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Abstract

The paper concerns research aimed at developing a computational fluid dynamics (CFD) model of an amine-
based carbon dioxide capture process in post-combustion capture (PCC) technology. A numerical model of
the absorber column (the first stage of PCC cycle) including complex hydrodynamics, heat transfer and ab-
sorption reaction involving monoethanolamine (MEA) was developed and described in detail in [1, 2]. This
paper focuses on the second stage of the PCC cycle: the desorber (stripper) column. An Eulerian multiphase
model was adopted to resolve two-phase counter-current gas-liquid flow in a porous region with desorption re-
action, multiphase heat transfer and evaporation/condensation phenomena. The preliminary calculations were
performed on simplified geometry of the stripper column in order to reduce the computational time required.
The results showed physically correct behavior, proving its relevance and utility for practical applications.

Keywords: post combustion, CCS, desorption, stripper, MEA, CFD introduction

1. Introduction

The post-combustion capture approach is consid-
ered to be one of the most mature techniques for CO2

separation of the carbon capture and storage (CCS)
technologies available. This method has been tested
in pilot plant scale installations [3–8] all over the
world and has already been scaled up to demonstra-
tion plant level [9].

In PCC technology CO2 is recovered from flue
gases by an aqueous solvent solution. The most
commonly-used solvent in this separation technol-
ogy is MEA, mostly due to its high reactivity per-
formance [7], there are also other alternatives during
developing [10, 11].
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The general process diagram is presented in Fig. 1.
The aqueous amine solvent solution is delivered at
the top of the absorber column, whereas the flue
gases enter the column at the bottom. Both phases
flow counter-currently through the packing section,
ensuring an enlarged contact area between the phases
and faster reaction in this region. CO2-free flue
gases leave the absorber column at the top while
loaded amine leaves the column at the bottom and
flows through the heat exchanger into the stripper
section. In this section (the object of this article)
the loaded amine flows downstream in the desorber
column through the porous zone and is collected in
the tank located at the bottom of the column, where
due to the additional heat supplied, the absorption
reaction is reversed and CO2 is released. The amine
in the tank is heated up to a temperature exceeding
100◦C. Such a high temperature causes evaporation
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Figure 1: The process flow diagram for CO2 capture in a post-
combustion method

of the water solution with amine solvent. Conse-
quently, the water vapor together with released car-
bon dioxide starts to flow counter-currently with rich
amine solvent in the porous zone and exchange heat.
Most of the water vapor condenses along the column,
whereas the rest will leave the column together with
CO2 at the stripper top. Therefore, an additional con-
denser section is required to turn the vapor back to
the desorber. Amine without CO2 leaves the strip-
per column at the bottom and flows through the heat
exchanger to the absorber, where the cycle starts to
repeat.

The PCC technology described above involves
several complex phenomena (two-phase flow,
endo-/exothermic chemical reactions, evapora-
tion/condensation, interphase heat transfer, liquid
holdup in the porous zone, etc.) coupled together
and affecting the CO2 capture process. Experimental
analysis performed on pilot plant installations
are unable to investigate the influence of single
phenomenon on CO2 capture process.

Numerical analysis can provide a detailed descrip-
tion of the entire process and that hence experimen-
tal investigations are frequently supported by numer-
ical simulation. There are numerous research groups
working on numerical modeling of PCC processes by
means of simplified 0D or 1D models [12–16], but
these simplified models are unable to provide a de-
tailed description of the process and hence identify
weak points requiring improvement.

The Computational Fluid Dynamics (CFD) model

proposed in this paper, is able to provide an insight
into the details of the process. In particular, this ap-
proach allows one to perform extensive parametric
studies in order to formulate optimization guidelines,
which are of major importance from the viewpoint of
PCC cost reduction.

Due to its high complexity, the CFD model of
the PCC process was developed in steps. At first
the numerical model of counter-current two-phase
gas-liquid flow was proposed [1] and then extended
by CO2 absorption process chemistry and thermody-
namics [2]. In the present paper the second PCC step
is considered, covering simulation of CO2 release in
a stripper column.

2. Numerical model

The CFD model was developed using commercial
software ANSYS FLUENT. All modifications per-
formed in code (e.g., mass, momentum or energy
source terms) were made using the researchers’ own
subroutines written in C++ programming language.

2.1. Governing equations

The physical phenomena occurring in the stripper
column can be described by the system of Navier-
Stokes equations. In the multiphase two-fluid Euler-
Euler model this system of equations is solved sep-
arately for each phase. Mass conservation for kth

phase takes the form

∂

∂t
(αkρk) + ∇ (αkρkūk) = S k (1)

where ūk is flow velocity, ρk phase density and S k

is a mass source term corresponding to species pro-
duction/destruction due to chemical reaction and/or
phase change. A momentum equation with respect
to the Eulerian multiphase model (assuming flow in-
compressibility) takes the following form:

∂

∂t
(αkρkūk)+∇ (αkρkūkūk) = −αk∇p+∇2 (αkµkūk)+αkρkḡk+F̄k+S pz,k

(2)
In the above equation p is the static pressure

shared by all phases, µk is the dynamic viscosity
and gk is gravitational acceleration. Phase interac-
tion force Fk is defined using the Schiller-Naumann
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formula [17], a Fluent default mechanism, which is
however appropriate for the dispersed liquid phase
only. Therefore it was applied for the stripper sec-
tions outside the porous zone. In a packing bed sec-
tion, liquid flows as a thin film covering filling ele-
ments and the phase interaction mechanism changes
qualitatively. Thus force Fk equals zero in this region
and its function is taken over by a source term S pz,k.
It is dependent on phase fluxes and fluids’ properties,
and also on the type and size of packing elements.
The relevant formulas allowing to determine the term
S pz,k as well as liquid holdup were adopted from the
work of Maćkowiak [18] which is a comprehensive
study of packed beds.

As the stripper column is a chemically reacting
system, additional equations have to be included in
the model. The general transport equation of ith

species in multiphase flow is given as

∂

∂t
(
αkρkYi,k

)
+ ∇
(
αkρkūkYi,k

)
= −∇αk J̄i,k + Ri (3)

where Yi,k is mass fraction, Ri stands for hetero-
geneous reaction rate. Ji,kis a stream of ith species
diffused, and for laminar flow conditions it can be
modeled by Fick’s law.

The CO2 capture process involves intense en-
ergy transfer resulting from chemical reaction, phase
change phenomena and rich MEA heating in the
stripper. Energy transfer in the Eulerian model is
described separately for each phase by the enthalpy
transport equation:

∂

∂t
(αkρkhk)+∇ (αkρkūkhk) = αk

∂p
∂t

+∇ (λk∇Tk)+Qk+S e,k

(4)
where hk is specific enthalpy, λk is thermal conduc-

tivity, Qk is the intensity of heat exchange between
phases and S e,k is the enthalpy source term due to
chemical reaction and/or phase change phenomena.
Further details of the model may be found in [1, 2].

2.2. Desorption chemistry

The chemistry of the CO2 absorption/desorption
by aqueous monoethanolamine solution is regarded
as a reversible reaction [19] of the form:

CO2 + RNH2 ⇐⇒ RNHCOO− + RNH+
3 (5)

resulting in the formation of an MEA-carbamate
(first term on the r.h.s.) and a protonated MEA (sec-
ond term on the r.h.s.) named jointly as loaded MEA
or rich MEA. In above reaction R represents an al-
canol group (CH2)2OH−. The expression 5 neglects
the presence of ions (like H3O+, OH−, CO3

2−) as
their content for CCS installations working on fossil
fuels with MEA as a solvent is negligible [12, 19].
The mass rate of ith chemical species produced due
to the second-order reaction is given by:

Ri = Mi · kb ·CMEA−H ·CMEA−CO2 (6)

where Mi is molecular weight, kb is backward re-
action rate constants and CMEA−H / CMEA−CO2 are
molar concentrations of reacting media. The reac-
tion rate constants can be described by the following
temperature-dependent expression:

kb = 4.3 · 1011exp (−80.8/ (RT )) (7)

adopted from [20].

2.3. Boundary conditions

The simulation of the PCC desorption process
was carried out on a 2-dimensional axisymetric do-
main with boundary conditions (BC) as presented in
Fig. 2. The aqueous loaded—with captured CO2—
MEA solution is supplied from a liquid source lo-
cated above the porous regions of the column. Gases
(CO2 and water vapor) leave the stripper column at
the top (gas outlet BC). The liquid collected in the
bottom part of the stripper is heated by a heater (heat
source BC). Porous zone BC reflects the real pack-
ing material (6 mm glass Raschig rings) applied in
the reference laboratory installation.

During the model testing stage, the following sim-
plifications were made:

• the height of the packing section was signifi-
cantly reduced in order to decrease the compu-
tational time,

• heat transfer with surroundings was not consid-
ered.
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The simulation was performed for the following
values of key process parameters:

• liquid flux at stripper inlet: 50 l/h,

• liquid inlet temperature: 73◦C,

• inlet solvent composition (mass concentra-
tions): 80% water, 10% MEA-H, 10% MEA-
CO2,

• heater power: 2 kW.

The simulation was initialized with a gas phase com-
posed of nitrogen only. The liquid phase collected at
the stripper bottom was initialized with a 20% aque-
ous unloaded MEA solution at the temperature of
99◦C (close to water boiling point). The above stated
initial conditions reduced the computational time re-
quired to start the water evaporation process.

By default the process is highly unsteady with sig-
nificant spatial local as well as temporal changes
of the main physico-chemical process parameters.
Hence it was decided to present the results for two
different time moments: during start-up of the des-
orption process (for 0.5th s) and during the quasi-
steady stage (for 10th s).

3. Results

Fig. 3 presents the gas temperature distribution in
the form of a contour map. Liquid temperature dis-
tribution is not presented due to its similarity to the
results of gas temperature.

As can be seen in Fig. 3, two regions can be iden-
tified in the stripper column:

• the region at the bottom of the column with uni-
form temperature of about 100◦C,

• the region above the free liquid surface where
a significantly smaller temperature occurs with
a local minimum just below the porous zone.

The local temperature minimum is a result of en-
dothermic character of desorption reaction. As
a consequence of heat supply to the liquid bulk at
the bottom of the column evaporation of the water
takes place. It should be noted that since MEA and
its relatives have a significantly higher boiling point

than water (boiling point at the atmospheric pressure
for MEA is 172◦C), it was assumed that they do not
evaporate. In order to illustrate the unsteady charac-
ter of the desorption process, temporal evolution of
water evaporation in the form of mole fraction dis-
tribution of water vapor for first three seconds of the
process is shown in Fig. 4. These results show how
fast the evaporation process is, one may notice that
local molar concentration of water vapour reaches
even about 40%. It can also be observed that the
processes occurring in the desorber column vary rad-
ically in character. In particular, significant molar
concentration gradients can be observed close to the
wall. This is a result of the heater being located in
liquid bulk which is not attached to the column wall
and there is a gap which is not directly affected by
the heater. Therefore, water vapor does not evapo-
rate from the entire liquid surface (see Fig. 4).

Contours of gas temperature under the quasi
steady regime (10th second of the process) are shown
in Fig. 5. The temperature distribution appears to
have similar features as the results presented in Fig. 3
at the beginning of the process. The temperature in-
side the liquid bulk is locally slightly higher (about
4◦C) and its local distribution is a result of changes in
liquid density. It should also be noted that the local
temperature minimum visible in Fig. 3 located just
below the liquid source (for t=0.5 s) moves to the re-
gion between the liquid bulk and the porous region
at the bottom of the column (for t=10 s). This can
be explained as the liquid delivered to the column
flows with reduced speed through the porous zone,
and the axial position of the temperature minimum
moves with the liquid front flowing down the col-
umn.

Special attention was paid to analysis of the tem-
perature, due to its importance for the desorption
process. The increase in temperature results from the
rise in the reaction rate constant (see Eq. 7) which
leads to the same increase in the overall reaction rate
(see Eq. 6). Fig. 6 presents the axial distribution of
the reaction rate of the desorption process. Dimen-
sionless coordinate y in Fig. 6 represents the rela-
tive axial position in the column with y=0 and y=1
corresponding to the bottom and the top of the col-
umn, respectively. The most intense reaction occurs
in the liquid bulk at the stripper bottom, where mo-
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Table 1: Comparison of process efficiency indicators

working
stage

efficiency
ηdes, %

reboiler heat duty
Edes, MJ/kg

start-up
(1...3.5 s)

59 4.8

quasi-
steady

100 2.9

lar concentrations of reactants reach the highest val-
ues (due to the absence of the gas phase). More-
over, reaction is accelerated in this region by temper-
ature (see Fig. 5) according to Eq. 7. The reaction
rate in the porous zone is much less intense (approx.
30 times lower than in the boiling liquid) mainly be-
cause of the low volume fraction of the liquid phase.

As a last element summarizing the simulation, an
assessment of the efficiency of the desorption process
is given through the use of two indicators:

• desorption efficiency,

• reboiler heat duty.

These two factors can be used to assess the quality
and the cost-effectiveness of this CCS technology.
The values of these two indicators were estimated
for both the start-up period of system operation (in
the range 1...3.5 s) as well as the quasi-steady state,
and the results are summarized in Table 1.

The efficiency indicators of the process for the
start-up period were determined on the basis of the
values of CO2 mass flow at the outlet of the column
as well as the mass fraction of CO2 in the exhaust
gases; both these parameters were monitored during
calculations. In the quasi-steady state, these values
could be assumed to be constant in time.

Figure 7 presents the history of variation of mass
flow of exhaust gases and CO2 at the outlet of the
column as well as the resultant mass fraction YCO2 .
After about 3.5 s the mass fraction of CO2 reaches
about 0.8 and becomes stable. This is due to the al-
most complete removal of nitrogen from the column
domain, which was initialized inside the column at
the beginning of the calculations. As is visible from
the analysis of contours collected in Fig. 4 presenting
the evolution of the mole fraction of water vapor, af-
ter 3 s of the process, the front of the steam reaches

the outlet of the column and together with CO2 al-
most entirely fills the column interior (see Fig. 7).
It can be concluded that the values of both indica-
tors: desorption efficiency and energy consumption
must be far from optimal. However, after achieving
a steady state they should reach significantly more
favorable levels.

As can be seen from the data collected in Ta-
ble 1, this trend in fact takes place, because the ef-
ficiency of capture rises significantly from 59% to
100% while the reboiler heat requirement decreases
from 4.8 MJ/kgCO2 to 2.98 MJ/kgCO2 . The values of
these indicators achieved for a steady state differ sig-
nificantly from typical levels for CO2 capture sys-
tems.

Typical values of unit energy consumption given
in the literature [21] are about 4.5 MJ/kgCO2 , but in
small-scale installations, the values of this param-
eter may be significantly higher. For example, in
a laboratory CO2 capture installation at the Insti-
tute for Chemical Processing of Coal (IChPW) in
Zabrze [3], thermal energy consumption has to ex-
ceed even 10.5 MJ/kgCO2to achieve CO2 capture effi-
ciency of 90%.

It can also be found in the literature that in labora-
tory and pilot CO2 capture installations, the amount
of MEA circulated in the circuit is several times
greater than that implied by the stoichiometry of the
desorption reaction [3]. This is dictated by eco-
nomic analyses, which show that high efficiency CO2

absorption is possible either by increasing column
height (very expensive), or by using a suitably in-
creased circulating stream of amine solution. The
significantly increased flow rate of solvent needed to
achieve desorption efficiency of above 90% is asso-
ciated with a considerable increase in the power sup-
plied to the desorber column [3].

As can be seen, the numerical model does not
properly reflect the values of the efficiency of CO2

desorption, and this can be caused by an incorrect
assumption of the composition of the amine solution
supplied at the desorber inlet (source). As shown
by various pieces of research, the lean solvent at
the stripper outlet contains unregenerated absorption
products: MEA-CO2, MEA-H, while rich solvent (at
the stripper inlet) includes a significant content of
pure (CO2 free) amine [22–25].
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4. Conclusion

Based on the results of numerical simulations, the
following conclusions can be drawn:

• the complex system of physico-chemical pro-
cesses occurring in the stripper column was
modeled relevantly, giving insight into the de-
tails of the desorption process,

• the functionality of the model, built as a set of
user defined functions (UDFs), allows for its ap-
plication to full scale installations,

• the unsteady simulation shows how desorption
efficiency indicators are sensitive to key process
parameters.

To sum up, the CFD model of the desorption pro-
cess was elaborated, tested and together with a set of
home made subroutines can be regarded as a useful
numerical tool in parametric analysis of PCC tech-
nology.

The next step in developing and tuning the model
will involve comparative studies using experimental
data acquired at the laboratory CCS installation lo-
cated at IChPW in Zabrze.
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Figure 2: Schematic view of boundary conditions applied dur-
ing simulation
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Figure 3: Contour map of gas temperature at 0.5 s after desorp-
tion initialization

Figure 4: Contours of water vapor molar fraction in gas phase—
evolution in time

Figure 5: Contour of gas temperature for time 10s of the des-
orption process
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Figure 6: Axial distribution of reaction rate in desorber column

Figure 7: Time history of gas and CO2 mass fluxes as well as
CO2 mass fraction in the exhaust gas (YCO2 )
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