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How Do Ambient Conditions Influence Sorbent Selection
in Adsorption-Based Direct Air Capture?’
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S Supplementary Information

S.1 DAC Model Development

Tables [S1|and [S2|list parameters used in the development of the
0-D model. They detail the dimensions of the modelled adsorp-
tion column, the heat and mass transfer within the adsorption
column, and specific parameters related to the sorbents consid-
ered. For validation purposes and comparison, most parameters
are sourced from Balasubramaniam et al.!, with some adjust-
ments made for the purposes of this study. Most importantly,
even though some of these parameters may vary during the di-
rect air capture (DAC) cycle, they are assumed to be constant
regardless of the conditions in the adsorption column, primarily
due to the lack of more accurate data. For instance, the vacuum
pump efficiency is assumed to remain constant at 72 %. Although
this value is likely too optimistic for low-pressure operation, it is
maintained to ensure consistency with the 1-D model used for val-
idation. However, since this assumption only affects the electrical
energy demand—which is several times smaller than the thermal
energy demand—the impact of vacuum pump efficiency on the
overall results of this study is negligible. For more information
on the influence of different parameters on the model’s perfor-
mance, refer to Balasubramaniam et al.X, who conducted several
sensitivity analyses on their model.

A major difference between different DAC models published
in the literature lies in the underlying isotherm models, which
describe the relationship between sorbent loading, temperature,
and relative humidity. Figure illustrates the impact of rel-
ative humidity on sorbent loading for the sorbents considered,
plotted on a logarithmic scale of CO, partial pressure, based on
the isotherm model used in Balasubramaniam et al.l. Accord-
ingly, the isotherm model used in this study also predicts negative
loadings for SIFSIX-18-Ni-f (SIFSIX) and NbOFFIVE-1-Ni (NbOF-
FIVE) when relative humidity exceeds 90 % and 75 %, respec-
tively. To address this, the model assumes zero loading beyond
these thresholds, corresponding to the predicted values at 90 %
(for SIFSIX) and 75 % relative humidity (for NbOFFIVE). This be-
haviour is illustrated in Figure [S1} where the isotherms for both
materials converge and remain at zero once the respective hu-
midity thresholds are exceeded (see yellow lines in the middle
and bottom subplots). The figure also demonstrates that raising
relative humidity, particularly for APDES-NFC-FD-S (APDES), a
chemisorbent, increases CO,, equilibrium loading, whereas other
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Table S1 Dimensions and parameters of the modelled adsorption column

Parameter Description Value Unit

Tin inner adsorption column radius' 0.040 m

Tout outer adsorption column radius'® 0.041 m

/ adsorption column length' 0.01 m

y’CO7 inlet CO, concentration'! 400 ppm
€energy,CO, eq on-site energy emissions2 0.184 kg kW 'h-!
hin inner heat transfer coefficient 3 Wm2K~!
hout outer heat transfer coefficient™ 26 Wm2K"!
¢p.co, specific heat capacity, CO,“ 36.04  Jmol 'K™!
Cp,H,0,8 specific heat capacity, H,0, gas' 37.44 Jmol'K~!
Cp.H,01 specific heat capacity, H,0, liquid® ~ 73.10  Jmol'K™!
CpN, specific heat capacity, N, 29.09  Jmol 'K™!
kco, mass transfer coefficient, CO, 1 0.0002 57!

k0 mass transfer coefficient, H,O 1 0.2 g1

p% wall density4 7800 kgm™3

o specific heat capacity, wall® 0.502  Jg 'K!

y adiabatic constant' 1.4 -

TMFan fan efficiency': 0.72 -

Nvp vacuum pump efficiency'l 0.72 -

AHyap 1,0 heat of vaporisation, H,O4 42300  Jmol™!
AHgp H,0 heat of sublimation, H,0,” 51040  Jmol !

sorbents show reduced CO, equilibrium loading. This explains
the results of this study, emphasising the impact of humidity on
DAC performance. While APDES often achieves the highest CO,
loading, it also results in increased H,O adsorption. Therefore,
depending on the associated on-site energy emissions, the addi-
tional energy required for H,O desorption may outweigh the ben-
efits of increased CO, capture. Conversely, SIFSIX and NbOFFIVE
show less H,O adsorption, making it more beneficial, particularly
under dry conditions, despite lower CO,, capture capacities.
Figure presents the results of the 0-D and 1-D models for
the SIFSIX sorbent, using the same validation approach applied
to APDES—namely, implementing the cycle designs from Bala-
subramaniam et al.'! and comparing SED and Pr. The results
from the calibrated 0-D and 1-D models show good agreement,
supporting their use in evaluating DAC performance for the pur-
poses of this study. This agreement is particularly strong in the
range of low SED and low productivity, which is likely where
DAC systems will operate, as high energy demand is probably un-
desirable. For NbOFFIVE, however, insufficient data is available
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Table S2 Sorbent-specific parametersIII

(a) APDES

Parameter Description Value Unit

rhPDES particle radius 0.00375 m

gAPDES bed voidage 0.092 -

p/APDES density 61 kgm™3

CPPES specific heat capacity 2.07 Jgm k!
9’.1?532 heat of adsorption 60000 Jmol™!
;‘g; ]?]_';:250 heat of adsorption 43800 Jmol ™!

(b) SIFSIX

Parameter Description Value Unit

ralFsIX particle radius 0.00375 m

gSIFSIX bed voidage 0.4 -

pSIFSIX density 786 kgm™3

CSIFSIX specific heat capacity 1 Jg K1
:51:%)62 heat of adsorption 52000 Jmol ™!
:51:%)2(0 heat of adsorption 45036 Jmol ™!

(c) NbOFFIVE

Parameter Description Value Unit

riPOFFIVE particle radius 0.00375 m

gNDOFFIVE bed voidage 0.4 -

pNPOFFIVE density 1173.6 kgm™3

CNPOFFIVE specific heat capacity 1 Jg'K!
;‘fibsf)chi"E heat of adsorption 50000 Jmol™!
;‘fjbs?lffévE heat of adsorption 45036 Jmol ™!

to enable proper validation using the same methodology as for
SIFSIX and APDES. Nonetheless, the results from individual cycle
simulations yielded KPIs within a + 10 % range.

S.2 Integration of Ambient Conditions

Figure illustrates the error introduced through temporal ag-
gregation in comparison to real-world ambient conditions. The
analysis covered 1 to 10 typical periods (TP) and 1 to 10 days per
typical period. For each number of typical periods, the legend de-
picts the optimal number of days per period that minimises the
error for that number of TPs. With four typical periods and eight
days per period, the error becomes sufficiently small. Beyond this
point, additional typical periods do not considerably decrease the
error further. Therefore, the analysis uses four typical periods of 8
days each, which could be interpreted as representing four typical
seasons of a year.
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Fig. S1 Influence of varying relative humidity levels on CO, isotherms
for three different sorbents at T =20 °C

S.3 Optimisation

Tables[S3]and[S4] present the defined constraints for decision vari-
ables and constant cycle design parameters. Particle swarm algo-
rithm (PSA) is employed to optimise the DAC model using 10,000
particles, with the process terminating upon convergence. Since
this study focuses on sorbent selection, convergence is defined
as the point at which PSA prioritises a single sorbent, and CRR
cannot be further improved by altering the sorbent. However,
this does not imply that the optimal cycle design is found, as this
aspect falls outside the scope of the current study. Figure [S4]il-
lustrates the optimisation progress for TP1 and TP2 in Calgary.
The figure depicts the top 100 particles for each iteration, with
the best particle indicated by a larger marker. After just nine iter-
ations, the optimisation no longer improves the CRR by changing
the sorbent type.

Table S3 Constraints for cycle design decision variables

Variable Min Value Max Value Unit
Tads 1000 40000 S

Tdes 1000 40000 S

Ddes 1000 40000 Pa
Vads 1 150 cms~!
Vsteam 0.01 150 cms™!

Table S4 Assumed constant cycle design parameters

Parameter Value Unit
Teva 100 S

Tht 400 S
Tdes 120 °C
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Fig. S2 Comparison of calculated specific energy demand (SED) and
productivity (Pr) for various steam-assisted cycle designs using SIFSIX
sorbent, between 1-D model, 0-D model, and calibrated 0-D model

S.4 Impact of ky,o on Model Performance

Figure [S5| illustrates the influence of different values of ky,0 on
CO, and H,O0 loading in the system for the three sorbents consid-
ered and the cycle design outlined in Table 3. The results show
that varying ky,o from 0.2 to 0.0002 has only a marginal effect on
CO, loading. Similarly, the impact on H,O loading is minimal for
km,0 € 0.2,0.02,0.002, with noticeable differences observed only
at k0 = 0.0002. However, based on experimental data, the mass
transfer of H,O is expected to be much faster than that of CO,®°.
Thus, the results presented in Figure [S5|suggest that the findings
of this study hold across a wide range of ky,o values. This is
further supported by the fact that the choice of sorbent in the
case studies in Section 3 remains consistent when different mass
transfer coefficients are applied.

This is because the rates of adsorption and desorption depend
on both the mass transfer coefficient and the difference between
the equilibrium and current loading, A¢?* = (¢ — ¢%). A higher
mass transfer coefficient reduces Ag/' more quickly, allowing the
column to reach equilibrium faster and reducing the adsorp-
tion/desorption rate. In contrast, a lower coefficient slows the
initial rate of adsorption/desorption, but the larger A¢? in subse-
quent iterations compensates, causing equilibrium to be reached
one iteration later (see grey dotted line between each marker).
This effect is shown in the bottom subplot of Figure where
the green crosses overcome Ag? and catch up within one compu-
tational iteration. However, if ky,o is too small, the larger Aq‘f‘
cannot compensate for the slow mass transfer within the next
computational step, as indicated by the black squares in the bot-
tom subplot, which never reach the level of the blue or green
markers. This phenomenon was observed for different compu-
tational step sizes, with only minor differences seen when the
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Fig. S3 Introduced error through temporal aggregation using a hierarchi-
cal aggregation algorithm, depending on the number of typical periods
and days per typical period

step size was reduced to less than a second. However, this would
increase the computational load required to solve the system of
ordinary differential equations.

S.5 Artificial Ambient Conditions

The use of artificial ambient conditions aims to analyse the impact
of temperature, relative humidity, and their relative variations on
sorbent selection. Depending on the level of variation, ambient
conditions fluctuate around a base value of temperature and rel-
ative humidity as shown in Figure Ambient conditions are
allowed to fluctuate between two boundaries, specifically 250 K
and 350 K for temperature, and 0 % and 95 % for relative hu-
midity. Relative variations in this case consider the difference
between the base value and the corresponding minimum or max-
imum value investigated (i.e., for a base value of 293 K and 60 %
variation, the artificial ambient conditions are represented by a
sine curve fluctuating between 293 + 0.6 - (293 — 250) = 318.8 K
and 293 — 0.6 (293 —250) = 267.2 K). The model is then opti-
mised for the entire range of artificial ambient conditions.

S.6 Impact of Ambient Conditions on Model Performance

Figure compares the temporal variations in net carbon re-
moval rate (CRR), H,O loading, and CO, loading for the sorbents
APDES and SIFSIX in Calgary, in response to varying ambient con-
ditions accounted for by the model. The results indicate that the
specific sorbent loading is higher for APDES than for SIFSIX. How-
ever, in absolute terms, SIFSIX captures a greater mass of CO, and
H,O than APDES, as shown by the comparisons of Amcg, cycle and
Amyy, 0 cycle in Tables and [S5D] respectively. The absolute in-
crease in H,O capture (297.65/273.53, corresponding to a 9 %
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Fig. S4 Optimisation progress for Calgary for typical periods 1 and 2
(TP1, TP2), using 10,000 particles, with larger markers indicating the
best particle in each iteration

increase in Cycle 1) is outweighed by a greater increase in CO,
capture (491.04/214.72, corresponding to a 129 % increase in
Cycle 1). This partly explains the higher CRR for the SIFSIX sys-
tem, reinforcing the general preference for SIFSIX over APDES in
Calgary.

Furthermore, during the first two cycles, ambient conditions re-
main relatively stable, resulting in minimal changes in key model
variables and CRR, regardless of the sorbent used. However, in
Cycles 3 and 4, ambient relative humidity and temperature de-
crease. For SIFSIX, this leads to a reduction in H,O loading due
to the lower availability of atmospheric moisture, decreasing by
22.5 % from Cycle 1 to Cycle 4 (0.62/0.8). As a result, adsorption
sites previously occupied by H,O molecules become available for
CO,, adsorption, leading to a 38 % increase in CO, loading over
the same period (0.65/0.47), as shown in Figure This shift
contributes to a 148 % increase in CRR (32.3/13) for the SIFSIX
system in the same time frame. A similar but less pronounced
effect is observed for APDES, with a 2 % decrease in CO, loading
(1.72/1.75) and a 36 % decrease in H, O loading (3.49/5.46). De-
spite the reduction in CO, loading, CRR for APDES still increases
by 150 % (6.27/2.51), which can be attributed to a lower absolute
energy demand (AED) during this time frame.

Figure presents a similar analysis for Barbados. As previ-
ously discussed, Barbados is warmer and more humid than Cal-
gary, resulting in a comparatively lower CO, loading (0.11/0.47,
a 77 % decrease between Barbados and Calgary for the SIFSIX
system in Cycle 1). This lower uptake contributes to a reduced
CRR and, in the case of SIFSIX, even a negative CRR, indicating
that its use would result in net positive rather than net negative
emissions. In contrast, H,O loading does not vary considerably
between the two locations, as the assumed isotherms for H,O ad-
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Fig. S5 Influence of different values of ky o on CO, and H,O loading for
three different sorbents. The bottom plots provide a detailed snapshot of
the desorption step, highlighting the marginal differences in model results
arising from variations in the mass transfer coefficient.

sorption are dependent solely on ambient relative humidity and
not temperaturet. Although Calgary has a much lower specific
humidity than Barbados, both locations show similar relative hu-
midity due to temperature differences, which explains the compa-
rable H,O loadings. While this assumption may not fully reflect
real-world behaviour, it is adopted due to the lack of more reli-
able data on co-adsorption isotherms. Additionally, the figure in-
dicates that the relatively stable ambient conditions in Barbados
result in minimal variation in performance over time, as model
results for both sorbents remain largely constant throughout the
considered time frame.

As indicated above, the amount of CO, captured influences
CRR; however, energy demand also plays a considerable role.
To illustrate this, Figure compares the key performance in-
dicators (KPIs) for DAC performance per cycle for the sorbents
APDES and SIFSIX in Calgary, using the same ambient conditions
and cycle designs as in Figure The figure shows that while
the AED of the SIFSIX system is higher—partly due to the need
to desorb greater amounts of H,O and CO,—its specific energy
demand (SED) is lower than that of APDES. This is because SIE-
SIX captures more CO, overall, as indicated by the differences
between the black dash-dotted lines in Figures and Ta-
ble |S5|shows that in Cycle 1, although SIFSIX has a 95 % higher
AED (7338.90/3763.25), this is offset by a 129 % increase in CO,,
capture (491.04/214.72), resulting in a 15 % reduction in SED
(14.95/17.53). Likewise, while the higher AED increases on-site
emissions, the greater CO, capture mitigates this effect, result-
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Barbados. Variations for the APDES system are minimal, while for
the SIFSIX system, only SED varies notably over time, increasing
by 13 % from Cycle 1 to Cycle 4 (45.67/40.38).

Figures[S7] to and Table [S5] illustrate that describing DAC
performance using a single fixed KPI value, such as a fixed bench-
mark energy demand, overlooks its actual variability and dynam-
ics. More specifically, for the four cycles considered here, energy
demand varies widely depending on the weather and sorbent
used, ranging from as low as 11.27 MJkg~! to 45.67 MJkg™'.
Even more pronounced effects are expected over time and across
locations with different ambient conditions.

Table S5 Detailed results for Calgary and Barbados
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Fig. S6 Artificial ambient conditions based on base values T, =293 K
and @,mp =50 %, with different levels of variation

ing in a 418 % increase in CRR (13.00/2.51), as indicated by the
purple lines in the figure.

Once again, the hourly variations in ambient conditions in Cal-
gary influence the temporal trajectory of the model’s KPIs. For
the SIFSIX system, both CRR and the amount of CO, captured
increase from Cycle 1 to Cycle 4. These trends are consistent
with the increased CO, loading observed for SIFSIX in Figure
However, as mentioned earlier, the rising CRR is driven not only
by increased CO, capture but also by a lower SED. This is due to
the decreasing relative humidity, which reduces H,O loading and
thus lowers the SED (11.27/14.95, a 25 % decrease from Cycle 1
to Cycle 4 for the SIFSIX system), as less energy is required to des-
orb excess water. For APDES, however, Figure shows that the
increase in CRR is solely due to the reduction in AED, as the total
amount of CO, captured remains nearly constant (14.38/17.53,
an 18 % decrease in SED, and 211.14/214.72, a 1.7 % decrease
in CO, captured from Cycle 1 to Cycle 4).

Next to the effects different sorbents have under the same
ambient conditions, comparing Figures [S9| and emphasises
the variation in KPIs when DAC is deployed in different loca-
tions and under varying ambient conditions. The differences
are particularly notable for the SIFSIX system between Calgary
and Barbados, where, in Cycle 1, Barbados’ AED is 38 % lower
(4572.87/7338.90) than that of Calgary. However, the 77 % de-
crease in CO, capture (113.24/491.04) still leads to an overall
increase in SED of 170 % (40.38/14.95) in Barbados compared to
Calgary. This demonstrates that increasing the AED, and conse-
quently on-site emissions, can be justified if it results in a higher
CRR. The figure also shows that, similar to the model variables in
Figure[S8] the main KPIs do not change considerably over time in

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Unit
Aqco, cycle 1.75 1.69 1.74 1.72 mmolg~!
Aqu, 0,cycle 5.46 4.97 4.14 3.49 mmolg~!
SED 17.53 15.99 15.32 14.38 MJkg’]
AED 3763.25 3316.07 3264.64 3036.72 ]
Amco e 21472 207.39 21314 21114 mg
Amyoee 27353 249.28  207.50 17480  mg
AmCOZ,on-site 192.34 169.49 166.86 155.21 mg
CRR 2.51 4.25 5.19 6.27 mgh~!
(b) Calgary, SIFSIX

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Unit
Aqco, cycle 0.47 0.46 0.64 0.65 mmolg ™'
Agy,0,cycle 0.80 0.70 0.67 0.62 mmolg~!
SED 14.95 14.00 11.70 11.27 MJkg’1
AED 7338.90 6787.04 7767.23 7661.58 ]
Amco, cycle 491.04 484.63 663.67 679.77 mg
Amyocee  297.65  262.87 24893 229.87  mg
Amco, onsie  375.10 346.89 396.99 391.59 mg
CRR 13.00 15.44 29.89 32.30 mgh~!
(c) Barbados, APDES

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Unit
Aqco, cycle 1.39 1.35 1.41 1.41 mmolg |
Ag oyl 273 3.11 3.03 3.21 mmolg™!
SED 1683 1658  17.26  17.61  Mikg'
AED 2863.42 2750.33 2980.40 3043.40 J
Amco, eyee 17011 16589 17272 17278  mg
Amy oede 13710 156.06 15214 16079  mg
AmCOZ,on—site 146.35 140.57 152.33 155.55 mg
CRR 2.66 2.84 2.29 1.93 mgh~!
(d) Barbados, SIFSIX

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Unit
AdCo, cycle 0.11 0.10 0.10 0.10 mmolg |
Aduocye 041 0.44 0.42 0.43 mmolg~!
SED 40.38 42.22 43.25 45.67 MJkg’1
AED 4572.87 4336.63 4610.75 4616.82 ]
Amco e 11324 10271 10662 101.10  mg
Amy oeyde 15419 16303 158.04 15953  mg
AmCOZ,on-site 233.72 221.65 235.66 235.97 mg
CRR —13.51 —13.33 —14.47 —15.12 mgh~!
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(b) H,O loading vs. ambient conditions and CRR in Calgary

Fig. S7 Comparison of changes over time in ambient relative humid-
ity, ambient temperature, CRR, H,O loading, and CO, loading for the
sorbents APDES and SIFSIX. Weather inputs are based on data from Cal-
gary from January 1%t 2023 at 08:00 to January 2" 2023 at 20:00. The
cycle design assumes an adsorption step duration of 3.13 h, desorption
step duration of 5.65 h, air inlet velocity of 0.32 ms~!, and desorption
pressure of 1162 Pa.
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(b) H,O loading vs. ambient conditions and CRR in Barbados

Fig. S8 Comparison of changes over time in ambient relative humid-
ity, ambient temperature, CRR, H,O loading, and CO, loading for the
sorbents APDES and SIFSIX. Weather inputs are based on data from
Barbados from January 15t 2023 at 08:00 to January 2" 2023 at 20:00.
The cycle design assumes an adsorption step duration of 3.13 h, desorp-
tion step duration of 5.65 h, air inlet velocity of 0.32 ms~!, and desorption
pressure of 1162 Pa.
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Fig. S9 Comparison of DAC performance KPlIs per cycle for the sorbents
APDES and SIFSIX, covering both absolute and specific values. The total
thermal energy demand consists of electrical energy demand, thermal
energy demand (divided into CO, desorption, H,O desorption, and other
thermal components), and energy conversion losses. Additionally, CRR
and the mass of CO, captured are reported. Weather inputs are based on
data from Calgary from January 15t 2023 at 08:00 to January 2" 2023
at 20:00. The cycle design assumes an adsorption step duration of 3.13
h, desorption step duration of 5.65 h, air inlet velocity of 0.32 ms~!, and
desorption pressure of 1162 Pa.
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Fig. S10 Comparison of DAC performance KPIs per cycle for the sorbents
APDES and SIFSIX, covering both absolute and specific values. The total
thermal energy demand consists of electrical energy demand, thermal
energy demand (divided into CO, desorption, H,O desorption, and other
thermal components), and energy conversion losses. Additionally, CRR
and the mass of CO, captured are reported. Weather inputs are based
on data from Barbados from January 1%t 2023 at 08:00 to January 2"
2023 at 20:00. The cycle design assumes an adsorption step duration of
3.13 h, desorption step duration of 5.65 h, air inlet velocity of 0.32 ms~!,
and desorption pressure of 1162 Pa.
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