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A B S T R A C T   

The extraction of CO2 directly from the atmosphere (Direct Air Capture) is commonly employed using supported- 
amine sorbents. This adsorption technology is under rapid development with novel sorbent materials emerging 
and with processes being demonstrated on increasingly larger scale. Optimization of such processes requires 
accurate knowledge on sorbent characteristics and knowledge on how operational variables affect process per
formance. This study primarily focuses on the latter, where we aim to quantify the influence of operational 
parameters on the energy duty and CO2 productivity. In addition, we examine the influence of weather condi
tions on the adsorption rate. For this, we develop a dynamic model of the complete temperature-vacuum swing 
adsorption cycle (TVSA). This model was validated by experimental results on a kg-scale direct air capture 
system. The impact of selected operational variables was assessed by two-dimensional sensitivity analyses. We 
show that desorption temperature is preferably high, limited by the chemical stability of the sorbent material in 
this particular case. In addition, the sorbent working capacity should be high when opting for an optimization 
towards energy duty, whereas it reaches a clear optimum in terms of CO2 productivity. Finally, we conclude that 
weather conditions and diurnal variations can significantly affect the performance of a direct air capture process 
and should certainly be considered during design and operation. With these insights and the developed model, 
this study provides a sound basis for further process development and optimization of direct air capture using 
fixed bed technology combined with solid amine sorbents.   

1. Introduction 

Direct Air Capture (DAC), the extraction of CO2 directly from the 
atmosphere, is considered an important technology in climate change 
mitigation (Breyer et al., 2019; Lackner et al., 2012; Beuttler et al., 
2019). Rogelj et al. (2015) identified carbon neutrality by the year 2050 
as an essential aspect to limit the temperature rise to 1.5◦C. DAC is a 
technology that enables zero or negative emission technologies, because 
a sustainable carbon source is acquired. These carbon sources are 
necessary to produce limitless products, food, feed and materials of our 
everyday life (Speight, 2011). CO2 as carbon source requires alternative 
production routes towards these products (Peters et al., 2011; Lim, 
2015), for example via chemical reduction with H2 to form methanol 
(Bos et al., 2020) or via cultivation of microalgae and subsequent bio
refining (Wijffels et al., 2010). 

In 1999, Lackner et al. (1999) were the first to propose DAC as viable 
option to reduce CO2 emissions. Nowadays, two major technologies are 
considered for DAC on commercial scale: absorption using alkaline so
lutions and adsorption using amine-functionalized solid sorbents (Keith 

et al., 2018; Zeman, 2007; Socolow, 2011; Gebald et al., 2011; Fasihi 
et al., 2019; Goeppert et al., 2012; Bajamundi et al., 2019). Absorption 
with alkaline solutions was the proposed technology by Lackner et al. 
(1999). Keith et al. (2018) used this concept to develop an industrial 
scale process in which aqueous KOH is the capture medium and a cal
cium caustic loop is used to recover CO2. Adsorption using 
amine-functionalized sorbents is the second major DAC technology in 
which CO2 reacts with amine-groups on the internal surface of the sor
bent. The CO2 is then recovered by a temperature and/or vacuum swing 
(Elfving et al., 2021; Bos et al., 2019b). Sorbent development is domi
nating research efforts in this research area (Choi et al., 2009; D’Ales
sandro et al., 2010; Gelles et al., 2020; Sanz-Pérez et al., 2016; Singh 
et al., 2020). 

The number of studies for DAC on contactor and process scale is 
limited. However, quantification of the influence of operating parame
ters on DAC performance is highly desired, since this will pinpoint the 
opportunities for process improvement, either by process optimization 
or sorbent optimization (Stampi-Bombelli et al., 2020). This is a complex 
endeavor since many operational parameters are involved within the 
whole temperature-vacuum swing adsorption cycle. 
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In this study, we aim to find optimal operational parameters of an 
adsorption based DAC process for a given sorbent and contactor and 
evaluate this in light of varying weather conditions. Our process uses a 
multibed, fixed bed technology without sorbent circulation. We develop 
a detailed dynamic model of the temperature-vacuum swing adsorption 
process using experimental data on CO2 and H2O equilibrium capacity 
and adsorption kinetics. The effects of selected process parameters are 
quantified by two-dimensional sensitivity analyses. Finally, we analyze 
and show the potential effect of varying weather conditions on the 
performance of a DAC process, an aspect that is often overlooked in DAC 
design studies. 

2. Experimental 

2.1. Materials 

A commercially available supported-amine sorbent, Lewatit® VP OC 
1065 was used in this study. It is a polystyrene polymeric sorbent cross- 
linked with divinylbenzene. CO2 adsorption functionality is introduced 
by primary benzylamine groups. Alesi and Kitchin (2012) determined 

the concentration of these functional groups at 7.5 mol/kg using 
energy-dispersive X-ray spectroscopy. Physical properties of this sorbent 
are listed in Table 1. This sorbent is suitable for CO2 capture from air as 
identified in several studies (Bos et al., 2019b; Yu and Brilman, 2020). 
Important sorbent characteristics for process design are thermal and 
chemical stability. A sorbent degradation study by (Yu et al., 2017) 
indicated temperature limits of 150◦C (in N2) to avoid thermal degra
dation, a limit of 120◦C in the presence of CO2 and a limit of around 
70◦C in the presence of oxygen. 

2.2. CO2 isotherm measurements 

The CO2 isotherm at low partial pressure was measured via fixed bed 
breakthrough experiments. This fixed bed has a diameter of 1.3 cm and a 
length of 60 cm. A water bath (JULABO F32) controls the temperature of 
the reactor. During a breakthrough experiment, a mixture of N2 and CO2 
was sent through the reactor, which was loaded with approximately 1.3 
g of sorbent. The CO2 concentration that leaves the reactor was deter
mined with a LI-820 gas analyzer (range: 0 – 20000 ppm). Prior to each 
breakthrough measurement, the sorbent was completely regenerated 
with pure N2 at 80◦C. The CO2 isotherm was determined for a CO2 
partial pressure range of 10 – 100 Pa and a temperature range of 5 – 
35◦C. 

2.3. Kg-scale DAC setup 

The aim of this study is the optimization of an adsorption-based fixed 
bed DAC process. For this, a kg-scale DAC experimental setup was 
designed. This design of the DAC system is based on design consider
ations identified in the studies of Yu and Brilman, (2017)) and Schel
levis et al. (2020). Fixed bed technology with temperature-vacuum 
swing adsorption (TVSA) without sorbent circulation is chosen. A se
ries of parallel fixed bed reactors is then required to obtain a 

Nomenclature 

ΔH0 Tóth heat of adsorption (J mol− 1) 
ΔcH difference in enthalpy between monolayer and multilayer 

(J mol− 1) 
ΔkH difference in enthalpy between bulk liquid and multilayer 

(J mol− 1) 
ΔrHi reaction heat of component i (J mol− 1) 
as specific surface area (m2 mr

− 3) 
b Tóth affinity constant (Pa− 1) 
b0 Tóth affinity constant at reference temperature (Pa− 1) 
C0 Arrhenius pre-exponential factor for CG (–) 
CG Guggenheim constant in GAB isotherm (–) 
Cm monolayer capacity in GAB isotherm (mol kg− 1) 
Cp specific heat capacity (J kg− 1 K− 1) 
c concentration (mol m− 3) 
Dax axial dispersion coefficient (m2 s− 1) 
Eact activation energy (J mol− 1) 
ht heat transfer coefficient (W m− 2 K− 1) 
Kads multilayer correction factor in GAB isotherm (–) 
K0 Arrhenius pre-exponential factor for Kads (–) 
k0 Arrhenius pre-exponential factor for reaction rate (s− 1 or 

mol kgs
− 1 bar− 1 s− 1) 

kLDF linear driving force reaction rate constant (s− 1) 
kT Tóth reaction rate constant (mol kgs

− 1 bar− 1 s− 1) 
p pressure (Pa) 
q sorbent loading (mol kgs 

-1) 
qs Tóth maximum capacity (mol kgs 

-1) 
qs,0 Tóth maximum capacity at reference temperature (mol 

kgs
− 1) 

R ideal gas constant (J mol− 1 K− 1) 
Ri reaction rate of component i (mol kgs

− 1 s− 1) 
T temperature (K) 
T0 Tóth reference temperature (K) 
t time (s) 
th Tóth heterogeneity constant (–) 
th,0 Tóth heterogeneity constant at reference temperature (–) 
u superficial gas velocity (mg

3 mr
− 2 s− 1) 

z axial direction (m) 

Greek symbols 
α temperature dependency parameter of th (–) 
δ identification of energy point source in 1D model (–) 
Е void fraction (mg

3 mr
− 3) 

η effectiveness factor (–) 
λax axial thermal conductivity (W m− 1 K− 1) 
ρ density (kg m− 3) 
χ temperature dependency parameter of qs (–) 
Φ gas flow rate (NL min− 1) 

Subscripts 
CO2 carbon dioxide 
g gas phase 
H2O water 
i components 
r reactor 
s solid phase  

Table 1 
Physical properties of the solid amine sorbent.  

Parameter Value Ref 
εp( − ) 0.23 (Veneman et al., 2012) 
Cp,s(J /(molK)) 1580 (Sonnleitner et al., 2018) 

ρs(kg /m3) 880 (Veneman et al., 2012) 

λax(W /(mK)) 0.121 (Bos et al., 2019) 
ΔrHCO2 (kJ /mol) 75 (Sonnleitner et al., 2018) 
ΔrHH2O(kJ /mol) 43 (Veneman et al., 2015) 
dp(μm) 668 (Driessen et al., 2020a)  
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semi-continuous production of CO2. Since model validation is the pri
mary goal of the experimental work on this setup, the experimental 
setup for this study consist of only one of the four identical fixed bed 
reactors (Fig. 1). To avoid a large pressure drop, a shallow bed is 
required and this leads to thin ‘flat bed’ reactors. In this case, the re
actors have a bed thickness of 2.4 cm and a diameter of 40 cm. Heat 
transfer is accommodated by stacked heating spirals (with a specific heat 
transfer area of 150 m2/m3) using water as cooling and heating medium. 
These spirals are stacked asymmetrically to avoid preferential flow paths 
of the gas through the bed. Desorption can be carried out under reduced 
pressure with air, CO2, N2 or a N2/CO2 mixture as purge gas. CO2 con
centration is measured in the air inlet (MHZ-16, 0 – 2000 ppm), air 
outlet (Li-COR 840, 0 – 20,000 ppm) and CO2 product stream (Sick 
Maihak, 0 – 15 vol.%). The temperature is measured at nine different 
locations in the bed by K-type thermocouples. They all have a different 
distance to a heat source to ensure an accurate average bed temperature. 

Adsorption measurements for model validation were performed at 
ambient conditions for superficial gas velocities of 0.08 – 0.15 m/s. The 
gas velocity was measured at several locations to make sure that the gas 
is equally distribution over the cross section of the bed. The valves to the 
vacuum pump, N2 and CO2 were closed and the CO2 concentration in 
ambient air and lean air was measured. Adsorption was continued for a 
certain time or until a certain CO2 concentration in the lean air was 
reached. Before each adsorption experiment, the sorbent was completely 
desorbed. 

Desorption measurements for model validation were carried out at 
atmospheric pressure and reduced pressure (350 mbar). The purge gas 
flow was varied between 5 and 50 NL/min and was N2 for all experi
ments. During desorption, the valves for ambient air and lean air were 
closed and the N2 gas flow was controlled by a mass flow controller. Hot 
water (90◦C) was circulated through the heat transfer spirals. The CO2 
concentration was measured in the product stream after the vacuum 
pump. Desorption was continued until a certain desorption time or until 
a certain CO2 concentration in the product stream was reached. 

3. Modelling 

We developed a 1-dimensional, dynamic fixed bed model that de
scribes the adsorption and desorption behaviour of the DAC process. A 
sound understanding of sorbent characteristics in terms of CO2 and H2O 
equilibrium capacity and reaction kinetics is crucial for an accurate 
description. Additionally, mass and heat transfer processes on particle 
level as well as on reactor level are important. For this reason, we use the 
Thiele modulus approach with the approximation of a uniform loading 
profile, as proposed by Driessen et al. (2020b). This approach takes 
particle level processes (internal mass transfer and intrinsic adsorption 
kinetics) into account without the necessity of evaluating a fully coupled 
particle-reactor model. 

Fig. 1. Experimental setup of a single fixed bed reactor.  

Fig. 2. (a) CO2 isotherms at low partial pressure under dry conditions, (b) H2O equilibrium capacity as function of relative humidity for a constant temperature (15 – 
35◦C) and constant H2O partial pressure (2 and 4 kPa). Experimental data for the H2O isotherm are taken from Veneman et al., 2015 and fitted to the GAB model in 
this work. 
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3.1. Sorbent characterization 

A description of the sorbent equilibrium loading of CO2 and H2O as 
well as kinetic data under DAC conditions is required. The CO2 equi
librium capacity was evaluated at CO2 partial pressures from 10 – 100 Pa 
and in the range of 5 – 35◦C (Fig. 2a) using fixed bed breakthrough 
experiments. The Tóth isotherm model is fitted to the experimental 
dataset (eqs. (1) - (4)). This empirical equation is an extension of the 
Freundlich and Sips equation (Duong, 1998). It describes the adsorption 
behaviour for systems with only monolayer adsorption in both lower 
and upper partial pressure limits. Note that if th = 1, the isotherm re
duces to the Langmuir isotherm. 

Since CO2 adsorption capacity is described by the Tóth isotherm, also 
the reaction rate is described with an expression based on the Tóth 
isotherm (Eq. (5)) (Duong, 1998). This reaction rate equation is 
completely consistent with the Tóth isotherm description, i.e. the same 
parameters are used (Table 2). Furthermore, the study of Bos et al. 
(2019a) showed this reaction rate description is preferred over 
pseudo-first order and pseudo-second order linear driving force models. 
Also, we assume ideal gas phase behaviour:PCO2 = RTc. 

qeq(pCO2,T) =
qsbpCO2

(1 + (bpCO2)
th )

1
th

(1)  

b(T) = b0exp
(

ΔH0

RT0

(
T0

T
− 1

))

(2)  

th(T) = th,0 + α
(

1 −
T0

T

)

(3)  

qs(T) = qs,0exp
(

χ
(

1 −
T
T0

))

(4)  

RCO2(cCO2, q,T) = kT

(

RTcCO2

(

1 −

(
q
qs

)th) 1
th
−

q
bqs

)

(5) 

Amine based sorbents are known to co-adsorb H2O. Literature data of 
H2O equilibrium capacity on Lewatit® VP OC 1065 (Veneman et al., 
2015) (Fig. 2b) is fitted to the Guggenheim-Anderson-de Boer (GAB) 
model (Eq. (6), Table 2) (Quirijns et al., 2005). The GAB model accounts 
for monolayer adsorption, multilayer adsorption and pore condensation. 
Parameters CG and Kads have an Arrhenius type temperature de
pendency. There is no information available on the reaction kinetics of 
H2O on this sorbent, but breakthrough experiments showed that satu
ration with H2O is much faster than saturation with CO2 (Appendix A). 
We assume that H2O adsorption is described by a pseudo-first order 
linear driving force model as proposed by Glueckauf and Coates (Eq. (7)) 
(Glueckauf and Coates, 1947). The reaction rate constant, kLDF, follows 
an Arrhenius-type temperature dependency and the parameters are 
chosen such, to result in significantly faster H2O adsorption compared to 
CO2 adsorption (Table 2). 

qH2O(RH) = Cm
CGKadsRH

(1 − KadsRH)(1 + (CG − 1)KadsRH)
(6)  

RH2O(q,RH) = kLDFRH
(
qeq − q

)
(7)  

3.2. Fixed bed model 

A transient adsorption model is developed which describes the 
complete temperature-vacuum swing adsorption cycle. The cycle con
sists of separate phases for adsorption, heating, desorption and cooling. 
These adsorption-desorption cycles are simulated until a cyclic steady- 
state is achieved. 

For the adsorption phase we assume:  

• No external mass transfer limitations, since the difference between 
surface and bulk concentration was found to be negligible;  

• Thermal equilibrium between gas and solid phase;  
• No radial concentration and temperature profile;  
• Constant temperature of heat transfer medium;  
• And a constant gas velocity, considering the low CO2 concentration 

in the feed. 

With these assumptions, the component mass balance becomes: 

εr
∂ci

∂t
=

∂
∂z

(

Dax,i
∂ci

∂z
− ugci

)

− (1 − εr)ρs
∂qi

∂t
(8) 

The intrinsic reaction rate equation (Eq. (5)) does not account for 
internal mass transfer limitations. For this, we use the Thiele modulus 
approach. The Thiele modulus is a classical concept originally derived 
for heterogeneous catalytic processes (Thiele, 1939; Froment et al., 

Table 2 
Fitting parameters of the Tóth isotherm (Bos et al., 2019a), GAB isotherm and 
H2O adsorption kinetics.   

Parameter Value 
Tóth isotherm qs,0(mol /kg) 3.40  

χ( − ) 0  
T0(K) 353.15  
b0(1 /Pa) 93.0× 10− 5   

ΔH0(kJ /mol) 95.3  
t0( − ) 0.37  
α( − ) 0.33 

Tóth kinetics k0,CO2 (mol /(kg bar s)) 3.5× 103   

Eact,CO2 (kJ /mol) 15.2 
GAB isotherm Cm(mol /kg) 5.55  

C0( − ) 100  
K0( − ) 0.92  
ΔcH(kJ /mol) − 8.69   
ΔkH(kJ /mol) − 0.82  

H2O kinetics k0,H2O(1 /s) 450  
Eact,H2O(kJ /mol) 15.2  

Fig. 3. Placement of heat sources in 1D domain. These are placed at several locations along the axial direction indicated with the grey circles. The distance between 
the heat sources depends on the average distance to a heat transfer surface in the experimental setup. 
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2011). It describes the competition between mass transport and reaction 
inside a porous particle. Recently, Driessen et al. (2020b) extended this 
concept to non-equilibrium adsorption processes. The effectiveness 
factor, ηi, is an essential parameter in this concept, which is defined as 
the observed adsorption rate including intraparticle transport limita
tions divided by the adsorption rate at gas bulk concentration and 
average sorbent loading (Eq. (9)). Using the Thiele modulus approach, 
the effectiveness factor can be described by an analytical expression 
using the Thiele modulus at gas phase conditions and average sorbent 
loading. Consequently, Eq. (10) shows the equation for the adsorption 
rate as implemented in the mass balances. This approach is only valid for 
CO2 adsorption; for H2O adsorption, the effectiveness factor is assumed 
to be unity. 

ηi =

∫ ∫ ∫
Ri(c, q)dV

Ri(cb, qav)
(9)  

∂qi

∂t
= Riηi (10) 

Spirals for heating and cooling, with heat transfer medium inside, are 
located in the sorbent bed perpendicular to the gas flow. This causes 
non-uniform heating in radial and axial direction. In addition, there is a 
nonlinear relation between temperature and both equilibrium loading 
and reaction rate. This leads to sorbent loading gradients based on the 
heat transfer distance to the heating coils. A uniform energy source in a 
1D model would not account for this effect. Therefore, we place point 
sources for thermal energy along the axial direction of the 1D model 
based on the average heat transfer distance to the nearest heating coil in 
the experimental setup (Fig. 3). In the energy balance (Eq. (11)), δ(z) =
1 at the point source and δ(z) = 0 at all other points in the axial domain. 

To implement this, the domain is discretized in the spatial direction 
(finite volume) and the heat sources are present in only these designated 
cells. The time dependency is solved with the ODE solver in MATLAB. 

(
(1 − εr)ρsCp,s + εrρgCp,g

) ∂T
∂t

=
∂
∂z

(

λax
∂T
∂z

− ugρgCp,gT
)

+ (1 − εr)ρs

∑n

i=1
ΔrHi

∂qi

∂t
+ δ(z)asht(Tht − T)

(11) 

Desorption of H2O and CO2 causes either the pressure to rise or the 
gas velocity to increase. We assume the pressure to be constant, since the 
pressure drop is negligible compared to the total pressure, also during 
desorption at reduced pressure. Therefore, the gas velocity is not a 
constant and the overall mass balance is required to account for this (Eq. 
(12)). 

εr
∂c
∂t

=
∂(uc)

∂z
+ (1 − εr)ρs

∑n

i=1

∂qi

∂t
(12) 

Model parameters for the adsorption and desorption are listed in 
Table 3. These parameters are used in all simulations, unless noted 
otherwise. Initial conditions are a uniform temperature, concentration 
and loading profile for simulations of a single phase. For cyclic simu
lations, the initial conditions are the final profiles of the previous phase. 
Danckwerts boundary conditions are assumed at the feed inlet and all 
gradients vanish at the end of the reactor. 

Model results are quantified by two key performance indicators 
(KPIs): daily productivity of CO2 (in kgCO2/d) and the specific energy 
duty (in MJ/kgCO2). Energy duty refers to the total energy duty which 
comprises of: reaction heat of CO2 and H2O, sensible heat of sorbent and 
reactor, sensible heat of purge gas, feed compression and vacuum 
compression. The total energy duty is used as KPI, which does not 
discriminate between electrical energy and thermal energy. To account 
for the thermodynamic difference between these two types of energy 
input, the fraction of both types will also be considered in the analyses. 

4. Results and discussion 

4.1. Model validation 

The fixed bed model is validated with experimental results. Break
through behaviour is the crucial and characteristic aspect of the 
adsorption phase. Model and experimental results of an adsorption 
experiment at a superficial gas velocity of 0.15 m/s are shown in Fig. 4a. 
Immediate breakthrough occurs due to the very short contact time of air 

Table 3 
Model parameters for simulations of adsorption and desorption. These are used 
in all simulations unless noted otherwise.   

Parameter Value 
Adsorption ug(m /s) 0.10  

T(∘C) 20  
PCO2 (Pa) 41  
RH(%) 50  
q0(mol /kg) 0.2 

Desorption T(∘C) 90  
P(mbar) 350  
ϕpurge(NL /min) 15  
Purge gas N2  

Fig. 4. Model validation for adsorption with (a) the outlet CO2 concentration of the adsorption breakthrough experiment at 0.15 m/s and (b) the difference between 
experimental results and model simulations for experiments at different superficial gas velocities. 
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with the sorbent (less than 0.2 s). The average adsorption temperature 
and relative humidity of the ambient air are 20◦C and 70 %, respec
tively. These are subject to minor fluctuations, since air is extracted from 
inside the laboratory. Treated air is released back into the laboratory. 
This leads to a slight decrease in CO2 concentration of the ingoing air in 

the early stage of adsorption when the released air is very lean in CO2. In 
the simulations, the actual momentary CO2 inlet concentration is used, 
since averaging was not sufficient for an accurate description. For the 
ambient conditions on the other hand, the previously mentioned aver
ages are used in the simulations. The presence of water vapour is known 

Fig. 5. Model validation for desorption with (a) the desorption temperature over time during desorption with N2 at reduced pressure for multiple purge gas flow 
rates and (b) the difference between experimental results and model simulations for atmospheric desorption (atm.) and vacuum desorption (vac.) at multiple purge 
gas flow rates. 

Fig. 6. Two dimensional sensitivity analyses with the effect of working capacity and adsorption gas velocity on (a) daily productivity and (b) energy duty and the 
effect of working capacity and desorption temperature on (c) daily productivity and (d) energy duty. In the graphs presenting the energy duty, the filled symbols 
represent the total energy duty and the open symbols represent the fraction thermal energy of this total. 
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to enhance CO2 adsorption (Veneman et al., 2015; Patel et al., 2017; 
Wurzbacher et al., 2016; Serna-Guerrero et al., 2008). Therefore, the 
Tóth isotherm model is extended with a description for the CO2 equi
librium capacity as function of relative humidity based on literature data 
from Veneman et al. (2015). The difference between model and exper
imental results of the CO2 outlet concentration are within 7% over the 
entire experiment at a superficial gas velocity of 0.15 m/s (Fig. 4b). For 
all experiments, the difference between experimental and modelling 
results remains within 10 %. Here, the absolute difference is normalized 
by the difference between maximum and minimum measured value (Eq. 
(13)). 

Difference(%) =
ymodel − yexp

max
(
yexp

)
− min

(
yexp

)× 100% (13) 

For the sorbent loading a maximum difference of 5 % is found. With 
this, the adsorption model is considered to be accurate in describing this 
system, especially considering that no fitting parameters are used at all. 

During desorption, the CO2 concentration of the product gas stream 
is measured. This stream may contain a significant amount of water, 
which upon condensation could damage the CO2 analyzer. Therefore, a 
silica guard bed is installed before the CO2 concentration is determined. 
This silica bed also has a small CO2 capacity, which will introduce some 
residence time distribution. Consequently, the measured CO2 

Fig. 7. Distribution of energy consumption as function of desorption temperature for a CO2 working capacity of 0.6 mol/kg.  

Fig. 8. Distribution of energy requirements and daily productivity for the selected regeneration strategies.  

Fig. 9. Occurrences of a combination of temperature and humidity in 
Enschede, the Netherlands throughout one year (KNMI, 2020). The H2O equi
librium capacity following the GAB model (Eq. (6)) for each combination of 
temperature and relative humidity are indicated with the colour map. 
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concentration will not directly represent the gas stream that leaves the 
reactor. This means that the outlet CO2 concentration is not a suitable 
method for direct model validation. The dynamics of the CO2 adsorption 
in the guard bed should then be taken into account. As an alternative, we 
here use the reactor temperature for validation. Both CO2 and H2O 
desorption are endothermic processes with a significant energy effect 
and heat transfer through the bed limits the desorption rate. In other 
words, once the temperature is described correctly, it is inevitable that 
the desorption behaviour is also described correctly. 

Fig. 5a shows the model and experimental results of the temperature 
for desorption under reduced pressure (350 mbar) with N2 as purge gas. 
Initially, the temperature is overestimated by 10 – 20 %, but for the 
remainder it is accurate within 5 % (Fig. 5b). For desorption at atmo
spheric pressure, the differences are even smaller. There are a number of 
possible causes for the overprediction of the bed temperature at the 
beginning. Firstly, the temperature of the heating medium is assumed 
constant, whereas in reality this drops when it flows through the bed. 
This is more significant at the beginning when the heating rate is higher. 
Secondly, the kinetics of H2O desorption are unknown, although it is 
clear that it is faster than the desorption rate of CO2. It is very well 
possible that H2O desorbs faster than assumed in the model, which re
sults in more energy consumption (for H2O desorption) at the start of a 
desorption experiment and, hence, a slower temperature increase. 

Fig. 10. Effect of weather conditions on (a) working capacity at a constant adsorption time of 90 min and (b) adsorption time at a constant working capacity of 0.6 
mol/kg (i.e. an absolute sorbent loading of 0.8 mol/kg). 

Fig. 11. Breakthrough behaviour of CO2 and H2O at two experi
mental conditions. 

Fig. 12. Sensitivity analysis of varying adsorption superficial gas velocity and CO2 working capacity. The bars show the distribution of the energy contributors for 
each working capacity and superficial gas velocity (indicated by the symbols). The lines represent the CO2 productivity. 
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Finally, the heat transfer coefficient is determined for a stagnant fixed 
bed at atmospheric conditions. Heat transfer at reduced pressure is 
slower than at atmospheric pressure, which contributes to the observed 
differences between model and experimental results. Despite the model 
improvements that could be made for the initial desorption stage, we 
consider the desorption model sufficiently accurate for further use in 
process optimization. 

4.2. Sensitivity analyses 

Sensitivity analyses show the effect of operational parameters on key 
performance indicators (KPIs). The complete adsorption-desorption 
cycle is modelled for three consecutive cycles. Initial calculations 
showed that this results in a cyclic steady state. This was determined by 
evaluating the CO2 loading profile in axial direction of the bed of each 
consecutive cycle. In all cases, the loading profile of the second and third 
cycle were nearly identical. Therefore, three cycles will be used as 
default for all simulations. The KPIs are calculated from the results of the 
last cycle. Adsorption and desorption continue until a certain average 
sorbent loading is achieved. The sorbent loading after adsorption is 
varied as one of the operational parameters in the sensitivity analyses, 
whereas desorption always ends at an average sorbent loading of 0.2 
mol/kg. Deeper regeneration results in a longer, more energy intensive 

desorption phase, whereas a higher remaining CO2 loading results in a 
worse sorbent utilization. The chosen value seems to be a reasonable 
trade-off, but an optimal value could be determined in a more extensive 
optimization study. The resulting sorbent working capacity is a measure 
for the adsorption (and desorption) time, which is of great significance 
for both CO2 productivity and energy duty. 

A two-dimensional sensitivity analysis is performed using working 
capacity, and thus adsorption time, and superficial gas velocity during 
adsorption as variables. Their effect on the KPIs, daily productivity and 
energy duty, are shown in Fig. 6a and b, respectively. In addition, the 
energy duty is divided into thermal energy (‘heat’) and electrical energy 
(‘work’). The fraction of thermal energy is also given in Fig. 6b. Note 
that these results are obtained for a given sorbent with its adsorption 
isotherm and a fixed amount of sorbent. 

There is an optimal working capacity in terms of productivity 
(Fig. 6a). This optimum occurs due to heat transfer limitations at low 
working capacity and due to CO2 equilibrium capacity limitations to
wards high working capacity. Heat transfer limitation occurs in the 
transition between adsorption and desorption. Then, neither adsorption 
nor desorption takes place, hence it is some sort of downtime of the 
system. At low working capacity, adsorption and desorption are fast and 
therefore this downtime is relatively long. Consequently, the produc
tivity decreases towards low working capacity. The productivity will 

Fig. 13. Sensitivity analysis of varying desorption temperature and CO2 working capacity. The bars show the distribution of the energy contributors for each working 
capacity and desorption temperature (indicated by the symbols). The lines represent the CO2 productivity. 

Fig. 14. Energy duty of the sensitivity analyses showing the total energy duty and the amount of thermal energy (‘heat’) and electrical energy (‘work’). Note that for 
varying desorption temperature, the thermal energy and electrical energy requirements are nearly identical at 60◦C. 
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also decrease towards a higher working capacity. The adsorption rate 
lowers as adsorption progresses, because it is limited by the CO2 equi
librium capacity. Adsorption will take longer; hence, fewer cycles per 
day can be realized. Therefore, the daily productivity will decrease. 

Increasing the gas velocity results in a faster adsorption rate, because 
the average CO2 concentration throughout the bed will increase. This 
results in a higher productivity at increasing superficial gas velocity. 
However, internal mass transfer and/or reaction kinetics then become 
more dominant and the effect of increasing gas velocity on productivity 
flattens off. Operating at high working capacity is beneficial in terms of 
energy duty (Fig. 6b). Fewer cycles are required at increasing working 
capacity, which reduces the sensible heat requirement. In addition, the 
energy penalty for water desorption reduces with increasing working 
capacity. Although the working capacity of CO2 increases, it does not 
result in a higher H2O working capacity, because the sorbent is quickly 
saturated with the more abundantly available water vapour. In other 
words; a higher CO2 working capacity leads to an increase in CO2 
selectivity. On the other hand, an additional energy penalty for feed 
compression is paid due to increased adsorption time. Therefore, at very 
high working capacity (or adsorption time) and high gas velocity, the 
overall energy costs increase again. A more detailed analysis of the en
ergy distribution of this sensitivity analysis is available in Appendix B. 
Varying superficial gas velocity during adsorption only affects the en
ergy cost for feed compression and, for short adsorption times, also the 
reaction heat for H2O desorption at constant working capacity. The 
former is the result of a higher pressure drop, which is not completely 
compensated by a shorter adsorption time. The latter only occurs at a 
very short adsorption time, when the H2O loading has not yet reached 
equilibrium. This means that at constant working capacity, the thermal 
energy requirement is (except at short adsorption time) constant and 
differences in the fraction of thermal energy are caused by feed 
compression costs. The superficial gas velocity seems to affect the total 
energy duty only slightly, however, feed compression costs for a work
ing capacity of 0.6 mol/kg increase by a factor of nine when increasing 
the gas velocity from 0.05 to 0.2 m/s. This means that feed compression 
is not a major energy consumer at these conditions. The fraction of 
required thermal energy emphasizes these observations. Only at high 
working capacity for high gas velocity, the fraction of electrical energy is 
rapidly increasing and feed compression becomes significant. 

A second two-dimensional sensitivity analysis shows the effect of 
working capacity and desorption temperature on productivity and en
ergy duty, including the fraction thermal energy (Fig. 6c and d). Both 
productivity and energy duty take advantage of a higher desorption 
temperature. It appears that desorption temperature is limited by ther
mal stability of the sorbent. An important point to note here, is that the 
reported desorption temperature refers to the temperature of the heating 
medium and not the temperature of the actual sorbent bed, hence the 
sorbent bed does not necessarily reach the temperature of the heating 
medium at the end of desorption. A higher desorption temperature is 
beneficial for productivity since it reduces desorption time. Further
more, the optimal working capacity shifts towards a lower value when 
increasing desorption temperature. Since the heating medium has a 
higher temperature, the heating phase is shorter and therefore the 
‘downtime’ of the cycle is shorter. 

In terms of energy duty, intuitively one would argue that an increase 
in ΔT from adsorption to desorption would raise the energy duty. The 
sensible heat requirement is indeed rising with temperature; however, 
this also reduces desorption time and consequently the compression 
costs of the purge gas (Fig. 7). Therefore, the fraction of electrical energy 
is highly reduced at increasing desorption temperature (Fig. 6d). A trend 
that is valid throughout the whole range of working capacity as shown in 
Fig. 13 in Appendix B. 

From these sensitivity analyses we can conclude that desorption 
temperature is preferably high, and probably limited by sorbent stabil
ity. Also, the adsorption gas velocity has a limited influence on energy 
duty, but does increase productivity up to a gas velocity of 0.15 m/s. 

After this, internal mass transfer and reaction kinetics are limiting the 
adsorption rate. Furthermore we can conclude that a complete optimi
zation is not possible based solely on these analyses. A trade-off between 
productivity and energy consumption is required, which should then be 
optimized towards total cost of capture. Moreover, these sensitivity 
analyses only provide a two-dimensional view, whereas a complete 
optimization has much more dimensions. 

As an example, let’s consider the option of desorption at low tem
perature for a constant working capacity of 0.6 mol/kg. Fig. 7 shows that 
this is very energy intensive, where most of the energy (besides the 
unavoidable heats of desorption) is spent on purge gas heating and 
vacuum compression. At this lower temperature, desorption kinetics 
may be limiting instead of equilibrium capacity. Which raises the 
question whether it is required to operate at reduced pressure and the 
current purge gas flow. These parameters together with the initial sor
bent loading (0.2 mol/kg is used in all of these simulations) are not 
evaluated. Therefore, this multi-dimensional problem requires a much 
more detailed optimization study combined with economic analysis to 
find the optimal, case specific operational parameters. 

4.3. Desorption options 

Desorption with an inert purge gas (as e.g. nitrogen, applied in ex
periments in the present work) is useful for laboratory testing purposes, 
however it has two disadvantages in large scale applications. Firstly, 
introducing a purge gas dilutes the product gas. A purge gas reduces the 
partial pressure of CO2 during desorption and therefore enhances the 
desorption rate. However, utilization strategies often require pure CO2 
(e.g. for chemical reduction). A condensable purge gas, such as steam, 
resolves this issue, but comes on its term with additional costs to pro
duce the purge gas by evaporation. When using steam, a reduced pres
sure is probably required, since the major part of desorption will operate 
below the boiling point at atmospheric pressure. Secondly, the use of a 
non-condensable purge gas raises the question where this purge gas (e.g. 
nitrogen) is obtained. From a sustainability (and economic) point of 
view, the use of an unrecoverable purge gas is unfavorable. An exception 
can be the use of ambient air, when a diluted product stream (1 – 5 %) is 
not a problem. Moreover, this is even a frequently used option for CO2 
supply in various horticulture applications and for microalgae cultiva
tion. However, when using air in combination with the current sorbent, 
the desorption temperature is limited to 70◦C to avoid rapid oxidative 
degradation. 

We evaluated these alternative desorption methods to show that they 
are possible with a similar energy consumption compared to desorption 
with a nitrogen purge (Fig. 8). The evaluated desorption methods 
include: a nitrogen purge at atmospheric pressure, a nitrogen purge at 
reduced pressure (350 mbar), an air purge at atmospheric pressure and a 
steam purge at reduced pressure (100 mbar). The operating conditions 
are based on the sensitivity analyses, however they are not necessarily 
optimized. Adsorption conditions are the same for all simulations (PCO2 
= 41 Pa, T = 20◦C, RH = 50 %, Δq = 0.7 mol/kg, ug = 0.1 m/s). 
Desorption temperature depends on the purge gas: 90◦C for nitrogen, 
70◦C for air and 120◦C for steam. For steam, the purge flow is set at 1 
NL/min, where for the other cases this is 20 NL/min. 

Vacuum desorption is faster than atmospheric desorption, causing an 
increase in productivity and reducing the sensible heat demand of the 
purge gas. However, the energy penalty to achieve vacuum is significant 
and causes the total energy consumption to be higher. The choice 
whether to use vacuum or not likely depends on the purge gas flowrate 
and desorption pressure. Also regarding these considerations, a multi- 
dimensional optimization study is necessary to provide these insights 
and to quantify the costs. 

Using an air purge leads to the lowest productivity at the highest 
energy costs. The desorption step takes a long time, mainly due to the 
lower desorption temperature and consequently a slower heating rate. 
Therefore, purge gas sensible heat becomes the largest cost driver. 
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Reducing desorption time by lowering the working capacity will not be a 
good alternative. Since the sensitivity analysis (Fig. 6c and d) show that 
Δq = 0.7 mol/kg is already close to maximum productivity and the 
energy consumption will only rise when reducing the working capacity. 
Reducing purge gas flow rate could be beneficial, since, also with air, the 
desorption rate is limiting and not the equilibrium loading. However, 
this will slightly reduce the productivity, which is already low. From an 
economic point of view, air as purge gas offers several advantages. First 
of all, it is free of costs and abundantly available. Secondly, it results in a 
simpler process design, especially for desorption at atmospheric condi
tions. Finally, the lower desorption temperature provides more oppor
tunities to use waste heat as energy source. 

Steam desorption is an interesting alternative showing the highest 
productivity. However, to reach a comparable energy consumption, 
desorption conditions with a steam purge are much harsher than for the 
nitrogen purge. Sensible heat requirements are a bit higher than for the 
other options, due to the higher desorption temperature. The high pro
ductivity means that the desorption rate at these conditions is faster than 
with the nitrogen purge. This means that purge gas flowrate, which 
differs by a factor of 20, does not affect productivity very much at a high 
temperature. 

In conclusion, for these different regeneration options at constant 
working capacity, the differences in productivity are more pronounced 
than the differences in energy consumption. 

4.4. Influence of weather conditions 

Standard adsorption conditions in the simulations for optimization 
were 20◦C and 50 % RH. Also in literature, these conditions were often 
used to design and optimize DAC processes (Keith et al., 2018; Stam
pi-Bombelli et al., 2020). This is arguably valid for indoor experiments 
or weather conditions during the day. However, for DAC processes to 
run day and night throughout the year, these conditions are far from 
standard. Fig. 9 shows the occurrences of a combination of relative 
humidity and temperature within one year (01/11/19 – 01/11/20) in 
Enschede, The Netherlands (KNMI, 2020). The relative humidity is 
generally high. Furthermore, high temperature is usually combined with 
a low relative humidity, whereas the relative humidity is high at low 
temperature. Overall, it becomes clear that the chosen conditions (20◦C 
and 50 % RH) are not a valid representation of the actual ambient 
conditions. In fact, the average temperature and relative humidity are 
11◦C and 77 %, respectively. 

An average annual temperature and relative humidity will also not 
be representative for the system throughout the year. Important factors 
for productivity and energy duty, such as adsorption equilibrium ca
pacity and reaction kinetics, have a nonlinear relation with respect to 
temperature and/or relative humidity. Also, sensible heat requirements 
to reach desorption temperature are affected. Furthermore, H2O co- 
adsorption already causes a significant energy penalty at 20◦C and 50 
% RH, as indicated in the energy consumption distribution in Figs. 7 and 
8. Fig. 9 illustrates the H2O equilibrium capacity (Eq. (6)) for all com
binations of temperature and relative humidity. It becomes clear that 
H2O co-adsorption will become even more significant at the average 
conditions identified above. 

The effects of reaction kinetics and CO2 equilibrium capacity are 
assessed using the adsorption fixed bed model. Again, the model is 
extended with a description of the CO2 capacity enhancement due to 
H2O co-adsorption. The initial CO2 loading (i.e. CO2 loading after 
desorption) is 0.2 mol/kg in all simulations, the gas velocity is 0.3 m/s 
and the CO2 partial pressure is 41 Pa. The high gas velocity eliminates 
potential external mass transfer limitations. Two sets of simulations are 
performed in a temperature range of -5◦C to 40◦C and relative humidity 
over the full range. First, the CO2 working capacity is determined after 
90 min of adsorption (Fig. 10a) and second, the adsorption time is 
determined to reach a working capacity of 0.6 mol/kg (Fig. 10b). 

The slowest adsorption rate occurs at low temperature, even though 

the CO2 equilibrium capacity is the highest. This means that, at low 
temperature, adsorption is clearly limited by reaction kinetics. This is 
also the reason that the effect of relative humidity on the working ca
pacity is relatively small at low temperature (Fig. 10a). Reaction kinetics 
become faster as the temperature increases, which results in more 
adsorption after a fixed amount of time. However, at increasing tem
perature, the CO2 equilibrium capacity decreases. Therefore, at high 
temperature, the driving force for adsorption will decrease and thus the 
adsorption rate. At high humidity, this limitation is less pronounced due 
to the enhancement of CO2 equilibrium capacity; hence, limitation in 
adsorption rate will occur at a higher temperature. The same phenom
ena lead to the trends observed in Fig. 10b. Here, it shows the time it 
takes until a CO2 working capacity of 0.6 mol/kg is reached, which is an 
absolute CO2 sorbent loading of 0.8 mol/kg. The limitation in driving 
force at high temperature and low humidity is evident. At these condi
tions, (e.g. 40◦C and 0 % RH) the equilibrium capacity is lower than 0.8 
mol/kg and it is not possible to reach the desired working capacity. 

The available experimental dataset for CO2/H2O co-adsorption is 
still limited and, for this study, required extrapolation towards higher 
humidity and the temperature extremes. Especially at high humidity and 
high temperature, the enhancement is likely to be overestimated. An 
extension of the dataset and a detailed mechanistic study is required to 
make an accurate assessment of the impact of weather conditions on the 
adsorption process. 

Overall, there is a large spread in the adsorption rate at different 
weather conditions. Therefore, productivity and energy duty will also 
greatly depend on weather conditions. However, this is not reflected in 
design studies assuming moderate or averaged operating conditions. 
Most likely this results in overestimating productivity and under
estimating the energy costs for a continuous production of CO2 from air. 
In addition, optimal operating conditions will differ throughout the 
seasons and even between day and nighttime. In that case, most likely 
dynamic control of the operating parameters is required for the most 
efficient adsorption process. 

5. Conclusion 

This study discussed an optimization strategy of a kg-scale adsorp
tion-based DAC system. The system was modelled incorporating mass- 
and heat transfer on particle and bed level and validated by experi
mental data. Sensitivity analyses showed that desorption temperature 
should be as high as possible, hence, limited by sorbent stability. 
Furthermore, gas velocity during adsorption does not have a large 
impact on energy duty, but does significantly affect productivity. 
Finally, working at a high working capacity limits the productivity of the 
process, however it is beneficial in terms of energy requirement. Such 
trade-off between productivity and energy duty can only be assessed 
with a more detailed multi-dimensional optimization study combined 
with an economical assessment. 

The location of DAC is an important factor in process optimization. 
Firstly, weather conditions and diurnal variations significantly affect 
process performance and therefore the optimal operation parameters. 
Furthermore, despite of all optimization efforts, DAC remains an energy 
intensive process. Availability of low cost energy (e.g. waste heat, low- 
grade steam) will therefore be important for the viability of DAC. 
Finally, economic viability is also determined by the sales price of CO2, 
which can vary significantly with the location. 

Overall, this study provides a clear insight in the effects of weather 
conditions and operating conditions on energy consumption and system 
productivity. With these insights and the developed model, it provides a 
sound basis for further process development and optimization of DAC 
using fixed bed technology combined with solid amine sorbents. 
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Appendix A. H2O/CO2 breakthrough experiments 

Breakthrough experiments of combined H2O and CO2 adsorption 
show that adsorption of H2O is much faster than adsorption of CO2. 
These experiments are performed in the same fixed bed reactor as the 
CO2 breakthrough experiments (Section 2.2). Here, some part of the N2 
is first saturated with H2O to achieve the desired relative humidity. 
Fig. 11 shows the concentration of the species in the gas that leaves the 
reactor normalized to the concentration that enters the reactor. It shows, 
for two experimental conditions, that equilibrium of H2O adsorption is 
reached much earlier than equilibrium of CO2 adsorption. The time it 
takes to reach 99 % of the inlet concentration is two times faster for H2O 
than for CO2 for adsorption at 15◦C and 70 % RH and nine times faster 
for adsorption at 35◦C and 25 % RH. The assumption that the sorbent is 
much faster saturated with H2O than with CO2 is therefore justified. 

Appendix B. Detailed sensitivity analyses 

The sensitivity analyses presented in Section 4.2 show only show the 
total energy duty, fraction of thermal energy and daily productivity. 
Here, we provide the total breakdown of the energy costs. In these an
alyses, thermal energy includes:  

- reaction heat of CO2;  
- reaction heat of H2O;  
- sensible heat of the sorbent;  
- sensible heat of the reactor;  
- sensible heat of the purge gas;  
- and, in the case of a steam purge, latent heat of the purge gas, 

and electrical energy includes:  

- compression of the feed (air);  
- and compression of purge gas during vacuum desorption. 

Fig. 12 shows the detailed sensitivity analysis for varying superficial 
gas velocity during adsorption and varying working capacity. It com
bines Fig. 6a and b and shows the distribution of energy contributors. 
The listed energy contributions are shown in the bar graphs for different 
superficial velocities, indicated by the symbols in the bottom of the bar 
graph, and selected CO2 working capacities. The lines show the corre
sponding productivity for each of the superficial gas velocities. Fig. 13 
combines Fig. 6c and d to shows the detailed sensitivity analysis for 
varying desorption temperature and varying working capacity. 

The fraction of thermal energy is already included in Fig. 6. This does 
not show the absolute energy consumption by these two types of energy. 
Therefore, Fig. 14 shows the total energy duty as well as the amount of 
thermal and electrical energy that is required. 
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