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INTRODUCTION

Global water scarcity is one of the alarming 
environmental and humanitarian implications of 
the twenty-first century (Mohamad and Alwared, 
2025). Growing population and lifestyle varia-
tions have contributed towards scarcity of the 
freshwater globally (Shemer et al., 2023; Ahn and 
Connor, 2025; Ali and Alwared, 2026). Roughly 
70% of the earth is covered by water, but only 
about 2.5–3.0% of it is fresh (Wei et al., 2017). 
Moreover, nearly half of wastewater discharged 
from human use to rivers or oceans are left un-
treated causing serious environment and public 
health problems (Hamad and Al-Jendeel, 2025).

Desalination is the removal of salts from 
water to produce water that meets the quality 

needs of various human uses (Jones et al., 2019; 
Aebeedat et al., 2025). Desalination is the most 
promising technology for addressing global wa-
ter scarcity (Dhakal et al., 2022; Issaoui et al., 
2022; Apolinário and Castro, 2024). Desalina-
tion of brackish surface water and groundwa-
ter provides reductions to existing freshwater 
sources with salinity above sectoral thresholds 
(Gude, 2017; Jones et al., 2019). Reverse os-
mosis membranes are fundamental to modern 
water-treatment technologies, providing a poly-
valent system for the purification of wastewater 
and production of drinking-water; seawater and 
brackish-water desalination; landfill leachate 
treatment; food and dairy components separa-
tion and many medical and industrial applica-
tions. (Goh et al., 2018; Liu et al., 2019).

Towards low-energy desalination: Performance analysis 		
and design of single and two-stage reverse osmosis systems 
to minimize specific energy consumption

Ali Khalil Ibrahim1, Miqat Hasan Salih1*

1	 Department of Chemical Engineering, College of Engineering, University of Baghdad, Baghdad, Iraq
* Corresponding author’s email: mekat.hassan@coeng.uobaghdad.edu.iq

ABSTRACT
Lowering specific energy consumption (SEC) in reverse osmosis (RO) plants is one of the most important criteria in 
water treatment industry. The present work focused on best suggested RO pilot plant configurations for minimizing 
specific energy consumption, finding the best configurations experimentally to recover the water with minimizing 
salts in permeate side in RO module, study the factors affecting the performance of single and two stage systems, 
TFC membrane is used in spiral wound module. Brackish water is used as feed solution with different concentra-
tions (2000, 3000, 4000 and 5000 ppm). The operating parameters studied were permeate flux, rejection and SEC. 
The experimental results showed the permeate concentration increased and water flux decreased with increasing in 
time from 0 to 60 min if concentrated stream at any ratio recycled to feed vessel. Also, the permeate concentrations 
increased and flux decreased with increasing in feed concentrations from 2000 to 5000 mg/L. At fixed operational 
pressure, rising of pressure from 4 to 7 bar extract more flux and permeate concentration decreased, in fixed feed 
concentration, for single stage operation mode, recycling 50% permeate to the feed makes the best permeate flux 
and the lowest SEC, for Cf = 2000 ppm, Jw = 12.03 LMH and SEC = 0.551 kWh/m3, for the two stage operation 
mode, recycling 50% of permeate first stage and second one to the feed of second stage system has the best results 
that average Jw = 10.746 and 10.623 LMH for the first stage and second respectively with total SEC = 0.55 kWh/m3.

Keywords: low energy reverse osmosis designs, SEC, pure water flux, brackish water, desalination, energy reduction.

Received: 2026.04.21
Accepted: 2026.05.16
Published: 2026.06.01

Ecological Engineering & Environmental Technology, 2026, 27(6), 201–214
https://doi.org/10.12912/27197050/221576
ISSN 2719–7050, License CC-BY 4.0

ECOLOGICAL ENGINEERING 
& ENVIRONMENTAL TECHNOLOGY

https://orcid.org/0000-0002-0512-0082


202

Ecological Engineering & Environmental Technology 2026, 27(6), 201–214

Reverse osmosis (RO) is a pressure-driven 
desalination process that utilizes semipermeable, 
it is a barometric separation process driven by 
selective permeability membranes for desalina-
tion (Algureiri and Abdulmajeed, 2016). RO is 
the most widely used desalination technology in 
the world because of its reliable operation, high-
energy efficiency and good salt rejection (Cohen 
et al., 2017). Moreover, RO eliminates a variety 
of pollutants from water, making it an important 
technology for the treatment and recovery of 
domestic and industrial wastewater (Bernados, 
2018; Lu et al., 2020).

Concentration polarization (CP) refers to salt 
concentration gradients that form within mem-
brane boundary layer, in close proximity to the 
membrane interface. This effect originates from 
the selective passage of certain components, coun-
teracted by transmembrane gradients chemical 
for potential. CP occurs in all types of membrane 
processes, altering the transport conditions and di-
minishing the efficiency of separation processes: 
for the most part declining total transport rates, 
augmenting energy consumption and losing se-
lectivity of the transport process (Giacobbo et al., 
2018; Emadzadeh and Kruczek, 2020; Field and 
Wu, 2022; Apel et al., 2024). Depending on where 
this phenomenon occurs, it is classified into two 
types: external concentration polarization (ECP) 
and internal concentration polarization (ICP) (Ga-
mal Gomaa et al., 2026). External concentration 
polarization occurs on the outside surfaces of the 
membrane, specifically in the fluid boundary layers 
directly adjacent to the membrane. ICP occurs in-
side the porous support layer of asymmetric mem-
branes. When water and solutes transport through 
the thick, spongey support layer of the membrane, 
the physical structure of the pores traps the fluid 
(Zhou et al., 2023; Gamal Gomaa et al., 2026).

This mutual dependence suggests a potential 
significant role for the energy losses related to the 
synergistic interaction between CP and fouling in 
relation to the underestimation of real long-term de-
cline in permeate flux and salt-rejection efficiency. 
The development of techniques that disrupt this 
positive feedback loop between CP and the accu-
mulation of foulants is thus a critically important 
area of research for improving the energy efficien-
cy of RO processes (Guo et al., 2025). The water 
high-quality requirements decide the two essential 
designs of RO device, specifically staged linear de-
signs and passes instantaneous transmission. Staged 
RO configurations can be broadly classified into 

two categories: those without a circulation stream 
and others with it. Typical examples include the 
single-stage and multi-stage processes, where feed 
of each stage is taken from the concentrate flow of 
its preceding stage (Kim and Hong, 2018). For a 
finite size, two-stage reverse osmosis system, there 
are additional degrees of freedom (compared to fi-
nite size one-stage RO system) in both the design 
space and operational space, namely distribution of 
RO elements between stages: system design, feed 
pressures, and system operation. 

Depending on the feed pressure used in first 
stage and second stage, a two-stage RO system 
may be more or less energy efficient than single-
stage RO systems of equal size and freshwater 
productivity. Feed pressures to minimize spatial 
variance in flux will help in reducing energy con-
sumption. This optimal element configuration has 
at least 50% of elements in stage 1; depending 
on feed salinity, recovery ratio and membrane 
permeability. A two-stage RO system with ideal 
element configuration and feed pressures will 
yield the highest energy savings towards lower 
SEC. Significant energy savings are achievable 
with brackish water feeds at high recovery ratios; 
similar or greater savings could be achieved for 
more saline feeds but with lower recovery ratio. 
Using net flux numbers that are commensurate 
with today’s RO plants, accounting to effects of 
concentration polarization (Wei et al., 2017) com-
parative large energy savings can be made using 
the simplest two-stage RO design system.

The evaluation of a large seawater reverse 
osmosis (SWRO) plant was used for desalination 
according to Chu et al. (2020). Comparing the cal-
culated values of RO simulations, water qualities 
and energy consumptions from the plant. Specific 
parameters of the design and functioning optimal 
conditions SWRO plant were determined. This 
means that turbidity and silt density index values 
of the pretreatment permeates were independent 
to productivity yield from plant during all opera-
tion period. In addition, the best-distributed split 
ratio of RO membranes was calculated as 4.5:5.5 
that met both specifications for final produced 
water quality and energy consumption require-
ments. Depending on the split partial ratio, final 
permeate TDS (61–280 mg/L) and boron (0.1–0.9 
mg/L) concentrations were met Korean standards 
for all water draining capacities. Specifically, 
the selective energy consumption of total for 10 
MIGD train was estimated as 3.66 kWh/m3 that is 
significantly lower than most SWRO plants with 
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comparable capacities. A model developed by Lim 
et al., (2022) studied the decrease in specific ener-
gy consumption with highly permeable composite 
membranes used at hollow-fiber and spiral-wound 
module scales, which indicated that tripling wa-
ter permeance for a spiral-wound type system 
decreased SEC due to reduced osmotic pressure 
counterbalancing as more fresh water was gener-
ated, resulted in a 16% reduction of SEC due to 
change in module type. Furthermore, a fourfold 
increase in water permeance in both hollow-fiber 
module reduced SEC by approximately 23%.

A two-stage reverse osmosis pilot was built 
firstly in order to enhance recovery rate and SEC 
reduction as much as carbonate precipitation po-
tential and Fe fouling control for Caspian sea-
water desalination by Ghasemi et al. (2024). In 
addition, they also determine the effect of main 
input parameters (operational pressure, initial to-
tal dissolved salts (TDS), pH) themselves and in 
combination to one another on output variables 
including system desalination removal (SDR). At 
average initial TDS of 12,000 mg/l, operational 
pressure of 21.9 bar and pH of 5.235 reached 
max SDR (96.86%), permeate flux (41.47 LMH) 
and recovery rate up to 48.17%, respectively, 
SEC decreased down to 1.809 kWh/m3 as well 
as Fe fouling probability went below 0.25. The 
overall recovery and permeate flux further in-
creased by 18.7% and 17.56 LMH respectively 
with the addition of a second stage while total 
SEC decreased to 0.56 kWh/m3, validating the 
efficiency improvement enabled by optimised 
two-stage system.

This study focused on designing better mem-
brane configurations comprising of improved de-
signs to reduce SEC in single stage and two par-
allel-stages RO facilities, shows the ability of RO 
membrane (based on a TFC spiral wound mem-
brane) for generating pure water with low SEC. 
Influence of feed concentration and pressure were 
examined in various designs of RO systems. The 
performance of RO system was assessed in terms 
of water flux, SEC and rejection.

EXPERIMENTAL WORK

Materials

Total dissolved solid between 2000–5000 
ppm brackish water were used as feed solution of 
NaCl (98.5%, HIMEDIA, India).

Methods

As shown in Figure 1 and Figure 2, the feed 
solution was treated by a commercially available 
RO membrane system. spiral wound membrane 
of 0.4 m2 effective membrane area was made from 
commercially available TFC (Vontron, USA) and 
feed solution vessel with a capacity of 16 L are 
adapted to this system. A feed solution compris-
ing a mixture based on water was pumped to the 
spiral wound membrane using two diaphragm 
pumps. Feed flow rate was detected using two ro-
tameters. Two pressure gauges used to measure 
the feed solution pressure. The pressure applied 
to the feed solution was varied from 4-7 bar. It 
was kept constant at a certain flow rate (200 ml/
min). The concentration of inorganic salt solu-
tions was measured using an electrical conductiv-
ity meter (CRISON EC-Meter BASIC 30, Spain). 

Pilot-scale RO systems, single-stage and two 
stages, with concentrated and permeate recycling, 
will be developed for desalting brackish water. The 
flux was determined as the permeate volume divid-
ed by the product of the effective membrane area 
and time. Distilled water was used overall to wash 
the system for 20 min and then discarded. Table 1 
and Table 2 illustrate the symbols of different de-
signs for single stage and two stag operations.

The recovery (Y) capabilities of RO mem-
branes is expressed as recovery percentages 
(Chen and Qin, 2019):

	

1 
 

𝑌𝑌 = 𝑄𝑄𝑝𝑝
𝑄𝑄𝑓𝑓

× 100%  (1)  

 
 
𝑅𝑅𝑅𝑅𝑅𝑅 = 1 − 𝐶𝐶𝑝𝑝

𝐶𝐶𝑓𝑓
× 100%  (2) 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑄𝑄𝑓𝑓×∆p

𝑄𝑄𝑝𝑝× η   (3) 

 

𝑆𝑆𝑆𝑆𝑆𝑆 (overall) = 
(

𝑄𝑄𝑓𝑓1×∆p1
η1 +

𝑄𝑄𝑓𝑓2×∆p2
η2 )

( 𝑄𝑄𝑝𝑝1+𝑄𝑄𝑝𝑝2)   (4) 

 
 
𝐽𝐽𝑤𝑤 = ∆𝑉𝑉

𝐴𝐴𝑚𝑚 ∆𝑡𝑡   (5)  
 
𝐽𝐽𝑤𝑤 = 𝑘𝑘𝑤𝑤(𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥)  (6)  

	 (1)

where: Y – recovery, % – Qf feed flowrate, m3/h; 
Qp – permeate flowrate, m3/h.

The rejection (Rej) capabilities of RO and 
membranes are expressed as salt rejection (Sher-
han et al., 2016; Abbi et al., 2025):

	

1 
 

𝑌𝑌 = 𝑄𝑄𝑝𝑝
𝑄𝑄𝑓𝑓

× 100%  (1)  

 
 
𝑅𝑅𝑅𝑅𝑅𝑅 = 1 − 𝐶𝐶𝑝𝑝

𝐶𝐶𝑓𝑓
× 100%  (2) 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑄𝑄𝑓𝑓×∆p

𝑄𝑄𝑝𝑝× η   (3) 

 

𝑆𝑆𝑆𝑆𝑆𝑆 (overall) = 
(

𝑄𝑄𝑓𝑓1×∆p1
η1 +

𝑄𝑄𝑓𝑓2×∆p2
η2 )

( 𝑄𝑄𝑝𝑝1+𝑄𝑄𝑝𝑝2)   (4) 

 
 
𝐽𝐽𝑤𝑤 = ∆𝑉𝑉

𝐴𝐴𝑚𝑚 ∆𝑡𝑡   (5)  
 
𝐽𝐽𝑤𝑤 = 𝑘𝑘𝑤𝑤(𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥)  (6)  

	 (2)

where:	Rej, salt rejection, %; Cp, concentration in 
permeate, mg/l; Cf, concentration in feed 
water, mg/l.

SEC can be expressed as (Ojo and Oludolapo, 
2025):

	

1 
 

𝑌𝑌 = 𝑄𝑄𝑝𝑝
𝑄𝑄𝑓𝑓

× 100%  (1)  

 
 
𝑅𝑅𝑅𝑅𝑅𝑅 = 1 − 𝐶𝐶𝑝𝑝

𝐶𝐶𝑓𝑓
× 100%  (2) 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑄𝑄𝑓𝑓×∆p

𝑄𝑄𝑝𝑝× η   (3) 

 

𝑆𝑆𝑆𝑆𝑆𝑆 (overall) = 
(

𝑄𝑄𝑓𝑓1×∆p1
η1 +

𝑄𝑄𝑓𝑓2×∆p2
η2 )

( 𝑄𝑄𝑝𝑝1+𝑄𝑄𝑝𝑝2)   (4) 

 
 
𝐽𝐽𝑤𝑤 = ∆𝑉𝑉

𝐴𝐴𝑚𝑚 ∆𝑡𝑡   (5)  
 
𝐽𝐽𝑤𝑤 = 𝑘𝑘𝑤𝑤(𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥)  (6)  

	 (3)

where:	η – pump efficiency; ∆P – pressure differ-
ence, bar.
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Figure 1. Schematic diagram for single stage systems (a) S1, (b) S2, (c) S3, S4 and S5, (d) S6 systems

For two stage system, SEC can be expressed 
as (Gao et al., 2025):

	

1 
 

𝑌𝑌 = 𝑄𝑄𝑝𝑝
𝑄𝑄𝑓𝑓

× 100%  (1)  

 
 
𝑅𝑅𝑅𝑅𝑅𝑅 = 1 − 𝐶𝐶𝑝𝑝

𝐶𝐶𝑓𝑓
× 100%  (2) 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑄𝑄𝑓𝑓×∆p

𝑄𝑄𝑝𝑝× η   (3) 

 

𝑆𝑆𝑆𝑆𝑆𝑆 (overall) = 
(

𝑄𝑄𝑓𝑓1×∆p1
η1 +

𝑄𝑄𝑓𝑓2×∆p2
η2 )

( 𝑄𝑄𝑝𝑝1+𝑄𝑄𝑝𝑝2)   (4) 

 
 
𝐽𝐽𝑤𝑤 = ∆𝑉𝑉

𝐴𝐴𝑚𝑚 ∆𝑡𝑡   (5)  
 
𝐽𝐽𝑤𝑤 = 𝑘𝑘𝑤𝑤(𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥)  (6)  

	 (4)

The permeate flux (Jw) can be calculated as 
(Liu et al., 2018; Salih et al., 2024):

	

1 
 

𝑌𝑌 = 𝑄𝑄𝑝𝑝
𝑄𝑄𝑓𝑓

× 100%  (1)  

 
 
𝑅𝑅𝑅𝑅𝑅𝑅 = 1 − 𝐶𝐶𝑝𝑝

𝐶𝐶𝑓𝑓
× 100%  (2) 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑄𝑄𝑓𝑓×∆p

𝑄𝑄𝑝𝑝× η   (3) 

 

𝑆𝑆𝑆𝑆𝑆𝑆 (overall) = 
(

𝑄𝑄𝑓𝑓1×∆p1
η1 +

𝑄𝑄𝑓𝑓2×∆p2
η2 )

( 𝑄𝑄𝑝𝑝1+𝑄𝑄𝑝𝑝2)   (4) 

 
 
𝐽𝐽𝑤𝑤 = ∆𝑉𝑉

𝐴𝐴𝑚𝑚 ∆𝑡𝑡   (5)  
 
𝐽𝐽𝑤𝑤 = 𝑘𝑘𝑤𝑤(𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥)  (6)  

	 (5)

where:	∆v – volumetric difference, m3; ∆t – time 
period, h; Am – area, m2.

RESULTS AND DISCUSSION

Single stage RO systems

Different feed concentrations (2000, 3000, 
4000 and 5000 ppm) are treated by using differ-
ent reverse osmosis system configurations. The 
resulting permeate flux and salt rejection are pre-
sented in Figure 3 for single stage under various 
operating conditions. 

For a single system at different operational 
pressure with a certain feed concentration, i.e. 
S2 system, the relationship between the applied 
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Figure 2. Schematic diagram for two stage system (a) S7, (b) S8, (c) S9, (d) S10 systems

pressure and the water flux is nearly linear as the 
equation (Wang et al., 2021):

	

1 
 

𝑌𝑌 = 𝑄𝑄𝑝𝑝
𝑄𝑄𝑓𝑓

× 100%  (1)  

 
 
𝑅𝑅𝑅𝑅𝑅𝑅 = 1 − 𝐶𝐶𝑝𝑝

𝐶𝐶𝑓𝑓
× 100%  (2) 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑄𝑄𝑓𝑓×∆p

𝑄𝑄𝑝𝑝× η   (3) 

 

𝑆𝑆𝑆𝑆𝑆𝑆 (overall) = 
(

𝑄𝑄𝑓𝑓1×∆p1
η1 +

𝑄𝑄𝑓𝑓2×∆p2
η2 )

( 𝑄𝑄𝑝𝑝1+𝑄𝑄𝑝𝑝2)   (4) 

 
 
𝐽𝐽𝑤𝑤 = ∆𝑉𝑉

𝐴𝐴𝑚𝑚 ∆𝑡𝑡   (5)  
 
𝐽𝐽𝑤𝑤 = 𝑘𝑘𝑤𝑤(𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥)  (6)  	 (6) 

where:	kw – permeability coefficient; ∆π – oso-
motic pressure difference.

As ∆p increase, Jw increases proportion-
ally. Figure 3a shows that the flux increased by 
57.91% at p = 5 bar and by 92.46% at p = 6 bar 
compared to p = 4 bar for feed concentration of 
2000 ppm. The average flux for Cf = 3000 ppm 
increased by 58.99% for p = 6 bar and increased 
by 120.56% for p = 7 bar compared to p = 5 bar. 
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Table 1. Single stage system designs

Design Symbol

Conventional, constant feed concentration S1

Conventional, total concentrate recycle S2

50% concentrate recycle S3

2/3 concentrate recycle S4

1/3 concentrate recycle S5

50% permeate recycle S6

Table 2. Two-stage system designs

Design Symbol

Conventional, constant Cf S7
50% concentrated 1 + 50% concentrated 2 
recycled to feed 2 S8

50% concentrated 1 + 100% concentrated 
2 recycled to feed2 S9

50% permeate 1 + 50% permeate 2 
recycled to feed 2 S10

For Cf = 4000 ppm, the average flux increased by 
18% for p = 7 bar compared to p = 6 bar (Figure 
3c and Figure 3e).

At lower feed concentrations and fixed ap-
plied pressure, when the concentrated stream 
entirely recycled to the feed then the water per-
meate flux has shown linear decline with time 
(Liang, 2026) but applying progressive salin-
ity in the recycle according to Equation 6; this 
increment leads to non-linear longer durability 
since concentration of salt in feed also increased 
and the flux was decreased. Feed water osmotic 
pressure depends on salt type and concentration. 
Then the feed pressure remains constant means 
under high salt concentration will produce more 
osmotic pressure so this will result in much low-
er driving force. The increased in salinity con-
centration in the feed water also results in fouling 
or surface cake phenomenon on the membrane 
surface. Transmembrane pressure has more sig-
nificant effect on permeation flux than concentra-
tion parameter. Transmembrane pressure is the 
driving force in RO membrane process, thus with 
increasing transmembrane pressure, permeation 
flux of RO membrane will also increase. This 
behavior is the result of increasing transmem-
brane pressure forcing feed water which pres-
ent as purified product water. By increasing the 
transmembrane pressure, increasing the net driv-
ing force and hence, the permeation flux increase 
(Abdulmuttaleb et al., 2014).

Transmembrane pressure influence on salt 
rejection as shown in Figure 3b, Figure 3d, and 
Figure 3f, due to the perfect retention of dis-
solved salts in feed water, there is always some 
salt passage through the membrane to permeate 
side. Thus, when raising water pressure, this salt 
passage is reduced as water is driven through the 
membrane. The faster water flow through the 
membrane diluted the concentrate, leading to a 
higher salt rejection (Chen et al., 2025). The re-
jection of Cf = 2000 ppm increased by 0.059% for 
p = 5 bar and increased by 0.06% for p = 6 bar 
compared to p = 4 bar. Approximately the rejec-
tion is the same at different pressures, so at p = 
7 bar, it’s well expected to be the best operating 
condition for Cf = 2000 ppm due to increasing 
flux more than a double with nearly the same re-
jection. The rejection of Cf = 3000 ppm increased 
by 1% for p = 6 bar and if p = 7 bar, it’s increased 
by 1.32% compared to p = 5 bar.

A shown in Figure 4a , for Cf = 3000 ppm 
in S1 system, a slight drop in average flux in de-
creasing by 2.46% from the flux of Cf = 2000 ppm 
and the average rejection is raised by 0.058% as 
shown in Figure 4b, for S1 system the declination 
in flux becomes higher when feed concentration 
is increased from 4000 to 5000 ppm by 31.13% as 
shown in Figure 5a but still for rejection, a very 
small increasing by 1.037% as in Figure 5b.

In S2 system and for Cf = 3000 ppm, a drop 
by 28.45% from the flux of Cf = 2000 ppm (see 
Figure 4a) and rejection is dropped by 0.68% as 
shown in Figure 4b, the declination in flux be-
comes lower when Cf is increased from 4000 to 
5000 ppm by 15.9%, but still for rejection, nearly 
constant behavior, a very small increase by 0.69% 
when Cf varied from 4000 to 5000 ppm as in Fig-
ure 5b. While for Cf = 3000 ppm in S3 system, 
a clear drop in average flux by 26.38% from the 
flux of Cf = 2000 ppm, smaller than the drop in S2 
system due to lower concentrated recycled to the 
feed in S3 System (Figure 4a), a very slight drop 
in average rejection when feed concentration is 
increased, average rejection is dropped by 0.33% 
as in Figure 4b, smaller than in S2, the declination 
in flux becomes higher when Cf is increased from 
4000 to 5000 ppm by 38.42%, but still for rejec-
tion, nearly constant behavior, for rejection a very 
small drop by 0.67% when Cf varied from 4000 to 
5000 ppm as in Figure 5b.

For S4 system, drop in average flux in Cf = 
3000 ppm by 25.94% from the flux of Cf = 2000 
ppm but less than S2 and S3 system, and a very 
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Figure 3. Permeate flux and rejection for S2 system, a, c, e: permeate flux for Cf = 2000, 3000, and 4000 ppm 
respectively, b, d, f: rejection for Cf = 2000, 3000, and 4000 ppm respectively

slight drop in average rejection when Cf is in-
creased, average rejection is dropped by 0.13% 
as in Figure 4b, the declination in flux becomes 
lower than S3 when Cf is increased from 4000 to 
5000 ppm by 20.25% as in Figure 5a, for rejec-
tion, a small drop by 1.12% when Cf varied from 
4000 to 5000 ppm as in Figure 5b. As shown in 
Figure 4a, lower drop in average flux by increas-
ing Cf to 3000 ppm by 18.81% from the flux of Cf 

= 2000 ppm in S5 system makes it better than S2, 
S3 and S4 systems, a slight increasing in average 
rejection when Cf is increased, average rejection 
is dropped by 0.22% as in Figure 4b, the declina-
tion in flux becomes higher than S3 and S4 when 
Cf is increased from 4000 to 5000 ppm by 28.07% 
as in Figure 5a, for rejection, nearly constant be-
havior, a very small drop by 0.59% when Cf var-
ied from 4000 to 5000 ppm (see Figure 5b).
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For S6 system, clear drop in average flux for 
Cf = 3000 ppm by 22.59% from the flux of Cf = 
2000 ppm and a very slight drop in average re-
jection when Cf is increased, average rejection is 
dropped by 0.18% as in Figure 4b, the declination 
in flux becomes lower when Cf is increased from 
4000 to 5000 ppm by 11.44% as in Figure 5a ,for 
rejection, a drop by 1.33%, when Cf varied from 
4000 to 5000 ppm, makes it the best system for 
desalination feed with moderate concentrations 
as in Figure 5b.

The intractable decrease of the flux due to the 
transition of concentration polarization as the feed 
concentration and osmotic pressure increased 
gradually, further caused membrane scaling 
through NaCl deposition on surface of membrane 

by gradual solution viscosity increment via salt 
concentrations during continuous operation. The 
increase in the resistance to flux is attributed 
to boundary layer on the surface of membrane, 
therefore it can be concluded that NaCl forms a 
boundary layer where higher concentration solu-
tion will slow down the speed of diffusion (Salih 
and Al-Alawy, 2016; Al-Alawy and Salih, 2017).

Figure 6 illustrates hydraulic SEC in single 
stage system, SEC increased due to rising in sa-
linity by recycling the concentrated at different 
concentrations and ratios, flux decreased accord-
ing to a drop in driving force by increasing ∆π so 
a drop in Qp is notified , when Qp is directly pro-
portional to Jw, SEC has inverse proportional with 
Qp, but Cf also is changed by recycling the feed 

Figure 4. (a) Average flux (b) average rejection, for single stage system with Cf = 2000 ppm and Cf = 3000 ppm
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Figure 5. (a) Average flux, (b) average rejection for single stage systems with Cf = 4000 and 5000 ppm

concentrations, so a dimensionless group of 
𝑄𝑄𝑝𝑝
𝑄𝑄𝑓𝑓

   or 
Y from Equation 1 can be defined as the main fac-
tor that effect on SEC. when Y is increased, SEC 
is decreased. S6 system has the best SEC above 
all of the systems. Qp is increased when lowering 
the salinity by diluting the feed according to recy-
cling part of the permeate, decreasing the ratio of 
concentrated recycling or using lower feed con-
centrations, Cf is decreased by diluting process so 
Y is increased and SEC decreased.

SEC in systems without energy recovery 
devices or pressure exchangers reveals the cou-
pled behavior between membrane property (area 
and permeability), feed conditions (flow rate 
and salinity) and operating conditions (pressure 

difference and fractional recovery). All of these 
parameters effect on Jw and Qp, this result is in 
agreement with Li, (2010).

AS shown in Figure 6 at fixed feed concen-
tration of 2000 ppm and comparing to S1 con-
ventional system, in S2 system there is SEC de-
creasing of 6.25%, in S3 system there is a de-
creasing in SEC by 12.5%, for S4 system, SEC 
decreasing by 14.06%, 18.75% the decreasing 
in SEC of S5, 23.44% the decreasing in SEC of 
S6 system. For Cf = 3000 ppm and comparing to 
S1 conventional system, for S2 system there is 
SEC increasing of 23.88%, in S3 system there 
is increasing in SEC by 11.94 %, in S4 system, 
SEC increasing by 10.45%, a sudden change in 
SEC behavior, 4.48% the decreasing in SEC of 
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S5 comparing to S1 system and 7.46% the de-
crease in SEC of S6 system. For Cf = 3000 ppm 
in single stage systems, the best chosen is S6 due 
to the highest SEC drop.

For Cf = 4000 ppm and compared to S1 con-
ventional system, in S2 system there is a SEC 
increase of 30.43%, for S3 system there is a de-
creasing in SEC by 8.7%, in S4 system, SEC in-
creased by 28.26%, 9.78% the increasing in SEC 
of S5 system and 11.96% the decreasing in SEC 
of S6 system. For Cf = 5000 ppm and comparing 
to S1 conventional system, in S2 system there is 
SEC increasing of 11.81%, in S3 system there is 
increasing in SEC by 7.87%, in S4 system, SEC 
increasing by 14.96%, 10.24% the increasing in 
SEC of S5 system and 27.55% the decreasing in 
SEC of S6 system.

Two-stage RO systems

As listed in Table 3, for Cf = 3000 ppm in S7 
system, a slight drop in average flux by 2.46% in 
stage 1 and a drop in average rejection compared 
with Cf = 2000 ppm, average rejection is dropped 
by 0.06% in stage 1, in stage 2, a drop in average 
flux by 4.53% and a slight drop in average rejec-
tion by 1.7%. For Cf = 5000 ppm in S7 system, a 
clear drop in average flux by 31.13% in stage 1 
and a slight drop in average rejection by 1.04%, 
in stage 2, a drop in average flux by 23.74% and 
a very slight drop in average rejection by 0.83%, 
compared to Cf = 4000 ppm.

The average flux of Cf = 3000 ppm in S8 
system compared to Cf = 2000 ppm, a drop in 

average flux by 24.2% in stage 1 and a slight drop 
in average rejection by 1.04%, a drop in average 
flux by 24.53% and a very slight drop in average 
rejection by 1.13% in stage 2. For Cf = 5000 ppm 
compared to Cf = 4000 ppm at constant operation-
al pressure of 7 bar in S8 system, a clear drop in 
average flux by 25.5% in stage 1 and a very slight 
drop in average rejection when Cf is increased, 
average rejection is dropped by 1.90% in stage 1, 
in stage 2, a drop in average flux due to increas-
ing Cf by 47% and a very slight drop in average 
rejection when Cf is increased, average rejection 
is dropped by 1.9% (see Table 3).

Table 3 shows that the average flux of Cf = 
3000 ppm in S9 compared to Cf = 2000 ppm, a 
slight drop in average flux of 24.16% in stage 
1 and a very slight drop in average rejection 
by 0.40%, in stage 2, a drop in average flux by 
20.68% and a very slight increase in average re-
jection by 0.73%. For Cf = 5000 ppm at constant 
operational pressure of 7 bar in S9 system, a clear 
drop in average flux by 31.27% in stage 1 and 
average rejection is dropped by 3.71%, in stage 
2, a drop in average flux by 28.11% and a drop 
in average rejection by 5.98%, these results when 
compared to Cf = 4000 ppm.

The average flux and Cf = 3000 in S10 system, a 
clear drop in average flux by 40.12% in stage 1 and 
a drop in average rejection by 2.52%, in stage 2, a 
drop in average flux by 26.05% by enlarging the 
amount of permeate recycled to feed and diluting it. 
and a slight rise in average rejection, increased by 
1.4%, compared to Cf = 2000 ppm. For Cf = 5000 
ppm at constant operational pressure of 7 bar in S10 

Figure 6. Specific energy consumption for single stage systems at different feed concentrations
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system, a clear drop in average flux by 42.262% 
and nearly constant behavior in rejection because 
of a drop by 0.825% in first stage, in second stage 
a drop in flux by 9.26%, it’s better than single stage 
according to diluting the feed by recycled perme-
ate and a very slight drop in average rejection by 
4.94%, all compared to Cf = 4000 ppm.

The behavior of flux and rejection is governed 
by Equation 2 and 6 respectively with the same 
scientific reasons as described before.

As shown in Figure 7 and comparing to S7 
conventional system with feed concentration of 
2000 ppm, in S8 system there is a decreasing in 
SEC of 7.8%, in S9 system there is a rise in SEC 

by 17.19%, in S10 system SEC decreasing by 
14.06%. For Cf = 3000 ppm, in S8 system there 
is SEC rising of 19.4%, in S9 system there is an 
increase in SEC by 47.76%, in S10 system SEC 
increasing by 22.39%, compared to S7.

For Cf = 4000 ppm, compared to S7 conven-
tional system, in S8 system there is SEC increas-
ing of 29.35%, in S9 system there is increasing 
in SEC by 90.21%, in S10 system SEC increas-
ing by 19.57%. When Cf = 5000 ppm, comparing 
to S7 conventional system, in S8 system there is 
SEC increasing of 44.09%, in S9 system there is 
increasing in SEC by 96.06%, in S10 system SEC 
increasing by 17.32%.

Table 3. Average permeate flux and average rejection for two-stage systems

Systems Feed concentration, 
ppm

Average permeate flux, LMH Average rejection, %

Stage 1 Stage 2 Stage 1 Stage 2

S7

2000 9.054 9.005 96.66 95.08

3000 8.832 8.597 96.72 96.69

4000 7.461 7.337 94.12 94.50

5000 5.138 5.595 95.09 93.72

S8

2000 10.721 8.64 97.36 96.74

3000 8.127 6.521 96.35 95.65

4000 6.201 5.311 95.072 94.87

5000 4.62 2.816 93.27 88.73

S9

2000 9.61 5.855 96.71 93.17

3000 7.288 4.644 97.10 93.86

4000 4.385 3.471 93.12 91.04

5000 3.014 2.495 89.66 85.60

S10

2000 10.746 10.623 94.70 93

3000 6.435 7.856 92.31 94.29

4000 6.225 6.164 95.17 93.24

5000 3.594 5.593 94.39 88.63

Figure 7. Specific energy consumption for two stage systems at different feed concentrations
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CONCLUSIONS

The feed dilution by permeate recycling or re-
cycling a little amount of concentrated water were 
considered to be a key factor in improving the ef-
ficiency of RO pilot plants configurations, espe-
cially when the feed solution has moderate con-
centrations such as brackish water as in this study. 
Permeate recycling provided effective driving 
force against osmotic pressure than 1/3 concen-
trated recycling to the feed at the same concentra-
tion in single stage operation mode, for Cf = 2000 
ppm, average flux of 12.03 LMH at S6 system and 
4.84 LMH at S5, SEC = 0.46 and 0.52 kWh/m3 at 
S6 and S5 system respectively, they were the best 
specific energy consumption than others.

For Cf = 2000 ppm, the order of the least SEC 
in single stage as: S6 > S5 > S4 > S3 > S2 > S1

Moreover, for two stage operation mode and 
Cf = 2000 ppm for S10 system, average flux in 
first stage was 10.746 LMH and in second stage 
10.623 LMH, at S8 system, the average flux was 
9.05 in the first stage and 9 LMH in the second 
stage respectively. Less amount of salty water re-
cycled, more flux and less SEC were gotten. Total 
SEC at S10 = 0.55 kWh/m3 and in S8 system = 
0.59 kWh/m3 for Cf = 2000 ppm, they were the 
best values among the studied system in two stage 
operation mode. For Cf = 2000 ppm, the order of 
the least total SEC in two stage operation mode 
as: S10 > S8 > S7 > S9
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