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Abstract

The goal of this work was to develop a 3D model of Electric Swing Adsorption pro-
cess for carbon dioxide capture from effluent gasses from power plants. Detailed 3D
model of the composite honeycomb monolithic adsorber was developed for a sin-
gle monolith channel and can be used to simulate and represent different physical
properties: velocity, concentration and temperature. The advantage of this model
is the fact that all physical properties and results can be presented visually in the
3D domain. COMSOL Multiphysics software was used for solving partial differential
equations and simulations of adsorption and electrothermal desorption processes.
Some simulation results are presented in this work. The results obtained from 3D
simulations will be used for the adsorber model reduction to the 1D model which
will be used for modeling and optimization of the whole ESA cycle due to its sim-
plicity and computational demands. Simulation and optimization runs based on
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the 1D model will be performed in g-Proms software.

Keywords: CO, capture, electrothermal desorption, COMSOL Multiphysics.

1. INTRODUCTION

Production of electricity and heat is responsible for the
major part of the worldwide CO, anthropogenic emis-
sions. The generation of electricity from fossil fuels, as
well as from natural gas plants is a big source of green-
house gases emissions and large amounts of carbon diox-
ide are discharged to atmosphere. Accumulation of green-
house gases in the atmosphere is directly linked to the in-
creased global warming and climate changes. In order to
control the CO, emission, investigations in this field has
grown into a large world-wide research effort encompass-
ing different capture technologies and knowledge of new
materials. The capture techniques can be divided into
three groups: post-combustion capture, pre-combustion
capture and oxy-fuel combustion capture. The current
leading separation process for CO, capture from post-
combustion flue gases is amine scrubbing (Wang, Zhao,
Otto, Robinius, & Stolten 2017; Wu, Yu, Qin, & Zhang
2014). This technology for CO, capture presents a se-
ries of important disadvantages as the degradation of sol-

vents in the presence of oxygen, high energy demands for
solvents regeneration, solvents loss by evaporation and
equipment corrosion. Adsorption — based cyclic processes
are considered as an important alternative to amine scrub-
bing for CO, capture: Pressure Swing Adsorbtion (PSA),
Temperature Swing Adsorption (TSA) and recently, Elec-
tric Swing Adsorption (ESA). Pressure Swing Adsorption
(PSA) has been intensively studied for CO, capture by sev-
eral research groups (Grande 2012; Kacem, Pellerano, &
Delebarre 2015; Riboldi & Bolland 2015; 2017). Vacuum
Swing Adsorption (VSA) as a special case of PSA (Cave-
nati, Grande, & Rodrigues 2006; Rezaei, Mosca, Webley,
Hedlund, & Xiao 2010; Webley et al. 2017) Temperature
Swing Adsorption (TSA) (Ben-Mansour & Qasem 2018;
Jiang et al. 2020; Moate & Levan 2010; Yang et al. 2014),
as well as the combination of TSA and PSA (Plaza, Gar-
cia, Rubiera, Pis, & Pevida 2010; Tlili, Grévillot, & Val-
lieres 2009) have been recently tested as well. Electric
Swing Adsorption (ESA) represents a variety of Temper-
ature Swing Adsorption, cyclic adsorption based process
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in which the regeneration of adsorbent is achieved by in-
creasing its temperature.

The main difference between ESA and TSA is the
method to achieve the required regeneration tempera-
ture. ESA is a process where heat required for CO, des-
orption is generated by the Joule effect created by passing
electricity through a conducting adsorbent. The idea was
first presented 50 years ago by Fabuss and Dubois Fabuss
and Dubois (1970). Since then many studies have con-
sidered different aspects of the concept. Lin and Econ-
omy Lin and Economy (1973) proposed the method for
the reactivation of activated carbon fibers. Petkovska
et al. developed several dynamic models and applied
the principle to a bed constituted with parallel layers of
activated carbon fiber cloth (Petkovska, Antov, & Sulli-
van 2005; Petkovska, Antov-Bozalo, Markovic, & Sullivan
2007; Petkovska & Mitrovic 1994; Petkovska & Mitrovi¢
1994; Petkovska, Tondeur, Grevillot, Granger, & Mitrovi¢
1991), while Sullivan et al. used the method for captur-
ing volatile organic compounds from gas streams (Sulli-
van, Rood, Dombrowski, & Hay 2004 a. 2004; Sullivan,
Rood, Grevillot, Wander, & Hay 2004 b; Sullivan, Rood,
Hay, & Qi 2001).

Structured adsorbents show several advantages in
gas separation processes such as enhanced mass transfer,
reduced pressure drop, and improved thermal manage-
ment. This includes lower energy consumption, higher
throughput and superior recovery and purity of prod-
ucts (Rezaei & Webley 2009; 2010). Yu et al. applied
the principle on an activated carbon monolith (Cheng et
al. 2002; Yu, Luo, & Grevillot 2007; Yu, Luo, & Grévil-
lot 2004) and two groups leaded by Grande (Grande et
al. 2006; Grande, Ribeiro, Oliveira, & Rodrigues 2009;
Grande, Ribeiro, & Rodrigues 2009; Grande & Rodrigues
2008) and Ribeiro (Ribeiro, Grande, & Rodrigues 2012;
2013; 2014) have intensively researched and employed
ESA process for CO, capture on various types of mono-
liths. Considering the heat is electrically generated, the
ESA process for CO, capture depends on the availability
of adsorbents with high CO, capacity and selectivity and
good electrical conductivity. Satisfying results have been
reached with the activated carbon honeycomb monolith
as a conductor and the zeolite particles were packed in-
side the monolith channels (Ribeiro et al. 2013). The
specific task of this work is to develop a high fidelity de-
tailed 3D model of the composite honeycomb monolithic
adsorber for CO, capture from effluent gasses from power
plants which will be used for better understanding of the
involved phenomena. The operation of one column of the
ESA process is a discontinuous process, in which adsorp-
tion of CO, (and other species) and subsequent desorption
occur in cycles. Thus the whole system consists of sev-
eral columns containing monolithic honeycomb structure

of adsorbent material which conducts electricity. In such
columns adsorption and desorption operations switch pe-
riodically in order to preserve continuous operation of the
overall system. Due to the complexity of the 3D model,
within this task only one ESA column is modeled, in which
adsorption or desorption is taking place.

COMSOL Multiphysics Modeling Software (COM-
SOL, Inc) is chosen due to its capabilities to effectively
simulate complex multi-physical systems in complex ge-
ometries and its recently widespread use for simulating
adsorption processes (Abouelella, Fateen, & Fouad 2018;
Elsayed, Mahmoud, Al-Dadah, Bowen, & Kaialy 2014;
Ghasem 2019; Hasani, Ardejani, & Olya 2017). This de-
tailed 3D model of the ESA, dynamically and spatially dis-
tributed, is not suitable for optimization studies of an ESA
cycle process due to its complexity and long convergence
time. For that reason, a spatially dimensionless 1D model
of the ESA based on a detailed and rigorous 3D model,
will be developed. Based on the results of 3D simulations
that will be run under various operational parameters and
in this case considered as dynamic experiments, the 1D
model parameters related to transport phenomena will
be estimated and new correlations will be obtained for the
range of key parameters identified in Comsol. Parameters
estimations and simulations based on the reduced model
will be performed in gProms software (Process Systems
Enterprise Limited, London). The 1D model (reduced
model) will further be used for optimization studies of
the whole ESA cycle which will be performed in several
adsorption columns. Optimization studies will be run in
gProms software as well.

2. MATERIAL AND METHODS

Model geometry was chosen in such way as to correspond
to the monolithic honeycomb adsorbers with square chan-
nels. The honeycomb monolith consists of a specified
number of parallel channels that, as it was assumed, all
exhibit the same behavior as they are exposed to very
similar conditions. In that case, only one channel could
be considered as a representative and was consequently
modeled. Due to symmetry of the channels, to reduce
the computational burden, one quarter of the channel was
modeled, as presented in Figure 1. As the overall adsor-
ber performance depends on monolitic honeycomb length
and number of channels per square inch of the monolith
cross section, two different cases were examined. Both
modeled monoliths were the lengths L. of 200 mm, and
they are of 200 of cells per square inch (CPSI) and 400
CPSI. Geometry characteristics corresponding to the Fig-
ure 1 of the modeled honeycomb monolith with 200 CPSI,
are shown in Table 1.
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Figure 1. ESA monolith geometry and a detail of the model geometry used for modeling.

Physical characteristics of the monolith wall were es-
timated based on an assumption that it is an electro con-
ductive composite made of 70% zeolite 13X and 30% car-
bon. Data for pure zeolite 13X and activated carbon were
taken from literature and references are cited in Table 4.
It was assumed the adsorption took place only on the ze-
olite material, while only the carbon material conducted
electricity. The electric conductivity of the wall mate-
rial was taken as 30% of electric conductivity of a carbon
monolith, taken from literature (Ribeiro et al. 2013).

Table 1. Geometry characteristics of monolith with 200 CPSI.

Parameter Value, mm
Monolith length , mm 200
Wall thickness , mm 0.3
Channel width , mm 1.5

2.1. Comsol Multiphysics runs

In the ESA process different physical and chemical phe-
nomena are coupled in a complex geometry. For mod-
eling such specific multi — phenomena application areas
in COMSOL Multiphysics Modeling Software (COMSOL,
Inc) there is a capability to add different physical effects
— modules and to define boundary and initial conditions
which describe the model.

The ESA COMSOL model presented in this paper used
five different modules: The Reacting Flow (Laminar Flow
with mass transfer through boundaries), The Transport
of Concentrated Species, Electric Current, Heat Transfer
and General Form PDE. The overall modeling domain — a
quarter of one monolith channel with the accompanying
walls was divided into two subdomains — the monolith
channel and the monolith wall.

It should be noticed that the length of the channel is
more than 100 times larger than its width. For such cases,
the model geometry is usually scaled. Nevertheless, in our
model we did not use scaling, as there is no correct way
to scale the Navier-Stokes equations in Comsol.

As the length of the channel is more than 100 times
larger than its base, a swept mesh in z-direction was used,
in order to avoid an enormous number of elements, which
would cause excessive memory use and slow convergence.
The inlet cross section had been first meshed with suffi-
ciently fine mesh, and then the inlet surface swept mesh
with increasing element size along the length was used.
The sweeping mesh has the advantage that the user can
control the number of element layers and their distribu-
tion. The number of the used mesh elements: domain,
boundary and edge elements was 13108, 3340 and 371,
respectively. An enlarged detail of the used mash is graph-
ically shown in Figure 2.

PARDISO solver (Time dependent solver) was used
as we were interested in dynamic response of the system.
It gave good results, regarding the model accuracy and
computational times used (about 60 minutes). Adsorp-
tion isotherms parameters were obtained by non-linear
fitting of experimental data in ScilLab 5.5.2. Isotherms
parameters were optimized by using fminseach function
which finds the minimum of the objective function by ap-
plying the Nelder — Mead algorithm.

3. THEORETICAL
3.1. Model general assumptions

All monolith channels were considered identical. The
monolithic honeycomb structure was represented by one
quarter of one channel surrounded with solid compos-
ite adsorbent of half wall thickness width. Regarding the
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Figure 2. Model geometry and mesh.

fact that only the overall physical, electrical and adsorp-
tion characteristics of the solid will be measured in future
work, it was assumed that the solid adsorption material is
homogeneous, which results in using effective values for
the diffusion coefficient, adsorption isotherms, heat ca-
pacity and conductivity, electrical resistivity, etc., for the
monolith wall. Furthermore, it was assumed that thermal
equilibrium is reached within the solid pores. In princi-
ple, the model can take into account both the macropore
and micropore mass transfer resistance, or assume only
macropore diffusion control (by using a large coefficient
for mass transfer at the pore surface).

The model took into account that the inlet gas stream
consisted of the following components: CO,, N,, O, and
H,0, according to the boundary conditions for the ESA
process, for CO, capture from effluent gasses from natu-
ral gas power plants. Multicomponent transport of species
was modeled, along with competitive Langmuir — type ad-
sorption equilibrium.

g = qoi P )
i — 10, N .
1+ Zj:1 bic,,j
Qo =A; —exp(B; - Ty) (2)
AH;
b; = by ; exp (_R_TSL) 3

It was assumed that the gas was flowing in laminar
regime, which is a realistic assumption for dimensions
and gas velocities involved in monoliths, behaving ide-
ally in the monolith channel. Regarding the electric re-
sistive heating, simple Ohm’s law was considered. Except

the heat of adsorption, all physical properties were con-
sidered to be temperature dependent, while the pressure
gradient across the wall thickness and heat of radiation
were neglected.

3.2. Model equations

The model consists of a set of coupled partial differential
equations (PDEs) defining the momentum, heat and mass
balances for the gas phase in the monolith channel and
the mass and heat balances for the monolith wall. In or-
der to define the Joule’s heat generated in the monolith
wall during desorption, an electric current balance is also
included. These PDEs are nonlinear and strongly coupled.
Initial and boundary conditions for all PDEs involved in
the 3D model are presented in Table 2.

3.2.1. Momentum balance

The momentum balance was described by Navier-Stokes
equations for compressible fluids. Assumption of the gas
flow is in the laminar regime was proven by calculating
the Reynolds numbers. The consequent equations are:

P Qﬂog(ﬁ-v)-?:
9t

9 €]
V- [—pgl +u (vv + (V)T — gu(v . v')I)]
aLngv(pgv)zo (5)
ot

The boundary conditions defined for equations 1 and
2 corresponded to a velocity driven process, where the ve-
locity at the channel inlet and the pressure at the channel
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outlet were defined. The model can be altered to a pres-
sure driven form, where the pressures at both the inlet
and outlet can be defined.

3.2.2. Mass balances

Owing to the fact that the gas mixture entering and leav-
ing the adsorber cannot be treated as a diluted system, the
Maxwell — Stefan approach for multicomponent diffusion
was used in the mass balances. The mass balances for the
multicomponent gas phase in the monolith channel were
defined by the following equations:

3 w;
(pa—gt)+v(pgwf)+v§?=o (6)
VM
pr = —(pngVwi + pgwiDiFV) 7
1 w;
D/ = )
Zk#l Dy

-1
w.
M= — 9
=) ©

The mass balances for the multicomponent gas phase
in the composite material of the monolith wall were de-

fined by the following equations:

2 (pp,gw,,;)
— tVpisR-e R (0
g
]p,i=
VM, (1n
Pq plv“)pl"'ppgwlprlF M
P
1—
Fo_ Pl
Dpl - Z (12)
k#i Dp,k
o\
_ P
we(z%) e

The term R; in equation (10) corresponds to the rate
of adsorption of component i which is, in turn, defined by
the mass flux between the gas and the solid phase in the
pores of the monolith wall:

19dq;

I{i:: _‘;'752' (14J
3q-
Eh =k(q' —q;) (15)

If the mass transfer coefficient k is set to be very large,
the mass transfer resistance on the micropore level will be

neglected and local equilibrium within the pores will be
obtained. In that case, only the mass transfer resistance
on the macropore level will be effective and D,,; will be
the overall effective diffusion coefficient for component i.
Nevertheless, if the diffusion coefficients on both macro
and micropore level are known, the mass transfer coeffi-
cient k can be evaluated according to the linear driving
force theory, and both resistances on the macro and mi-
cropore level can be taken into account.

3.2.3. Energy balances

The energy balances for the gas phase in the monolith
channel and for the composite monolith walls are pre-
sented in equations 16 and 17.

oT,

PsCos 3 £ +0,C, VYT, =V (A, VT,) (16)
L
(17)
V(A VT)+Z( AH) Tipn+Qa

The term Q, deﬁnes the Joule’s heat generated
within the composite wall, when the electricity is turned
on. This term is O for the adsorption step. During the
heating period ¢, of the desorption step, it was evaluated
through a balance of electricity, which was defined by the
following set of equations:

Qu=JE (18)
J=0FE (19)
E=-vU (20)

3.2.4. Other equations

Besides the basic PDEs and their boundary conditions, the
ideal gas equation was applied for the gas in the channel
and in the wall pores, and the relations between the mass
fractions and the gas concentration were also used:

_ PM
pg - RTg (21)
Pp,gMp
Ppg = T 22)
S
_ pga)i
¢ = M, (23)
Pp,
i =0 (24)
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Table 2. Initial and boundary conditions for PDEs involved in the 3D model.

Initial conditions Boundary conditions

Momentum balance

=

0

£
|
i
"o
L~
L
=o

I

(=]

I

= =

- -

=p

=1

Mass balance for the multicomponent gas phase in the monolith

=0

= g

=0

r r r p
V| P,V J; Bolpnbef).

Pl 8.~ X -
SECH -ShE
B “AN|....

=N, =N,

=K. (g .2, -p2) =K (p o, —pa)

Mass balances for the multicomponent gas phase in the composite material of the monolith wall

@, |

="
_E'\T|- ET T _3?-\_.

Eai. =0 =0 -0

=gq/=gq

Energy balance for the gas phase in the monolith channel

bl I T AT, V)]s
=I =T =0 =0
Energy balance for the compaosite monolith

fovr
T rmtyz VT, }| et —}F?’(/'__ITT_)|. pliz —}F;(/'._.TT_)| adp
=17 =0 =0 =0

Balance of electricity
4 -
fl.«.--. - Uy, 0<t=t,

=0 [0t

yma, A 2y s

. A
Vo, |, =V =N,
=K (g9, -£a) ~K.(p, 0, -pa)
oo B )| AT
=0 =-£lr-1) =-K\I,-I)
VI ~H3IT. oo ~HEIT)
=0 =x[r-1) =x|r, -1
C Xy omi
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4. RESULTS AND DISCUSSION
4.1. Adsorption isotherms

Because of the temporary lack in experimental data, the
isotherms data has been taken from literature. CO, ad-
sorption isotherms on zeolite 13X were measured by Lee
et al. (2002) and the same group of authors published the
water isotherms data (Kim et al. 2003) The N, and O, ad-
sorption isotherms data were taken from measurements
performed by Park, Lee, Moon, Choi, and Lee (2006). All
these experimental measurements were performed for ad-
sorption of pure components and the measured data were
fitted by single component Langmuir isotherms.

Based on obtained temperature dependent isotherms
parameters (Equations 2 and 3), competitive Langmuir
isotherms were derived, according to Equation 1. Values
of estimated isotherms parameters are shown in Table 3.

The adsorption capacities of the composite adsor-
bent were adopted as 70% of the corresponding adsorp-
tion capacities of pure zeolite 13X. Competitive adsorp-
tion isotherms obtained by applied Langmuir model are

Table 3. Adsorption isotherms parameters used in simulations.

Parameter CO, N, 0, H,0
—6 3 -1
by, 107° m°mol 5.52 106 56.6 5.09010-5
A H,kJmol™ -23.92 -9.30 -9.90 -45.23
A, mol kg™! 5.97 8.28 17.44  33.45
B, mol kg™! K™ -0.011 -0.022 -0.052 -0.067

presented in Figure 3. The model predicts the adsorp-
tion capacity of zeolite 13X for CO, to be about 7 times
higher than for N, and O, whose quantity adsorbed can
be neglected at temperatures higher than 60 °C. Their ad-
sorption is strongly Langmuir and the values of estimated
isotherms parameters indicate their similar behavior.

4.2. Adsorption and desorption

All simulations were performed in Comsol Multiphysics
for honeycomb monoliths with 200 CPSI and 400 CPSI
and the geometry presented in Figure 1. The model pa-
rameters used in simulations are listed in Table 4. Some

J. eng. process. manag. 12 (1) 1-14 (2020)
https://doi.org/10.7251/JEPM2001001D

Open Access Journal

Journal homepage: www. jepm.tfzv.ues.rs.ba


https://doi.org/10.7251/JEPM2001001D
www.jepm.tfzv.ues.rs.ba

3D model of a Monolithic Honeycomb Adsorber for Electric Swing ...

Je¢menica Duci¢ et al. | 7

6
= T =l i e s il
2 4
_ n .
= ’ —Fh,0| (< <T=313K
E o —i=C0, | | —T=363K
T 3 — =N, - T=393K
2} I
i . e T L L
e —————m s
0 5 10 15 20

mol m™ 3

Figure 3. Model predicted CO,, N, and H,0O competitive Langmuir isotherms on temperatures 313 K, 363 K and 393 K.

of the model parameters given in Table 4 are rather arbi-
trary, as their real values should be obtained from mea-
surements on the real material. The heat and mass trans-
fer coefficients at the gas/wall interface (K,andK,,) and
the mass transfer coefficient at the pore wall (k) were cho-
sen to have large values, in order to simulate the condi-
tions in which no heat and mass transfer resistances were
present at these surfaces. For simplicity, the diffusion co-
efficients of all components were given equal values. This
will be changed when realistic data are available. At that
stage, the diffusion coefficients in the gas phase will be
calculated from appropriate correlations. The dominant
resistance to mass transport through composite adsor-
bent will be experimentally determined and linear driving
force parameters will be estimated.

Operating parameters (the initial and inlet conditions
for the process variables) are given in Table 5. Simulations
were performed for three different inlet gas velocities cor-
responding to laminar regime of flow in monolithic hon-
eycomb structures. The desorption step was simulated in
such a way that at its beginning electrical voltage | J, was
applied to the monolith ends for a short period of time t;,
and then the electricity was turned off, while the flow of
gas was continued. The short electrifying period should
result in very fast heating of the monolith wall and desorp-
tion of CO, (and other species in the case of multicompo-
nent adsorption). The initial concentrations of adsorbed
species for desorption step were the ones in equilibrium
with the gas in the pores of saturated adsorbent.

Solution of the 3D model resulted in concentration
and temperature distributions in the monolith channel
and monolith wall, as well as pressure and velocity distri-
butions of the gas flowing through the channel, and their
change in time. Some of the results of the concentrations,
temperatures, pressures and velocities are shown here, in
the form of line and 2D surface graphs. 3D graphs which

Table 4. Model parameters

Parameter Value
& 0.54
Pm, kgm™ 508.4
K, ms™! 10
K, ,Wm™2K™ 10
k,s7! 10
CpgrJkg K™ 1047.64—0.37T, +9.46 x 10—4T?  a)
Ag, Wm™'K™! 0.0001T, +0.0225 a)
0,871 1/(8.95x 107*—6.95 x 107 Ty) b)
CpmrJkg KT 2.632T, + 12 b)
A, W™K ™! 0.023775 + 0.00014T, c)
Mco,, kgmol™ 0.044
Myo,, kgmol™* 0.028
M,,, kgmol™'13  0.032
My,o,kgmol™  0.018
D;,m?s7! 1x107°
i = CO,,N,, H,0
D,;,m?*™" 9x107°
i =CO0,,N,, H,0

U Pas! —8.382 % 1077 + —8.357 x 107°T, — 7.694 x

p.i> 107172 a)
R,Jmol'K~! 8.314

9 Ideal gas Taylor polynomials

5) Derived from data published by (Ribeiro et al. 2013)

) Derived from data published by (Chan, Chao, & Wu 2015)
for zeolite 13X and by (Verma, Nagendra, Kasthurirengan, Shiv-
aprakash, & Behera 2019) for activated carbon.

are usually very popular for presentation, are not shown
because of the used geometry (more than 100 times larger
in the z than in the x and y dimensions) except a magni-
fied detail for concentration of adsorbed CO, during ad-
sorption.

4.3. Adsorption breakthrough curves

Influence of monolith geometry (number of cells per
square inch of monolith cross section) on CO, adsorp-
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Table 5. Initial and inlet conditions for the processes variables.

Parameter Value
Adsorption Desorption
0.011/ 0.011/
vfeed ms~1 0.022/ 0.022/
0.055 0.055
v, ms™? 0 0
whed 0.0609 0.0609
2
Wi 0.8235 0.8235
wh 0.1107 0.1107
Wl 0.0062 0.0062
%, 0 0.0609
o, 0.8235 0.8235
wf, 0.1765 0.1107
@0 0 0.0062
@ o, ~0 0.0609
«° ~0 0.8235
PN
@, ~0 0.1107
wg,Hzo ~0 0.0062
qgoz, molkg™ 0 o,
qy,,molkg™ qx, qy,
qp,,molkg™ a5, do,
quo, molkg™ 0 q;,zo
TO, K~ 313.15 313.15
O, K™ 313.15 313.15
Tfeed K 313.15 313.15
P2, kpa 111.325 111.325
P, kpa 111.325 111.325
p%,kpa 111.325 111.325
U, v 0 0
uo,v 0 13/15/17
th,st - 10

tion can be observed from Figure 4. The breakthrough
curves of the CO, adsorption step are shown for two dif-
ferent inlet gas velocities in Figure 4. a), while Figure 4.
b) presents the corresponding concentrations of CO, ad-
sorbed on the solid phase (the average values in the whole
volume of the wall).

As can be seen, CO, in the monolith which is of 400
CPSI starts to breakthrough later, and the concentration
of CO, adsorbed is higher compared to the monolith with
200 CPSI. The influence of gas velocity in the monolith
channel on CO, adsorption is more obvious from the re-
sults shown in Figure 5. The breakthrough curves and
corresponding concentrations of CO, adsorbed were ob-
tained for monolithic honeycomb structure with 200 CPSI
varying the velocity of the inlet feed gas.

L8

—
16 f 7
/ s

1.4+ ) i

127 ! Jd

o, mol m

1500 2000 2500 3000 3500 4000

"o 00 1000 1500 2000 2500 3000 3500 4000
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b)

Figure 4. Adsorption curves for monoliths with 200 CPSI and
400 CPSI and inlet gas velocities of 0.011 ms™! and 0.022 ms™:
a) CO, concentration at the outlet of the monolith channel,
b) averaged CO, concentration in monolith wall.
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Figure 5. Adsorption curves for inlet gas velocities of 0.011
ms1, 0.022 ms~! and 0.055 ms™! in monolith with 200 CPSI:
a) CO, concentration at the outlet of the monolith channel,
b) averaged CO, concentration in monolith wall.

For the highest velocity the breakthrough occurs at
around 150 s. The lower is the velocity, CO, starts to
break later: three times for gas velocity of 0.022 ms™! and
five times for 0.055 ms™!. In order to get a better insight,
adsorbed CO, concentration distribution after 10 seconds
is shown in an enlarged 3D detail in Figure 6. The velocity

of feed gas in this simulation was 0.022 ms™'.
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" Gas inlet

Figure 6. Distribution of adsorbed CO, concentrations after 10 seconds adsorbing of flue gas with
interstitial velocity of 0.022 m™!.

The influence of the other species present in the feed
flue gas on CO, adsorption is shown in Figure 7 These
simulations were performed for the monolith with 200
CPSI, varying the composition of inlet flue gas while its
inlet velocity was uvaried. The CO, breakthrough curves
and corresponding concentrations of CO, adsorbed were
compared for adsorption of pure CO,, mixture of N2 and
CO, with 6.09 mass% of CO,, and the feed flue gas whose
composition is defined in Table 5.

o2, molm?

—T0,
— 0 £¢ N
— 04N sH.O

0 500 1000 1500 2000 3500 3000 3500 4000
Lyt
a)

0.45 /”'_F'_.___-‘—

P

mol kg !

Ue0 yame

a 500 1000 1500 2000 2500 3000 3500 4000
Ls!

]

Figure 7. The influence of competitive adsorption - monolith
with 200 CPSI and inlet gas velocity of 0.022 ms™.:
a) CO, concentration at the outlet of the monolith channel,
b) averaged CO, concentration in monolith wall.

Adsorption of other components decreases maximum
adsorption capacity of CO, and causes the break earlier.
The presence of water is particularly unfavorable for CO,
adsorption on the composite adsorbent lowering its ca-
pacity of CO, around 30%.

4.4, Electrothermal desorption

All simulations of electrothermal desorption were per-
formed for the monolithic honeycomb structure which
was of 200 CPSI and with the identical electrification pe-
riod t; of 10 s. The influence of the voltage applied on CO,
desorption was simulated varying the voltage (13V, 15V
and 17 V) while the gas velocity in the monolith channel
was unvaried. Figure 8. a) and b) presents the results
of simulations in which flue gas inlet velocity was 0.022
ms .

25

—u=13v,
— =15V
— =17V

o molm?

0.45
0.4
0.35
03
0.25+

o paves Mol kg !

0.15

Figure 8. Desorption curves for voltages applied of 13V, 15V
and 17V, and inlet gas velocity of 0.022 ms™:
a) CO, concentration at the outlet of the monolith channel,
b) averaged CO, concentration in monolith wall
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Figure 9. Desorption curves for inlet gas velocities of 0.011
ms~!, 0.022 ms~! and 0.055 ms™', and voltage applied of 15 V:
a) CO, concentration at the outlet of the monolith channel,
b) averaged CO, concentration in monolith wall,
¢) temperature at the outlet of the monolith channel,

d) averaged temperature of the monolith wall.

The higher the voltage applied, the faster the des-
orption. The adsorbent is fully regenerated after approx-
imately 150 s in the case of the voltage of 17 V, which is
150 % and 200 % faster adsorbent regeneration than the
one with lower voltages applied — 225 s for 15 V and 300
s for 13 V. Besides, for the mentioned periods of time,
the volume averaged concentration of CO, adsorbed is
the lowest for the voltage of 17 V, because the adsor-
bent achieves the highest temperature for the same pe-
riod of electrification. Gas velocity in the monolith chan-
nel should affect both the breakthrough curves (and cor-
responding concentrations of CO, adsorbed) and the tem-
peratures of the gas and the solid phase (monolith wall).
The influence was simulated varying velocity, while the
voltage applied was unvaried. The results are presented
for a voltage of 15 V and three different velocities. Figure
9. a) and b) shows CO, breakthrough curves and corre-
sponding concentrations of CO, adsorbed. Gas tempera-
ture at the outlet of the monolith channel and the aver-
age values of the monolith wall temperatures are shown
in Figure 9. ¢) and d).

Inlet gas velocity has no significant effect on the gas
temperature at the outlet of the monolith channel, while
its influence on monolith wall temperature is obvious even
after a short period of time. If the inlet gas velocity was
0.055 ms™!, the adsorbent was fully regenerated after ap-
proximately 100 s. It is a 3 times and 5 times shorter re-
generation period than if the inlet gas velocities are 0.022
ms ! and 0.011 ms™}, respectively.

4.5, Velocity field and pressure drop

The model also predicted the pressure distribution and the
velocity field in the monolith channel and their change in
time. Owing to low velocities, the pressure drop estab-
lishes a constant pattern in a short time, and has very low
values. In Figure 10, pressure drops per adsorber length
unit are compared for the honeycomb monoliths that were
of 200 CPSI and 400 CPSI.

— 200 cells inch™ * - 12mils

— 400 cellsinch * - Amils

Ap Lz, Pam™

Figure 10. Pressure drops per length unit of honeycomb
monoliths with 200 CPSI and 400 CPSI.
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The velocity distributions across the monolith cross
section at axial position z=100 mm after 500 s of adsorp-
tion are shown in Figure 11 below, for two gas velocities
used for simulations. The expected hyperbolic velocity
profile in the radial direction can be observed. Other sim-
ulations results showed the velocity changes in time and
axial position are almost negligible, based on which it can
be concluded that the velocity profile is established fast
and near the channel inlet.

x10%, 02 04 06 08 %1072
4.5
0.8 :
35
0.6 ::3
{25
0.4 (2
15
0.2 i
0.5
s
a)
x10 62 04 06 08
0.8
0.1
0.6 0.08
|0.06
0.4
0.04
0.2
0.02
q

b)

Figure 11. Velocity distribution across monolith cross-section

at axial position z=100 mm after 500 s:

a) inlet gas velocity of 0.022 ms™?,

b) inlet gas velocity of 0.055 ms™'.

5. CONCLUSIONS

The modeling of the ESA system in COMSOL appeared to
be a challenging task, with a number of numerical prob-
lems which needed to be surmounted. Finally, those prob-
lems were tackled and an operating and robust model
which can be used for simulations under different operat-
ing conditions is delivered.

The results of performed simulations provided a bet-
ter understanding of the phenomena involved in the ESA
process based on the use of adsorbers with monolithic
honeycomb loadings. In addition, several important con-
clusions for 1D model developing were drawn. As it
was expected, the results of CO, adsorption simulations
showed the CO, break is later if the velocity of inlet gas

is lower. But the lower the velocity, the slower the re-
generation of the adsorbent. Simulations results of CO,
desorption showed that the higher the voltage applied and
the velocity of inlet flue gas, the faster the adsorbent re-
generation. It can be concluded that, during desorption,
the higher voltage should be applied for shorter periods
of time, with higher inlet gas velocities. The CO, break
was significantly later in the monolith which was of 400
CPSI, but because of the pressure drop, in the 1D model
development, only the honeycomb monolith which is of
200 CPSI will be observed. It should be remarked that
simulated monolith is the unit of the laboratory range. In
the 1D model up to 10 times longer unit will be simulated.
Additional simulations will be run for a wider range of in-
let gas velocities, keeping the gas flow in laminar regime
and pressure drop up to 500 Pa m™!. The results of fur-
ther 3D simulations will be used for parameters estima-
tion studies based on the 1D model.

Water isotherms and obtained competitive adsorp-
tion breakthrough curves point out the necessity of remov-
ing H20 from feed flue gas. In the 1D model simulations,
the inlet gas will not contain any water, and based on the
results of adsorption equilibrium research, N, and O, will
be observed as a single component. New isotherms pa-
rameters for CO, and N, will be obtained by fitting the
results of future experimental measurements on a com-
posite zeolite 13X/carbon material.

NOMENCLATURE

* a.,m - Inner width of the monolith channel

e A;,molkg™! - Parameter in the temperature depen-
dence for gy,

e B;,molkg 'K! - Parameter in the temperature de-
pendence for gy,

e b;,m®mol™! - Adsorption equilibrium constant of
component i

e by, m®mol™! - Adsorption constant of component i
Adsorption constant of component i at limit — oo

e ¢;,molm® - Concentration of component i in the gas
phase

* C,,.,Jkg 'K - Gas heat capacity of the gas at con-
stant pressure

. cp,i,molm3 - Concentration of component i in the
pores of the composite (adsorbent)

*  C,mJkg'K~! - Wall (composite) heat capacity

e D;,m%™! - Molecular diffusion coefficient of compo-
nenti

* D, m?~! - Binary diffusion coefficient of compo-
nents i and k

e D, ;,m2s! - Pore diffusivity coefficient of component

p,i»
i
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* D, ,m* ' - Binary pore diffusivity of components i
and k

e €,Vm! - Electric field

e k,s! - Film mass transfer coefficient between the gas
in pores and the solid phase

e K,ms! - Mass transfer coefficient between the wall
and the gas in the channel

e K, Wm™2K™! - Heat transfer coefficient between the
wall and the gas in the channel

* ] - Identity matrix

. J%kgm‘%‘l - Mass flux of component i in the pores
of the monolith wall

. 7),Am_2 - Electric current density

* L., m - Monolith channel length

* M,kgmol™! - Molar mass of the gas mixture in the
channel

* M;,kgmol™! - Molar mass of component i

* M,,kgmol™" - Molar mass of the gas mixture in the
pores of the monolith wall

* 2 - Normal vector

* £, kgm 2! - Inward mass flux

. Plg,Pa - Gas pressure

* P,,,Pa-Pressure of the gas in the pores of the mono-
lith wall

*  Q.;,Wm?® - Heat generated from electric power

e Q;,molkg™! - Concentration of component i adsorbed
in the solid phase

. . molkg™! - Concentration of the adsorbed compo-
nent i in equilibrium

* Q% molkg™" - Maximal amount adsorbed of compo-
nent i

* R,Jmol 'K™! - Universal gas constant

* R;,kgm3s~! - Reaction term for component i

e t,s-Time

* T,K-Gas phase temperature

* t3,s - Electric power switch time

* T,,K - Temperature of the solid phase

e v,ms™! - Gas velocity in monolith channel

* Wy, ms" - Superficial velocity

* U,V - Electric potential

e x,m - Radial coordinate

* Xx; - Molar fraction of k-th component in gas phase

* X, - Molar fraction of k-th component in gas mixture
in the pores of adsorbent

* y,m - Radial coordinate

e z,m - Axial coordinate

Greek Letters

* (AH;),Jmol™! - Heat of adsorption of component i

* Am - Monolith wall thickness

* ¢ - Composite material (monolith wall) porosity

* A, Wm 'K - Thermal conductivity of the gas phase

* A, WmK™! - Thermal conductivity of the solid
phase

* g, Pas™! - Gas viscosity

* g, kgm™ - Gas density

* Upgs kgm™3 - Gas density in the pores of solid mate-
rial

*  Up, kgm™ - Composite material bulk density

e 0,Sm™! - Electrical conductivity of the monolith wall

*  w; - Mass fraction of component i in the gas phase in
the monolith channel

* w,; - Mass fraction of component i in the gas in pores
of the monolith wall

Superscripts

¢ feed - Channel inlet
e out - Channel outlet
e 0 - Initial value
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