IREC

research

Industrial & Engineering Chemistry Research

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/IECR

Design and Performance Evaluation of Multisorbent Vacuum-Swing
Adsorption Processes for Postcombustion Carbon Capture

Published as part of Industrial & Engineering Chemistry Research virtual special issue "Marco Mazzotti
Festschrift”.

Adam Ward and Ronny Pini*

Cite This: Ind. Eng. Chem. Res. 2024, 63, 13787-13800

I: I Read Online

Article Recommendations |

ACCESS | [l Metrics & More | o Supporting Information

ABSTRACT: We present the design and performance evaluation of a  single-adsorbent Layered-bed Mixed-bed
novel multisorbent process for CO,/N, separation based on vacuum-swing process process process
adsorption (VSA). We study two process configurations: (i) layered-bed

processes, wherein two distinct adsorbent materials are arranged in

sequential layers within the adsorption bed, and (ii) mixed-bed processes,

wherein two distinct adsorbent materials are homogeneously mixed within

the adsorption bed. We develop, validate, and deploy a high-fidelity -%- "}-
dynamic adsorption column model for the multisorbent process

configurations and apply Bayesian optimization to design processes that

achieve maximum separation effectiveness in terms of CO, purity and

recovery with an application to postcombustion carbon capture (PCC) on O Adsorbent 1

a coal-fired power plant. We find that the multisorbent process

configurations achieve improved CO,/N, separation effectiveness compared to benchmark classical single-adsorbent processes,
increasing the CO, recovery by up to 5% while achieving high CO, purity. When operating in compliance with widely adopted
performance targets for PCC (Pucg, > 95%, Reco, > 90%), we find that the multisorbent process configurations reduce the energy

O Adsorbent2 @ Mixed sorbent

usage of the separation by approximately 35%. We use the modeling framework to analyze the subcolumn scale adsorption dynamics
and identify that the observed improvements in performance are associated with the positioning of the CO, adsorption front under
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optimized operating conditions, leading to favorable dynamic interactions with the operation of the VSA process cycle.

1. INTRODUCTION

It is now widely recognized that carbon capture and storage
(CCS) processes will play an important role in facilitating the
global transition to a net-zero society over the next several
decades." The combustion of fossil fuels is expected to remain
a major pillar of the global energy system for the next several
decades, particularly in developing countries, and it is therefore
important to urgently deploy solutions which can allow for
significantly reduced carbon emissions from power plants.” In a
postcombustion carbon capture (PCC) process, the flue gas
eluted from a power plant, mainly composed of CO,/N,, is
separated to produce a CO,-lean flue gas stream which can be
released to the atmosphere, and a high purity CO, stream -
which can be sent for geological carbon sequestration. There
are several engineering approaches which are being developed
for the separation of CO, from flue gas. Among the available
options, physical adsorption of CO, onto the surface of porous
solid sorbents in a vacuum-swing adsorption (VSA) process is
a promising approach - primarily because such processes have a
low associated energy penalty and are inherently electrified.”*
In a VSA process, CO, is adsorbed onto a solid sorbent at
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ambient pressure, and is subsequently recovered from the solid
at high purity by applying vacuum.

One of the most important factors when designing a VSA
process for PCC is the choice of the adsorbent material.
Thousands of adsorbents have been proposed in the literature
for carbon capture applications, including zeolites, activated
carbons, metal organic frameworks (MOFs), and zeolitic
imidazolate frameworks (ZIFs).””” Each available adsorbent
presents a distinct set of characteristics at the process scale
which must be considered when selecting a material, including;
CO, working capacity, CO,/N, selectivity, adsorption kinetics,
regeneration conditions, bed density, heat capacity, and
sorbent unit cost.” " Because each factor affects the optimal
performance of the resulting VSA process, the search for the
single adsorbent material that ranks best in each category
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remains an elusive task. In fact, the ultimate selection of the
adsorbent material represents a compromise between compet-
ing design characteristics. To date, VSA processes for carbon
capture applications have been designed in the literature by
selecting a single adsorbent material with which to pack the
fixed-bed adsorption column.'' ™"

Several studies in the adsorption process design literature
have explored the design of adsorption processes which utilize
multiple adsorbent materials to achieve a gas separation. For
example, it is common practice in the design of adsorption
processes for hydrogen purification to utilize beds with layers
of multiple adsorbents for separation of high-order mixtures
containing H,, CO,, CH,, and CO.1"® However, this
concept has not been adopted for the design of adsorption
processes for postcombustion carbon capture. A handful of
studies have analyzed the use of multiple sorbents within a
single system, particularly for the purpose of handling moisture
in the flue gas feed stream using both layered-beds'” and two
sequential single-adsorbent beds.”” A recent experimental
study by Diver et al, (2020)*' analyzed the performance of
a layered-bed process utilizing zeolite 13X and activated
carbon adsorbents for CO,/N, separation. The authors found
that the layered-bed process was able to achieve a more
favorable trade-off in terms of CO, purity/recovery than was
achievable using either constituent adsorbent in a classical
single adsorbent system. However, to date, there are no
computational studies available in the literature which study
the potential of multisorbent processes at large-scale to
enhance the binary CO,/N, separation with an application
to postcombustion carbon capture. This represents a clear
literature gap towards improving the efficiency of adsorption-
based separations for postcombustion carbon capture, without
significantly increasing the complexity of the process
configuration. Therefore, here we consider a process design
wherein multiple adsorbent materials are utilized in a single
fixed-bed adsorption column to target the binary separation of
CO,/N, in a multisorbent process. The working principle of
such a system is that by utilizing multiple adsorbent materials
within a single fixed-bed adsorber, we can, to some extent,
exploit the desirable characteristics of more than one adsorbent
simultaneously.

In previous work, we have assessed the performance of
multisorbent processes for postcombustion carbon capture by
employing equilibrium-based process design tools.'” We
developed a modified version of the Batch Adsorber Analogue
Model (BAAM)** which was extended to handle dual-
adsorbent beds (the D-BAAM framework). Using D-BAAM,
we screened the process performance of 2,850 binary
combinations of adsorbent materials, and found that dual-
adsorbent processes can reduce the energy usage of PCC via
VSA by up to 20%. A key limitation of our previous study is
that within an equilibrium-based process model, one cannot
distinguish between different spatial arrangements of the
sorbents within the adsorption column. For example, in the
simpliest case, two adsorbents can be arranged spatially in a
number of distinct configurations, including; layered-bed
adsorbers (with the materials arranged in distinct successive
layers), and mixed-bed adsorbers (where the adsorbents are
homogeneously mixed together). Further, the D-BAAM
framework inherently neglects spatially- and temporally-
dependent phenomena at the subcolumn scale,"”**** which
previous studies have shown is important toward a complete
assessment of adsorption process performance.”*>°

Here, we build on our previous work by deploying high-
fidelity dynamic process modeling and optimization tools to
study the behavior and performance of dual-adsorbent VSA
processes. Particularly, we present a prototypical example
material combination of Mg-MOF-74 and activated carbon
adsorbents in a dual-adsorbent configuration. For this material
combination, we characterize the performance of the dual-
adsorbent VSA process in terms of CO, purity, CO, recovery,
productivity, energy usage, and subcolumn scale adsorption
dynamics. We consider several possible spatial arrangements of
the adsorbents within the bed, including layered-bed processes
(examining the effect of layer ordering on performance), and
mixed-bed processes. We compare the performance of the
dual-adsorbent process to that of the corresponding classical
single-adsorbent VSA processes using both adsorbents, and
quantify the impact of the relative sorbent loading on the
process performance.

The remainder of the study is organized as follows. In the
methods Section we describe the high-fidelity dynamic process
modeling and optimization workflow which we have developed
for the design of dual-adsorbent VSA processes. In the results
Section, we present a validation of our layered-bed model
formulation against literature experimental data. We then
present the optimization of a dual-adsorbent process utilizing
Mg-MOEF-74 and activated carbon adsorbents with respect to
maximum CO, purity and recovery for postcombustion CO,
capture from a coal-fired power plant - and compare the
performance to that of the corresponding single-adsorbent
processes. In the discussion Section, we examine the
subcolumn scale dynamics of the dual-adsorbent process
configurations, and analyze the process scalability in terms of
system productivity and energy usage.

2. METHODS

2.1. Adsorption Equilibrium. We study the separation of
CO, from a dry flue gas stream eluted from a coal-fired power
plant, containing 15% CO, and 85% N, on a molar basis. We
consider two widely studied adsorbents for PCC applications,
Mg-MOF-74 and activated carbon.”’~* The competitive
adsorption equilibrium of CO,/N, on the surface of each
adsorbent has been described using the extended dual-site
Langmuir (DSL) isotherm model. The adsorbed amount of
species i on material j is given by

qsd,ijd’jci
nc
L+ 20 dicy (1)

q* _ qurijbijCi
L+ Y be

where g is the specific adsorbed amount at equilibrium of
species i on material j, qg; and qyq; are the saturation
capacities of species i on site 1 and site 2 of material j,
respectively, b; and d;; are the adsorption equilibrium constants
of species i on site 1 and site 2 of material j, respectively, and n,
= 2 is the number of components in the gas-phase. The
adsorption equilibrium constants are expressed as functions of
temperature using the van’t Hoff equation:

—AU,;
bij = bo,i;‘ exp 7
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where by; and d,; are the reference adsorption equilibrium
constants of species i on site 1 and site 2 of material j,
respectively, AU, ; and AU, ; are the molar internal energy
change of adsorption of species i on site 1 and site 2 of material
j, respectively, T is the temperature, and R is the universal gas
constant. The concentration of species i in the gas-phase is
described using the ideal gas law:

»

RT (4)

where p is the pressure, and y, is the molar fraction of species i
in the gas phase. The material properties used to model Mg-
MOF-74 and activated carbon adsorbents are provided in
Table 1.2%?%% In Figure 1, we show the resulting pure
component CO,/N, isotherms on each adsorbents for
pressures p = 0—1 bar, at a temperature T = 298 K. We also
show the resulting composite adsorption isotherms for CO,/
N, in a mixed-bed process utilizing a homogeneous mixture of
Mg-MOF-74 and activated carbon adsorbents (for details, see
Section 2.6). In section S.1 of the Supporting Information file,
we provide a validation of the dual-site Langmuir isotherm
model used in this work for prediction of CO,/N,
coadsorption on both Mg-MOF-74 and activated carbon
adsorbents by comparison to available experimental data. We
find that there is a strong agreement between the model
parametrization and the available data.

2.2. Vacuum-Swing Adsorption Process. We consider a
typical four-step vacuum-swing adsorption (VSA) process with
feed pressurization.'" The process cycle proceeds in four steps,
(1) adsorption, (2) forward blowdown, (3) reverse evacuation,
and (4) feed pressurization. A schematic representation of the
process cycle is provided in Figure 2. In the adsorption step,

Table 1. CO,/N, Dual-Site Langmuir (DSL) Isotherm
Parameters and Adsorbent Bed Properties for Mg-MOF-74
and Activated Carbon Adsorbents*>>%%3¢

Adsorbent Mg-MOEF-74 Activated carbon
Isotherm parameters
ga,co, [mol/kg] 6.80 0.59
dsaco, [mol/kg] 9.90 7.51
bo,co, [m*/mol] 1.81 x 1077 9.40 x 107¢
do,co, [m*/mol] 1.06 x 107¢ 1.04 x 107°
AU, co, [J/mol] ~39, 300 —25, 600
AUy co, [J/mol] —21, 200 —17, 600
e, [mol/kg] 14.0 0.16
guan, [mol/kg] 0 413
by, [m*/mol] 3.45 % 107¢ 1.81 x 1073
doy, [m*/mol] 0 172 x 10712
AUy, [J/mol] —15, 500 —8, 700
AUy, [J/mol] 0 —44, 900
Bed properties
Bed porosity, ¢ [-] 0.52 0.46
Bed density, p,, [kg/m?] 437 43S
Solid heat capacity, C,, [J/kg/K] 900 1, 040
Pellet porosity, €, [-] 0.35 0.35
Pellet radius, r, [m] 1x1073 1x1073

“A comparison of the computed adsorption isotherms against
experimental data is presented in section S1 of the Supporting
Information.
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Figure 1. Pure component isotherms of CO, (left) and N, (right) on
Mg-MOF-74 (blue) and activated carbon (orange) adsorbents for
pressures p = 0—1 bar, at temperature T = 298 K. Intermediate
isotherms for each species correspond to composite adsorption
isotherms for mixed-bed processes utilizing a homogeneous mixture
of Mg-MOF-74 and activated carbon adsorbents with adsorbent
loading ratios I' = 0.2, 0.4, 0.6, 0.8 (see section 2.6).
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Figure 2. Schematic representation of the four-step vacuum-swing
adsorption (VSA) process. The cycle steps are (1) adsorption, (2)
forward blowdown, (3) reverse evacuation, and (4) feed pressuriza-
tion.

flue gas is fed to the column at ambient pressure, with the
product end open. During this step, CO, is preferentially
adsorbed into the adsorbent bed, and an N,-rich light product
is eluted from the product end of the column. In the forward
blowdown step, the feed end of the column is closed, and the
pressure in the column is reduced to an intermediate pressure
(py) using a vacuum pump at the product end. During this step,
mostly coadsorbed N, is removed from the column. In the
reverse evacuation step, the product end of the column is
closed, and the pressure in the column is further reduced to a
low pressure (p.) using a vacuum pump at the feed end.
During this step, the high purity CO, product is collected from
the feed end. Finally, in the feed pressurization step, the
product end of the column is closed and the pressure in the
column is raised back to ambient pressure by adding flue gas
from the feed end. The sequence of steps then continues in a
cyclic manner, capturing and subsequently releasing CO, in a
semibatch fashion.

https://doi.org/10.1021/acs.iecr.4c01345
Ind. Eng. Chem. Res. 2024, 63, 13787—13800


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c01345/suppl_file/ie4c01345_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c01345/suppl_file/ie4c01345_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c01345/suppl_file/ie4c01345_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01345?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01345?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01345?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01345?fig=fig2&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c01345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

2.3. Adsorption Dynamics. The adsorption dynamics
inside the fixed-bed column have been described using a high-
fidelity 1D adsorption column model, which we developed in
previous work.”?* The model contains material, momentum,
and energy balance equations. The model equations are
provided in nondimensional form in section S.2 of the
Supporting Information file. Details of the nondimensionaliza-
tion procedure are provided in section S.3 of the Supporting
Information file. The material balance equations describe the
gas-phase as axially dispersed plug flow of a mixture of ideal
gases. This is coupled to an adsorption kinetics model which
describes transport of molecules in the gas-phase to the
adsorbed-phase using the linear driving force (LDF)
approximation. The pressure drop in the column is described
using Darcy’s law. The energy balance equations account for
several mechanisms of heat transfer in the column, including
conduction, convection, heat exchanged with the ambient
surroundings, and heat released by exothermic adsorption. The
longitudinal dispersion coefficient, Dy, is described using the
following correlation:>

Dy = 0.7D,, + v, (s)
where D,, is the molecular diffusivity, and r,; is the pellet
radius of material j. The adsor};tion kinetic constant for species
i on material j, k;, is given by

8 15e, D,
ik 2
9 Poi\ T (6)
where €, is the particle porosity of material j, and 7 is the

tortuosity. The adsorption kinetics are assumed to be rate
limited by diffusion in the macropores of the adsorbent
particles, and we have adopted the modification of Hassan et
al, (1985)*” to allow for extension of the kinetic expression
beyond the linear region of the adsorption isotherm.

The adsorption dynamics model is a coupled system of
partial differential equations (PDEs). We solve the system of
PDEs using a high-resolution finite volume approach. First, we
discretize the balance equations with respect to space using the
weighted essentially non-oscillatory (WENO) finite volume
scheme by dividing the spatial domain into N = 20 volume
elements.'" This yields a system of ordinary differential
equations (ODEs) which describe the evolution of the state
of the adsorption column in terms of pressure, composition,
and temperature with respect to time at each position within
the column. We then integrate the system of ODEs with
respect to time using the variable order odelSs stiff differential
equation solver in MATLAB. The absolute and relative error
tolerances of the solver are both set at 107°. The ODEs
describing the states of the system are codependent on one
another, which we handle in the solution using a mass-matrix
approach. To enhance computational efficiency, the balance
equations are solved in a non-dimensional form, and we also
provide the solver with the Jacobian sparsity pattern of the
system. The system of balance equations are solved with
respect to time using a set of time-varying boundary conditions
which represent the four-step VSA cycle described in section
2.2. The boundary conditions are provided in section S.4 of the
Supporting Information file.

The adsorption column is assumed to be initially saturated
with pure N,. The system is then integrated through the
sequence of cycle steps, with the initial condition for each cycle
step being taken as the final state of the column at the end of

13790

the proceeding step. The simulation is assumed to have

reached cyclic steady state, and is terminated, when the

following criterion is satisfied at the end of a given process
38

cycle:”

l(ni,in - ni,out)l

X 100% < 0.5%, V i

i,in

(7)
where n;;, and n,,,, are the amounts of species i input/output
from the column throughout an entire process cycle,
respectively. All modeling parameters used as inputs to the
adsorption dynamics model for simulation of the VSA carbon
capture process are provided in Table 2.”

2.4. Multisorbent processes. In this study, we consider
three distinct process configurations for the fixed-bed adsorber.
The process configurations are shown schematically in Figure
3. First, we consider a classical single-adsorbent process. In this
configuration, the fixed-bed of adsorbent is comprised solely of
a single adsorbent material. Second, we consider a layered-bed
process. In this configuration, two distinct adsorbent materials
are arranged in successive layers. Finally, we consider a mixed-
bed process. In this configuration, two distinct adsorbent
materials are mixed homogeneously to form the fixed-bed. For
both the layered-bed and mixed-bed configurations, the
relative loading of the two adsorbents is defined via the
volume fraction of “material 1”7 within the bed, I". Therefore,
the volume fraction of “material 2” within the bed is given by
(1-").

2.5. Layered-Bed Adsorbers. To model the layered-bed
configuration described in section 2.4, we deploy a modified
version of the adsorption dynamics model described in section
2.3. To represent layers of distinct adsorbents, we apply a
spatially heterogeneous discretization of the model inputs
describing the adsorbent fixed-bed properties, including; DSL

Table 2. Parameters Used to Simulate the Vacuum-Swing
Adsorption (VSA) Process for Postcombustion Carbon
Capture’

Parameter Value Units
Column dimensions
Column length, L 1 [m]
Column inner radius, r;, 0.145 [m]
Column outer radius, 7, 0.162 [m]
Feed properties
Feed pressure, py 100,000 [Pa]
Feed temperature, T 298.15 (K]
Feed molar composition (CO,), yE.co, 0.15 (-]
Physical properties

Particle tortuosity, T 3 (-]
Molecular diffusivity, D,,, 1.6 X 107° [m?/s]
Thermal conductivity of gas, Ky 0.09 (J/m/K/s]
Thermal conductivity of column wall, K,, 16 [J/m/K/s]
Heat capacity of gas phase, C,, 30.7 (J/mol/K]
Heat capacity of adsorbed phase, C,, 30.7 [J/mol/K]
Heat capacity of column wall, C,, 502 [J/kg/K]
Density of column wall, p,, 7,800 [kg/m*]
Dynamic viscosity of gas, yt 172 X 10 [kg/m/s]
Overall inside heat transfer coefficient, h;, 8.6 [J/m?/K/s]
Overall outside heat transfer coefficient, h,, 2.5 [J/m?*/K/s]
Ratio of ideal gas heat capacities, y 14 (-]
Adiabatic efficiency, 1 n=n(p) (-]
Pressure profile time constant, A 0.5 [/s]
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Figure 3. Schematic representation of the process configurations considered in this study. Single-adsorbent configurations: Classical fixed-bed
adsorption processes using a single adsorbent material. Layered-bed configurations: Novel adsorption processes using two adsorbent materials
arranged in discrete sequential layers. Mixed-bed configuration: Novel adsorption process using two adsorbent materials homogeneously mixed

together.

isotherm parameters describing adsorption equilibrium (gi),
bed porosity (€), particle porosity (e,), particle radius (r,),
sorbent heat capacity (CPS), and bed density (p,).

In the layered bed configuration, the two adsorbent
materials are arranged in distinct successive layers according
to a volumetric adsorbent loading ratio, I'. In this context, the
adsorbent loading ratio can be defined as

Pl VAL

Voeda LA L (8)

where V| and [, are the volume and the length of the first
adsorbent layer, V.4 and L are the total volume and total
length of the bed, and A is the column cross-sectional area.
Within the spatially discrete finite volume scheme used to solve
the adsorption dynamics model (see Section 2.3), we assign
adsorbent bed properties to each volume element according to
the relative length of the two adsorbent layers. Since each
volume element has equal size, the number of volume elements
comprising the first layer of adsorbent is given by N,4;; =" N,
and the number of volume elements comprising the second
layer of adsorbent is given by N 4, = (1 — I')N. Therefore, we
assign the adsorbent properties of material 1 to all volume
elements in the set {1, .., N4}, and the adsorbent properties
of material 2 to all volume elements in the set {N,4,, + 1, ..,
N}. This approach is demonstrated schematically for the
adsorbent properties describing CO, sorption in Figure 4. A
spatially heterogeneous step function is assigned for each
adsorbent bed property according to the adsorbent loading
ratio (I'). This function is then sampled at each location within
the column corresponding to each discrete volume element to
determine the value of the bed property to assign at each
location. We note that this approach is intrinsically limited to
studying adsorbent loading ratios for which the number of
volume elements occupied by a given layer of adsorbent is an
integer. However, the spatial resolution of the finite volume
scheme deployed in this study is sufficiently large that this is
not particularly limiting from a practical perspective.

Additionally, an internal boundary condition is required
within the column at the interface between the two adsorbent
layers to ensure the conservation of mass at the point of step-
change in the adsorbent bed properties. At the interface
between the two adsorbent layers, the mass flow rates entering
and leaving the interface must be equivalent:
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Figure 4. Spatial discretization of adsorbent bed properties for a
layered-bed configuration with an initial layer of Mg-MOF-74
adsorbent and a secondary layer of activated carbon adsorbent
(Mg/AC) with an adsorbent loading ratio of I' = 0.4. (3, b) CO,
saturation capacities, (c, d) reference CO, adsorption equilibrium
constants, and (e, f) internal energy changes of CO, adsorption. Blue
lines correspond to the properties of Mg-MOF-74, and orange lines
correspond to the properties of activated carbon. The dashed line in
each panel indicates the position of the interface between the two
adsorbent layers. Symbols indicate the positions of the volume
elements of the finite volume discretization, and the corresponding
adsorbent bed properties sampled from the spatially heterogeneous
adsorbent property functions at each location within the bed.

where 1 = p A € v is the mass flow rate, and the superscripts
(=) and (+) refer to the gas entering and leaving the adsorbent
layer interface, respectively; p is the gas density, A is the
column cross-sectional area, € is the bed porosity, and v is the
interstitial gas velocity. Noting that the column cross-sectional
area is a constant, and that the gas density entering and leaving
the interface can be assumed to be constant because the
interface is a single point in space, eq 9 simplifies to
(=)
v( +) _ €

e, (10)

where €; and €, are the bed porosities of material 1 and

material 2, respectively. eq 10 allows for calculation of the gas
velocity leaving the interface between the adsorbent layers
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(v¥), given the gas velocity entering the interface (v(~)), and
the bed porosities for packing of each of the adsorbent
materials (e, €,).

2.6. Mixed-Bed Adsorbers. To model the mixed-bed
configuration described in section 2.4, we again deploy a
modified version of the adsorption dynamics model described
in section 2.3. To represent a mixed-bed comprising some ratio
of two homogeneously mixed adsorbents, we use averaged
adsorbent properties for all volume elements in the adsorption
column - where the averaged properties are obtained according
to the relative loading of the two adsorbents. It is convenient to
define an adsorbent mass fraction:

m Iy,

w = =
m+my,  Ip, + (1- F)pb’Z (11)

where w is the mass fraction of material 1 in the bed, and m; is
the mass of material j in the bed. The mass of material j in the
bed is expressed as m; = V; p,,, where V; is the bed volume
occupied by material j, and p,,; is the bed density of material ;.
This definition is useful as it allows us to both: (i) easily
compute bed-averaged properties for adsorbent properties
which are defined on a mass-specific basis, and (ii) define the
relative sorbent loading in the bed for both the layered-bed and
mixed-bed configurations by using the volumetric adsorbent
loading (I") as the sole design variable. We can then compute
bed-averaged properties for the mixed-bed configuration for
which the adsorbent property is defined on a volume-specific

basis as
Sy =1t + (- 1ﬂ)fv,z (12)

where fy is a bed-averaged adsorbent property which is defined
on a volume-specific basis, and fy is the value of that property
for material j. Similarly, we can compute bed-averaged
properties for the mixed-bed configuration for which the
adsorbent property is defined on a mass-specific basis as:

fM = WfM,l +(1 - W)fM,Z

pr,lfM,l + (1 - F)pb,sz,z
Ipy, + (1 =Dpy, (13)

where fy is a bed-averaged adsorbent property which is
defined on a mass-specific basis, and fy; is the value of that
property for material j. To model the mixed-bed configuration,
we calculate bed-averaged values of the bed porosity (¢) and
bed density (p,,), which are defined on a volume-specific basis,
and the adsorption equilibrium (gi*) and sorbent heat capacity
(Cps), which are defined on a mass-specific basis.

We note that for the mixed-bed configuration, we assume
the particle radius (r,) and particle porosity (e,) to be
constants which are arbitrarily fixed as the values of these
properties corresponding to material 1. This assumption is
relatively inconsequential, because these properties are
typically assumed to have fixed and consistent values between
all adsorbents in the available literature on the simulation of
adsorption-based gas separations in the absence of exper-
imental measurements.

2.7. Process Optimization. The process simulator
described in sections 2.3—2.6 has been used to carry out
process design of the three process configurations for an
application of PCC to a typical coal-fired power plant. Here,
we consider process optimization to maximize the separation

effectiveness in terms of maximum CO, purity and maximum
CO, recovery. These two process design objectives conflict
with one another, so the process design is posed as an
unconstrained multiobjective optimization problem with the
following form:

rrgn[—PuCOZ, —Recp

st.O, <0 <0,

where Pucg, is the CO, purity, Reco, is the CO, recovery, @ is

the vector of design variables, and € and @y, are the lower and
upper bounds on the design variables, respectively.
The CO, purity is calculated as

pvae
CO,,out

0
evac evac X 100%

Puco, (%) =
nNz,out + nCOZ,out (14)

where ncd . is the amount of CO, extracted during the

evacuation step and ny’,, is the amount of N, extracted during
the evacuation step. The CO, recovery is calculated as

evac

nco,,out
04) — 2 0,
Recoz(/:) = e —— X 100%
nCo,,in T "CO,,in (15)

where ngg ;, is the amount of CO, fed to the adsorption

column during the pressurization step, and n%g ;, is the

amount of CO, fed to the adsorption column during the
adsorption step. Full details of the calculations of the process
key performance indicators are provided in section S.5 of the
Supporting Information file.

As design variables, we use the durations of the adsorption
(t,gs), forward blowdown (t,4), and reverse evacuation (t.,.)
steps, the intermediate pressure (p;), the low pressure (pr),
and the feed gas velocity (vg). For the VSA process, the high
pressure is fixed at the ambient feed pressure (py = 1 bar). The
parametric lower and upper bounds applied to each design
variable for the purposes of optimization are provided in Table
3. An implicit constraint is applied to the intermediate and low
operating pressures to ensure that the intermediate pressure is
always greater than the low pressure (p; > p; + 0.01 bar). We
note that for the multisorbent process configurations (layered-
bed, mixed-bed), we do not consider the adsorbent loading
ratio (I') as a design variable. Instead, we consider design
under a number of fixed adsorbent loading ratio cases to allow
us to study the effect of the relative adsorbent loading on the
optimized process performance.

The process optimization problem to maximize separation
effectiveness has been solved by coupling the process simulator
described in sections 2.3—2.6 to a Bayesian optimization
algorithm. In this work, we apply the Thompson Sampling
Efficient Multiobjective Optimization (TSEMO) algo-
rithm.*>*® Tt has been shown in previous studies that the
TSEMO algorithm is a highly effective approach for yielding an
accurate process Pareto front for adsorption-based carbon

Table 3. Parametric Lower and Upper Bounds Applied to
Decision Variables for Process Optimization

Parameter  tyg, [s] fa [s] feac [s] pr[bar] py [bar] v [m/s]
Lower bound: 20 30 30 0.02 0.01 0.1
Upper bound: 100 200 200 0.9 0.1 2

https://doi.org/10.1021/acs.iecr.4c01345
Ind. Eng. Chem. Res. 2024, 63, 13787—13800


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c01345/suppl_file/ie4c01345_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c01345/suppl_file/ie4c01345_si_001.pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c01345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

capture processes, while using a small number of forward
process simulations as compared to alternative approaches.”*!
We initiate the TSEMO algorithm with the calculated CO,
purity/recovery of 60 process simulations corresponding to
operating points determined by Latin Hypercube Sampling
(LHS) within the operating condition parametric lower and
upper bounds. We then apply the TSEMO algorithm for 200
sequential iterations to compute the solution to the process
optimization problem.

3. RESULTS

3.1. Validation of Layered-Bed Model Formulation.
We have validated the implementation of the layered-bed
process model described in section 2.5 by comparison to
experimental data reported in a previous study.'” The previous
study considered the adsorption of binary mixtures of H,/CH,
and H,/CO onto a layered-bed comprising an initial layer of
activated carbon and a secondary layer of zeolite SA (AC/5A).
Dynamic breakthrough experiments were carried out by
initially saturating the bed with H,, and subsequently
introducing a binary gas mixture comprising 70% H,, with
balance CH, or CO - depending on the experiment.
Experiments were conducted at several flow rates (f;, = 4.5—
9.1 LSTP/min) and pressures (p = 4—16 atm). Experimental
measurements were made of the dynamic outlet composition
profile and internal temperature at three locations within the
bed. We have described the experimental data using the
modeling approach described in section 2.5 by running the
model in a purely predictive forward mode. We observe that
there is an excellent agreement between the measured
experimental data and the simulated profiles generated by
our model. Full details of the model validation exercise are
provided in section S.6 of the Supporting Information file.

3.2. Optimization of Single-Adsorbent Processes.
First, we compute the optimized process performance of the
classical single-adsorbent process configurations to provide a
benchmark for the performance of the corresponding novel
multisorbent process configurations. To this end, we apply the
process optimization procedure described in section 2.7 by
coupling to the process simulator described in Section 2.3.
Therefore, we apply the TSEMO algorithm for 200 sequential
iterations to calculate a Pareto front of maximum CO, purity
and recovery by optimizing the process design variables for
single-adsorbent process configurations utilizing both Mg-
MOEF-74 adsorbent and activated carbon adsorbent. The
results of this exercise are presented in Figure 5. The blue
symbols correspond to the purity/recovery Pareto front for a
single-adsorbent process using Mg-MOF-74 adsorbent, and the
orange symbols correspond to the Pareto front for a single-
adsorbent process using activated carbon adsorbent. The gray
shaded region in the top-right of the figure indicates the region
of widely adopted performance targets for PCC processes,
which should obtain a CO, purity of at least 95% and a CO,
recovery of at least 90%.'" We can see that the single-
adsorbent process using Mg-MOF-74 adsorbent provides
favorable separation effectiveness in terms of CO, purity and
recovery as compared to the equivalent system using activated
carbon adsorbent. The Mg-MOF-74 process is able to
marginally satisfy the targets imposed on CO, purity/recovery,
while the equivalent activated carbon process does not present
any operating points which are able to satisfy the targets in a
single-adsorbent configuration.
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Figure S. Pareto fronts of maximum CO, purity (Puco,) and recovery
(Reco,) for single-adsorbent process configurations using Mg-MOF-

74 (blue) and activated carbon (orange) adsorbents. Symbols
correspond to operating points on the Pareto front. Transparent
symbols correspond to operating points explored during optimization.
Shaded region in the upper right indicates the region of widely
adopted performance targets for postcombustion carbon capture
processes (Puco, > 95%, Reco, = 90%).

3.3. Optimization of Multisorbent Processes. Next, we
compute the optimized process performance of the multi-
sorbent process configurations. To this end, we apply the
process optimization procedure described in section 2.7 by
coupling to either the process simulator described in section
2.5 (layered-bed configurations), or that described in section
2.6 (mixed-bed configuration). For the layered-bed config-
uration, we consider two distinct spatial arrangements of the
adsorbent materials within the bed. First, we consider a case
with an initial layer of Mg-MOF-74 adsorbent, and a secondary
layer of activated carbon adsorbent (abbreviated: Mg/AC).
Second, we consider a case with the orientation reversed,
where activated carbon adsorbent comprises the initial layer,
and Mg-MOF-74 adsorbent comprises the second layer
(abbreviated: AC/Mg). For the mixed-bed configuration, the
process design is agnostic the orientation of the materials since
they are considered to be homogeneously mixed. Therefore, in
this case we arbitrarily designate Mg-MOF-74 adsorbent as
material 1, and activated carbon adsorbent as material 2
(abbreviated: Mg+AC). For all three process configurations,
we apply the TSEMO algorithm for 200 sequential iterations
to calculate a Pareto front of maximum CO, purity and
recovery by optimizing the process design variables. For each
configuration, we conduct a distinct process optimization with
9 unique values of the adsorbent loading ratio, I', in the range
' € [0.1, 0.9]. The results of this exercise are presented in
Figure 6. In each panel, the transparent colored lines
correspond to a purity/recovery Pareto front obtained for a
distinct value of the adsorbent loading ratio. The bold colored
line in each panel corresponds to the adsorbent loading ratio
for each configuration which yielded the highest separation
effectiveness. The dashed black lines indicate the position in
the Pareto plane of the optimized process performance for a
single-adsorbent configuration using Mg-MOF-74 adsorbent as
a benchmark.

We define the maximum separation effectiveness as the
maximum Euclidean distance (r,,,) from the origin for all
points on a given purity/recovery Pareto front:
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Figure 6. Pareto fronts of maximum CO, purity (Pucg,) and recovery (Reco,) for multisorbent process configurations: (a) Mg/AC layered-bed

(purple), (b) AC/Mg layered-bed (green), and (c) Mg+AC mixed-bed (gray). Pareto fronts are provided for each configuration corresponding to 9
distinct adsorbent loading ratios in the range I' € [0.1, 0.9]. Solid lines correspond to the Pareto front of the best-performing adsorbent loading
ratio (I) for each process configuration. Transparent lines correspond to the Pareto fronts for suboptimal adsorbent loading ratios for each process
configuration. The dashed black line in each panel corresponds to the benchmark Pareto front obtained for a single-adsorbent configuration using
Mg-MOEF-74 adsorbent. Shaded regions in the upper right of each panel indicate the region of widely adopted performance targets for PCC
processes (Pucg, > 95%, Reco, > 90%). The Pareto fronts presented here are smooth fitted functions obtained by fitting a smoothing function to

the raw purity/recovery data generated by optimization using the TSEMO algorithm to improve readability of the plots. The raw purity/recovery
data generated by the optimization procedure described in section 2.7 is available in section S.7 of the Supporting Information file.

Table 4. Process Operating Conditions and Key Performance Indicators for Three Process Configurations: Single-Adsorbent
Configuration Using Mg-MOF-74 Adsorbent, Layered-Bed Configuration Using Mg-MOF-74 as the Initial Layer and Activated
Carbon as the Secondary Layer (Mg/AC), and Mixed-Bed Configuration Using Mg-MOF-74 and Activated Carbon (Mg+AC)“

Configuration tus [S]  toa [S]  teme [s]  pp[bar]  pp [bar] vg [m/s] Puco, [%] Reco, [%] Pr[mol/m’/s] E; [kWh/tn]
Maximum separation effectiveness
Mg-MOE-74 (single»adsorbent) 57.6 60.7 200 0.0905 0.0100 1.53 98.5 89.0 0.828 904
Mg/AC (Iayered-bed, I= 0.4) 52.8 30.0 145 0.0840 0.0100 0.981 98.3 94.0 0.697 846
Mg+AC (mixed-bed, I" = 0.5) 76.6 37.0 189 0.0859 0.0102 0.807 97.6 92.9 0.597 895
Target separation effectiveness
Mg-MOF-74 (single-adsorbent) 53.6 373 125 0.127 0.0102 1.45 95.5 90.1 1.08 830
Mg/AC (layered-bed, ' = 04)  39.5 400 388 0102 00152 103 96.1 90.6 0.962 522
Mg+AC (mixed-bed, I" = 0.5) 41.3 47.1 126 0.134 0.0147 1.46 95.2 90.2 0.781 564

“Process performance is reported for operating points with maximum separation effectiveness and for operating points with performance
corresponding closely to widely adopted performance targets for post-combustion carbon capture processes (Puco, > 95%, Reco, = 90%).

of the adsorbent loading has shown that the separation
effectiveness, in terms of the maximum Euclidean distance
(Fmaw See eq 16), steadily increases from that equivalent to a
single-adsorbent activated carbon configuration (rn,, =
129.6%) as the loading of Mg-MOF-74 in the bed is increased
from I" = 0. For the Mg/AC layered bed process, the highest
separation effectiveness is given by an adsorbent loading of I" =
0.4 (Fmax = 135.9%). For the Mg+AC mixed-bed process, the
highest separation effectiveness is given by an adsorbent
loading of I' = 0.5 (7. = 134.3%). Beyond this point, as the
loading of Mg-MOEF-74 continues to increase, the separation
effectiveness decreases steadily toward the performance of a

Tmax(%) = max(\/(Pucoz)z + (Reco)z) (16)

We compute the maximum Euclidean distance for all the
purity/recovery Pareto fronts in Figure 6, and the purity/
recovery Pareto fronts highlighted in bold correspond to that
which exhibits the highest separation effectiveness according to
this metric. We can see visually in Figure 6 that this criteria is
effective for determining the adsorbent loading ratio for each
bed configuration which yields the best performance in terms
of CO, purity and recovery.

First, we can see in Figure 6(b) that the layered-bed
configuration with activated carbon as the initial layer (AC/

Mg) does not provide any benefits in terms of maximum
attainable CO, purity/recovery performance as compared to
the corresponding single-adsorbent processes. In this instance,
the performance of the AC/Mg layered-bed configuration is
essentially equivalent to the performance of a single-adsorbent
process using Mg-MOF-74. However, we can see in Figure
6(a) and Figure 6(c) that there are significant improvements in
the optimized process performance in terms of maximum CO,
purity/recovery for both the layered-bed process using Mg-
MOF-74 as the initial layer (Mg/AC), and the mixed-bed
process (Mg+AC). For both configurations, the purity/
recovery Pareto front significantly surpasses the Pareto front
for the single-adsorbent process using only Mg-MOEF-74
adsorbent. Analysis of the process Pareto fronts as a function

single-adsorbent Mg-MOF-74 configuration as the loading
approaches I' = 1 (r,,,, = 132.6%).

We can further interpret that the multisorbent config-
urations offer different benefits in terms of the CO, purity/
recovery trade-off, dependent on the relative priority of the two
process performance indicators. The Mg/AC layered bed
configuration is favorable for separation applications which
target high CO, purity. This configuration is able to achieve
CO, purities approaching 100%, while achieving CO, recovery
in excess of 90%. Conversely, the Mg+AC mixed-bed process is
favorable for applications which prioritize high CO, recovery.
We can see that the Mg+AC mixed-bed configuration shows
higher CO, recoveries at moderate CO, purities than the
layered-bed Mg/AC configuration. The mixed-bed config-

13794 https://doi.org/10.1021/acs.iecr.4c01345
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uration can achieve CO, recoveries approaching 100%, without
compromising CO, purity to the same extent as is necessary to
achieve equivalently high CO, recoveries using the layered-bed
configuration. Therefore, discriminating between these two
process configurations at the design stage depends on the
priority for separation performance targets in terms of CO,
purity/recovery with respect to the specific practical
application of the technology.

4. DISCUSSION

We have seen in section 3 that multisorbent process
configurations using both layered-bed adsorbers and mixed-
bed adsorbers can offer enhanced process performance in
terms of CO, purity/recovery when applied to PCC. In this
Section, we aim toward understanding the process perform-
ance of the multisorbent process configurations in more detail
from the perspectives of (i) subcolumn scale adsorption
dynamics (section 4.1), and (ii) process scalability in terms of
system productivity and energy usage (section 4.2).

4.1. Internal Adsorption Dynamics. Based on the
process optimization calculations presented in section 3, we
have run forward process simulations corresponding to the
operating points which achieve maximum separation effective-
ness for the single-adsorbent Mg-MOF-74, Mg/AC layered-
bed, and Mg+AC mixed-bed configurations. The operating
conditions corresponding to each of these forward process
simulations are provided in Table 4. In Figure 7, we present
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Figure 7. Internal profiles of CO, adsorption and CO, composition at
cyclic steady state for three process configurations: (a, d) single-
adsorbent configuration using Mg-MOF-74 adsorbent, (b, e) layered-
bed configuration using Mg-MOF-74 as the initial layer and activated
carbon as the secondary layer, and (c, f) mixed-bed configuration
using Mg-MOF-74 and activated carbon. Internal adsorption and
composition profiles are provided at times corresponding to the end
of each cycle step: adsorption (blue), forward blowdown (green),
reverse evacuation (black), and feed pressurization (red). The shaded
green region in panels (a—c) indicates the CO, working capacity
achieved during the reverse evacuation step. The dashed lines in
panels (b, e) indicate the position of the interface between the
adsorbent layers for the layered-bed configuration.

the internal adsorption profile for CO, and the internal CO,
gas-phase composition profile at cyclic steady state at the end
of each cycle step for the three process configurations: (a, d) a
single-adsorbent process using Mg-MOF-74, (b, e) a layered-
bed process using Mg-MOF-74 and activated carbon, and (¢, f)
a mixed-bed process using Mg-MOF-74 and activated carbon.

As we can see in Figure 7(a), the optimized internal
adsorption profiles for the single-adsorbent process are not
ideal with an aim toward maximizing CO, recovery. Mg-MOF-
74 is a good candidate adsorbent for PCC because it achieves a
high uptake of CO, at the feed conditions of postcombustion
flue gas. However, a consequence of this high CO, uptake is
that, even under optimized conditions, it is not possible to
avoid significant amounts of CO, sorption near to the product
end of the column during the adsorption step. This means that
during the subsequent forward blowdown step, desorbed CO,
near to the product end of the column is easily lost while trying
to desorb coadsorbed N, to allow for high CO, purity to be
achieved in the evacuation step.

However, we can see in Figure 7(b—c) that both
multisorbent process configurations show a distinctly different
behavior in terms of the optimized internal adsorption profiles.
For both of these optimized processes, CO, adsorption is
predominantly concentrated near to the feed end of the
column (z/L < 0.5). This has two distinct benefits. First, with
CO, adsorption concentrated at the feed end, the effect of CO,
loss during the forward blowdown step is minimized. Second,
when CO, is desorbed during the reverse evacuation step, the
resulting gas phase is highly concentrated in CO, near to the
feed end of the column (i.e., the location where the heavy
product is collected). Therefore, concentration of CO,
adsorption near to the feed end of the column has the effect
of increasing both CO, recovery and CO, purity. We can see
that this effect is more pronounced for the layered-bed Mg/AC
configuration than the mixed-bed Mg+AC configuration, with
a clearer distinction between the high-sorption and low-
sorption zones.

The shaded regions in Figure 7(a—c) indicate the CO,
working capacity which is achieved during the reverse
evacuation step. The single-adsorbent process has a CO,
working capacity of 17.8 mol. Correspondingly, the layered-
bed Mg/AC process has a CO, working capacity of 10.6 mol,
and the mixed-bed Mg+AC process has a CO, working
capacity of 12.0 mol. Clearly, therefore, the positioning of the
CO, adsorption front within the column is a critical design
factor. Although the CO, working capacity of the multisorbent
processes is significantly reduced as compared to the single-
adsorbent process, the separation effectiveness of these
processes is still favorable because the working capacity
which is achieved is more effectively utilized.

We can further see in Figure 7(d—f) that both multisorbent
process configurations show a distinctly different behavior in
terms of the optimized internal CO, composition profiles. For
both of these optimized processes, the CO, composition front
is, again, concentrated near to the feed end of the column (z/L
< 0.5) at the end of the adsorption step. Therefore, during the
subsequent forward blowdown step, the effect of CO, loss is
diminished. We can also visually confirm based on the internal
CO, composition profiles that all of the studied process
configurations concentrate essentially pure CO, at the feed end
of the column during the reverse evacuation step. This is in
agreement with the assertions above regarding the internal
adsorption profiles, that both multisorbent process config-
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urations act to significantly reduce the effect of CO, loss
during the blowdown step and hence improve CO, recovery
from the overall process cycle as compared to the
corresponding single-adsorbent process configuration.

Based on these outcomes, we can heuristically assert that it is
suboptimal to use an adsorption column which has a high
affinity for CO, throughout the entire column. For the reasons
outlined above, we prefer to position the CO, adsorption front
predominantly at the feed end of the column. In the case of the
layered-bed Mg/AC process, by using a secondary layer of
adsorbent with a lower CO, affinity (activated carbon) we
achieve a balance of two competing factors. First, we do not
want the secondary layer to have a CO, affinity which is too
high, because this would cause an excessive amount of CO, to
concentrate near the product end of the column during the
adsorption step (i.e., as in the single-adsorbent configuration).
However, second, we do not want the secondary layer to have
a CO, afflinity which is too low. This is because during the
adsorption step, some portion of the CO, fed in the feed gas
bypasses the adsorption front owing to kinetic limitations to
the achievable rate of adsorption. The secondary layer needs to
have a sufficient CO, aflinity as to capture some of this
bypassed CO, into the adsorption bed without allowing it to
simply flow out of the product end, and consequently lower
the CO, recovery. It happens that the adsorbent material pair
chosen for this study presents a favorable balance of these two
factors. However, we do not assert that this particular material
pair constitutes the optimal pairing of adsorbents for
maximizing the effectiveness of this design strategy. We
recommend that it should constitute a significant aspect of
future work on such multisorbent process designs to conduct
an extensive material screening exercise to identify adsorbent
material pairs which yield the best optimized process
performance, particularly examining the performance of a
variety of zeolites, activated carbons, and metal organic
frameworks within such a system. Given the high computa-
tional burden of the design workflow,”'"** and the significant
combinatorial complexity of exploring a material selection
space for pairs of adsorbent materials, * we recommend that
such an exercise should seek to leverage recent advances in the
application of machine learning-based process modeling
frameworks to yield a computationally tractable exercise.”*™*

4.2, Scalability of Process Configurations. We have
shown in section 3 that the presented multisorbent process
designs outperform the corresponding single-adsorbent pro-
cesses in terms of separation effectiveness as measured by CO,
purity and recovery. However, a significant body of previous
work on the design of adsorption-based PCC processes has
shown that it is critical to consider the scalability of process
designs by calculating both the productivity and energy usage
of the process. The productivity indicates the CO, capture rate
per unit of bed volume across the duration of an entire process
cycle, and therefore strongly correlates with the capital
expenditure of the adsorption process. Further, previous
work has shown that the energy usage of a VSA process is
the most significant contribution toward the process operating
costs, and hence the overall capture cost.”'> Therefore,
processes which achieve a lower energy usage are typically
strongly favorable in terms of industrial-scale techno-
economics. In this Section, we proceed by calculating the
productivity and energy usage of the optimized process designs
presented above.

The productivity of the adsorption process (Pr) is calculated
as

nevac
CO,,0ut
Pr(mol/m?/s) = —2—

bed'tcycle (17)

where V}.q4 = LA is the volume of the adsorption column and
tyae = D L is the duration of an entire process cycle. The

cycle
energy usage of the adsorption process (Er) is calculated as

ads T Epg + E

evac

CO,,out (18)

+E

evac pres

E
E(kWh/tn) =

where E; is the energy usage in step i, and mga o, is the mass

of CO, extracted during the reverse evacuation step. Full
details of the calculation of system productivity and energy
usage are provided in section S.5 of the Supporting
Information file.

We have calculated the productivity and energy usage for
three process configurations, (i) the single-adsorbent Mg-
MOF-74, (ii) the Mg/AC layered-bed, and (iii) the Mg+AC
mixed-bed. For each configuration, we report the productivity
and energy usage at the point corresponding to maximum
separation effectiveness, and also at a point identified during
optimization which achieves CO, purity/recovery close to the
target values typically used as benchmarks for the design of
such processes (i.e, Puco, > 95%, Reco, > 90%). The

resulting process key performance indicators are provided in
Table. 4.

As anticipated above, we can see that the multisorbent
process configurations outperform the corresponding single-
adsorbent process in terms of CO, purity and recovery. At the
point of maximum separation effectiveness, all three process
configurations achieve a similar CO, purity (c.a. 98%).
However, we can see that the multisorbent processes achieve
this high CO, purity while also achieving a relatively higher
CO, recovery (layered-bed: 94.0%, mixed-bed: 92.9%). We
can see that this increase in separation effectiveness is
accompanied by a marginal decrease in the energy usage
required to achieve the separation. This outcome serves to
underline the efficiency of the multisorbent configurations, as
higher separation effectiveness is typically associated with
higher energy usage. We note that the productivity of the
multisorbent configurations at the point of maximum
separation effectiveness is moderately reduced as compared
to the corresponding single-adsorbent process. However, as
outlined above, energy usage is the most significant design
factor toward strong large-scale techno-economics, and we
assert that maintaining energy usage while improving
separation effectiveness is a stronger design priority than
maintaining high productivity. Such a reduction in the
productivity is expected for the multisorbent processes,
because although the effect of positioning the adsorption
front toward the feed end of the column does relatively
increase CO, purity and recovery, it also acts to reduce the
effective proportion of the bed volume which is being actively
used to achieve CO, working capacity. Therefore, the net
effect of this strategy to increase the separation effectiveness is
to increase the effective bed volume required to carry out an
equivalent amount of separation—hence decreasing the
productivity of the system.

At the operating points corresponding to the benchmark
performance (Puco, > 95%, Reco, > 90%), we can see that the
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performance of the multisorbent processes is significantly
favorable in terms of scalability. The productivity of the
multisorbent processes is again moderately reduced as
compared to the corresponding single-adsorbent process
(layered-bed: —11%, mixed-bed: —28%). However, we also
observe an accompanying significant decrease in the energy
usage of the process. As compared to the single-adsorbent
process, the layered-bed process uses 37% less energy, and the
mixed-bed process uses 32% less energy. Energy usage
reductions of this magnitude are certainly significant and will
inevitably propagate into improved industrial-scale techno-
economics. However, we note that the impact of reduced
energy usage at the level of large-scale techno-economics will
act as a function of the CO, feed composition, where we
anticipate that applications with lower CO, feed composition
(e.g, gas power plants, coal power plants) stand to benefit
more substantially from the observed reduction in energy
usage than applications with higher feed compositions. We also
note that regular operating costs associated with replenishment
of degraded adsorbent over time will also be lower for the
multisorbent processes, in this case, than for the single-
adsorbent process, owing to the relatively lower adsorbent unit
cost of activated carbon adsorbents compared to metal organic
frameworks. For example, assuming that the adsorbent is
replaced on a annual basis, together with a unit cost of 10,000
$/tn for Mg-MOF-74, and 1,500 $/tn for activated carbon,
yields an approximately 51% reduction in the operating cost
associated with adsorbent replenishment for the layered-bed
configuration as compared to the single-adsorbent config-
uration. Based on these findings, we assert that the techno-
economics of multisorbent processes are promising toward
improved scalability as compared to the corresponding single-
adsorbent process. It should be noted that the observed
reduction in process productivity for both multisorbent
configurations with respect to the single-adsorbent Mg-MOF-
74 process could result in additional operational complexities
which would increase costs by the addition of a larger number
of adsorption columns and valves to a large-scale deployment.
Ultimately, the balance of these factors toward reduction of the
overall capture cost needs to be assessed both (i) in detail, and
(ii) on a case-by-case basis. We therefore recommend that
future work should seek to carry out formal techno-economic
assessment and CO, capture cost optimization for the
multisorbent process configurations presented herein to
quantify the extent of reduction in capture cost which can be
facilitated by such configurations at the industrial scale. As in a
variety of carbon capture process design applications, such an
exercise should aim to incorporate realistic flue gas feed stream
conditions wherever possible, including the impact of feed
moisture and trace contaminants such as nitrous and sulfur
oxides.

5. CONCLUSIONS

We have developed and deployed a high-fidelity process
simulation and optimization framework to evaluate the
performance of multisorbent vacuum-swing adsorption pro-
cesses applied for postcombustion carbon capture. The process
simulator is a highly flexible dynamic 1D adsorption column
model which can be used to study classical single-adsorbent
process configurations, as well as two novel multisorbent
process configurations. We use the model to simulate layered-
bed adsorption processes, where layers of two distinct
adsorbent materials are arranged sequentially within the

adsorption column, and mixed-bed adsorption processes,
where two distinct adsorbent materials are homogeneously
mixed within the adsorption column. The model is coupled to
a highly efficient process design framework which computes
maximum separation effectiveness in terms of CO, purity and
recovery using the Thompson Sampling Efficient Multi-
objective Optimization (TSEMO) algorithm. We have used
this framework to design postcombustion capture VSA
processes for a coal-fired power plant using Mg-MOF-74 and
activated carbon adsorbents in both single-adsorbent and
multisorbent configurations.

We find that the multisorbent process configurations enable
an enhancement in the CO,/N, separation effectiveness in
terms of CO, purity and recovery. As compared to a classical
single-adsorbent process using Mg-MOF-74 adsorbent, the
purity/recovery Pareto front for the multisorbent process
configurations is significantly translated in the direction of
optimality for intermediate sorbent loadings. For both the
layered-bed configuration and the mixed-bed configuration, we
find that a bed composed of 40—50% Mg-MOEF-74 is optimal
for achieving the best separation effectiveness using this
adsorbent pair. By analyzing the internal adsorption profiles for
the multisorbent processes, we find that the enhancement in
the separation effectiveness is facilitated by a concentration of
the CO, adsorption front close to the feed end of the
adsorption column, which leads to favorable dynamic
interactions with the operation of the VSA process cycle.
Further, we find that the multisorbent process configurations
present opportunities for enhanced process scalability toward
industrial-scale deployment. The multisorbent processes
achieve a moderately reduced productivity (—11% to —28%),
however, this is accompanied by a significant reduction in the
energy usage requirements for process operations (—32% to
—37%). We therefore contend that such multisorbent process
configurations represent a highly scalable option for
adsorption-based CO, capture and should be investigated in
more detail in future work.

Future work should aim toward improved understanding
and quantification of multisorbent system performance via two
key research priorities. First, extensive material screening
efforts are needed to identify pairs of adsorbents which present
the strongest separation performance at the process-scale. The
outcomes of this work indicate that multisorbent process
configurations can be effective, but we require further
understanding of how to select adsorbent pairs which
maximize the positive effects demonstrated in this work.
Owing to the high computational burden of detailed process
design workflows for adsorption-based carbon capture, and the
combinatorial complexity of selecting multiple adsorbents for
use in a single process, this will be a challenging endeavor. We
have identified that recent advances in the application of data-
driven machine learning-based process modeling and opti-
mization workflows will likely be central to facilitating this
exercise in a computationally tractable manner. Second, the
outcomes of this work demonstrate that multisorbent
processes have promising large-scale performance in terms of
widely computed technical performance metrics. However,
formal techno-economic assessment and capture cost mini-
mization for the multisorbent process configurations presented
in this work would be useful toward quantifying precisely the
benefit that this promising technology holds at the industrial-
scale. Finally, we highlight that the results presented in this
study are based solely on a model-based design workflow.
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Further experimental validation of the underlying modeling
and separation mechanisms established in this study should
certainly constitute a central aspect of future work on such
multisorbent systems.
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B NOMENCLATURE

A cross-sectional area of column [m?]

b; adsorption equilibrium constant of species i (site 1)
[m>/mol]

b,y reference adsorption equilibrium constant of species i

(site 1) [m*/mol]
concentration of species i [mol/m?]

Cpg heat capacity of gas phase [J/mol/K]

Coa heat capacity of adsorbed phase [J/mol/K]

Cpos heat capacity of adsorbent [J/kg/K]

Cow heat capacity of column wall [J/kg/K]

d discount rate [-]

d; adsorption equilibrium constant of species i (site 2)
[m3/mol]

dio reference adsorption equilibrium constant of species i
(site 2) [m®/mol]

D, longitudinal dispersion coefficient [m*/s]

D, molecular diffusivity [m?/s]

E 4 energy usage of adsorption step [kWh]

Epq energy usage of blowdown step [kWh]

Ee..  energy usage of evacuation step [kWh]

E,.  energy usage of pressurization step [kWh]

Er total energy usage [kWh/tonne]

hin overall inside heat transfer coefficient [J/ m?/K/s]
Boue overall outside heat transfer coefficient [J/m?/K/s]
k; adsorption rate constant of species i [/s]

K, thermal conductivity of gas [J/m/K/s]

K, thermal conductivity of wall [J/m/K/s]

L column length [m]

mee, oue mass of CO, extracted in evacuation step [tonne]

number of gas-phase components [-]
nco,on  amount of CO, extracted in evacuation step [mol]
n%:fmt amount of N, extracted in evacuation step [mol]
ngo,mn amount of CO, added in adsorption step [mol]

pres

n¥S i amount of CO, added in pressurization step [mol]
number of volume elements [-]

P pressure [Pa]

Po characteristic pressure [Pa]

7 nondimensional pressure [-]

Pr feed pressure [Pa]

Pu high pressure [Pa]

P intermediate pressure [Pa]

pPL low pressure [Pa]

Pe Peclet number [-]

Pr productivity [mol/m®/s]

Puco, purity of CO, [%]

q¥ equilibrium amount adsorbed of species i [mol/kg]
b, site 1 saturation capacity of species i [mol/kg]
da,i site 2 saturation capacity of species i [mol/kg]
t economic lifetime [yr]

tores pressurization duration [s]

tods adsorption duration [s]

toa blowdown duration [s]

toyele total cycle duration [s]

tevac evacuation duration [s]

T temperature [K]

T nondimensional temperature [-]

T, nondimensional ambient temperature [-]

nondimensional wall temperature [-]

Tr feed temperature [K]

Tin column inner radius [m]

T pellet radius [m]

Fout column outer radius [m]

R universal gas constant [J/mol/K]

Reco, recovery of CO, [%]

v nondimensional velocity [-]

Vo characteristic velocity [m/s]

Vg feed velocity [m/s]

Vied volume of adsorption bed [m?]

X; nondimensional adsorbed amount of species i [-]

X nondimensional equilibrium adsorbed amount of
species i [-]

¥i gas-phase mole fraction of species i [-]

YLE feed mole fraction of CO, [-]
4 nondimensional longitudinal coordinate [-]

B GREEK SYMBOLS

a; dimensionless group [-]
% ratio of ideal gas heat capacities [-]
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AU, internal energy change of adsorption of species i (site 1)
[J/mol]

AUy, internal energy change of adsorption of species i (site 2)

[J/mol]

bed voidage [-]

pellet voidage [-]

adiabatic vacaum/compression efficiency [-]

vector of operating parameters

vector of operating parameter lower bounds

vector of operating parameter upper bounds

pressure profile time constant [/s]

viscosity [Pa s]

dimensionless group [-]

dimensionless group [-]

dimensionless group [-]

bed density [kg/m’]

wall density [kg/m?]

dimensionless group [-]

nondimensional time or tortuosity [-]

penalty function [-]
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Bl ABBREVIATIONS

AC/Mg  Activated carbon and Mg-MOF-74 layered-bed
Mg/AC  Mg-MOF-74 and activated carbon layered-bed
Mg + AC Mg-MOF-74 and activated carbon mixed-bed

VSA Vacuum-swing adsorption
TSEMO Thompson sampling efficient multiobjective opti-
mization
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