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 Background: The sub-quality natural gas reserves usually contain more than 2% of 

carbon dioxide (CO2) which can be highly corrosive with the presence of water and 

corrodes the pipeline and other equipment. The flowing pressure of natural gas is very 

high compared with post combustion process. Thus, modelling is very essential to study 

and analyze the CO2 removal from natural gas due to energy and cost consumption. 
However, there are limited modelling efforts in the study of removal high content CO2 

at elevated  pressure. Therefore this project focused on the rate based simulation model 

of an absorber column for removing high concentration CO2 (>40%) from natural gas at 
elevated pressure by using Monoethanolamine (MEA). The validation process is 

conducted through experimental work based on the existing high pressure pilot plant 

facility. Aspen plus simulation software is used in this study to imitate the process. The 
results shows that rate based models yield reasonable predictions for removal of CO2 

percentage. 
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INTRODUCTION 

 

 Natural gas has always played a fundamental 

role in supporting Malaysia’s economic development 

and accounted for 46% of Malaysia’s primary energy 

supply in 2012. As a  well known world second 

largest exporter of liquefied natural gas (LNG) after 

Qatar, it was reported that Malaysia has up to 83 

trillion cubic feet of proven natural gas reserves as of 

January 2013. This has made Malaysia as the third 

largest natural gas reserves holder in the Asia Pacific 

region (Tan, Lau et al. 2012). 

 The forceful attempt to reverse the decline in 

domestic production has led to several new 

significant discoveries, boosting the country’s total 

natural gas resource to be around 100 trillion 

standard cubic feet. However, there is a lot of 

challenge in upstream gas development such as 

depleting resources and ageing facilities, high CO2 

concentration and other contaminants, marginal 

fields and rising development costs. Besides, many 

new fields are located in the deepwater areas where 

operations are harsh, especially with high 

temperature and pressure environment. Thus, 

innovative solutions such CO2 treatment at offshore 

platform has open up a window for further study in 

CO2 removal particularly at elevated pressure. 

Besides, a high CO2 content in gas fields has caused 

over 13 trillion cubic feet of natural gas reserves to 

be undeveloped (Tan, Lau et al. 2012, 2013). 

 It is important to emphasize that information 

obtained at atmospheric pressure could not simply be 

extrapolated to describe the same phenomena at 

elevated pressure (Benadda, Kafoufi et al. 2000, Tan, 

Shariff et al. 2012). The process conditions available 

in the natural gas processing facility can be very 

different to those conditions available for post 

combustion flue gas treatment. The two most 

significant differences between these applications are 

the CO2 partial pressure and the level of CO2 

removal required. CO2 partial pressure is defined as 

(Bailey and Feron 2005) : 

CO2 partial pressure = mole CO2 x Total pressure 

 For elevated pressure absorption system, water 

was formerly used but due to its low CO2 removal 

efficiency and very high pumping load (Kohl and 

Nielsen 1997), it was slowly changed with more 

efficient system using chemical solvent and the most 

popular solvent used is monoethanolamine (MEA) 

which diluted to 20wt% (Aroonwilas and 

Tontiwachwuthikul 1997, Kohl and Nielsen 1997). 

MEA is the most popular and commonly used 

solvent for capturing CO2 in industrial process 

(Dave, Do et al. 2009) due to MEA’s high reactivity, 

low solvent cost  and faster absorption rate. Since 

MEA has been established for a long time and thus 
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any thriving effort toward optimum usage will lead 

to considerable improvement (Mandal, Guha et al. 

2001, Aroonwilas, Chakma et al. 2003, Godini and 

Mowla 2008, Tan, Lau et al. 2012) 

 From the open literature, we found an 

experimental study was conducted on removal of 

high concentration CO2 from natural gas by 

absorption process in packed column with the use of 

a mixed amine solvent called Stonvent-II (Tan, Lau 

et al. 2012). This process was carried out at the 

pressure of 10 bar and they found out that the solvent 

is able to perform approximately 100% removal of 

75 vol% CO2 when the liquid is at its initial 

temperatures of 35  and 45 . However, the high 

temperature in initial liquid temperature may result in 

negative absorption efficiency. 

 Another study observed (Godini and Mowla 

2008) the absorption efficiency actually increases 

with the increasing pressure in MEA system. In this 

study, they investigate the absolute efficiency by 

looking into operational and hydronomic parameters 

at pressure between 1 to 7 Bar. Another parameters 

such as amine concentration and packing size also 

taken into consideration.  However, reverse effect is 

detected when the temperature goes too high where 

the absorption efficiency actually drops (Aroonwilas, 

Veawab et al. 1999).  

 Although pilot plant trials have provided data 

and demonstration for CO2 capture, there remained 

critical issues that need to be resolved. First, how to 

control the overall of CO2 removal operated at 

elevated pressure and how the performance of the 

absorption rate during the transient condition. Thus,  

a proper simulation model is required for assessing 

various operating condition and disturbances. 

Besides, the essential of simulation can't be neglected 

as it provides process alternatives, asses feasibility 

and preliminary economic, and interpret pilot plant 

data, increase yield and improve pollution control. 

Another point to ponder, most of the simulations 

program are often based on low pressure 

experimental data and simple empirical models. 

Therefore, the capability of such models to higher 

operation pressures is questionable (Solbraa 2002). 

 In order to established a simulation model for 

CO2 absorption, there is two type of models or 

method which is equilibrium based or rate based. 

Equilibrium-based model assumes that liquid and 

vapor phases reach equilibrium at theoretical stages 

and perfect mixing occurs at each stage (Lawal, 

Wang et al. 2009). The rate of absorption and 

desorption in reactive distillation are determined by 

two main mechanisms, mass transfer and chemical 

reaction (Lawal, Wang et al. 2009). This assumption 

is combined with mass and energy balance equation 

to determine the concentration and temperature along 

the packed column. This approach is more suitable 

for non-reactive system (Chikukwa, Enaasen et al. 

2012).  

 Another approach for description of separation 

units is the so called rate based approach. This 

method is more suitable for the reactive process such 

as CO2 absorption in MEA. In rate-based modeling, 

the vapour–liquid equilibrium occurs at the phase 

interface. The mass transfer between the vapour and 

liquid phases is modeled based on the two-film 

theory and the Maxwell-Stefan formulation (Lawal, 

Wang et al. 2009, Bui, Gunawan et al. 2014) while 

other called as penetration theory (Chikukwa, 

Enaasen et al. 2012). The rate-based approach is 

preferred because it  more rigorous and  the accuracy 

of the calculation is higher than equilibrium rate 

(Bui, Gunawan et al. 2014).  

 The liquid film thickness is important parameter 

in the rate based model and usually it is estimated via 

empirical mass transfer correlation taking into 

account the type of column, hydraulics and transport 

properties (Kucka, Müller et al. 2003, Afkhamipour 

and Mofarahi 2014). It has direct link from the 

column internal and the concept is illustrated in the 

Figure 1. When designing or simulating an 

absorption column associated with chemical reaction, 

certain key data is required such as physical , thermal 

and transport properties, vapor liquid equilibrium 

(VLE) data and reaction rate data. This information 

is not presented in this paper and can be found 

elsewhere (Aboudheir, Tontiwachwuthikul et al. 

2003). 

 Certainly a wide variety of models ranging from 

simplified equilibrium models to detailed rate based 

models have been developed in order to analyze the 

performance of amine based capture (Mores, Scenna 

et al. 2012). The availability of process simulators in 

recent years has allowed the process performance to 

be modeled and predicted within a relatively short 

time without the need to define the complex 

mathematical equations. However, the process is not 

a straightforward task since it demand a considerable 

amount of trial and error effort (Mores, Scenna et al. 

2012).  

 

Objective: 

 The objective of this project is to develop a rate 

based simulation model for absorption process of 

high concentration CO2 from natural gas at elevated 

pressure using MEA as the solvent. Then, the 

simulation is validated and results is compared  

based on  existing high pressure pilot plant facility. 

The result will be analyze to observe the absorption 

performance. 

 

MATERIALS & METHOD 

 

A. Materials: 

 The process simulation model in this work had 

utilized Aspen Plus software version 8.0 by using 

radfrac model to simulate packed column absorber. 

Then, validation is conducted through experimental 

work based on Carbon Hydrogen Absorption System 
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(CHAS), UTP pilot plant. Validation is an essential 

step in analyzing the performance of any simulation 

models. In this work, the model validation for the 

CO2 absorption model is done by comparing the 

model output with the experimental data obtained 

from the high pressure pilot plant. 

Monoethanolamine (MEA) (99%) used in this study 

was purchased from Acros Organics. Distilled water 

was used to prepare the aqueous solvent (20wt% 

MEA) for this work. CO2 (99.0%) used in the 

experiment was purchased from Air Product 

Malaysia while natural gas is obtained from 

PETRONAS natural gas vehicle (NGV). 

  

 
 

Fig. 1: Schematic diagram for non-equilibrium model, vapor and liquid bulk, film and interface.(Mac Dowell, 

     Samsatli et al. 2013). 

 

B. Experimental set-up and procedure: 

 The experimental set-up is shown in the 

schematic diagram in Figure 2. The absorption 

experiment was started by introducing a gas mixture 

from gas supply system to the bottom of the 

absorption column with temperature approximately 

at 30-35 
0
C . A mass flow controller (MFC) was used 

to adjust the concentration of CO2 in sour gas feed 

mixture. The pressure of the column was maintained 

at the desired level by using a back pressure 

regulator. Counter-current contact between the gas 

and liquid was created by pumping the liquid solvent 

feed at the top of the column at 1 kg/min. The 

absorption process was operated until steady-state 

condition was achieved. In this study, CO2 content of 

50% in the inlet gas stream was considered.  

 

 
 

Fig. 2: The schematic diagram of CHAS. 
 

RESULTS & DISCUSSSION 

 

 Experiment has been conducted to collect data at 

operating pressure of 10 Bar and result of CO2 

removal is presented in figure 3. The steady state has 

been achieved after one hour by observing the 

percentage of CO2 removal and the temperature 

profile. Approximately, 93 % of removal gas been 

achieved at the gas outlet at pressure of 10 Bar at 

steady state condition for 20wt% MEA aqueous 

solution This result has been taken at top of the 

column through CO2 analyzer.  

 Figure 4 shows the development of  temperature 

profile along the packed column during the operation 

or known as "T bulge" (Harun, Nittaya et al. 2012). 

The magnitude and location of temperature bulges is 

observed from bottom towards top of the column. 

The initial temperature during start up of experiment 
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is about 30 
0
C and increased rapidly once sour gas is 

meeting the solvent in the packed column. Since, the 

reaction between aqueous MEA and CO2 is 

exothermic,  heat is produced and recorded. It has 

been observed, the highest temperature is recorded at 

height between 0.5m to 1.0 m due to packing 

installation at this area. The present of structured 

packing provides higher effective interfacial area that 

essentially effect the mass transfer rate between 

vapour and liquid (Tsai, Seibert et al. 2011).   

 

 

 

 
 

Fig. 3:  Percentage of CO2 removal at steady state condition of 10Bar. 

 

 
 

Fig. 4: Temperature profile along the packed column. 

 

 The rate based simulation model for CO2 

absorption has been established based on the data 

abstract from the pilot plant. Each values specified 

for streams and column has been listed in the table 

below.  

 
Table 1: Operating Condition of gas and solvent streams. 

 CO2 CH4 MEA 

Temperature (0C) 29.7 29.7 40 

Pressure (Bar) 10.62 10.62 11.69 

Flow rate 49.2slpm 50.23slpm 0.85 l/min 

 

 Once the simulation input has been set in the 

simulation environment  as shown in Figure 5, the 

built in correlation in Aspen Plus will calculate the 

performance of the packing. In this study, the 1985 

correlations of (Fair and Bravo 1987) are used to 

predict the mass transfer coefficient and the 

interfacial area. In the property model specification, 

the electrolyte-NRTL model was used to predict the 

thermodynamic properties, including viscosity, 

thermal conductivity, diffusivity etc (Liu, Gao et al. 

2015). The non equilibrium (NEQ) model (Taylor 

and Krishna 2000) or so called rate based is selected 

to describe the effect of mass transfer driving force. 

In the rate based model of Aspen plus, four option 

for the film resistance can be selected which is 

Nofilm, Film, Filmrxn and disrxn. The Filmrxn 

option is selected as it accounts for reaction in the 

film that will enhance mass transfer (Liu, Gao et al. 

2015). 

 Another challenge in order to established 

simulation model for structured packed column 

actually is no of stages. In reality, there is no stages 

or tray for structured type packing, thus, Height 

Equivalent to Theoretical Plates (HETP) is used to 

get the number of stages (Mendes 2011). The 

concept of HETP is mostly used to evaluate the 

height of a packed column that related to separation 

efficiency and defined by following equation; 

 No. Stages = Height of Column / HETP 

 The HETP used in this study is referred to 

Flexipac 1Y, Vendor specification which is 254mm 

while height of structured packing is fixed at 1m 



152                                                                    Faezah Isa et al, 2015 

Australian Journal of Basic and Applied Sciences, 9(32) Special 2015, Pages: 148-154 

(Glitsch 2010). The simulation is run under steady 

state condition and the result of the simulation is 

shown in Figure 6 in terms of mole percentage. Note 

that the Stage 1 refers to the top stage of the column 

and Stage 5 refers to the bottom stage of the column. 

From the simulation, we traced the  percentage of 

CO2 is about 5.07 % in sweet gas stream while CH4 

is 94 % . 

 
Table 2: Column Specification and setup. 

Setup Options Details 

Packed Height 1 m 

No. Of Stages 5 

Type of packing Flexipac 

Packing material Metal (stainless steel) 

Dimension 1Y 

Section diameter 145mm 

Packed height per stage 0.2 m 

 

 
Fig. 5: Model structure of absorption column. 

 

 

 
 

Fig. 6: Result of simulation for Composition in  Sweet gas stream. 

 

 Results analyzing shows that simulation has 

yield better performance in simulating CO2 

absorption process in packed column compared 

experimental work through pilot plant. The accuracy 

bias of the model developed compared with the pilot 

plant based on the CO2 removal is calculated as 

follow; 

 
Table 3: Deviation result of simulation and pilot plant. 

Pilot plant 48.75-7.65 / 48.75×100% 84 % 

Simulation 48.75-5.07 / 48.75×100% 89% 

Error (%) 89-84/ 84 x 100% 5.95% 

 

 From the calculation above, it is shown that the 

accuracy of the model developed is about 5.95% bias 

from the pilot plant results. It is justified that the 

model developed is not exactly accurate as the pilot 

plant due to the pressure involved. In real life, the 

offshore application may actually have much higher 

pressure than the absorption column. By this, the 

higher pressure must be counted in the equations 

involved in the simulation to have a more accurate 

model. This kind of correction factor can be found in 

the study of Xu Zhang et al (Zhang, Wang et al. 

2003) whereby they developed index-f to account for 

high pressure involved.  

 Another factor that might contribute for this 
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deviation is heat loss and pressure drop (Zhang and 

Guo 2013). In simulation, heat loss is ignored and 

pressure drop during experimental run is difficult to 

be controlled as we handling a very high pressure. 

However, the simulation model developed is quite 

accurate to represent the existing pilot plant for the 

time being. This is probably because the pressure 

used is only 10 bar. Thus, further analysis is 

conducted  by using the model to study the effects of 

different parameters on the performance of 

absorption process. Figure 7 shows the relationship 

between the pressure in absorption column and the 

absorption performance. It is clearly shown that the 

higher pressure in absorption column gives a better 

performance in removal of CO2. However the 

performance continues to improve until it reaches the 

optimum pressure of 15 bar. 

 

 

 
 

Fig. 7: Graph of Percentage of CO2 Removal against Column Pressure. 

 

 The trend of figure 7 can be explained by the 

efficiency of CO2 removal at elevated pressure. Shin 

et al (Yamamoto, Machida et al. 2013)  in their study 

found that amine solutions is expected to provide 

high performances for CO2 capture under the high 

pressure condition. This also observed by a few 

studies (Zhang, Wang et al. 2003, Godini and Mowla 

2008) and they indicate that CO2 removal efficiency 

will improve at elevated pressure due to Marangoni 

effect. The Marangoni effect occur at high CO2 

partial pressure due to increase of interfacial tension 

resulting from the concentration increase at interface. 

This will lead to instability of the gas/liquid interface 

and also interfacial disturbance(Tan, Lau et al. 2012, 

Tan, Shariff et al. 2012). Therefore, the mass 

transport between the phases will improved and thus 

CO2 removal will be increased. 

 

Conclusion: 

 This study had successfully simulate a model  of 

CO2 removal from natural gas at high pressure using 

a structured packing absorption column. The model 

had been designed based on the existing pilot plant in 

UTP’s CO2 Capture Research Centre. The success of 

this simulation models provides an alternative 

approach as it is used to study the performance or 

efficiency of the elevated pressure with high 

concentration CO2. Through the simulation, this 

effort can help the research centre to save cost and 

energy in term of manipulating any parameter that 

may affect the performance of the absorption 

process. The result from this work has open up the 

possibility for further analysis in dynamic condition   
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