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CCP is the process of capturing and storing CO2 away from the atmosphere. Out of the three available
methods of capturing CO2, this study focused on Post-combustion process. The Mass balance equations
of the flue gas was modelled as a PDE and then reduced to an ODE by the application of Numerical
Method of Lines. The equation was discretized to 0.8 m. Mono-ethanolamine, Potassium Carbonate and
Chilled Ammonia were studied to investigate their absorption capacity to capture CO2. Two specific mass
transfer area correlations were used in order to validate the results. The results followed the same trends
with minimal error of less than 21%. Discretization of 1 m was done for the absorbent which captured the
highest amount of CO2 in order to further validate the results. The results corresponded well with each
other. MEA has proven to be the best absorbent in capturing Carbon dioxide than the other two
absorbents.
� 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Numerical Method of Lines (NMOL) is regarded as a special
finite difference method but more effective with respect to accu-
racy and computational time than the regular finite difference
method (Sadiku, 2000). It is basically the discretization of indepen-
dent variables except for one on a partial differential equation
(Alabdali and Bakodah, 2014). It is a general way of perceiving
PDEs as ODEs (Ordinary differential equation). Our physical world
is most generally described in scientific and engineering terms
with respect to three-dimensional space and time which we abbre-
viate as space-time. PDEs provide a mathematical description of
physical space-time, and they are therefore among the most widely
used forms of mathematics (Hamdi et al., 2009). Application of
Numerical method of lines is applied on Carbon dioxide capture
process (CCP) which is the process of capturing and storing carbon
dioxide away from the atmosphere. Carbon dioxide is removed
after or before combustion of flue gas (Kothandaraman, 2010).
There are three main processes of capturing carbon dioxide. Car-
bon dioxide can be captured by post combustion process, oxy-
fuel combustion and pre- combustion process. Post-combustion
capture process is the most preferred process out of the three
(Kothandaraman, 2010). It is the most potentially, technically
and economically mature carbon dioxide capture technology used
to capture CO2 from the flue gases produced by the power genera-
tion sector (Gáspár and Cormos, 2012). The current state-of-the-art
technology for the post combustion capture process is the chemical
absorption. It involves carbon dioxide being diffused into the sol-
vent absorbent. Post-combustion technologies available for CO2

removal include membranes, adsorption, chemical absorption,
physical absorption and cryogenic processes. Some of these tech-
nologies are well established and are being used commercially,
while some are being improved or need additional improvements
for feasibility (Devries, 2014). In post combustion process, Fossil
Fuel is burned with air to produce a flue gas containing water
(H2O), Oxygen (O2), Nitrogen (N2), Nitrogen oxide (NO2), Sulfur
dioxide (SO2) and Carbon dioxide (CO2). The flue gas produced is
then cooled down and fed into an absorption column where a sol-
vent absorbent is fed at the top of the column (Mohammad et al.,
2013). In recent years, there has been increasing demand for a sig-
nificant reduction of carbon dioxide emissions from industrial
sources to decrease the global warming problem (Khan et al., 2011).
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Nomenclature

M mass (kg)
_M mass flow rate (kg/s)
q density (kg/m3)
V Volume (m3)
F Volume flow rate (m3/s)
U Velocity (m/s)
Z Column height (m)
n number of moles (moles)
_n molar flow rate (moles/s)
Mr molar weight (kg/kmol)
A is the surface area (m2)

v volume of the column (m3)
Ni the molar flux (kmol/m2.s)
ae mass transfer area (m2/m3)
Ki mass transfer coefficient
Ci, Civ,int concentration of component i (kmol/m3)
DAB molecular diffusivity (m2/s)
em mass Eddy diffusivity (m2/s)
ReL Reynolds number for the liquid phase
Ap specific packing area (m2/m3)

Fig. 1. Schematic diagram of the absorption column.
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I South Africa, thereis no legislation Monoethanolamine (MEA) is
one of the popular amines used in carbon dioxide capture process
(Fernandez, 2013). Other absorbents have lately surfaced and
are the focus areas since they are developing. These absorbents
include chilled ammonia, Di-ethanolamine (DEA), N-methyl-di-
ethanolamine (MDEA), 2-amino-2-methyl-1-propanol (AMP) and
potassium carbonate (K2CO3) and pure water. The most mature
and commercially applied amine is Monoethanolamine (MEA)
due to its high absorptive capacity. Effective methods have to be
put in place to ensure that the emission of Carbon dioxide is
reduced. This will have to happen by understanding the perfor-
mance of the process. This process covers the mass transfer of car-
bon dioxide from the bulk gas to the solvent absorbent solution. An
important characteristic of reactive absorption process is the vari-
ation of reaction velocities, from very low to high instantaneous
reactions (Peng et al., 2002). Following the numerical analysis of
the Carbon dioxide capture process, the flue gas volume flow was
regarded as an influential element. Volume flow equation was
developed in a form of a 2D model for the flue gas volume. A math-
ematical technique, NMOL was applied to the developed flue gas
volume flow PDE. The approach yielded a better understanding
on the performance of the process when focusing on the volume
flow. For better understanding, three absorbents MEA, K2CO3 and
Chilled ammonia were investigated, and the most efficient absor-
bent was identified when focusing on the behaviour of the flue
gas volume flow only. The equations were validated by simulating
Python computer coding software. The output was compared to
the previous studies done on NMOL. The model better explains
the behaviour of the flue gas volume flow rate. Its purpose is to
mimic the carbon dioxide flue gas volume flow. So many models
that are based on the concentration and temperature distribution
of the flue gas and solvent absorbent have been studied. There is
still a need for volume flow distribution of the flue gas.

2. Modelling

2.1. Modelling assumptions

Fig. 1 shows the schematic diagram of the absorption column.
The flue gas obtained from the combustion of coal enters at the
bottom of the column and the solvent absorbent coming from
the recycle stream enters from the top of the column. The Carbon
dioxide free flue gas exit from the top of the column and the Car-
bon dioxide rich solvent exit from the bottom of the column.

The volume flow equations of the liquid and gas phase are mod-
elled by applying conservation of mass. The following assumptions
have been made:

� Density and viscosity of the liquid and gas are assumed to be
constant.
Please cite this article in press as: Nkhwashu, M.I., et al.. Journal of King Saud
� The flow equations will be modelled at constant column tem-
perature of the flue gas but it can be manipulated to suit the
process.

� The flow rate changes with column height at various process
times.

� Constant velocity is assumed.
� Evaporation of solvents is negligible since the focus is on the
flue gas volume flow.

2.2. Mathematical models description

2.2.1. Mass balance equation
Below is the steady state mass balance equation.

dM
dt

¼ _Min � _Mout � _Mmass transfer ð1Þ

Min in the gas phase equation is the initial mass content of the flue
gas produced after the combustion of fossil fuel

M ¼ qV _M ¼ qF ð2Þ
Min in the gas phase equation is the initial mass content of the flue
gas produced after the combustion of fossil fuel.

dðVqÞ
dt

¼ _qFin � _qFout � qFmass transfer ð3Þ

q
dðVÞ
dt

þ V
dq
dt

¼ _qFin � _qFout � qFmass transfer ð4Þ

q is the density, V is the volume of the flue gas and F is the volume
flow rate. Density is constant therefore Eq. (4) becomes;
University – Science (2018), https://doi.org/10.1016/j.jksus.2018.01.009
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dV
dt

¼ _Fin � _Fout � Fmass transfer ð5Þ

The change in volume across the column is given by:

Fin � Fout ¼ �U
dV
dZ

ð6Þ

U is the velocity and Z is the column height. In order for the
absorption to occur, mass transfer and chemical reaction should
occur. The following equations are necessary to satisfy the mass
transfer process written as follows:

Fmass tranfer ¼
_Mmass transfer

q
ð7Þ

_M is the mass flow rate, _n is the molar flow rate and Mr. is the
molecular weight. The Mole flow rate can be expressed by Eq. (8):

_n ¼ A� Ni ð8Þ
Where A is the surface area of the column and is given as

follows:
A ¼ aev ð9Þ
_Mmass transfer ¼ aev � NiMr ð10Þ

v is the volume of the column. Ni is the molar flux and ae is the
mass transfer area. The volume of the column can be expressed by:

Eq. (10) is substituted into Eqs. (7) and (11) is formed,

Fmass tranfer ¼ ae:A:z:Ni:Mr
q

ð11Þ

Eq. (11) is substituted into Eq. (5):

dV
dt

¼ U
dV
dZ

þ ae:A:z:Ni:Mr
q

ð12aÞ

Eq. 12 is a partial differential equation for the Flue gas flow rate.

@Vv

@t
¼ Uv @F

v

@z
þ ae:A:z:Ni:Mr

q
ð12bÞ
2.2.2. Mass transfer equation
The molar flux Ni is modelled according to the two film theory.

The molar flux across the mass transfer area is expressed by the
following equation:

Ni ¼ Ki Cv � Cv;inti

� �
ð13Þ

where Ki is the mass transfer coefficient, Ci is the concentration of
component i in gas phase and Ci

v,int is the concentration of compo-
nent i at the interface (Gáspár and Cormos, 2012). The concentra-
tion of the carbon dioxide at the interface is approximately zero
and because the amine is in excess relative to the gas transfer
(Welty et al., 2007) (Geankoplis, 1993).

Ki ¼ DAB þ em
DZ

ð14Þ

DAB is the molecular diffusivity, em is the mass Eddy diffusivity.
The molecular diffusivity for a gas-liquid system is expressed by
(Geankoplis, 1993):

DAB ¼ ð1:173� 10�16ÞðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVaÞ0:6
 !

ðTÞ ð15Þ

Ap is an association parameter, Va is the Carbon dioxide molar
volume. T is the temperature of the solvent.

Eq. (13) becomes;

Ni ¼ ð1:173� 10�16ÞðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVaÞ0:6
 !

ðTÞðCv � CvintÞ

ð16Þ
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2.2.3. Mass transfer area correlation
The mass transfer area developed by De Brito et al. has been

used for this research. The correlation was used in a study by
(Gáspár and Cormos, 2012) on Dynamic modelling and absorp-
tion capacity assessment of CO2 capture process. The liquid-
phase analysis was assumed to be more trustworthy and was
exclusively used. Gas-side resistance was neglected in the calcu-
lations. An empirical relation was developed from the results
(Tsai, 2010).

ae ¼ 0:465Re0:3L Ap ¼ 0:465
qLUL

lL

� �0:3

Ap ð17Þ

ReL is the Reynolds number for the liquid phase, Ap is the specific
packing area. Since the modelling is based on Numerical method
of line, the packing area will be replaced by the segment area. Eq.
(20) will become:

ae ¼ 0:465Re0:3L ¼ 0:465
qLuL

lL

� �0:3

Ap ð18Þ

The derived PDE represent the dynamic behaviour of the flue
gas volume flow. Eq. (21) is the developed partial differential equa-
tion for the volume flow of the flue gas.

@Vv

@t
¼�Uv @V

v

@z
�

0:465 qLDuL
lL

� �0:3
Ap

� �
:A:z:MrL

qv

ð1:173�10�16ÞðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVaÞ0:6
 !

ðCv �CvintÞ ð19Þ
2.2.4. Application of NMOL to the derived PDE model
The numerical method of lines (NMOL) was used to solve the

PDE of the volume flow rate. The column height of 4 m was dis-
cretized to 0.8 m segments. This was to minimize error in the
results. Discretization of dynamic partial differential equations in
Carbon dioxide capture process has not been studied. NMOL is
another way of perceiving the PDE as an ODE because one depen-
dent variable is kept constant and the other one dependent. Vol-
ume profiling was done at each segment of the column to yield
the following series of equations with the aid of a Spyder console
embedded within the python software.

dVv
in

dt
¼ �Uv V

v
in � Vv

in�1

Dzs
�

0:465 qlDuL
lL

� �0:3
Ap

� �
:ðA:z:MrLÞ

qv
�ð1:173� 10�16Þ

� ðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVaÞ0:6
 !

ðCv � CvintÞ ð20Þ

Dzs is the segment length of 0.8 m. When the NMOL is applied
on Eqs. (19) and (20) is formed. The column will have 5 segments
with a length of 0.8 m. t = (0,100).

Segment 1 where Z = 0–0.8 m

dVv
i1

dt
¼ �Uv

Vv
i1
� Vv

ifeed

Dzs
�

0:465 qlDuL
lL

� �0:3
Ap

� �
:ðA:z:MrLÞ

qv
�ð1:173� 10�16Þ

� ðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVa0:6Þ

 !
ðCv � CvintÞ ð21Þ
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Table 1
Composition of the flue gas. Adapted from (Cormos et al., 2010).

Gas constituent (vol%) Flue gas Mw (kmol/kg) Density (kg/m3)

Nitrogen% 74.13 28.03 1.251
Carbon dioxide% 8.40 44.01 1.98
Water vapour% 4.52 18 1.27
Oxygen% 12.04 32 1.429
Argon% 0.91 39.95 1.784

4 M.I. Nkhwashu et al. / Journal of King Saud University – Science xxx (2018) xxx–xxx
Segment 2 where Z = 0.8–1.6 m

dVv
i2

dt
¼ �Uv V

v
i2
� Vv

i1

Dzs
�

0:465 qlDuL
lL

� �0:3
Ap

� �
:ðA:z:MrLÞ

qv

� ð1:173� 10�16ÞðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVaÞ0:6
 !

ðCv � CvintÞ ð22Þ

Segment 2 where Z = 1.6–2.4 m

dVv
i3

dt
¼ �Uv V

v
i3
� Vv

i2

Dzs
�

0:465 qlDuL
lL

� �0:3
Ap

� �
:ðA:z:MrLÞ

qv

� ð1:173� 10�16ÞðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVaÞ0:6
 !

ðCv � CvintÞ ð23Þ

Segment 2 where Z = 2.4–3.2 m

dVv
i4

dt
¼ �Uv V

v
i4
� Vv

i3

Dzs
�

0:465 qlDuL
lLAs

� �0:3
Ap

� �
:ðA:z:MrLÞ

qv

� ð1:173� 10�16ÞðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVaÞ0:6
 !

ðCv � CvintÞ ð24Þ

Segment 2 where Z = 3.2–4 m

dVv
i5

dt
¼ �Uv V

v
i5
� Vv

i4

Dzs
�

0:465 qlDuL
lL

� �0:3
Ap

� �
:ðA:z:MrLÞ

qv

� ð1:173� 10�16ÞðApÞðMrsolvent Þ0:5
1

ðlsolventÞðVaÞ0:6
 !

ðCv � CvintÞ ð25Þ
2.2.5. Validation of the model
The model was validated by applying another mass transfer cor-

relation by Dragan. De Brito and Dragan’s correlation for effective
mass transfer area is similar because they are both Reynolds num-
ber dependant equations (Tsai, 2010). The specific packing area is
replaced by segment area since the NMOL is applied and it the dif-
ference between the authors equations. Eq. (28) below denotes
Dragan (Geankoplis, 1993).

ae ¼ 0:1245Re0:4L ¼ 0:1245
qLuL

lL

� �0:4

Ap ð26Þ

The results were validated by discretizing the column height to
1 m segments for the system that performed better.
Table 2
Design assumptions of the flue gas for the post combustion process.

Flue gas stream Value Units

Feed volume 1000 m3

Temperature 50 �C
Pressure 1.05 Bar
2.2.6. Simulation
Python computer coded software was used to simulate the

modelled equation. Python is one of the most popular program-
ming languages for scientists and engineers. Python is widely used
in industrial scientific computing (Dolgopolovas, 2014) hence it
was selected as the simulator for the study. Spyder was used as
the editor. The flue gas composition is listed in Table 1. It contains
8.4% of the undesired Carbon dioxide. Three absorbents MEA,
Potassium Carbonate and Chilled ammonia systems were simu-
lated in order to see how they behave when capturing Carbon diox-
ide from flue gas. Only the gas phase was modelled and simulated.

The design assumption was based on parameters listed in
Table 2. The flue gas composition is after the treatment of other
unwanted gases. The parameters were manipulated to best suit
the desired results. The pressure is close to Standard Temperature
and Pressure (STP).

Table 3 below is the column dimensions. The absorption col-
umn is the Mellapak structured design.
Please cite this article in press as: Nkhwashu, M.I., et al.. Journal of King Saud
3. Results and discussion

3.1. Validation of the model

Accuracy in the application of NMOL is proven when the evalu-
ation of the model parameters applied at different segments
results to the same graphical trend. This was proven by the work
of (Cutlip and Shacham, 1999) where the NMOL was applied to a
temperature related problem using Polymath as the simulator.
The graphical solution showed that the results of all the segments
follow the same trend. In the work of Schiesser, the NMOL was
applied to a diffusion equation which showed agreement to the
results of (Cutlip and Shacham, 1999). Bidie and Joubert (2008)
presented results with 11 curves with the aim of doing an error
analysis on NMOL. This is an indication that NMOL results for each
segment will start at the same point and will follow the same
trend.

3.2. Results

This study is emphasized on the profiling of the flue gas volume
flow rate done at each segment of the column. The NMOL proce-
dure was applied and the profile of the volume flow is shown for
each discretized segment of the column. Volume flow tests were
conducted using the three absorbents i.e. Chilled ammonia,
Mono-ethanolamine and Potassium Carbonate at a run time of
100 s. Fig. 2 designates the simulation results with the application
of NMOL. The results show that the application of the NMOL to this
study is accordingly, as the expected solution of the same graphical
trends is attained.

In Fig. 2, the numerical method of lines results for all the three
system investigated follow the same trend. The process time is
made to be the continuous variable and the column height is made
the constant variable. At t = 0, there is nothing in the absorption
column hence the volume will be 0 m3. The volume of the flue
gas increases as time progresses at each discretised section. The
volume of the flue gas stabilised when it reached the peak of the
segment. The results in Fig. 2 are used to apply a real life situation
which is to determine which absorbent performs better. The vol-
ume of the flue gas is affected by each absorbent used since the
results of the volume were not the same. The feed volume of the
flue gas is 1000 m3.With NMOL results, at t = 0 the there is no flow
of gas in the absorption column and the flue gas in the holding is
1000 m3. As shown in Fig. 2, the volume of the flue gas decreases
as it flows up the column. The volume decreases for the MEA,
Chilled ammonia and Potassium carbonate systems.
University – Science (2018), https://doi.org/10.1016/j.jksus.2018.01.009
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Fig. 3. Absorption rate of Carbon dioxide for the MEA, Potassium Carbonate and
Chilled ammonia system.

Table 3
Absorption column parameters.

Parameter Value Units

Column height 4 m
Column diameter 0.5 m
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In this paper, 8.4% CO2 composition is used to account for the
amount of CO2 available in the feed gas. Which means that, out
of the feed gas lost during the process by either absorption or
through recycling, 8.4% of it will account for the CO2 captured con-
sidering that the latter absorbents can only capture CO2 amongst
other feed gas constituents because of its acidic nature
(Kothandaraman, 2010). To determine the amount of CO2

absorbed/captured in the process, Eq. (27) is used to calculate
the fraction of the flue gas lost after absorption.

%flue gas lost¼ Feed Volume100 m3ð Þ� Final flue gas Volumeð Þ
Feed Volume100 m3ð Þ �100%

ð27Þ
%CO2 absorbed=Absorption rate ¼ ð%flue gas lostÞ
ð8:4% CO2 in the feedÞ � 100%

ð28Þ
Eq. (28) is used to calculate the absorption efficiency of the

three absorbents. The absorption rate of CO2 is compared in
Fig. 3 for the three absorbents ‘system. MEA showed the highest
absorption rate compared to Chilled ammonia and potassium
Carbonate.
Fig. 2. Numerical method of lines results for the volume

Please cite this article in press as: Nkhwashu, M.I., et al.. Journal of King Saud
3.3. Validation of the results

From the work of (Gáspár and Cormos, 2012) the mass transfer
area of De Britos et al. was used. MEA proved to have high absorp-
tion efficiency though it was compared with other amines. With
this work, MEA is compared with other solvents and it has proved
to have high absorption efficiency. In the work of (Tsai, 2010), a
review was done for the mass transfer area of De Britos et al. and
Dragan et al. Since both are Reynolds’s number dependant, they
make a good comparison. The comparison of the volume results
of the flue gas for De Britos and Dragan mass transfer area correla-
tion is shown by Fig. 4. The two correlations plots almost lie on the
same curve.

The approximation for the De Britos and Dragans mass transfer
correlation validates the certainty of the model and results. The
of the flue gas flowing across the absorption column.

University – Science (2018), https://doi.org/10.1016/j.jksus.2018.01.009
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Fig. 4. Validation of the model by using two different mass transfer area correlations, the volume of the flue gas at the peak of each segment of the column.
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absorption rate of CO2 for the two correlations is compared in
Fig. 6. Eqs. (27) and (28) are used to calculate the absorption rate.
MEA has the highest absorption rate than Potassium Carbonate and
Chilled ammonia on both correlations.

Fig. 5 presents the amount of Carbon dioxide absorbed for Dra-
gan and De Britos mass transfer area correlation. De britos correla-
tion seemed to have yielded the highest amount of Carbon dioxide
absorbed with comparison to Dragan’s correlation. An error analy-
sis of the two mass transfer correlations is done. The analysis
determines the deviation of the two correlations from each other.
The results are listed in Table 4. Eq. (29) is used to calculate the%
error difference.
Fig. 5. Comparison of the absorption rate for Dragan and De Britos mass transfer
area correlation.

Table 4
Error analysis of the results (%).

Potassium carbonate MEA Chilled ammonia

20.54 1.31 16.87

Please cite this article in press as: Nkhwashu, M.I., et al.. Journal of King Saud
%error ¼ ð%Absorption rate De BritosÞ � ð%Amount rate DraganÞ
ð%Absorption rate De BritosÞ � 100%

ð29Þ
As indicated in Table 4, MEA has 1.31% error difference, which is

the lowest compared to Potassium Carbonate and Chilled ammonia
% error analysis. MEA has been widely studied compared to the
other absorbents. The testing of the mass transfer might have been
based on MEA study since it is commercially and industrially
matured absorbent in CCP. Potassium Carbonate has produced
the highest%error. The results are accepted based on the error anal-
ysis. Potassium Carbonate results are 79.46% accurate, Chilled
Ammonia results are 83.13% and the MEA results are 98.69%
accurate

To validate the NMOL results, another discretization of 1 m seg-
ment is done. It is graphically presented in Fig. 6. Cutlip and
Shacham (1999) made a validation by discretising using a different
Fig. 6. NMOL validation- 0.8 m segmentation and 1 m segmentation: Peak volume
of the flue gas at each segment of the column.

University – Science (2018), https://doi.org/10.1016/j.jksus.2018.01.009
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value. The results for 0.8 m discretization and 1 m discretization
are comparable with a minimal difference. The results are consid-
ered valid.

4. Conclusion

The simulation was conducted to profile the volume of the flue
gas for the post-combustion Carbon dioxide absorption process. A
2D Partial differential equation has proven to be the best solution
in profiling the volume of the flue gas. The equation has been val-
idated by using two mass transfer area correlations. An error anal-
ysis was conducted and the MEA system’s results produced an
error of 1.31%, followed by Chilled Ammonia with an error of
16.87% and Potassium Carbonate with an error of 20.54%. Based
on the error analysis the results and the model are valid. The
Numerical method lines used to solve the Partial differential equa-
tion is being supported by this study. NMOL is a good way of seeing
PDEs as ODEs and that has been proven. Time and space are an
important factor in the process. By the application of NMOL, it
has allowed time and space dimension to play an important role
in the equation. As stated that real life situations are in two dimen-
sion or more.
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