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a b s t r a c t

The Saline Water Conversion Corporation (SWCC) is responsible for desalting seawater and faces 
several challenges, such as high feed salinity with high feed temperature and very stringent perme-
ate quality standards (TDS < 50 mg/l, chloride <25 mg/l, and boron < 2.4 mg/l). Most plants employ 
hollow fiber membrane technology, with smaller plants operating at 30–35% recovery rates, whereas 
larger plants operate at an approximately 42% recovery rate. The SWRO permeate boron concentra-
tion is between 2 and 3 mg/l. Finally, the Umm Lujj SWRO plant employs NF pretreatment and oper-
ates at approximately 32.5% overall recovery. This study focuses on designing high recovery SWRO 
operations by employing spiral wound membranes and recent design approaches. The study using 
Gulf seawater includes a performance comparison of five different SWRO elements, an examination 
of the performance of conventional 6-element arrays compared to 7- and 8-element arrays, a perfor-
mance comparison of 5 hybrid and non-hybrid SWRO designs and an evaluation of the performance 
of two hybrid SWRO designs operated at 46.5 and 48% recovery and incorporating a split partial two 
pass approach over 6100 hours of operation. The results indicate that spiral wound membranes with 
recent design approaches succeed in maximizing the overall recovery up to 45–46.5% compared with 
existing plants, with an overall recovery of 33–38%.
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I. Introduction

The major force driving the use of membrane desalina-
tion technology is the recent technological advances made 
by industries, which not only enabled cost reduction of 
water produced by the SWRO process but also offered solu-
tions to many problems initially faced by the membrane 
desalination industries. For decades, thermal processes 
dominated the seawater desalination market. In 1995, 
membrane processes formed 11% of the total installed/con-
tracted seawater desalination capacity of 12.3 million m3/d 

[1]. However, in the last few years, SWRO desalination tech-
nology has undergone a remarkable transformation and 
gained widespread acceptance, which is evident from the 
increased share of SWRO (65%) in the total installed/con-
tracted seawater desalination capacity of 86.5 million m3/d 
in 2015 [2]. The number and capacity of large SWRO plants 
have increased significantly, and plants with permeate 
capacity up to 624,000 m3/d are currently in operation. The 
major reasons for the increase in popularity of the SWRO 
desalination process are improved manufacturing pro-
cesses for membranes and cost reduction due to a very com-
petitive market for the products. To make the process more 
economic, various approaches have been recently applied 
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to many of the newly built SWRO plants. These new con-
cepts introduced into the SWRO process design, equipment 
and operations during the last decade resulted in a sharp 
decrease in the unit water production cost to approximately 
US$ 1/m3. 

A typical example of the end product of new technolo-
gies for improving SWRO plant performance can be clearly 
seen in many different SWRO plants located on the Red 
Sea and Mediterranean Sea. Many SWCC satellite SWRO 
plants (5000 m3/d), which are located on the Red Sea (com-
missioned during 1983–1989), employ conventional SWRO 
designs and operate at a 30–35% recovery rate, where the 
cost of water production varies between $ 2.5 and 3/m3 

[3]. Additionally, large SWRO plants (above 90,000 m3/d) 
operate at 35–42% recovery [4]. Most SWCC SWRO plants 
mainly employ hollow fiber membrane technology. In con-
trast, some of the large SWRO plants located on the Med-
iterranean Sea (commissioned during 2000–2005) utilize 
spiral wound membrane technology with advanced RO 
design features and are operating at approximately 47–50% 
recovery, thus maintaining desalinated water costs at less 
than US$ 1/m3 [5]. SWRO plants in both locations show 
large variation in terms of plant performance as well as 
water cost, although there is no significant difference in 
feed TDS, which is considered to be the most significant 
factor limiting SWRO process design, as shown in Table 1. 

In addition, based on SWCC regulations, SWRO plants 
are designed to achieve very stringent permeate quality: the 
permeate water before re-mineralization has to exhibit <50 
mg/l TDS and <25 mg/l chloride, whereas the boron con-
centration has to be <2.4 mg/l. After the re-mineralization 
process, the product water TDS should not exceed 130 mg/l. 
Consequently, a second pass RO is required, which results in 
a further reduction in overall recovery up to 33–38%, as prac-
ticed in two of the large SWCC SWRO plants. The first plant is 
a 240,000 m3/d capacity Jeddah SWRO-III (commissioned in 
2013) operating on the Red Sea at approximately 42% recov-
ery and employs second pass RO at 92%, with an overall 
recovery of 38%; the second plant is the 91,000 m3/d capac-
ity Al-Jubail SWRO plant (commissioned in 2000) operating 
on the Gulf at approximately 35% recovery, and recently, the 
installation of a second pass is being installed to operate at a 
recovery of 93% thus leading to an overall recovery of 33%. 
Another challenge is the Umm Lujj NF/SWRO plant, which 
utilizes NF pretreatment and operates at an approximately 
overall recovery of 32.5% (the NF and SWRO stages operate 
at approximately 65% and 50% recoveries, respectively). 

To make the NF/SWRO process economically more 
attractive, the process needs to be optimized at the highest 

possible recovery based on findings obtained from recent 
successful trials of NF pretreatment, which operated at 
90% recovery [7–9]. Based on the above discussion, SWCC 
SWRO plants face many challenges, and to overcome these 
challenges, the present study aims to design a high recovery 
SWRO process by employing spiral wound membrane tech-
nology with recent design techniques. This paper presents 
the first part of the study, which focuses on Gulf seawater 
as one of the most challenging water sources with high feed 
TDS and temperature, whereas the second part will focus 
on NF pretreatment as a superior RO feed [10]. To achieve 
this target, the following different design approaches were 
considered.

1.1. Eight SWRO elements in a single pressure vessel

In addition to flux and recovery rates, another signifi-
cant parameter that can influence the cost reduction of the 
SWRO process is the membrane configuration. Over the 
years, membrane configurations have gone through differ-
ent development steps due to advancements in membrane 
technology as a result of continuous improvement in mem-
brane performance by membrane manufacturers. 

The SWRO system can be adopted as a single- or two-
stage (brine staging) system and as a single or two pass 
(permeate staging) system. In the past, a two-stage SWRO 
array (brine staging) was usually configured with six ele-
ments per pressure vessel to operate at a recovery rate of 
35–40%. A two-stage design is usually adopted to maintain 
high feed-brine flow to reduce concentration polarization. 
A two-stage design is always accompanied by an increase 
in power consumption due to the increase in pressure drop 
across the RO array and by increases in the capital cost 
compared to a single-stage design due to the requirement 
of more pressure vessels and piping. 

However, recent advances in membrane technology 
have resulted in the transition of plant design to the sin-
gle-stage configuration, which enabled an increase in the 
number of elements per vessel up to 8 elements. From 
a technical point of view, this results in better membrane 
hydraulic performance due to the reduced number of 
pressure vessels at a given recovery rate, which leads to a 
higher feed-brine flow rate and a higher cross-flow velocity 
coupled with a lower concentration polarization. Conse-
quently, an 8-element array is adopted for the high recovery 
operation in this study. From the cost effectiveness point of 
view, the SWRO system employing six elements per vessel 
requires 34% more pressure vessels than a system using the 
same membrane area but configured with eight elements 
per vessel [11,12]. It has also been shown that a signif-
icant savings in capital cost up to 24.7% can be achieved 
with longer pressure vessel configurations, as shown with 
an 8-element array compared to a conventional 6-element 
array [11,12]. Additionally, the same result was confirmed 
recently at SWCC DTRI for an NF system, where the study 
revealed that an 8-element array at 65% recovery is found 
to be the best choice for a single-stage NF seawater pretreat-
ment process compared to the conventional array of six ele-
ments [13]. The study showed that productivity and feed 
flow increased by 25% with no increase in feed pressure or 
energy consumption and no drop in product quality cou-
pled with better membrane hydraulic performance.

Table 1
Comparison between Larnaca, Ashkelon, Fukuoka and SWCC 
Satellite SWRO Plants

SWRO Plants Recovery 
%

Feed TDS  
mg/l

Water 
Cost $/m3

SWCC Satellite Plants[3] 35 42500 2.5–3
Ashkelon Plant [5,12] 47.5 41000 0.78
Larnaca Plant [ 15 ] 50 40800 –
Fukuoka Plant [6 ] 60 35000 –
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1.2. The split partial two pass SWRO design 

Many plants utilize a second pass BWRO to meet the 
demand of low TDS, as well as boron content, in the final 
product. For this reason, instead of sending the entire prod-
uct from the first pass SWRO, it has been the practice to 
split the permeate into two portions, one exiting from the 
feed side and the other from the brine side. The permeate 
collected from the feed end is of lower salinity and flows 
directly as product water. The fraction of permeate col-
lected from the brine end has the highest salinity value and 
is therefore polished with second pass RO. This split partial 
two pass SWRO design is achieved by taking advantage of 
the intrinsic salinity gradient present inside the pressure 
vessel of the 1st pass SWRO. The utilization of this salin-
ity gradient in RO arrays to produce permeates of different 
salinities was studied in 1975 [14]. Recently, this technique 
has been successfully applied in the Tampa, Larnaca and 
Ashkelon SWRO plants to reduce both the capital cost of 
the second pass and energy consumption coupled with 
improvements in RO permeate quality [15,16]. In Larnaca, 
25% of the 1st pass is used as feed to the split partial two 
pass SWRO to maintain the concentrations of boron <1 ppm 
and chloride <200 mg/l, whereas in Ashkelon, 75% of the 
1st pass is used to achieve stringent permeate quality with 
boron <0.35 ppm. 

1.3. Internally staged designs 

The concept of introducing internally staged designs 
into SWRO desalination plants is mainly to decrease the 
capital and operating costs of SWRO plants [16,17]. This 
hybrid design employs high energy consumption elements 
in the front of the vessel and lower energy elements in the 
back of the vessel. This approach results in a feed pressure 
and a permeate salinity value between those of the two 
membranes. The advantage of this design is that the low 
permeability lead elements will have a lower flux, result-
ing in a more balanced element flux distribution, especially 
at high feed temperatures and high recovery operations. 
Additionally, the concept of mixing lower flow elements 
and higher flow elements leads to improved operation and 
performance of SWRO plants in terms of feed pressure, 
recovery rate, flux rate and membrane fouling.

1.4. Second pass concentrate recirculation

The 2nd pass concentrate can be circulated to the main 
RO feed line of the 1st pass, resulting in reducing the operat-
ing feed pressure and improving the permeate TDS because 
the TDS of the 2nd pass concentrate is much less compared 
to seawater feed TDS. Additionally, the amount of feed for 
the 1st pass can be reduced with better SWRO economics 
[18,19].

1.5. Membrane pretreatment techniques

To obtain the best performance from the SWRO mem-
brane and to operate SWRO at high flux and recovery, it 
is very essential to have extremely good quality pretreated 
feed, free from suspended solids and microbes. Conven-
tional pretreatment cannot produce such high-quality RO 

feed because the coagulation-filtration process is not an 
absolute physical barrier. In this context, the application of 
microfiltration (MF), as well as ultrafiltration (UF), which 
emerged in the last decade as an efficient method for treat-
ing seawater feed, has become quite important. The nano-
filtration (NF) membrane is another type of membrane that 
has mainly been used for the softening of water and was 
first introduced by SWCC DTRI for seawater pretreatment. 
Optimization of the NF process at the highest possible 
recovery to provide a superior RO feed with recent design 
modifications will be explored in the second part of this 
project [7–10].

2. Experimental work

The aim is to demonstrate a high recovery SWRO pro-
cess operating on Gulf seawater while maintaining severe 
permeate quality based on SWCC regulations. To achieve 
this target, the following investigations were carried out: 
(1) testing five different SWRO elements in terms of per-
meate TDS and feed pressure; (2) evaluating the perfor-
mance of conventional 6-element arrays compared to 
7- and 8-element arrays to select the optimum arrangement; 
(3) comparing the performance of 5 different hybrid and 
non-hybrid SWRO designs with varying membrane charac-
teristics in terms of salt rejection and productivity; and (4) 
based on the results obtained, adopting the optimum mem-
brane arrangement and process design parameters for high 
recovery operation in a hybrid split partial two pass design 
for long-term operation and investigation.

2.1. Pilot plants

2.1.1. Seawater supply and pretreatment system 

Seawater is fed from a non-chlorinated seawater intake. 
The pretreatment unit comprises a dual media filter fol-
lowed by a fine sand filter with a capacity of 17 m3/h. Ferric 
chloride was dosed as a coagulant at a concentration of 1–3 
ppm as FeCl3. The pretreated SDI was maintained between 
2.5 and 4. There are three chemical dosing systems in the 
pretreatment for ferric chloride, the coagulant aid and sul-
furic acid. 

2.1.2. SWRO-1

The first experimental unit, SWRO-1, consists of 8 
SWRO elements of size 8” × 40” connected in series. It 
employs a hybrid split partial design, where 2 very high 
rejection (VHR) SWRO elements followed by 6 high flow 
(MR) SWRO elements are arranged with an average element 
flow rate of 26.8 m3/d. The product is split into rear and 
front permeates, and the rear product is further treated in 
a second pass BWRO unit. The front permeate is by-passed 
for blending with the second pass permeate,and the mix-
ing ratio depends mainly on the requirement to maintain 
permeate TDS in accordance with SWCC guidelines. Based 
on preliminary results, SWRO-1 with an average element 
flow rate of 26.8 m3/d was operated at 46.5% recovery and a 
12.45 l/m2/h flux rate. A proprietary antiscalant was dosed 
at a concentration in the range of 1–2 mg/l.
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2.1.3. SWRO-2

The second unit (SWRO-2) consists of 8 SWRO ele-
ments of size 8” × 40” connected in series (2 higher rejec-
tion (HR) SWRO elements followed by 6 higher flow (HF) 
SWRO elements). This unit is designed to utilize a hybrid 
split partial technique with an average element flow rate 
of 31.8 m3/d. Based on preliminary test results, this design 
option was operated at 48% recovery and a 12.85 l/m2/h 
flux rate. Antiscalant was dosed at a concentration in the 
range of 1–2 mg/l. Fig. 1 shows a schematic flow diagram 
of an SWRO skid. Each skid consists of a booster pump (5 
bar, 12 m3/h), a high pressure pump (82 bar, 12 m3/h), a 5 
micron cartridge filter, a flushing pump and four pressure 
vessels connected in series, each containing two SWRO spi-
ral wound elements of 8” × 40”. There are three chemical 
dosing systems. Additionally, there is a provision to test sin-
gle element performance. 

SWRO-1 and SWRO-2 have different membrane char-
acteristics in terms of production and salt rejection and 
employ the advantages of internally staged membrane 
design as well as the split partial technique.

2.1.4. BWRO unit

The BWRO unit would receive rear end products of 
both SWRO-1 and SWRO-2. The brine produced by the 
second stage, having lower salinity than seawater, is recy-
cled upstream of both the SWRO-1 and SWRO-2 feed. 
Fig. 2 shows a schematic flow diagram of the BWRO skid. 
It consists of a booster pump (6 bar, 7 m3/h), a high pres-
sure pump (18 bar, 7 m3/h), a 5 micron cartridge filter, a 
flushing pump (7 bar, 8 m3/h), a brine recirculation pump 
(6 bar, 1 m3/h) and 22 BWRO elements of 4”× 40” (2×8 ele-

ments in the first stage and 6 elements in the second stage). 
The second pass high pressure pump motor is equipped 
with a variable frequency drive to operate the second pass 
at different fluxes/capacities. There are two chemical dos-
ing systems for antiscalant and NaOH. The second pass has 
the flexibility to change the pH, feed flow, recovery, and 
other operational parameters to meet seasonal needs and 
research requirements.

2.2. Operating conditions of trials

2.2.1. Testing the performance of five different SWRO  
elements on Gulf seawater

SWRO membrane elements available in the market 
have different membrane characteristics in terms of salt 
rejection and flow rate. The five SWRO membranes tested 
are shown in Table 2. Testing of the performance of vari-
ous SWRO membranes was carried out at ambient seawater 
temperature (29–30°C) and constant operating conditions to 
obtain a real comparison. The operating conditions used are 
a seawater feed flow of 8 m3/h, 8% recovery, a 17 l/m2/h 
flux rate and a feed pH of 8.1. The feed pressure ranged 
from 45 to 55 bar, whereas the seawater feed conductivity 
was in the range of 61000–62000 µS/cm. During the trial, 
operation and performance parameters were collected for 
each of the SWRO membrane elements. 

2.2.2. Testing the performance of conventional 6-element 
arrays compared to 7- and 8-element arrays 

To identify the optimum membrane arrangement for 
high recovery operation, 6-, 7- and 8-element SWRO arrays 

Fig. 1. SWRO unit (four pressure vessels connected in series, each containing two SWRO elements of 8” × 40”).
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were operated on Gulf seawater at constant operating con-
ditions (45% recovery - 12.5 l/m2/h flux rate - 26–27°C 
ambient feed temperature). Operation and performance 
parameters were collected for each SWRO array. Addition-
ally, the projected performance of the 6-, 7- and 8-element 
configurations at 26.5°C and 45% recovery was investigated 
using projection software.

2.2.3. Testing the performance of various hybrid and 
non-hybrid designs on Gulf seawater

Based on the results drawn from the previous trials, 
which confirmed that an 8-element array is the recom-
mended configuration for a high recovery operation, five 
cases, including hybrid and non-hybrid designs, were 
investigated under constant operating conditions (46% 
recovery, 12.5 l/m2/h flux rate, 25–26°C ambient feed tem-
perature) as per the following: 

Non-hybrid designs:

This approach represents a standard design (basic 
design) in which only one type of SWRO membrane ele-
ment is used. Three non-hybrid designs with different 
membrane characteristics in terms of salt rejection and pro-
ductivity were examined as follows:

•	 Case # 1: An 8-element array utilizing a higher rejection 
(HR) membrane of 99.8% salt rejection with an average 
element flow rate of 24.6 m3/d. 

•	 Case # 2: An 8-element array employing a moderate 
rejection (MR) membrane of 99.75% salt rejection with 
an average element flow of 28 m3/d.

•	 Case # 3: An 8-element array utilizing a high flow (HF) 
membrane of 99.70% salt rejection with an average ele-
ment flow rate of 34.1 m3/d.

Hybrid designs: 

•	 Case # 4: The first hybrid (2VHR/6MR) utilizes 2 very 
high rejection VHR elements in the lead position and 6 
MR elements in the rear positions with an average ele-
ment flow rate of 26.8 m3/d.

•	 Case # 5: The second hybrid (2HR/6HF) uses 2 HR ele-
ments in the lead position followed by 6 HF elements 
in the rear positions with an average element flow rate 
of 31.8 m3/d.

2.2.4. Operating conditions of the BWRO unit

The BWRO unit received rear end permeates of SWRO-1 
and SWRO-2 operated at an approximately 92% recovery 
rate to maintain the desired permeate quality. The BWRO 
membrane arrangement in the second pass was designed 

Table 2
Characteristics of various SWRO elements understandard test 
conditions

Element description Area 
m2

Flow 
rate 
m3/d

Salt 
rejection 
%

 Boron 
rejection 
%

Highest rejection VHR 37.1 23 99.85 93
High rejection HR 37.1 24.6 99.80 93
Moderate rejection MR 37.1 28 99.75 93
High flow HF 37.1 34.1 99.75 92
Highest flow XHF 37.1 45.5 99.7 91

Standard test conditions: (NaCl feed of 32000 mg/l, recovery 
of 8%, 25 °C, 55 bar, pH of 8).

Fig. 2. BWRO unit (2×8 BWRO elements of 4” × 40” in the first stage and 6 elements in the second stage).
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to maintain the necessary flux of 24 and 37 l/m2/h during 
winter and summer months, respectively. 

3. Results and discussion

3.1. Performance of five different SWRO elements on Gulf seawater

There are a wide range of commercial SWRO elements 
available in the market, ranging between high rejection 
and high flow rate. Trade-offs between higher rejection and 
higher flow need to be made. Table 2 shows the performance 
of these elements under standard test conditions. Single 
element tests were carried out at an ambient seawater tem-
perature of 29–30°C under constant operating conditions. 
Additionally, the projected performance was investigated 
at 14°C as the minimum feed temperature. Fig. 3 shows the 
comparison of the actual and projected performances of 
five SWRO elements operating on Gulf seawater in terms of 
feed pressure and permeate TDS.

When SWRO elements are tested at the same flux rate 
and varying pressure, the relative change of permeate qual-
ity can be differentiated. Therefore, the SWRO elements 
were tested at constant operating conditions as discussed 
before. The highest rejection, lowest flow VHR element at 
ambient feed temperature showed the highest operating 
pressure and the lowest permeate TDS as expected, which 
were 55.2 bar and 100 mg/l, respectively. The VHR element 
had the lowest permeate salinity at the expense of energy 
consumption, especially during winter months, which 
reached approximately 62 bar and 55 mg/l TDS. Conse-
quently, this element is not suitable for high feed salinity 
cases. In contrast, the highest flow XHF element exhibited 
the lowest feed pressure (45.5 bar) but at the expense of salt 
rejection, where the permeate TDS increased to a value of 
272 mg/l.

The highest flow, lowest energy XHF element produces 
permeate that has 172% higher salinity than the high-
est rejection element VHR with a 9.7 bar lower operating 
pressure. The extra low energy XHF element will be use-
ful for RO feed waters of lower salinity and temperature 
ranges. It will have limited use in high feed salinity and 
high temperature designs. The most economical way to 
use such a higher flow element is through hybrid design, 

including both the highest rejection VHR and highest flow 
XHF elements. The existing studies address two different 
feed waters (NF product and Gulf seawater), and therefore, 
the benefits of such higher flow elements in hybrid design 
will be investigated and optimized for both streams. In 
particular, the NF product, as a superior RO feed, has a 
lower fouling and scaling potential and can therefore be 
optimized at higher flux and recovery without worrying 
about lead element fouling. The typical high rejection HR 
element with a flow rate of approximately 24.7 m3/d and 
a salt rejection of 99.8% is considered a standard element 
among various membrane suppliers and is recommended 
for high salinity and temperature designs, for which a sin-
gle pass RO employing this element at approximately 40% 
recovery produces the normal potable specification of TDS 
<400 ppm. 

The moderate rejection MR and high flow HF elements 
represent low energy SWRO elements and result in a pres-
sure midway between those of the typical rejection HR ele-
ment and the extra high flow XHF element but only 36% 
and 49% higher permeate salinity than the typical rejec-
tion HR element, respectively. The potential use of low 
energy elements with an element flow range of 28–35 m3/d 
depends on the site conditions, operating conditions and 
permeate TDS requirements. These elements can be used 
across a wide range of feed salinities with decreased energy 
consumption compared to typical rejection HR elements. 
Therefore, in the existing trials, such low energy elements 
are investigated in hybrid designs with the aim of optimiz-
ing Gulf seawater at the maximum possible recovery with 
reduced feed pressure.

3.2 .Single-Stage SWRO 6-,7- and 8-element arrays

The configuration of the membrane arrays plays an 
important role in the performance of SWRO systems, 
especially in the recovery ratio, product quality, operation 
parameters and time-dependent phenomena such as fouling 
and scaling. Accordingly, preliminary tests were conducted 
at the pilot plant to determine the optimized SWRO mem-
brane arrangement for high recovery operation. Trials were 
focused on the performance evaluation of conventional 
6-element arrays compared to 7- and 8-element arrays. The 

 

Actual performance at 29–30°C                 Projected performance at 14°C

Fig. 3. Comparison of the actual and projected performances of five different SWRO elements.
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three different arrays were operated at constant operating 
conditions (recovery of 45%, flux rate of 12.5 l/m2/h and 
ambient feed temperature in the range of 25–27°C). During 
the trial, feed conductivity was in the range of 61200–61700 
µS/cm. The results of this trial are presented in Table 3. 
Fig. 4 displays the projected individual element flow, recov-
ery, and flux and concentration polarization factor based on 
the element position for the three configurations at a feed 
water temperature of 26°C.

Analyzing the configurations based on Table 3, the 
hydraulics indicate that a configuration with 8 elements 
per vessel is preferable due to higher brine flow in the last 
element. The total permeate TDS for the three configura-
tions remains relatively constant with a slight increase in 
operating feed pressure (0.7 bar) for the 8-element case 
compared to the conventional 6-element array. The pressure 
drop along the vessel increases as the number of elements 
increases. It is important to note that the recovery of 45% in 

the 6-element case is extremely high and exceeds the design 
manufacturer limits (first element recovery > 13%), whereas 
the 8-elements array is below these limits, as shown in 
Fig. 4. Additionally, the lead element of the 8-element array 
has the lowest concentration polarization factor compared 
to the 6- and 7-element arrays, as seen in Fig. 4. It is clear 
that an 8-element array is considered a suitable membrane 
arrangement for high recovery operations that allows the 
first pass to reach the nominal recovery of approximately 
50%. Additionally, the introduction of higher rejection ele-
ments in the lead position of the 8-element array would 
result in significant improvements in lead element perfor-
mance in terms of recovery and flux rate. Consequently, 
another set of experiments was carried out employing 
hybrid and non-hybrid designs of 8-element arrays with 
different membrane characteristics to select the optimum 
membranes and recommended design parameters for high 
recovery operation.

 

 

Fig. 4. Projected individual element flow, recovery, and flux and concentration polarization of 3 different configurations.

Table 3
Single-Stage Performance of 6-, 7- and 8-element arrays

No. Elements Feed pressure 
(bar)

∆P (bar) Position Total permeate  
TDS (mg/l)Lead element Last element brine  

flow (m3/h)Recovery (%) Flux (l/m2-h)

6 65.6 0.70 14.5 21.6 3.40 260
7 65.9 0.85 11.7 22.6 3.96 254
8 66.3 1.0 11.0 24.3 4.47 265
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mg/l TDS and 5.20 kWh/m3. Employing higher rejection 
HR elements led to a significant increase in both feed pres-
sure and energy consumption, especially during winter 
months, which reached approximately 71.7 bar and 5.48 
kWh/m3, respectively, as shown in Fig. 5. It should be noted 
that the 8 HR element array resulted in the highest oper-
ating feed pressure with a wide range of pressures in the 
range of 67.5–71.7 bar, corresponding to permeate TDS in 
the range of 130–300 mg/l at a feed temperature range of 
14–36°C. Therefore, such higher rejection elements are not 
recommended for high recovery operation due to high feed 
pressure accompanied by higher energy consumption. 

A higher flow HF element array (8 elements) with an 
average element flow of 34.1 m3/d at 25°C led to a decrease 
in feed pressure and an increase in permeate TDS, which 
were 64.5 bar and 330 mg/l, respectively. This array had 
the lowest feed pressure, with a very narrow range of feed 
pressures of 64.5–65.6 bar, whereas the permeate TDS range 
was in the range of 185–428 mg/l at a feed temperature 
range of 14–36°C. In addition, this arrangement exhib-
ited the highest lead element flux and recovery, especially 
during summer months, which reached approximately 39 
l/m2/h and 18.5%, respectively, resulting in unbalanced 
flux with a higher fouling rate in lead elements. It is clear 
that higher flow elements cannot be used alone, especially 
at higher feed temperature and salinity. Hybrid design is 
the recommended option in such cases to take advantage 
of higher flow elements in terms of lower feed pressure and 
higher productivity while optimizing the flux rate in lead 
elements.

An MR element array (8 elements) with an average 
element flow of 28 m2/d showed moderate performance 
between the two previous arrays (8 HR elements and 8 HF 
elements) in terms of feed pressure and permeate TDS, as 

3.3. High recovery performance of hybrid and non-hybrid 
designs on Gulf seawater 

The results from the previous trial indicate that an 8-ele-
ment pressure vessel is the preferred configuration for high 
recovery operations. To investigate the optimal membrane 
arrangement for this configuration, an analysis was carried 
out to study the effect of element placement on the perfor-
mance and operation parameters of the SWRO process. The 
goal was to maximize recovery from Gulf seawater while 
maintaining very severe permeate guidelines. The SWRO 
process design is challenged by high recovery operation, 
high feed TDS of 46,000 mg/l with high feed temperature 
up to 36°C, pretreated seawater produced from conven-
tional seawater pretreatment and very stringent permeate 
qualities. Consequently, the permeate recovery and average 
permeate flux were determined to be 46% recovery and 12.5 
l/m2/h, respectively. Five different cases, including hybrid 
and non-hybrid designs of 8-element arrays, were inves-
tigated. Table 4 shows the actual performance of various 
hybrid and non-hybrid designs at temperatures of 25–26°C, 
46% recovery and a flux rate of 12.5 l/m2/h. In addition, the 
projected permeate TDS, feed pressure and lead element 
flux and recovery for various cases were investigated at the 
minimum and maximum feed temperatures of Gulf seawa-
ter (14°C and 36°C). Figs. 5 and 6 exhibit the actual perfor-
mance at 25–26°C compared to the projected performance 
at 14 and 36°C for 8-element arrays.

The hybrid and non-hybrid arrangements have differ-
ent membrane characteristics in terms of rejection and pro-
ductivity. Table 3 shows the average element flow of each 
array, which ranged from 24.6 to 34.1 m3/d and reflected 
the system performance in terms of feed pressure and per-
meate TDS. An array with 8 HR elements shows the low-
est permeate TDS at the expense of energy, which were 222 

Table 4
Performance of hybrid and non-hybrid 8 elements arrays at 46% recovery

Case SWRO array Element flow  
(m3/d)

Feed pressure 
(bar)

TDS 
(mg/l)

Energy 
(kWh/m3)

Non-hybrid-1 8 HR elements 24.6 68.2 222 5.20
Hybrid-1 2 VHR / 6 MR elements 26.8 66.9 269 5.11
Non-hybrid-2 8 MR elements 28 66.2 280 5.05
Hybrid-2 2 HR / 6 HF elements 31.7 65 290 4.97
Non-hybrid-3 8 HF elements 34.1 64.5 330 4.93

 

Fig. 5. The effect of SWRO membrane properties on permeate TDS and feed pressure in hybrid and non-hybrid designs.
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shown in Table 3 and Fig. 5. The operating feed pressure 
was in the range of 66.7–67.7 bar, with permeate TDS in the 
range of 143–440 mg/l. Additionally, lead element flux and 
recovery at the maximum feed temperature of 36°C reduced 
to 32 l/m2/h and 14.7% compared to the 8 HF element val-
ues of 39 l/m2/h and 18.5%, respectively, as shown in Fig.6. 

Introducing two very high rejection VHR elements in 
the lead position of the 8 MR element array as the Hybrid-1 
design (2VHR/6 MR) with an average element flow of 26.8 
m2/d resulted in an additional reduction in lead element 
flux and recovery to approximately 28.9 l/m2/h and 13.2%, 
respectively. Additionally, there is a slight improvement in 
the permeate TDS of Hybrid-1, which is approximately 132-
400 mg/l, whereas the operating feed pressure increased 
by approximately one bar compared to the 8-MR element 
array. 

The Hybrid-2 design (2HR/6 HF) employing 6 higher 
flow HF elements in the back resulted in increasing the aver-
age element flow up to 31.7 m2/d compared to the Hybrid-1 

design value of 26.8 m2/d. The actual and projected results 
of the Hybrid-1 and Hybrid-2 designs indicated that there 
is a decrease in the Hybrid-2 operating feed pressure by 
approximately 2 bar compared to the Hybrid-1 design. The 
permeate TDS values of the Hybrid-1 and Hybrid-2 designs 
were in the range of 132–440 mg/l and 171–395 mg/l, 
respectively, at the minimum (14°C) and maximum (36°C) 
feed temperatures. Additionally, as shown in Fig. 6, the 
performances of the lead element in both configurations, in 
terms of the average flux rate and recovery, were approx-
imately the same. Moreover, integration of both hybrid 
designs with a second pass BWRO system would lead to 
further improvements in SWRO process design parameters 
due to 2nd pass brine recirculation. However, the selection of 
the best combination or the use of a non-hybrid design will 
depend on the salinity requirements of the plant.Hybrid-1 
and Hybrid-2 were designed to employ the advantages of 
higherflow elements in terms of higher productivity and 
lower feed pressures while optimizing the performance of 
lead elements. Hybrid design is recommended to capitalize 
on the benefits of higher flow elements.

As in the previous discussion on five different 8-ele-
ment SWRO configurations, two arrangements have been 
selected for long-term operation and investigation. The first 
one was the Hybrid-1 design with an average element flow 
of 26.8 m2/d at 46.5% recovery and a 12.5 l/m2/h flux rate. 
The second was the Hybrid-2 design with an average ele-
ment flow of 31.8 m2/d at 48% recovery and a 12.9 l/m2/h 
flux rate. Both hybrids were adopted in a split partial two-
pass design with Gulf seawater for long-term operation.

3.4. Performance evaluation of hybrid split partial two  
pass design in long-term operation

3.4.1. Seawater feed 

Seawater is fed from a non-chlorinated intake as pre-
viously described. The study was started in the winter of 
December 2016. The feed water temperatures during the 
trial varied between 15°C and a maximum of 37°C. Addi-
tionally, high-quality pretreated seawater, in terms of SDI 
values, ranged from 2.5–3.5, occasionally reaching above 
4.1. The seawater feed conductivity was between 61,000 
and 62,500 µS/cm, periodically reducing to 60,000–61,500 
µS/cm due to mixing of second pass BWRO concentrate. 
Pretreated seawater TOC was in the range of 1–2 mg/l. The 
seawater feed boron concentrations were typically between 
5 and 6 mg/l with both SWRO-1 and SWRO-2 receiving the 
same feed. 

3.4.2. Hybrid-1 (split partial two pass design)

Fig. 7 exhibits the operation and performance param-
eters of the Hybrid-1 design, where the SWRO-1 array 
(2VHR/6MR) with an average element flow of 26.8 m3/d 
is operated at 46.5% recovery at a flux and a flow rate of 
12.45 l/m2/h and 7.9 m3/h, respectively. The feed pressure 
ranged from 62 to 71.7 bar, corresponding to a feed tem-
perature range of 15–37°C. The average operating pres-
sure was 66.5 bar. The differential pressure across SWRO-1 
membranes was steady at 0.8–1 bar. As seen in Fig. 7, stable 
membrane performance was obtained with regard to prod-

Fig. 6. Lead element flux rate, recovery and flow for various hy-
brid and non-hybrid designs.
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uct flow rates and recoveries. Based on feed temperature 
variations from 15 to 37°C, the permeate split stream ratio 
decreased from 40–30 to 15%. The decrease in the perme-
ate split stream ratio was necessary to maintain a permeate 
conductivity of <100 µS/cm. 

At the end of the trial, for approximately 250 operat-
ing hours, the permeate split ratio was decreased to 5% 
to improve the permeate quality. Accordingly, the overall 
permeate recoveries ranged from 44.2 to 46.1%, averaging 
45.1%. The product flow rates for the 1st pass RO, 2nd pass 
(BWRO) and total product were 3.68, 2.59 and 3.46 m3/h, 
corresponding to average recoveries of 46.6%, 91.9% and 
45.1%, respectively.

The corresponding permeate conductivities for the 1st 
pass RO, 2nd pass (BWRO) and total product averaged 643, 
48 and 76 µS/cm, respectively. The feed side permeate con-
ductivity ranged from 105 to 278 µS/cm, compared to the 
rear end permeate conductivity of 426–1284 µS/cm. The 
final permeate conductivity ranged from 45 to 122 µS/cm, 
averaging 76 µS/cm. After 6100 h of operation, the BWRO 
unit was kept under shutdown to investigate the perfor-
mance of SWRO-1 on seawater feed (without BWRO brine 
recirculation) and to perform chemical cleaning.

3.4.3. Hybrid-2 (split partial two pass design)

The Hybrid-2 design employs the SWRO-2 array 
(2HR/6HF). It has an average element flow of 31.7 m3/d 
and is operated at 48% recovery with a flux and a flow rate 
of 12.85 l/m2/h and 7.9 m3/h, respectively (Fig. 8). The sea-
water feed pressure and temperature were in the range of 
66.5–72 bar and 15–37°C, respectively. The operating feed 

pressure averaged 69.5 bar. The differential pressure across 
SWRO-2 membranes remained between 0.8 and 1 bar. To 
maintain total permeate conductivity < 100 µS/cm, the per-
meate split ratio started at 40% (at a feed temperature of 
15oC), then decreased to 30% (at 28°C) and reduced to 15% 
(at 37°C). At the end of the trial (approximately 250 oper-
ating hours), the permeate split ratio was decreased to 5% 
to improve permeate quality. Based on the permeate split 
stream ratios, the overall recoveries varied between 45.5 
and 47.2%, averaging 46.5%. The product flow rates for the 
1st pass RO, 2nd pass (BWRO) and total product averaged 
3.81, 2.66 and3.58 m3/h, respectively. The average recovery 
ratios of the 1st pass RO, BWRO and overall product were 
48%, 91.9% and 46.5%, respectively, with corresponding 
permeate conductivities averaging 671, 50 and 70 µS/cm, 
respectively. 

The feed side permeate split stream conductivity was 
in the range of 59–225 µS/cm, compared to the rear side 
permeate conductivity, which ranged from 424–1305 µS/
cm. The final permeate conductivity was between 44 and 
108 µS/cm and averaged 70 µS/cm. After 6100 operating h, 
the BWRO unit was kept under shutdown to investigate the 
performance of SWRO-2 on seawater feed (without BWRO 
brine recirculation) and to perform chemical cleaning.

3.4.4. Second pass RO (BWRO)

BWRO was operated from the rear side permeates 
of SWRO-1 and SWRO-2. The rear-permeate ratios were 
increased from 60 to 95% due to feed temperature varia-
tions (15–37°C) to maintain total permeate conductivity 
below 100 µS/cm. Accordingly, the BWRO feed flow rates 

 

 

Fig. 7. Operation and performance parameters of Hybrid-1 (split partial two pass design) for 6100 hours of operation. 
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ranged from 4.4 to 6.4 m3/h, with the flux rates varying 
between 24 and 35 l/m2/h. During maintenance shutdowns 
of an SWRO unit, the feed flow rates reduced to nearly 50%. 
BWRO brine ranging from 6500 to 13000 µS was mixed with 
SWRO-1 and SWRO-2 seawater feeds. BWRO was oper-
ated at approximately 90% recovery at the beginning of the 
study and then increased to 92%. BWRO showed stable per-
formance in terms of product water recovery and perme-
ate flow rates. Fig. 9 represents the recovery ratios, product 
flow rates and permeate conductivities for 6100 hours of 
operation. 

The BWRO feed pressure ranged between 9.2 and 13.5 
bar, averaging 11.7 bar. The differential pressure for the first 
and second stage BWRO remained steady, averaging 1.4 
and 1 bar, respectively. The total ∆P reached 2.4 bar and then 
increased to 3.5 bar when the feed flow rates were elevated 
to 6.5 m3/h. The BWRO feed conductivity ranged from 350 
to 1347 µS/cm, whereas the final product ranged from 15 to 
100 µS/cm. The average BWRO product conductivity was 
46 µS/cm. Tables 5 and 6 show the actual and projected per-
formance of BWRO after approximately 2000 and 4500 h of 
operation at different conditions (feed TDS: 355 mg/l and 
23°C, and feed TDS: 420 mg/l and 34°C, respectively). The 
total permeate TDS values under both conditions are simi-
lar to the projection. 

3.4.5. Comparison of the performances of Hybrid-1 and 
Hybrid-2 

Fig. 10 shows a comparison of the performances of 
Hybrid-1 and Hybrid-2 at a feed temperature range of 

15–37°C. The feed pressure, differential pressure, perme-
ate flow and conductivity from both designs were contin-
uously monitored and used to normalize permeate flow 
and salt passage. As exhibited in Fig. 10, the operating feed 
pressures of SWRO-1 and SWRO-2 were in the ranges of 
62–72 bar and 66.5–72.5 bar, averaging 66.5 and 69.5 bar, 
respectively.

During the first 2200 hours of operation, the feed tem-
perature ranged from 15 to 23°C. The performances of 
SWRO-1 and SWRO-2 were stable, operating at 46.6 and 
48% recovery with fluxes of 12.45 and 12.85 l/m2/h, respec-
tively. Recovery was 45.3% for SWRO-1 and 46.6% for 
SWRO-2 with an average element flow rate of 26.8 and 31.7 
m3/d, respectively. The difference in membranes (SWRO-1 
and SWRO-2), receiving the same seawater feed, is that 
SWRO-2 has a looser membrane structure than SWRO-1. 

With increasing feed temperature from 23 to 37°C, 
both SWRO-1 and SWRO-2 showed different trends. The 
SWRO-1 operating feed pressure decreased gradually from 
68 to 62 due to increases in both feed temperature and 
BWRO brine recirculation flow. The operational impact 
on SWRO-1 as the temperature increased from 23 to 37°C 
resulted in a decrease in feed pressure from 68 to 62 bar 
when BWRO brine recirculation flow was applied. There 
was no significant difference between the actual and pro-
jected operating feed pressures, as seen in Tables 5 and 6. 
Additionally, the normalized permeate flow decreased 
from 3.67 to 3.1 m3/h. After 4600 operating hours, high and 
low pH cleaning in place (CIP) was performed on SWRO-1, 
but with no significant improvements in normalized flow. 
At the end of the trial, after approximately 6300 operat-

 

 

Fig. 8. Operation and performance parameters of Hybrid-2 (split partial two pass design) for 6100 h of operation. 
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ing h, alkaline CIP was performed on SWRO-1 at pH 11.8 
with increasing soaking time from 8 to 12 hours, resulting 
in an increase in normalized flow from 2.55 to 3.08 m3/h. 
The overall decrease in permeate flow was approximately 
15%, which is higher than the typical 7% flow loss per year. 
The operating feed pressure decreased from 68 to 65.5 bar, 
which was similar to the projection.

The SWRO-2 operating feed pressure followed a differ-
ent trend with increasing feed temperature from 23 to 37oC: 
first, it was maintained at approximately 69-70 bar for a 

long period and then decreased slightly to approximately 
67.5 bar, as shown in Fig. 12. Additionally, the actual oper-
ating feed pressures were higher than the projected values 
by approximately 2.5 bars. After approximately 4700 oper-
ating h, high and low pH CIP was performed on SWRO-2, 
but with no significant improvements in normalized flow. 
Therefore, lead element was subjected to autopsy and anal-
yses, where membrane surfaces and feed spacers were 
found to be in clean conditions, as shown in Figs. 13 and 
14. Membrane autopsy confirmed that there was no mem-

 

 

Fig. 9. Operation and performance parameters of second pass BWRO for 6100 h of operation. 

Table 5
Actual and projected performances of the Hybrid-1 and Hybrid-2 split partial two pass designs after operating for 2000 h (40% 
permeate split ratio and 23°C)

Data March 12, 2017

SWRO-1 SWRO-2 BWRO

Projected Actual Projected Actual Projected Actual

Feed mg/l 45148 45539 320 355
Feed pH 7 7 5.5
Feed temp oC 23 23 23 23 22.5
Perm flow m3/h 3.67 3.69 3.81 3.82 4.09 4.08
Recovery % 46.5 46.4 48 48.1 92 91.8
Feed pressure bar 66.2 66.5 66.3 69 9.3 10
Press. drop bar 1.4 1 0.9 0.7 1.9 2.6
1st pass perm mg/l 221 235 268 232 15 17
Perm. split µS 141 164 173 131
Perm. rear µS 660 740 810 745
Perm total TDS mg/l 43 41 44 36
Perm total boron mg/l 0.88 0.84 1.25 1.1
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brane fouling. The membrane manufacturer confirmed that 
the loss in normalized permeate flow and the increase in 
feed pressure by approximately 2.5 bar compared to the 
projected may be due to improper storage (exposure to high 
temperature during storage) of SWRO-2 membranes. At the 
end of the trial, after approximately 6500 operating h, alka-
line CIP was performed on SWRO-2 at pH 11.8 with increas-
ing soaking time from 8 to 12 h, resulting in an increase in 
normalized flow from 2.6 to 3.07 m3/h. The overall decrease 
in permeate flow was 18%, which is higher than the typi-
cal 7% flow loss per year. It was observed that the second 
chemical cleaning was more effective than the first cleaning 
due to the increase in pH from 11.5 to 11.8 and soaking time 
from 8 to 12 h. Based on the results obtained, it is concluded 
that CIP should be performed every 2500 h and that other 
different CIP procedures must be explored. 

Regarding the 1st pass RO permeate quality, although 
SWRO-2 represents looser SWRO membranes, its permeate 
quality is approximately similar to that of SWRO-1, having 
tighter SWRO membranes, as shown in Fig. 10. This mainly 
occurs because SWRO-2 was operated at higher pressure 

than projected and at a pressure higher than the SWRO-1 
feed pressure by approximately 2.5 bar. 

The 1St pass RO permeate conductivities of SWRO-1 and 
SWRO-2 were in the range of 314–1138 and 303–1150 µS/
cm and averaged 642 and 671 µS/cm, respectively. During 
the entire operation, a high-quality permeate was obtained 
from the 1st pass RO of both hybrid designs. Based on the 
permeate split stream ratio, a hybrid split partial two pass 
design for Gulf seawater can be adopted with high recov-
ery operation under two different operation modes: 1- very 
stringent permeate quality, as recommended by SWCC 
regulations (permeate TDS < 50 mg/l), and 2- the normal 
potable specification of 400 ppm TDS. This study presents a 
hybrid design with higher average element flow (27 and 32 
m3/d) for the normal potable specification of 400 ppm TDS 
at 47–48% recovery. Actually, in the Middle East with high 
feed temperature and salinity, conventional single-stage 
SWRO is being used at approximately 40% recovery using 
typical SWRO membranes (24 m3/d). 

Fig. 11 shows that the normalized salt passages of 
SWRO-1 and SWRO-2 in the low feed temperature range 

Table 6
Actual and projected performances of the Hybrid-1 and Hybrid-2 split partial two pass designs after 4600 operating h (15% permeate 
split ratio and 35°C)

June 30, 2017

SWRO-1 SWRO-2 BWRO

Projected Actual Projected Actual Projected Actual

Feed mg/l 43824 44639 445 420
Feed pH 7 7 5.6 5.7
Feed temp oC 34.5 35 34 34
Perm flow m3/h 3.67 3.69 3.81 3.81 5.52 5.58
Recovery % 46.5 46.7 48 48 92 92
Feed pressure bar 63.6 63.6 65 68.0 9 12
Press. drop bar 1.4 1 0.8 1 2.2 3.8
1st pass perm mg/l 394 371 395 410 29 27
Perm.cond. split µS 214 143 175 144
Perm. cond. rear µS 929 876 920 873
Perm total TDS mg/l 43 36 29 34
Perm total boron mg/l 1.48 1.1 1.79 1.20

 

Fig. 10. Comparison of the performances of Hybrid-1 and Hybrid-2 split partial two pass designs for 6100 h of operation.
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of 15–23°C were approximately the same. SWRO-1 and 
SWRO-2 started with 0.6 and 0.7% salt passage and 
remained at approximately 0.6 and 0.7%, respectively. With 
an increase in feed temperature to 37°C, the SWRO-1 and 
SWRO-2 salt passages increased to approximately 1% and 
1.1%, respectively. At the end of the trial with decreasing 
feed temperature up to 32°C, the SWRO-1 and SWRO-2 
salt passages were maintained at approximately 0.8%. 
However, based on optimizing the permeate split stream 
ratio, the final permeate conductivity of the Hybrid-1 and 
Hybrid-2 split partial two pass designs averaged 76 and 70 
µS/cm, respectively, which was below 100 µS/cm, as rec-
ommended by SWCC regulations.

Moreover, the Hybrid-1 and Hybrid-2 split partial 
two pass designs produced high permeate quality in 
terms of boron concentration, which was below 1 mg/l at 
pH 7 (without injecting NaOH) compared to the seawa-
ter feed boron concentration of 5.2–5.8 mg/l, whereas the 
boron concentration in the 1st pass RO permeate was 1.35 
mg/l on average. Fig. 12 shows the boron concentrations 
in seawater feed and different permeates. It is important 
to mention that 1st pass RO permeates at SWCC plants 
have high levels of boron that fall within the range of 2-3 
mg/l [20].

Tables 5 and 6 present further confirmation of the actual 
and projected performances of the Hybrid-1 and Hybrid-2 
split partial two pass designs after approximately 2000 and 
4500 operating hours under two different conditions (40% 
permeate split ratio at 23°C and 15% permeate split ratio at 
35°C), respectively. The analysis results are shown in Tables 
4 and 5 based on data taken on March 12 and June 30, 2017. 
From the comparison, the actual and projected SWRO-1 feed 
pressures are approximately similar. There is no significant 
difference between the actual and projected feed pressures. 
Additionally, the actual permeate total TDS and boron con-
tent under the two different conditions are slightly better 
than the projected values. Regarding SWRO-2, the actual 
feed pressures are higher than those projected by approx-
imately 2–3 bar. The actual total permeate TDS and boron 
are similar or slightly better than the projected values. As 
seen in Tables 5 and 6, both the Hybrid-1 and Hybrid-2 split 
partial two pass designs produced high-quality permeates 
in terms of TDS and boron content, as recommended by 
SWCC regulations (50 mg/l TDS, 25 mg/l chloride, boron 
< 2.4 mg/l).

3.4.6. Biological results

Bacterial concentrations in the intake water remained 
within three orders of magnitude, slightly increasing in 
number but remaining within the same order of magnitude 
after the dual media filters (DMF). An elevation in bacte-
ria concentration to six orders of magnitude was observed 
after cartridge filters until their replacement. After replace-
ment, the concentrations remained within three orders of 
magnitude. The bacteria concentrations in the low and high 
salinity permeates of SWRO-1 and SWRO-2, as well as the 
final product, remained within 0 orders of magnitude. It is 
concluded that microbial rejection by membranes is nearly 
100%. 

3.4.7. Lead element autopsy

As mentioned earlier, the actual SWRO-2 operating feed 
pressure was higher than that projected by approximately 
2–3 bar. Additionally, before membrane installation, a mem-
brane storage solution with black deposits was observed. 
The solution was contaminated with biofilm and microbial 
species. The presence of biofilms and bacteria was con-
firmed by SEM/EDX analysis. Therefore, based on these 
findings, the SWRO-2 lead element was removed for test-
ing its performance and for autopsy after approximately six 
months of operation. The autopsy included physical inspec-
tion of the element along with microscopic examination of 
the extract and biomass and ATP analysis. Membrane sur-
faces and feed spacers were found to be in clean conditions, 

 

Fig. 11. Normalized salt passage and permeate flow of SWRO-1 and SWRO-2.

Fig. 12. Boron concentration in seawater feed and different per-
meates.
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as shown in Figs. 13 and 14, and discoloration was observed 
on membrane sheets. The membrane manufacturer indi-
cated that discoloration of storage solution results from the 
presence of amines in the solution, which turns it to a black-
ish color if vacuum is lost during storage of elements.

3.4.7.1. Microbial biomass: 

Biomass was determined by lyophilizing the sample. 
The biomass was determined to be 16.85 µg/cm2. The bio-
mass concentration was very low and relatively insignifi-
cant to be a primary source for membrane fouling. 

3.4.7.2. Biochemical analysis 

Adenosine triphosphate analysis (ATP) was conducted 
to measure the amount of biological activity on the mem-
brane surface. The concentration of ATP was found to be 

2.03 × 106 RLU/cm2. The amount of ATP present in the sam-
ple per unit area was high, indicating that the membrane 
surface biological activity was high. It is important to note 
that although bacterial activity was high, it did not result in 
high levels of extracellular polymeric substance production 
(EPS-Biofilm).

Prior to membrane autopsy, the lead element was oper-
ated for approximately 30 min at 8% recovery and com-
pared to its initial performance results, as shown in Table 8. 
The operation results indicated that there was no change in 
operating feed pressure with increasing feed temperature 
from 24 to 35°C, which were 61.9 and 62 bar. The normal-
ized flow decreased from 0.64 to 0.49. Additionally, there 
was no increase in membrane weight, as confirmed by 
membrane autopsy. The membrane autopsy results and 
single element performance test indicated that there was no 
sign of membrane fouling. 

4. Conclusions

1.  The recommended configuration for high recovery 
operation on Gulf seawater is an 8-element array. It 
gives higher benefits and facilities in system opera-
tion, such as operating at higher recovery with opti-
mized feed pressure.

2.  The hybrid designs Hybrid-1 and Hybrid-2 
employed an 8-element array and adopted asplit 
partial two pass system. The hybrid designs rep-
resent tighter and looser SWRO membranes with 
average element flow rates of 26.7 and 31.7 m3/d, 
respectively.

Fig. 13. Rolled and individual sheets with spacer.

Fig. 14. Membrane discoloration from feed (right) to product 
(left) end.

Table 8
Operation and performance parameters of lead element (SWRO-2)

Start up After 4600 
operating h

Membrane weight (kg) 14 14.5
Feed temperature (oC) 24.5 35.1
Feed pressure (bar) 61.9 62
Brine pressure (bar) 61.5 61
Pressure drop 0.4 1
Feed flow (m3/h) 7.95 8.04
Permeate flow (m3/h) 0.64 0.64
Recovery (%) 8.05 7.96
 Feed conductivity (µS) 61300 60500
Brine conductivity (µS) 65600 65200
Permeate conductivity (µS) 115 220
Normalized flow (m3/h) 0.64 0.49

Table 7
 Biomass and ATP concentration for autopsied sample

Foulant mass µg/cm2 ATP RLU/cm2

Membrane 16.85 2.03 × 106
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3. Introducing higher flow SWRO elements into the 
Hybrid-2 design led to operating at 48% recov-
ery and a 12.9 l/m2/h flux rate, compared to the 
Hybrid-1 design at 46.5% recovery and 12.5 l/m2/h, 
with feed pressure ranges of 66.5–72.5 and 62–72 bar 
and averages of 69.5 and 66.5 bar, respectively.

4. Additional improvements in the hybrid design con-
figuration can be achieved in terms of recovery and 
operating feed pressure by increasing the average 
element flow up to 35 m3/d.

5. The Hybrid-1and Hybrid-2 split partial two pass 
designs produce high permeate quality averaging 
76 and 70 µS/cm, respectively, which is below the 
target 100 µS/cm established by SWCC regula-
tions.

6. The boron concentrations in the 1ST pass RO perme-
ate and total permeate were approximately 1.3 and 1 
mg/l, respectively, compared to the values for exist-
ing SWCC SWRO plants of approximately 2–3 mg/l 
with hollow fiber membrane technology.

7. Based on the permeate split stream ratio, a hybrid 
split partial two pass design for Gulf seawater can 
be adopted with high recovery operation under two 
different operation modes: 1- very stringent perme-
ate quality, as recommended by SWCC regulations 
(permeate TDS < 50 mg/l), and 2- the normal pota-
ble specification of 400 ppm TDS.

8. The use of spiral wound membrane technology 
with recent design approaches for Gulf seawater 
succeeded in maximizing the overall recovery up 
to 45–46.5% compared to the existing SWCC SWRO 
plants’ overall recovery of 33–38%.

9. With this design concept, the achievement of 47% 
overall recovery for Red Sea source water is expected 
due to the lower salinity (TDS: 42500 mg/l). 
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