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ABSTRACT

The main objective of this study is to understand the operation mechanisms of reverse
osmosis (RO) membrane and optimization of the operating mechanisms of the RO system
in order to reduce the membrane fouling and/or energy requirements. Typically, the high-
pressure RO membrane vessel is loaded with membrane elements having the same flux and
salt rejection rate. It has been conceived that when different types of RO elements are
loaded into the pressure vessel in a special arrangement according to their permeability and
salt rejection rate, this arrangement has the potential for reducing the energy consumption
of the RO plant. Here, a conceptual design is introduced to describe this new idea. The
effects of feed salinity and temperature were investigated in this paper using the reverse
osmosis system analysis filmtec membrane design software. A two pass membrane treat-
ment process was designed for desalting seawater at different salinities varied from 35,000
ppm to 43,000 ppm. The results showed a net energy saving from 2.5 to 3% (depends on
the feed salinity) could be achieved. The effect of the feed temperature was also investi-
gated, and the new design was found to be more energy efficient. Membrane scaling was
also investigated in this study, and it was found that the new membrane arrangement
design was less efficient than old design at feed salinity 35,000 ppm and vice versa at feed
salinity 45,000 ppm. This was attributed to the use of high membranes permeabilities in the
new design.

Keywords: Water and salt permeability; Reverse Osmosis; Pressure vessel design; Energy
consumption

1. Introduction

Reverse osmosis (RO) seawater desalination is
becoming a common trend for fresh water supply in
large and small cities. As water scarcity problems
intensify every day due to population growth and the
degradation of freshwater quality, SWRO plants were

built around the world to provide potable water from
seawater. The application of RO membranes were
extended beyond seawater desalination to provide
high-quality water to various pharmaceutical and food
industries [1–4]. RO has an advantage over thermal
desalination because of its lower energy requirements
[1,5–11]. Nevertheless, the cost of RO is still consid-
ered high and can only be afforded by opulent and
developed countries. Nowadays, most of the*Corresponding author.
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desalination plants exist in the oil-rich Middle East
countries, Europe and North America due to the high
cost of desalted water. There are too many examples
of successful RO plants for seawater desalination oper-
ating without major disruptions [6,10,12–14].

The RO membranes, however, require an intensive
pre-treatment compared with the thermal technologies
[15–19]. Furthermore, RO technology suffers from sev-
eral drawbacks including scaling and biofouling. Anti-
scalants and various chemical compounds were used
for fouling control in the RO system [6,12,20]. Previous
studies showed that biofouling problem is more seri-
ous than scaling, although the latter cause serious
damage to the RO membranes. It is usually leads to a
flux reduction and higher maintenance and operation
cost [12,17,19]. Typically, predetermined dose of anti-
scalants is added to the feed stream in order to pre-
vent scaling elements precipitation in RO membranes.
Some studies suggested using NF membranes as a
pre-treatment for RO to reduce scaling problems
[1,12,19]. Several pilot plants studied the feasibility of
using the NF pre-treatment for the removal of divalent
ions from RO feed. However, NF pre-treatment seems
to be far from commercialization probably due to its
high operation cost. Other researchers studied the
potential of decreasing RO cost by using high perme-
ability RO membranes or through optimization the
number of RO elements in the pressure vessel
[12,21,22].

In the current paper, a theoretical study was intro-
duced to describe the effects of using RO elements of
different permeabilities in the pressure vessel on the
power consumption and the membrane performance.
The reverse osmosis system analysis (ROSA) software
was used throughout this study to simulate the RO
membrane performance under different environment
conditions. Filmtec brackish water reverse osmosis
(BWRO) and seawater reverse osmosis (SWRO) mem-
branes of different permeabilities were investigated in
this study. The effect of seawater TDS and tempera-
ture were studied as well as the impacts of these
parameters on the membrane performance. Filmtec
BWRO and SWRO membranes of different permeabili-
ties were investigated in this study. Effects of seawater
TDS, temperature and the impacts of these parameters
on the membrane performance were studied. Different
feed salinities ranged from 35,000 to 45,000mg/L were
used in this study. For simplicity, apart from the scale
analysis study, the composition of seawater was con-
sidered to be Na and Cl ions only. A scale analysis
study was conducted to investigate the scale potential
of both conventional (old) design and the proposed
new design of RO membrane arrangement in the pres-
sure vessel.

2. Theory

From the solution–diffusion theory, salt and water
are diffused through the semi-permeable membrane
according to the following equations:

J ¼ Awð�P� r�PÞ (1)

Js ¼ Bð�CÞ (2)

Where J is water flux through RO membrane (L/m2

h), Aw is membrane permeability coefficient (L/m2 h
bar), ΔP is pressure difference across the membrane
(bar), and
σ is membrane reflection coefficient. Membrane selec-
tivity increases as σ approaches unity, for the RO
membranes σ < 1 but for simplicity a unit reflection
coefficient is taken here. Δ is the osmotic pressure of
solute (bar), Js is salt flux (kgm2/h), B is salt diffusion
coefficient (m/d), and ΔC is the difference of salt con-
centration across the membrane (mg/L). Ideally, ΔC is
the difference between salt concentrations at the mem-
brane surface and the permeate side of the membrane.
But due to the difficulties to measure salt concentra-
tions at the membrane surface, the concentration of
bulk solution is often taken. The net driving pressure
in RO membranes is the difference between hydraulic
and osmotic pressure. The feed osmotic pressure
increases with increasing the concentration of solute.
Osmotic pressure can be calculated from the following
Vant’s Hoff equation:

P ¼ nCRT (3)

Where C is the solute molar concentration, R is gas
constant, T is temperature in Kelvin, and n is num-
ber of ions. As shown in Eq. (3), osmotic pressure is
a function of solute concentration, type of solute and
temperature. Since seawater is mainly NaCl, the
effect of NaCl concentration on the performance of
RO membrane was investigated in this study. The
effect of seawater temperature variation on the per-
formance of RO was also investigated. Water and salt
diffusions in the RO membranes are affected by tem-
perature; 3–5% flux increase per degree centigrade
was reported [23].

Commercial SWRO and BWRO membranes have dif-
ferent water and salt permeabilities depending on the
membrane applications. Typically, BWRO membranes
are more permeable than SWRO membranes, but they
have a lower salt rejection rate. In this study, different
SWRO and BWRO membranes were investigated in an
attempt to optimize the design of element arrangements
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into the high-pressure vessel in a two pass RO desalina-
tion plant. The water and salt permeabilities of different
types of RO membranes are listed in Table 1.

It is worth mentioning here that salt diffusion coef-
ficient is calculated from the following equation:

B ¼ ð1� RÞJ=R (4)

Where R is the membrane salt rejection rate to sodium
chloride. The value of R varies from 99.8 to 99% in
SWRO and BWRO membrane, respectively. The
higher R is the better salt rejection of the membrane.
From A and B values (Table 1), SWRO membrane
SW30HRLE-400i has a higher salt rejection rate and
lower water permeability than SW30XLE-400i. This is
probably due to the tight structure of SW30HRLE
membrane. Similarly, Filmtec BW30-400 has higher
salt rejection and lower water permeability than
BW30LE-440 due to the tight structure of the mem-
brane element.

In two pass membrane desalination, SWRO
membranes are used in pass 1 followed by low-pres-
sure BWRO membranes in pass 2. A schematic dia-
gram of a SWRO-BWRO process is described in Fig. 1.
A portion of pass 1 permeate is usually blended with
a pass 2 permeate as required. While pass 2 concen-
trate is recycled back and mixed up with the pass 1
feed. Two different cases were investigated in this
paper, and in case, one the same SWRO/BWRO mem-
branes were loaded into the RO/BW pressure vessel
as described in Fig. 2. In the second case, two different
types of SWRO membranes were loaded into the pres-
sure vessel with SWRO elements of higher permeabil-
ity at the end (Fig. 2). As shown in Fig. 1, three
pressure vessels of seven elements each were used in
pass one to produce enough permeate feed to pass 2
in which one pressure vessel of seven elements was
used.

Both salinity and temperature of seawater were
investigated in this study. Different seawater tempera-
tures ranged from 15 to 35˚C were investigated then

Table 1
Characteristics of Filmtec membranes

Filmtec
membrane

Area
(m2) %Re

Aw
(L/m2 h bar)

B
(m/d) Testing condition

SW30HRLE-
400i

37 0.9975 1.056 0.00189 32,000 ppm NaCl, 5 ppm boron, 55 bar, pH 8, 25 C and 8%
recovery

SW30XLE-400i 37 0.997 1.28 0.00276 32,000 ppm NaCl, 5 ppm boron, 55 bar, pH 8, 25 C and 8%
recovery

BW30-400 37 0.995 3.14 0.00543 2000 ppm NaCl, 15.5 bar, pH 8, 25 C and 15% recovery
BW30LE-440 41 0.99 5.32 0.0108 2000 ppm NaCl, 10 bar, pH 8, 25 C and 15% recovery

Pass 2 
BWRO 1 
pressure 

vessel of 7 
elements  

Pass 1 
SWRO 3 
preesure 

vessels of 7 
elements 21 3 5

4

6 7

8

1. Feed pass 1  
2. Adjusted feed  
3. Permeate pass 1 
4. Blend permeate: pass1 blend with pass 2 
5. Feed pass 2  
6. Permeate pass 2 
7. Total blended permeate  
8. Pass 2 concentrate to pass1 feed  
9. Pass 1 concentrate  

9 

Fig. 1. Two passes SWRO and BWRO desalination process.

1 2 3 4 5 

6 7 

7 6 5 4 

3 2 1 

A: Case 1 elements 1-7 Filmtec RO membranes SW30HRLE-400i. Case 2 
elements 1-5 Filmtec RO membranes SW30HRLE-400i, elements 6&7 
SW30XLE-400i 

B: Case 1 elements 1-7 Filmtec BW membranes BW30-400. Case 2 elements 
1-3 Filmtec RO membranes BW30LE-440, elements 4-7 BW30-400 

Fig. 2. SWRO and BWRO membrane arrangement in the
pressure vessel.
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seawater temperature fixed at 25 ˚C and different
salinities from 35,000 to 43,000 ppm were investigated
(Table 2). The TDS of permeate from Cases 1 and 2
should be identical or at least very close. The testing
procedure of Cases 1 and 2 is described in Table 2. As
mentioned before, ROSA software version 6.1 was
used in this study to simulate the performance of
SWRO and BWRO Filmtec membranes.

The performance of SWRO and BWRO membranes
were predicted by ROSA 6.1 software. Case 1 repre-
sents the conventional design in which a similar type
of membrane element was used in the pressure vessel,
while in Case 2, two different types of membrane ele-
ments were used in the pressure vessel. In Case 2, five
elements SW30HRLE-400i were placed in the lead
position followed by two elements SW30XLE-400i
which had higher permeability and slightly lower salt
rejection rate than SW30HRLE-400i. In concept, this
will, to some extent, reduce the power requirements
of desalination. The BWRO membrane vessel,
however, had a slightly different design in which the
low permeability and salt rejection elements BW30-400
were placed in the tail position and BW30LE-440
elements were placed in the lead position. This
arrangement is more efficient as the maximum recov-
ery rate per elements will not be exceeded and perme-
ate TDS will be lower.

3. Optimization number of RO elements in pressure
vessel

It is very important to optimize the number of
each type of RO and BW elements in the passes 1 and
2 pressure vessels. The approach used here was as fol-
lows:

(1) Design two passes conventional SWRO-BWRO
system in which the same membrane elements
were used in each pressure vessel.

(2) Design two passes SWRO-BWRO system in
which two types of SWRO were used in pass 1,
while the same BWRO membranes were used
in pass 2. The specific power consumption (Es)
and permeate TDS of each case was recorded
and compared with the conventional design. In
this step, the number of each type of RO mem-
branes will be optimized and determined.

(3) Design 2 pass SWRO-BWRO system in which
the type and number of SWRO membranes
were fixed from step 2 but two different types
of BWRO membranes were used in pass 2. A
number of case studies were investigated. The
Es and permeate TDS values of each case study
were compared with the conventional design.
At the end of step 3, the number of each type
of BWRO was determined.

Table 2
Testing condition for Cases 1 and 2

Design
Salinity
(ppm)

Pf 1st
pass (bar)

Pf 2nd
pass (bar)

Temp.
(˚C) SWRO membranesa BWRO membranes

Case 1 41,000 70.77 18.22 15 7 elements SW30HRLE-400i 7 elements BW30-400
41,000 68.99 14.66 20
41,000 67.86 12.06 25
41,000 66.92 10.14 30
41,000 66.36 8.8 35
35,000 58.02 11.97 25 7 elements SW30HRLE-400i 7 elements BW30-400
37,000 61.2 12 25
39,000 64.2 12.03 25
41,000 67.84 12.06 25
43,000 71.34 12.09 25

Case 2 41,000 69.66 12.1 15 5 elements SW30HRLE-400i & 2
elements SW30XLE-400i

3 elements BW30LE-440 & 4
elements BW30-40041,000 68.05 9.96 20

41,000 67.07 8.4 25
41,000 66.05 7.28 30
41,000 65.18 6.52 35
35,000 57.07 8.3 25 5 elements SW30HRLE-400i & 2

elements SW30XLE-400i
3 elements BW30LE-440 & 4
elements BW30-40037,000 60.18 8.33 25

39,000 63.37 8.37 25
41,000 66.66 8.4 25
43,000 70.07 8.34 25

aRecovery rate in 1st pass is 50% and 2nd pass is 75%.
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Results from ROSA showed an increase in the per-
meate TDS with increasing the number of SW30XLE-
400i elements in the pressure vessel. When two
SW30XLE-400i elements were placed into the tail posi-
tion of the pressure vessel, the permeate TDS was
slightly lower than in the conventional SWRO (Fig. 3).
If the number of SW30XLE-400i increased to three ele-
ments, the permeate TDS increased higher than in the
conventional system. Therefore, two SW30XLE-400i
elements were used in pass 1. The Es decreased line-
arly with increasing the number of SW30XLE-400i ele-
ments but that was at the cost of permeates TDS
(Fig. 4). However, the results showed that the Es in
pass 2 was not affected significantly by the number of
SW30XLE-400i in pass 1 (Fig. 5). But there was a slight
increase in the pass 2 Es when the number of
SW30XLE-400i membranes increased over five ele-
ments. Based on these results, two elements
SW30XLE-400i and five elements SW30HRLE-400i
were used in the pass 1 SWRO pressure vessel.

Step 3 was followed to optimize the number of
BWRO in pass 2. As shown in Fig. 6, the permeate
TDS increased with increasing the number of
BW30LE-440 in the pressure vessel. For instance, when
the number of BW30LE-440 elements increased to 5,
the permeate TDS was 69.43 ppm; this was slightly
higher than the permeate TDS in the conventional
design system in which same type of elements were
used in the pressure vessel. On the other hand, results
showed a continuous drop in the specific power con-
sumption with increasing the number of BW30LE-440
in the pressure vessel. In general, the permeate TDS
tended to increase when the number of BW30LE-440
increased. From Figs. 6 and 7, and to be on the safe
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side, three BW30LE-440 and four BW30-400 elements
were used in the pass 2 pressure vessel.

4. Position of BWRO elements in the second pass
vessel

Two different types of BWRO membranes were
used in the second pass BWRO membrane vessel;
BW30-400 and BW30LE-440. The latter is a loose
structure membrane and has relatively more water
and salt permeabilities than the former membrane.
Two scenarios were considered in this study; first
using three elements BW30LE-440 in the lead followed
by four elements BW30-400. Secondly, use four
elements BW30-400 in the lead followed by three
elements BW30LE-440. A range of feed water salinities
between 35,000 ppm and 43,000 ppm were tested.
The permeate TDS and energy consumption values
were recorded for each case (Figs. 8–10). The results
from ROSA showed insignificant difference in the per-
meate TDS and specific energy when BW30LE-440
was used in the lead or tail position, although there
was a subtle advantage in favour of using BW30LE-
440 in the lead position (Figs. 8 and 9). The reason for
that was probably due to the higher feed pressure
required at the beginning of pass 2 BWRO process
(Fig. 10).

The simulation results showed that the overall
recovery rate of each element in the pass 2 is more
evenly distributed when the high permeability mem-
brane was used in the lead position (Fig. 11). For this
reason, three elements BW30LE-440 followed by four
elements BW30-400 arrangement was used in this
study.
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5. Results and discussion

Two case studies were investigated in this paper;
in Case 1, different membrane elements were used,
while in Case 2, the same membrane elements were
used. Each Cases 1 and 2 has 10 experiments (Table 2);
experiments 1.1–1.5 investigated the variation of feed

temperature and experiments 1.6–1.10 the effect of
feed salinity on the RO performance (Table 3).

The effects of feed water salinity and temperature
on the permeate quality and energy consumption were
investigated to compare the differences between the
old and new design. As shown in Table 1, different
feed water temperatures were investigated to cover
the climatic change in feed temperature throughout
the year. The effect of feed temperature increase on
the pass 1 SWRO performance is shown in Fig. 12.
The energy consumption in the conventional design
was slightly higher than in the new design; this was
because of the tighter structure of the SWRO mem-
branes used in the conventional design and the higher
feed pressure required in the conventional design
(Fig. 13). A similar observation was noticed in the pass
2 BWRO membrane in which the energy consumption
of the conventional design was higher than in the new
design (Fig. 14). In the latter design, a loose structure
membrane, BW30LE-440, was used. The overall power
consumption in the conventional and new designs
showed that the new design was slightly more energy
efficient than the old design (Fig. 15). It was found
that the total energy saving was slightly higher at low
feed temperatures. This was due to the high mem-
brane permeability at high feed temperatures. Up to
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Fig. 11. Recovery rates of each element in second stage
BWRO desalination.

Table 3
Operating condition for simulation tests

Test noa
Feed temp.
(˚C)

Feed salinity
(mg/L)

Pass 1 Pass 2

Pf (bar) Feed ∏ (bar) Es (kWm3/h) Pf (bar) Feed ∏ (bar) Es (kWm3/h)

1.1 15 41,000 69.66 28.34 4.89 12.1 0.13 0.45
1.2 20 41,000 68.05 28.97 4.8 9.96 0.19 0.37
1.3 25 41,000 67.07 29.24 4.7 8.4 0.26 0.32
1.4 30 41,000 66.03 29.84 4.64 7.28 0.37 0.28
1.5 35 41,000 65.18 30.11 4.56 6.52 0.51 0.26
1.6 25 35,000 57.07 24.55 3.99 8.3 0.22 0.32
1.7 25 37,000 60.18 25.97 4.21 8.33 0.23 0.32
1.8 25 39,000 63.37 27.41 4.43 8.37 0.24 0.33
1.9 25 41,000 66.66 28.86 4.66 8.4 0.25 0.33
1.10 25 43,000 70.07 30.32 4.9 8.43 0.27 0.33
2.1 15 41,000 70.77 28.01 4.96 18.22 0.11 0.55
2.2 20 41,000 68.99 28.61 4.85 14.66 0.16 0.45
2.3 25 41,000 67.86 29.16 4.75 12.06 0.23 0.38
2.4 30 41,000 66.92 29.76 4.69 10.14 0.32 0.32
2.5 35 41,000 66.36 30.35 4.64 8.8 0.46 0.29
2.6 25 35,000 58.02 24.76 4.04 11.97 0.19 0.39
2.7 25 37,000 61.2 26.21 4.26 12 0.21 0.39
2.8 25 39,000 64.45 27.67 4.49 12.03 0.22 0.39
2.9 25 41,000 67.84 29.13 4.72 12.06 0.23 0.4
2.10 25 43,000 71.34 30.60 4.96 12.09 0.24 0.4

aRecovery rate in 1st pass is 50% and 2nd pass is 75%, feed flow rate 24.3m3/h (±0.2). Type and arrangement of SWRO and BWRO

membrane elements is as shown in Fig. 2.
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3% energy saving was achieved at feed temperature
15˚C and dropped to 2.2% at 35˚C. The permeate TDS
from the conventional and new design were almost
the same which means that there was no compromise
in the permeate quality (Fig. 16).

As illustrated in Table 3, the applied feed pressure
in the old design was higher than in the new design.
This was probably due to the high membrane resis-
tance in the old design. The structure of SW30HRLE-
400i is tighter than SW30XLE-400i membrane, and
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Fig. 15. Effect of feed temperature on the overall energy
consumption.
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Fig. 16. Permeate TDS for the conventional and new
designs at different feed temperatures.
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Fig. 17. Effect of feed salinity of 1st pass specific power
consumption.
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hence, a higher feed pressure was required for the
seawater filtration. This was also substantiated by the

fact that the feed osmotic pressure in the old and new
designs was almost equal (Table 3).

The new SWRO design was also tested for differ-
ent salinities. A range of salinities from 35,000 to
43,000 ppm was investigated in this study. It was
found that the energy requirements in pass 1 were
lower in the new design. This trend was recorded for
all feed salinities tested in this study (Fig. 17). This
observation was also noticed in pass 2 BWRO mem-
brane (Fig. 18). As a result, the total energy require-
ments for seawater desalination were higher in the old
design compared with the new design (Fig. 19). The
reason for this, as described earlier, was due to the
tight structure of SWRO and BWRO membrane ele-
ments used in the old design. The total energy saving
was 2.9% and 2.4% for the feed salinities 35,000 and
43,000 ppm, respectively. Finally, the feed pressure
required for desalination in the old and new designs
showed that a slightly higher pressure was required
in the old design (Fig. 20).

In addition to its lower energy requirements, the
concentration of permeate from the new design was
equal to that from the old design. Permeate TDS in
both designs was very close for all feed temperatures
(Fig. 21). For large installation, the new design could
be more efficient as the saving in energy will be more
prominent.

6. Scale analysis

A scale analysis study was conducted on the new
and conventional RO pressure vessel membrane
arrangement design. Scaling is the precipitation and
deposition of sparingly soluble salts, such as magne-
sium hydroxide, barium sulphate, calcium sulphate,
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Fig. 18. Effect of feed salinity on 2nd pass specific power
consumption.
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Fig. 19. Effect of feed salinity on total specific power con-
sumption.
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Fig. 20. Effect of feed salinity on feed pressure.
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strontium sulphate and calcium fluoride, when their
concentrations exceed the solubility limits. The effect
of feed salinity on the fouling of RO membrane was
taken into account in this study; the operating condi-
tions of RO membrane at different seawater TDS are
listed in Table 4.

Seawater composition for 35,000 and 45,000mg/L
feed salinity is illustrated in Table 5 [25]. It is postu-
lated that the scale potential increases with increasing
the concentration of calcium and sulphate ions in the
feed water. Scale potential also increases with increas-
ing the membrane permeability due to the higher per-
meate flow rate which results in brine concentrate of
high TDS. A membrane with a high salt rejection rate
and/or permeability tended to be more susceptible to
scale fouling than a membrane with a low salt
rejection and permeability.

Table 4
Testing conditions for convention and new RO pressure vessel design

SW TDS (mg/La) Element no. RO element type %R Qf (m3/h) Pf (bar) Qp (m3/h)

35,000 (conven. design) 1 SW30-HRLE400i 15 4.2 46.19 0.62
2 SW30-HRLE400i 12 3.58 46.1 0.45
3 SW30-HRLE400i 10 3.13 46.02 0.3
4 SW30-HRLE400i 7 2.83 45.96 0.2
5 SW30-HRLE400i 5 2.63 45.9 0.13
6 SW30-HRLE400i 3 2.5 4.85 0.09
7 SW30-HRLE400i 3 2.42 4.8 0.06
8 SW30-HRLE400i 2 2.36 45.75 0.05

35,000 (new design) 1 SW30-HRLE400i 15 4.2 45.76 0.61
2 SW30-HRLE400i 12 3.59 45.66 0.44
3 SW30-HRLE400i 10 3.15 45.59 0.3
4 SW30-HRLE400i 7 2.85 45.52 0.2
5 SW30-HRLE400i 5 2.65 45.46 0.13
6 SW30XLE-400i 4 2.52 45.06 0.1
7 SW30XLE-400i 3 2.43 45.01 0.07
8 SW30XLE-400i 2 2.36 44.97 0.05

45,000 (conven. design) 1 SW30-HRLE400i 16 4.5 60.14 0.72
2 SW30-HRLE400i 13 3.78 60.03 0.49
3 SW30-HRLE400i 10 3.29 59.95 0.31
4 SW30-HRLE400i 7 2.98 59.88 0.2
5 SW30-HRLE400i 4 2.78 59.82 0.12
6 SW30-HRLE400i 3 2.66 59.76 0.08
7 SW30-HRLE400i 2 2.58 59.7 0.06
8 SW30-HRLE400i 2 2.52 59.65 0.04

45,000 (new design) 1 SW30-HRLE400i 16 4.5 59.51 0.7
2 SW30-HRLE400i 13 3.8 59.41 0.48
3 SW30-HRLE400i 9 3.32 59.33 0.31
4 SW30-HRLE400i 7 3 59.26 0.2
5 SW30-HRLE400i 4 2.81 59.19 0.12
6 SW30XLE-400i 3 2.68 58.79 0.09
7 SW30XLE-400i 3 2.59 58.73 0.07
8 SW30XLE-400i 2 2.53 58.68 0.05

aFeed temperature 25˚C.

Table 5
Seawater composition at different feed salinity

Ions 35,000 (mg/L) 45,000 (mg/L)

K 380 496
Na 10,865 13,817
Mg 1,290 1,657
Ca 412 539
Sr 13 13
Ba 0.05 0.05
HCO3 142 182
Cl 19,500 24,868
F 1.3 1.3
SO4 2,712 3,472
SiO2 4.28 4.28
B 4 4
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In the pressure vessel, the concentrate from first
element is the feed to the subsequent element. Fig. 22
shows the profile of feed concentration and the perme-
ate flow rate for each elements in the pressure vessel
for 35,000 and 45,000mg/L feed salinities. The concen-
tration of feed water increased from the first to the last
element, while permeate flow rate decreased due to
the osmotic pressure increase.

At 35,000mg/L feed salinity results from ROSA
simulation program showed that the scale potential
due to SrSO4 in the new pressure vessel design was
higher than in the conventional design (Fig. 23(A)).
This was particularly evident in the last three tail ele-
ments in the new pressure vessel design. This was
probably attributed to the higher feed concentration to
the tail elements in the new design as illustrated in
Fig. 22(A). These results demonstrate that the new
design was less effective in reducing fouling potential
in the RO membrane, although it was more economic
in terms of power consumption.

At higher feed salinity, 45,000mg/L, the profile of
scale potential due to SrSO4 was slightly different to
that at feed salinity 35,000mg/L (Fig. 23(B)). The rea-
son for that was probably due to the variation in the
recovery rate throughout the pressure vessel which in
turn affected the permeate flow and feed TDS

(Fig. 24). As shown in Fig. 24, the recovery rate in the
new design at element three was lower than in the old
design, equalized at elements five and six, then
increased at element seven and finally equalized at
element eight. The concentration of feed salinity and
permeate flow rate in the new design is illustrated in
Fig. 22(B). Feed TDS of RO elements three to eight
was higher in the old design than in the new design.
Meanwhile, the permeate flow in the front elements
one and two was higher in the old design than in the
new design, but this trend was reversed towards the
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Fig. 22. Feed TDS and permeate flow for each element in
the pressure vessel. (A) initial feed TDS 35,000mg/L and
(B) initial feed TDS 45,000mg/L.
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tails elements six to eight, and it was lower in the old
design than in the new design. It should be noted here
that Strontium scale always affects the back-end of the
RO element, and it solubility decreases with increasing
the concentration of sulphate in solution [24] which
was the usual case in the tail RO elements. Interest-
ingly, the simulation results showed that the SrSO4

scaling is independent of the solution pH [24].
In brief, the results from ROSA showed that at

feed TDS, 35,000mg/L, the new design was prone to
scale fouling more than the old design; especially sul-
phate and fluoride scales. To overcome this problem,
antiscalant needs to be dosed into the feed stream.
Although the new design was more energy efficient at
35,000mg/L feed salinity, the scale propensity was
higher than in the old design. But at feed salinity,
45,000mg/L, the new design worked more efficiently
than the old design in terms of scale fouling and
power consumption. Therefore, the concentration of
seawater should be taken into account when imple-
menting the new design.

7. Energy cost

In this study, the cost of energy was estimated to
be USD 0.05 $/kWh. The specific power consumption
for feed salinity range from 35,000 to 45,000mg/L,
plant capacity 100,000m3/day, is calculated from the
following equation:

Energy cost ¼ Plant capacity ðm3=dÞ � energy cost

ð=kWhÞ � time ðdaysÞ � Es ðkWh=m3Þ

The energy costs of the conventional and new RO
designs are listed in Table 6.

According to the results in Table 6, it seems that
the new design was more efficient than the old design.
These results are illustrated in Fig. 25.

8. Conclusion

Two different designs were proposed in this
sturdy. In the first design, SWRO and BWRO elements
of similar type were conventionally loaded in the pres-
sure vessel, while in the second design, two different
types of SWRO and BWRO elements were packed in
the pressure vessel. The results from ROSA showed
that the latter design slightly outperformed the con-
ventional design in terms of energy consumption
without compromising the permeate quality. The
number and position of high-permeability SWRO and
BWRO was carefully optimized to achieve the optimal
performance. After optimization, the energy consump-
tion was calculated for each design, and the results
showed a subtle advantage in favour of the new
design. The economic benefits of the new design can
be realized more evidently in large RO seawater desa-
lination as the operation cost increases with increasing
the plant capacity.

Additionally, a scale analysis study was conducted
to investigate the effect of new membrane arrangement
design on the membrane fouling. Scale problems have
adverse impacts on the membrane performance in short
and long term. In short term, it will increase the use of
antiscalants in the seawater feed to RO, and the mem-
brane performance will be deteriorated in long term
[25]. However, it was found that the scale potential was
sensitive to feed salinity. At feed salinity 35,000 mg/L,
the scale potential was higher in the new design com-
pared with the old design. This trend was reversed at
feed salinity 45,000 mg/L as the scale potential was
lower in the new design than in the old design.

Table 6
Annual energy cost for desalination

Salinity (mg/L) Conventional design cost ($/year) New design cost ($/year) Difference (conventional-new) ($/year)

35,000 8,103,000 7,865,750 237,250
37,000 8,504,500 8,267,250 237,250
39,000 8,906,000 8,687,000 219,000
41,000 9,344,000 9,106,750 237,250
43,000 9,782,000 9,544,750 237,250
45,000 10,256,500 9,982,750 273,750
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In commercial applications, the proposed design
approach here can be applied to any type of membranes
and manufacturing companies. The design approach is
not strictly applicable for two type membranes; more
than two types of membrane elements could also be
used in the pressure vessel to enhance the performance
in terms of power consumption and reducing scale
problems. Pilot plant studies may be required for opti-
mization purpose before commercialization.
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