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Abstract: The Hollow fiber membrane contactor (HFMC) is an intensification process that combines membrane
and absorption technologies, being a technology in expansion, so the dynamics of this process is crucial for an
increase in industrial scale-up. In this manuscript a rigorous dynamic model of an HFMC is developed and
simulated in Python software for the absorption of post-combustion CO2 using a monoethanolamine (MEA)
solution, which was validated using available data in literature in steady state. Dynamic simulations were
performed to analyze the model's capability to predict the effect of disturbances on the responses of CO2
capture ratio and loading. Four distinct experiments were conducted by step changes and pulse disturbances
at the following variables: gas and liquid volumetric flow rates, CO2 composition in flue gases, and COz lean
load. The gas phase showed a faster response compared to the liquid. The COz capture ratio and rich loading
presented opposite responses when disturbing both liquid flows, and for the composition and lean loading
variations, the capture ratio presented an inverse response characteristic, while the loading showed a delayed
response. As the model proved to be capable of returning to the reference state, it can potentially be used for
control studies purposes.

Keywords: HFMC; carbon capture; modelling; and simulation; system dynamics; post-combustion

1. Introduction

The Greenhouse Effect has been growing along the last decades, due to the ascending of power
generation by combustion of fossil fuels, such as coal, natural gas an oil. Between the greenhouse
gases, the one who has the most contribution is carbon dioxide (CO2), which contributes around 55
percent for the effects of the global warming [1,2]. Consequently, a large amount of research has been
developed to study new technologies for carbon capture and storage (CCS), in order to mitigate the
amount of CO:z emissions into the atmosphere. Post-combustion carbon capture processes are mature,
effective, and currently the basis for CCS developments [3], as they offer some advantages if
compared to others, such as retrofitting facility [4]. From these processes, the CO: chemical
absorption in alkanolamines leads the market of carbon capture [5-7].

The mentioned process uses conventional equipment such as absorption columns, which
although have been leading the research for carbon capture, still present some disadvantages, such
as the large amount of energy consumption, liquid losses, and foaming [5,8-11]. To overcome these
disadvantages some modifications are proposed. A potential alternative the membrane separation
process, in what [4] has separated in two different categories: membrane-based separation and
membrane gas absorption (MGA). The first one is related to the separation processes where the
membranes provide the selectivity themselves, and the mass transport is given purely by Knudsen
diffusion and driven by the partial pressure gradient [12]; whereas in the last one, the membranes
may provide or not an additional selectivity, acting as gas-liquid contacting devices. MGA is also
known as membrane contactor technology, which is widely carried out in units called Hollow Fiber
Membrane Contactors (HFMC) for COz absorption [7]. Many advantages of this equipment are listed
in relation to conventional technologies used for liquid-gas and liquid-liquid separations, such as

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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constant interfacial area, no emulsion formation, facility in scaling-up and substantially higher
efficiency [13]. Also, the smaller energy consumption can be added to the list [14,15].

HFMCs can be modeled and designed through many ways, being operated in a counter-current,
cross or co-current flows, and using one, two or three-dimensional modeling approaches [16,17], and
several, experimental and theoretical works, have been published. In the experimental field the
chemical absorption of CO: in HFMCs using different types of absorbents, such as water,
monoethanolamine, diethanolamine and trifluoro-acetylacetone were investigated [7,18]. On
theoretical issues, [19] proposed a generic one-dimensional model under isothermal conditions,
which was compared to bidimensional approach by [20]. An HFMC model in adiabatic and one-
dimensional condition was evaluated by [21,22].

With respect to the transient approach, [23] analyzed the transient results of a membrane
contactor operating in parallel flux against some disturbances in properties that cannot be controlled
in transient conditions. [24] studies a model for membrane contactors concentrated only on time and
compares the unit approach with a cell-based approach. Another cell approach is proposed by [25],
where the absorption of CO: is compared using different solvents: water, 2-amino-2-methyl-1-
propanol (AMP) and dimethylamine (DEA). A recent work developed by [26] analyzes the dynamic
performance of a membrane module for CO: separation using a gas-gas system, by step changes in
the operating conditions. In another recent work, a non-isothermal dynamic model for capture CO:
from natural gas is presented by [27], despite carrying out robust modeling, the work lacks analysis
of responses to important disturbances in the process.

With the growing development of membrane systems in either laboratory or pilot scales, and
further industrial applications, it is necessary to study the dynamic behavior of this units to start
applying subsequent control strategies to these processes. Previous research focused on simple rate-
based or Computational fluid dynamics (CFD) modeling (which requires a great computational
effort), even when one-dimensional approaches can give satisfactory results, and using relatively
robust solutions for accurate design results, but cannot be used to easy apply control algorithms.
Therefore, this paper aims to propose a dynamic, one-dimensional, and isothermal model of a hollow
fiber membrane contactor unit for post-combustion CO: capture and analyze the dynamic behavior
of the model and its capability to coherently predict the effects against some disturbances applied to
several input variables. Also, this manuscript discusses about the possible explanations that may lead
to many different dynamic profiles in the system at various conditions and inputs changes.

2. System features

The system consists in a hollow fiber membrane contactor (HFMC), which can be de-scribed as
a bundle of long and narrow hollow tubular fibers inside a shell [17], such as a conventional shell and
tube heat exchanger, as illustrated on Figure 1. The gaseous stream (flue gas flow rate), which is
entering on the shell side of the HFMC, is a mixture of carbon dioxide (COz), nitrogen (N2), oxygen
(O2) and water vapor (H20), as it commonly describes a post-combustion stream composition [7,28—
30]. The liquid stream is leaking on the lumen side and consists in an aqueous solution of
monoethanolamine (MEA) 30% (w/w). This solvent has high a CO: uptake due to its affinity and the
chemical conversion with MEA in the liquid phase [4,17].
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Figure 1. Schematic representation of a Hollow fiber membrane contactor illustration.

2.1. Geometry and flow

Capillary fibers present high area-volume ratios exhibiting large areas that improves the mass
transfer processes. The pilot plant and the laboratory unit studied by [31,32] were used for the
simulation - dynamic analysis and the validation purpose. Thus, the fiber volume fraction (or packing
fraction) of the HFMC was fixed (around ¢=0.6), as it is typically used in conventional contactors for
lab or pilot scale [4,7,19,20,22,32-34]. Both the internal and external membrane radii (r; and 7,
respectively) were fixed. The radii difference defines the membrane thickness (§) and the relative
membrane thickness as the ratio between the membrane thickness to the external radio (§/7,). With
the previous parameters defined, the shell radius (r;) was calculated using Happel’s free surface
model [7,20,35].

Hydraulic diameters were used to describe the flow in the lumen and in the shell side, since the
sections are circular. The total flow section areas for the gas and liquid phases were calculated using
the module packing fraction, the membrane radius, and the number of fibers. Given the gas and
liquid volumetric flow rates and the respective flow areas, the inlet velocities could be calculated.
Table 1 shows the expressions used to estimate the parameters used.

Table 1. Expressions for geometrical characteristics of the system.

Parameter Expression Units References
N
Shell radius =1, \/j n [36]
Gas flow sectional area AL = nr2(1 — @) m? -
Total liquid flow A = Nor? -
sectional area L e
External hydraulic 1-¢
dly =2 ( ) 20
diameter ext = 4le 1) m [20]
Internal hydraulic no_ )
diameter dine = 27 (1 re> m [20]
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2.2. Main model hypothesis

Important model assumptions (flow, system, membrane characteristics, thermodynamics, mass
transfer and kinetics) are summarized in Table 2.

Table 2. General model assumptions.

Condition Description
Flow 1. The configuration is in a counter-current flow.
2. Gas flows in the shell and liquid in the lumen.
3. The regime is in unsteady state
S . 4. Pressure drop is neglected for both phases.
ystem constraints 5. Isothermal conditions are prevailed
6. The solvent evaporation and gas condensation were
neglected
Membranes 7. Hydrophobic membrane p?res with partial wetting
operation.
8. Henry’s Law is applicable at the interface gas-liquid
Thermodynamics (located at internal surface).
9. Nz solubility neglected
Mass transfer 10. Uniform wall flux along the fibers
Chemical reaction 11. Irreversible, bimolecular, and second-order kinetics.

With the conditions and descriptions in Table 1, the system operates in a counter-current flow,
with constant temperature and negligible pressure drop [19,20,23,24,36-38]. CO: concentration
changes in gas and liquid currents does not affect their properties, keeping the flow rate constant
along the process. It was assumed that the membrane tubes are microporous, given the need to allow
greater selectivity in relation to CO: [4]. [39,40] analyzed the effect of pore wetting, and they
concluded that, depending on the liquid pressure, this phase liquid could enter the pores, increasing
the resistance to mass transfer, even in a very small percentage of wetting. In this paper, the
membrane wetting was set in 5%, which showed to fit in this system. Considering the high affinity
of the solvent with CO, the solubility of N2 was neglected [33].

3. Model development

This section will present the main equations used to construct the dynamic model of the hollow
fiber membrane contactor, which include concentrations, mass transfer, and chemical reaction
conditions.

3.1. Component mas balance equations

For the mixture, the molar continuity equation for a species i is given by Eq. (1).

aC; _
—£=-V-N+R" M
where C; is the molar concentration of i (mol.m?), N, is the molar flux vector of i (mol.m?s) and
R{" is the reaction rate for i (mol.m3s'). Considering only the axial velocity (cylindrical
coordinates), describing the molar flux by the overall mass transfer coefficient, and neglecting the
reaction rate, the molar balance for CO2 on the gas phase is given by Eq. (2).

acg ace

o = Ve g, a;EKoy (C¢ = Cf /m) (2)
where C is the molar concentration of the component (mol/m3), the superscript A represents de
solute (COz2), K,y stands for the overall mass transfer coefficient (m.s?), the term a; is the specific
interfacial area (m?/m?), E is the enhancement factor, m is the volumetric partition coefficient, v is
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the velocity of the fluid (m/s), and the subscripts G and L indicates the gas and liquid phases,
respectively.

Henry’s law was applied to describe the equilibrium at the gas-liquid interface, and the
concentration of CO: at the internal surface of the fibers is a function of the liquid-gas volumetric
partition coefficient (m), which is defined by the inverse of the dimensionless Henry constant for CO:
on MEA solution as follows.

_RT 3
m=o ®)

For the liquid phase, the molar balance is like the previous one, however, the reaction term is
not neglected, and the CO2 molar flux is positive. Thus, considering a counter-current flow, the
equation can be expressed by:

act act
a_tL =, a_zL + q;EKoy (CA — CA/m) + Ry 4)
where Rj'represents the consumption rate of CO2 by chemical reaction on the liquid phase.

The consumes of CO:z by the chemical reaction depends also on the concentration of MEA on de
liquid. So, an equation to define the concentration of the second reactant is required, and it can be

expressed as follows:

acF _ acP

ot Loz

where B denotes the free MEA on the aqueous solution.

+ Ry’ )

3.2. Component mas balance equations

The two-film theory in equilibrium with the gas-liquid interface is assumed, as shown in Figure
2. The mass transfer is described by the concept of resistances in series, and the overall mass transfer
coefficient is given as [17,27,41]:

1/kG 1/km.G 1/km,L 1/kL
— AWW— W — W — AW ———>

Gas phase Membrane Liquid phase

Figure 2. Gas, liquid, and membrane resistances in mass transfer.

1 _1 1—ep+ ep N 1 ©)
Koy kg kmc mky,, mk,

where e, is the wetting ratio (the fraction of wetted volume in the pores) and k stands for the mass
transfer coefficient at each phase.

Therefore, the mass transfer coefficients for the phases were calculated using the Sherwood
number given from different approaches of Graetz equation [13,33,42—45]. This approach was also
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applied by [19,20,33,34] to estimate the local Sherwood number through the pack of cylinders, and
consequently, the local mass transfer coefficient for the gas, and concludes that it is also suitable,
considering laminar flow, fully developed profiles for and a uniform flux through the membrane.

The Sherwood (Sh) and Graetz (Gz) number for a species i in gas and liquid phases are correlated
by Egs. (7, 8), respectively, and defined by Egs. (9, 10) for a fluid F.

She = (4.36% +1.33(Gz5M)"°

Shy, = 1.62Gz;, "/* (8)
D“:Z
Gzp = =
krdp
Shg =
=D, (10)

The Eq. (11) is used to calculate the membrane mass transfer coefficient for a component i in
fluid F (gas or liquid). In the membrane, the coefficients were estimated using the concept proposed
by [46] and the approach for partial wetted mode, using the wetting ratio in the overall resistance
(Eq. 6) by [41].

Dir

knr =—2(2) an

where D;g, is the diffusivity coefficient of i in a fluid, § is the membrane thickness, ¢ is the
membrane porosity and 7 is the membrane tortuosity.

To monitor the CO2 absorbed, the percentual capture ratio (©) was defined as the ratio of the
solute uptake in the absorber to the solute input. In terms of the inlet and outlet gas mol fractions of
the solute according to Eq. (12).

in out
_Ya —Ya
- in
YVa

0 100% (12)

The amount of CO:z in the liquid phase is often described by the loading in solvent, which can
be estimated, using the reaction stoichiometric [19] by Eq. (13)

CEM
a=05—-M4 (13)
2WypEgaPL

3.3. Kinetics

Since the kinetics between CO: and alkanolamines are often kinetically controlled, the overall
reaction kinetics are considered being irreversible and having second order characteristics [47,48].
Thus, occurring in the liquid phase, the expression and kinetics are given by Egs. (14, 15).

A+ 2B > B,A (14)

Ry = —k,CACP (15)

where k, is the kinetic constant (m3s'mol-).
According to the stoichiometric, the rate of the consumption of free MEA is:

Ry = 2R} = —2k,CACE (16)

The Hatta number (Ha) and the asymptotic enhancement factor were used to define the chemical
reaction regime in the system and are calculated by Eq. (17) and (18), respectively [49,50].

’DA,LerLB
Ha =——F—— (17)

ky
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Ep=(1+—222 18
( 2mCAD,, (18)

where Dy, and Dp; are the diffusion coefficient for the CO: and MEA, respectively, in the
aqueous solution. The regime types and their relationship to the mentioned dimensionless numbers
are shown on Table 3.

Table 3. Definition of reaction regime.

Reaction regime Relationship
Pseudo first-order reaction by the gas-liquid interface (reaction is limiting the E > 5Ha
process) .
5E, > Ha
Fast second order reaction (mass transfer is partially limiting the process) Eo
5
5E, > Ha
Instantaneous reaction at the film (mass transfer is limiting the process) Eo
5

Therefore, the enhancement factor E can be calculated, following the [51] correlation, by Egs.

(19,20).
| Dar Dy cP
“ ‘J(E) +](m) (ncz) )

E=1+(a-1) [1 —exp (— 1:::;)] (20)

4. Numerical solution and validation parameters

The method of lines (MOL) was applied to solve the distributed-parameter model, which is
represented by the partial differential equations (PDEs) Egs. (2), (4), and (5). The PDEs were
approximated to a set of ordinary differential equations (ODEs), where the spatial terms were
discretized using backward finite differences for the gas and forward differences for the liquid phase.
The ODEs system was implemented in the Python software and solved by the internal function odeint,
a tool from scipy.integrate package. Figure 3 shows the computational flow chart used to solve the
set of equations., and the boundary and initial conditions are defined on Table 4.
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Figure 3. Computational flowchart.

Table 4. Boundary and initial conditions.

Parameter Expression Units
Cé = Cé.o
t=0 ct=chy for 0<z<L
Cf = CLo
z=0 C¢ = Céy
=1 ct =cty for 0 <t < oo
cf =cg,

The concentrations of the gaseous and liquid phases at the HFMC inlet or in the initial condition
are indicated in Table 4 by the subscript 0 (zero).

Several works in the literature, using different approaches, solvents and configurations were
already validated with experimental data [22,33,39,51,52]. These studies do not deal model validation
with process dynamics data, due to the lack of pilot-scale or even laboratory-scale dynamic data in
the literature.

Although this manuscript also does not validate the dynamic behavior, a steady-state validation
was performed using the laboratory-scale data from [32], for a post-combustion CO2 capture system
by MEA solution. Also, pilot-plant specifications from a unit studied by [31,32] were used to perform
the simulations and analyze the transient behavior. Both lab and pilot-scale specifications are
summarized in Table 5.

Table 5. Units’ specification.

Parameter Lab-scale Pilot-scale
Inner radius (m) 7, =6,2X 1073, = 5,25 X 1072
Effective length (m) L =030 L =0,88
Module Number of fibers (-) N, =119 N, = 8521
Packing ration (-) ¢ =059 ¢ = 0,648
Specific interfacial area (m?/m?) 1331 1329

Fiber Inner radius (m) r=2,15x107*
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Outer radius (m) 7, =4,35x107*
Porosity (-) e=20,336
Material (-) PTFE

The parameters correlations used in the simulations are summarized on Table 6.

Table 6. Parameter correlations and relations.

Parameter Expression Units References

HA,water )

HNZ O,water

H, = HNZO,MEA <

Henry constant

for CO2in MEA C, Pa.m3mol"! [53]
solution Hi,j = exp (Cl + 7 + C3 InT + C4_T>
i: CO2 N2
j: water, MEA 30% (mass)
-1
Vi
Dy = ’
' < . DA,L’)
l
Diffusion 0.00143T175
coefficient of CO» Dy = 5 m2s! [54]
! 1/2 1/3 1/3
on gas mixture PMA,/i [(ZV)A 4 v / ]
=2+ 37)
M, M
i: N2, Oz, H2O
P
Denitl{l zf)rl\:[EA _ _ Li XiM; __10°kgm? [55]
2i(V) + xi=1 X2V + Xy x5V
i: MEA, H20, CO2
Irutla% » Wasaby
concentration of Clo=—— mol.m?3 -
MMEA
MEA
Viscosity of MEA _ B 298.3
solution U = exp [0.16CL,0 + 19.1exp (—T)] Pa.s [56]
Diffusion 0.8
coefficient of CO: Dyay = Dawater (Mwater) m?2s! [57]
in MEA solution e
Diffusion 2198.3
ffici £ Dp; = exp (—13.275 -
mn — 7.8142 X 10—5650)
solution
- . 5400
Kinetic constant k, = 4.4 x 108 exp (— T) m3mols [59]

5. Simulation results

The steady-state model is obtained by equating the terms on the left side of the equality in Eqs.
(2), (4) and (5) to zero, this model was validated using laboratory scale data provided by [32] and the
specifications in Table (5). The comparison was evaluated using the outlet CO2 fraction (% COz) in
the gas at different gas flow rates (Q;) for two different liquid flow rates (Q,). Figure 4 compares the
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values for both cases. The profiles in Figure 4 shows a good agreement between the simulation results
and the experimental data used, presenting a correlation coefficient R? > 0,95 for both cases. The
simulation behavior of CO:2% as the Q; changes follows the experimental pattern, as expected, for
both QL values. The model proved to predict the absorption of post-combustion CO2 in MEA solution
using a HFMC, therefore validated for being used for intended analyses in this work.

—— Model (QL = 10 mL/min)
® Data (QL = 10 mL/min)
109 —— Model (QL = 50 mL/min)
® Data (QL = 50 mL/min)

Outlet CO2 Fraction (%)

QG (L/min)

Figure 4. Comparison of simulated and experimental results in lab scale for gas flow range from 0.2
to 6.0 L/min and liquid flow rates of 10 (in blue) and 50 mL/min (in red).

5.1. System behavior

Following, the dynamics of the carbon capture plant is studied. The model is submitted to
disturbances in the load and the changes in the operating conditions coming from the up-stream
power plant. The initial conditions are given in Table 7, and the steady state reached in these
conditions was further used as the base case to analyze the plant dynamics.

Table 7. Simulation parameters.

Parameter Value or expression Units
Operation pressure P =1.05x10° Pa
Operation temperature T =300.15 K
Inlet volumetric rate of gas Q(i;" =2,78x%x 1073 m3s1
Overall volumetric rate of liquid Q. =5,56x107° m3s1
Inlet molar fraction of CO:2 on gas yi* = 0.15 -
Inlet molar fraction of N2 on gas yib=1-yi
Inlet concentration of CO2 on gas Céo=v4 I:;T mol.m?3
Inlet concentration of free CO2 on liquid Ciy=0 mol.m-
Mass fraction of MEA Wyga = 0.3 -
. .. B _ WMEAPL
Inlet concentration of free MEA on liquid Cro = Mypn mol.m-?
Lean loading of CO: a, = 0,218 molco2.molmea’!
Number of segments on discretized space N =100 -
Membrane tortuosity =10 -
Wetting fraction e, = 0.05 -

The transient behavior of the membrane contactor for the given initial conditions (Table 4) is
shown on Figure 5, as the solution of the equations, where five points from the discretized space were
selected for visualization. It can be seen that the system reaches steady-state around 30 seconds.
Furthermore, Figure 5(a) and (b) show the behavior of the so-lute in the gas and liquid phases,
respectively, where they present a similar mirror trend: they both initially suffer an abrupt change,

doi:10.20944/preprints202312.2309.v1
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which represents a peak in CO: molar flux, followed by a smooth increase, until reach the steady-
state. As the amount of CO: in gas phase migrates instantaneously to de liquid phase, the chemical
reaction starts do consume both free CO2 and free MEA in liquid, and this decrease in free MEA
concentration, showed in Figure 5 (c) provides a decrease also in the overall CO:2 molar flux. This
reduction explains the smooth growth in the CO:z concentration profiles and makes clear that the
chemical reaction is also controlling the process.

@ () 60 -
6 z=0.17m
_____ 2=035m I
51 === z=052m | || e
_ —- z=07m o 40
= 4 g
g —— Z=0BEM || T | N o e i ' e s -
S £ 3049 |77
EE(—, 3 feeee :g‘ e
© g 201 L z=017m
2 |- ---2z=035m
P oo e S e St o e e e i 0 —=z=052m
ol — z=07m
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)
© \&\
2650 7 N
NN
N o o o ¢ S ¢ ¢ ¢ ¢ ¢ — = — — - — - G- == == S ¢ S ¢ S ¢ = ¢ S ¢ G ¢ G ¢ S = — -
'.\\
~ 2600 - N
E N \\\
I
2550 -
m% z=0.0m
Y 2s00{ z=017m bbbttt r s
-—-z=0.35m
—-- z=0.52m
24501 —— 7=07m
0 10 20 30 40 50 60
Time (s)

Figure 5. Solution for the CO2 concentrations in at (a) the shell (gas phase), (b) the lumen (liquid phase)
and (c) the concentration of free MEA in liquid.

An approximation of the CO: profiles at the first instants can be seen in Figu. 5. The
concentration profiles in the gas phase, showed in Figure 6(a), follows an expected pattern,
decreasing uniformly at each point of space, while the concentration in liquid, showed in Figure 6(b),
suffers an immediately growth, as it was considered to be initially zero and the fast mass transfer
process makes a small amount of solute appear at the liquid phase. A part of that COz in liquid begins
to be instantaneously consumed by the chemical reaction.
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Figure 6. Initial profiles of CO2 concentration in (a) the gas phase and (b) liquid phase.

Through the results it was also possible to obtain the CO2 capture ratio and rich loading, as
shown in Figure 7 (a) and (b), respectively. It can be seen that the capture ratio has a pattern very
similar to the concentration in the gas phase (on inverted way), rinsing fast and suffering a smooth
decrease after a peak, until get stable. It happens because the concentration gradient is greater at the
initial instants, making the CO:z flux reach a maximum point and decrease due the performance of
the chemical reaction. On the other hand, the CO: rich loading performs in a smoothly pattern, just
like the free MEA concentration behavior, but also on a mirror trend.
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Figure 7. Initial profiles of COz concentration in (a) the gas phase and (b) liquid phase.

5.2. Steady-state results

The steady-state profiles area necessary to understand to where the process goes and what is
happening along the fibers. Therefore, the profiles along the fibers are shown in Figure 8 for CO2
concentration in the gas (a) and liquid (b) phase, and the concentration of free MEA in the liquid (c).
The profile for the gas is expected to decrease from its inlet side (z = 0), as the CO: migrates from the
gas to the liquid. As the solvent stream enters the system without free CO, the solute concentration
increases quickly, and grows along the z (from z = 0.88), although the free MEA concentration
begins to decrease from z = 0.88, due the chemical reaction.
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Figure 8. Steady-state profiles for CO:z concentrations in at (a) the shell (gas phase), (b) the lumen
(liquid phase) and (c) the concentration of free MEA in liquid.

The fast reaction regime can be confirmed by the profile of the ratio between the Hatta number
(Ha) and the asymptotic enhancement factor (E,,) along the membrane’s length (steady state regime),
as shown in Figure 9. Because the values are between 0.2 and 5, we can conclude, according to Table
3, that the reaction is characterized as fast and second order, where both the mass transfer and the

0.5 S
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0.0 0.2 0.4 0.6 0.8
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Figure 9. Reaction regime profile.

In order to verify the effectiveness of the dynamic model, a step response and pulse response
experiments were designed, considering the steady state values reached in the previous section as
the base case. The chosen input variables are distributed in four distinct cases: disturbances in the
liquid flow rate (case 1); disturbances in the gas flow rate (case 2); disturbances in the inlet CO:
composition (case 3); disturbances in the CO: lean loading (case 4).
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5.3. Dynamic response to process disturbances

In order to verify the effectiveness of the dynamic model, a step response and pulse response
experiments were designed, considering the steady state values reached in the previous section as
the base case. The chosen input variables are distributed in four distinct cases: disturbances in the
liquid flow rate (case 1); disturbances in the gas flow rate (case 2); disturbances in the inlet CO2
composition (case 3); disturbances in the CO: lean loading (case 4).

5.3.1. Case 1: Disturbances in the liquid flow rate

In the Case 1, a disturbance of a + 30% step liquid flow rate, referred to the value in Table 7, weas
performed and the dynamic responses analyzed. The dynamic test results for these changes are
shown in Figure 10(b) and (c).
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Figure 10. Step changes on liquid inlet volumetric flow rate (a) and responses in (b) CO:z capture ratio
and (c) COz loading.

From Figure 9, we can see that, when the liquid flow rate (Q,) increases +30%, the CO: capture
ratio also grows instantaneously before a smooth curve, while the CO: loading decreases until get
stable. The increment in © is due to solvent (MEA) addition and consequently more CO: uptake
available and a larger amount of MEA in the solvent makes the rich loading get smaller. When the
liquid flow rate is reduced by 30 percent, a similar trend is observed in opposite direction, but in a
higher proportion compared to the first change. It can be concluded that the decrease in solvent flow
affects the system more significantly than the increase, from the same condition.

To verify how Qu would present a transient change in the amplitude of a signal from a baseline
value to a higher or lower value, followed by a rapid return to the baseline value, a pulse signal was
implemented. The pulse signal has been set with a period of 75 seconds and an amplitude of 20% of
the initial value. The pulse and responses they are shown in Figure 11.
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Figure 11. Pulse disturbance in liquid inlet volumetric flow rate (a) and responses in (b) CO2 capture
ratio and (c) COzloading.

According to Figure 11, the model shows stable as the variables reach a stationary point and
come back to the previous steady-state after the pulse. The behavior of the curves follows the
expected pattern seen in the step changes for both variables.

5.3.2. Case 2: Disturbances in the gas flow rate

Similarly, to the previous case, a step response (+ 30%) for the flue gas flow rate is designed and
the dynamic behavior of the system is analyzed. The dynamic performances responses for Case 2 are
shown in Figure 12.
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Figure 12. Step changes in inlet gas volumetric flow rate (a) and responses for (b) CO: capture ratio
and (c) COz2 loading.

As shown in Figure 12, CO2 capture ratio has a quicker response compared to the CO: loading,
and after a sharp curve, it reaches the steady state. Nevertheless, the loading only starts to change
significantly right after that sharp change in capture ratio and follows smoothly to the stationary
point. As the step change is applied to the gas stream and the CO: capture ratio is computed
concentration in the gas phase, it is expected that this variable suffers the variation firstly, but only
gets stable when the liquid phase reaches the permanent state. Figure 12(b) shows that, when
increasing the gas flow rate, the capture ratio suffers a negative variation, and I can be explained
because of the amount of gas, and consequently the amount of COy, rises in the system, which one
has the same quantity of solvent to treat the new gas stream, reducing the capacity of the system to
capture the solute. The reverse occurs when the rate is decreased, and the capture ration grows. For
the COy, it rises as soon as more CO: enters the system and decrease when the gas is reduced. This
behavior occurs because, although the capacity of the system to capture the same proportion of COz
as before is affected, the increment in the gas rate allows a greater amount of solute migrating to the
liquid, and a decrement do the reverse trend. It also can be observed that, different from the case 1,
the variation in the gas flow rate affects the variables in distinct proportions: when increasing, the
capture ration is more affected than the loading, and the reverse happens when the input is
decreased.

Also, a pulse signal was set for this case, considering an amplitude of 40% and a period time of
75 seconds, starting at the instant of 50 seconds. The pulse profile and the responses on the process
variables are shown in Figure 13(a), (b) and (c).
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The results patterns follow the behavior from the step changes, where the capture ratio has a
sharper change (Figure 13(b)), if compared to the loading (Figure 13 (c)), who has a smooth change
against the disturbances, despite that the first one takes a greater time to get stabilized. The model
showed to be stable against the variation of the gas flow rate.

5.3.3. Case 3: Disturbances in the inlet CO2 composition

The third case simulates a disturbance on the molar composition of CO2 on the flue gas (yi"). A
step change of +20% of the initial value is compared with a -20% step change, as shown in Figure
14(a). The dynamic responses for © and a,; can be observed in Figure 14(b) and (c), respectively.

The CO: loading response has a well-defined response to both changes, getting stable after a
smooth change, increasing with the more amount of solute in the system and decreasing with the less
(Figure 14(c)). On the other hand, disturbing y;* makes the CO: capture ratio suffers an immediately
change (Eq. 12), and then keeps variating with the outlet composition of the solute (y§**). This
behavior is confirmed in Figure 14(b) for both disturbances (+ 20%), where © also presents an inverse
response characteristic, initially responding in the opposite direction from the final response. Figure
15 shows what happens at the instant of the disturbance occurs.
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Figure 14. Step changes in inlet molar fraction of CO:z on gas (a) and responses for (b) CO:2 capture

ratio and (c) CO2 loading.
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Figure 15. Zoomed response of COz capture ratio against the step changes in CO2 molar fraction.

The generated overshoot can be visualized in Figure 15, and an explanation for this behavior is
the fact that changes in the composition of gas affects the concentration gradient, making a fast
change in the molar flux of solute in the same direction of the step change; however, the solvent
quantity to arrest the amount CO: does not change, leading the system to a new and opposite steady
state. After reach the real direction, the capture ration keeps varying in a smoothly way until the

liquid phase get stable.

A pulse disturbance was also designed for the CO: inlet composition in the gas, having an
amplitude of 40% from the previous value and a period of 75 seconds, as shown in Figure 16(a). The
CO: capture ratio behavior against the pulse disturbance follows a similar trend from the step
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changes, including the inverse response, which has a bigger overshoot when the input variable
decreases to the previous value, compared to the beginning of the pulse signal. It can be seen in Figure
16(b) that after the pulse period, it stabilizes at the same value form the beginning. Figure 16(c) shows
that « also reaches back to the initial state after the pulse, showing the expected pattern.
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Figure 16. Pulse disturbance in the inlet gas CO2 composition (a) and responses in (b) CO:z capture
ratio and (c¢) CO:z loading.

5.3.3. Case 4: Disturbances in the CO2 lean loading

The last case makes a variation in COz loading at the inlet side of the HFMC. As in the previous
cases, a set of step changes was defined with a + 30% variation in relation to the base case. Figure 17
demonstrates the disturbance and shows the dynamic responses of the CO: capture ratio and CO:
rich loading.
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Figure 17. Step changes in lean loading of CO2 on liquid (a) and responses for (b) CO2 capture ratio
and (c) COz lean loading.

An inverse response in the capture ratio can also be seen by varying the lean loading of CO:z in
Figure 17(b). A change in the inlet loading of CO: in the liquid means a change in the concentration
of free MEA in the solution. As the free MEA concentration is reduced, by increasing the lean loading
of CO, the system is less influenced by the chemical reaction at first, which makes de outlet
concentration of CO: in the gas also be reduced by the physical absorption, letting the capture ratio
rise for a moment. However, the system’s capacity to uptake the solute is reduced by the drop in the
amount of MEA, so ® decreases to a lower value compared to the base case (the opposite occurs by
reducing the input variable). Figure 17(c) shows a delay in the response of the rich loading, which
one follows the same direction of the variation signal. The initial variation in a,;; is minimal
because the concentration of CO: along the gas phase be still processing the disturbance. Nonetheless,
as soon as the gas phase follows to the proper direction, the loading begins quickly chasing the new
values. As the amount of COz in the solvent is changed when varying the lean loading, the quantity
of solute at the outlet side is also modified, getting greater when increasing the input variable and
being reduced when decreasing the same input. Yet, it can be inferred from the results that the
decrease of the lean loading affects the process in a greater proportion, if compared to the increase
change.

Also, a pulse variation was settled to analyze if the system can be changed and still turn back to
the initial state. The disturbance designed has a period of 75 seconds and a magnitude of 40% of the
initial value. The results can be seen in Figure 18.


https://doi.org/10.20944/preprints202312.2309.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 December 2023 doi:10.20944/preprints202312.2309.v1

21

— 40% pulse

Leana(mola/molg)
o
N
o

0.20

0 25 50 75 100 125 150 175 200
Time (s)

(b) 93

= 40% pulse (Lean Loading)

:iﬂ [
\_/

9 (%)

84

814

78

0 25 50 75 100 125 150 175 200

Time (s)

0.34
(c)

0.32
=
g 0.30
= = 40% pulse (Lean Loading)
S
E 028
5]

0.26

0.24

(I) 2‘5 5‘0 7‘5 160 12‘5 1_';0 17~5 260

Time (s)
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For the pulse variation, the model shows to be stable, assuming the values from the base case
after the disturbance ends, despite the overshoots presented by the CO: capture ratio and the delay
in the response of the CO: rich loading.

5. Conclusions

This section is not mandatory but may be added if there are patents resulting from the work
reported in this manuscript. This manuscript reported on a one-dimensional dynamic modeling and
simulation study of CO: removal from a flue gas employing chemical absorption carried out in a
hollow fiber membrane contactor (HEMC). For this purpose, with important model assumptions, the
dynamic model responses proved to be coherently with the expected physic behavior, matching very
well with the experimental data used in the validation stage.

With the results of the dynamic simulations, it was possible to evaluate the effect of some
disturbances on important process variables, such as the CO:z capture rate and COz rich loading, in
order to analyze the stability and capacity of the model to predict the plant behavior. The responses
obtained from the step changes and pulse disturbances showed to be very distinct from one input
variable to another. Regarding the settling time of responses, the gas phase showed to be faster than
the liquid phase. Although, from the analyzed results, each response can be explained according to
the given input variations. It was observed that the model reaches states that are coherent with the
theoretically expected for all step changes and stay stable against the various pulse variations
proposed. Also, as discussed, the way and proportion in which each change affects the system
resulted in important information for applying future control strategies to this process.

The development of more efficient capture processes can lead to a substantial reduction in CO2
emissions. Thus, this dynamic study motivates HFMC to reach technology readiness level on an
industrial scale. Even though the literature lacks available experimental dynamic data to validate the
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transient behavior of the process, once the system dynamics got satisfactory results for a wide range
of operation fluctuations, different control strategies can be considered, such as advanced model
predictive control (MPC). Additionally, State Observers (OS), for example, Un-scented Kalman Filter
(UKEF), can be applied when the model gets identified by available dynamic data from a HFMC unit
for carbon capture.
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