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S1 Thermodynamics

S1.1 Dry CO2 complete dataset Toth fit

Figure S1: Toth fit for dry CO2 isotherm using all the data gathered from literature.

When all sources are considered, the fit is unsatisfactory due to inconsistencies across
datasets. Data reported by Shi et al. at ultra-low pressures (0.01mbar to 0.1mbar)
deviates strongly from other studies. At higher pressures, measurements by Low et al.
systematically underestimate the adsorption loading compared to other sources, whereas
Young et al. shows good agreement with the majority of datasets.

0.01–10 mbar As shown in Fig. S2, in the pressure region 0.01–1 mbar, the residuals
from Low, Young and Petersen are symmetrically distributed around zero with compa-
rable variance, indicating that both datasets are internally consistent and unbiased with
respect to the Toth model. In contrast, the measurements from Shi et al. exhibit a sys-
tematic negative bias, with residuals predominantly between −0.20 and −0.10 mmol g−1.
This consistent underestimation suggests that the discrepancy is not due to random scat-
ter but to a structural deviation between Shi’s data and the rest of the dataset. The
clustered negative residuals at low loadings and the mismatch in curvature imply that
either (i) the Toth functional form cannot reproduce the behavior under such dilute con-
ditions, or (ii) experimental uncertainties dominate in this pressure regime. To preserve
the internal consistency of the joint fit, data from Shi et al. were therefore excluded from
the fitting procedure.
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Figure S2: Residuals of the Toth model fit in the low-pressure region (0.01–10 mbar) for
different literature datasets. Each color and marker corresponds to a specific data source.
The red dotted lines denote the global ±2σ confidence bounds computed over all data.

10–1000 mbar As shown in Fig. S3, in the 10-1000 mbar pressure range, the residu-
als reveal a systematic divergence between Low and the other datasets. While Young,
Sutanto, and Veneman exhibit mutually coherent behavior (residuals that are predomi-
nantly near zero to slightly positive and broadly consistent with each other), Low displays
a persistent negative offset. If the mismatch arose solely from limitations of the Toth func-
tional form, a similar residual structure would be expected across all sources. The fact
that the deviation is localized in a single dataset points instead to dataset-specific bias.

To quantify the degree of consistency between sources, pairwise Kolmogorov–Smirnov
(KS) tests were performed on the residual distributions in the 10–1000 mbar range. The
KS statistic (D) measures the maximum distance between the cumulative distribution
functions (CDFs) of two samples: values close to zero indicate statistically indistinguish-
able distributions (datasets behave coherently within model uncertainty), whereas values
approaching one indicate complete distributional separation. The associated p-value rep-
resents the probability of observing a distance at least as large as D if the two samples
were drawn from the same underlying distribution. In practice, datasets are considered
statistically consistent when D < 0.3 and p > 0.05, while larger D and smaller p indicate
significant distributional differences.

The results show that Low differs strongly from each of Bos, Young, Sutanto, and
Veneman (D = 0.68–1.00, p < 10−3), confirming that its residual distribution is statisti-
cally distinct from all others. Conversely, Young vs. Sutanto (D = 0.2250, p = 0.1280),
Sutanto vs. Veneman (D = 0.1549, p = 0.4727), and Veneman vs. Young (D = 0.3299,
p = 0.0200) are broadly consistent with one another, matching their visual agreement in
Fig. S3. This combination of visual and statistical evidence supports the exclusion of the
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high-pressure subset from Low et al. to avoid biasing the global fit, while retaining Low
and Young in the low-pressure regime where they cross-validate each other.

Figure S3: Residuals of the Toth fit in the 10–1000 mbar pressure region, grouped by
data source. Each color and marker corresponds to a specific dataset, consistent with the
main text. The red dotted lines show the global ±2σ confidence band (computed from
all data). Residuals from Low systematically fall below zero, while Young, Sutanto, and
Veneman form a mutually coherent group within model uncertainty.

S1.2 Fitting metrics definition

Given a dataset of N experimental points with measured values qexpi and model-predicted
values qmod

i , the metrics are defined as follows:

RMSE =

√√√√ 1

N

N∑
i=1

(
qexpi − qmod

i

)2
(S1)

MAE =
1

N

N∑
i=1

∣∣qexpi − qmod
i

∣∣ (S2)

(S3)

where q̄exp denotes the mean of the experimental values.

• RMSE penalizes larger deviations more strongly than MAE due to the squaring of
residuals, scaled back to unit with root.

• MAE represents the average absolute deviation and is less sensitive to outliers.
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S1.3 H2O isotherm: data and fitting

Figure S4: Adsorption (blue) and desorption (orange) branches of the H2O isotherms on
Lewatit VPOC 1065. The red dashed lines refers to the GAB isotherm fit. The GAB
model was fitted only to the adsorption branches.
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S1.4 Binary CO2-H2O isotherm data

Figure S5: Collected and curated binary CO2-H2O isotherm data for Lewatit VPOC
1065, displayed in pressure bins for visualization. The dry reference is highlighted.

Figure S6: Author counts for co-adsorption data.
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S1.5 Stampi-Bombelli model fitting of co-adsorption dataset

Figure S7: Fit of the Stampi-Bombelli (SB) model to the curated co-adsorption dataset.
The SB model captures the general trend but shows poorer agreement.

S1.6 Stampi-Bombelli model comparison

Table S1: Key performance indicators comparing the base case (no co-adsorption) and
the Stampi-Bombelli (SB) co-adsorption model.

KPI No co-adsorption SB co-adsorption

Equivalent work [MJ/kg CO2] 4.076 4.905
Productivity [kgCO2/m

3/day] 38.55 31.45
Cyclic working capacity [mol/kg] 0.6724 0.5189
Total Yield [%] 57.99 38.50

We tested the SB co-adsorption implementation and compared it with the dry imple-
mentation as described in Sec.3 of the main text. The productivity and equivalent work
KPIs definition can be found in the main text. For this additional test, new performance
indicators were defined:

• Cyclic working capacity: difference between the sorbent loading at the end of ad-
sorption and after desorption, at cyclic steady state.

∆qwc = qads − qdes (S4)

• Total yield: fraction of the total amount of CO2 present in the adsorber at the end
of adsorption that is actually desorbed.

Y ieldtot =
∆mdes

CO2

mads
CO2

(S5)
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Figure S8: Stepwise mass balance for the Stampi-Bombelli (SB) model extracted from a
test simulation. For each cycle step, the mass change is shown in blue (positive values
correspond to adsorption, negative values to desorption), while the initial mass at the
beginning of the step is shown in gray.

As shown in Table S1, the SB model predicts systematically poorer performance across
all KPIs when co-adsorption is considered compared to the dry case. As highlighted
by Young et al. [1], this limitation is intrinsic to the SB formulation: the model does
not adequately describe CO2 desorption, resulting in a significant fraction of CO2 being
retained within the sorbent rather than being released and collected. This behavior is
illustrated in Fig. S8, where the mass change at each step is shown in blue and the
initial mass in gray. The figure clearly indicates that the SB model enforces inefficient
desorption: only a small fraction of CO2 is expelled, while the majority remains trapped
inside the adsorber. This arises from the SB formulation, which couples qCO2 to qH2O

via the temperature-dependent parameters qm and b. Since qH2O is described by the
GAB isotherm and remains relatively insensitive to temperature, the model predicts
persistently high qH2O values even at elevated temperatures. This, in turn, artificially
enhances qCO2 during the desorption step, preventing the expected decrease in loading
and leading to excessive residual CO2 within the bed.
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S2 Process Modeling

S2.1 Definitions and parameters

In order to improve the numerical stability of the model, it is often convenient to rewrite
the governing equations in non-dimensional form. This approach reduces the number of
physical parameters, highlights dominant physical effects through dimensionless groups,
and ensures that all variables are on a comparable scale, which is critical when solving stiff
systems numerically. The non-dimensional variables used in the main text are defined as
follows:

p =
p

pref
, T =

T

Tref
, τ =

t

τhyd
=

t

L/vref
, Z =

z

L
, v⃗ =

v⃗dim
vref

Note that the gradient and divergence operator in the main text is evaluated on the
non-dimensional space coordinate Z.

All the parameters describing the governing PDEs system in the main text are defined
as follows:

• ψads,i =
(1− εb)

εb

ρp
ctot,ref

qi,eq,ref: Dimensionless adsorption capacity for species i

• αi = τhyd kLDF,i: Dimensionless mass transfer coefficient for species i

• Pem =
vrefLb

Dax

: Mass Peclet number

• Peh =
vrefLb

λax
: Heat Peclet number

• Ωp =
εbctot,refR

ρbcp,p
: Pressure coupling parameter in the energy balance

• Ωc =
εbcp,gctot,ref
ρbcp,p

: Convective heat transfer parameter

• Ωk =
1

Pehρbcp,p
: Effective thermal conductivity parameter

• ψheat,i =
∆Hads,iqi,eq,ref

cp,pTref
: Heat release parameter due to adsorption of species i

• Ωw =
av,bhwτhyd
ρbcp,p

: Heat exchange parameter between gas and wall

• Ωkw =
λw

ρwcp,wvrefLb

: Wall thermal conduction parameter

• Ωint
w =

2Rbhwτhyd
(ρwcp,w)(R2

b,ext −R2
b)
: Internal wall-to-gas heat exchange parameter

• Ωext
w =

2Rb,exthextτhyd
(ρwcp,w)(R2

b,ext −R2
b)
: External wall-to-jacket heat exchange parameter
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where εb is the bed porosity (−), ρp is the particle density (kg m−3), ctot,ref is the
reference total molar concentration (mol m−3), qi,eq,ref is the reference equilibrium ad-
sorption capacity of species i (mol kg−1), kLDF,i is the linear driving force (LDF) mass
transfer coefficient of species i (s−1), Lb is the bed length (m), Dax is the axial dispersion
coefficient (m2 s−1), λax is the effective axial thermal conductivity (W m−1 K−1), R is the
universal gas constant (J mol−1 K−1), ρb is the bed density (kg m−3), cp,p is the particle
heat capacity (J kg−1 K−1), cp,g is the gas-phase heat capacity (J mol−1 K−1), ∆Hads,i is
the heat of adsorption of species i (J mol−1), Tref is the reference temperature (K), av,b
is the specific surface area per unit bed volume (m2 m−3), hw is the wall-to-fluid heat
transfer coefficient (W m−2 K−1), λw is the wall thermal conductivity (W m−1 K−1), ρw
is the wall density (kg m−3), cp,w is the wall heat capacity (J kg−1 K−1), Rb is the bed
inner radius (m), Rb,ext is the external wall radius (m), hext is the external heat transfer
coefficient between wall and jacket (W m−2 K−1), and vref is the reference interstitial
velocity (m s−1).

S2.2 Closure models and additional equations

S2.2.1 Pressure drop and axial velocity (Kozeny-Carman closure)

The axial gas velocity field is not treated as an independent unknown from the momen-
tum balance. Under laminar conditions, the viscous contribution of the Ergun equation
reduces to the Kozeny-Carman relation:

−∂p
∂z

=
150µ

d2p

(1− εb)
2

ε3b
u(z, t) (S6)

where p is the total gas pressure, µ is the gas mixture viscosity, dp is the particle diameter,
and εb is the bed void fraction. Therefore, once the pressure field is obtained from the
total mass balance (Eq. 7), the superficial velocity field is updated as:

u(z, t) = −
[

ε3bd
2
p

150µ(1− εb)2

]
∂p

∂z
(S7)

S2.2.2 Axial dispersion

We apply the widely used correlation proposed by Wakao and Kagei (1982), which pro-
vides reliable estimates for a wide range of Reynolds numbers in packed beds [2]:

Dax,i =
Dm,i

εb
(20 + 0.5Re · Sci) (S8)

Here, Dm,i is the binary molecular diffusion coefficient of species i in the gas mixture, εb
is the bed porosity, Re = ρvdp/µ is the particle Reynolds number, and Sci = µ/(ρDm,i)
is the Schmidt number of species i.

S2.2.3 Radial dispersion

Radial dispersion is crucial in axi-symmetric-2D models to represent non-uniform radial
concentration profiles. The model implemented is based on Coelho (1988), who proposed
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a correlation that includes a molecular diffusion contribution and a convective dispersion
term [3]:

Drad,i =
Dm,i√

2
+
vinlet · dp

12
(S9)

The first term accounts for diffusion across streamlines, while the second arises from
flow-induced dispersion, which becomes significant at higher superficial velocities.

S2.2.4 Axial conduction

Again, we apply the correlation by Wakao and Kagei (1982):

λax = λg,mix (7 + 0.5Re · Pr) (S10)

Here, λg,mix is the thermal conductivity of the gas mixture, and Pr = µcp/λg,mix is the
Prandtl number.

S2.2.5 Radial conduction

Radial heat conduction in the packed bed is evaluated using a mechanistic approach (see
Dixon et al. [4, 5], Heras et al.[6]), which combines a “stagnant” conductivity and the
fluid flow conduction effects.

1. Base radial Peclet number, Pe∞. First, the high flowrate Peclet number for
heat transfer by radial fluid dispersion is calculated. For small particles, Dixon
(2012) suggests that the fluid-phase radial Peclet number asymptotes to a value
between 8 and 12. We select

Pe∞ = 10 (typical mid-range value).

In practice, one may vary it slightly (8–12) to match specific experimental data.

2. Inverted radial Peclet term, Pe−1
rf . The inverse of the radial fluid Peclet number

is defined as:

Pe−1
rf =

(
1

Pe∞
+

2
3
εb

RePr

)
.

representing an interpolation between the molecular and turbulent limits. If vinlet =
0, then the entire “flow-driven” contribution is zero, reverting to a purely stagnant
scenario.

3. Effective solid conduction coefficient, λ0r.

The effective solid conduction coefficient is typically estimated using the approach
of Zehner and Schlünder (1978) [7], which is the most widely used and best validated
correlation for fixed-bed systems [8].

λ0r
λf

= 1−
√
1− εb + λsr ,

where:

λsr =
2
√
1− εb

1−K−1B

[
(1−K−1)B

(1−K−1B)2
ln
( 1

K−1B

)
− B + 1

2
− B − 1

1−K−1B

]
,
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B = C

(
1− εb
εb

)10
9

, and C ≈ 1.25.

Here, K−1 = λg,mix/λp, with λg,mix the gas-phase mixture conductivity and λp the
particle conductivity. The exponent 10/9 reflects the empirically observed forma-
tion of conduction chains through contacting particles, originally discussed by Dixon
(1979).

4. Final effective radial conductivity, λeffr .

The final effective radial thermal conductivity is then calculated using a mecha-
nistic interpretation that accounts for both stagnant conduction and convective
dispersion:

λeffr
λg,mix

=


λ0
r

λg,mix
, if vinlet = 0,

λ0
r

λg,mix
+ Pe−1

rf PrRe, otherwise.

In the absence of flow (vinlet = 0), the system exhibits purely stagnant conduction.
When flow is present, an additional term proportional to Pe−1

rf PrRe is added to
capture the contribution of convective dispersion.

S2.2.6 Heat transfer coefficients

To describe the heat exchange between the internal bed and the wall, an apparent wall
heat-transfer coefficient hw or, equivalently, a wall Nusselt number Nuw ≡ hw dp/λg,mix

was defined, exploiting the so-called ”hw - λr” model.
From Yagi and Kunii (1960), a “mechanistic” formula incorporating both stagnant

and convective contributions near the wall is obtained:

Nuw = Nuw0 +

(
1

Nu∗
w

+
1

Num

)−1

(S11)

where Nuw0 accounts for the contribution of solid-phase conduction, Nuw represents the
true fluid-wall film heat transfer coefficient, and Nu∗

w captures the effect of lateral con-
vective heat transfer in the near-wall region.

The individual contributions can be obtained using:

•
Nuw0 =

(
1.3 +

5

N

)(
λ0r
λf

)
(Martin and Nilles, 1960)

•
Nu∗

w = 0.3Pr1/3Re0.75 (Dixon, 2012)

•
Num = 0.054PrRe (Yagi and Kunii, 1960)

Once Nuw is obtained, the (dimensional) wall heat-transfer coefficient can be calcu-
lated:
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hw =
Nuw λg,mix

dp
. (S12)

Finally, many pseudo-1D reactor models adopt an overall 1D internal heat-transfer
coefficient Uw (or simply U), relating the tube wall to the bed-average temperature via a
single lumped resistance [5]. Dixon (1996) showed that a better formula for U than the
classic “two-resistance-in-series” approach is:

Uw =

(
1

hw
+

db
6λrad

Bi + 3

Bi + 4

)−1

, (S13)

where

Bi =
(hw)

db
2

λrad
is the bed Biot number. This enhanced formula captures the shifting balance between
wall convection (hw) and radial conduction (λrad). Comparisons of 1D, 2D, and two-
phase continuum models by Dixon et al. show that this approach greatly reduces errors
in predicting axial temperature profiles and hot-spot conditions, especially in systems
where radial conduction and near-wall phenomena strongly affect reactor performance.

S2.2.7 Physical parameters

Mixture density ρg,mix: The density is computed using the ideal gas law.

ρg,mix =
∑
i

ciMi

Mixture viscosity µg,mix: The mixture viscosity is estimated using Wilke’s rule. Pure
component viscosities are first calculated using the Chapman–Enskog theory:

µi =
1.109× 10−6

√
T

Ωij

where Ωij is the collision integral computed via the Neufeld correlation. Then, the Wilke
mixture rule is applied:

µg,mix =
∑
i

yiµi∑
j yjϕij

with the interaction term ϕij calculated from molar masses and viscosities [9].

Mixture heat capacities cp,g and cv,g: The molar heat capacity at constant pressure
is calculated using the Shomate equation:

cp,i = A+Bt+ Ct2 +Dt3 +
E

t2
with t =

T

1000

Values for A–E are taken from the NIST database [10].

Mixture thermal conductivity λg,mix: The mixture thermal conductivity is evalu-
ated using mole-fraction weighted averaging of the pure components:

λg,mix =
∑
i

yiλi
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Solid heat capacity cp,solid: The specific heat capacity of Lewatit® is fitted to a
temperature-dependent model given by Low et al. [11]:

cp,solid =
a

T 2
+ bT − c

Molecular and effective diffusion coefficients Dij, Dm,i: The binary diffusion co-
efficients are calculated using the Fuller–Schettler–Giddings model [12]:

Dij =
0.001T 1.75

√
1
Mi

+ 1
Mj(

P
101325

)
(V

1/3
i + V

1/3
j )2

where Vi is the diffusion volume of species i.
Finally, in ternary mixtures with one species in excess, the Wilke-like approximation

is used to obtain the mixture diffusion coefficient of component i [13]:

Dm,i =
1− yi∑
j ̸=i

yj
Dij

S2.3 Initial and Boundary conditions

The boundary conditions for each step of the TVSA cycle are summarized below. The
column length is L, with the inlet at z = 0 and the outlet at z = L. The initial conditions
are applied only to the startup step, assuming an empty bed filled with N2 and O2 at
ambient temperature and pressure.

Table S2: Boundary conditions of the adsorption step.

State Inlet (z = 0) Outlet (z = L)

Composition (yi) v yi −Dax,i
∂yi
∂z

= vfeed yfeedi

∂yi
∂z

= 0

Pressure/velocity v = vfeed p = pamb

Bed temperature (T ) v T − λax
∂T

∂z
= vfeed T feed ∂T

∂z
= 0

Wall temperature (Twall) Twall = Tjacket Twall = Tjacket

Table S3: Boundary conditions of the vacuum step

State Inlet (z = 0) Outlet (z = L)

Composition (yi)
∂yi
∂z

= 0
∂yi
∂z

= 0

Pressure/velocity v = 0
∂p

∂z
= αblow(pvac − p)

Bed temperature T
∂T

∂z
= 0

∂T

∂z
= 0

Wall temperature Twall Twall = Tjacket Twall = Tjacket
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Table S4: Boundary conditions of the pre-heating/wall-heated desorption step

State Inlet (z = 0) Outlet (z = L)

Composition (yi)
∂yi
∂z

= 0
∂yi
∂z

= 0

Pressure/velocity v = 0 p = pvac

Bed temperature T
∂T

∂z
= 0

∂T

∂z
= 0

Wall temperature Tw Tw = TH Tw = TH

Table S5: Boundary conditions of the steam-assisted desorption step.

State Inlet (z = 0) Outlet (z = L)

Composition (yH2O) v yH2O −Dax,H2O
∂yH2O

∂z
= vfeedsteam yfeedH2O

∂yH2O

∂z
= 0

Pressure/velocity v = vfeedsteam p = pvac

Bed temperature (T ) v T − λax
∂T

∂z
= vfeedsteam T feed

steam

∂T

∂z
= 0

Wall temperature (Twall) Twall = Tjacket Twall = Tjacket

Table S6: Boundary conditions of the pressurization step.

State Inlet (z = 0) Outlet (z = L)

Composition (yi) v yi −Dax
∂yi
∂z

= vfeed yfeedi

∂yi
∂z

= 0

Pressure/velocity
∂p

∂z
= αpress (p

feed − p) v = 0

Bed temperature (T ) v T − λax
∂T

∂z
= vfeed T feed ∂T

∂z
= 0

Wall temperature (Twall) Twall = Tjacket Twall = Tjacket
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S2.4 Model validation

S2.4.1 Young et al. simulated data

The model was validated against outlet CSS profiles reported by Young et al. [1] and
showed excellent agreement. To enable a direct comparison, the model from the main
text was extended with the additional cooling step included in Young’s work. The outlet
profiles refer to the cyclic steady state (CSS), reached after two cycles, as reported in the
figures title.

Figure S9: Composition outlet profiles validation.

Figure S10: Relative humidity outlet profiles validation.
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Figure S11: Bed temperature outlet profile validation.

S2.4.2 Petersen et al. experimental data

We have performed an independent comparison against experimental dynamic column
breakthrough data reported by Petersen et al. for Lewatit® VPOC 1065 [14]. In this
comparison, the present model was run using the exact operating conditions, inlet com-
positions, and temperature boundaries reported in the experimental study, allowing for
a direct assessment of model fidelity.

Figure S12: Validation of the dynamic breakthrough behavior against experimental data
from Petersen et al. (cryo-milled, particle size 300-425 µm). The normalized outlet CO2

mole fraction (yCO2,out/yCO2,in) is shown as a function of dimensionless time.

Overall, the model reproduces the main features of the measured transient response,
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including the characteristic front propagation, the breakthrough time, and the approach
to saturation. Minor deviations are observed around the steepest part of the profile,
which can reasonably be attributed to the intrinsic limitations of a lumped kinetic repre-
sentation (LDF) and to uncertainties in transport closures under the specific experimental
conditions.

It is also worth noting that the fitted LDF mass-transfer coefficient obtained from
Petersen et al. breakthrough data (kLDF = 2× 10−3 s−1) is remarkably close to the value
adopted in the main text based on Young et al. (kLDF = 3× 10−3 s−1). Although these
validations involve substantially different column geometries and operating conditions,
the consistency in the estimated kinetic parameter supports the robustness of the adopted
LDF formulation and suggests that the model is not overly sensitive to case-specific tuning
of kLDF within the investigated range.

Given that the scope of this work is cycle-level performance assessment and multi-
objective optimization, the LDF kinetic formulation provides an appropriate balance
between physical fidelity and numerical efficiency. The implementation of more detailed
kinetic frameworks (e.g., pore diffusion or multi-resistance models) is expected to further
refine the prediction of the breakthrough front shape and will be considered in future
developments.

S18



Electronic Supplementary Information (ESI) for Energy Advances.
This journal is © The Royal Society of Chemistry.

S2.5 Model setup and reference case

Table S7: Reference case parameters, geometry, particle properties and solver settings
used in the packed-bed simulations

Category Parameter Value

Reference conditions (adsorption step)

Temperature Tref 298.15 K

Pressure pref 101325 Pa

Relative humidity RHref 0.5

Inlet mole fraction CO2 yCO2,ref 400 ppm

Superficial velocity vsup,ref 0.5 m s−1

Geometry and particle properties

Bed length Lb 0.0181 m [15]

Bed radius Rb 0.145 m [15]

Wall thickness tb 0.017 m [15]

Bed porosity εb 0.37 [15]

Particle density ρp 880 kg m−3 [1]

Particle radius Rp 0.25 mm [1]

Spatial discretization and solver settings

Axial grid points Nz 100

Relative tolerance rtol 10−6

Absolute tolerance atol 10−8
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Table S8: Kinetic, transport and thermophysical parameters used in the packed-bed
simulations

Category Parameter Value

Kinetics and flow coefficients

LDF mass transfer coefficient (CO2) kLDF,CO2 0.003 s−1 [1]

LDF mass transfer coefficient (H2O) kLDF,H2O 0.0086 s−1 [1]

Blowdown parameter αblow 0.01

Pressurisation parameter αpress 0.01

Thermal properties

Particle thermal conductivity λp 0.43 W m−1 K−1 [16]

Wall heat capacity cp,w 513 J kg−1 K−1 [15]

Wall density ρw 7800 kg m−3 [15]

External heat transfer coefficient hext 26 W m−2 K−1 [15]

Wall thermal conductivity λw 16 W m−1 K−1 [15]

Adsorption thermodynamics

Heat of adsorption (CO2) ∆Hads,CO2 −70,000 J mol−1 [1]

Heat of adsorption (H2O) ∆Hads,H2O −46,000 J mol−1 [1]

Dry air O2/N2 ratio yO2/yN2 3.73 [17]

The parameters αblow and αpress were set such that the blowdown and pressurization
steps last about 60 s. Although in real systems these steps occur over several minutes,
the impact of this simplification is minimal given that the adsorption, pre-heating, and
desorption steps operate on timescales of several hours.
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S2.6 Energy consumption estimation

The model tracks the instantaneous energy consumption of each auxiliary unit operation
(compressor, vacuum pump, blower/fan, and thermal jacket) at each integration time
step. Each power contribution is integrated in time within the ODE system to give the
total energy consumption per cycle.

S2.6.1 Air-moving device selection (fan vs blower vs compressor)

Depending on the severity of the pressure drop, the appropriate correlation is selected:

∆p ≡ pin − pout

Specifically, we use the following heuristic thresholds:

Pam(∆p) =


Pfan if ∆p ≤ 10 kPa

Pblow if 10 kPa < ∆p ≤ 200 kPa

Pcomp if ∆p > 200 kPa

where Pfan, Pblow, and Pcomp are given by:

Pfan =
1

ηfan
∆pQin (S14)

Pblow =
1

ηblow
pinQin ln

(
pin
pout

)
(S15)

Pcomp =
1

ηcomp

γ

γ − 1
pinQin

[(
pin
pout

) γ−1
γ

− 1

]
(S16)

where ∆p = pin − pout, pin and pout are inlet and outlet pressures, Qin is the volumetric
flow rate, γ = cp/cv is the heat capacity ratio of the mixture, and ηi is the assumed
efficiency (0.7 when vendor data are unavailable).

S2.6.2 Vacuum pump energy

The vacuum pump power is evaluated using a fully compressible polytropic model with
pressure-dependent efficiency ηvac fitted to the correlation of Ward et al.:

ηvac =
0.8× 19.55 (pout/10

5)

1 + 19.55 (pout/105)
(S17)

Pvac =
1

ηvac

γ

γ − 1
poutQout

[(
pamb

pout

) γ−1
γ

− 1

]
(S18)

with pamb the ambient pressure.
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S2.6.3 Jacket thermal energy

The instantaneous thermal duty exchanged with the wall is obtained from the local
wall–bed temperature difference:

qwall(z) = hint (Twall(z)− T (z)) (S19)

and integrated along the axial coordinate to obtain the instantaneous jacket power:

Pjacket =

∫ Lb

0

qwall(z) 2πRb dz (S20)

where hint is the internal wall–fluid heat transfer coefficient, Rb the bed radius, Twall the
wall temperature profile and T the bed temperature.

S2.7 Thermodynamic Calculations

S2.7.1 Steam energy

The energy required for steam injection is estimated as the sum of three contributions:
(i) sensible heating of liquid water from the feed temperature to the boiling temperature
at the column pressure, (ii) phase change at Tbp, and (iii) superheating of the resulting
steam up to the injection reference temperature.

The steam mass consumed over a desorption step of duration ∆t is

ms = ṁs ∆t,

where ṁs is the constant steam mass flow rate.
The saturation temperature at feed pressure pfeed and the latent heat of vaporization

are correlated as (Ward et al.)

Tbp(pfeed) = 197
(pfeed
105

)0.1367
− 97.97 + 273.15 [K],

hbp(pfeed) = −446.2
(pfeed
105

)0.1508
+ 2707 [kJ kg−1].

The three enthalpy contributions per unit mass are:

∆hheat = cp,l
(
Tbp − Tref

)
,

∆hbp = hbp(pfeed),

∆hsup =
a

3

(
T 3
feed − T 3

bp

)
+
b

2

(
T 2
feed − T 2

bp

)
+ c(Tfeed − Tbp) ,

with cp,l = 4.186 kJ kg−1K−1 and steam heat capacity correlation cp,g(T ) = aT 2 + bT + c
with a = 1.012× 10−6, b = −3.594× 10−4, c = 1.882 (kJ kg−1 K−1).

The total steam energy is then

Qsteam = ms

(
∆hheat +∆hvap +∆hsup

)
,
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S2.7.2 Condenser duty

The condenser heat load is evaluated as the difference between inlet and outlet enthalpies,
following the enthalpy balance around the unit. We define reference enthalpies as ideal
gases at Tref = Tcond. Therefore, the instantaneous duty is

Q̇cond(t) = Hfeed(t) − Hv(t) − Hℓ(t) [W],

and the cumulative condenser energy is obtained by time integration. The terms are a
function of time since the condenser feed is the outlet stream from the desorption step.

Feed enthalpy The feed is entirely in the gas phase. Its enthalpy relative to the
reference is given by the sensible heating from the reference temperature (Tcond) to Tfeed:

Hfeed(t) = ṅfeed(t)
∑
i

zi(t) c
g
p,i

(
Tfeed(t)− Tcond

)
.

Vapor outlet enthalpy With the chosen reference, the vapor outlet (non-condensables
at Tcond) has zero enthalpy contribution:

Hv(t) = 0.

Condensate enthalpy The condensate enthalpy is evaluated component-wise, by con-
structing a thermodynamic path from the vapor reference state (ideal gas at Tcond) to the
liquid state at Tcond and then adding the enthalpy of mixing, with an additional mixing
term to account for CO2 dissolution into water.

For each condensable component i, the pure-component contribution is written as

h
(pure path)
i,ℓ (Tcond) = cgp,i

(
Tbp,i − Tcond

)
−∆Hvap,i + cℓp,i

(
Tcond − Tbp,i

)
,

where Tbp,i(pcond) is the boiling point temperature of component i at the condenser pres-
sure, which is equal to the chosen vacuum pressure of the desorption step.

For H2O, this term accounts for heating of the vapor from reference temperature
to Tbp,H2O, condensation, and subcooling again to Tcond. For CO2, since it does not
form a pure liquid at pcond, we include explicitly the enthalpy of dissolution into water,
∆h̄sol,CO2(Tcond, x).

The total condensate enthalpy is therefore

Hℓ(t) = ṅℓ(t)

[
xH2O(t)h

(pure path)
H2O,ℓ (Tcond) + xCO2(t)

(
∆h̄sol,CO2(Tcond, x)

)]
.

Total condenser duty and energy The net condenser duty is then

Q̇cond(t) = Hfeed(t) − Hℓ(t),

and the condenser energy over the step is

Econd =

∫ tend

t0

Q̇cond(t) dt
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The equations for the H2O boiling point and vaporization enthalpy were provided in
the steam duty calculation section. The molar enthalpy of dissolution of CO2 in water at
low pressures is calculated with the correlation of Carroll et al. (1991) [18]:

∆h̄sol,CO2(T ) =

(
106.56 − 6.2634× 104

T
+

7.475× 106

T 2

)
× 103 [J mol−1],

where T is the absolute temperature in kelvin.

S3 Literature benchmark

S3.1 Optimized decision variables boxplot distributions

The boxplots summarize the distributions of the optimized decision variables for the
(i) wall-heated and (ii) steam-assisted configurations at the reference geometry. Each
variable x is normalized to its search bounds [xmin, xmax] via

x∗ =
x− xmin

xmax − xmin

,

so that x∗ = 0 corresponds to the lower bound and x∗ = 1 to the upper bound. The
box shows the interquartile range (IQR), the horizontal line marks the median, whiskers
extend to 1.5× IQR, and dots indicate outliers.

S3.1.1 Complete wall-heated and steam-assisted cases

Figure S13: Wall-heated configuration optimized decision variables boxplots
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Figure S14: Steam-assisted configuration optimized decision variables boxplots.

Under the reference aspect ratio (Hbed/Dbed = 1/16), the wall-heated thermal bottleneck
requires extended desorption periods to supply sufficient heat, which explains why the
optimized desorption time tdes consistently saturates at its upper bound. The resulting
steep rise in equivalent work with increasing productivity directly reflects this limitation.
In contrast, for the steam-assisted case, the distribution of desorption times tdes collapses
near the lower bound of the search range, confirming that desorption can be completed
much more rapidly.
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S3.1.2 Incomplete (No O2, no Qcond) steam-assisted case

Figure S15: Steam-assisted configuration boxplots for the incomplete case where the O2

content constraint and the condenser thermal duty were excluded.

S3.1.3 Effect of Oxygen constraint, wall-heated and steam-assisted case

Figure S16: Effect of enforcing the O2 purity constraint on the optimized Pareto fronts
for τ = 1/16, for both wall-heated and steam-assisted configurations.
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S4 Aspect ratio analysis

S4.1 Step durations for wall-heated configuration

Figure S17: Wall-heated adsorption-time distribution.

Figure S18: Wall-heated pre-heating-time distribution.
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Figure S19: Wall-heated desorption-time distribution.

Figure S20: Wall-heated total cycle time distribution.
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S4.2 Energy contributions for wall-heated configurations

Figure S21: Wall-heated compression energy distribution.

Figure S22: Wall-heated heated-jacket energy distribution for the pre-heating step.
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Figure S23: Wall-heated heated-jacket energy distribution for the desorption step.

Figure S24: Wall-heated condenser energy distribution.
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S4.3 Steam-assisted Pareto-front distributions

Figure S25: Distribution of Pareto-optimal solutions in the steam-assisted configuration.
Left: Violin plots of equivalent work distributions for different aspect ratios.
Right: Violin plots of productivity distributions for different aspect ratios.

Unlike the wall-heated case, the distribution of Pareto-optimal solutions is not clustered
around a single dominant operating point, but instead appears more homogeneously
spread across the productivity–work space. This indicates that in the steam-assisted
configuration the trade-off between productivity and equivalent work is less sharply con-
strained by geometry, and multiple operating regimes can yield comparable performance.
As a consequence, marginal and joint mode analyses cannot be meaningfully applied here.
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S4.4 Step durations for steam-assisted configuration

Figure S26: Steam-assisted total cycle-time distribution.
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