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ABSTRACT 
Triethylene glycol (TEG) or mono-ethylene glycol (MEG) absorption are the commercial technolo-
gies for natural gas dehydration processes. Nevertheless, the necessity of regenerating solvents 
under high temperatures results in environmental footprint and complex operation. Membrane with 
advantages in small footprint and high feasibility operation in hostile conditions is considered as 
promising technology for natural gas dehydration processes. In this work, system scale design 
and mesoscale modelling are synchronously adopted to optimize natural dehydration process de-
sign. Aspen HYSYS with ChemBrane extension is used for natural gas dehydration process. Taking 
pressure ration, membrane area and sweep gas flowrate as decision variables for minimizing spe-
cific process cost is optimized through NSGA-II algorithms. The minimum specific cost of < 
3.06×10-2 $/m3 natural gas is estimated to achieve the separation requirement of <100 ppm. Then, 
the module length, and membrane thickness of the hollow fiber membrane design is investigated 
using Computational fluid dynamics (CFD), which better configures the simulation results and con-
centration, velocity profile to analyze the simulation results. The system scale engineering design 
and mesoscale modelling provide an in-depth insight into natural gas dehydration process. 
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1. INTRODUCTION 
Natural gas (NG) proves to be a notably secure en-

ergy commodity during its transportation, storage and 
utilization processes [1]. Natural gas must be dried be-
fore enters distribution pipelines, otherwise it may cor-
rode pipelines or form hydrocarbon [2]. Triethylene gly-
col (TEG) or mono-ethylene glycol (MEG) absorption are 
the commercial method for NG dehydration. However, 
the volatile organic compounds especially benzene, tolu-
ene, ethylbenzene, and xylenes will vent during absorp-
tion processes [3] and complex operating and control 
system restrict its application in remote and harsh envi-
ronment [4,5]. Gas separation membrane with small foot-
print and no necessity for frequent parameter adjust-
ments [6,7] is an attractive alternative for natural gas de-
hydration. 

At the laboratory scale, the selectivity of water/me-
thane can reach several thousand or even tens of thou-
sands [8–12]. The gutter layer exists in membrane shows 

significant resistance to water vapor permeation which 
leads to the disparity in selectivity between laboratory-
scale and pilot-scale conditions[13]. Lin et al.  [13]evalu-
ated a spiral-wound module for natural gas dehydration 
processes, results show that a low selectivity of 47 at 30-
60 bar under field testing. However, the optimization of 
crucial parameters such as pressure ratio, sweep gas 
flowrate, and membrane area was not addressed in the 
aforementioned researches. He et al. conducted a hybrid 
membrane process for natural gas dehydration and 
sweeting, sensitivity analysis taking outlet pressure of 
each stage membrane as decision variable to minimize 
the specific NG processing cost.  The research gap exists 
in the impact of flow and diffusion patterns of membrane 
is not been fully conducted. 

In this work, a system scale design using Aspen HY-
SYS software with ChemBrane [14,15] extensions is used 
for natural gas dehydration process modeling, and pres-
sure ratio, sweep gas flowrate, membrane area as deci-
sion variables to minimize the processing cost. The fluid 
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dynamic simulation of gas separation membranes is 
modeled by coupling laminar flow module and transport 
of concentrated species module. The effect of velocity 
distribution field and concentration field at the mesoscale 
on membrane efficiency are discussed. 

2. METHODLOGY 

2.1 Simulation basis 
The natural gas produced from a natural gas pro-

cessing plant in Qinghai Province, China. The natural gas 
with a total molar flowrate of 2571.29 kmol/h in water sat-
urated at 308K, 4500kPa. The water content in the resi-
due side of the gas separation membrane system must 
below 100ppm. Aspen HYSYS in conjunction with Chem-
Brane [15] was used to simulate the process conditions. 
The membrane used has a water vapor permeance of 
983 gpu and water/methane selectivity of 47, the de-
tailed information of other components permeance is 
shown in Table 2. The system scale design minimizes the 
specific cost of the natural gas dehydration process, tak-
ing pressure ratio, membrane area, and sweep gas 
flowrates as decision variables. Furthermore, the 
mesoscale design delves into the influence of parameters 
such as the inner and outer diameter and aspect ratio of 
the membrane on its performance. By examining the in-
fluence of different parameters across two distinct scales 
on membrane performance, aim to provide enhanced 
guidance for membrane structural design and industrial 
parameter selection. 

Table 1. Typical compositions of gas streams at natural 
gas processing plant. 

Component Molar 
flowrate(kmol/h) 

Molar fraction 
(%) 

Methane 2502.5 0.9733 
Ethane 1.77 0.0007 

Propane 0.64 0.0003 
Hydrogen 0.10 0.00004 

Water 3.74 0.0015 
Carbon dioxide 18.61 0.0072 

Nitrogen 36.05 0.014 
Helium 0.15 0.00006 
Oxygen 7.70 0.003 

Table 2. Gas permeance of membranes. 

Component 
Gas perme-

ance(mol(STP)/(m·h·kPa)) 
Methane  
Ethane  

Propane  
Water  

2.2 System scale Design 

2.2.1 Process description 
Natural gas dehydration process was conducted by 

HYSYS integrated with ChemBrane unit. The natural gas 
with saturated water content is gradually condensed 
through the cooler and then introduced into a gas-liquid 
separator to remove condensed water and heavy hydro-
carbons. Subsequently, sent to the dehydration mem-
brane unit, where the nitrogen gas used as sweep gas. 
The membrane unit operated in counter-current form and 
outlet natural gas water content need be less than 100 
ppm.  By system design, the appropriate pressure ratio, 
membrane area, and sweep gas flowrates can be deter-
mined to maximize the process economics. However, the 
system design is unable to determine parameters such as 
the inner and outer diameter thickness, aspect ratio, and 
distribution form of the membrane. 

2.2.3 Process parameters optimization 
The most critical parameters in gas separation 

membranes unit are pressure ratio, sweep gas flowrate, 
and membrane area, as these factors directly determine 
the hydrocarbon loss and cost associated with dehydra-
tion processes. The membrane cost of $50 per m2 was 
used to estimate the dehydration membrane unit cost 
and a life time of the membrane was 5 years [14]. The 
cost functions regarding the heat exchanger, and sepa-
rator are neglected. An annual interest rate of 7% was 
used for the calculation of annual capital cost. The price 
of electricity is 0.05$/kWh used for operating cost of the 
compressors. The specific process cost model is shown 
in equation (1) [16].  

𝐶𝐶𝐶𝐶𝑠𝑠 =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑁𝑁𝑁𝑁 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  (1) 

Figure 1. displays the schematic diagram of the op-
timization process. The range of variables is initially ob-
tained through sensitivity analysis. Subsequently, gener-
ate the initial values of variables and input into the Aspen 
HYSYS software. Optimize the specific process cost 
while ensuring outlet natural gas water content is below 
100 ppm. Provided that the obtained values do not meet 
the pre-defined criteria, the new parameters will be gen-
erated for next iteration. 

2.3 Mesoscale modeling 

2.3.1 Computational fluid dynamic (CFD) 
simulation model  

To date, the CFD simulation about natural gas dehy-
dration process through membrane technology has not 
been reported. The optimized parameter values obtained 
through system design are incorporated into CFD model. 
In system design, the calculation can be performed by in-
putting the defined membrane area. At the CFD scale, the 
impact on membrane performance can be investigated 
by adjusting parameters such as the inner and outer 
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diameters, aspect ratio, and distribution of individual hol-
low fiber membranes. Modeling the mass transfer pro-
cess and flow pattern of natural gas dehydration using 
the COMSOL software. Figure 2. illustrates the mem-
brane structure in the simulations, encompassing the 
feed gas side, selective membrane, porous layer, and 
permeate side. The simulation process is conducted with 
the utilization of laminar flow module and transported of 
the concentrated spices. Given that the flow patterns and 
diffusion characteristics of the gas significantly influence 
this process, it is crucial to preserve the reliability of the 
flow pattern and diffusion mechanisms while simplifying 
the model. The following assumptions are considered 
during modeling. 

1. The modeling is under steady-state conditions 
and in adiabatic conditions; 

2. The diffusion mechanism is Fick’s law; 

3. The simulated fluid is Newtonian-type fluid and 
adheres to the ideal gas assumption; 

4. The driving force for the transportation is 
pressure difference between feed and 
permeate side; 

5. Hollow fiber membrane has uniform outer and 
inner diameters. 

 
Figure 1. Schematic diagram of optimization process. 

2.3.2 Numerical methods 
The natural gas dehydration membrane modeling 

governing equation with the boundary conditions were 

solved utilizing COMSOL Multiphysics (6.2) software with 
the finite element method. Figure 2. displays the detailed 
mesh partitioning of the modeling, encompassing 
404,487 degrees of freedom. The time required to solve 
a set of governing equations is 180 seconds. Table 3. 
presents pivotal parameters in CFD simulations, including 
the temperature and pressure distribution in both side of 
the membrane [17].  

 
Figure 2.  Mesh partitioning of the proposed model. 

Table 3. The key input parameters for the proposed 
model. 

Parameters Value units 
Temperature 
of inlet gas  K 

Pressure of 
feed  Bar 

Pressure of 
sweep gas  Bar 

Permeance of 
CH 

 
mol(STP)/(m·h

·kPa) 
Permeance of 

HO  
mol(STP)/(m·h

·kPa) 
Diffusion coef-
ficients of CH 

×- m/s 

Diffusion coef-
ficients of HO ×- m/s 

Dynamic vis-
cosity of CH 

×- Pa·s 

Dynamic vis-
cosity of HO ×- Pa·s 

Start

Generate initial parameters

The termination
criteria satisfied?

End

Create new parameters

Sensitivity analysis to
determine the variable

range

Optimize object function under
constrains

Yes

No , next iteration
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3. RESULTS AND DISCUSSION 

3.1 Process parameters optimization results 
The optimization process selects specific costs as 

the objective function, using pressure ratio, membrane 
area, and sweep gas usage as decision variables, and ap-
plies the NSGA-II algorithm for optimization. The optimi-
zation range of decision variables is determined based on 
the results of sensitivity analysis. 

Table 4. Decision variables ranges of the optimization 
process. 

Decision variables Optimization range 
Pressure ratio [] 
Membrane area [] 
Sweep gas flowrate [] 

 
The optimization process involves selecting the 

point with the minimum process cost to be incorporated 
into the operation. In this case, the permeate pressure is 
0.8 bar, the membrane area is 850 m2, and the amount of 
sweep gas used is 150 kmol/h. 

 
Figure 3. Optimization process scatter distribution. 

At 4500 kPa, saturated natural gas passes through 
heat exchanger 1 (HX-1) and heat exchanger 2 (HX-2) to 
gradually lower the temperature before being sent to the 
gas-liquid separator (Sep). After removing condensate 
water and some heavy hydrocarbons, the gas is warmed 
up by HX-1 and then directed into a gas separation mem-
brane unit for deep dehydration. By incorporating opti-
mized parameters into the model, the water content in 
the outlet natural gas is 96 ppm, meeting the dehydration 
requirements, with a hydrocarbon loss rate of 3.00% and 
the specific cost of the process is 0.0306 $/m3. 

 

Figure 4. The flowchart of the natural gas dehydration 
process. 

3.2 CFD simulation results 
The velocity field and concentration field of water 

profile in the gas separation membrane are shown in Fig-
ures 5-6. 

The velocity profile exhibits a parabolic distribution 
form, with the maximum flow velocity of 0.063m/s at the 
center of the pipe, while the velocity is reduced to 
0.023m/s at the pipe wall due to the frictional force acting 
between the membrane selective layer. Furthermore, it is 
evident that the velocity remains undeveloped at the en-
trance zones of the feed side, with full development oc-
curring as distance from the entrance increases. This ob-
servation underscores the significance of inlet effects on 
fluid flow hydrodynamics on the feed side. The velocity 
distribution on the shell side is determined through the 
solution of the Navier-Stokes equations and material bal-
ance equations. 

Figure 6. describes the water concentration in the 
feed side of the feed side. The molar concentration of 
water in the natural gas feedstock decreased from 1.2 
mol/m3 to 0.18 m3/s at the outlet, successfully meeting 
the dehydration requirement of less than 100 ppm in the 
outlet natural gas. Moreover, the dehydration process 
exhibited a rational design as evidenced by the gradient 
changes in concentration curve, which showed good 
consistency with simulations performed using Aspen HY-
SYS software. 
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Figure 5. Field of velocity in the gas separation 
membrane 

 
Figure 6. Concentration field of water in the feed side of 
the gas separation membrane. 

4 CONCLUSION 
The study employs a simultaneous approach of sys-

tem scale design and mesoscale modeling to enhance 
the efficiency of natural dehydration process design. The 

natural gas dehydration process is conducted using As-
pen HYSYS with ChemBrane extension. Decision varia-
bles such as pressure ratio, membrane area, and sweep 
gas flowrate are considered to minimize the specific pro-
cess cost through optimization with NSGA-II algorithms. 
A minimum specific cost of 3.06×10-2 $/m3 natural gas is 
projected to meet the separation requirement of 100 ppm. 
Subsequently, Computational Fluid Dynamics (CFD) is 
utilized to analyze the hollow fiber membrane design 
from the velocity and concentration profile, resulting in 
improved simulation outcomes. The integration of system 
scale engineering design and mesoscale modeling offers 
a comprehensive understanding of the natural gas dehy-
dration process. 
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