
M
s
fi

Y
M
D
T

a

A

R

R

A

A

K

H

M

C

M

N

1

N

t

f

v

s

i

t

a

s

r

p

h
0
u

Chemical Engineering Research and Design 1 4 8 ( 2 0 1 9 ) 45–55

Contents lists available at ScienceDirect

Chemical  Engineering  Research  and  Design

journa l homepage: www.e lsev ier .com/ locate /cherd

athematical  modeling  and  process  parametric
tudy of CO2 removal  from  natural  gas by  hollow
ber  membranes

unhan Chu, Arne Lindbråthen, Linfeng Lei, Xuezhong He ∗,
agne  Hillestad ∗

epartment of Chemical Engineering, Norwegian University of Science and Technology (NTNU), NO-7491,
rondheim, Norway

 r  t  i  c  l  e  i  n  f  o

rticle history:

eceived 13 December 2018

eceived in revised form 6 May 2019

ccepted 24 May 2019

vailable online 1 June 2019

eywords:

ollow fiber membrane

odule design

O2 removal

athematical modeling

atural gas

a  b  s  t  r  a  c  t

Hollow fiber membranes show a great potential in natural gas sweetening by removing CO2

to meet gas grid specifications. A membrane model with high prediction accuracy is devel-

oped to model multicomponent gas transport through hollow fiber modules. The influences

of  hollow fiber diameter and length, and packing density on module efficiency related to

pressure drops in both sides were systematically investigated based on the developed model.

The  total pressure drop along the length is less than 1% if the inner diameter of hollow

fibers (0.6 m length) is larger than 200 �m. Moreover, the highest module packing density

was found to be dependent on hollow fiber dimension, and too high packing density will

cause extreme high pressure drops. Both feed CO2 concentration and pressure were found

to  significantly influence membrane module performance related to the required specific

membrane area and hydrocarbon loss based on process parametric study of CO2 removal

from natural gas. Larger pressure drops along fiber length was found for the more-permeable

polyimide membranes compared to the less-permeable cellulose acetate and carbon mem-

branes. The developed model can be used for guiding the design of efficient hollow fiber

membrane modules and potentially process simulation of membrane gas separation.
©  2019 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical

Engineers. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

tenance (Bernardo and Drioli, 2010), which shows a great potential in
.  Introduction

atural gas is becoming one of the world’s primary energy consump-

ion as it is a less carbon intensive energy sources compared to other

ossil fuels (Chu and He, 2018). The raw natural gas composition may

ary greatly depending on the region/field, which usually contains con-

iderable amount of light and heavy hydrocarbons (HCs), as well as the

mpurities such as water, H2S, CO2, N2 and helium. Among them, CO2 as

he main impurity needs to be removed to meet the legal requirements

nd natural gas network grid specifications. Different technologies

uch as absorption, pressure swing adsorption, membranes have been

eported for CO2 removal from natural gas (He, 2018). Decision on the
roper technology for CO2 removal from natural gas will be depen-
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nder  the CC BY-NC-ND license (http://creativecommons.org/licenses/
dent on the raw natural gas composition, the process condition and

the plant location. Conventional chemical (amine) absorption is well

known and implemented in industrial processes, and still considered

as the state-of-the-art technology for CO2 capture. However, the energy

consumption and environmental issues related to a second pollution

of amine-based solvents directs to the development of novel environ-

mentally friendly and energy efficient separation technologies (Peters

et al., 2011; Baker and Lokhandwala, 2008). Compared to conventional

separation technique of chemical and physical absorption, membranes

have the advantages of small size (footprint), favorable economics,

robust and effective performance, simplicity of operation and main-
tnu.no (M. Hillestad).

natural gas sweetening. The representative commercial suppliers (e.g.,
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Nomenclature

D Inner diameter of module [m]
Di Inner diameter of hollow fiber [m]
Do Outer diameter of hollow fiber [m]
L Fiber length [m]
N Number of fibers in the module
nc Number of gas components
n Number of internal collocation points
P Feed side pressure [Pa]
p Permeate side pressure [Pa]
Qi Permeance of component i [mol/(m2 Pa s)]
R Ideal gas constant [8.314 Pa m3/(mol K)]
T Temperature [K]
U Feed-side flow rate [mol/s]
uxi Feed-side flow rate of component i [mol/s]
v Permeate-side flow rate [mol/s]
vyi Permeate-side flow rate of component i [mol/s]
xi Feed-side concentration of component i
yi Permeate-side concentration of component i
z Hollow fiber length variable [m]
�m Dynamic viscosity of gas mixture [Pa s]

Subscripts
F Feed
j,k Index of collocation point
i Index of component
p Permeate
r Retentate
swp Sweep
UOP, Air Liquide, Cynara-NATCO) of membrane systems using different

materials (cellulose acetate (CA) and polyimide (PI)) for CO2 removal

from natural gas were summarized by (He et al. (2013)). Among them,

UOP implemented their spiral-wound module (SeparexTM) in natural

gas field in offshore Malaysia in 2007. Cynara-NATCO installed a cellu-

lose triacetate membrane system using 16 inch hollow fiber modules in

Thailand (Bernardo et al., 2009). The CA membranes have some chal-

lenges in facing gas streams with high CO2 partial pressures (beyond

10 bar) due to a significant plasticization effect (CO2 acting as a partial

solvent to the polymer causing overall higher permeances for all gases

and lower selectivity) (Schell et al., 1989) at high pressure operation.

The PI membrane performances are highly structure dependent, and

the uncertainty regarding the influence of the exact chemical structure

of commercial polyimides on the actual obtainable CO2 permeance is

still unknown. Moreover, PI membranes are well-known to be highly

influenced by trace impurities of aromatics hydrocarbons (e.g., BTEX

(benzene, toluene, ethylbenzene and xylenes)) in natural gas. Carbon

membranes has the advantages of no/minor CO2 plasticization due to

the rigid structure, and no significant permeance decrease was found

from the pure CO2 permeation testing up to 50 bar (Haider et al., 2018).

Cellulose derived carbon membranes were prepared by carbonization

of cellulose-based precursors in the absence of oxygen to a final tem-

perature in the range of 500 to 750 ◦C (He et al., 2011; He and Hägg,

2011; He and Hägg, 2012), and the CO2/CH4 selectivity can achieve >100

based on a molecular sieving transport mechanism (Haider et al., 2016),

which is higher compared to the polymeric CA and PI membranes.

However, carbon membranes have also challenges of being a brittle

material woundable to shear stress fracturing and low tolerances to

toluene in natural gas (Haider et al., 2018). Moreover, the durability of

carbon materials towards the other BTEX are still unknown.

In addition to membrane material properties, membrane module

design and process optimization play important roles in successful
applications of membranes for gas separations (He et al., 2015; Favre,

2011). Considering the large-scale applications of hollow fiber mem-
brane modules, the module efficiency is an important parameter for

the design of cost-effective membrane system. It should be noted that

determining concentration profiles and pressure drops along the length

of specific dimension hollow fiber membranes is crucial for the design

of efficient modules with maximized effective membrane area usage.

Mathematical modeling has been reported to investigate gas trans-

port through hollow fiber modules in literature (Pan, 1986; Kovvali

et al., 1994; Coker et al., 1998; Tessendorf et al., 1999; Kaldis et al.,

1998; Marriott and Sørensen, 2003; Peer et al., 2008; Shahsavand and

Chenar, 2007). A good membrane model is required to predict mem-

brane separation performance and provide valuable information for

module design. The Pan’s model is widely accepted as the most practi-

cal representation of multicomponent gas transport through high-flux

asymmetric hollow fiber membranes (Pan, 1986). However, the model

solution is based on a trial-and-error shooting method which requires

initial estimates of pressure and concentration profiles along fiber

length. In order to reduce the mathematical complexity and computa-

tional effort, different approaches (e.g., linear approximation (Kovvali

et al., 1994), finite difference (Murad Chowdhury et al., 2005) and orthog-

onal collocation (Tessendorf et al., 1999; Kaldis et al., 1998; Kundu et al.,

2013) have been proposed to solve the model. (Kovvali et al., 1994)

presented a linear approximation model coupled with fourth-order

Runge–Kutta and trapezoidal methods to solve multicomponent gas

transport equations in a counter-current mode using the assumption

of linearity between feed and permeate side composition. The assump-

tion yields algebraic analytical expressions for prediction of membrane

area and pressure ratio. Some researches in the literature (Tessendorf

et al., 1999; Kaldis et al., 1998; Kundu et al., 2013; Kaldis et al., 2000)

were reported to use the orthogonal collocation method to approximate

nonlinear differential equations, which yields fewer algebraic equa-

tions to improve the solution accuracy. Moreover, it can also predict

the profiles of basic variables (e.g., flow rate and concentration) along

the fiber length at selected collocation points, which provides insight

into the design of membrane modules. Thus, in this work, a mem-

brane model considering pressure drops in both feed and permeate

sides is developed to simulate gas transport through hollow fiber mem-

brane modules based on the orthogonal collocation method. Moreover,

the differential gas transport equations are described based on pres-

sure and flow rate along the effective fiber length directly, and thus

the computational complexity is significantly reduced. The developed

membrane model was compared with different methods implemented

in ChemBrane (in-house developed membrane model) and validated

against experimental data, and then used for module design related to

hollow fiber diameter and length as well as module packing density.

Finally, the developed model was also applied for process parametric

study of CO2 removal from natural gas with different membranes.

2.  Method

2.1.  Mathematical  modeling

The mathematical model developed in this work permits sim-
ulation of co-current and counter-current flow patterns with
shell-side or bore-side feed. The following considerations and
assumptions are applied in the membrane model (Mollocator):

1) Even though there is usually a cross flow mode near the
ends of hollow fibers due to non-axial movement  of the
feed and permeate gases entering and exiting the bundle,
the perfect counter-current (or co-current) flow patterns
are still used to simplify the transport model.

2) The non-uniformity in the packing density of commer-
cial hollow fiber modules may lead to different axial flows
in local regions, and cause back mixing, radial flow, local
bypassing and transportation along the wall on the shell

side. However, the uniform axial flows are still considered
in this model.
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Fig. 1 – The counter-current flow pattern in a hollow fiber
module without sweep gas.

3

4

a
p
p
t
d
b

a
d

a
a
d

f

u

the index of collocation points, A is matrix of first deriva-
) Local Joule–Thomson effect with the permeation of signif-
icant amounts of CO2 is ignored due to an expected high
heat transfer coefficient of membrane materials reported
in our previous work (He and Hägg, 2017). Thus, the whole
system is assumed to be at isothermal conditions.

) Gas flows in both feed and permeate side are in plug flow
mode, and the radial velocity distribution is not taken into
account.

The permeation of a multicomponent gas mixture through
 hollow fiber membrane module in the counter-current flow
atterns with shell-side feed is illustrated in Fig. 1, where the
ermeate flow direction is defined to be the positive z direc-
ion. The feed and permeate flow rates of gases through a
ifferential element of membrane at length z are described
y the Eqs. (1) and (2).

Feed side flow rate:

d(uxi)
dz

= � DoNQi (Pxi − pyi) (1)

Permeate side flow rate:

d(vyi)

dz
= � DoNQi (Pxi − pyi) (2)

The pressure drops in both sides of the differential element
re calculated by the Eqs. (3) and (4), which are based on the
erivation in Appendix A.

Feed side pressure drop:

dP

dz
= 192NDo (D + NDo)R T �m

� (D2 − NDo
2)

3
P

u (3)

Permeate side pressure drop:

dp

dz
= −128 R T �m

� Di
4 Np

v (4)

The various flow rates and pressure drops in the feed
nd permeate sides operated with different flow patterns
nd module configurations (i.e., shell- or bore- side feed) are
escribed in Table 1.

Relevant parameters in the Eqs. (1)–(4) are defined by the
ollowing equations:

xi = uxi; vyi = vyi; u =
nc∑
i=1

uxi; v =
nc∑
i=1

vyi;

xi = uxi
u

; yi = vyi

v
(v /= 0) (5)
In order to solve the differential equations, the following
dimensionless variables are introduced:

z* = z

L
, z* ∈ [0, 1] ; uxi

* = uxi
uf

; vyi
* = vyi

uf
; P* = P

Pf
; p* = p

Pf
(6)

Ki = � DoL N Pf Qi

uf
; Kpu = 192 �mR T NDo (D + NDo)L uf

� (D2 − NDo
2)

3
N Pf

2
;

Kpv = 128 �mR T L uf

� Di
4N Pf

2
(7)

By the substitution of Eqs. (6) and (7) into Eqs. (1)–(4), the
dimensionless equations of Eqs. (8)–(11) for a multicompo-
nent gas transport inside a counter-current and shell-side feed
hollow fiber module can be obtained.

d(uxi*)

dz*
= Ki

⎛
⎜⎜⎜⎜⎝
P* uxi

*

nc∑
i=1

uxi*

− p* vyi
*

nc∑
i=1

vyi*

⎞
⎟⎟⎟⎟⎠

(8)

d(vyi*)

dz*
= Ki

⎛
⎜⎜⎜⎜⎝
P* uxi

*

nc∑
i=1

uxi*

− p* vyi
*

nc∑
i=1

vyi*

⎞
⎟⎟⎟⎟⎠

(9)

dP*

dz*
= Kpu

nc∑
i=1

uxi
*

P*
(10)

dp*

dz*
= −Kpv

nc∑
i=1

vyi
*

p*
(11)

Moreover, the boundary conditions is described as follows:
Feed entry:

at z* = 1 : uxi
* = uf

*xf ; P* = Pf
*

Permeate without sweep gas

at z* = 0 : vyi
* = 0

at z* = 1 : p* = pp
*

Permeate with sweep gas

at z* = 0 : vyi
* = vswp

*yswp ; p* = pswp
*

It is worth noting that orthogonal collocation is a weighted
residual method, which yields discrete approximations to
first-order differential equations as:

(
dw

dz*
)
z*
k

=
n+2∑
j=1

Ak,jwj (12)

where w is a given differential variable, k and j represents
tive weights. By substituting differential terms with discrete
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Table 1 – The descriptions of flow rates and pressure drops in feed and permeate side with different flow patterns and
module configurations.

Flow pattern Parameter Shell-side feed Bore-side feed

Counter-current

Feed  side flow rate
d(uxi )
dz

= � DoNQi (Pxi − pyi)
d(uxi )
dz

= � DoNQi (Pxi − pyi)

Permeate side flow rate
d(vyi )

dz
= � DoNQi (Pxi − pyi)

d(vyi )

dz
= � DoNQi (Pxi − pyi)

Feed side pressure drop dP
dz

= 192NDo (D+NDo )R  T �m

� (D2−NDo2)
3
P

u dP
dz

= 128  R T  �m
�  Di

4 Np
u

Permeate side pressure drop dp
dz

= − 128  R T �m
� Di

4 Np
v dp

dz
= − 192NDo (D+NDo )R  T �m

� (D2−NDo2)
3
P

v

Co-current

Feed side flow rate
d(uxi )
dz

= −� DoNQi (Pxi − pyi)
d(uxi )
dz

= −� DoNQi (Pxi − pyi)

Permeate side flow rate
d(vyi )

dz
= � DoNQi (Pxi − pyi)

d(vyi )

dz
= � DoNQi (Pxi − pyi)

Feed side pressure drop dP
dz

= − 192NDo (D+NDo )R  T �m

� (D2−NDo2)
3
P

u dP
dz

= − 128  R T �m
�  Di

4 Np
u

Permeate side pressure drop dp
dz

= − 128  R T �m
4 v dp

dz
= − 192NDo (D+NDo )R  T �m

3 v
approximations of Eq. (12), the Eqs. (8)–(11) can be reformu-
lated as follows:

fk,i =
n+2∑
j=1

Ak,juj,xi
* − Ki

⎛
⎜⎜⎜⎜⎝
P* uxi

*

nc∑
i=1

uxi*

− p* vyi
*

nc∑
i=1

vyi*

⎞
⎟⎟⎟⎟⎠

= 0 (14)

fk,i =
n+2∑
j=1

Ak,jvj,yi
* − Ki

⎛
⎜⎜⎜⎜⎝
P* uxi

*

nc∑
i=1

uxi*

− p* vyi
*

nc∑
i=1

vyi*

⎞
⎟⎟⎟⎟⎠

= 0 (15)

fk =
n+2∑
j=1

Ak,jPj
* − Kpu

nc∑
i=1

uxi
*

P*
= 0 (16)

fk =
n+2∑
j=1

Ak,jpj
* + Kpv

nc∑
i=1

vyi
*

p*
= 0 (17)

The Mollocator is programmed in Matlab, and the origi-
nal model (a system of differential equations) is converted
to a system of non-linear algebraic equations that is solved
by Matlab fsolve (Optimization Toolbox) which is based on a
Newton-Raphson type iteration scheme. The total number of
the non-linear algebraic equations to be solved is 2(nc+1)(n+2),
where nc is the number of chemical components transport
through membrane and n is number of internal collocation
points.

2.2.  Model  validation

The developed membrane model of Mollocator is validated by
modelling of CO2/CH4 separation by three different types of
modules. The Module A is designed with shell-side feed in a
co-current flow pattern without sweep. The Module B is con-
sidered of a counter-current flow pattern for shell-side feed
and bore-side permeate without sweep gas. The Module C is
bore-side feed in a counter-current flow pattern with sweep
gas. In total, five representative scenarios are investigated on
different modules and operating conditions as listed in Table 2.

A polyimide membrane was selected for the first three scenar-
ios (1–3), and the gas permeabilities were taken from the work
� Di Np � (D2−NDo2) P

reported by (Nagel et al. (2002)). The simulation results from
the Mollocator are compared respectively with the results sim-
ulated by the Runge–Kutta (Scenario 1) and successive stage
method (Scenarios 2 and 3) implemented in ChemBrane (in-
house membrane model (Grainger, 2007)). It should be noted
that ChemBrane will only calculate the total membrane area
without considering the specific module characteristics (e.g.,
hollow fiber dimension, packing density), and cannot calculate
pressure drops inside membrane unit.

The Mollocator prediction results were also compared with
the experimental data obtained from the gas permeation tests.
For the Scenario 4, the pilot-scale hollow fiber carbon mem-
brane module with the effective area of 2 m2 was tested at
25 ◦C by feeding a 10 mol% CO2 /90 mol% CH4 premixed gas at
5 bar without sweep gas. The feed flow and pressure are con-
trolled by mass flow controller and back pressure controller,
respectively. The actual feed pressure was also recorded by
the pressure transducers. The gas compositions in the per-
meate and retentate are analyzed by a gas chromatography
(GC, 8610C, SRI Instruments Inc., USA). For the gas permeation
measurements, the two most significant sources of experi-
mental errors are the pressure transducers in feed side (Fuji
Electric, France; Model FCX, range 0–120 bar) and the perme-
ate flow measurements by a mass flow meter (Bronkhorst,
Nederland; El-Flow series range 0–2.4 N L/min). While in the
Scenario 5, a lab-scale module consisting of 106 hollow fiber
carbon membranes was tested with a gas mixture of 40 mol%
CO2 /60 mol% CH4 at 5 bar with the sweep gas of N2 (He et al.,
2018).

2.3.  Module  design  parameter  study

In order to design a high-efficiency hollow fiber module, great
effort should be placed to achieve a high average driving force
over the whole membrane area (Shao and Huang, 2006). From
the Eqs. (3) and (4), it can be seen that pressure drops in shell-
and bore-side are dependent on module design parameters
of hollow fiber diameter and length, and packing density as
well as process operating parameters such as pressure and
gas velocity (determined by flow and cross-sectional area). It
should be noted that feed and permeate flows are not the
design variables, and operating pressure is dependent on the
separation requirements and the selected membrane materi-
als. Moreover, the membrane thickness is a material property,
which is considered as a design parameter for developing
high performance membranes, but not for the design of high
efficiency modules. Therefore, it was not considered in this

work as we are focusing on the investigation of module design
parameters. Thus, particular attention was paid in this work
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Table 2 – List of five different model validation scenarios.

Parameter
Scenario

1 2 3 4 5

Temperature (T) [K] 308 308 308 298 298
Feed pressure (Pf) [bar] 35 35 15 5 5
Permeate pressure (Pp) [bar] 1 1 1 1 1
Feed flow (uf) [mol/s] 0.35 0.35 0.35 3.718 × 10−4 4.464 × 10−4

Sweep flow (vs) [mol/s] – – – – 2.012 × 10−5

Feed CO2 composition (xf) [mol%] 10 10 10 10 40
Feed CH4 composition (xf) [mol%] 90 90 90 90 60
CO2 Permeance [10−9 mol/(m2 Pa s)] 3.207 3.207 3.207 1.749 8.405
CH4 Permeance [10−10 mol/(m2 Pa s)] 1.33 1.33 1.33 1.227 1.323
N2 Permeance [10−10 mol/(m2 Pa s)] – – – – 3.968
Inner diameter of module (D) [m] 0.1 0.1 0.05 0.024 0.012
Outer diameter of fiber (Do) [�m] 250 250 170 180 200
Inner diameter of fiber (Di) [�m] 200 200 120 126 150
Fiber length (L) [m] 0.6 0.6 1.5 0.8 0.3
Number of fibers (N) 60,000 60,000 60,000 2805 106
Membrane material Polyimide Polyimide Polyimide Carbon Carbon
Packing density [m2/m3] 6000  6000 16,300 3510 590
Module type A  B B B C

Table 3 – Different simulation scenarios for module design.

Scenario Hollow fiber
inner diameter
[�m]

Hollow fiber
outer diameter
[�m]

Hollow fiber
length [m]

Number of
fibers [N]

Packing density
[m2/m3]

Module inner
diameter [m]

A 100–300 150–350 0.6 Adjust accordingly 6000 0.1
B 150–200 200–250 0.5-2 Adjust accordingly 6000 Adjust accordingly

t
m
w
o
i
t
o

2

C
a
T
b
H
t
f
2
a
c
t
e
t
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u
a
e
f

a
m
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C 200 250 0.6 

o investigate the influences of module design parameters on
odule efficiency. Three simulation scenarios listed in Table 3
ere conducted with a constant membrane area under a given
peration condition (Scenario 2 in Table 2). The hollow fiber

nner diameter of 100–300 �m,  the fiber length of 0.5–2 m and
he module packing density of 6000 m2/m3 are chosen based
n the knowledge from commercial membrane modules.

.4.  Process  simulation

O2 content in raw natural gas is dependent on the gas fields
nd will usually increase as time passes (Chu and He, 2018).
he typical natural gas contains 10% CO2 and 90% hydrocar-
ons (C1–C4) together with impurities of heavy hydrocarbons,

2O and H2S. The dehydrated (dry) natural gas is simulated
o simplify the simulation. Membrane system was reported
or water dehydration before the acid gas removal (Lin et al.,
013). Thus, water permeation is not considered in this work
s we  assumed dry natural gas is fed into the system. High
ontent of CO2 should be taken out from raw natural gas
o reach the pipeline specification, which is varying to some
xtent depending on gas quality demands in different coun-
ries. Membrane system shows great potential for natural gas
weetening due to the advantages of being small footprint, low
apital and operating costs. It is worth noting that membrane
nit modeling is crucial to document technology feasibility in

 precise way based on process simulation. Thus, it is inter-
sting to optimize process parameters of membrane system
or natural gas sweetening.

Three different hollow fiber membranes (i.e., cellulose
cetate (CA) and polyimide (PI) and cellulose derived carbon
embranes) are used for modeling of CO2 removal from natu-
al gas. The CO2 permeance of the PI membranes is estimated
o 3.283 × 10−8 mol/(m2 Pa s), and the other gas permeances
60,000 6000–14,250 Adjust accordingly

are taken or estimated from the literature (Baker, 2002; Koros
and Mahajan, 2000). Carbon membrane performance is taken
from the work reported by Haider et al. (2016). The gas perme-
ation data of different membranes for natural gas sweetening
are listed in Table 4, which are used as the simulation input.
Moreover, the following basis and adaptions are applied to all
the simulation scenarios for process parametric study:

1 The membrane operating temperature is 30 ◦C, and the per-
meate pressure is 1 bar;

2 The feed flow rate is 50 kmol/h;
3 The outer and inner diameter of hollow fibers are 200 �m

and 150 �m, respectively. The hollow fiber length is 1 m;
4 Dehydrated (dry) natural gas with 1 mol% N2 is simulated,

and higher hydrocarbons (beyond propane) are ignored.
The reason for not considering the higher hydrogen car-
bon is mainly due to the lack of experimental data of the
gas permeances. However, it should be noted that carbon
membranes studied in this work are based on the molecu-
lar sieving transport mechanism. The hydrocarbons of >C4
have larger kinetic diameters, and are expected to have very
low gas permeance. Thus, all the hydrocarbons of > C4 are
considered in C3;

5 The pipeline specification of 2.5 mol% of CO2 is given
according to gas quality requirement in many  European
countries (e.g., Norway, France, UK, and Denmark).

Based on the above assumptions and basis, seven scenarios
with different operating parameters (including feed composi-
tion, pressure) are listed in Table 4, and the simulation of each
scenario is conducted by the developed membrane model Mol-
locator. The required membrane area is optimized to achieve

the 2.5 mol% CO2 in the retentate, and the number of hol-
low fibers was calculated based on the membrane area and
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Table 4 – List of simulation basis.

Scenario Feed gas composition [mol%] Feed Pressure
(Pf) [bar]

CO2 Methane Ethane Propane N2

1 5.0 81.7 8.2 4.1 1.0 60
2 10.0 77.4 7.7 3.9 1.0 60
3 20.0 68.7 6.9 3.4 1.0 60
4 30.0 60.0 6.0 3.0 1.0 60
5 40.0 51.3 5.1 2.6 1.0 60
6 50.0 42.6 4.3 2.1 1.0 60
7 10.0 77.4 7.7 3.9 1.0 40-100
Membrane Gas permeance [mol/(m2 Pa s)]
CA (Schell et al., 1989; Baker, 2002; Bhide

and Stern, 1993)
1.691  × 10−8 1.127 × 10−9 3.758 × 10−10 3.381 × 10−10 1.127 × 10−9

PI (Baker, 2002; Koros and Mahajan, 2000) 3.283 × 10−8 1.641 × 10−9 1.094 × 10−9 5.469 × 10−10 3.283 × 10−9

Carbon (Haider et al., 2016) 3.382 × 10−9 3.382 × 10−11 1.353 × 10−11a 1.691 × 10−13a 1.353 × 10−10

a Estimated from kinetic diameter of gas molecules.

Fig. 2 – The influence of hollow fiber inner diameter on the
bore-side pressure drop along fiber length (L = 0.6 m).
the given fiber diameter and length. The cross-sectional area
of membrane module housing is set to be twice of the total
cross-sectional area for the hollow fibers-this is used to calcu-
late the inner diameter of a module. In order to document the
separation performance of different membrane systems, two
important variables are considered. One is specific membrane
area (defined as the ratio of the total required membrane area
and feed flow rate, m2/(kmol/h)), and the other is hydrocarbon
(HC) loss in permeate (defined as the ratio of amount of hydro-
carbon in permeate gas and amount of hydrocarbon in feed
gas). The influences of process parameters (mainly CO2 con-
tent in feed gas and feed pressure) on membrane separation
performance are investigated.

3.  Results  and  discussion

3.1.  Validation  of  mollocator

The modeling results from Mollocator are very close to those
simulated from ChemBrane as shown in Table 5, which is
mainly due to the very small pressure drops in both feed
and permeate sides (<10 mbar) for these two scenarios (Sce-
narios 1 & 2 in Table 2). The relative deviation (RD) (defined
as: RD = (xMollocator−xChemBrane)

xChemBrane
× 100%) of the flow rates and com-

positions in both permeate and retentate are all <1%, which
indicates that the Mollocator can be used for modeling gas
transport behavior through hollow fiber membranes. However,
the deviations of the simulation results between the two mod-
els is found to be larger (when pressure drops in both shell and
bore side are higher for the Scenario 3 due to the applied higher
packing density module and hollow fibers with smaller inner
diameter. It is worth noting that ChemBrane does not calcu-
late pressure drops on both membrane sides, and thus it has
a significant difference of 11% in the permeate flow predicted
from these two model. The Mollocator potentially provides a
more  accurate prediction of the gas transport behavior inside
a module with high packing density (e.g., 16,300 m2/m3 in the
Scenario 3) and highly permeable and small inner diameter
(120 �m)  hollow fiber membranes.

The simulation results from Mollocator was also compared
with the experimental data. For the shell-side feed without
sweep gas (Scenario 4), the Mollocator shows slightly lower
permeate flow and permeate CO2 purity compared to the

experimental data. While for the bore-side feed with sweep
gas (Scenario 5), the Mollocator predicts slightly relatively
higher permeate flow and permeate CO2 purity. However, the
deviation between the Mollocator prediction and the exper-

imental data (RD = (xMollocator−xexp.)
xexp.

× 100%) is less 5%, which
indicates that the developed membrane model can predict
gas transportation through hollow fiber membranes quite well
(It should be noted that the combined experimental error for
these instruments is expected to be in the range of 5%).

3.2.  Membrane  module  parameter  study

3.2.1.  Hollow  fiber  diameter  design
The influence of hollow fiber diameter on module efficiency
was investigated by varying the hollow fiber inner diameter
from 100 to 300 �m. By keeping a constant overall fiber thick-
ness of 25 �m,  the outer diameter of hollow fibers is changed
from 150 to 350 �m accordingly. The modeling was conducted
based on the Scenario A from Table 3 by using a fixed pack-
ing density of 6000 m2/m3, and the results are shown in Fig. 2.
Significant bore-side pressure drops along the fiber length are
found for the modules with smaller inner-diameter hollow
fibers as pressure drop is inversely proportional to D4

i
based

on the Eq. (4). It can be found that modules with larger hollow
fibers have lower bore-side pressure drop and higher driv-
ing force efficiency. When the fiber inner diameter is larger
than 200 �m,  the total pressure drop along the length is less
than 1%, which is acceptable in most applications. Further

reducing the hollow fiber diameter can dramatically cause
the increase of pressure drop in the permeate side, which
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Table 5 – Comparison of Mollocator with ChemBrane and experimental data.

Scenario Source Permeate flow
[mol/s]

Permeate CO2

purity [mol%]
Retentate flow
[mol/s]

Retentate CH4

purity [mol%]

1
ChemBrane 0.03 59.12 0.32 94.77
Mollocator 0.0298 59.54 0.3202 94.60
RD [%] −0.67 0.71 0.06 −0.18

2
ChemBrane 0.03 59.88 0.32 94.94
Mollocator 0.0303 60.34 0.3197 94.77
RD [%] 1.00 0.77 −0.09 −0.18

3
ChemBrane 0.0205 56.72 0.3294 92.92
Mollocator 0.0181 56.04 0.3319 92.52
RD [%] −11.71 −1.20 0.76 −0.43

4 Experimental 4.313 × 10−5 25.96 3.287 × 10−4 92.09
Mollocator 4.258 × 10−5 25.04 3.292 × 10−4 91.95
RD [%] −1.28 −3.54 0.15  −0.15

5 Experimental (He et al., 2018) 4.464 × 10−5 54.40 4.219 × 10−4 63.30
Mollocator 4.567 × 10−5 55.37 4.209 × 10−4 63.45
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RD [%] 2.31 

ay significantly decrease the transport driving force of fast-
as component (i.e., CO2) because of the increased gas partial
ressure in the bore side. It should be noted that shell-side
ressure drop is negligible due to a relatively low packing
ensity of 6000 m2/m3 and a low simulated feed flow in this
cenario.

.2.2.  Hollow  fiber  length  design
he influence of hollow fiber length (L) on module perfor-
ance was conducted by varying the fiber length from 0.5 to

 m,  and the simulations were performed based on the Sce-
ario B given in Table 3. The results are shown in Fig. 3. It can
e seen that there is a slight effect of hollow fiber length on
he actual module performance related to CH4 purity and CH4

oss for the simulated membranes at a given constant area.
ncreasing the hollow fiber length causes the reductions of the
etentate CH4 purity and the CH4 loss. It should be noted the
verall difference is very small between the short-big mod-
le (similar to several modules in parallel operation) and the

ong-slim module (like several modules in series operation),
hich means the modules operated in series or parallel has
inor difference in this study. However, one should expect

hat modules with high-selectivity membranes (e.g., carbon
embranes) may present a relatively large difference-this

hould be further investigated in future work.

.2.3.  Packing  density  design
he influence of module packing density on module perfor-
ance was conducted by varying the packing density from

000 to 14,250 m2/m3 with constant fiber diameter, length
nd membrane surface area. The simulations were performed
ased on the Scenario C given in Table 4. At a given feed flow

n the shell side, the modules with higher packing densities
resent higher pressure drops due to the smaller cross-
ectional areas in the shell side (i.e., higher gas velocity in Eq.
3)) as shown in Fig. 4. Therefore, reducing module packing
ensity can potentially enhance the overall module efficiency,
ut, the footprint of the membrane modules increases with
he increase of the module inner diameter as shown in
ig. 4(b), which should also be taken into account for mem-
rane module/system design, especially if intended usage is
n off-shore platform. It should also be noted that the highest
odule packing density depends on hollow fiber dimension.
n this work, the module packing density of 14,250 m2/m3 is
ound to be the maximum using the hollow fibers with the
1.78 −0.25 0.24

outer diameter of 250 �m,  and further increasing packing den-
sity will cause extreme high pressure drops or not be possible
for making any realistic module.

3.3.  Process  and  feed-specification  parametric  study

3.3.1.  Concentration  and  pressure  profiles
The calculated gas concentration profiles and the pressure
drops along fiber length in the feed and permeate side oper-
ated in the counter-current mode are shown in Fig. 5, which
are simulated with a 10 mol% CO2 content natural gas feeding
from shell-side at a feed pressure of 60 bar (the Scenario 2 in
Table 4). The efficiency of membrane area usage along the fiber
length is different, and the close-end section presents a lower
driving force compared to the open-end section as shown in
Fig. 5(a) and (b). It is worth noting that a very small pres-
sure drop (the maximum of 106 mbar for the PI membranes
(<0.15%) over the whole fiber length) was found on the shell
side due to the relatively low packing density module oper-
ated at a low feed flow (i.e., very low gas velocity) as shown in
Fig. 5(a). However, significant pressure drops in the bore side
were found for all the three membranes due to the small hol-
low fiber inner diameters, especially the highly permeable PI
membranes with a high permeate flow (i.e., pressure drop is
dependent on gas velocity). Moreover, for the same membrane
area, the carbon membranes produce higher purity CO2 in the
permeate with single-stage membrane system as shown in
Fig. 5(c). The PI and CA membranes present higher permeate
CH4 flow (i.e., higher CH4 loss) due to the lower CO2/CH4 selec-
tivities as indicated in Fig. 5(d). Therefore, multi-stage systems
for the PI and CA membranes are required to achieve low CH4

loss and high purity CO2 in permeate (potentially used for
enhanced oil/gas recovery).

3.3.2.  Feed  CO2 content  influence
The sensitivity analysis of feed CO2 content on membrane
module performance was conducted for the scenarios 1–6 of
Table 4. Fig. 6(a) shows that the required specific membrane
area increases with the increase of CO2 content in feed gas, but
slightly decreases at >35 mol%. The influence of feed CO2 con-
tent on the specific required area for the carbon membranes
is more  significant compared to the other two  types of mem-
branes. The HC loss increases with the increase of feed CO2
content as shown in Fig. 6(b), but the carbon membrane shows
a much lower HC loss. These results indicate that a single-
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Fig. 3 – The influence of hollow fiber length on CH4 purity in retentate (a) and CH4 loss in permeate (b) with different fiber
inner diameters.

Fig. 4 – The feed pressure profiles along the fiber length for the modules (a) and the module inner diameter and total
pressure drop (b) with different packing densities.

Fig. 5 – Feed pressure drop in the shell side (a), permeate pressure drop in the bore side (b), CO2 concentration profiles (c)
 with
and permeate CH4 flow profiles (d) along hollow fiber length

stage polymeric (CA or PI) membrane system (with CO2/CH4

selectivity <30 given in Table 4) is usually quite challenging to
achieve low HC loss (e.g., <2% required in most gas plants). In
order to reduce the HC loss of CA and PI membranes, a multi-
stage membrane system is required, but this will increase
energy consumption and required membrane area. The details

of this is however not included in this work. Moreover, the
module inner diameter increases with the increase of the feed
 the fiber inner diameter of 150 �m.

CO2 content up to 30% as shown in Fig. 6(c). Further increasing
feed CO2 content will not influence the required membrane
area, and thus no changes in the module inner diameter,
which is mainly due to the negligible partial pressure in the
permeate compared to the high partial pressure in the feed
(i.e.,

pP,i
pF,i

< 5%) when feed CO2 concentration is higher than

30 mol%.
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Fig. 6 – The influence of CO2 content in feed gas on specific
membrane area (a), HC loss (b), and the required module
i
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Fig. 7 – The influence of feed gas pressure on specific
membrane area (a), hydrocarbon loss (b) and the required
nner diameter (c).

.3.3.  Feed  pressure  influence
eed pressure variation from 40 to 100 bar were simulated
sing the developed Mollocator model for the simulation of
he scenario 7 listed in Table 4, and the results are shown in
ig. 7. It can be seen that required specific membrane area
nd HC loss decrease with the increase of feed gas pressure
Fig. 7(a) and (b)). It is also found that larger carbon membrane
rea (due to a low gas permeance given in Table 4) is required
ompared to the other two membranes, but the HC loss (<2%)
s much lower due to the higher CO2/CH4 selectivity. However,
he module footprint (related to module inner diameter) of
arbon membrane is much larger, which decreases with the
ncrease of feed pressure as shown in Fig. 7(c). It should be
oted that the raw natural gas pressure is usually unchange-
ble in a specific gas plant, then the selection of the right
embrane materials as well as the optimization of other pro-

ess parameters will be essential. Thus, future work on cost

inimization should be conducted to identify the optimal pro-

ess conditions for the specific membrane materials.
module inner diameter (c).

3.4.  Future  perspectives

It should be noted that the focus of this work is the efficient
module design and process/field specific parametric study
of CO2 removal from natural gas based on the developed
membrane simulator (Mollocator). The HC loss and required
membrane area as well as the detailed cost estimation are not
included in the simulated scenarios. Generally, a reduction in
the specific membrane area is approximately proportional to
a reduction of membrane unit cost (He et al., 2014). Whereas,
a reduction in HC loss means that operating cost will be lower.
Therefore, it is obvious that the PI materials performs bet-
ter than CA membranes on both required membrane area
and HC loss for all feed loadings. However, the comparison
between the PI membranes and the carbon membranes is not
so straight forward. The carbon membranes will most likely
be more  expensive due to the larger required membrane area
and the higher material production cost (He and Hägg, 2013),

but the reduction in HC loss is significant and may offset the
incremental installation cost by reducing operating cost. If a
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process based on polymeric membranes is to yield a compa-
rable hydrocarbon loss, then a multi-stage membrane process
is needed, and this will introduce additional compressors and
require more  membrane area. Therefore, future work on inte-
gration of the Mollocator into Aspen HYSYS via Cape-Open
for process optimization can be conducted to identify the
best membrane material and process condition for natural gas
sweetening.

4.  Conclusions

A mathematical model, solved with the use of the orthogonal
collocation method, is developed to simulate multicompo-
nent gas separation by hollow fiber membrane modules. The
developed Mollocator model permits simulation of co-current,
counter-current flow patterns with or without sweep gas.
Moreover, the developed model enables the predictions of flow
rate, concentration and pressure profiles along fiber length in
both feed and permeate to give a full insight into the multi-
component gas transport in a shell- or bore-side feed module.
Validation against experimental data shows a minor deviation
of less than 5% which is well within the expected experimental
errors. It was even found that the deviation between the devel-
oped Mollocator model and ChemBrane can be quite small of
<1% if pressure drops inside module are very low. However,
the deviation can be significant (e.g., 11% in permeate flow)
for the modules with a high packing density and small hollow
fibers, which indicates that the developed Mollcator is supe-
rior to ChemBrane. Moreover, the developed membrane model
can be used for hollow fiber module design with regarding to
hollow fiber diameter and length as well as module packing
density. The bore-side pressure drop is higher for the hollow
fibers with smaller inner diameter, but it can be less 1% if the
fiber inner diameter is larger than 200 �m.  Moreover, increas-
ing module packing density may cause a dramatic increase of
pressure drop in the shell side, and thus appropriate packing
density should be chosen to balance module performance and
cost. Finally, the developed Mollocator model was successfully
employed to investigate the influences of process parameters
on natural gas sweetening with different membranes. Higher
feed CO2 concentration in natural gas increases the required
membrane area and HC loss. Moreover, high feed pressure
reduces the specific require membrane area and HC loss, but
the operating cost related to power consumption increases.
Thus, cost minimization should be further conducted to iden-
tify the optimal operating condition in the future work.
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Appendix  A

Eqs. (3) and (4) are obtained based on the following derivations:

P = F

S
; F = AKCf ; K = 1

2
�ϑ

2
; ϑ = Q

S
(A1)

where P is pressure, F force; A surface area, S cross-sectional
area, K kinetic energy, Cf friction coefficient, ϑ velocity, � gas
density, Q volume flow rate.

Shell side (Mulder, 1996)

A = �DL + N�DoL; Cf = 24
Re

; Re = �ϑDh
�m

; Dh = 4
�D2

4N − �Do
2
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Bore side (Mulder, 1996)

A = N�DiL; Cf = 16
Re

; Re = �ϑDi
�m

; Q = vRT

P
; S = N

�

4
Di

2 (A4)

dp

dz
= 128�mRT

N�Di
4p

v (A5)

where Re is Reynolds number, �m dynamic viscosity of gas
mixture; Dh hydraulic diameter (assuming fibers arranged in
a square pitch mode (He et al., 2017)).
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