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abstract
Recovery and salt rejection rate, which are directly related to the membrane properties and operat-
ing conditions (i.e., feed flow rate, pressure, temperature, and TDS concentration), are two main 
indicators for evaluating the performance of a reverse osmosis (RO) membrane process. A simple 
and rapid test with minimum data is inevitably requested to diagnose membrane performance at 
a certain operating conditions, because experiments at all operating conditions are inefficient and 
consumable work in the view of cost as well as man-hour. In this study, permeate flow rate and 
TDS concentration of three kinds of commercial RO membranes were carefully examined under 
various operating conditions [i.e., feed pressure (45–65 kgf/cm2) and temperature (5–30°C)]. Based 
on the experimental data, membrane resistance models including temperature and pressure cor-
rection factors were developed for the rapid diagnosis of SWRO membrane performances. As a 
result, the models developed in this study have good agreements between observed and simulated 
data. Based on the procedure in this study, the performance of any type of RO membranes can be 
rapidly examined by simple model parameter inputs. Furthermore, the developed diagnosis tool 
for performance test of SWRO membranes can be practically applied to build database of mem-
brane performance for designing the SWRO process with minimum data as well as to reduce the 
cost and effort for data acquisition.
Keywords: Reverse osmosis membrane; Membrane resistance model; Temperature correction 

factor; Pressure correction factor
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1. Introduction

Reverse osmosis (RO) is a pressure-driven separation 
process, which is capable of passing water while rejecting 
solutes (i.e., salts or low molecular weight organics) [1]. 
Recently, seawater reverse osmosis (SWRO) desalination 
processes have been widely adapted in the worldwide, 
because it is more economically feasible than distillation 
desalination processes such as multi-stage flash (MSF) 
and multi-effect distillation (MED) [2]. Furthermore, 
since a number of researches related to energy saving 
and cost reduction in SWRO desalination process have 
been carried out, it is expected that the production cost of 
fresh water can be continually reduced, leading to more 
expansion of the SWRO desalination process for fresh 
water production from seawater [3–8].

As demands for constructing SWRO plants have been 
increasing, the necessity of RO models (e.g., deterministic 
and stochastic models) has also increased to simulate 
accurate membrane performances for the purpose of 
efficient plant design and operation management. Until 
now, A number of models have been proposed for simu-
lating and predicting performances of SWRO desalina-
tion process such as irreversible thermodynamic models, 
solution-diffusion model, porous model, membrane 
resistance model, and so on [9,10]. Among RO models, 
membrane resistance model was used in this study. The 
membrane resistance (Rm) representing membrane char-
acteristic has a role of restriction of passing the perme-
ate flux. In other research, this model was extensively 
applied to discribe membrane fouling as resistance-in-
series model [11]. As an empirical model, the membrane 
resistance which has different value according to kinds 
of membrane in the model can be estimated based on 
the experiments. Therefore, the model can analyze and 
simulate a particular performance of membrane using 
estimated parameters.

Membrane performance tests are inevitable for inves-
tigating whether a membrane has acceptable/consider-
able performances at several operating conditions (i.e., 
variations of feed pressure, flow rate, temperature, and 

concentration) including extreme cases (e.g., extremely 
low temperature). However, to test the membrane per-
formance at all the operating conditions is obviously 
inefficient and consumable work in the view of cost and 
manpower for experiments. Therefore, a RO performance 
simulator developed with minimum operating conditions 
can be a considerably useful tool to investigate most of 
the operating cases within the range of minimum and 
maximum operating conditions. Comparing to other 
studies using membrane resistance model [11,12], in 
this study, modified membrane resistance model was 
applied to simulate performances of commertial SWRO 
membranes. For enhancing the accuracy of the model, the 
permeate velocity described by Darcy’s law was modified 
using temperature correction factor (TCF) as a type of Ar-
rhenius’ form for reflecting the effect of temperature and 
pressure [13]. In addition, TCF and pressure correction 
factor (PCF) are added to rejection rate.

The objectives of this study are: 1) to develop the 
modified resistance model including correction factors 
(i.e., TCF and PCF); 2) to investigate the performances of 
three commercial membranes using developed models; 
and 3) to suggest a simulation approach for performance 
diagnosis of various SWRO membranes based on the 
minimum parameter inputs.

2. Data acquisition 

2.1. Pilot system

Fig. 1 shows the configuration and photograph of 
pilot system in this study. In the RO pilot system, feed 
water is first pretreated to avoid membrane fouling us-
ing both sand and cartridge filters. And then it is sent to 
two stage 4″ RO units by a high pressure pump. Finally, 
the permeated and concentrated waters go into the feed 
tank instead of storage tank for a recycle purpose. The 
three kinds of commercial spiral-wound reverse osmosis 
membranes (i.e., Membrane A, Membrane B, and Mem-
brane C) were used in the experiments, which have the 
membrane area of 6.9, 6.5, and 6.9 m2, respectively. Both 

Fig. 1. Schematic diagram (A) and photograph (B) of SWRO lab-scale pilot system.
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heater and chiller connected to feed tank were used for 
modulating the feed temperature. And high pressure 
pump and a brine valve were utilized for controlling the 
feed flow rate and pressure. 

2.2. Experimental data

Tables 1 and 2 show experimental data set for investi-
gating the effect of feed pressure and water temperature 
on the membrane performance. 10 operating conditions 
[feed pressure variations (45–65 kgf/cm2) at 20°C and feed 
water temperature variations (5–30°C) at 55 kgf/cm2] were 
conducted at almost fixed feed flow rate of 30 LPM (liter 

Table 1
Experimental data of Membrane A

Permeate Output parameter

Temperature
(°C)

Pressure
(kgf/cm2)

Flow rate
(LPM) 

TDS
(ppm)

Flow rate
(LPM)

TDS
(ppm)

Recovery rate 
(%)

Rejection rate 
(%)

5 45 30.2 31400 3.7 97.1 12.33 99.70 
5 50 30.2 31300 4.7 79.5 15.67 99.75 
5 55 30.1 31300 5.6 73.1 18.73 99.77 
5 60 30.0 31500 6.3 64.1 21.14 99.80 
5 65 29.9 31400 7.1 59.1 23.83 99.82 
10 45 30.2 31700 2.8 82.4 9.27 99.74
10 50 30.0 31600 3.4 66.4 11.33 99.79
10 55 30.0 31600 4.0 57.8 13.33 99.82
10 60 29.9 31600 4.6 53.1 15.38 99.83
10 65 29.8 31400 5.2 45.0 17.45 99.86
15 45 30.1 31900 3.3 85.6 10.96 99.73
15 50 30.0 31700 4.0 70.1 13.3 99.78
15 55 29.9 31700 4.7 61.6 15.72 99.81
15 60 29.9 31900 5.4 54.6 18.06 9.83
15 65 29.8 31900 6.1 50.7 20.47 99.84
20 45 30.0 32100 3.7 97.1 12.33 99.70 
20 50 30.0 32100 4.7 79.5 15.67 99.75 
20 55 29.9 32000 5.5 71.7 18.39 99.78 
20 60 29.8 32000 6.3 64.1 21.14 99.80 
20 65 29.8 32000 7.1 59.1 23.83 99.82 
25 45 29.9 32000 4.2 104.6 14.05 99.67
25 50 29.9 32000 5.2 87.1 17.39 99.73
25 55 29.8 32100 6.3 79.5 21.14 99.75
25 60 29.8 32000 7.1 70.9 23.83 99.78
25 65 29.6 32000 8.0 64.8 27.03 99.80
30 45 29.9 32100 4.7 121.6 15.72 99.62
30 50 29.8 32100 5.9 101.2 19.80 99.68
30 55 29.8 32100 6.9 91.1 23.15 99.72
30 60 29.7 32000 7.9 84.0 26.60 99.74
30 65 29.6 32000 8.8 77.3 29.73 99.76

Bold character, basic operation conditions for developing a model.
Normal character, supplemented operation conditions for validating a developed model.

per minute) with salt concentration of 32,000 ppm using 
three kinds of RO membranes. Each experiment was 
performed at a stable and steady operating condition. 
For the validation of a model, twenty operating condi-
tions [combination of operating pressure (45–65 kgf/cm2) 
and feed water temperature (5–30°C) except for upper 10 
operating conditions (see bold character in Table 1)] were 
supplemented using Membrane A (see normal characters 
in Table 1). The permeate flow rate and salt concentra-
tion were measured using flow and conductivity meters, 
respectively. And the performances (i.e., recovery and 
salt rejection rates) of each membrane are summarized 
in Tables 1 and 2.
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3. Model development

In this study, the SWRO model is developed to simu-
late the membrane performance. Fig. 2 shows a simpli-
fied schematic diagram of a channel with a membrane at 
one side and the variables used in the study: L, W, and 
H denote the length, width, and height of the channel, 
respectively; u(x) and v(x) are cross and permeate flow 
velocity at local position (x) being the distance from the 
inlet. The channel length (L) can be lengthened according 
to the number of RO membrane elements (n) in a vessel 

Table 2
Experimental data of Membrane B and Membrane C

Membrane Feed Permeate Output parameter

Temperature
(°C)

Pressure
(kgf/cm2)

Flow rate
(LPM) 

TDS
(ppm)

Flow rate
(LPM)

TDS
(ppm)

Recovery 
rate (%)

Rejection 
rate (%)

Membrane B 20 45 30.1 32100 4.3 176.6 14.29 99.45
20 50 30.0 32200 5.4 153.3 18.00 99.52
20 55 30.0 32100 6.3 138.7 21.00 99.57
20 60 29.9 32000 7.3 129.4 24.42 99.60
20 65 29.8 31600 8.2 126.4 27.52 99.60

5 55 30.1 31700 4.1 103.1 13.62 99.68
10 55 30.0 31700 4.7 112.4 15.67 99.65
15 55 30.0 31900 5.4 123.6 18.00 99.61
25 55 29.9 32100 7.0 173.2 23.4 99.46
30 55 29.8 32100 7.7 204.0 25.8 99.36

Membrane C 20 45 30.1 32200 3.6 135.3 11.96 99.58
20 50 30.0 32100 4.5 113.2 15.00 99.65
20 55 30.0 32000 5.4 102.9 18.00 99.68
20 60 29.9 32200 6.1 94.9 20.40 99.71
20 65 29.8 31900 6.8 92.0 22.82 99.71

5 55 30.2 31400 3.2 59.0 10.60 99.81
10 55 30.1 31600 3.9 68.5 12.96 99.78
15 55 30.0 31900 4.6 84.1 15.33 99.74
25 55 29.9 32000 6.1 131.0 20.40 99.59
30 55 29.9 32100 6.7 162.1 22.41 99.50

for customary practice with several modules in series. 
Basic transport equations and mathematical models for 
spiral wound module are discussed in detail below.

From the principle of membrane transfer, the local per-
meate flux in the membrane resistance model is shown as:

( ) ( )
( )

m

p x x
v x

R
∆ − ∆π

=  (1)

where v(x), Δp(x) and Δπ(x) are the permeate velocity, 
the transmembrane pressure (TMP), and the transmem-
brane osmotic pressure, respectively, at point x. Rm is the 
membrane resistance, which is defined as: 

= ⋅, TCF
mm m ref RR R  (2)

where Rm. ref  is reference membrane resistance, and TCFRm 
is temperature correction factor for membrane resistance, 
which is determined as:

1 1TCF exp
mR T

a ref

a
T T

  
 = −     

 (3)

where aT is temperature coefficient for TCFRm, Ta the ab-
solute temperature, and Tref the reference temperature. 
And TMP declines along the channel due to the friction 

Fig. 2. Schematic diagram of spiral wound reverse osmosis 
membrane: L, W, and H indicate channel length, width, and 
height, respectively; u and v indicate crossflow and permeate 
flow velocity, respectively; x shows the longitudinal direction.
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of the crossflow with the membrane walls and spacers in 
the channel, which is calculated as [12,14]:

2 0

12( ) (0) ( )
xkp x p u d

H
µ

∆ = ∆ − ξ ξ∫  (4)

where Δp(0) is the TMP at inlet, H the channel height, 
and k the friction coefficient for spacers. μ is the dynamic 
viscosity of water, which is computed as a function of 
temperature [15].

247.8
14052.414 10 10 aT −−µ = × ×  (5)

Based on the mass conservation in the membrane 
channel, the crossflow velocity, u(x), at any point along 
the channel can be determined as:

0

1( ) (0) ( )
x

u x u v d
H

= − ξ ξ∫  (6)

where u(0) is an feed flow velocity, and ξ the dummy 
integration variable. The osmotic pressure can be 
calculated by the empirical equation [16].

( )4 223745 64.784 1.7753 10
298

aTc c−π = + × + ×  (7)

where c the TDS concentration. By applying mass con-
servation in the membrane channel, TDS concentration, 
c(x), at any point along the channel can be determined as:

1 ( )1( ) (0) (0) ( ) ( )
( )

xrej

o

r x
c x c u c v d

u x H
− 

= − ξ ξ ξ 
 

∫  (8)

where c(0) is an feed TDS concentration, and rrej the 
rejection rate. Since rejection rate of a RO membrane 
is changed with feed temperature and TMP, it can be a 
function of temperature and TMP as an Arrhenius’ form 
to reflect the various feed condition of the SWRO plant.

= ⋅ ⋅, TCF PCFrej rej ref rej rejr r  (9)

where rrej0 is intrinsic rejection rate, and TCFrej and PCFrej 
are temperature correction factor and pressure correction 
factor for the rejection rate estimation, respectively, which 
are determined by

1 1TCF exprej T
a ref

b
T T

  
 = −     

 (10)

1 1PCF exprej P
ref

b
p p

  
 = −   ∆  

 (11)

where bT is temperature coefficient for TCFRm, bp is 
pressure coefficient for PCFRm, and pref is the reference 
pressure.

4. Results and discussion

4.1. Procedure of parameter estimation

Using the membrane resistance model regardless of 
TCFRm in Eq. (3), membrane resistance values are extracted 
at various operation conditions using Membrane A. 
Fig. 3A shows that Rm values are exponentially decreasing 
in accordance with feed temperature at constant pressure 
(55 kgf/cm2). However, the effect of pressure at fixed tem-
perature condition (20°C) on variation of the membrane 
resistance was ignored in this study, because it is shown 
that it was relatively slight comparing to temperature 
effect. It indicates that since constant Rm representing the 
characteristics of membrane does not fit well to perfor-
mance data including temperature variation, it is needed 
to insert TCFRm to the Eq. (2) as a type of Arrhenius’ form. 
In addition, rejection rate can be a function of temperature 

Fig. 3. The variations of membrane resistance (A) and rejection rate (B) according to the variation of temperature and pressure.
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and pressure, because rejection rate varies according to 
the variation of temperature and pressure as shown in 
Fig. 3B. Therefore, rejection rate also needs correction fac-
tors such as TCFrej and PCFrej, which is shown in Eq. (9).

For estimating parameters in the model, the follow-
ing procedure is sequentially progressed. First of all, a 
reference membrane resistance (Rm, ref) is determined at 
temperature 20°C and pressure 55 kgf/cm2 with other 
operating conditions such as feed flow rate of 30 LPM  
and salt concentration of 32000 ppm. Then, a tempera-
ture coefficient (aT) of TCFRm for membrane resistance 
can be obtained based on the experimental data (N = 10) 
including actual rejection rate at each condition shown 
in Tables 1 and 2. Finally, temperature (bT) and pressure 
(bp) coefficients for rejection rate are estimated using Rm,ref, 
aT, rrej,ref (rejection rate at temperature 25°C and pressure 
55 kgf/cm2) and experimental data.

4.2. Model validation

As the results, reference membrane resistances (Rm, ref) 
for Membrane A, Membrane B, and Membrane C were 
obtained as 4.28×1011, 3.45×1011, and 4.37×1011 Pa s/m, 
respectively, shown in Table 3. Temperature coefficient 
(aT) for membrane resistance, and temperature (bT) and 
pressure (bp) coefficients for salt rejection rate of each 

Table 3
Estimated parameters for three test membranes

Parameter Membrane A Membrane B Membrane C

Rm: membrane resistance, Pa s/m 4.28×1011 3.45×1011 4.37×1011

aT: temperature coefficient for temperature correction factor, K 2518 2294 2483
rrej,ref: reference rejection rate, % 99.78 99.57 99.68
bT: temperature coefficient for salt rejection, K 3.20 8.65 9.30
bp: pressure coefficient for salt rejection, Pa –16865.71 –23436.34 –19527.20
R2 of recovery rate 0.99 0.99 0.98
R2 of rejection rate 0.95 0.91 0.95

Fig. 4. Measured and simulated data of both recovery rate (A) and rejection rate (B) of Membrane A.

membrane are also shown in Table 3. In terms of these 
estimated parameters, we obtained good agreement be-
tween measured and simulated values each membrane. 
In Table 3, R2 values of Membrane A, Membrane B, and 
Membrane C were 0.99, 0.99, and 0.98 for recovery rate, 
and 0.95, 0.91, and 0.95 for rejection rate, respectively. 
Furthermore, the data which have not been used in Table 
1 (normal characters) was applied to the validation of 
the developed model. As a result, it is shown that R2 
values of recovery (Fig. 4A) and rejection rates (Fig. 4B) 
between measured and simulated values are 0.99 and 
0.95, respectively. It means that the developed model 
based on the 10 experimental conditions is enough to 
simulate the interpolating conditions (20 experimental 
conditions). That is, the number of experimental condi-
tions for investigating the performance of membrane and 
suggesting appropriate operation condition for proposed 
water production can be reduced using the simple ap-
proach used in this study.

4.3. Model simulations

Fig. 5 shows that the performances (i.e., recovery 
rate and rejection rate) of membranes are simulated 
extensively using the models developed based on the 
experimental data (black circles in Fig. 5). In the view of 
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recovery rate (Fig.5A, B, and C), as both feed temperature 
and pressure increase, recovery rates of three membranes 
also increase. Especially, the recovery rate of Membrane 
B is relatively higher than those of other membranes (i.e., 
Membrane A and C) which have similar trend of recovery 
rate. When temperature is 25°C and pressure 60 kgf/cm2, 
while the recovery rate of Membrane B is around 26%, 
those of other membranes are almost 22%. 

As shown in Figs. 5D, E, and F, all membranes have 
higher rejection rate in accordance with the decrease 
of feed temperature and increase of feed pressure. As 
opposed to the recovery rate, Membrane B (Fig. 5D) 
has relatively lower rejection rate comparing to the 
other membranes (Figs. 5E and F). Also, even though 
Membrane A and Membrane C have similar recovery 
rate in the entire operating conditions, rejection rate of 
Membrane A has relatively higher than Membrane C. As 
shown in Fig. 5A, the difference between maximum and 
minimum rejection rate of Membrane A is lower than 
Membrane C, indicating that Membrane A can maintain 
relatively high rejection rate regardless of the increase 
of feed temperature and the decrease of feed pressure 
comparing to Membrane C.

From the above results, it is known that the mem-

Fig. 5. Simulation results for the comparison of three test membrane performance: recovery rate of (A) Membrane A, (B) 
Membrane B, and (C) Membrane C; rejection rate of (D) Membrane A, (E) Membrane B, and (F) Membrane C. 10 black circles 
indicate experimental data.

branes have different characteristics for freshwater pro-
duction. Considering these characteristics of membrane, 
Membrane B can have better performance comparing to 
other membranes for only water quantity. However, in 
the view of both water quality and quantity, Membrane A 
is the relatively effective to produce freshwater on the 
same operating conditions. Therefore, it should be con-
sidered to select appropriate membranes according to 
a beneficial purpose of the construction criteria for the 
target SWRO plant.

4.4. Simulator for performance of membranes

Fig. 6 shows the schematic diagram of simple test 
tool for membrane performance. This simulator consists 
of five sections such as membrane properties, operation 
conditions, parameter estimations, validation, and simu-
lation. At first, reference membrane resistance (Rm,ref) can 
be determined based on the membrane properties and 
operation conditions which are inputs for the simulator. 
And other parameters (i.e., temperature and pressure co-
efficients for TCF and PCF, respectively) can be estimated 
based on experimental data including 10 conditions (see 
bold characters in Table 1). These processes follow above 
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procedure of parameter estimation. The estimated values 
are shown in parameter estimation section. Then, this 
model will be validated using another data set (see normal 
characters in Table 1) which is different from data set for 
parameter estimation. Based on validation results shown 
in validation section, the model can be checked whether 
it has good agreement between measured and simulated 
value. Finally, in simulation section, the extended perfor-
mances which are rejection and recovery rate according 
to temperature and pressure. The simulator developed in 
this study can be applied to build the database of mem-
brane performance for plant design software.

5. Conclusions

The model used in this study can be used in any 
type of RO membranes with a few adjustments for 
model parameters (i.e., reference membrane resistance, 
temperature coefficient for TCF, pressure coefficient for 
PCF). Based on the procedure performed in this study, 
model parameters representing the characteristics of each 
membrane can be estimated for simulating performances 
of various membranes. The models developed with the 
minimum parameter inputs can be utilized to investigate 
the performance of membrane at other conditions and 
suggest the appropriate operation condition for proposed 
water production. The simulation approach in this study 

Fig. 6. Schematic diagram of overview of SWRO membrane performance simulator: membrane property, operation condition, 
parameter estimation, validation and simulation.

can be practically applied to build database of membrane 
performance for designing the SWRO plant based on the 
minimum data which is instead of whole data for reduc-
ing the cost and exertion of data acquisition. Furthermore, 
the simulator developed in this study can be easily used 
to test membrane performance.
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Symbols

aT — Temperature coefficients of TCFRm
bT — Temperature coefficients of TCFrej
bp — Pressure coefficients of PCFrej
c — TDS concentration, mg/l
H — Channel height, m
k — Friction coefficient
L — Channel length, m
p — Pressure, Pa
pref — Reference pressure, Pa
PCFrej — Pressure correction factor for rejection rate
rrej — Rejection rate
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rrej,ref — Reference rejection rate
Rm — Membrane resistance, Pa s/m
Rm,ref — Reference membrane resistance, Pa s/m
Ta — Absolute temperature, K
Tref — Reference temperature, K
TCFRm

— Temperature correction factor for membrane 
resistance

TCFrej — Temperature correction factor for rejection rate
u — Crossflow velocity, m/s
v — Permeate velocity, m/s
W — Channel width, m
x — Local position, m

Greek

ξ — Dummy integration variable
π — Osmotic pressure, Pa
μ — Dynamic viscosity of water, Pa s
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