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Abstract

A non-equilibrium rate-based absorption model based on the two-film
theory was adapted for the physical solvent in a packed bed column
with co-counter current flow in place of chemical reaction. Carbon
dioxide (CO2) removal from fresh biomethane in a palm empty fruit
bunch thermochemical conversion plant to improve the purity of the
dried gas was modeled from the approximation of mathematical
equations. This objective was achieved by improvising and reducing
the model assumptions with guaranteed accuracy based on the
validation using the established measured data. A better mathematical
model with the predicted temperature profile at the liquid side and a
mean absolute percentage error of less than 25% contributed to the 2
wt.% differences between the assumed dimethyl ether polyethylene
glycol purity and the experiment, which is sufficient to be considered
acceptable. To understand the performance of the absorption column,
the sensitivity of three input variables on the removal of CO2 was
analyzed, including the temperature, pressure, and solvent feed flow
rate by manipulating the input value for each variable individually. The
optimum temperature of 31 °C, pressure of 1.6 kPa, and solvent feed
flow rate of 1:1 liquid-to-gas ratio were established as the baseline
values for the sensitivity test. The analysis from the mathematical
model indicates a significant influence of the operating temperature on
CO2 absorption. This study enhances biomethane purity, optimizes CO2
removal, and improves operational efficiency. It aligns with
sustainability goals, reduces emissions, and offers economic benefits,
making it valuable for the renewable energy industry.

This is an open access article under the CC BY-NC-SA 4.0 license.
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1. Introduction

A two-film theory rate-based model has been extensively discussed in the gas purification study of carbon dioxide
(CO2) through chemical absorption. Nevertheless, little emphasis has been given to the analysis of the non-
equilibrium (NEQ) characteristics of certain variables of interest using physical solvents. In the absence of
chemical reactions, the capture of CO2 by physical absorbents appears favorable under high-pressure and low-
temperature operating conditions because its efficiency is directly related to Henry's law [1]. Challenges are
expected to prove the possibility of the existing model to be compatible in the context of physical absorption. This
is done by adjusting assumptions to ensure that ultimately, the error is within the acceptable range.

Gaspar et al. [2] applied a dynamic model of CO2 chemical absorption with a simplified rigorous-based mass
transfer model to numerically compute the efficiency of COz capture at the gas stream outlet through the CO2
concentration profile by varying the flow rates of flue gas. Gaspar and Cormos [3] evaluated a combined dynamic
model of mass conservation and hydraulic correlation to optimally minimize the packing column dimension based
on the sensitivity of the liquid-to-gas ratio (L:G) to the absorption rate, and four different classes of alkanolamine
solution were compared. Similar to the SRP Il model implemented by Tan et al. [4], the mass transfer of COz from
the gas phase to the liquid phase in steady-state counter-current CO; absorption by an inert absorbent to methane
along a packed bed column was predicted at the elevated operating pressure of 0.1-5.0 MPa. Jayarathna et al. [5]
revealed the high dependency of absorption rate, contact time, and phase equilibrium on the COz removal
efficiency, the CO2 absorption heat as the driving force for the temperature gradient, and the influence of CO2
absorbed availability to the rich loading rate using the NEQ rate-based model with the collaboration of Kent-
Eisenberg model.

The difficulty in accomplishing the ideal equilibrium of COz absorption has led to the rate-based model being
the best option to date for the analysis of the real-time behavior of CO2 separation. The rate-based NEQ model
based on the two-film theory proposed by Pandya [6] was revised by Gabrielsen et al. [7] to describe the behavior
changes of CO2 and water vapor in a counter-current packed bed column with a uniform concentration and
temperature at both the bulk side and the interphase, a considerable ideal binary mixture of vapor-liquid phase,
and negligible solvent volatility and heat released to the surrounding. Based on the assumptions, Isa et al. [8]
adapted Pandya's approach for the high CO: concentration in an adiabatic absorption tower operated at
atmospheric pressure. The modification of Pandya's model was reported by Shahid et al. [9] with the exclusion of
water vapor loss from the solvent in analyzing the CO2 mass transfer behavior across two absorption regimes in
a packed bed column. Shahid et al. [10] investigated the absorption rate as a function of CO2z loading, which leads
to the partitioning of the packed column into fast and slow regimes. This analysis considered high pressures up to
40 bar and high COz concentrations in the evaluation of COz removal efficiency, taking into account factors of liquid
flow rates, solvent concentration, and COz feed concentrations in the absence of axial dispersion, gas-liquid
equilibrium according to the Peng-Robinson equation of state, and equivalent mass and heat transfer area.

In contrast to the previous studies, Shahid et al. [11] considered axial dispersion with an assumed fast gas-
liquid separation rate in the liquid film and equilibrium in the liquid bulk when modeling a precisely structured
packed column through a correlation analysis with mass transfer efficiency and effective mass transfer area for
adiabatic COz absorption at high liquid flow rates. Pakzad et al. [12] incorporated heat transfer at the liquid-gas
interface based on the Chilton-Colburn analogy in the existing model to investigate the importance of the
enhancement factor and mass transfer correlations for COz absorption performance. Several key parameters were
involved, such as the COz composition in the liquid and gas phases, the temperature profile representing the heat
release along the packing height, the solvent concentration relative to the CO: loading along the packing height,
and the water distribution within the packing column as a function of temperature.

Regarding the gap in knowledge contribution, the two-film theory has been adapted for the rate-based
mathematical model of COz removal through physical absorption. The objective of the modeling study is to
improve the purity of methane in dried gas as the product of the thermochemical conversion of palm empty fruit
bunch (PEFB) through combined pyrolysis and direct methanation. To achieve the corresponding objective, the
assumptions of the model are slightly refined with the validation against the real data retrieved from the studies
of Kelly et al. [13] and Dave et al. [14]. The developed model is utilized in the sensitivity simulation to observe the
influence of temperature, pressure, and feed flow rate on the removal of CO2 from biomethane.

2. Mathematical Model: List of Assumptions

The rate-based model, derived from the two-film theory, was refined with minor adjustments to the assumptions
to develop a mathematical model that can describe the physical absorption of CO2 from biomethane as follows:

i. Equations (1)-(6): Mass and energy balances of a counter-current absorption model [9] for a packed bed
column (Figure 1).
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ii. Equation (7): The physical solvent used (i.e., dimethyl ether polyethylene glycol (DEPG)) that is inert to
most gases, including water vapor [9], except COz due to the higher solubility of water than COz in DEPG
[15].
ii. Equations (8) and (9): A vapor-liquid equilibrium model consists of the initial partial pressure of CO: at
the interface.
iv. Equation (9): Henry's law constant of CO2-DEPG [16].
V. Equations (10) and (11): Mass transfer of CO: in the liquid and gas phases, respectively [17].
vi. Equation (12): The wetted area of packing is assumed to be equal to the gas-liquid interfacial area [17].
vii. Equations (13)-(16): The presence of the side effect of COz mass transfer in the liquid phase [18].
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Fig. 1 lllustration of a CO2 absorption model, an improvised version of Pandya [6], Gabrielsen et al. [7], and Shahid
etal [9]

2.1 Implementation and Validation

The model was coded and executed using an ordinary differential equation (ODE) solver in MATLAB (R2019b,
software license number: 40774331). The initial value for each input variable in the ODEs, as presented in Table
1, was based on the simulation data of raw biogas from the outlet of a steady-state IRMA isothermal reactor [19].
The constants and the mechanical design parameters, as listed in Table 2, were introduced to define the main
equations. The results were then validated by calculating the determination of coefficient (R%), mean absolute
percentage error (MAPE), and mean square error (MSE) using Equations (17), (18), and (19), respectively. Both
datasets were first normalized using Equation (20), which was based on the experimental runs by Kelly et al. [13].
The prediction from the model was made once the resulting error was lower than those reported in the literature.

2.2 Sensitivity Analysis

The confirmed mathematical model was utilized in the sensitivity study to observe the degree of influence for each
input variable (temperature, pressure, and feed flow rate) on the response of COz removal. The sensitivity test
was conducted according to a profile method, where the base value of one variable was manipulated gradually at
a time, with change ratios of 25%, 50%, and 75%, while the remaining variables were kept constant.

3. Results and Discussion

A mathematical model of COz physical absorption from biomethane was developed, and the least error of
approximation (temperature profile of the liquid and gas streams) was identified using the ODE45 solver by
adjusting the design parameters according to literature values [20], as presented in Table 3, after several
iterations of trial-and-error. The significant selective COz removal by the co-counter current flow absorption can
be seen toward the end of the column distance, as illustrated in Figure 2. Moving from downstream to upstream,
the CO2z content in biogas decreased by up to 95% from its initial concentration, while the CO2 content in DEPG
exhibited an opposite trend due to the dissolving of COx.
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Table 1 Main characteristics of biomethane feedstock data [19]

Operating condition Value
Methanator temperature (°C) 26.8
Methanator pressure (kPa) 2700
Flow rate of the outlet gas stream of the gasifier (kmol/s) 0.0131
Dry gas composition (mol%)

CHa 52.5
CO2 45.1
Co 0.0
Hz 2.4

Table 2 Design data of a structured packing column of COz absorber [20]

Design parameter Value / detail Unit
Column diameter 28.0 mm
Total height of column 2.16 m
Material construction Stainless steel

Packing model Structured Sulzer DX

Interfacial area/wet surface area per unit packing volume 900 m?2/m3
Packing length 0.054 m
Packing number 40

Y.(Predicted data — Measured data)2

B Y (Measured data — Mean of measured data)?

d data — predicted data)?
MSE :Z(measure ata — predicted data) (18)
number of data

|measured data — predicted data| x 100 %
MAPE (%) = measured data (19
(%) number of data

0.8(Scale data point — minimum data point)
Normalised data = - - — —+ 0.1 (20)
(maximum data point — minimum data point)

RZ=1 (17)

In the first quarter of the packed bed column from the upstream, the CO: absorbed was rapid due to the
relatively lean feed solvent [21]. The pure DEPG promoted the expansion of COz loading by at least 65% without
fluctuations in CO2z concentration due to the absence of water vapor in the biogas, which agreed with the model
assumption (ii.). Then, it was noticeable that the concentration decreased progressively. This is because the
occupied COz had reached the maximum capacity of the solvent for optimum absorption, indicating that both gas
and liquid phases of COz are at an equilibrium state. The absorption rate slowed down near the downstream
because the solvent was semi-contaminated with COz impurity [21]. In addition, the low rate was attributed to the
low residence of the packing column, where the gas-liquid phase contact surface area was largely dependent on
the column diameter and type, as well as the height of the packing used [22].

It can be said that the reference correlations used to define the parameters in the main equations, including
the physical properties of the solvent and the surface tension, must be compatible with the characteristics of the
structured packing. This is because the packing significantly influences the overall efficiency of gas-liquid mass
transfer in the packed bed column, as well as the operational key variables (i.e., total pressure of the absorber,
concentration, and COz loading rate of the DEPG solvent). The model's prediction of the given COz concentration
profile appeared to be specific for the initial composition of COz in biomethane at 40.051 mol%.

3.1 Model Validation

The accuracy of the mathematical model was proven by the dual confirmation from qualitative and quantitative
analyses. From Figure 3, the predicted liquid-side temperature was relatively close to the actual data, with a slight
deviation that enhances process control and optimization. This improvement makes COz absorption more
economically feasible in terms of operational costs and energy consumption.

This is contributed by the correlations where the assumption is made to address that DEPG has 100% purity.
In contrast to the material used in the reference experiment, DEPG consisted of 2 wt.% water that was
intentionally added to overcome the mild conditions of the operating packed bed column for purifying high-
pressure gases. The study shows that COz capture remains effective even at 2 wt.% water content in DEPG,
suggesting that extremely high solvent purity is not required, which can reduce costs and simplify handling and
storage. The prediction showed good agreement with the measurement from the experiment conducted by Kelly
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et al. [13], with the calculated R2 = 0.972, MSE =9.017 x 10-3, and MAPE = 20.43%. Due to the physical absorption
resulting from the in-contact co-counter current flow, the warm biogas from the downstream (z = 0.00 m) and the
cold solvent of DEPG fed from the upstream (z = 2.16 m) simultaneously shifted their respective temperature until
the net heat transfer was achieved. This explains the exponential temperature profile pattern in both side streams.
The rate-based absorption model significantly improved the prediction error from 36.84% as reported by Kelly
etal. [13] to as low as 20.43% for the characteristic study on the physical removal of COz by DEPG. Therefore, the
model assumptions were adequately validated and are scalable, providing insights into heat transfer mechanisms

that can enhance the design and operation of biomethane gas cleaning on an industrial scale.

221

Table 3 Final iteration input values of the mathematical model for COz physical absorption

Parameter Symbol Value Unit

Packed bed column distance

Initial Z0 0.00 m

Final Zf 2.16 m

Initial guess of ODE variables

Feed flow rate of PEFB-derived biomethane G 13.111 mol/s

COz mole fraction in feed biomethane yCO2 0.4051

Feed flow rate of DEPG physical solvent L 13.111 mol/s

COz mole fraction in feed DEPG physical solvent xCO2 0.0000

Gas-side temperature Ta 26.8 °C

Liquid-side temperature TL 25.0 °C

Mechanical design parameter of the absorber

Total dry surface area of packing Ac 900.0 m?/m3

Number of packings n 36

Column diameter d 2.0 cm

Packing size dp 0.54 m

Operating conditions of COz absorption

Temperature T 31.0 °C

Total pressure P 162.12 kPa

Purity of DEPG solvent XDEPG 1.0

Concentration of DEPG Coerg 1.0 mol/m3

Concentration of CO2 CCO2 2.0 mol/m3
2.5

N

=
&

=

—6— (0, at gas side (mol/s)

(=]
o
I
T

Packed bed column distance from the downstream, z
(m)

Mole fraction (mol CO,)

Fig. 2 CO2 concentration profile along the packing column distance from the bottom
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However, the temperature profile overestimates the pilot data from a packed tower simulation work [14]
with R? = 0.603, MSE = 0.168, and MAPE = 46.17%. This discrepancy indicates that the modelling assumptions
have limitations as they do not always maintain the same operating conditions of the physical absorbent, including
variations in water content, solvent feed temperature, and flow rates, which could affect CO2 absorption efficiency
and overall performance. Moreover, increasing the size of the packed bed column may introduce complexities that
are not considered in the model, such as flow distribution and column dimensions.

1.0

e Kellyetal. (1981)
x ——MATLAB
x  Daveetal. (2016)

154
O
I
T

e
(o]
I
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e
~
I
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o
(o))
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l
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w
I
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o
N
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Normalized packed bed column distance, z,,,,.,,
o
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i

0.0 I I I I
0.0 0.2 0.4 0.6 0.8 1.0
Normalized temperature at the liquid side, T},

Fig. 3 Predicted (MATLAB) versus experimental data [13,14] of the temperature profile at the liquid side

3.2 Sensitivity Analysis

From the final iteration of the mathematical model, the optimum value of each input parameter was identified
as T=31°C,P=1.6kPa, and L:G =1:1, which have been referred to as the benchmark in this sensitivity test. Figure
4 shows that operating temperature is the most sensitive input factor for COz removal, as indicated by the
significant difference in the minimum CO2z concentration in the range of 0%-75% reduction from its base value.
The efficiency of DEPG capacity to absorb COz losses decreased outside the room temperature range, whether the
condition is colder or slightly warmer. A stable operating temperature significantly improves the upgrading of
biomethane gas with efficient absorption of CO-, especially for industrial purposes. Therefore, the temperature of
lean solvent needs to be monitored after regeneration through pressure flashing before it can be recycled to the
upstream of the column, with adjustments made by heat exchangers or cooling systems to ensure that it remains
within the optimum range. On the other hand, an increase in solvent temperature due to the co-counter current
contact with the warm biogas could contribute to an increase in the absorbent's viscosity, which will reduce CO-
solubility in DEPG [22]. This necessitates the installation of mechanisms to control and mitigate temperature
increases, such as insulated columns or temperature-controlled environments. Maintaining a constant
temperature of 31 °C in industrial environments can be challenging due to external environmental conditions and
the heat generated during COz absorption. Future research should investigate advanced cooling and heating
systems that can dynamically adapt to temperature fluctuations and explore the use of novel solvents that are less
sensitive to temperature fluctuations.

The second influential factor is the feed flow rate of liquid solvent, as indicated by the uniform gap of the
minimum COz concentration from 0% to a 75% increase from its benchmark point. The efficiency of CO:
absorption increased with the narrowing gap of the feed flow rate between the biogas and DEPG. This observation
is consistent with the findings of Kelly et al. [13], suggesting that a slightly low or equivalent L:G of the feed flow
rate promotes a longer retention time of the co-counter current gaseous flow to the physical solvent in a packed
bed column to achieve optimum CO2 absorption. Regardless of flooding prevention, the liquid ratio should be
equal to or lower than the gas feed flow rate [23]. Automated control systems and sensors should be provided in
the packed bed column to allow precise adjustment of liquid and gas feed flow rates in real-time to maintain the
optimum L:G and ensure sufficient retention time for gas-solvent interaction. Achieving and maintaining an exact
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L:G of 1:1 can be difficult in large-scale plants due to variations in biomethane feed and operating conditions.
Therefore, robust control algorithms and sensor technologies need to be developed to improve the precision of
flow rate adjustments and investigate the effect of different L:G ratios on CO2z absorption efficiency under different
operating conditions.
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S 035

=

E
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©
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7& 0.05
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0.00 - i i i
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T (°C) 31.0 23.2 15.5 7.75
P (kPa) 1.6 1.2 0.8 0.4
F (L:G) 1:1 4.5 2:3 4.7

Fig. 4 Sensitivity analysis based on the profile method

Among the three input parameters, pressure was ranked the least sensitive to changes in COz removal. CO2
absorption efficiency increased with the gradual rise in operating pressure, as indicated by the consistent changes
from 75% to 0%, which was limited until the atmospheric condition. The solubility of CO2 in the physical solvent
is expressed as a function of COz partial pressure. The selection of packing design is also vital to maintain the
optimum pressure drop for COz transfer with respect to surface area uniformity and column size, resulting in the
friction loss of COz into DEPG during absorption [16]. This necessitates investment in high-quality packing
materials and appropriate column design to minimize friction losses. Pressure fluctuations can still affect the
overall efficiency and safety of the system. Therefore, pressure-resistant materials and column designs that can
withstand higher pressures without compromising efficiency need to be explored, and the combined effects of
pressure and other parameters on COz absorption in different industrial environments need to be investigated.

Changes in solvent properties such as viscosity and solubility can affect CO2 absorption efficiency, and the
interaction between the solvent and the biogas components can introduce impurities that affect performance.
Therefore, it is necessary to investigate the long-term stability and performance of DEPG and other physical
solvents under different industrial conditions and to develop new solvents or solvent blends with improved
thermal and chemical stability. The economic feasibility and environmental impact of maintaining optimum
conditions for CO2 absorption must be considered. This requires life-cycle analyses and cost-benefit analyses to
determine the most sustainable and cost-effective methods for COz capture and to investigate alternative energy
sources and waste heat recovery systems to reduce operating costs and environmental impact.

4. Conclusions

The incorporation of CO2-DEPG solvent correlations in a rate-based model based on the two-film theory has
demonstrated the capability to estimate CO2 removal from biomethane through physical absorption. The input
data of the feed biogas were obtained from the thermochemical pilot plant model of PEFB conversion. The model
was validated with a better MAPE of the temperature profile, as low as 20.43%. Using the profile method, the
sensitivity analysis of the mathematical model revealed that the operating temperature has the most significant
effect on COz removal compared to the pressure of the packed bed column and the feed flow rate ratio of the liquid
solvent to the biogas. Enhanced CO2 removal efficiency contributes to the reduction of greenhouse gas emissions,
aligning with environmental regulations and sustainability goals for a cleaner industrial process. Future research
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should focus on validating real-world data through pilot-scale experiments to refine the model, incorporate
advanced computational techniques and real-time monitoring for improved predictive capabilities, explore
alternative solvents for more effective CO2 removal, and investigate the long-term performance and stability of
DEPG with different impurities for continuous operation and maintenance strategies.
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Appendix A: Supplementary Information

Table A1 List of physical property correlations required by the mathematical model

Property Correlations
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5.886 x 10°
+ TXDEPG

8.704x10° 1.824x10°
T + T2 XpEPG

3.559 x 10*
T

+ (8.755 -

,  3.542x 105 5.810 x 107 s
+(—-5.344 x 102 + - XpEPG

T T2
, 5.781x 105 9.385 x 107 .
+8.809 x 102 — T + T2 XpEPG
2.669 x 105 4.322 x 107 .
T - T? XDEPG

+ (—4.080 x 10% +

e = (—1.958 x 10 + 1.123T — 2.32 x 107 2T? + 2.067 X 107*T3 — 6.74 x 1077T*) +
(4.187 x 1072 —2.426 X 1073T + 5.051 x 10°T%? — 4.528 x 107'T3 +
1.484 x 107 °T*)P + (—3.164 x 107> + 1.853 x 107°T — 3.892 x 107872 +
3.512 x 1071°T% — 1.157 x 10~ 12T*)P? + (1.018 x 107% — 6.014 x 1071°T —
1.272 x 1071172 — 1.154 x 107373 — 3.819 x 1071°T*)P3 +(—-1.186 x 10712 +
7.052 x 10T — 1.5 x 1071°T% + 1.368 x 107 17T3 — 4,545 x 10-20T4)p*
2119)

Dco,-pepcc = 2.35 % 107% exp (—T

Dco,-peper = 9-89 X 1078 Tppppg=*207V, ~040), 026

Vpepe = 2.15688 X 107 + 1.92822 x 107 7T + 1.98626 x 101072
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Table A2 Processed data 1 used in validating the mathematical model (the liquid-side temperature profile)

Kelly etal. [13] MATLAB Normalized data (Tmeasured - | (Tmeasured-Tpredicted) | %

(measured) (predicted) Tpredicted)? 100% /Tmeasured
z(ft) Ti(°F) z(m) Ti (K) Z  Tmeasured  Tpredicted

3.0 -5.0 2.16 298.15  0.90 0.10 0.10 0.000 0.00

1.6 -4.0 1.16 298.21 0.53 0.15 0.12 0.001 20.00

1.3 -2.5 0.95 29834 0.45 0.23 0.15 0.006 35.56

0.8 0.0 0.57 298.72 0.31 0.35 0.23 0.014 34.29

0.3 4.0 0.22 299.32 0.18 0.55 0.37 0.032 32.73

0.0 11.0 0.00 30149 0.10 0.90 0.90 0.000 0.00

R2= 0.972
MSE = X (Tmeasured-Tpredicted)?/N = 9.017 x 10-3
MAPE = Z(| Tmeasured-Tpredicted| X 100 % /Tmeasured) /N = 20.43%

Table A3 Processed data 2 used in validating the mathematical model (the liquid-side temperature profile)

Dave et al. [14] MATLAB Normalized data (Tmeasured - | (Tmeasured-Tpredicted) | %
(measured) (predicted) Tpredicted)? 100% /Tmeasured

z(m) Ti(°C) z(m) T (K) z Tmeasured  Tpredicted

25 22.5 2.16 298.15 0.90 0.10 0.10 0.000 0.00

20 27.0 1.62 298.14 0.70 0.43 0.10 0.107 76.60

15 31.0 1.08 298.25 0.50 0.72 0.13 0.351 82.53

10 33.0 0.54 298.76  0.30 0.86 0.24 0.384 71.75

5 335 0.22 299.32  0.10 0.90 0.90 0.000 0.00

Rz = 0.603
MSE = X(Tmeasured-Tpredicted)2/N = 0.168
MAPE = (| Timeasured-Tpredicted| X 100 % Tmeasured) /N = 46.17%

Table A4 The recorded data obtained from the sensitivity simulation of the mathematical model

Changes ratio (%) Feed flow rate of liquid solvent Temperature Pressure
L:G yCO2 (mol CO2) T(°C) yCOz(molCOz) P (kPa) yCOz(molCO2)
Base 1:1 0.0220 31.0 0.0220 1.6 0.0220
25 4:5 0.1486 23.2 0.2510 1.2 0.0756
50 2:3 0.2100 15.5 0.3228 0.8 0.1398
75 4:7 0.2460 7.75 0.3558 0.4 0.2148
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