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ABSTRACT 
 

This study’s main objective was to optimize the design parameters of the hybrid membrane-
absorption CO2-capture process in natural gas steam cycle (NGCC) power plants. To calculate the 
CO2 concentration in the permeating gas and the required area for the separating membrane, a 
mass transfer model of a membrane for separating CO2, N2 and H2O was developed in Aspen Plus. 
The effects of the CO2 recovery rate of the membrane, the ratio of the feed gas pressure to the 
permeating-side gas pressure and the flow rate of the flue gas on the required area for the 
membrane, the power consumption of the compressor and the heat duty for the solvent 
regeneration were then analyzed. The optimal feed-gas-to-permeating-side-gas pressure ratio 
and the flue gas flow rate were found to be 10:1 and 50%, respectively. Furthermore, compared 
to traditional chemical absorption, the solvent regeneration’s heat duty decreased by more than 
20.7% when the gas flow rate and the CO2 recovery rate were 100% and 20%, respectively. 
 
Keywords: Membrane-absorption process, Mass transfer model, Natural gas steam combined 
cycle power plants, CO2 capture, Monoethanolamine 
 

1 INTRODUCTION 
 

Carbon capture, utilization and storage (CCUS) technologies was mainly applied in the coal-
fired field due to the carbon emission of coal-fired power plant was over twice for NGCC (natural 
gas steam cycle) power plants (Yu et al., 2012). As a relatively clean energy, natural gas is widely 
used in various industrial fields. CO2 reductions from NGCC power plants had a better application 
prospect in the long run. For an NGCC power plant with capacity of approximately 390–1600 
MWe, the carbon emissions from the flue gas was approximately 190–600 kg MW–1 (Martin-
Gamboa et al., 2018). Considering the considerable carbon emission of the NGCC power plant, 
CO2 capture in the NGCC power plants will become a significance technical storage from a longer-
term perspective, while CO2 concentration of the flue gas in NGCC power plant was about 4 vol% 
due to high excess air ratio. 

For the coal-fired power plant, the optimal regeneration duty of 30 wt% monoethanolamine 
(MEA) solution was about 3.6–4.5 GJ t-CO2

–1 with 80–90% of the CO2 capture rate (Artanto et al., 
2012; Mangalapally et al., 2012; von Harbou et al., 2012; Rabensteiner et al., 2014; Oh et al., 
2016). Therefore, high equipment disposable investment, solution regeneration duty and 
operating cost of CO2 capture became the major obstacles of preventing large-scale adoption. 
Efforts of reducing carbon capture cost had been made on three major aspects: optimizing 
operational parameters, process modifications (Le et al., 2011; Ahn et al., 2013; Yang et al., 2020) 
and developing better solvents (Yu et al., 2019; Liu et al., 2019; Yu et al., 2020). 

However, the power plant with the CO2 capture process would result in reduction of power 
generation efficiency. Especially, CO2 concentration of the flue gas in NGCC power plant (4 vol%) 
was much lower than that in coal-fired power plant (10–14 vol%). The driving force was relatively 
weak due to lower CO2 concentration of the lower part of the absorber, which resulting high  
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solution flow and solution regeneration duty. The testing CO2 partial pressure of flue gas was 
about 55 mbar, and the CO2 capture rate was over 90%. When the structured packing 250.Y height 
over 12 m, the rich CO2 loading was raised to 0.44 mol-CO2 mol-MEA–1 MEA (Notz et al., 2012; 
Agbonghae et al., 2014). The optimal solution regeneration duty was about 3.7–4.2 GJ t-CO2

–1 (Li 
et al., 2011; Mores et al., 2014; Amann et al., 2009; Luo et al., 2015; Luo et al., 2016), while the 
solution regeneration duty had a significant linear correlation with the effective mass transfer area, 
which was related to the specific surface area and height of the structured packing. The measured 
solution regeneration duty values were all over 7.0 GJ t-CO2

–1 when the CO2 concentration was 
less than 5.5%. So, the practical solution regeneration duty was higher than the mentioned values 
above due to the lower rich CO2 loading (Akram et al., 2016). 

To improve the driving force of the lower part of the absorber, Membrane Technology and 
Research (MTR) and the University of Texas at Austin previously proposed a hybrid system which 
considering amine scrubbing and membrane process (Freeman et al., 2014). Maintaining the 
uniform overall CO2 capture rate, CO2 concentration of the flue gas could be enriched from 12% 
to 23% by using CO2 enrichment membrane, and flue gas flow rate will be reduced to 47% 
accordingly. CO2 concentration increased from 14% to 28%, which increasing the mass transfer 
driving force in the absorber (Frimpong et al., 2019). CO2 concentration in the flue gas was raised 
to 12 vol% with membrane unit in NGCC power plant. The total cost of the hybrid amine-
membrane system was lowest when CO2 concentration enriched to 12% (Ding et al., 2017). The 
flue gas split ratio in the membrane unit was calculated by CHEMCAD, and absorber with a direct 
contact cooler (DCC) or pump-around, and variable lean loading was optimized in Aspen Plus. 
MATLAB software was also used to simulate the three-stage membrane process for CO2 
separation (Liu et al., 2019). Few literature on mass transfer calculation model in Aspen Plus 
software. Few researchers concerned the simulation of the membrane-absorption hybrid process, 
while CHEMCAD and MATLAB software were just used for calculating the membrane process. 
CO2 recovery rate and CO2 concentration of membrane unit will affect the absorption process. 
So CHEMCAD and MATLAB software had no special advantages in calculating the overall 
performance of the hybrid process.  

In this paper, the effect of CO2 capture rate, specific surface area of structured packing, lean 
CO2 loading and stripper pressure in the CO2 capture process with 30 wt% MEA solution were 
studied. The mass transfer model of CO2/N2/H2O separation membrane was established based 
on the hybrid membrane-30-wt%-MEA process. Effect of CO2 recovery rate of the membrane 
unit, operating pressure proportion of feed gas pressure over permeate gas pressure and flue gas 
flow ratio on membrane area, compressor power and solution regeneration duty were studied 
based on the membrane calculation model. 
 

2 METHODS 
 

The flow of the flue gas was about 21,600 Nm3 h–1, the CO2 capture scale was 12,000 tons a–1, 
and the annual operation time was 7500 h a–1 in the simulation. The CO2 capture rate ranged 
from 50% to 90%. The specific components, pressure and temperature of the flue gas were 
shown in Table 1. 

To improve the driving force of gas-liquid reaction in the lower part of the absorber, a portion 
of the flue gas was first pumped into the membrane separation unit. CO2 concentration of the  

 

Table 1. Base parameter of flue gas in the NGCC power plant. 

Parameter Unit Value 

Composition   
CO2 vol% 4.20 
O2 vol% 5.00 
N2 vol% 81.77 
H2O vol% 7.03 
Pressure bar 1.06 
Temperature °C 40 
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Fig. 1. Hybrid membrane-absorption CO2 capture process in NGCC power plant. 

 

flue gas was enriched to above 20 vol% in permeate gas, which could increase the rich CO2 

loading. This effect just worked in the lower part of the absorber, so the residual flue gas directly 
pumped into the upper part of the absorber, as shown in Fig. 1. 

Aspen Plus software was applied in CO2 capture process from the flue gas in the power plant 
with MEA solution. Rigorous physical and chemical properties were needed for evaluating the 
performance of the CO2 capture process by using 30 wt% MEA solution. The electrolyte non-random 
two-liquid (e-NRTL) method and perturbed-chain statistical associating fluid theory (PC-SAFT) 
equation of state were used to compute liquid and vapor properties of the CO2-MEA-H2O system, 
respectively. The rate-based model of CO2-MEA-H2O system had been validated with pilot testing 
results. Based on the diffusion model, the hybrid membrane-absorption process of the CO2 
capture in NGCC power plant was built in Aspen Plus, as shown in Fig. 2. In order to reduce the 
compressor power of the hybrid process, the vacuum compressor was applied instead of 
compressor. 

The composition of actual exhaust gas was complex, which will affect the performance of the 
absorption process. In order to simplify the simulation process, the following hypothesis was 
proposed: (1) The flue gas temperature was set as 40°C, and the ash and nitrogen sulfur oxides 
were ignored. (2) Degradation of solvent and corrosion of equipment were not considered in the 
simulation. (3) CO2, O2 and N2 were selected as Henry gas, which conformed to Henry’s law. (4) All 
heat and mass transfer equipment and process were set as heat insulation. 30 wt% MEA aqueous 
solution was selected as absorption solution. The temperature difference of the rich/lean 
solution heat exchanger between cold lean solution and cold rich solution was set as 5°C. Table 2 
listed the diameter, packing type and model parameters of absorber and stripper. Bravo (1992) 
fitting equation was adopted to determine the effective mass transfer area of the structured 
packing in absorber and stripper. 

The operating principle of the membrane unit was that different gas molecules had disparate 
permeation rates through membrane pores under a certain pressure difference. The permeability 
coefficient of gas in membrane structure was an important parameter, which directly affected 
the membrane area and CO2 recovery rate. The calculation method of membrane area and CO2 
recovery rate were shown in Eqs. (1) and (2): 
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where AmCO2

 was the membrane area, m2; θCO2 was the CO2 recovery rate; xCO2F and yCO2P were the 

CO2 concentration in feed and permeability gas, respectively; UF and UP were the total flow of feed 
and permeability gas, respectively, kmol h–1; JCO2 was the permeability coefficient, kmol h–1 m–2 kPa–1; 

and 
2COxP yP−  was the CO2 average differential pressure. 

Recent years had seen great advances in membrane technology (Mubashir et al., 2018). A 
membrane unit specifically developed by MTR for this application (Polaris™), with pure-gas CO2 
permeance values of 1000–2000 GPU (50 psig, 23°C) and CO2/N2 selectivity of 50–60 (White et 
al., 2015; Xu et al., 2019). In this paper, plate and frame modules of membrane unit with 1500 
GPU and 30 CO2/N2 selectivity was applied. As shown in Fig. 3, the CO2 recovery rate and desired 
membrane area of CO2/N2/H2O, the mass transfer model of separation membrane was built in 
Aspen Plus calculator. The selectivity of CO2/H2O was set as 1, so the permeability coefficient of 
H2O was identical with that of CO2. The CO2 concentration had been elevated to more than 
20 vol% in the permeate gas. 

 

 

Fig. 2. Hybrid membrane-absorption process of CO2 capture. 

 

Table 2. Settings in the rate-based calculation. 

Item Absorber Stripper 

Packing type Mellapak 250.Y Mellapak 500.Y 
Packing height 30 m 10 m 
Column diameter 2.2 m 1.4 m 
Flow model Mixed model Mixed model 
Film resistance Discrxn for liquid, film for vapor 
Interfacial area method Bravo (1992) 
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Fig. 3. Mass transfer model of CO2/N2 separation membrane in Aspen Plus calculator. 

 

3 RESULTS AND DISCUSSION 
 

3.1 Structured Packing 
The structured packing, as the core part of mass and heat transfer in the absorber, which 

determined the gas-solution flow mode and mass transfer coefficient. The structural parameter 
of the structured packing directly affected the absorption performance, such as absorber 
diameter, pressure drop of the structured packing section, rich CO2 loading, solution flow and 
solution regeneration duty. According to the two-film mass transfer theory, the mass transfer 
process was theoretically controlled by Henry constant of gas physical dissolution in the CO2-MEA 
absorption process. In the solution phase, the effect of gas-liquid reaction was expressed by the 
chemical enhancement factor E = kL/kL

0. The total mass transfer coefficient in the absorber with 
the reaction between CO2 and amine solution was as follows: 
 

 
22 ,CO lL

G e e e

k MEA DEk
K a a a

He He
=  =   (3) 

 
The gas-liquid reaction of the lower part of the absorber was controlled by the thermodynamic, 

while upper part was controlled by the dynamics. As a result, the reaction rate increased first and 
then decreased along with the structured packing height. For the NGCC power plant, the CO2 
partial pressure of the flue gas was low (about 4.0 vol%), the driving force of the reaction of the 
lower part of absorber was weak. In order to achieve 90% of the capture rate from the flue gas 
in NGCC power plant, higher specific surface area of the structured packing was needed. Fig. 4 
showed the effect of packing height on flooding point and rich CO2 loading. As the height of 
structured packing increased, the effective gas-liquid mass transfer area expanded, the gas-liquid 
contact time extended, the rich solution CO2 loading increased, and the solution flow rate 
decreased. When the height of structured packing 250.Y ranged from 16 m to 30 m, the rich 
solution CO2 loading increased from 0.294 to 0.396 mol-CO2 mol-MEA–1, and the flooding point 
reduced to 60.9% simultaneously. 

The rich CO2 loading and solution flow affected the latent heat of the CO2 product gas which 
out from the stripper and sensible heat of the hot rich/lean solution in the regeneration process, 
which directly affected the regeneration duty. As shown in Fig. 5, the regeneration duty 
decreased with the increasing of the structured packing height. The results demonstrated that  
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Fig. 4. Effect of packing height on rich CO2 loading and flooding point of absorber. 

 

 

Fig. 5. Effect of packing height on solvent regeneration duty. 

 

the optimal parameters selected were 90% CO2 capture rate, 30 m 250.Y structured packing, 
0.26 mol-CO2 mol-MEA–1 lean CO2 loading and 2.0 bar stripper pressure. Under this operating 
condition, the rich CO2 loading and solvent regeneration duty were 0.396 mol-CO2 mol-MEA–1 
and 4.99 GJ t-CO2

–1, respectively. The regeneration duty can be reduced to 4.54 GJ t-CO2
–1 when 

the total packing volume of 25 m IMTP 40 random packing was about 1.27 times of the 30 m 
250.Y structured packing in the absorber (Luo et al., 2015). 
 

3.2 Flue Gas Inlet Stage 
The reaction of the lower part of the absorber was controlled by thermodynamics. In order to 

increase the rich CO2 loading, the permeate gas with higher CO2 partial pressure should be 
pumped into the lower part of the absorber (Stage 20, 0 m packing location). The flue gas with 
low CO2 partial pressure will affect this absorption process, so the inlet location should be 
discussed detailed at first. Fig. 6 showed the effect of inlet location on the rich CO2 loading and 
solution regeneration duty. With the increasing of the number of flue gas inlet stage, the rich 
CO2 loading increased first and then decreased. Overall, permeate gas with higher CO2 partial 
pressure improved the driving force of the lower part of the absorber. Compared with traditional 
chemical absorption process, the higher rich CO2 loading which resulting the lower solution flow 
and solution regeneration duty. When the inlet stage of flue gas with lower CO2 pressure was  
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Fig. 6. Effect of flue gas inlet stage on rich CO2 loading and solvent regeneration duty. 

 

over Stage 19 (1.5 m packing location), the rich CO2 loading will be reduced, and the regeneration 
energy consumption will increase sharply due to the mixture of flue gas with lower CO2 partial 
pressure and permeate gas with higher CO2 concentration. The optimal inlet stage of the 
absorber: Stage 18 (1.5 m packing location). The rich CO2 loading was 0.455 mol-CO2 mol-MEA–1, 
and the minimum regeneration energy consumption was 4.01 GJ t-CO2

–1 under this operating 
condition. In this study, Stage 19 was selected as the inlet stage of the flue gas with low CO2 
partial pressure. 
 

3.3 CO2 Recovery Rate of Membrane Unit 
The CO2 recovery rate of the flue gas directly affected the permeated CO2 concentration and 

membrane area, and then affected the rich CO2 loading, solvent flow and regeneration duty of 
the hybrid membrane-absorption process. Therefore, it is necessary to study the effect of CO2 
recovery on the absorption process. As shown in Fig. 7, the permeate gas decreased slightly from 
32.3 vol% to 28.7 vol% with increasing of flue gas CO2 recovery rate (5–30%). The total cost of 
the hybrid amine-membrane system is lowest at 12% absorber inlet CO2, and the flue gas split 
ratio was calculated by CHEMCAD (Ding et al., 2017), while the actual CO2 concentration of the 
permeate gas was higher than the value which calculated by CHEMCAD. The non-permeate gas 
CO2 concentration had not changed much. The rich CO2 loading increased with increasing of CO2 
recovery rate, which still far away from the saturation state. When the CO2 recovery rate was 
over 20%, the rich CO2 loading had not changed much. The total CO2 capture capacity improved 
with the increasing of CO2 recovery rate, while the solution flow did not change much. 

As shown in Fig. 8, the average differential pressure of feed/permeate gas and the membrane 
area showed an approximate linear correlation with CO2 recovery rate. The membrane unit 
operated under atmospheric conditions due to the vacuum compressor. The average differential 
pressure of the membrane unit as low as 1.2–1.42 kPa on this account. 

For hybrid membrane-absorption process, the compressor power should be taken into 
account. The compressor power was linearly relative to the CO2 recovery rate. The total 
regeneration duty included compressor power and solution regeneration duty. The total 
regeneration duty decreased first and then increased with the increasing of flue gas CO2 recovery 
rate. As shown in Fig. 9, the total regeneration duty ranged from 3.81–4.12 GJ t-CO2

–1 when the 
CO2 recovery rate ranged from 5% to 30%. The CO2 capture scale increased with the increasing 
of CO2 recovery of the flue gas. Considering the membrane area (membrane unit investment) 
and solvent flow, the optimal CO2 recovery rate was selected as 20%. 

The permeate gas with high CO2 concentration was pumped into the absorber on Stage 20, 
and the flue gas with low CO2 concentration inlet position was set as Stage 19. In such operating 
condition, these two gases will be inevitably mixed at the position on Stage 18. From Fig. 10, it 
can be seen that the concentration of flue gas CO2 changed sharply on Stages 18–20 in the  
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Fig. 7. Effect of CO2 recovery rate on rich CO2 loading. 

 

 
Fig. 8. Average differential pressure and membrane area. 

 

 

Fig. 9. Effect of CO2 recovery rate on total duty. 
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Fig. 10. CO2 concentration profile of absorber column. 

 

absorber. The CO2 concentration dropped to about 4.0 vol% on Stage 19, so it was considered 
that the two gases were completely mixed at this position. 
 

3.4 Flue Gas Flow of Membrane Unit 
In order to reduce the compressor power, vacuum compressor was applied in the hybrid 

process. To improve the CO2 capture rate of the hybrid membrane-absorption process, the flue 
gas flow of membrane unit should be optimized. At first, the flow of flue gas in membrane unit 
was equal to the flow in absorber column. Fig. 11 showed CO2 concentration of permeate gas 
and rich CO2 loading under different flue gas flow (30~100%). Under this condition, CO2 
concentration reduced from 29.95% to 23.40%. The permeate gas with higher CO2 partial 
pressure will improve the driving force at the bottom of absorber, so the lower CO2 partial 
pressure will result in lower rich CO2 loading. CO2 concentration of permeate gas had less effect 
on the rich CO2 loading and solution regeneration duty. The increasing of permeate gas flow 
which resulting in higher compressor power due to the decreasing CO2 concentration of permeate 
gas. However, the compressor power occupied a small portion in total regeneration duty. 

According to Eq. (1), the required membrane area had a significant linear correlation with the 
average partial difference between feed and permeate gas. Fig. 12 showed the average 
differential pressure and membrane area ratio under different flow ratio. The membrane area 
increased rapidly when the flow ratio was over 50%. When the flue gas flow ratio in membrane 
unit was 30%, the average partial pressure difference decreased by 40%, and membrane area 
increased by 43.67%. The optimal flow ratio was selected as 50%, and the required membrane 
area was about 115% of 100% flow ratio condition. 
 

3.5 Pressure Ratio between Feed and Permeate Gas 
To reduce the power of vacuum compressor, increasing of membrane area and decreasing of 

pressure difference between two sides of the membrane can be applied. While the membrane 
area and permeate side pressure will affect the investment cost and operating cost, these two 
parameters should be optimized. Table 3 showed the membrane separation, absorption and 
regeneration performance under different flow and pressure difference ratio. When the pressure 
difference ratio was 5:1. The process had lower rich CO2 loading, higher compressor power and 
solvent regeneration duty under lower pressure difference ratio. CO2 concentration of permeate 
gas dropped to 16.95–28.60 vol%. The compressor power increased would rise by 10% due to 
greater permeate gas flow. The total regeneration duty of 5:1 pressure difference ratio increases 
of 2.64–3.59% compared with 10:1 pressure difference ratio. And even worse is that the 
membrane area was double. The optimal total regeneration duty was reduced by 20.7% when 
flow ratio and CO2 recovery were 100% and 20% respectively. 
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Fig. 11. CO2 concentration of permeate gas and rich CO2 loading. 

 

 

Fig. 12. Effect of flow ratio on average differential pressure and membrane area ratio. 

 

Table 3. Membrane and absorption performance under different pressure ratio. 

Flow ratio CO2 recovery Pres. ratio Per CO2 RLD Amem Qcomp Qreb 
% % ‒ vol% mol/mol m2 GJ t-CO2

–1 GJ t-CO2
–1 

100 20 10:1 29.95 0.471 3452.57 0.1318 3.825 
100 20 5:1 18.60 0.460 7293.44 0.1455 3.950 
50 40 10:1 27.32 0.466 3970.73 0.1446 3.882 
50 40 5:1 16.95 0.458 8255.99 0.1598 3.973 

 

4 CONCLUSIONS 
 
The chemical absorption process for capturing CO2 is influenced by the CO2 concentration of 

the permeating gas, the area of the membrane and the power of the compressor. Hence, we 
developed an integrated mass transfer model of a separating membrane in Aspen Plus that 
simulated the flow, composition and pressure of the permeating gas as well as the required area 
for the membrane. To improve the driving force of the gas-liquid equilibrium, flue gas with a low 
CO2 concentration was pumped into the absorber on Stage 19, which increased the CO2 load in 
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the MEA from 0.396 to 0.471 mol-CO2 mol-MEA–1. Using a lower feed-gas-to-permeating-side-
gas pressure ratio degraded the separation performance, with a lower CO2 concentration in the 
permeating gas, a lower CO2 load in the MEA, higher power consumption by the compressor and 
a higher heat duty for the solvent regeneration. The required area for the membrane primarily 
depended on the ratio of the feed gas pressure to the permeating-side gas pressure and the flow 
rate of the flue gas, more than doubling in size when these two parameters were reduced. The 
optimal feed-gas-to-permeating-side-gas pressure ratio and the flue gas flow rate were found to 
be 10:1 and 50%, respectively. Furthermore, compared to traditional chemical absorption, the 
solvent regeneration’s heat duty decreased by more than 20.7% when the gas flow rate and the 
CO2 recovery rate were 100% and 20%, respectively. 
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