additionally include
estimated data for Climeworks’ DAC plant in Hinwil, offering
insights into real-world packed bed configurations.66 The ranges
of specific heat, electricity, exergy, and cyclic productivity (when
available) are reported in Table 4. For PB5, we consider the
simulation yielding Espec = 15 MJ kg−1 as the upper limit due to
the operational insignificance of the Pareto segment above this
point. It is important to acknowledge that variations in sorbent
and contactor selection, cycle design, and model assumptions
distinguish each study.We outline the primary differences in our
comparison.
Both Young et al. and Sabatino et al. explored TVSA cycles

with packed bed geometries.12,25 Young et al. considered a thin
packed bed (L = 1 cm) with Lewatit VP OC 1065 as sorbent,
deriving kCO2 = 0.008 s−1 from breakthrough experiments.
Sabatino et al. evaluated the performance of multiple sorbents
sourced from DAC literature in a TVSA cycle using a multibed
packed bed configuration (5 cm length, 5 mm diameter) with ψ
= 0.4. We take their values for the E-A sorbent with k = 0.0001
s−1 for comparison. A critical difference in our study is the
absence of water, which in their models increased not only the
CO2 capacities but also the heat demand for H2O desorption,
accounting for 40−50% of total heat requirements in their
simulations. While we omitted water, we incorporated the
thermal mass of the column wall, a factor that accounts for
approximately 50% of our estimated heat requirements and that
was overlooked in these studies even though the heat was
provided externally. Estimating the thermal impact of water
desorption requires detailed data on the cyclic capacities of H2O
and CO2 under humid conditions; however, adjusting for these
factors suggests that substituting the wall thermal load with
water effects might yield comparable Qspec values to our current
estimates. Our exergy range and productivity values align closely
with those reported by Sabatino et al. and the estimates for
Climeworks’ Hinwil plant but are lower Young et al.’s estimates
due to their assumed ψ = 1 for productivity calculations.
The results of M100 are compared to two studies focusing on

metal−organic framework (MOF) sorbents coated on honey-
comb monoliths. Sinha et al. compared two MOFs on the same
monolith contactor geometry, employing a steam-assisted
TVSA cyclic process during regeneration but neglecting
humidity effects on adsorption.2 Our results reveal notably
higherWspec and Qspec compared to their findings, mainly due to
low regeneration pressures and sensible heat in the contactor
wall. Indeed, a positive aspect of steam condensation, as
considered in their work, is its potential to reduce or eliminate
the need for indirect heating and mitigate heat losses in the
contactor walls. Furthermore, it may act as a displacing agent
during desorption (thus enabling higher regeneration pres-
sures32), improve heat distribution for contactors with large
cross sections, and allow for shorter desorption times. However,
steam modeling necessitates accurate CO2−H2O binary

isotherms, particularly at elevated temperatures.12,67 Our
findings align more closely with the work by Sinha and Realff,37

who emphasized the thermal impacts of the contactor wall in
their sensitivity analysis, showing that higher contactor to
adsorbent mass ratios lead to increased Qspec and Wspec. While
there is better agreement concerning energy requirements with
the second work, the absence of productivity data precludes a
thorough comparison.

6. CONCLUSIONS
This study assessed the performance of packed bed and
monolith contactors for DAC processes, focusing on geometric
aspects of the contactors, such as sorbent size, TRI-al content,
and packed bed configurations. A five-step TVSA cycle was
designed, and a sensitivity analysis of its operating parameters
was conducted. Despite the limitations of this study (Section
2.7), the analysis of specific exergy demand, sorbent, and volume
requirements provided significant insights into each config-
uration’s advantages and operational feasibility.
In terms of packed bed configurations, PB5 outperformed

PB40 entirely and was competitive with monoliths with TRI-al
loadings above 80% when minimizing exergy against sorbent
requirements. However, the extra volumes required for its
multibed configuration resulted in larger volume needs, making
it less competitive compared to the other contactors examined.
Minimizing the sorbent requirements and the volume

requirements yielded different results in terms of monolith
design: thinner walls reduced sorbent needs but resulted in
lower bed densities, which were not advantageous for
minimizing volume. Overall, monolith performance improved
with increased TRI-al content, with marginal gains beyond 70 wt
%. This suggests that a maximum TRI-al loading is not
necessarily required.
Overall, the most significant improvement in monolith

performance over PB5 was not merely energy efficiency but
the achievement of faster cycles and, thus, lower overall sorbent
and volume requirements. This positive result stems from the
inherent advantages of monolith structures, which include the
ability to produce thin walls, effectively reducing the character-
istic length associated with mass transfer limitations and
pressure drop. Additionally, operating at maximum velocities
is not an optimal strategy; instead, the optimal operational feed
velocity is fundamentally limited by the design of the contactor
itself.
The decision regarding the choice, design, and operation of

the contactors ultimately depends on balancing relative cost-
limiting factors within overall costs. When the cost of adsorbent
material is significant, optimizing for sorbent usage becomes
crucial to minimize material consumption. When the cost of
vessel components dominates, the focus shifts to optimizing for
volume, aiming to reduce the spatial and material requirements
of the vessel components.
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■ NOTATION

Roman Symbols
A column cross-section [m2]
b0 Toth affinity coefficient at reference temperature

[kPa−1]
c gas-phase concentration [mol m−3]
dp pellet diameter [m]
dpore diameter of the γ-alumina pore [m]
D column diameter [m]
Dal effective diffusivity in the γ-alumina pockets [m2 s−1]
Dp effective diffusivity in the pellet pore [m2 s−1]
Dm molecular diffusion [m2 s−1]
Dmullite effective diffusivity in the mullite pores [m2 s−1]
Ds crystalline diffusivity [m2 s−1]
DL axial dispersion coefficient [m2 s−1]
hL heat transfer coefficient column wall [J m2− s−1 K−1]
hW heat transfer coefficient wall heat jacket [J m2− s−1 K−1]
k LDF overall mass transfer coefficient [s−1]
kf film mass transfer coefficient [s−1]
kf′ film mass transfer coefficient [m s−1]
kp pore mass transfer coefficient [s−1]
kp,al mass transfer coefficient in the γ-alumina pocket

mesopores [s−1]
kp,mullite mass transfer coefficient in the mullite macropores

[s−1]
ks solid mass transfer coefficient [s−1]
L column length [m]
M molecular weight [g mol−1]
ms sorbent mass [kg]
MWCO2

molecular weight of CO2 [g mol−1]
ṅ molar flow rate [mol s−1]
N total number of cells in the monolith [-]
ns0 Tothmaximum capacity at reference temperature [mol

kg−1]
p pressure [Pa]
pH atmospheric pressure [Pa]
pL vacuum pressure [Pa]
q mass-based adsorbed-phase concentration [mol kg−1]
qp volume-based adsorbed-phase concentration [= qρp]

[mol m−3]
q* solid loading at equilibrium with c [mol kg−1]

r1 internal hydraulic diameter of the square monolith
channel68 [= 2w1/π] [m]

r2 external hydraulic diameter of the square monolith
channel68 [= (4wwallw2/π + r12)0.5] [m]

ral radius of γ-alumina pockets [m]
rc crystalline radius [m]
rp pellet radius [m]
Re Reynolds number [=ρusdp/μ] [−]
Ŝ sorbent requirements [tadsorbent/(kgCOd2

h−1)]
Sc Schmidt number [=μ/(ρDm)] [−]
Sh Sherwood number [−]
t time [s]
T temperature [K]
t0 Toth exponent at reference temperature [-]
T0 reference temperature [K]
TH high temperature of external jacket [K]
TL low temperature of external jacket [K]
u interstitial velocity [= us/ε] [ms−1]
us superficial velocity [ms−1]
V̇ volumetric flow rate of the gas feed [m3 s−1]
V̂ volume requirements [mcontactor

3/(kgCOd2
h−1)]

W monolith width [m]
w1 monolith void channel width [m]
w2 monolith cell width [w2 = w1 + wwall] [m]
Wfan specific blower energy consumption [MJ mol−1]
wwall monolith wall thickness [m]
x dimensionless axial coordinate [= z/L] [−]
y CO2 molar fraction [−]
z axial coordinate [m]

Greek Symbols
α parameter of the Toth equation [−]
χ parameter of the Toth equation [−]
ΔH0 isosteric heat of adsorption [kJ mol−1]
Δp pressure drop across the column [Pa]
Δq cyclic capacity of CO2 [mol kg−1]
Δqmax maximum cyclic capacity of CO2 [mol kg−1]
ε bed void fraction [−]
εa TRI porosity [−]
εp pellet/wall void fraction [-]
ε* total void fraction [=ε + εp (1 − ε)] [−]
μ dynamic viscosity [Pa s]
ρ air density [kg m−3]
ρb bed density [kg mBED

−3]
ρp sorbent density [kg mSORBENT

−3]
ρs solid density [kg mSOLID

−3]
τal γ-alumina tortuosity [−]
τmullite mullite tortuosity [−]
ψ bed-to-contactor volume ratio [−]
ω TRI-al loading: active sorbent-to-total monolith mass

ratio [−]

Subscripts and Superscripts
in feed conditions

Acronyms
CDR carbon dioxide removal
CPSI cells per square inch
CSS cyclic steady state
DAC direct air capture
KPI key performance indicator
LDF linear driving force
MFC mass flow controler
NET negative emission technologies
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