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Abstract

Direct capture of CO, from ambient air is technically feasible today, with commercial units already in operation. A dem-
onstrated technology for achieving direct air capture (DAC) is chemical separation of CO, in a steam-assisted temperature-
vacuum swing adsorption (S-TVSA) process. However, the potential to develop scalable solutions remains high, requiring
a detailed understanding of the impact of both process design and operation on the performance of the DAC unit. Here, we
address this knowledge gap by presenting a state-of-the-art process simulation tool for the purification of CO, from ambient
air by a 5-step S-TVSA process. By considering the benchmark adsorbent APDES-NFC, we conduct multi-objective produc-
tivity/energy usage optimization of the DAC unit, subject to the requirement of producing a high purity CO, product (> 95%).
For the base case scenario, we find a maximum productivity of Pr,,, = 6.20 kg/m>®/day and a minimum specific equivalent
work of Wgq i, = 1.66 MJ/kg. While in reasonable agreement with published data, our results indicate that the description
of both competitive adsorption and adsorption kinetics are key factors in introducing uncertainty in process model predic-
tions. We also demonstrate that the application of formal optimization techniques, rather than design heuristics, is central to
reliably assess the process performance limits. We identity that system designs employing moderate CO, sorption kinetics
and contactors with low length-to-radius ratios yield the best performance in terms of system productivity. Finally, we find
that moderate-high ambient relative humidities (50-75%) offer significantly favourable performance, and that a wide range
of feed temperatures (5-30 °C) can be accommodated via process optimization without a significant impact on performance.
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Mass of CO, produced during desorption step
(kg)

Number of components (—)

Saturation capacity of CO, (mol/kg)
Reference saturation capacity of CO, (mol/kg)

Amount of CO, produced during desorption

step (mol)

Amount of water produced during desorption
step (mol)

Amount of N, produced during desorption step
(mol)

Amount of steam fed during desorption step
(mol)

Pressure (Pa)

Non-dimensional pressure (—)

Partial pressure of CO, (Pa)

Partial pressure of water (Pa)

Vapor pressure of water (Pa)

Characteristic pressure (Pa)

Ambient pressure (Pa)

Peclet number (-)

CO, purity (%)

Productivity (kg/m>/day)

Specific adsorbed amount of CO, at equilib-
rium (mol/kg)

Specific adsorbed amount of water at equilib-

rium (mol/kg)
Jacket heating of desorption step (MJ)

Jacket heating of heating step (MJ)
Heating to produce steam (MJ)
Specific thermal energy usage (MJ/kg)
Relative humidity (-)

Column innner radius (m)

Column outer radius (m)

Pellet radius (m)

Steam ratio (-)

Time (s), or Toth exponent (—)
Reference Toth exponent (—)
Adsorption step duration (s)
Blowdown step duration (s)

Total cycle duration (s)

Desorption step duration (s)

Heating step duration (s)
Pressurization step duration (s)
Temperature (K)

Non-dimensional temperature (—)
Non-dimensional jacket temperature (—)
Non-dimensional wall temperature (—)
Reference temperature (K)

Ambient temperature (K)

Yu,0
Yco, F
YH,0F

IN,F
Z

Jacket temperature (K)

High temperature (K)

Low temperature (K)

Non-dimensional interstitial velocity (-)
Air feed interstitial velocity (m/s)

Steam feed interstitial velocity (m/s)
Characteristic interstitial velocity (m/s)
Volume of adsorption bed (m?)

Specific equivalent work (MJ/kg)
Minimum specific equivalent work (MJ/kg)
Non-dimensional adsorbed amount (-)
Non-dimensional adsorbed amount at equilib-
rium (-)

Mole fraction of water (-)

Mole fraction of CO, in feed (-)

Mole fraction of water in feed (-)

Mole fraction of N, in feed (-)
Non-dimensional axial coordinate (-)

Greek symbols

a

P
Y

Y

1
2
3
4

OO0 OROENXS

Toth temperature dependence parameter (—), or
dimensionless group (—)

Toth co-adsorption parameter (kg/mol)
Toth co-adsorption parameter (kg/mol)
Heat of adsorption (J/mol)

Bed porosity (-)

Isentropic turbine efficiency (-)

Vector of operating conditions

Vector of operating condition lower bounds
Vector of operating condition upper bounds
Viscosity (kg/m/s)

Second law efficiency (-)

Dimensionless group (-)

Dimensionless group (-)

Dimensionless group (-)

Bed density (kg/m?)

Column wall density (kg/m?)
Dimensionless group (-)

Non-dimensional time (), or column aspect
ratio (-)

Penalty function

Toth temperature dependence parameter (—)
Dimensionless group (-)

Dimensionless group (-)

Dimensionless group (-)

Dimensionless group (-)

Dimensionless group (-)

Abbreviations

CSS

DAC
GAB
GGR

Cyclic steady state

Direct air capture
Guggenhein—Anderson de Boer
Greenhouse gas removal
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NSGA-II Non-dominated sorting genetic algorithm II

ODE Ordinary differential equation

PDE Partial differential equation

S-TVSA  Steam-assisted temperature-vacuum swing
adsorption

TVSA Temperature-vacuum swing adsorption

WENO  Weighted essentially non-oscillatory

1 Introduction

It is now broadly recognised that greenhouse gas removal
(GGR) will play an important role in our transition to a net-
zero society [1, 2]. GGR allows for the handling of hard-to-
abate residual emissions, decentralized emissions, and his-
torical emissions of CO,. Among the available options for
achieving GGR, direct removal of CO, from the atmosphere
by direct air capture (DAC) is a leading technological solu-
tion [3-5]. In a DAC process, ambient air from the atmos-
phere is taken as a feed stream and CO, is removed by chem-
ical separation, yielding a CO,-lean air stream, which can be
returned to the atmosphere, and a high purity CO, stream.
The latter can be sent downstream to be stored permanently
in underground geological formations [6], or for use as a
chemical feedstock for the production of, e.g., carbon-based
fuels [7, 8]. Therefore, DAC can be used to provide net CO,
removal from the atmosphere (in the case of geological CO,
storage), or to provide a means by which to utilize carbon-
based fuels with near net-zero carbon emissions along the
entire value chain (in the case of CO, utilisation) [9].

A leading technology for performing DAC is chemical
separation by adsorption onto porous solids [10, 11]. Par-
ticularly, previous academic studies [12—-16] and industrial
patent applications [17, 18] have shown that a steam-assisted
temperature-vacuum swing adsorption (S-TVSA) process is
capable of producing high purity CO, (> 95%) from ambient
air. In an S-TVSA process, CO, is adsorbed from air onto
the surface of an adsorbent solid at ambient pressure and
temperature. Subsequently, the pressure of the bed is low-
ered and the temperature is increased using a steam purge to
release CO, from the solid surface, in a controlled manner,
at high purity. The process cycles between adsorption and
regeneration modes, capturing CO, from the air in a semi-
batch fashion. In practice, the design of adsorption-based
processes is challenging owing to the strongly non-linear
mass and heat transfer dynamics which occur inside the
adsorption column [19]. The relationship between opera-
tional decisions, such as the duration of each step in the
cycle, as well as the operating temperatures/pressures and
gas flow rates, is complex with respect to metrics of the pro-
cess performance. Specifically, we aim to make operational
decisions such that we are able to achieve a high system
productivity, while requiring a low electrical and thermal

energy demand [20, 21] and achieving high CO, purity in
the product stream.

There currently exist only a handful of process model-
ling studies of fixed-bed S-TVSA for DAC. Notably, this
previous work has conducted the design of the process cycle
according to heuristic guidelines with respect to the cycling
times, operating pressures/temperatures, gas flowrates, and
contactor design [14—16]. While practical, this approach
does not yield a near-optimal process design owing to the
complex dynamics of cyclic adsorption systems. As such,
opportunities exist for substantial performance improve-
ments via formal process optimisation approaches. Moreo-
ver, while previous work has elucidated the local [14, 15] or
global [16] sensitivity of the process performance to various
design parameters, the comparison of different design cases
remains elusive, as these do not represent the best-case of
process performance under each set of operating conditions.
We also note that previous studies have all evaluated the
performance of the adsorption process by calculating the
performance indicators considering the product gas stream
on a dry basis. However, the product gas from an S-TVSA
process contains a significant amount of water vapor, so
accounting accurately for the downstream condensation of
water is essential for achieving an accurate characterization
of the system performance.

In this work, we present a rigorous and computationally
efficient framework for the simulation and optimization of
DAC by an S-TVSA process. We evaluate the performance
of the process by finite volume simulation of the funda-
mental material, momentum, and energy balance equations
which govern the dynamics of a fixed-bed adsorption col-
umn. We explicitly account for the downstream separation
of CO,/H,0 in a single-stage condensation unit via thermo-
dynamic modelling to allow for accurate determination of
the purity of the CO, product. We apply this framework to
the design of the S-TVSA process using a fixed-bed of the
benchmark APDES-NFC adsorbent. As such, a central aim
of this work is to rationalise the observed variability in the
process performance metrics in terms of productivity and
energy usage reported for both traditional TVSA processes
[20, 22] and steam-assisted S-TVSA processes [14] using the
same adsorbent. To this end, we have formally optimized the
system performance through the application of a black-box
population-based genetic algorithm to maximize the system
productivity and minimize the system energy usage, while
achieving high CO, purity (> 95%). Finally, we study the
impact of feed conditions (temperature and relative humid-
ity), CO, kinetics, and contactor design on the performance
of the S-TVSA process by optimizing the process operating
conditions under a wide range of design scenarios.

The remainder of the study is organised as follows. In the
methods Section, we describe the simulation and optimiza-
tion framework which we have developed and deployed for
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Fig. 1 Schematic representa-
tion of the 5-step steam-assisted
temperature-vacuum swing
adsorption cycle. The cycle
steps are (1) adsorption, (2)
blowdown, (3) heating, (4)
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the analysis of the 5-step S-TVSA process. In the results
Section, we present the outcome of the system optimization
and make recommendations for the design of such systems
in practice. Finally, in the discussion Section, we analyse the
effect of key factors on the design of the system, particularly,
the ambient feed conditions, the CO, adsorption kinetics,
and the contactor design.

2 Methods
2.1 Temperature-vacuum swing adsorption cycle

In this work, we consider the separation of CO, from a
humid air stream comprising CO,, N, and H,O with a
pressure of p = 1 bar, a temperature of 7 = 20°C, a CO,
concentration of 400 ppm, and a relative humidity of
ry = 50%. We consider a fixed bed adsorption process
utilizing a packed bed of APDES-NFC adsorbent [23].
APDES-NFC is an amine functionalized chemisorbent
polymer, which has been shown in previous studies to have
favourable adsorption equilibrium and kinetic properties
for use in DAC processes [23-25]. We consider a steam-
assisted temperature-vacuum swing adsorption process for
DAC [14, 16]. A schematic representation of the process
cycle is provided in Fig. 1. The cycle comprises five steps;
(1) adsorption, (2) blowdown, (3) heating, (4) desorp-
tion, and (5) pressurization. In the adsorption step, ambi-
ent air is introduced to the column from the feed end. In
this step, CO, and H,O co-adsorb onto the surface of the
solid, and a CO,-lean air stream is eluted from the product
end of the column. In the blowdown step, the pressure of
the column is reduced using a vacuum pump. The aim of
this step is to remove residual N, which is accumulated
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in the inter-pellet void space in the column at the end of
the adsorption step. In the heating step, the temperature
in the heating jacket is increased to pre-heat the bed in
preparation for the desorption step, while maintaining the
vacuum level in the column using the vacuum pump. In
the desorption step, a steam purge is introduced to the
column from the feed end. The gas eluted from the product
end during this step is predominantly a mixture of CO,
and H,O. The product gas is sent through a condenser
to remove water and yield a high purity stream of CO,.
Finally, in the pressurization step, the pressure of the col-
umn is increased by introducing ambient air to the column
from the feed end, with the product end closed. During this
step, cooling water is introduced to the jacket to return the
column to ambient temperature in preparation for the next
adsorption cycle. The process continues to operate through
the sequence of cycle steps, adsorbing and subsequently
recovering CO, in a semi-batch fashion.

We note the following key features of the cycle just
described. The pre-heating of the bed provides several
important functions to the overall process. First, it allows
for desorption to occur at a higher temperature, which is
favourable for efficient release of CO, and H,O. Second,
it partially degasses the surface of the solid. Because the
vacuum level inside the column is being maintained, this
degassing process acts to further purge, by displacement,
any residual N, from the bed which was not removed dur-
ing the blowdown step—ensuring that the ultimate purity
of the CO, product is high. Finally, pre-heating the bed
acts to ensure that the temperature inside the column is
sufficiently high as to avoid condensation of the steam
purge inside the column during the subsequent desorption
step. The steam acts to rapidly desorb CO, from the bed by
two mechanisms. First, steam provides heat to the column
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Fig.2 CO,/H,O uptake on APDES-NFC adsorbent. a H,O uptake
as a function of relative humidity. b CO, uptake as a function of
CO, partial pressure under dry conditions (py,o =0 Pa). ¢ CO,

uptake as a function of CO, partial pressure under humid conditions
( PH,0 = 2550 Pa). CO, isotherms are provided at three temperatures

to overcome the chemical interactions formed between the
solid and the gases during the adsorption step. Second, the
flow of steam creates a displacement purge effect, whereby
gas removed from the solid is rapidly swept away, main-
taining a high driving force for mass transfer from the
adsorbed-phase into the gas-phase.

2.2 Process simulation
2.2.1 Adsorption equilibrium

We calculate the adsorption equilibrium of CO,/N,/H,0 on the
surface of APDES-NFC as a function of pressure, tempera-
ture, and gas-phase composition by using a combination of
the Guggenhein—Anderson de Boer (GAB) and modified Toth
isotherm models [14]. The adsorption of water on the surface
of the solid is given by the GAB isotherm:

g = cmCGKaas o
HZO (1 - Kads)[l + (CG - I)Kader]

where ‘1;120 is the specific adsorbed amount of water, ry; is
the relative humidity, and ¢, ¢ and K, are empirical con-
stants of the isotherm model. The relative humidity is cal-
culated as the ratio of the partial pressure of water with its
vapor pressure:

_ Pu,0 _ PYu,o

"H @

Pu,0  Phyo
where p is the total pressure, yy ¢ is the mole fraction of
water, and pj, . is the vapor pressure of water. The vapor

2

pressure of water is calculated using Antoine’s equation:

. B
1 o) =A—- ——
OglO(pl_[zo) C+T (3)

(T'=293K, T =333K, T =373 K). The vertical dashed line in pan-
els (b) and (c) indicates the partial pressure of CO, in ambient air
(Pco, =40 Pa)

where py;  is the vapor pressure of water (mmHg), T'is the
2

temperature (°C), and A, B and C are empirical constants.
The adsorption of CO, on the surface of the solid has been
described using a modified Toth isotherm model:

nbpco,

[1 + (b[’coz)t] v

where g, is the specific adsorbed amount of CO,, p,,  is
2 2

* —
dco, =

“

the partial pressure of CO,, g is the saturation capacity of
CO, on the surface, b is the adsorption equilibrium constant,
and ¢ is the Toth exponent. The isotherm parameters are
expressed as functions of the temperature and specific water

loading, as follows:
T
Ny EXp [}((1 - F())] &)

* % _AHO TO
b=b(T,q, ) = [1 + ﬂqHzo]bo exp [ (1-=
- 0

ng = ny(T, ql’flzo) = W
H,0

TO
t:t(T):tO+a<l—?> ©)

The adsorption isotherms of H,O and CO, are provided in
Fig. 2. We can see that the presence of moisture on the amine
functionalised surface acts to increase both the maximum
capacity of the sorbent for CO,, as well as the steepness of
the isotherm in the low pressure region. The latter is a key
requirement for achieving high CO, uptake at the very low
partial pressure of CO, which is present in ambient air. In
accordance with previous studies on chemisorbents for DAC,
we have assumed that the surface of APDES-NFC is effec-
tively inert to N, [11]. This characteristic of the material
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Table 1 Parameters of the GAB isotherm and modified Toth isotherm
models for the adsorption of CO,/H,O on the surface of APDES-
NFC adsorbent [14], and parameters of Antoine’s equation for the
vapour pressure of water

Parameter Value Units
GAB isotherm

M 36.48 (mol/kg)
cG 0.1489 -)

K46 0.5751 =)
Antoine’s equation

A 8.07131 =)

B 1730.63 O

C 233.426 o)
Toth isotherm

T, 296 XK)

Ny, 2.38 (mol/kg)
by 70.7 (kPa™")
ty 0.4148 )

AH, —57.047 (kJ/mol)
a - 1.606 )

x 0 )

y 0.0016 (kg/mol)
B 59.1 (kg/mol)

makes it a good choice for the removal of ultra-dilute CO,
from ambient air, by providing an effective bulk separation
between CO, and N,. The parameters of the GAB isotherm,
Antoine’s equation, and the modified Toth isotherm which
have been used in this work for predicting the adsorption
equilibrium in the system are provided in Table 1.

2.2.2 Adsorption dynamics

The dynamics taking place inside the packed bed adsorption
column have been described using a 1D adsorption column
model, which we developed during previous works [26, 27]
and have adapted for the simulation of the S-TVSA pro-
cess considered in this study. The model comprises a set of

material, momentum, and energy balance equations which
account for the necessary mechanisms of mass and heat
transfer in the adsorption process. The adsorption column
model is a coupled system of partial differential equations,
which are provided in non-dimensional form in Table 2. Def-
initions of the dimensionless groups in Table 2 are provided
in Section S.1 of the Supporting Information. The overall
and component material balances represent axially dispersed
plug flow of an ideal gas mixture through the packed bed of
adsorbent. This is coupled to an adsorption kinetics model
which describes the transfer of species from the gas-phase
to the adsorbed-phase as a first-order mass transfer process
using the linear driving force approximation. The pressure
drop equation relates the pressure to the gas flow rate using
Darcy’s law for flow in a packed bed of spherical pellets.
There are energy balance equations for both the gas-phase
temperature, and the temperature of the column wall. The
energy balance equations account for all key heat transfer
mechanisms taking place in the system, including; conduc-
tion, convection, heat released by exothermic adsorption,
and heat exchanged with the heating jacket.

2.2.3 Finite volume simulation

The 5-step adsorption process described in Sect. 2.1 has
been simulated by numerical solution of the material,
momentum, and energy balance equations comprising the
adsorption dynamics model (Table 2) using a finite volume
approach. The model equations are a coupled set of partial
differential equations (PDEs) describing the variation of the
state of the system in both space and time. First, the equa-
tions are discretized in space by dividing the column into 10
volume elements using a weighted essentially non-oscilla-
tory (WENO) finite volume scheme [19]. This results in a
system of coupled ordinary differential equations describ-
ing the evolution of the state of the system with time. The
system of ordinary differential equations (ODEs) has been
integrated with respect to time using the odel5s solver in

Table 2 The system of non-
dimensional partial differential
equations representing the
material, momentum, and
energy balances of the 1D
adsorption dynamics model

Overall material balance
Component material balance

Solid-phase material balance

Pressure drop

Column energy balance

Wall energy balance

B _pOT _ _Fo (B _ Ty %
or T Z\7)vT X 5

Wogudp _ndl 1T (povi) T2 (yv)_ T, 0%
ot p ot T or Pe p 0Z\ T 0Z poz\ T [;War

ox,

Zi = g (x* —x;
o a;(xf —x;)
_ 2
_ _ @(1;) ok
oz 4rp € Po
aT p _ PT 9 o n, T\ 0x; T
QT =070 -0 Z (N + X [(01 - QsT);] -Q(T-1,)

Ty _
or

M2 41, (7 - T,) - 14(T, - 7))

Definitions of the symbols used in this Table can be found in the Nomenclature Section. Definitions of the
dimensionless groups used in this Table can be found in Section S.1 of the Supporting Information file
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MATLAB. To allow for efficient solution of the model, the
equations are solved in a non-dimensional form. Further,
we also supply the ODE solver with the Jacobian sparsity
pattern of the system. The time derivatives of the states of
the system are co-dependant, which we handle in the solu-
tion by applying a mass matrix approach. The absolute and
relative tolerances of the ODE solver were both set at 107°.

The equations are integrated subject to boundary condi-
tions representing the 5-step adsorption cycle described in
Sect. 2.1. The boundary conditions used to represent each
step are provided in Section S.2 of the Supporting Informa-
tion. The adsorption process operates cyclically through the
cycle steps. Therefore, the model equations must be inte-
grated repeatedly through the cycle steps until the attain-
ment of a cyclic steady state (CSS). We have defined the
attainment of CSS as a change of less than 0.5% between
the beginning and end of a cycle in the pressure, tempera-
ture, gas-phase composition, adsorbed amount, and wall
temperature at any position in the column [16]. Once CSS
has been attained, we calculate the key performance indica-
tors of the process performance using the column profiles at
CSS. The initial condition of the column at the beginning of
a simulation is that the column is filled with N, at ambient
temperature and pressure. Then, the initial condition for each
successive cycle step is taken as the final state of the column
from the preceding step.

The numerical implementation of the S-TVSA process
simulator has been validated by comparison to simulation
results available in the literature [14]. The process simulator
has been found to be in strong agreement with the literature
simulation, and the results of the validation exercise can be
found in Section S.3 of the Supporting Information.

2.2.4 Downstream process equipment

Downstream of the column during the desorption step, there
is a condenser for the removal of water from the product
gas to allow for the production of a high-purity CO, stream.
Previous work on the simulation of steam-assisted adsorp-
tion-based DAC processes has assumed that the condenser
achieves total condensation of all water eluted from the col-
umn during the desorption step [14—16]. However, we note
that the amount of water which can be condensed is inher-
ently limited by the thermodynamic equilibrium between
water and CO, at the operating conditions of the condenser,
as governed by the vapour pressure of water at a given tem-
perature. Because the amount of water produced during the
desorption step is typically more than an order of magnitude
larger than the amount of CO, produced, even a highly effec-
tive condenser may leave a large residual amount of water in
the product stream relative to the amount of produced CO,.
As such, it is important to account for the actual achievable
separation of these components downstream of the column

when calculating the process key performance indicators.
Further, we note that CO, is soluble in water, which will
lead to some amount of loss of the CO, product to disso-
lution in the condensed phase inside the condenser. It has
also been shown experimentally in previous work that the
discharge of the product stream through the vacuum pump
to atmospheric conditions causes further condensation of
water from the product stream [28]. Therefore, to account
for these effects, we have employed a thermodynamic model
for the condenser and vacuum pump downstream of the col-
umn during the desorption step. Full details of the thermo-
dynamic model, and the associated solution procedure, are
provided in Section S.4 of the Supporting Information file.
The condenser operates under vacuum at a pressure p; = p;.
and a temperature 7; = 278 K. The vapour phase eluted from
the condenser is fed to the vacuum pump, which discharges
to atmospheric conditions (p, = pyy To = Ty )- We note
that we trailed several possible configurations of the down-
stream process equipment before specifying the configura-
tion described above. Details of the alternative configura-
tions, and the selection process for the chosen configuration,
are provided in Section S.5 of the Supporting Information.

2.2.5 Key performance indicators

We have quantified the performance of the adsorption pro-
cess using four key performance indicators; the purity of
the CO, product (Puc,), the productivity (Pr), the specific
electrical energy usage (Ey), and the specific thermal energy
usage (Querm)- The purity of the CO, product extracted dur-
ing the desorption step is calculated as:

prod
CO,
PuCOz (%) = 100x pr0d+ prod + prod (8)
Mo, T My,0 T,

where nfmd is the number of moles of component i produced
from the vacuum pump discharge during the desorption step.
The productivity defines the capture rate of a given unit vol-
ume of the adsorption bed throughout the duration of a com-
plete cycle. The productivity is calculated as:
prod

co,

Vbed ' tcycle

Pr(kg/m’/day) = )]

prod
where Meo,

tion step, Vy,oq = 772 L is the volume of the adsorption bed,
and 7.y, = Y. 1; is the duration of a complete cycle. The
electrical energy usage of the process is the sum of the
energy required to run the compressor for open flow during
the adsorption and desorption steps, respectively, with the
energy required to run the vacuum pump to pull and hold

vacuum during the blowdown and heating steps,

is the mass of CO, produced during the desorp-
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respectively. Therefore, the specific electrical energy usage
is calculated as:

Eads + Ebd + Eheat + Edes

prod ( 1 0)
Mo,

Eelec (MJ/kg) =

where E; is the electrical energy usage of step i. We note
that no electrical energy is consumed for re-pressurization
of the column following the desorption step, as the feed
stream is available at the desired high pressure of the pro-
cess (i.e. ambient conditions). The thermal energy usage of
the process is the sum of the heating required from the heat-
ing jacket during the heating and desorption steps, and the
heating required to produce steam for the desorption step.
Therefore, the specific thermal energy usage is calculated as:

jacket jacket
+ + Qsteam
heat d d
Oinerm MJ /kg) = —= T (11)
Cco,

where anket is the heat required in the jacket for step i, and
;f:m is the heat required to produce steam for the desorp-

tion step. As an additional metric for assessing the thermal

requirements of the process, we also calculate the steam

ratio, which we define as:

in,des

H,0

prod
Co,

SR (-) =

12)

where SR is the steam ratio (i.e. moles of steam required per
mole of CO, captured), and n:;;g& is the amount of steam fed
to the column during the desorption step. To allow for the
expression of the total energy duty of the capture process as
a single value for the purposes of process optimization, we
have adopted the concept of the specific equivalent work to
lump the electrical and thermal energy usage [29]. The spe-

cific equivalent work is calculated as [30]:

WEQ (MJ/kg) = Eelec + Murb <1 - %) therm (13)
where 4, 1S the turbine isentropic efficiency of a hypotheti-
cal turbine undertaking the conversion between electrical
and thermal work. Here, we have assumed an isentropic effi-
ciency of 7,4, = 0.75[29]. Finally, a useful concept for ana-
lysing the energy efficiency of carbon capture processes is
the thermodynamic second law efficiency, which is defined
as [31]:

W
Hola (%) = 100 X —2= 14
Wi (14)
where p,,,,, 1s the second law efficiency, and W, is the

theoretical minimum work associated with the separation.
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The actual work required for the separation (W) is always
greater than the theoretical minimum work (W, ), therefore
the second law efficiency is in the range y,,,,, € [0, 100]%. It
has been estimated that the minimum work for a DAC pro-
cess (assuming a capture rate of 75%) is W,;, = 0.468 MJ/
kg, and that the corresponding second law efficiency for
practical processes is approximately 10-30% (i.e. the separa-
tion requires approximately 3—10x the theoretical minimum
energy usage) [20, 31].

Full details of the calculation of each of the key perfor-
mance indicators for the adsorption process described in
this Section are provided in Section S.6 of the Supporting
Information.

2.3 Multi-objective process optimization

We have optimized the performance of the DAC process
described in Sect. 2.1 by maximizing the productivity of the
system and minimizing the energy usage. The productivity
represents a critical metric of the overall process perfor-
mance, as it provides an indication of the system volume
(and hence, land footprint), which is required to achieve a
given CO, capture rate. Given the very large capture rates of
DAC which need to be deployed globally to achieve mean-
ingful climate impact (Gtns/yr by 2050, [2]), we would like
the productivity of the system to be as high as possible to
minimize the required land footprint. It has also been noted
in a large body of previous literature that the energy usage
of DAC processes is significant. We would therefore like to
understand the minimum possible energy usage of a steam-
assisted DAC process. Further, since both objectives are
important, depending on contextual factors (e.g. regional
availability of land and energy supplies), we would like to
understand the trade-off between these two key metrics.
Therefore, we have formulated the optimization of the sys-
tem performance as a constrained multi-objective optimiza-
tion problem with the following form:

min [—Pr + ¢, Wgq + ¢]

st. O, <6<6y
¢ = 0.25 X [max(0, 95 — Puco )I?

where 0 is the vector of process operating variables, and
0,, and Oy, are the lower and upper bounds on the operating
variables, respectively. We require that the purity of the CO,
product is at least 95%, to ensure that the product stream is
suitable for downstream geological sequestration, or for use
as a chemical feedstock. The purity constraint is enforced
using a quadratic loss penalty function approach, whereby
we penalize solutions to the process model which do not
satisfy the purity constraint by an amount proportional to the
square of the violation of the constraint, represented by the
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Table 3 Upper and lower

. . Parameter Loas (8) theat (5) Lies (8) py, (bar) Ty (K) v, (m/s) Vg (m/s)
bounds applied to the operating i - _
variables for optimization of the 1 ower bound 1000 500 1000 0.05 363 0.0015 0.005
S-TVSA process Upper bound 15,000 1500 40,000 0.5 373 0.005 0.01

penalty function, ¢p. The drawdown coefficient of the penalty
function, ¢ = 0.25, has been determined by a trial and error
approach to ensure that the resulting solution is both efficient
and appropriately constrained.

The upper and lower bounds used during optimization for
the operating variables are provided in Table 3. As operating
variables for the optimization, we have used the step dura-
tions of the adsorption (t,4,), heating (#,.,,) and desorption
(t4e5) Steps, the vacuum pressure (p; ), the steam temperature
(Ty), the feed velocity of steam during desorption (v,), and
the feed velocity of air during adsorption (vg). The dura-
tion of the blowdown (#,4) and pressurization () steps
have both been fixed at 30 s. The input parameters used for
simulation of the DAC process are provided in Table 4 [14].

The constrained multi-objective optimization problem has
been solved using using the non-dominated sorting genetic
algorithm IT (NSGA-II). A large body of previous publica-
tions on the design of adsorption processes has shown that
the NSGA-II algorithm is effective at solving for optimal
process performance in terms of maximum productivity and
minimum energy usage, in a variety of applications [19, 27,
32-35]. We have deployed an implementation of the NSGA-
IT algorithm available in the MATLAB Global Optimization
Toolbox as the gamultiobj function. We apply the algorithm
for 100 generations with a population size of 140. We have
initialized the algorithm with an initial population of 140
operating points, and their corresponding key performance
indicators, which were determined by quasi-random sam-
pling using the Sobol sequence within the parametric bounds
in Table 3. The optimization algorithm described in Sect. 2.3
is coupled to the process simulator described in Sect. 2.2 for
calculation of the process performance indicators at speci-
fied sets of operating conditions.

3 Results

3.1 Process performance in optimized S-TVSA
cycles

We have carried out constrained multi-objective optimiza-
tion of an S-TVSA process utilizing a fixed bed of APDES-
NFC adsorbent to find a Pareto front of maximum produc-
tivity and minimum energy usage, subject to the constraint
that the CO, purity should be greater than 95%, according
to the procedure set out in Sect. 2.3. The resulting Pareto
front (orange symbols) is provided in Fig. 3. The dashed

Table 4 Parameters used for simulation of the 5-step S-TVSA process
[14,27]

Parameter Value Units

Column dimensions

Column length, L 0.0181 (m)

Column inner radius, r;, 0.145 (m)

Column outer radius, 7, 0.162 (m)

Air feed conditions

Ambient pressure, py 100,000 (Pa)

Ambient temperature, 7} 293 (K)

CO, mole fraction, yco, ¢ 0.0004 =)

H, 0 mole fraction, yy o 0.0115 =)

N, mole fraction, yy_x 0.9881 )

Physical properties )

Bed porosity, € 0.37 =)

Pellet radius, "o 0.00375 (m)

Molecular diffusivity, D,, 1.6 x 107> (m?/s)

Thermal conductivity of gas, K, 0.09 (J/m/K/s)

Thermal conductivity of wall, K|, 16 (J/m/K/s)

Heat capacity of gas, C, , 42.46 (J/mol/K)

Heat capacity of wall, C, 513 J/kg/K)

Heat capacity of pellets, C,, 2000 J/kg/K)

Bed density, py, 55.4 (kg/m?)

Wall density, p,, 7800 (kg/m?)

Gas viscosity, u 1.72x 1073 (kg/m/s)

Transport parameters

Longitudinal dispersion coefficient, Dy = 0.7D,, + vgr, (m%s)
Dy,

Inside heat transfer coefficient, ;, 3 (I/m?/K/s)

Outside heat transfer coefficient, 26 I/m>/K/s)
B

CO, mass transfer coefficient, kcoz 2x 1074 )

H, O mass transfer coefficient, kHZO 2x1073 )

lines indicate the maximum productivity and minimum
specific equivalent work values obtained by solving the
corresponding constrained optimization problems in a
single-objective mode. The maximum productivity of the
process is calculated to be Pr,, = 6.20 kg/m?*/day, and the
minimum specific equivalent work of the process is calcu-
lated to be Wgq iy = 1.66 MJ/kg. Between these extremes
of performance, we observe a quasi-linear trade-off between
productivity and energy usage. At the point of minimum
energy usage, the specific equivalent work is comprised
of 0.15 MJ/kg of electrical energy usage and 9.4 MJ/kg of
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Fig.3 Constrained productivity/energy usage Pareto front for the
S-TVSA process. Orange symbols correspond to the multi-objective
Pareto front calculated using the NSGA-II algorithm. Dashed lines
correspond maximum productivity and minimum energy usage,
respectively, calculated by single-objective optimization. Solid blue
line corresponds to the theoretical minimum work for DAC [31]
(Color figure online)

thermal energy usage (98.4% of total energy input utilized
as heat). Based on this, and contrary to a significant body of
previous research [11, 14, 16, 36], we contend that electri-
cal energy usage (and hence, column pressure drop) is not a
significant design limitation for S-TVSA DAC processes. In
fact, we observe that prioritizing the reduction of the thermal
energy usage will manifest as a much more effective strat-
egy for reducing the overall energy burden. We suggest that
a reduction in the thermal energy usage can be facilitated
by adsorbent material innovations, through a combination
of; (i) higher volumetric CO, capacity, (ii) lower heat of
adsorption, and/or (iii) lower sorbent heat capacity—with
properties (i) and (iii) targeting a reduction of the sorbent
thermal mass within the adsorption column.

We can see in Fig. 3 that there is a strong agreement
between the solutions to the corresponding single-objec-
tive optimization problems, and the extremes of the Pareto
front obtained by multi-objective optimization. Relative
to the highest productivity point on the Pareto front, the
single-objective optimum represents an improvement of
APr, .. = +1.9%. Similarly, relative to the lowest energy
usage point on the Pareto front, the single-objective opti-
mum represents an improvement of AWgqg i, = —10.2%.
Therefore, while the multi-objective optimization is able to
recover near-optimal extremes of performance, the results
here underline the need to compute both single- and multi-
objective solutions to the optimization problem if we wish
to understand both the trade-off between the process objec-
tives, and their possible minimum/maximum values. We
note that when solving the multi-objective problem using
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NSGA-II with settings for the algorithm adopted from our
previous work (e.g. [27]), we found significant discrepancies
between the extremes of the Pareto front and the correspond-
ing single-objective optima. The number of generations and
population size used for solution of the multi-objective opti-
mization needed to be increased quite significantly in this
work to recover near-optimal performance extremes via the
Pareto front. This result highlights clearly the strongly non-
linear nature of the design problem, which makes is rather
challenging to solve relative to the design of adsorption-
based systems in other gas separation applications.

3.2 Scalability of the DAC process

To provide context for the magnitude of the optimal process
performance indicators obtained in the previous section, it is
useful to make reference to optimized adsorption processes
used in other carbon capture applications (e.g. post-combus-
tion CO, capture). It is important to note that these applica-
tions of adsorption-based processes are not strictly compara-
ble, as the process feed conditions are substantially different,
and the two processes provide entirely distinct functions to
the wider energy system. Nonetheless, the comparison aides
in understanding where research efforts should be focused
to improve the overall performance and scalability of the
DAC process.

The calculated minimum specific equivalent work for the
DAC system (Wgq i = 1.66 MI/kg) represents a second
law efficiency of py,,, = 28.2%. Previous work has esti-
mated that the second law efficiency for direct air capture
lies approximately within the range p,,,, ~ 10-30% [20,
31], indicating that the optimized S-TVSA process pre-
sented here represents an option for achieving DAC with
strong efficiency in terms of energy usage. Applications of
adsorption-based separations to post-combustion carbon
capture (yco,r = 3-30%) can achieve second law efficien-
cies of up to p,y,, =~ 30% [31, 37], for designs that achieve
a CO, recovery of at least 90%. Therefore, these results
indicate that current adsorption-based technologies for
DAC represent a relatively energy efficient approach, as we
would typically anticipate that the second law efficiency of
a carbon capture process is a decreasing function of the CO,
feed composition. However, it is worth noting that while it
possesses a similar second law efficiency, the DAC system
presented here refers to a design that does not have an active
constraint on the recovery.

With reference to the significant body of research on
adsorption-based post-combustion CO, capture (E,;, = 150
—530 kWh/tn, [19, 27, 37]), the minimum energy usage of
the S-TVSA process for DAC (E,,;, ® 461 kWh/tn) does
not seem unreasonably large—despite previous literature
emphasising significant concerns surrounding the energy
requirements of DAC [3, 20, 38]. However, it must be
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emphasised that achieving such an energy usage for the DAC
process is accompanied by a very low system productiv-
ity, on the order of O(10°) kg/m3/day. Again, for reference,
adsorption-based technology applied to post-combustion
CO, capture can typically achieve an optimum productivity
on the order of O(10°-10% kg/m?3/day. We can use this com-
parison to understand that, indeed, the productivity of the
S-TVSA process is extremely low. For example, we can esti-
mate that processing, e.g., 1 Mtn/yr of CO, with such a unit
would require approximately 600,000 m? of process volume,
which is very large. We can therefore interpret from these
results that to enable the deployment of DAC via S-TVSA
processes at climate-relevant scales, significant efforts need
to be dedicated towards improving the productivity of such
systems, to allow for low land footprint requirements at large
capture rates. Particularly, considering that DAC processes
will likely be co-located to existing energy and carbon trans-
port/storage infrastructure to enable strong environmental
efficiency, land footprint is a significant concern [39]. With
this in mind, in Sect. 4 we explore the effect of three key
design parameters on the optimal productivity of the system;
(i) the ambient feed conditions (temperature, relative humid-
ity), (ii) the CO, kinetics, and (iii) the contactor design.

3.3 External bench-marking

In this Section, we provide an extensive bench-marking of
the optimized process performance obtained in this work
with external literature sources, including; (i) process design
carried out according to heuristic design guidelines adopted
in previous studies, (ii) performance metrics reported in pre-
vious academic studies for TVSA/S-TVSA processes utiliz-
ing APDES-NFC adsorbent, and (iii) estimated performance
of a commercial demonstration unit operated by the com-
pany Climeworks.

In Fig. 4, the star symbol indicates the position in the
Pareto plane of a design carried out according to heuristic
guidelines adopted in previous studies (e.g. [14]). According
to the heuristic design guidelines, the adsorption step dura-
tion (z,4,) is set such that the bed reaches 90% CO, saturation
(relative to a fully regenerated bed), the heating time (¢,.,,) is
set such that the bed is heated to a minimum of 5 °C above
the boiling point of steam at the cycles low pressure (to pre-
vent steam condensation during the desorption step), and the
desorption time (#4.) is set to be approximately double that
of the adsorption time. The air flowrate (vz = 0.0067 m/s),
steam flowrate (v, = 0.0034 m/s), desorption pressure
(pr, = 0.05 bar), and the steam temperature (7 = 368 K)
were fixed arbitrarily for the base-case design of the previous
study, and these operating conditions have been adopted for
the heuristic design case presented here. As we can see in
Fig. 4, a substantial improvement in the system performance
is achievable compared to the heuristic design, both in terms
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Fig.4 Bench-marking of the process design results obtained in this
work with various literature sources. Orange symbols correspond to
the multi-objective Pareto front calculated using the NSGA-II algo-
rithm (this work). Blue star corresponds to the process performance
obtained when applying heuristic design guidelines from the lit-
erature (this work, see Sect. 3.3). Purple symbols correspond to the
performance reported in literature [14, 20, 22]. Green shaded area
corresponds to an estimated range of the performance of a 50 tn/yr
Climeworks demonstration plant [20, 31] (Color figure online)

of productivity and energy usage, by applying formal optimi-
zation techniques to the design problem. We have observed a
maximum productivity improvement of APr = +629%, and
a maximum energy usage reduction of AWq = —90.2%, as
compared to the heuristic design case. It is therefore evi-
dent that the application of formal optimization techniques
is central to accurate assessment of the performance limits of
S-TVSA processes for DAC. A detailed discussion of the dif-
ferences between the heuristic design and the design yielded
from formal optimization in terms of the process operating
conditions and system dynamics is provided in Sect. 3.4.

In Fig. 4, we also present the process performance
reported in previous studies which utilize APDES-NFC
adsorbent for DAC in TVSA/S-TVSA processes (square:
[14], triangle: [20], diamond: [22]).

Sabatino et al. [20] carried out constrained multi-objec-
tive productivity/energy optimization for a TVSA process,
and estimated the maximum productivity of the system to
be 141 kg/m3/day and the minimum specific exergy as 2
MJ/kg. The maximum productivity reported in this study is
notably high when compared to other studies utilizing the
same adsorbent. The same authors indicate that the observed
discrepancy may be due to the very large values used for
the kinetic constants of CO, (kco, =0.1 s‘l) and water
(kHZO =1s"" ) which consequently yield very short cycle
times (7., = 330-450 s). By way of comparison, the cycle
time reported for Climeworks’s CO, collector is approxi-
mately 3. hrs [17], and the reported kinetics constants
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Fig. 5 Distributions of the process operating conditions on the Pareto
front of the S-TVSA process. Orange violin plots correspond to the
distributions of the operating conditions from the Pareto front in
Fig. 3 determined using the NSGA-II algorithm. Solid blue lines cor-

used to model the unit are approx. ke, = 1x 107 57!
and ky o = 1 X 1072572, respectively [30]. Based on this,
we conclude that CO, sorption kinetics represent a criti-
cal design parameter. However, we observe in the literature
that sorption kinetics are scarcely measured in experimental
studies on DAC adsorbents [11]. Therefore, in Sect. 4.2, we
provide a parametric sensitivity analysis of the optimized
system performance across a wide range of possible val-
ues for the CO, kinetic constant to study the impact of this
parameter in detail.

Leonzio et al. [22] modelled a TVSA process employing a
contactor similar to that used by Climeworks, estimating the
productivity to be 2.28 kg/m>*/day and the specific equiva-
lent work to be 2.16 MJ/kg. This study does not consider
the co-adsorption of water in the feed stream in the pro-
cess modelling, which has been shown to be a significant
design factor in other work [30]. The co-adsorption of water
affects the productivity of the system through cooperative
co-adsorption with CO,, and the energy usage through sig-
nificant additional latent heat required for regeneration of
the bed during the desorption step.

Stampi-Bombelli et al. [14] modelled an S-TVSA process
and found, in their base-case, that the productivity of the
system is 1.98 kg/m?/day and the specific equivalent work
is 7.4 MJ/kg. This study reports a somewhat low productiv-
ity, and correspondingly high energy usage. In this case, we
would attribute the lower performance of the designed unit
to the application of heuristic design guidelines, rather than
the application of formal optimization techniques. To pro-
vide a formal comparison between systems designed using
heuristic guidelines, and those designed using formal opti-
mization, we present in Sect. 3.4 a systematic comparison
between these two approaches—using the process model
developed in this work as a basis for both approaches.

Finally, in Fig. 4b we also provide a shaded region cor-
responding to the estimated range of performance of a 50 tn/
yr commercial demonstration unit built and operated by
Climeworks. We estimate the productivity of the unit to be
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respond to the operating conditions from heuristic design. Each dis-
tribution has been re-scaled onto the interval [0, 1] according to the
lower and upper bounds of each variable (see Table 3) (Color figure
online)

17.1-40.7 kg/m3/day, depending on the assumed contactor
dimensions (1.5-2 m side length), and the specific equiva-
lent work as 3.3-5.1 MJ/kg [20, 31]. These estimates are
based on the performance of an operational DAC unit, rather
than process modelling, and serve to demonstrate that cur-
rent estimates of the performance of adsorption-based DAC
using temperature-swing cycles are in the correct magni-
tude in terms of system productivity and specific equivalent
work. Climeworks further report that the steam usage in
their design corresponds to a molar steam ratio of SR < 20
moly o/molc, . We observe that points on the Pareto front
presented in Fig. 3a yield molar steam ratios in the range
SR = 8.8-30.8 moly, o/mol, . Therefore, we contend that
the thermal requirement of steam for regeneration estimated
in this study is moderate and reasonable.

Overall, we can see that the studies summarised above,
including our own work, present a relatively good agree-
ment in terms of the specific equivalent work required for
DAC using APDES-NFC adsorbent. Excluding the study of
[14], we observe maximum second law efficiencies in the
range fy,,, = 21.7-28.2%. This in strong agreement with
the expected upper limit for DAC anticipated in previous
work (yZ]aW < 30%) [20, 31]. However, we see significant
variability arising in the estimation of process productivity
(1.98-141 kg/m?3/day). Owing to the differences in method-
ology between the studies outlined above, we highlight that
treatment of cooperative CO,/H,0 co-adsorption and CO,
sorption kinetics are central towards an accurate characteri-
sation of system productivity. Given that the productivity of
such systems is both highly uncertain, and notably low in
all cases, we assert that significant research efforts need to
be dedicated towards characterization of these phenomena
in future experimental work to allow computational process
design studies to improve their reliability.

3.4 Optimum operating points

In Fig. 5, we provide the distributions of the operating con-
ditions used as decision variables for the operating points
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on the process Pareto front (Fig. 3). The orange violin plots
show the distribution of the decision variables on our Pareto
front generated using the NSGA-II algorithm, and the solid
blue lines correspond to the operating conditions specified
from heuristic design guidelines (Sect. 3.3). Note that the
ranges of the distributions in Fig. 5 have been re-scaled onto
the interval [0, 1] to improve readability by applying the
following transformation: 6 — (6@ — 6;)/(6y — 6;) accord-
ing to the variable bounds given in Table 3. Additionally,
we also present the system productivity as a function of the
operating conditions for the operating points on the process
Pareto front in Section S.7 of the Supporting Information.
We can see in Fig. 5 that the operating conditions specified
for the heuristic design case lie outside of the optimal oper-
ating condition distributions for all operating conditions,
except the desorption pressure (p; ) and the steam flowrate
(vy). Particularly, we can see that the heuristic rules used
to determine the step durations (%,4, fear> L4es) 1€ad to rather
sub-optimal decisions.

With respect to the adsorption time (7,4,), we can see that
a significant loading of the adsorbent is favorable owing to
the long adsorption times at optimality (in agreement with
the corresponding heuristic guideline). We have observed
from forward process simulations that the total adsorbed
amount of CO, in the column tends to grow quite line-
arly until the sorbent is nearly fully saturated. Therefore,
from the perspective of achieving a high average capture
rate, it seems that it should always be optimal to proceed
the adsorption step until a point of near-saturation of the
adsorption bed. With respect to the desorption time (#g), we
can see in Fig. 5 that the optimal process operating points
present substantially lower desorption times than that sug-
gested heuristically. Again based on forward process simula-
tions, we have observed that the total adsorbed amount of
CO, in the column tends to decline in a strongly non-linear
fashion throughout the desorption step. Initially, the rate of
desorption is high and CO, is rapidly desorbed from the
solid. However, as the desorption step continues, the desorp-
tion rate declines significantly. There is therefore a powerful
diminishing returns effect displayed in the desorption step,
wherein substantially longer desorption times do not lead to
a significantly greater amount of CO, being recovered from
the bed. Therefore, from the perspective of trying to attain
the highest possible average rate of desorption, shorter des-
orption times are optimal. With respect to the heating time
(thear)> We see that the optimal heating time is larger than that
from the design heuristic (i.e. that it is optimal to pre-heat
the bed to more than the amount strictly required to prevent
steam purge condensation). This is because, as described in
Sect. 2.1, in addition to heating the bed, the heating step also
helps to remove residual N, through a displacement effect
due to vacuum level being maintained inside the column.
Therefore, we can expect that longer heating times generally

correlate against achieving a higher CO, product purity dur-
ing the subsequent desorption step.

The distributions of optimal desorption pressures (p;)
and steam temperatures (7y) in Fig. 5 indicate that very low
vacuum levels and high desorption temperatures are prefer-
able for achieving efficient process performance. Here, we
should note that the bounds on these operating conditions
(Table 3) are physical, and therefore even though these oper-
ating conditions are at/near their respective bounds at opti-
mality, we cannot credibly alter the bounds for the purpose
of achieving better process performance. The lower bound
on the desorption pressure is determined by the evacuation
pressure which can be credibly achieved in an industrial-
scale vacuum swing process [40], and the upper bound on
the steam temperature is determined by the thermal stabil-
ity characteristics of the adsorbent material. Finally, we see
that for all operating conditions, except the steam flowrate
(vy), the distribution of optimal decisions is quite tight. This
indicates that in the region of the operating condition space
at/near optimal operation, the steam flowrate has dominant
control over the trade-off between productivity and energy
usage.

All of the above serves to underline the central need for
applying formal optimization techniques when designing
such a complex system, as simple design heuristics are not
able to practically account for the large number of interre-
lated and non-linear factors which determine the relationship
between each operating condition and the performance of
the process.

4 Discussion

In Sect. 3.1, we found that the maximum productivity of the
S-TVSA process using APDES-NFC adsorbent is very low
(Prpa = 6.20kg/m’/day). Such low productivity for the
system would demand a large land footprint when deployed
at large scales, challenging to the idea of co-locating DAC
units to the infrastructure needed for the provision of energy,
and CO, transport and storage, to enable environmental
effectiveness. In the following, we explore the role of three
key design parameters in determining the optimal productiv-
ity of the system, (1) the ambient air conditions, (2) the CO,
sorption kinetics, and (2) the contactor design.

We have analyzed the effect of ambient conditions, CO,
kinetics, and contactor design using a systematic approach.
The effect of the ambient air conditions on the system per-
formance is studied by varying the temperature (Ta) and rela-
tive humidity (ry; ) of the feed stream. The effect of the CO,
kinetics on the system performance is studied by varying the
linear driving force (LDF) mass transfer coefficient for CO,
sorption (kcq ). Finally, the effect of the contactor design is
studied by varying the aspect ratio of the adsorption column.
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We have defined the aspect ratio of the column through the
length-to-radius ratio (z) of the column, which is expressed
ast = L/ry,.

In the following, we consider a wide range of possible
system design cases by varying feed conditions, CO, kinetic
constant, and contactor aspect ratio. For each considered
design case, we calculate the optimal (maximum) productiv-
ity of the S-TVSA process. Different from previous studies,
we consider the optimal process performance by conducting
constrained single-objective productivity maximization for
each considered design case. This is key to understand the
system sensitivity to variable design parameters, as the pro-
cess operating conditions which generate the best possible
performance for each design case are likely to be substan-
tially different. The optimization problem is formulated as
follows:

rr}gin —Pr+ ¢
st. 0, <0<6,
¢ = 0.25 X [max(0, 95 — Puco )

As in Sect. 3, we solve the optimization problem using the
NSGA-II algorithm. Here, we apply the algorithm for 25
generations with a population size of 70. The operating con-
ditions of the S-TVSA process used as decision variables,
and their respective bounds, are identical to those used in
Sect. 3 and are detailed in Table 3.

4.1 Effect of ambient air conditions

First, we study the effect of the ambient air conditions on the
maximum achievable productivity of the S-TVSA process.
We have optimized the system performance for 121 unique
combinations of feed temperature (Ta) and relative humid-
ity (rH) in the ranges T, € [5,30]°C and ry € [0, 100]%.
These intervals represent a wide range of possible ambient
conditions for which DAC processes may be expected to
operate, including locations in Canada, Norway, Switzer-
land, the United Kingdom, and the United States [11]. In
each optimization problem, the CO, sorption kinetics are
fixed at ke, = 2x 107*s7" and the contactor aspect ratio
is fixed at = = 1/8, as in the nominal design case presented
in Sect. 3. In Fig. 6, we present the maximum productivity
of the system as a function of the ambient air conditions.
The black crosses indicate the points in the (T,d, rH) space
at which productivity optimization was carried out, and the
contour map corresponds to a surface fitted through the gen-
erated values of maximum system productivity, as there is
some noise present in the optimization outputs owning to the
stochastic nature of the NSGA-II algorithm used to optimize
each design case.
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Fig.6 Maximum productivity of the S-TVSA process as a function
of the ambient air conditions (Ta, rH). Black crosses correspond to
the combinations of temperature and relative humidity used for con-
strained single-objective optimization using the NSGA-II algorithm
to determine the maximum productivity. The bold black cross indi-
cates the ambient conditions used in the base-case design preesented
in Sect. 3 (Ta =20°C,ry = 50%). Purple symbols correspond to the
annual average ambient conditions at seven locations where commer-
cial demonstration DAC processes have been planned or constructed
[11], including: Switzerland, the United Kingdom (UK), Norway,
Canada, and the United States (US)

We can see that the contour lines in Fig. 6 are orientated
roughly vertically, indicating that the relative humidity of
the feed has the strongest effect on the maximum productiv-
ity. In the studied range of relative humidities, the maxi-
mum productivity varies by a factor of approximately 3-fold
(2.24-6.41 kg/m>/day). The optimal range of relative humid-
ity in the ambient air is approximately ry = 50-75%. We
hypothesize that a balance of two effects in the adsorption
equilibrium behaviour of APDES-NFC yields this result.
First, at low relative humidites, there is insufficient moisture
in the feed gas to allow for significant amounts of co-opera-
tive adsorption with CO,. Therefore, at low humidities, the
uptake of CO, on the sorbent at the very low partial pres-
sures at which CO, is present in the air is limited. This will
lower the working capacity of the sorbent, and hence limit
the productivity of the overall system. Conversely, at very
high humidities, water adsorption begins to out-compete
CO, adsorption and leads to a net reduction in the capacity
of the system for adsorbing CO,—causing a small decrease
in the productivity. We note that this effect is particularly
pronounced at higher temperatures, as CO, adsorption is
suppressed at higher temperatures, while H,O adsorption
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is invariant with temperature at a given relative humidity
(see Fig. 2).

We can see that the ambient temperature does not have
a strong effect on the maximum productivity of the system.
This behaviour is a consequence of the weak temperature
dependence of the CO, isotherm for small temperature
changes at/around ambient conditions. Therefore, although
the ambient temperature will inevitably have an impact of
the adsorption dynamics of the system, this impact is not
large enough that it cannot be accommodated for by optimi-
zation of the system operating conditions. This result high-
lights the importance of considering optimized system per-
formance when carrying out studies to assess the sensitivity
of the system performance to design parameters.

The purple symbols in Fig. 6 indicate the annual aver-
age temperature and relative humidity at seven locations
where commercial demonstration DAC processes have
been planned or constructed, including: Switzerland (Clime-
works, constructed), the United Kingdom (Carbon Engi-
neering, planned), Norway (Carbon Engineering, planned),
Canada (Carbon Engineering, under commission), and the
United States (Global Thermostat, non-operational) [11].
We can see that all of the considered DAC processes have
been sited in locations which fall within the highest maxi-
mum productivity region in the (Ta, rH) space, making these
ideal locations for the deployment of S-TVSA processes.
For all locations, except US (TX), the average ambient
conditions lie close to the centre of the highest maximum
productivity region. This means that seasonal variability in
the ambient conditions should be able to be accommodated
by variation of the process operating conditions, for a fixed
system design, without a significant impact on the process
productivity.

4.2 Effect of CO, kinetics

Next, we study the effect of the CO, kinetic constant on
the maximum achievable productivity of the S-TVSA pro-
cess. We have optimized the system performance for 20
unique values of the CO, kinetic constant (k¢,) in the
range ko, € [2x 107°,20] s™". This interval represents a
wide range of possible kinetics for hypothetical adsorbents
for DAC, where a value of k¢, =2 X 1075 s7! corresponds
to rather slow kinetics for a typical DAC sorbent, and a
value of ko, =20 s~! corresponds to very fast kinetics
which would be more typical of applications of adsorption
to post-combustion CO, capture. We note that for APDES-
NFC adsorbent, the following values have previously been
adopted in the literature: kCO2 =2x10"*s~! ([14], this
work), ko, =4 x 1073571 [22], and kco, = 0.157" [20]. In
each optimization problem, the contactor aspect ratio is fixed
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Fig.7 Maximum productivity of the S-TVSA process as a function of
the CO, kinetic constant (k¢o,). Symbols correspond to the maximum

productivity for each considered design case obtained by constrained
single-objective optimization using the NSGA-II algorithm. The solid
line corresponds to a trend line fitted through the generated points.
The vertical dashed line indicates the kinetic constant used in the
base-case design presented in Sect. 3 (kco, =2 X 107#57")

at 7 = 1/8, and the ambient conditions are T, = 20 °C and
ry = 50%, as in the nominal design case presented in Sect. 3.

In Fig. 7, we present the maximum productivity of the
system as a function of the CO, kinetic constant. Each sym-
bol corresponds to the maximum productivity obtained by
solution of the corresponding constrained single-objective
optimization problem. The solid line corresponds to a trend
line fitted to the generated points, as there is some noise
present in the optimization outputs owning to the stochas-
tic nature of the NSGA-II algorithm used to optimize each
design case. We can see that initially, as the CO, kinetics
get faster, the productivity of the system increases sig-
nificantly. However, at a CO, kinetic constant of approxi-
mately ke = 1072 57!, there is a plateau in the produc-
tivity for increasing CO, kinetics. Therefore, we observe
that using adsorbent materials with CO, kinetic constants
kco, > 1072 57! does not yield better process-scale perfor-
mance. As in other adsorption-based separation systems,
we hypothesise that there is a balance of two key effects
occurring with respect to the relationship between the CO,
kinetics and the system productivity. When the CO, kinet-
ics are slow, using a sorbent with relatively faster kinetics
will allow for quicker loading/unloading of the sorbent
throughout the S-TVSA cycle, which will improve the sys-
tem productivity by enabling shorter overall cycle times.
However, when the CO, kinetics are much faster, thermal
effects in the adsorption column become a strong control-
ling factor. Chemical adsorption of CO, onto the adsorbent
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surface is a strongly exothermic process (AH = —57 kJ/
mol). Therefore, when the rate of adsorption becomes too
high, the temperature in the column rises locally and is sus-
tained for longer as the large rate of heat generation cannot
be counteracted by a sufficient rate of heat dissipation. An
exemplary profile of the evolution of the temperature com-
puted at the outlet of the column is shown in Figure S8 of
the Supporting Information for the operating point at fast
kinetics (kco, = 2% 10's™! with Pr,,,, = 10 kg/m>/day) and
at slow kinetics (kco, = 2 X 107 s™" with Pr,,,, = 1.5kg/m’
/day). The results indicate that the higher kinetic case has
a consistently higher temperature profile. As illustrated in
Fig. 2, the equilibrium capacity of the sorbent is a strong
decreasing function of increasing temperature. So, when the
rate of sorption is high, a rapid rise in the local tempera-
ture acts to dampen the rate of further sorption by lower-
ing the driving force for mass transfer between the gas- and
adsorbed-phases. Similarly, we can understand that the same
mechanism acts to dampen the achievable rate of desorption
during the desorption step for the endothermic removal of
CO, from the adsorbent surface. Based on these results, we
contend that while searching for DAC sorbents with fast
CO, kinetics is indeed a key design factor, there is a limit to
the achievable performance at high CO, kinetics owing to
thermal effects in the S-TVSA process.

max

4.3 Effect of contactor design

Finally, we have studied the effect of the contactor aspect
ratio on the maximum achievable productivity of the
S-TVSA process. We have optimized the system perfor-
mance for 20 unique values of the contactor aspect ratio
() in the range 7 € [1/16,6]. For each considered con-
tactor aspect ratio, we have conducted the optimization at
7 unique values of the CO, kinetic constant in the range
kco, € [2 % 1073,20] s71, to allow us to assess if the choice
of optimal contactor design depends on the kinetics of the

Fig.8 Schematic represen-
tation of contactor designs
with aspect ratios of 7 = 1/4,
7 =1, and 7 = 3. The contac-
tor aspect ratio is defined as

7 = L/r;,. The column volume
and wall thickness are constant
for all contactor designs, at
Vied = 1.2 X 1073 m? and

Ar = 0.017 m, respectively

Feed
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chosen sorbent. The chosen range represents a wide variety
of possible contactor designs, where a value of r = 1/16is
a very shallow “pancake-style” design, and a value of 7 = 6
is a long “column-style” design. We note that in Sect. 3,
the nominal contactor aspect ratio was ¢ = 1/8, which is a
typical pancake-style design for DAC processes. The con-
ventional argument adopted in previous studies to justify
the use of a pancake-style contactor design is that the bed
length needs to be small to allow for a low pressure drop in
the column such that the electrical energy associated with
processing large volumes of air in the adsorption step is low
[14, 16]. However, we note that based on our own optimi-
zation results, and the results of previous studies, that for
an S-TVSA process for DAC [14-16], the electrical energy
usage represents only a small fraction of the overall energy
duty of the process, with the majority of the energy duty
being associated with the thermal burden of generating the
steam purge for the desorption step. Therefore, we suggest
that one should optimize the contactor aspect ratio with
respect to mass transfer performance, rather than constrain-
ing the design based on heuristic arguments around the elec-
trical energy usage.

In Fig. 8, we provide a schematic representation of con-
tactor designs with aspect ratios of 7 =1/4, 7 =1, and
7 = 3. As we can see, the chosen range of contactor aspect
ratios generates a wide range of designs, for which we can
expect significantly distinct mass transfer characteristics.
We note that for each considered contactor aspect ratio, the
total column volume is fixed to that of the nominal design
presented in Sect. 3 (V,oq = 1.2 X 107> m?). This is because
in this work we are interested to assess the impact of con-
tactor design on the system performance, and not the effect
of system scale. Therefore, to provide a fair basis of com-
parison between the different contactor designs, the scale
of the system is constant between all the considered design
cases. For each column aspect ratio, we set the outer column
radius such that the thickness of the column wall is constant
at Ar = (roy — 1) = 0.017 m.
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Fig.9 Maximum productivity of the S-TVSA process as a function
of the contactor aspect ratio (). The maximum productivity is cal-
culated for each contactor aspect ratio at 7 unique CO, kinetic con-
stants (kco,), as indicted in the legend. Symbols correspond to the
maximum productivity for each considered design case obtained by
constrained single-objective optimization using the NSGA-II algo-

In Fig. 9, we present the maximum productivity of the
system as a function of the contactor aspect ratio. For each
considered contactor aspect ratio, we calculate the maxi-
mum productivity for 7 unique values of the CO, kinetic
constant. Each symbol corresponds to the maximum produc-
tivity obtained by solution of the corresponding constrained
single-objective optimization problem. The solid lines cor-
respond to trend lines fitted to the generated points for each
CO, kinetic constant. As we can see, for the pancake-style
designs (low 7), a higher CO, kinetic constant is favorable.
Again, as shown in Fig. 7, we find that there is some upper
limiting value to the productivity of the system for each
contactor design, owing to thermal effects dominating the
sorption dynamics at higher CO, kinetic constants. Further,
we observe that in general as the length of the column is
increased, the productivity of the system decreases. Given
that the curves of maximum productivity as a function of the
contactor aspect ratio collapse onto a single universal curve
for all CO, kinetic constants at large values of the aspect
ratio, we hypothesize that at high column aspect ratios the
limiting factor to the sorption process is the driving force for
mass transfer. For shorter column lengths, one can expose
more of the sorbent at one time to the feed concentration
(faster sorption towards equilibrium), which is more effi-
cient in terms of cycle time. With a longer column, this
process takes longer. Therefore, at larger aspect ratios, the
CO, kinetic constant does not have significant control over
the rate of sorption, as the driving force for mass transfer
becomes too low for it to play a significant role in determin-
ing the system performance.

rithm. The solid lines correspond to trend lines fitted to the generated
points for each CO, kinetic constant. The vertical dashed line indi-
cates the aspect ratio used in the base-case design presented in Sect. 3
(r = 1/8). The black cross corresponds to the base-case scenario pre-
sented in Sect. 3

Based on these results, we can make several impor-
tant observations. First, supporting the results presented
in Fig. 7, improved CO, kinetics do help to improve the
performance of the system. However, there is a limit to
the available improvement based on thermal effects in the
column. We observe that this limiting performance is a
function of the aspect ratio of the column, where lower
aspect ratios are favorable for higher productivity, but that
the transition from a mass transfer dominated regime to a
heat transfer dominated regime, in terms of CO, kinetics,
does not vary strongly as a function of the aspect ratio.
Second, we observe that while pancake-style designs do
indeed offer better overall system performance in terms of
the productivity, sufficiently fast CO, kinetics are required
to access this regime of improved performance. Particu-
larly, we see in Fig. 9 that for a CO, kinetic constant of
kco, =2 107% 57" that the optimal performance of the
process is essentially invariant with the aspect ratio of
the contactor. Third, we note that from the perspective
of achieving efficient heat transfer in the system from
the heating jacket to the adsorbent bed, column-style
designs are strongly preferable as they have higher sur-
face area to volume ratios. Therefore, in the design case
of an adsorbent with relatively slow kinetics, it is likely
preferable from a practical perspective to deploy a col-
umn-style design. Additionally, we note that the kinet-
ics of sorbents for DAC applications are scarcely avail-
able in the current literature. Therefore, process design
exercises may wish to proceed in the short-term using
column-style designs to allow for greater confidence in
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the process-scale performance in the absence of accurate
data for the sorption kinetics. Such an approach will sig-
nificantly reduce the risk of overestimating the optimal
system performance. Finally, it is worth noting that these
results have been obtained from the solution of a single-
objective productivity maximisation problem. Because of
the trade-off between productivity and specific equivalent
work (Fig. 3), one expects that the observed increase in
productivity comes at the expense of an increased energy
usage of the DAC unit. An example of this trade-off is
presented in Figure S9 of the Supporting Information for
the nominal case with kinetic constant kcq =2 x 107*s7".
The plot of W, vs. log(7) indicates the presence of a mini-
mum at an aspect ratio of approx. 1/4.

5 Conclusions

We have carried out the simulation and optimization of a
5-step steam-assisted temperature-vacuum swing adsorp-
tion (S-TVSA) process for purification of CO, from ambi-
ent air with an application to direct air capture (DAC).
We have developed a state-of-the-art high fidelity dynamic
process simulator for S-TVSA processes via finite vol-
ume simulation of the governing material, momentum,
and energy balance equations subject to cyclic boundary
conditions. We further couple the simulation to a thermo-
dynamic process model of the equipment downstream of
the adsorption column for the separation of CO,/H,0 in
the product gas by condensation. The simulator is cou-
pled to a black-box optimization framework utilizing the
non-dominated sorting genetic algorithm II (NSGA-II) to
identify the optimal process performance for DAC on a
fixed bed of APDES-NFC adsorbent based on maximizing
the system productivity and minimizing the system energy
usage, subject to achieving high CO, purity (>95%). We
find that the maximum productivity of the process is
Pr. = 6.20 kg/m®/day and the minimum energy usage
is Wgqmin = 1.66 MJ/kg. The minimum energy usage is
comparable in magnitude to the application of adsorption-
based separations to other CO, capture applications, with
the majority of the energy usage for the process being
associated with the thermal burden of generating the steam
purge for the desorption step. We have found that heuristic
design guidelines used to determine the process operating
conditions in previous work are strongly sub-optimal, and
lead to a significant underestimation of the potential pro-
cess performance. As compared to a heuristic design case,
the optimized process design achieves a + 629% improve-
ment in the system productivity and a —90.2% reduction in
the system energy usage. We therefore contend that formal
optimization is an essential cornerstone to the design of
such complex systems.

@ Springer

The maximum productivity of the system is found to
be very low, which would lead to a large required primary
land footprint if such a process were to be deployed at cli-
mate-relevant scales. To understand the limiting factors to
the optimal productivity of the system, we have conducted
case studies considering design cases where we vary the
ambient air conditions, CO, sorption kinetics, and contac-
tor aspect ratio. With respect to the ambient air conditions,
we find that moderate relative humidities (50-75%) are
favourable for improved system productivity, by strik-
ing a balance between cooperative CO,/H,O adsorption,
and competitive adsorption effects. A wide range of feed
temperatures (5-30 °C) can be accommodated by a fixed
design through optimization of the process operating con-
ditions without a significant impact on the productivity of
the process. We find that improved CO, kinetics are able
to significantly improve the system productivity, but that
at very high CO, kinetics the performance of the process
becomes constrained by thermal effects in the adsorption
column. We have observed that the productivity of the
system is invariant with the CO, kinetics for column-style
contactor designs, owing to mass transfer driving force
constraints for such designs. On the contrary, we find that
pancake-style contactor designs offer potential benefits in
terms of system productivity. However, the performance
improvements offered by the pancake-style design require
that the CO, kinetics are sufficiently fast. A further analy-
sis of factors, such as feed flow distribution and heating or
cooling constraints, is needed to truly assess the potential
of pancake-style configurations at pilot or industrial scale.

The results herein demonstrate that there is a strong
degree of synergy which needs to be achieved between
geographical siting, adsorbent selection, contactor design,
and process operating conditions to achieve environmen-
tally efficient DAC processes with low energy usage and
low land footprint. Future work should therefore aim to
employ, wherever possible, high fidelity process modelling
and formal optimization tools to enable accurate process
performance characterization and identification of optimal
process designs for DAC.
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