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ABSTRACT 
Reverse osmosis (RO) technology has progressed steadily over the last few decades. Those gains were achieved through 

improvements in both RO membrane element performance and energy recovery technologies. However, some recent literature 
indicates that RO membrane water permeability is approaching performance limits imposed by transport processes and 
thermodynamic constraints. This paper reviews how RO membrane element performance affects the cost of RO processes, 
especially the specific energy consumption. RO membrane performance encompasses water permeability, salt permeability, and 
other some characteristics of the RO element.  This paper considers not only conventional RO processes, but also the recently 
proposed closed-circuit RO and batch RO processes. Even if the membrane water permeability increases, little additional effect 
is found when the membrane water permeability exceeds around 3 LMH/bar for seawater RO and 8 LMH/bar for brackish water 
RO in conventional single-stage RO.  Increasing membrane water permeability has the potential to decrease membrane surface 
area and associated costs. A major limitation of most existing literature is that performance is evaluation on in terms of the initial 
operating conditions. Chronological changes, such as result from fouling, must also be considered to accurately validate how 
membrane element performance affects RO cost. 
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 Nomenclature 

 

Acronyms            

BRO  Batch reverse osmosis 

BWBRO Brackish water batch reverse osmosis   

BWRO  Brackish water reverse osmosis   

CAPEX  Capital expenditure      

CCD  Closed-circuit desalination     

CCRO    Closed-circuit reverse osmosis 

CIP   Cleaning-in-place 

ERD  Energy recovery device      

LMH  Liters per square meter per hour (Lm-2h-1)  

MER  Membrane cost relative to energy cost   

OPEX  Operational expenditure      

PFD  Plug flow desalination      

RO   Reverse osmosis        

SEC  Specific energy consumption     

SWM  Spiral-wound membrane  

SWBRO Seawater batch reverse osmosis 

SWRO  Seawater reverse osmosis      

TFC  Thin film composite  

UF   Ultrafiltration   

 

Symbols            

A Membrane water permeability (A-value) [m3 

m-2 s-1 Pa-1]  

Am Membrane surface area [m2] 

a   Correlation factor [-] 

B   Membrane salt permeability (B-value)  

[m s-1] 

b   Correlation factor [-]  

CF   Concentration of bulk water in the feed side 

   [kg m-3]  

Cf   Foulant concentration of feed water [kg m-3] 

CM   Concentration at membrane surface [kg m-3] 

CP   Concentration in the permeate side [kg m-3] 

c   Correlation factor [-] 

D   Diffusivity coefficient [m2 s-1] 

 

dF   Hydraulic diameter of the feed side path [m] 

EA   Energy required for other accessories [J] 

EERD  Energy recovered by ERD [J] 

Ehp   Energy required for high-pressure pump [J] 

Ein   Energy required for intaking feed water [J] 

Ept Energy required for pre and post treatment 

[J] 

ET   Total energy requirement [J] 

f   Fanning friction factor [-] 

fD   Darcy friction factor [-] 

Jcrit   Critical flux for water permeate flux  

[m3 m-2 s-1] 

Js   Salt permeate flux [kg m-2 s-1] 

Jw   Water permeate flux [m3 m-2 s-1] 

k   Mass transfer coefficient [m s-1] 

kfp   Fouling potential factor of feed water [-] 

L   Length of feed side path [m] 

mA   Membrane unit price [US$ m-2 h-1] 

md Mass of deposited foulants per  unit 

membrane area [kg m-2] 

N   Number of stages [-] 

∆𝑃   Transmembrane pressure [Pa] 

PF   Feed side pressure [Pa] 

PP   Permeate side pressure [Pa] 

∆𝑃#   Feed side pressure loss [Pa] 

QF   Feed side flow rate [m3 s-1] 

QP   Permeate side flow rate [m3 s-1] 

R   Universal gas constant [J K-1 mol-1] 

R0   Salt rejection rate [-] 

R0,max  Available highest salt rejection rate [-] 

RMEC  Dimensionless cost factor [-] 

Re   Reynolds number [-] 

RR   Recovery rate [-] 

RR2   Recovery rate of second pass [-] 

RRt   Recovery rate of total system [-] 

Sc   Schmidt number [-] 

SECmin  Minimum specific energy consumption  

[kWh m-3] 
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1. Introduction 

Water scarcity has been expanding and is expected to keep 
expanding because of worldwide population growth, 
especially in developing countries [1-4]. 

Almost 97% of the water in the world is salty and the 
remaining is fresh water. However, less than 1% of fresh water 
is available, and most of the available water in the world 
presents as either salty seawater or icecaps [1, 5, 6]. The 
acceptable salinity for drinking water is below 500 ppm, 
except for special cases in which it may rise to 1,000 ppm [1, 
5], and boron concentration is normally limited below 0.5 ppm 
[7]. Therefore, many regions that lack adequate fresh water 
resources have turned to desalination of salty to supply 
drinking water; and other regions are actively discussing this 
approach. 

Desalination technologies can be used to produce an 
alternative supply of water [2]. The current desalination 

capacity over the world is about 100 million m3/d [3]. These 
systems can be divided into thermal desalination technologies 
and membrane desalination technologies [2, 3, 8, 9]. About 
65% of the total capacity is membrane-based and 31% is 
thermally driven [3]. The current annual growth rate of 
membrane desalination in the world is about 55% [3], and the 
membrane market is estimated to have been about US$30 
billion in 2015 [2, 3, 6, 8, 9]. 

Today, RO membrane technology is the most used 
desalination technology in the world [3, 10]. RO technology 
can produce fresh water by applying pressure which is higher 
than the osmotic pressure of raw water. The raw water source 
treated by RO may be divided into seawater, brackish water, 
and others [1, 3, 5, 7-11]. Seawater is the most used feed raw 
water source accounting for about 57.5% of the desalination 
capacity contracted between 2015 and June 2018, while 
brackish water accounts for 18.5% [8, 9]. 

The RO membrane was developed in 1957 by Reid and 
co-workers [12]. They developed a cellulose diacetate 
membrane with salt rejection of membrane up to 96% [12]. In 
1960, Loeb and Sourirajan developed an asymmetric cellulose 
diacetate membrane which showed higher flux and higher salt 
rejection due to its thin surface [3, 4, 13]. At that point, 
membrane technology began to see adoption in industrial 
processes; but the membrane water permeability was only 
0.21 L/m2-hr-bar (LMH/bar) at that time [13]. 

RO membrane performance generally benefits from 
having higher permeability, higher selectivity, and higher 
tolerance to fouling (to avoid flux reduction). In addition, RO 
membranes should be tough enough to withstand high applied 
pressures, while they should be thin to make membrane 
surface area per unit volume as large as possible.  

Researchers and manufacturers have improved membrane 
performance for more than 60 years [3]. Most RO membranes 
today are thin film composite (TFC) polyamide membranes. 
TFC membranes have higher water permeability, higher salt 
rejection, and higher tolerance to broad range of temperature 
and pH [14]. A TFC membrane is composed of three layers: 
polyester support layer (100 μm thickness), polysulfonic 
porous support layer (40-50 μm thickness), and cross-linked 
aromatic polyamide active layer (0.2 μm thickness), as shown 
in Fig. 1 [4, 13, 15]. In recent RO membranes, the water 
permeability (A value) is about 1-2 LMH/bar for seawater RO 
(SWRO), and 2-8 LMH/bar for brackish water RO (BWRO) 
[16]. On the other hand, for salt rejection, recent RO 
membranes exceed 99.7% rejection rate for SWRO [3, 4, 13, 
14, 16, 17]. 

In practical use of RO membranes, the spiral-wound 
membrane (SWM) element is usually selected as the 
configuration [11, 18]. The SWM element is composed of RO 
membrane envelopes, feed spacers, permeate spacers and a 
permeate center pipe [11, 18-20]. The RO membrane 
envelopes, feed spacers and permeate spacers are spirally 
wound around the permeate center pipe, as shown in Fig. 2 [11, 
18-21]. In addition, end caps can be equipped at both edges of 
a SWM element for industrial applications [18]. The SWM 
element has a good balance between ease of operation, fouling 

𝑆𝐸𝐶'())*+'  Normalized specific energy consumption at   

                 thermodynamic limit [-] 

SMC  Specific membrane cost [Pa] 

𝑆𝑀𝐶'())*+'  Normalized specific membrane cost at 

thermodynamic limit [-] 

Sh   Sherwood number [-] 

T   Temperature [K] 

t   Time [s] 

uF   Velocity of feed side bulk [m s-1] 

vM Molar volume of feed water at membrane 

surface [m3 mol-1] 

XM Molar fraction of the salt at membrane 

surface [-] 

 

Greek letters 

𝛽    Conversion factor [Pa m3 kWh-1] 
𝛿    Thickness of boundary layer [m] 
𝜀   Conversion factor [US$ kWh-1] 
𝜂1    Efficiency of ERD [-] 
𝜂2    Efficiency of pump [-] 
µ    Viscosity of bulk water in the feed side path  

[Pa s] 
∆𝜋4444   Average osmotic pressure [Pa] 
𝜋#   Osmotic pressure of feed water [Pa] 
𝜋5    Osmotic pressure at membrane surface [Pa] 
𝜋2    Osmotic pressure of permeate water [Pa] 
𝜌#  Density of bulk water in the feed side path 

[kg m-3] 
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control, permeation flow rate, and packing density of 
membranes [11]. 

The feed spacer is located between two membrane 
envelopes so that it faces the active layers of each membrane 
envelope [5, 11, 19].  The spacer serves to hold the flow path 
of feed water and to stir the feed water so as to promote mass 
transfer at the membrane surface. In addition, the feed spacer 
is designed to make the pressure loss in the feed path as small 
as possible [5, 11, 19]. 

The permeate spacer is located inside a membrane 
envelope to maintain the flow path of permeate water toward 
the center pipe [5, 11, 19]. This spacer is designed to make the 
pressure loss in the permeate path as small as possible, but it 
also should be thin to make the packing density of membranes 
as high as possible [5, 11, 19]. 

RO elements are available in several sizes. For industrial 
application, the SWM elements with diameter of 4, 8, 16 
inches (101.6, 203.2, 406.4 mm) are used [11, 19]. The 
number of membrane envelopes, length, and width of 
membrane envelopes are designed by a membrane 
manufacturer. In an industrial RO plant, some RO elements 
(usually five to eight) are connected in series in an RO module 
(pressure vessel) [11, 19, 22]. 

A general industrial RO process is composed of intaking 
raw water, a pretreatment step, the RO system, a post-
treatment step, and water supply pumping [5, 10, 22-29]. The 
pretreatment step includes sieves, chlorination, coagulation, 
flocculation, sedimentation, multimedia filtration, cartridge 
filtration, de-chlorination, and adding acid or anti-scalant [23]. 
Among these processes, coagulation, flocculation, 

sedimentation and multimedia filtration can be replaced by 
ultrafiltration [23]. The RO system is composed of a high-
pressure pump, RO modules, and an energy recovery device 
(ERD) [23]. The post-treatment step includes degassing, 
remineralization, neutralization and disinfection [5, 10, 22-30]. 

Conventionally, an RO system has been composed of a 
single stage as shown in Fig. 3 and Fig. 4 [5, 26, 31]. However, 
over the last two decades, two-stage RO (Fig. 5) has become 
to be applied to the RO system instead of single-stage RO to 
minimize the specific energy consumption, especially for 
seawater desalination [22, 26, 31-37]. In two-stage RO, 
concentrated brine from the first stage is further pressurized, 
to overcome the osmotic pressure of concentrated brine, and 
then provided to the second stage [26, 31, 32, 34-37]. In 
addition, permeate two-pass RO processes (Fig. 6) have also 
been applied to satisfy permeate quality requirements such as 
lower TDS or boron removal in exchange for an increase of 
energy and other costs [26, 33, 35, 37, 38]. In the permeate 
two-pass RO, the permeate of the first pass is pressurized and 
treated again by second pass RO to decrease TDS or boron 
concentration [26, 33, 35, 37, 38]. In the case of seawater 
desalination, the RO elements for second, permeate pass can 
be elements for BWRO rather than SWRO [22, 33, 35, 38]. 

As mentioned above, in the case of SWRO, an ERD can 
be used to reduce the energy consumption [10, 22, 23, 25, 26, 
29-32, 35, 39]. By applying an ERD, the specific energy 
consumption can be decreased by up to 25% [39]. 

In standard SWRO, the average water permeate flux is 
within the range of 12-17 LMH, the feed pump pressure is 
within the range of 55-80 bar, the recovery ratio is within the 
range of 35-50%, and the system salt rejection is within the 
range of 99.4-99.7%. On the other hand, in standard BWRO, 
average water permeate flux is within the range of 12-45 LMH, 
the feed pump pressure is within the range of 6-30 bar, the 
recovery ratio is within the range of 50-85%, and the system 
salt rejection is within the range of 95-99% [7, 23]. 

The recovery ratio is limited due to increasing energy 
consumption and scaling risk for SWRO and increasing 
scaling risk for BWRO [7, 23]. However, in terms of reducing 
the environmental impact of brine discharge, the recovery 
ratio of RO process should be increased so that a smaller brine 
volume is discharged [7, 23]. 

Water production cost is divided into capital expenditure 
(CAPEX) and operating expenditure (OPEX) [26, 40-42]. As 
an example of a typical SWRO plant, CAPEX accounts for 
about 53% and OPEX accounts for about 47% of the levelized 
cost of water [26]. In addition, OPEX is divided into three 
costs including chemical expenses (10%), membrane and filter 
replacement (21%), and energy consumption (69%) [26, 40-
42]. 

The cost for chemical expenses is related to control of 
membrane fouling, which decreases water permeate flux as the 
foulants deposit onto membranes and feed spacers during 
operation [43-47]. Membrane fouling may be classified into 
four types: organic fouling, particulate fouling, biological 
fouling, and inorganic fouling (scaling) [47-49]. Particulate 
fouling represents the deposition of aluminum silicate, clays, 

Fig. 1 Structure of composite RO membrane, reprinted 
from [15]. 

Fig. 2 RO membrane element configuration, reprinted from 
[21]. 
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colloids, sand, and silt [47]. Biological fouling represents the 
deposition of algae and microorganisms, and the growth of 
bacteria [47]. Organic fouling represents the deposition of 
polysaccharides, fulvic compounds (fulvic acid and humic 
acid), and proteins [47]. Inorganic fouling represents the 
deposition of supersaturated inorganic compounds, such as 
calcium carbonate, magnesium carbonate, magnesium sulfate, 
and silica [47, 50].  

To clean a fouled membrane, chemical cleaning is 
conducted once every few months [46, 51, 52]. The frequency 
of chemical cleaning is determined by the normalized 
performance of the RO membranes [46]. Cleaning is typically 
triggered when permeate flow rate or salt rejection decreases 
by 10% or the feed side pressure loss increases by 15% [23]. 
A required frequency of chemical cleaning more often than 
once every three months indicates underperformance of the 
pretreatment process [23]. Different chemicals are required 
depending on the type of fouling [45, 46, 53]. Acids are added 
to remove metallic scales, while alkaline solutions remove 
biological and organic foulants [45, 46, 54]. 

Additional operating costs arise from membrane and filter 
replacement when their performance decreases [55]. In 
general, RO membrane elements are replaced at a rate of 20% 
per year for SWRO plants and at 5% per year for BWRO 
plants [7]. 

The energy consumption of an RO plant is a major 
operating cost for SWRO [26]. The total energy requirement 
when the RO system includes the ERD is expressed by 
following equation 

𝐸7 = 𝐸() + 𝐸:; + 𝐸<: + 𝐸= − 𝐸1?@					       			(1)                           

where ET is the total energy requirement, Ein is the energy 
required to intake the feed raw water from the source, Ept is  
the energy required for pre-treatment and post treatment, Ehp 
is the energy required for high-pressure pump, EA is the energy 
required for other accessories (chemical dosing, filter 
backwashing/cleaning and pumping the permeate fresh water) 
and EERD is the energy recovered by the ERD [26]. Energy for 

the high-pressure pump accounts for 84.4% of the energy 
consumption in a representative two-stage seawater RO plant 
[26, 56]. 

In 1970s, the energy consumption of RO process was high, 
due to low membrane water permeability and lack of an 
efficient ERD, and thus the specific energy consumption of 
RO was as much as 20 kWh/m3 [10]. However, over 40 years, 
technological improvements in membranes, elements, pre-
treatment options, and development of ERDs, have served to 
drastically decrease the energy consumption. The minimum 
specific energy consumption decreased to 8 kWh/m3 in the 
1980s, to 5 kWh/m3 in the 1990s, and to less than 3.5 kWh/m3 
in the 2000s [10, 57-65]. The water production costs and the 
specific energy consumption for 20 SWRO plants with water 
production capacity of greater than 40,000 m3/d between 2005 
to 2010 were within the range of 0.5-3.0 US$/m3 and 2.5-4.0 
kWh/m3 respectively [22]. 

In 2014, Cohen-Tanugi et al. [66] indicated that today’s 
RO membrane water permeability is effectively “high enough” 
and approaching performance limits set by either external 
mass transfer rates or thermodynamic constraints fixed by the 
feed and permeate streams. Subsequently, in 2016, a review 
by Werber et al. [67], highlighted the need for higher 
membrane selectivity. These studies indicated that 
improvement of energy efficiency is less likely to be 
accomplished by increasing membrane water permeability, 
especially for SWRO.  

Since that time, several additional studies of membrane 
permeability have appeared, and the reported values differ 
significantly [68-71]. The present review considers all of the 
past studies and carefully identifies the reasons that they have 
produced different values of energy consumption.  

Beyond that issue, the present review also examines how 
many additional RO element design factors, other than 
membrane permeability (A value) or selectivity (salt 
permeability or B value), affect the process performance and 
cost. Additional RO element design factors include pressure 
loss in both feed side path and permeate side path, the degree 
of concentration polarization, tolerance to fouling, and RO 
element configuration. These factors have not been considered 

Fig. 3 Single-stage RO arrangement without ERD. 

Fig. 4 Single-stage RO arrangement with ERD. 

Fig. 5 Two-stage RO arrangement without ERD. 

Fig. 6 Two-pass RO arrangement without ERD. 
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comprehensively in previous reviews. Several 
recommendations for future research directions emerge from 
this study.  

Finally, because research attention has turned toward 
novel RO configurations, in search of more energy efficient 
systems, this review considers not only conventional RO 
process, but also the recently proposed closed-circuit RO and 
batch RO processes, for both seawater and brackish water 
desalination. 

 
2. Models of the RO process 
2.1 Mass transfer model 

Models for mass transfer in the spiral-wound RO 
membrane element are discussed in the literature [33, 35, 72-
88].  

Water permeate flux through RO membrane can be 
expressed, according to solution-diffusion theory, by 
following equation:  

𝐽F = 𝐴[(𝑃# − 𝑃2) − (𝜋5 − 𝜋2)]				        					(2)                                       

where Jw is water permeate flux, A is water permeability of 
membrane (A value), PF is pressure in feed side path, and PP 
is pressure in permeate side path, πM is osmotic pressure at 
feed side surface of the membrane, and πP is osmotic pressure 
at permeate side of the membrane. 
 Salt permeate flux through RO membrane can be 
expressed, according to Fick’s law, by following equation:  

𝐽K = 𝐵(𝐶5 − 𝐶2)				              	 (3)                                                               

where Js is salt permeate flux, B is salt permeability of 
membrane (B value), CM is salt concentration at membrane 
surface, and CP is salt concentration at permeate side of 
membrane. 
 Concentration polarization can be expressed by following 
approximate equation: 
𝐶5 − 𝐶2
𝐶# − 𝐶2

= exp Q
𝐽F
𝑘 S , 𝑘 =

𝐷
𝛿 																																												(4) 

where CF is the salt concentration of feed side bulk flow, k is 
the mass transfer coefficient, D is the diffusivity of salt, and δ 
is the local thickness of the boundary layer. The mass transfer 
coefficient can be estimated from correlations for Sherwood 
number as a function of the Reynolds number and Schmidt 
numbers: 

𝑆ℎ = 𝑓(𝑅𝑒, 𝑆𝑐)																																																																												(5) 

In general, this correlation can be established from 
experiments. Often, these correlations are developed for a 
single value of D, so that the dependence Schmidt number is 
lost [35, 75, 80, 81, 84-88]. 
 
2.2 Pressure drop and pump work 
 Pressure loss in the feed side path is usually expressed by 
the Darcy-Weisbach equation:  

∆𝑃# = 𝑓@
𝜌#𝑢#^

2
𝐿
𝑑#
																																																																					(6) 

where fD is the Darcy friction factor, ρF is density of feed flow, 
uF is the velocity of feed side bulk, L is the length of feed side 
path, and dF is hydraulic diameter of the feed side path. 
Fanning friction factor (f) can also be used instead of the Darcy 
friction factor (fD) as fD=4f. The Darcy friction factor or the 
Fanning friction factor are expressed as a function of Reynolds 
number, which is obtained experimentally [86, 89]. On the 
other hand, pressure loss in the permeate side path can be 
expressed by Darcy-Weisbach equation or empirical equations 
due to the complexity of permeate side spacer configuration.  
 The specific energy consumption, which is the energy 
consumption per volume of permeate, is expressed by 
following equation  

𝑆𝐸𝐶 =
𝑄#(𝑃# − 𝑃2)

𝑄2
=
𝑃# − 𝑃2
𝑅𝑅 																																														(7) 

where SEC is the specific energy consumption, RR is recovery 
ratio, QF is feed flow rate, PF is feed pump pressure, PP is 
permeate side pressure, and QP is permeate flow rate [68, 90, 
91]. 

For the RO process, the feed pump pressure must be 
higher than osmotic pressure at any position in feed side path 
of RO element. The feed pump pressure is determined by the 
sum of the brine osmotic pressure (depending on recovery rate, 
feed salinity, and salt rejection rate), osmotic pressure by 
concentration polarization (depending on recovery rate, feed 
side spacer configuration, and permeate flow rate), pressure 
loss in the feed side path of RO elements (depending on feed 
side spacer configuration, membrane envelope configuration, 
recovery rate and permeate flow rate), and additional pressure 
for permeation (depending on membrane water permeability, 
arrangement of RO elements, and required permeate flow rate).  

 
2.3 Thermodynamic model 

Some studies [5, 30, 61, 66-71, 90-120] have evaluated 
energy consumption of RO process.  

A number of papers [61, 68, 69, 71, 90, 94-99, 109, 114, 
115, 119-122] have considered the thermodynamic limit of 
energy consumption for a conventional single-stage RO 
process. If a RO membrane element includes an infinitely 
permeable membrane with perfect salt rejection, but no 
concentration polarization and no pressure loss, the feed pump 
pressure has the same value as brine pressure determined by 
recovery rate and feed salinity only, which is the 
thermodynamic minimum (limit) feed pump pressure for 
conventional single-stage RO process. The minimum specific 
energy consumption for conventional single-stage RO is 
expressed by following equation  

𝑆𝐸𝐶'() =
𝜋#

1 − 𝑅𝑅																																																																							(8) 

where πF is osmotic pressure of feed raw water.  
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Many papers in the literature [68, 94, 97-99, 114, 115] 
have examined the thermodynamic limit of energy 
consumption for a multiple-stage RO process. The minimum 
specific energy consumption is expressed by following 
equation  

𝑆𝐸𝐶'() =
𝑁(1 − (1 − 𝑅𝑅)f/h)
(1 − 𝑅𝑅)f/h𝑅𝑅

𝜋#																																			(9) 

where N is number of stages. 
Other literature [98, 99] has considered the 

thermodynamic limit of energy consumption for closed-circuit 
RO process. The minimum specific energy consumption is 
expressed by following equation. 

𝑆𝐸𝐶'() =
2 − 𝑅𝑅

2(1 − 𝑅𝑅)
𝜋#																																																				(10) 

The closed-circuit RO process is described in section 4. 
The thermodynamic limit of energy consumption for an 

ideal (batch) RO process has been considered in several papers 
[69, 94, 95, 97, 98]. An ideal RO process does not require 
additional pressure over osmotic pressure at any position of 
feed side path in RO modules. The minimum specific energy 
consumption (i.e., for infinitesimal flux) is expressed by 
following equation: 

𝑆𝐸𝐶'() =
𝜋#
𝑅𝑅 ln Q

1
1 − 𝑅𝑅S																																																				(11) 

The minimum specific energy consumption for a constant 
finite flux is expressed by following equation: 

𝑆𝐸𝐶'() =
1
𝑅𝑅m Q

𝐽F
𝐴 + 𝑒no/p

𝜋#
1 − 𝑅𝑅qS

??

r
𝑑𝑅𝑅q																(12) 

where RR’ is the volume fraction of the feed flow rate, 
recovered as permeate until some intermediate point in the 
feed side flow path. The ideal (batch) RO process is discussed 
in section 5. 

In these equations, membrane rejection has been assumed 
to be perfect, and pump efficiency and ERD efficiency are 
assumed to be 100%. However, in any real RO plant, many 
non-ideal factors such as pump efficiency, pressure loss in RO 
modules and systems, and concentration polarization will act 
to increase the specific energy consumption as compared to 
the thermodynamic minimum case. 
 
3. Conventional RO process 

The minimum specific energy consumption of SWRO at 
50% recovery rate for ideal process is about 1 kWh/m3 [61, 68, 
116, 119]. However, non-ideal factors increase the required 
energy including those related to RO membrane element 
performance, such as membrane water permeability, 
membrane salt permeability, the effect of fouling, pressure 
loss inside elements, concentration polarization, and other 
factors such as inefficiency of pumps and other equipment. In 
addition, for water production cost, fluctuations of the 
electricity price and plant conditions such as size, 

configuration, geographic location, raw water property 
(quality and temperature), water storage and distribution, 
chemicals, and contracts lead to an increase of water 
production cost.  

In this section, relationships between RO membrane 
element performance parameters and the cost of water in 
conventional RO are discussed, especially the specific energy 
consumption. 
 
3.1 Specific energy consumption 
3.1.1 RO membrane performance 

There are several parameters in RO membranes which 
affect the RO membrane element performance. The major 
parameters are considered, including membrane water 
permeability, salt permeability and tolerance to membrane 
fouling. 

 
3.1.1.1 Water permeability 
 Several studies have evaluated how increasing membrane 
water permeability decreases the specific energy consumption.  
Some of them focus on how the specific energy consumption 
is decreased by replacing an RO membrane element with one 
that has higher water permeability [66-71, 91, 105-118]. 

Busch et al. [105] evaluated how the specific energy 
consumption can be decreased by increasing the total 
permeate flow rate of a RO membrane element from 28.4 to 
34.1 m3/d, by increasing both membrane active surface area 
and membrane water permeability. They concluded feed pump 
pressure would be decreased from 58.3 to 55.8 bar and the 
specific energy consumption would decrease from 2.27 to 2.17 
kWh/m3 when feed concentration was 38,000 mg/L, recovery 
ratio was 45%, total permeate flow rate was 9,500 m3/d, and 
the number of vessels (each with 7 RO elements connected in 
series) was 115. 

Wilf [106] evaluated how the specific energy 
consumption  of BWRO decreases when replacing RO 
elements with those having 80% higher membrane 
permeability. The feed salinity was 1,500 ppm, and the 
recovery ratio was 85%. He found that specific energy 
consumption was decreased from 0.52 to 0.40 kWh/m3 when 
the average flux was 25.5 LMH, and it was decreased from 
0.72 to 0.49 kWh/m3 when the average flux was 34 LMH.  

Franks et al. [107] evaluated how the specific energy 
consumption decreases when replacing BWRO membrane 
elements having 34.1 m3/d of permeate flow by elements 
having 45.4 m3/d of permeate flow. The feed pump pressure 
decreased from 9.8 to 8.3 bar, and the specific energy 
consumption decreased from 0.41 to 0.35 kWh/m3. The feed 
salinity was 1,167 ppm (for wastewater), the recovery ratio 
was 85%, and the pump efficiency was 83%.  

Garg et al. [108] evaluated how the specific energy 
consumption varies between three RO membrane elements 
with different water permeability from experimental results 
for a small-scale brackish-water desalination system; however, 
the differences of water permeability among the three RO 
membrane elements were not clearly described.  
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The results above show that increasing the water 
permeability of an RO membrane element can decrease the 
specific energy consumption. This is because an RO 
membrane element with higher water permeability can reduce 
the additional pressure over the brine osmotic pressure that is 
required to get enough permeate water when the average 
permeate flux is fixed, or it can increase the permeate water 
flow rate which can raise the recovery rate by increasing the 
average permeate water flux when the feed pressure was kept 
fixed. However, in the past ten years, some researchers have 
indicated that today’s RO membrane water permeability is 
high enough because it is approaching thermodynamic and 
transport limitations. Even if the membrane water 
permeability is further increased, the specific energy 
consumption will hardly be reduced. 
 Zhu et al. [109] evaluated how improvement of membrane 
water permeability reduces the water production cost by 
assessing relationship between the specific membrane cost 
and the specific energy cost in the case of a purely 
thermodynamic limit in which pressure loss and concentration 
polarization in the element are neglected. They modeled the 
dimensionless cost factor to compare the energy cost with 
membrane cost. A dimensionless cost factor was defined as a 
function of feed water salinity, membrane water permeability, 
the salt rejection requirement of the plant, the cost of 
electricity, and membrane area. For SWRO, the energy cost 
was much higher than membrane cost, and they concluded that 
the highly permeable RO membranes available in 2009 were 
already near the limit of thermodynamic restriction. They 
reported little economic incentive for developing higher 
permeability membranes.  
 Cohen-Tanugi et al. [66] assessed the benefits gained 
from ultra-permeable membranes for SWRO and BWRO. For 
SWRO, feed concentration was assumed as 42,000 ppm, 
recovery rate was 42%, and salt rejection of membrane was 
99.8%. In addition, pump efficiency was assumed as 75% and 
ERD efficiency was 97%. On the other hand, for BWRO, feed 
concentration was assumed as 2,000 ppm and recovery rate 
was 65%. The simulation conditions were shown in Table 1 
and 2.  

Cohen-Tanugi et al. divided the RO module into several 
sections along the axial direction and calculated mass 
transport and fluid flow in each section. The pressure losses 
on the feed side path were calculated from Fanning’s equation, 
where Fanning friction factor was determined using the 
formula shown in Table 3. The mass transfer coefficient was 
calculated according to a correlation of Sh, Re and Sc number 
which was obtained by fitting data from literature [85] as 
shown in Table 3. The osmotic pressure was calculated using 
van’t Hoff’s law where van’t Hoff constant was 2 as shown in 
Table 3 [123]. The solute rejection rate was assumed as 100%, 
and pressure loss in the permeate side was assumed as zero. 
 The results showed that as the membrane water 
permeability increases, the feed pump pressure decreases 
asymptotically to the osmotic pressure of brine. For SWRO, 
increasing membrane water permeability from 1 to 3 LMH/bar 
decreases the feed pump pressure from 70 to 63 bar, and thus 

the specific energy consumption is decreased by 15%. 
However, a further increase of membrane water permeability 
over 3 LMH/bar does not have any significant effect on 
reducing the specific energy consumption because 63 bar of 
feed pump pressure is already within 1% of the osmotic limit 
for SWRO in this condition. The calculated relationship 
between membrane water permeability and the specific energy 
consumption for SWRO is shown in Fig. 7.  

On the other hand, for BWRO, increasing membrane 
water permeability from 1.5 to 4.5 LMH/bar rapidly decreases 
the feed pump pressure from 12 bar to 6.4 bar. However, a 
further increase of membrane water permeability does not 
have much effect, and 5 LMH/bar can be thought as the limit 
to be effective in reducing the specific energy consumption for 
BWRO. A calculated relationship between membrane water 
permeability and the specific energy consumption for BWRO 
is shown in Fig. 8. 

Cohen-Tanugi et al. considered pressure loss on the feed 
side path and concentration polarization. However, pressure 
loss in the permeate side path was not considered. Although 
permeate side pressure loss may be negligible when the feed 
pump pressure is very high or the permeate flux is low, as the 
membrane water permeability increases, the permeate side 
pressure loss may not be negligible due to decreasing feed 
pump pressure or increasing permeate flux. 
 Shrivastava et al. [70] evaluated the thermodynamic limit 
of specific energy consumption by integrating the osmotic 
pressure inside an RO module for single-stage RO, several-
stage RO, and an ideal process which includes infinite stages. 
They also gave a breakdown of energy consuming parameters 
in an RO system and how increasing the RO membrane water 
permeability decreases the specific energy consumption. 

Shrivastava et al. considered pressure loss on the permeate 
side path, and membrane rejection was calculated using salt 
permeability (B-value) through the membrane. The pressure 
losses in the feed side path and the permeate side path were 
calculated using the Darcy-Weisbach equation, where Darcy 
friction factor was calculated from a correlation of Reynolds 
number as shown in Table 3 [87]. The mass transfer 
coefficient was calculated using correlations from the 
literature [87, 88] as also shown in Table 3. The osmotic 
pressure was calculated using OLI analyzer 3.1 [124].  

For SWRO, the feed concentration was assumed to be 
32,000 ppm NaCl, the recovery rate was 50%, the pump 
efficiency was 85%, and the ERD efficiency was 95% as 
shown in Table 1. As a result, the potential to reduce the 
specific energy consumption by increasing membrane water 
permeability is about 15%. They concluded that if the 
membrane water permeability is over 4.99 LMH/bar, the 
effect of increasing membrane water permeability is entirely 
negligible. The calculated relationship between membrane 
water permeability and the specific energy consumption for 
SWRO is shown in Fig. 7. 

On the other hand, for BWRO where feed concentration 
was assumed as 804 mg/L TDS and recovery rate was 85% as 
shown in Table 2, the potential to reduce the specific energy 
consumption by increasing membrane water permeability is 
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about 30%. Thus, there is still room for improvement of 
energy efficiency by increasing membrane water permeability. 
However, when the membrane water permeability is still 
further, the thermodynamic limit is encountered due to the 
increase of pressure loss, and thus the reduction of specific 
energy consumption decreases. The calculated relationship 
between membrane water permeability and the specific energy 
consumption for BWRO is shown in Fig. 8. 
 Although these calculations considered pressure losses in 
both feed and permeate spacers, and concentration 
polarization, the effect of fouling was not considered. During 
a plant operation, membrane fouling decreases the water flux, 
and thus the feed pump pressure must be increased to maintain 
production, which results in an increase of the specific energy 
consumption.  
 Shrivastava et al. also mention the importance of 
increasing membrane permeability as a goal for future 
membrane development. General techniques to provide the 
antifouling property to the membrane are antifouling coating 
or surface modification. However, these techniques usually 
reduce the membrane permeability, which may result in 
increased energy use. Therefore, for the development of 
membrane with antifouling property, the preservation of 
highly permeability is still important. 
 McGovern and Lienhard [69] evaluated how 
concentration polarization limits the water flux and the 
specific energy consumption when the membrane water 
permeability is increased for SWRO. In their model, the mass 
transfer coefficient of salt at membrane surface in the feed side 
was assumed as constant (5×10-5 m/s), feed seawater osmotic 
pressure was assumed as 25.6 bar, and  the recovery ratio was 
50%. Both single-pass and batch RO systems were considered. 

McGovern and Lienhard concluded that concentration 
polarization will limit water flux to roughly 4 times the fluxes 
typical in seawater systems in 2016 (15 LMH) even if 
membrane permeability is increased to arbitrarily large values. 
Further, they note that the limit on flux also creates a lower 
bound on system size (membrane area) for a given water 
production requirement. Their work points to the need for 
higher mass transfer coefficients if high permeability is to 
become useful. 

They also applied this approach to BWRO, concluding 
that concentration polarization imposes much less of a 
constraint, with an asymptotic limit on flux that is roughly 20 
times today’s typical values. Thus, the potential for higher 
permeability to reduce system size in BWRO is greater. 

McGovern and Lienhard also calculated a relationship 
between membrane water permeability and the specific energy 
consumption for simple single-pass SWRO system at an 
average water flux of the system was 15 LMH (shown in Fig. 
7). They considered concentration polarization, but did not 
consider pressure loss inside RO module, fouling, salt 
permeation, or pump inefficiency. The calculation is 
essentially a lower bound on energy consumption in this RO 
configuration. 

 Werber et al. [67] reviewed module-scale modeling 
studies and evaluated the impact of membrane water 
permeability increasing on the process efficiency.  
 In their model, mass transfer coefficient of salt at 
membrane surface in the feed side path was assumed as 
constant (2.77×10-5 m/s). Osmotic pressure was calculated by 
van’t Hoff equation where van’t Hoff constant is 2 or by using 
OLI analyzer. The pressure loss inside a RO module was 
assumed to be zero. For SWRO, feed concentration was 
assumed as 35,000 ppm NaCl, recovery rate was 50%, and 
average system flux was 15 LMH. In addition, pump 
efficiency and ERD efficiency were assumed as 100%, and 
membrane B-value was used to calculate salt permeability.  

They found that increasing membrane water permeability 
from 0.2 to 1.0 LMH/bar decreases the specific energy 
consumption by 45% (1.55 kWh/m3), while increasing 
membrane water permeability from 10 to 100 LMH/bar yields 
only 1.0% reduction of the specific energy consumption. Their 
calculated relationship between membrane water permeability 
and the specific energy consumption is shown in Fig. 7. 

For BWRO, Werber et al. assumed a feed concentration 
of 5,844 ppm NaCl, and recovery rate was 85%. For a single-
stage process, increasing membrane water permeability from 
4 to 10 LMH/bar resulted in a 2.2% reduction of the specific 
energy consumption. On the other hand, for two-stage RO 
where required energy at 4 LMH/bar of membrane water 
permeability was 22% lower (0.11 kWh/m3) than single-stage 
RO, increasing membrane water permeability from 4 to 10 
LMH/bar decreases the specific energy consumption by 12% 
(0.05 kWh/m3) which is slightly larger than single stage 
BWRO. One reason increasing membrane water permeability 
resulted in only a minor reduction of the specific energy 
consumption (<0.06 kWh/m3) is that the hydraulic 
overpressure is already small. The hydraulic pressure in their 
single-stage SWRO with 2 LMH/bar membrane water 
permeability was only 7.6% above the brine osmotic pressure. 
Their calculated relationship between membrane water 
permeability and the specific energy consumption is shown in 
Fig. 8. 

Mazlan et al. [68] evaluated the potential for improving 
membrane water permeability to reduce the specific energy 
consumption while considering the effect of pretreatment 
stages and pressure loss on the feed side path for SWRO.  

 A total permeate water flow rate was assumed as 16,000 
m3/d, a medium sized desalination plant. A typical 8-inch by 
40-inch element was selected for the simulation. The feed side 
pressure loss was calculated using the Darcy-Weisbach 
equation, where the Darcy friction factor was calculated from 
a correlation that accounted for the pressure losses in feed 
tubes and module fittings as shown in Table 3 [86, 89]. 
Pressure loss in the permeate side path was assumed to be 
negligible. The mass transfer coefficient was assumed 
constant (4×10-5 m/s), and osmotic pressure was calculated 
using corrected van’t Hoff equation shown in Table 3 [125]. 
Feed concentration was assumed as 35,000 mg/L, recovery 
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rate was 50%, average system flux was 22.9 LMH, and NaCl 
rejection was 100%.  

As a pretreatment, a UF membrane was assumed, with 
100% permeability for NaCl. The energy consumed by the 
pretreatment stage was included in the specific energy 
consumption. The calculated energy consumption for the UF 
unit was ~0.11 kWh/m3, and taking account into other 
pretreatment stages, the total calculated energy consumption 
for the pre-treatment stage is 0.25 kWh/m3, which is 
equivalent to ~13% of that used in RO. 
 As a result, they suggest that beyond a membrane 
permeability of approximately 9.72 LMH/bar the specific 
energy consumption decrease, as a result of thermodynamic 
limits and concentration polarization. Their calculated 
relationship between membrane water permeability and the 
specific energy consumption is shown in Fig. 7. 
 Shi et al. [110] evaluated the effect of increasing 
membrane water permeability on achieved system 
permeability by simulating the performance of an RO element 
based on the results of experiment conducted in cross-flow 
cells. 
 To investigate whether an ultra-permeable membrane can 
lead to a high flux process, a continuous RO desalination 
process using a single 8-inch by 4-inch element was studied. 
Feed side and permeate side pressure losses were calculated 
using Darcy-Weisbach equation, and the Darcy friction factor 
was calculated using a correlation from the literature as shown 
in Table 3 [86]. The mass transfer coefficient of salt at 
membrane surface in the feed side was calculated using 
correlation of Re and Sc from other literature [86] as shown in 
Table 3.  
 Feed concentration was assumed as 35,000 ppm NaCl, 
and salt rejection was assumed as 100%. As a result, 
increasing membrane water permeability shows negligible 
benefit for the process productivity when the membrane water 
permeability is over 5 LMH/bar due to the limitations by the 
concentration polarization and pressure loss in the modules.  
 The simulation of Shi et al. assumed that increasing 
membrane water permeability leads to an increase of system 
flux, but in a real plant, increasing the system flux raises the 
membrane fouling rate. Therefore, membrane fouling should 
be considered in the model if the operation with increased flux 
is assumed.  
 Wei et al. [126] evaluated the specific energy 
consumption savings achieved by two-stage BWRO system at 
various recovery rates with high permeable membranes (3 and 
10 LMH/bar) relative to a system with permeability of SWRO 
membranes nowadays (1 LMH/bar). In addition, they 
evaluated how the feed salinity affects the specific energy 
consumption savings when the membrane water permeability 
increases.  
 Feed side pressure loss was calculated using Darcy-
Weisbach equation, where Darcy friction factor was 
calculated from a correlation of Re as shown in Table 3 [84, 
86]. The mass transfer coefficient of salt at membrane surface 
in the feed side was calculated using a correlation of Re and 
Sc number from other literature [84, 86]. Osmotic pressure 

was calculated from Pitzer equation [127, 128]. Feed 
concentration was assumed as 3,000 ppm NaCl, and the 
recovery rate was assumed within the range of 60-98%. 
 As a result, at low recovery rate, the specific energy 
consumption saving achieved by 10 LMH/bar of membrane 
water permeability is quite small (0.02 kWh/m3 at 60% 
recovery rate). On the other hand, at very high recovery rate 
close to saturation (>98%), energy savings are nearly the same 
regardless of different membrane water permeabilities. The 
specific energy consumption savings gained by increasing 
membrane water permeability peaks at 91% of recovery rate. 
They explained that increasing membrane water permeability 
from 3 to 10 LMH/bar does not significantly improve 
energetic performance due to growing of concentration 
polarization. On the other hand, as for the effect of feed 
salinity, they concluded that the energy savings obtained by 
increasing membrane water permeability diminishes as feed 
salinity increases.  
 Karabelas et al. [91] assessed how  each parameter in RO 
process such as membrane water permeability (resistance), 
pressure loss inside the element, osmotic pressure, 
concentration polarization, pump efficiency, and ERD 
efficiency affected the specific energy consumption, though 
they did not show a relationship between membrane water 
permeability and specific energy consumption directly. 
 In their simulation, the permeate side pressure loss was 
calculated using the permeability coefficient which was 
experimentally obtained in literature [129].  
 For SWRO, feed concentration was assumed to be 40,000 
ppm, the recovery rate was 50%, the feed pump efficiency was 
85%, and the ERD efficiency was 95%. As a result, increasing 
membrane water permeability has the potential to reduce the 
specific energy consumption by 24.2%. 
 On the other hand, for BWRO, feed concentration was 
assumed to be 2,000 ppm, and the recovery rate was 70%. As 
a result, increasing membrane water permeability has the 
potential to reduce the specific energy consumption by 51.2%. 

Table 1 summarizes the simulation conditions for feed 
concentration, recovery rate, average system flux or average 
TMP, number of elements per vessel, salt rejection, pump 
efficiency, and ERD efficiency of each reference for SWRO. 
Table 2 provides the same information for the BWRO studies. 
Table 3 summarizes the models used in each reference for 
what is considered about variations inside the element, 
pressure loss in the feed side path and the permeate side path, 
feed side mass transfer coefficient, osmotic pressure and 
chronological change such as fouling. Table 4 summarizes the 
conclusions in each reference about relationship between 
membrane water permeability and the specific energy 
consumption for single-stage SWRO, and Table 5 does this for 
BWRO.  
 As seen in Fig. 7, the variation of membrane water 
permeability and the specific energy consumption were a little 
different among the five studies shown. This results mainly 
from differences in the model and conditions as listed in Table 
3, especially the result by Cohen-Tanugi et al. which 
considered a much higher feed concentration and a lower 
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pump efficiency. However, in all cases, the specific energy 
consumption approached an asymptote as the membrane water 
permeability increased, and negligible reduction in energy 
consumption when the membrane water permeability 
exceeded about 3 LMH/bar.  
 On the other hand, for BWRO, shown in Fig. 8, the 
relationship between membrane water permeability and the 
specific energy consumption differs among the three 
references. This is thought to be due to simulation condition 
differences about feed concentration, recovery rate, pump 
efficiency, average system flux and model equations used. In 
particular, the lower pump efficiency and recovery rate of 
Cohen-Tanugi et al. cause the higher specific energy 
consumption when the membrane permeability is low. 
Although there is no doubt that the rate of reduction in specific 
energy consumption decreases as membrane water 
permeability increases, the rate of decrease varies depending 
on process conditions such as feed salinity, recovery rate, 
pump efficiency and so on. However, in all cases, energy 
reduction is negligible if the membrane water permeability 
exceeds around 8 LMH/bar.  
 These constraints are due to themodynamic and transport 
limitations. Specifically,  the membrane water permeability of 
3 LMH/bar for SWRO and 8 LMH/bar for BWRO lead to 
downstream conditions with hydraulic pressure only slightly 
higher than the brine osmotic pressure, as determined by feed 
osmotic pressure and the recovery rate. 

Since the chronological change of RO element 
performance due to fouling was not considered in any of these 
studies, these results show the relationships between 
membrane water permeability and the specific energy 
consumption at the initial operating condition. However, in 
real plant operation, fouling decreases the permeate water flux 

over time, and thus increases the necessary feed pump 
pressure and the specific energy consumption over time.   

Therefore, it is essential to consider chronological 
changes to accurately evaluate how RO membrane water 
permeability affects the specific energy consumption and 
whether higher permeability has an overall benefit. 

 
3.1.1.2 Fouling of the membrane surface 
 As mentioned in 3.1.1.1, the water permeate flux varies 
during operation due to fouling which occurs on the membrane 
surface and the feed spacer. Fouling decreases the permeate 
flux and thus the feed pump pressure must be increased to keep 
producing the same flow rate of permeate water. Therefore, to 
predict the specific energy consumption accurately over time, 
it is important to consider chronological factors such as 
fouling or ageing.   

Jeong et al. [130] implemented a numerical simulation 
that considered the effect of fouling. They studied the effects 
of colloidal fouling employing a cake filtration model. In the 
cake filtration model, the total membrane resistance was 
calculated by adding the transient hydraulic resistance of the 
cake layer. The resistance of the cake layer was estimated 
using Kozeny-Carman equation. The deposition rate of 
foulants onto the membrane surface was calculated 
considering the difference between water permeate flux and 
critical flux, as expressed in the following equation:  

𝑚t = 𝑘u: m 𝑐u(𝐽F − 𝐽v+(;)𝑑𝑡
;

r
																																										(13) 

where md is the mass deposition of foulant to the membrane 
surface, kfp is the fouling potential factor of feed water, cf is 
the fouling concentration of feed, Jw is the permeate water flux, 
Jcrit is the critical flux. The attachment of colloid foulants was  

Fig. 7 Calculated specific energy consumption as a function 
of membrane water permeability for single-stage SWRO 
from several references at different conditions [66- 70]. 

Fig. 8 Calculated specific energy consumption as a function 
of membrane permeability for BWRO from several 
references [66,67,70]. 
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Reference Author 
(Year) 

Condition 

Feed concentration Recovery  
rate 

Average system 
flux/ Average 

TMP 

No. of 
elements  
per vessel 

Salt  
rejection 

Pump  
efficiency 

ERD  
efficiency 

ppm or mg/L % LMH/bar - % % % 

[109] Zhu et al. 
(2009) 3,500 mg/L TDS 50 -/1.55 N.D. 99 100 100 

[66] 
Cohen-Tanugi et 

al. 
(2014) 

2,000 ppm NaCl 65 13.2/- 7 99.8 75 97 

[70] Shrivastava et al. 
(2015) 804 mg/L TDS 85 N.D. N.D. N.D. 85 95 

[67] Werber et al. 
(2016) 5,844 mg/L NaCl 75 15/- N.D. B-value 

was used 100 100 

[110] Shi et al. 
(2017) 1000 mg/L NaCl N.D. N.D. N.D. 100 N.D. N.D. 

[111] Wei et al.  
(2017) 3000 ppm NaCl 60-98 15 8 100 100 100 

[91] Karabelas et al. 
(2018) 2,000 ppm 70 N.D. N.D. N.D. 85 95 

 

Table 2. Simulation conditions of each reference that includes the relationship between membrane water permeability and 
SEC for BWRO. 

 

Reference Author 
(Year) 

Condition 

Feed 
concentration 

Recovery 
 rate 

Average system 
flux/ Average 

TMP 

No. of 
elements  
per vessel 

Salt  
rejection 

Pump  
efficiency 

ERD  
efficiency 

ppm or mg/L % LMH / bar - % % % 

[109] Zhu et al. 
(2009) 35,000 mg/L TDS 50 -/15.5 N.D. 99 100 100 

[66] 
Cohen-

Tanugi et al. 
(2014) 

42,000 ppm NaCl 42 16/- 8 99.8 75 97 

[70] 
Shrivastava 

et al. 
(2015) 

32,000 ppm NaCl 50 N.D. N.D. N.D. 85 95 

[69] 
McGovern et 

al. 
(2016) 

30,000 mg/L NaCl 
(πF =25.6 bar) 50 15/- Not 

considered 100 100 100 

[67] Werber et al. 
(2016) 35,000 mg/L NaCl 50 15/- N.D. 

B-value 
was 
used 

100 100 

[68] Mazlan et al. 
(2016) 35,000 mg/L NaCl 50 22.9/- 8 100 100 100 

[110] Shi et al. 
(2017) 35,000 mg/L NaCl N.D. N.D. N.D. 100 N.D. N.D. 

[111] Wei et al.  
(2017) 35,000 ppm NaCl 70 15/- 8 100 100 100 

[91] 
Karabelas et 

al. 
(2018) 

40,000 ppm 50 N.D. N.D. N.D. 85 95 

 

Table 1. Simulation conditions of each reference that includes the relationship between membrane water permeability and 
SEC for SWRO. 



13 
 
 

  

Reference 
A

uthor 
(Y

ear) 

M
odel 

V
ariation in  

an elem
ent 

Feed flow
  

pressure loss 
Perm

eate flow
 

pressure loss 

Feed side  
m

ass transfer 
coefficient 

O
sm

otic pressure 
Chronological 

change 

[109] 
Zhu et al. 

(2009) 
N

ot 
considered 

  N
ot considered 

N
ot considered 

N
ot considered 

25.3 bar  
(35,000 m

g/L TD
S) 

N
ot 

considered 

[66] 
Cohen-Tanugi et al. 

(2014) 

Considered 
in axial 

direction 

Fanning friction factor 
f=µ

3(16d
F 2u

F 2ρ
F 2/µ

2+ 
0.4892(d

F u
F ρ

F /µ) 2.964)/d
F 3u

F 3ρ
F 3 

N
ot considered 

Correlation of Re 
Sh=

2.53(1.5Re
2.78+

1
4.2Re

2) 0.2363 

van't H
off equation  

Δπ=
2C

F RTR
0 exp(J/k) 

N
ot 

considered 

[70] 
Shrivastava et al. 

(2015) 
N

.D
. 

D
arcy friction factor 

fD =
aRe

b 

D
arcy friction 

factor 
fD =

aRe
b 

Correlation of Re and 
Sc 

Sh=
aRe

bSc
c 

O
LI A

nalyzer 3.1 
N

ot 
considered 

[69] 
M

cG
overn et al. 
(2016) 

Considered 
in axial 

direction 
0  

0 
5.0×10

-5 m
/s 

(constant) 
25.6bar 

(30,000 m
g/L) 

N
ot 

considered 

[67] 
W

erber et al. 
(2016) 

Considered 
in axial 

direction 
0 

0 
2.77×10

-5 m
/s 

(constant) 

van't H
off equation   

Δπ=
2C

F RTR
0 exp(J/k) 

or O
LI activity 

coefficient m
odel 

N
ot 

considered 

[68] 
M

azlan et al. 
(2016) 

Considered 
in axial 

direction 

D
arcy friction factor 
fD =

2.4×
6.23Re

-0.3 
0 

4.0×10
-5 m

/s 
(constant) 

van't H
off equation 

Δπ=
1.64X

M RT/v
M  

N
ot 

considered 

[110] 
Shi et al. 
(2017) 

Considered 
in axial 

direction 

D
arcy friction factor 

fD =
6.23Re

-0.3 

D
arcy friction 

factor 
fD =

105Re
-0.8 

Correlation of Re and 
Sc 

Sh=
0.065Re 0.875Sc

0.25 
N

.D
. 

N
ot 

considered 

[111] 
W

ei et al. 
(2017) 

Considered 
in axial 

direction 

D
arcy friction factor 

fD =
6.23Re

-0.3 
N

ot considered 
Correlation of Re and 

Sc 
Sh=

aRe
bSc

c 
Pitzer equation 

N
ot 

considered 

[91] 
K

arabelas et al. 
(2018) 

Considered 
in axial and 
circum

ferent
ial direction 

N
.D

. 
Perm

eability 
coefficient 

2.0×10
-10 m

2 
N

.D
. 

N
.D

. 
N

ot 
considered 

 Table 3. M
odels and considerations used for the sim

ulations in each reference. 
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assumed to be zero if the water permeate flux is lower than the 
critical flux. 

Feed concentration was assumed to be 32,000 mg/L NaCl 
with a recovery rate of 40%. The mass transfer coefficient of 
salt at membrane surface on the feed side was calculated from 
a correlation. Osmotic pressure was calculated using a 
modified van’t Hoff equation. Three different membrane 
water permeabilities of 1.04, 1.40 and 2.19 LMH/bar were 
used for the simulation. 

Fig. 9 shows calculated results for the specific energy 
consumption against operating time. The specific energy 

consumption increased between 0.3-0.6 kWh/m3 in 60 days. 
The membrane with 2.19 LMH/bar water permeability had the 
lowest specific energy consumption at first. However, rate of 
increase of the specific energy consumption during operation 
was higher than for other two membranes, and this membrane 
had the highest specific energy consumption by 90 days of 

operation. This is because operation with higher permeate 
water flux brings more foulants to the membrane surface. This 
in turn increases the resistance to permeation and requires an 
increase of feed pressure to maintain the set flux. 

Although the authors compared how the membrane water 
permeability affects the chronological change of the specific  
energy consumption, the relationship between tolerance to 
membrane fouling and specific energy consumption was not 
included. 

As mentioned in 3.1.1.1, no references have calculated the 
relationship between membrane performance and specific 
energy consumption while including the effect of fouling or 
ageing over time. These effects varying the RO membrane 
element performance, and thus the specific energy 
consumption varies over time. Therefore, chronological 
effects should be considered in any prediction of the 

 

Author (Year)  Results Reference 

Zhu et al. 
(2009) 

Permeability of high permeable membrane is near thermodynamic limit in single-stage RO. 
[109] 

Having little economic incentive for higher permeable membranes in SWRO. 

Cohen-Tanugi et al.  
(2014) 

A-value: 1 to 3 LMH/bar ⇒ Feed pressure: 70 to 63 bar (SEC: 15% down) 
[66] 

A-value > 3 LMH/bar has little effect on energy consumption.  
Shrivastava et al.  
(2015) A-value > 4.99 LMH/bar approaches to no effect on energy consumption. [70] 

McGovern et al.  
(2016) 

Roughly 4-5 times of current A-value (1 to 2 LMH/bar) is the thermodynamic limit unless 
increasing mass transfer coefficient. [69] 

Werber et al.  
(2016) 

A-value: 0.2 to 1.0 LMH/bar ⇒ SEC: 1.55 kWh/m3 down (45%) 

[67] 
A-value: 2 to 10 LMH/bar ⇒SEC: 0.06 kWh/m3 down (3.7%) 

A-value: 10 to 100 LMH/bar ⇒SEC: 1.0% down  
When A-value is 2 LMH/bar, hydraulic pressure is only 7.6% above the brine osmotic 
pressure. 

Mazlan et al.  
(2016) A-value > 10 LMH/bar has almost negligible economic incentive.  [68] 

Shi et al.  
(2017) 

A-value > 3-5 LMH/bar has little impact unless improving mass transfer and decreasing 
pressure loss. [110] 
A-value > 5 LMH/bar has negligible benefit for the process productivity. 

Karabelas et al.  
(2018) A-value accounts for roughly 24% of SEC. [91] 

 

Table 4. Results of relationship between membrane permeability (A value) and SEC in each reference for single-stage SWRO. 

 

Author (Year)  Results Reference 
Zhu et al.  
(2009) 

There may be benefit in increasing A-value at low recovery, but associated cost, pretreatment, 
brine management are needed. [109] 

Cohen-Tanugi et al.  
(2014) 

A-value: 1.5 to 4.5 LMH/bar ⇒ Feed pressure: 12 to 6.4 bar (SEC: 45% down) [66] 
A-value > 5 LMH/bar has little effect on energy consumption.  

Shrivastava et al.  
(2015) Increasing A-value begins to approach the thermodynamic barrier.   [70] 

Werber et al.  
(2016) A-value: 4 to 10 LMH/bar ⇒ SEC: 2.2% down [67] 

 

Table 5. Results of relationship between permeability (A value) and SEC in each reference for single-stage BWRO. 
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relationship between RO membrane element performance and 
RO plant cost.  

 
3.1.1.3 Salt permeability 
 The salt permeability of a membrane also has an effect on 
the specific energy consumption. If the salt in feed water is 
completely rejected by membrane, the brine concentration 
depends only on recovery rate. However, in an actual RO 
membrane, salt rejection rate is not 100%, and the 
concentration of the brine becomes lower than when a perfect 
membrane is used. In a conventional single-stage RO process, 
the specific energy consumption at a thermodynamic limit is 
expressed by the following equation:  
 

𝑆𝐸𝐶 =
y1 − 𝜂1(1 − 𝑅𝑅)z𝑅r
𝜂:𝑅𝑅(1 − 𝑅𝑅)

𝜋#																																						(14) 

where ηE is the efficiency of the ERD, ηp is the efficiency 
of the feed pump, and R0 is the rejection rate of the RO system 
[71, 109, 114, 115].  Higher membrane rejection brings higher 
specific energy consumption, while lower membrane rejection 
brings lower specific energy consumption. In terms of 
decreasing specific energy consumption, membrane rejection 
should be lower. Obviously, however, the permeate salinity 
must satisfy the specific need for final water quality at the RO 
plant. 

If the overall desired rejection is not accomplished by a 
single-stage system, a permeate two-pass process is a feasible 
approach.  The specific energy consumption of the permeate 
two-pass RO can be obtained by following equation: 

𝑆𝐸𝐶 =
𝑅r,'{|

𝑅𝑅^ − 𝑅𝑅;
+
𝑅r,; − 𝑅r,'{|
1 − 𝑅𝑅^

																															(15) 

where R0,max is the available highest membrane rejection, RR2 
is the recovery rate of second pass, RRt is the recovery rate in 
the total system, and R0,t is the total rejection of the system. 

For a permeate two-pass RO process, Zhu et al. [114] 
calculated the effect of RO membrane rejection to minimize 
the energy consumption. The relationship between available 
highest membrane rejection and nominal specific energy 
consumption in permeate two-pass RO is shown in Fig.10. The 
pump efficiency was assumed to be 100%, and the target 
recovery rate and salt rejection of the system taken to be 50% 
and 99%, respectively.  

 As can be seen from Fig. 10, the higher the membrane 
rejection, the higher reduction of specific energy consumption 
that can be obtained in permeate two-pass RO process. If the 
desired overall salt rejection can be achieved in a single-pass, 
then a single-pass configuration will be more energetically 
favorable than a two-pass configuration for the same total 
water recovery rate and salt rejection.  

On the other hand, Park et al. [131] calculated the effect 
of membrane boron rejection rate on the specific energy 
consumption considering the effect of fouling for permeate 
two-pass SWRO. The configuration used six SWRO elements 
in the first pass and four BWRO elements in the second pass. 

Three boron rejection rates of 88%, 90%, and 92% were 
assumed for SWRO elements for fixed water permeability. In 
addition, the boron rejection rate for the BWRO elements was 
55%, and the target boron rejection of the plant was 85%. To 
consider the effect of fouling, the mass transfer coefficient was 
assumed to be 63.1% of the original value as the result of 
fouling.  

As the boron rejection of the SWRO elements increased 
from 88 to 90 and 92%, the specific energy consumption 
decreased from 4.91 to 4.03, to 3.54 kWh/m3. It was concluded 

Fig. 9 Calculated specific energy consumption as a 
function of operating time for conventional single-stage 
SWRO with three membrane water permeabilities, 
extracted from [130]. 

Fig. 10 Calculated nominal specific energy consumption as a 
function of available highest membrane rejection for two-
pass SWRO process, extracted from [114]. 
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that, as for SWRO, decreasing boron permeability can be an 
effective method for reducing specific energy consumption 
depending on conditions of plant construction, regulations for 
permeate water quality, and feed water quality.  
 
3.1.2 RO element performance 
3.1.2.1 Feed side pressure loss 
 A pressure loss in feed side path decreases effective 
transmembrane pressure, as shown in equation (2). If the feed 
side pressure loss decreases, the feed pump pressure can be 
decreased. For industrial application of RO elements, several 
elements are connected in series in a module, and the feed side 
pressure loss should be calculated per module. 
 Many studies [11, 132-137] have been conducted to 
decrease the feed side pressure loss by improving feed spacer 
configuration. Although no references directly estimated and 
showed relationship between feed-side pressure loss and the 
specific energy consumption, some papers have evaluated the 
contribution of the feed-side pressure loss to the total specific 
energy consumption. It can be estimated how the feed-side 
pressure loss affects the system performance based on the 
contribution of the feed-side pressure loss to the total specific 
energy consumption. That is, if the feed-side pressure loss 
contributes 10% of the specific energy consumption, 
decreasing feed-side pressure loss by half can reduce the 
specific energy consumption by 5%. 
 Shrivastava et al. [70] calculated how a feed side pressure 
loss contributes to the specific energy consumption of an RO 
plant. For SWRO, they found that the feed side pressure loss 
accounts for 1.3% of the specific energy consumption. On the 
other hand, for BWRO, the feed side pressure loss accounts 
for 11.9% of the specific energy consumption. The simulation 
conditions were shown in Table 1 for SWRO and Table 2 for 
BWRO. 

Karabelas et al. [91] also calculated how a feed side 
pressure loss contributes to the specific energy consumption 
of an RO plant. For SWRO, they found that the feed side 
pressure loss accounts for 2.4% of energy loss in RO process. 
On the other hand, for BWRO, the feed side pressure loss 
accounted for 9.5% of the energy loss in RO. These values 
were a little different from the values found by Shrivastava et 
al. [70], perhaps due to differences of conditions and models 
used for simulations, as shown in Tables 1-3. In particular, the 
feed concentrations were quite different for SWRO.  

 In summary, although decreasing feed-side pressure 
loss by improving feed spacer configuration can decrease the 
specific energy consumption, its effect is only slight (likely 
less than 1%) for SWRO, whereas it can be more significant 
for BWRO. This is because the feed-side pressure loss is 
smaller than the effective transmembrane pressure by an order 
of magnitude. As the effective transmembrane pressure 
decreases with variation of the feed salinity, recovery rate, and 
so on, the feed-side pressure can contribute more to the 
specific energy consumption.  
 
3.1.2.2 Permeate side pressure loss 

 A pressure loss in the permeate-side path decreases 
effective transmembrane pressure as shown in equation (2). 
However, as shown in Table 3, the permeate side pressure loss 
was not taken into consideration in some references, since it is 
negligible compared to applied pressure.  
 Although no references have directly estimated the 
relationship between permeate side pressure loss and the 
specific energy consumption, some papers evaluated the 
contribution of the permeate-side pressure loss to the total 
specific energy consumption. It can be estimated how the 
permeate-side pressure loss affects the system performance 
based on the contribution of the permeate-side pressure loss to 
the total specific energy consumption. That is, if the permeate-
side pressure loss contributes 10% of the specific energy 
consumption, decreasing permeate-side pressure loss by half 
can reduce the specific energy consumption by 5%. 

Shrivastava et al. [70] calculated how a permeate side 
pressure loss contributes to the specific energy consumption 
in an RO plant. For SWRO, the permeate side pressure loss 
accounts for 2.4% of the specific energy consumption. On the 
other hand, for BWRO, the permeate side pressure loss 
accounts for 8.4% of the specific energy consumption. The 
simulation conditions were shown in Table 1 for SWRO and 
Table 2 for BWRO. 

Karabelas et al. [91] also calculated how a permeate side 
pressure loss contributes to the specific energy consumption 
RO. For SWRO, permeate side pressure loss accounts for 
0.1% of energy consumption in the RO process. On the other 
hand, for BWRO, permeate side pressure loss accounts for 
0.4% of the energy loss in the RO process. As seen for the feed 
side loss, these values were considerably different from the 
values found by Shrivastava et al. [70]. The conditions and 
models used for these simulations are shown in Tables 1-3. 
The significant difference between [91] and [70] was the 
model used to calculate permeate side pressure loss. Karabelas 
et al. [91] used the experimentally evaluated permeability of 
permeate spacer, while Shrivastava et al. [70] used the Darcy-
Weisbach equation. 
 Shi et al. [110] reported that the permeate side pressure 
loss is likely to become a very significant consideration as the 
membrane water permeability increases. When the membrane 
water permeability exceeds a critical value, the permeate side 
pressure loss limits the system permeability and limits the 
benefit of increasing the membrane water permeability. 
 In summary, the effect of decreasing the permeate side 
pressure loss is small because the permeate-side pressure loss 
is smaller than the effective transmembrane pressure by one 
order of magnitude; but as the effective transmembrane 
pressure decreases with variation of the feed salinity, recovery 
rate, etc., the permeate-side pressure can contribute more to 
the specific energy consumption. As the water permeate flux 
of the system increases, the permeate-side pressure loss can 
become a significant factor; however, increasing average 
water flux of a system also increases the risk of fouling. 
Therefore, simulation of these effects should consider the 
influence of an increasing fouling rate.  
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 On the other hand, Al-Obaidi et al. [138] evaluated the 
impact of membrane length (the length perpendicular to the 
axial direction) on the specific energy consumption for RO 
process to remove chlorophenol from wastewater with 
membrane surface area fixed. The membrane surface area of 
the element was fixed at 7.845 m2 with a diameter of 4 inches. 
The membrane length is related to permeate side pressure loss, 
and if membrane length is short, the flow path becomes shorter 
and permeate side pressure loss decreases [139]. The results 
of evaluation for cases with and without an ERD are shown in 
Fig. 11. Increasing membrane width, which means decreasing 
membrane length at the same time, decreased the specific 
energy consumption as a result of the reduction of permeate 
side pressure loss. 
 The effect of membrane length can be valuable depending 
on the geometry of RO elements and operating conditions, but 
it is also necessary for manufacturers to consider the 
productivity of RO elements.  

 
3.1.2.3 Feed side mass transfer coefficient 
 The mass transfer coefficient of salt on the feed side of the 
membrane controls the degree of concentration polarization. 
A higher feed-side mass transfer coefficient can reduce 
concentration polarization and can reduce the feed pump 
pressure required to obtain a given amount of permeate flow. 
The mass transfer coefficient is determined by the feed spacer 
configuration, the element design, system configuration, 
operating conditions, and the system conditions. Many studies 
have attempted to increase the mass transfer coefficient by 
improving feed spacer configuration [11, 88, 132, 135-137, 
140-145]. In addition, some papers report other methods to 
improve the mass transfer coefficient by introducing an 
external force such as gas sparging, vibration, or electro-
osmosis [146-148]. 

Shrivastava et al. [70] calculated how much concentration 
polarization contributes to the specific energy consumption in 
an RO plant. For SWRO, concentration polarization accounts 
for 6.3% of the specific energy consumption. On the other 
hand, for BWRO, the concentration polarization accounts for 
only 1.76% of the specific energy consumption. The 

simulation conditions were shown in Table 1 for SWRO and 
Table 2 for BWRO. 

Karabelas et al. [91] also calculated how  concentration 
polarization contributes to the specific energy consumption in 
an RO plant. For SWRO, they found that concentration 
polarization accounts for 2.4% of the specific energy 
consumption. On the other hand, for BWRO, concentration 
polarization accounts for 1.3%. The difference from the values 
from Shrivastava et al.  [70] may be due to differences in the 
model for the mass transfer coefficient and osmotic pressure, 
and the simulated conditions, which are shown in Tables 1-3.  

Shi et al. [110] reported how concentration polarization 
affects the RO membrane water permeability from  
experiments using cross-flow cells. They reported that if the 
mass transfer coefficient is within the range of 1.0×10-5 and 
1.0 × 10-4 m/s (the usual range of an RO system), 
concentration polarization limits the increase of system 
permeability.  As membrane water permeability increases, the 
system permeability reaches a plateau at a certain value, once 
reaching a plateau, further increases of membrane water 
permeability will not have the effect of increasing the system 
permeability. The same conclusion had been reported 
previously by McGovern and Lienhard [69], as described in 
Section 3.1.1.1. 

In summary, the mass transfer coefficient can contribute 
more than 1% of the specific energy consumption for both 
SWRO and BWRO, but its effect is larger for SWRO than for 
BWRO. Therefore, increasing the feed side mass transfer 
coefficient is more important for SWRO than for BWRO. 
Furthermore, although it is thought that as recovery ratio 
increases, the concentration polarization increases, and the 
importance of raising the mass transfer coefficient further 
increases, no literature appears to have discussed the issue.  
 
3.1.2.4 Fouling to the feed spacer 
 As mentioned in 3.1.1, water permeate flux varies during 
operation due to fouling. Fouling occurs not only on the 
membrane surface but also on the feed spacer. Attachment of 
foulants on feed spacer increases the feed side pressure loss, 
and thus the effective transmembrane pressure decreases. It 
increases the feed pump pressure needed to produce the same 
amount of permeate water flow rate. No literature has directly 
studied the relationship between fouling of the feed spacer and 
the specific energy consumption of RO, but many studies have 
been conducted to improve the anti-fouling propensity of the 
feed spacer [11, 149-160]. 

Bates et al. [151, 152] measured the transition of feed side 
pressure loss for a variety of elements using three different 
feed spacers. Operation was done over three periods. At first, 
a spacer of 28 mil (0.71 mm) thickness was used, secondly a 
spacer of 31 mil (0.79 mm) thickness with a different 
geometry was used, and finally a spacer of 34 mil (0.86 mm) 
thickness with different geometry was used. The element with 
spacers of 28 mil thickness required clean-in-place (CIP) 
events 5 times in 250 days to maintain the acceptable pressure 
loss in the vessel, but the element with spacers of 31 mil 

Fig. 11 Calculated specific energy consumption as a function 
of membrane width with and without ERD for waste water 
RO treatment, reprinted from [138]. 
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thickness needed CIP only once, and the element with spacers 
of 34 mil thickness did not need CIP at all. 

The result showed that increasing anti-fouling propensity 
of the feed spacer suppressed the increase of feed side pressure 
loss over time, and consequently it was possible to suppress 
the increase of specific energy consumption over time. 
 
3.1.2.5 Membrane surface area 
 Al-Obaidi et al. [138] evaluated the impact of membrane 
surface area on the specific energy consumption of an RO 
process to remove chlorophenol from wastewater in cases with 
and without an ERD. They modeled a 50% increase of 
membrane surface area from 7.845 m2 to 11.768 m2 by 
increasing either membrane length or width.  The simulation 
assumed a 4-inch size membrane element, 800 mg/L of 
chlorophenol in the feed, and a feed flow rate 22.3 m3/d.  

In case without ERD, increasing membrane length 
decreased the specific energy consumption by 23.6% from 
1.03 to 0.78 kWh/m3, while increasing membrane width 
decreased the specific energy consumption by 28.4% from 
1.03 to 0.73 kWh/m3. On the other hand, in case with ERD, 
increasing membrane length decreased the specific energy 
consumption by 15.7% from 0.83 to 0.70 kWh/m3, while 
increasing membrane width decreased the specific energy 
consumption by 24.1% from 0.83 to 0.63 kWh/m3. These 
findings are shown in Fig. 12.  

In addition, increasing membrane surface area by 
concurrently increasing both membrane length and membrane 
width with a fixed RO module volume decreased the specific 
energy consumption by 21.0% with the ERD and by 26.7% 
without the ERD, as shown in Fig. 13. 

While the effect of membrane surface area can be valuable 
depending on the geometry of RO elements and operating 
conditions, it is also necessary to consider the productivity of 
RO elements.  

Gu et al. [76] predicted the effect of the number of 
membrane leaves on specific energy consumption by using 
both a plate-like model and a spiral model. They assumed a 
total membrane surface area of 4.5 m2, and varied the width of 
membrane leaves from 4.5 m (1 leaf) to 0.45 m (10 leaves). In 

addition, they also varied the length of membrane leaves from 
3 m (1 leaf) to 0.3 m (10 leaves). As the width of a membrane 
leaf decreases, the permeate side pressure loss decreases. On 
the other hand, as the length of a membrane leaf decreases, the 
feed side pressure loss decreases. 

As a result of the simulation, the permeate flow decreases 
as the number of leaves increase because the effective 
membrane area becomes smaller due to the presence of the 
glue line. In addition, the specific energy consumption is 
maximized when the number of leaves is two for varying 
membrane leaf width, and at three leaves for varying 
membrane lead length for the case of a spiral model. 

Increasing membrane surface area can increase the 
permeate flow rate so that the specific energy consumption can 
be decreased, but at the same time, increasing membrane 
surface area increases the cost of an RO element. Therefore, 
increasing membrane surface area to reduce energy 
consumption (i.e., OPEX) can result in an increase of CAPEX. 

 

3.2 Costs other than energy 
3.2.1 RO membrane performance 

The RO membrane element performance is also related to 
costs of an RO plant other than energy. Although no literature 
has directly evaluated the relationship between RO membrane 
element performance and RO plant cost, some literature has 
indirectly studied the influence of RO membrane element 
performance on RO plant cost. 

 Increasing membrane water permeability offers the 
possibility of not only decreasing feed pump pressure but also 
decreasing membrane area. Decreasing membrane area means 
using fewer RO elements and modules. 

There are four options to reduce the process cost by 
applying RO membrane elements with higher water 
permeability for conventional single-stage RO. The first is to 
reduce the feed pump pressure while keeping permeate flow 
rate as mentioned in 3.1.1.1. The second is to increase the 
recovery rate. Although increasing recovery rate results in an 
increase in osmotic pressure in feed side path, RO elements 

Fig. 12 Calculated specific energy consumption as a function 
of membrane area when with and without ERD for 
wastewater treatment RO process, reprinted from [138]. 

Fig. 13 Calculated specific energy consumption as a function 
of membrane area increased by extending both membrane 
length and membrane width simultaneously with and without 
ERD for wastewater treatment RO process, reprinted from 
[138]. 
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with higher permeability have the potential to maintain the 
same permeate flow rate even if the recovery rate increases. 
The third is to increase permeate flow rate. Operating while 
keeping feed pump pressure and recovery rate increases the 
permeate flow rate and feed flow rate at the same time. The 
fourth is to decrease the membrane area while keeping the 
same permeate flow rate [105]. 
 Busch et al. [105] assessed the CAPEX and OPEX 
reductions with higher permeable SWRO elements. They 
compared the energy use, power cost, water cost by replacing 
SW30HR-380 with 28.4 m3/d of permeate flow rate and 
99.75% of NaCl rejection rate by SW30HR LE-400 with 34.1 
m3/d of permeate flow rate and 99.70% of NaCl rejection rate 
using the test results for each element. Test conditions and 
calculation assumptions were 32,000 mg/L NaCl of feed 
concentration, 8% of recovery rate, 55 bar of feed pump 
pressure, 5 years of operating time, 20% of RO membrane 
elements replacement rate per year, 90% of pump efficiency, 
and 0.08 US$/kWh of power cost. The pretreatment, chemical 
cleaning, and other costs were not considered. They indicated 
that decreasing membrane area by using higher water 
permeability RO elements can decrease the water cost by 4.7% 
from 0.190 to 0.181 US $/m3 with the same energy cost.  
 Zhu et al. [109] assessed the specific membrane cost 
relative to the specific energy cost by converting the 
membrane price into energy units. For a single-stage RO 
process, the specific membrane cost was obtained by the 
following equation:  
 

𝑆𝑀𝐶 =
𝑚=𝛽
𝜀

×
𝐴'
𝑄2

=
𝑚=𝛽
𝜀𝑄2

Q
𝑄2

𝐴(∆𝑃 − ∆𝜋4444)
S																		(16) 

where 𝛽  and 𝜀  are conversion factors, mA is the membrane 
unit price, Am is the membrane surface area, ∆𝑃  is the 
transmembrane pressure and ∆𝜋4444  is the average osmotic 
pressure in the feed side. In the thermodynamic limit, the 
transmembrane pressure and the average osmotic pressure 
in the feed side are related by the following equations: 

∆𝑃 =
𝜋#𝑅r
1 − 𝑅𝑅

																																																																								(17) 

∆𝜋4444 =
𝜋#𝑅r ln ~
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Thus, the normalized specific membrane cost at the 
thermodynamic limit is obtained by the following equation: 
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On the other hand, the normalized specific energy 
consumption which can be obtained by dividing equation (14) 
by 𝜋# was expressed by the following equation: 

𝑆𝐸𝐶'())*+' =
y1 − 𝜂1(1 − 𝑅𝑅)z𝑅r
𝜂:𝑅𝑅(1 − 𝑅𝑅)

																																		(20) 

Therefore, the specific membrane cost relative to the specific 
energy consumption (MER) was expressed by introducing the 
dimensionless factor RMEC in the following equations: 
 

𝑀𝐸𝑅 =
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(21) 

𝑅51� =
𝛽𝑚=

𝜀𝐴(𝑅𝜋r)^
																																																														(22) 

The RMEC reflects the impact of feed water osmotic pressure, 
salt rejection, membrane permeability, and the price of 
electrical energy and the membrane module on the MER ratio. 
In general, RMEC ranges from ~0.001 to 1; it is 0.01 for 
seawater of ~35,000 mg/L TDS and 1 for brackish water of 
1000 mg/L TDS. Assuming typical values for each parameter 
in equation (21) and (22), when the parameter RMEC is 0.01, 
the MER value is within the range of 3-12%. For SWRO, the 
energy cost contributes 40-50% of the total water production 
cost; therefore, the ratio of the specific membrane cost to the 
total water production cost is about 1.2-6%. Hence, doubling 
the membrane water permeability halves the specific 
membrane cost so that the total water production cost is 
reduced to 0.6-3%. When the cost of pressure vessels is taken 
into consideration, the decrease of total water production cost 
is 0.7-3.5%. 
 Cohen-Tanugi et al. [66] calculated the total number of 
pressure vessels needed for a 100,000 m3/d permeate as a 
function of membrane water permeability for single-stage 
SWRO with 42,000 ppm of feed salinity and single-stage 
BWRO with 2,000 ppm of feed salinity assuming fixed feed 
pump pressure. The results of calculation are shown in Fig. 14. 
Tripling membrane water permeability would allow SWRO 
plants to produce the same amount of permeate with 55% 
fewer pressure vessels. However, more energy is needed due 
to higher velocity in feed side path which increases the 
pressure loss, thus eventually, the specific energy 
consumption would also increase by 6%. 
 On the other hand, Mazlan et al. [68] showed the 
relationship between membrane water permeability and 
specific membrane surface area for SWRO, although the cost 
was not discussed directly. The simulation conditions are 
shown in Table 1, and the models used are shown in Table 3. 
As mentioned in 3.1.1.1, as membrane water permeability 
increases, the effect of reducing specific energy consumption 
approaches an asymptote. However, for membrane surface 
area, although the effect of decreasing membrane surface area 
by increasing membrane water permeability is diminished as 
the membrane water permeability increases, it has an ongoing 
effect even if membrane water permeability exceeds 3 
LMH/bar until 100 LMH/bar as shown in Fig. 15. This 
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behavior is in contrast with the rapidly flattening energy 
consumption curve shown in Fig. 7.  
 References [66] and [68] showed large differences about 
how membrane area can be reduced by increasing membrane 
water permeability. In reference  [66], the number of pressure 
vessels, which is proportional to membrane surface area, is 
approaching an asymptote at membrane water permeability 
over 5 LMH/bar for SWRO. In reference [68], the membrane 
surface area can be decreased even past 10 LMH/bar. This 
difference may be due to the difference of models and 
conditions used for the simulations: the models for friction 
factor for feed side pressure loss, osmotic pressure, and the 
mass transfer coefficient were different. In reference [68], the 
mass transfer coefficient is constant at any position inside the 
element. In the region of membrane water permeability over 5 
LMH/bar, the effect of pressure loss and mass transfer 
coefficient can be much larger, and as a result the difference 
of the model assumptions might cause the large difference in 
trends for membrane area. 

Note that decreasing membrane area results in higher flux 
operation, thus increasing the risk of fouling and the frequency 
of chemical cleaning or RO element replacement, both 
resulting in an increase in cost. Therefore, to estimate how 
increasing membrane water permeability affects the cost of an 
RO plant, the effect of fouling should be included in the 
simulation. 

 
3.2.2 RO element performance and other cost drivers 

Franks et al. [118] reported the difference of chemical 
cleaning cost when conventional RO membrane elements 
were replaced by elements which have higher permeability 
and thicker feed spacers. The test was conducted for a single-

stage process in BWRO with 1500 mg/L feed NaCl, seven 
elements per module, 55% of total recovery rate, and 25.2 
LMH of system average water flux. As a result, replacement 
of the elements decreased the frequency of chemical cleaning 
from twice a year to once a year. Therefore, the annual 
cleaning cost was estimated to decrease from 180,000 to 
90,000 US$/year. 

Malek et al. [161] and Pervov et al. [162] evaluated the 
relationship between process cost and recovery rate. Although 
the influence of RO membrane element performance on the 
cost was not mentioned, it was indicated that as the recovery 
rate increases CAPEX increases while OPEX decreases. 
Therefore, there exists an optimum point of recovery rate to 
minimize the cost.    
 Ruiz-Garcia et al. [163] compared the difference of cost 
between when the specific energy consumption increases due 
to chronological effects such as fouling with and without 
replacing the RO membrane elements from 80,000 hours 
operation. The costs of electrical energy, chemical cleaning 
and membrane replacement were considered. The best choice 
was found to be not replacing the RO membrane elements for 
at least the first 80,000 hours. Therefore, if the tolerance to the 
chronological change of RO membrane element increases, it 
can be thought that the performance can be more cost effective. 
 Vanoppen et al. [164] calculated the influence of pre-
treatment to reduce the cost of brine discharge. By introducing 
ion-exchange as pre-treatment, brine discharge cost was 
reduced because of increasing recovery rate, thus the total cost 
was reduced from 1.9 to 1.6 €/m3. This indicates increasing 
recovery rate decreases the total cost if an RO membrane 
element withstands high recovery operation. 
 Sethi et al. [165] and Suarez et al. [166] gave models to 
calculate CAPEX drivers such as pumps, pipes, valves, 
instruments, controls, tanks, frames, miscellaneous items, and 
membranes, although the effect of RO membrane element 
performance was not included in the models. Suarez et al. 
[166] showed models to calculate OPEX in addition to the 

Fig. 15 Calculated specific membrane area as a function of 
membrane water permeability for single-stage SWRO with 
35,000 mg/L and 50% recovery rate, extracted from [68]. Fig. 14 Calculated required number of pressure vessels as 

a function of membrane water permeability for single-
stage SWRO with 42,000 ppm feed, 42% recovery rate, 
70 bar feed pump pressure and single-stage BWRO with 
2,000 ppm feed, 65% recovery rate, and 12 bar feed 
pump pressure for total capacity of 100,000 m3/d, 
extracted from [66]. 
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models of CAPEX. All the costs above other than the pump 
are a function of membrane surface area. The costs of piping 
and valves are functions of the 0.42th power of membrane area, 
instruments and controls are functions of the 0.66th power of 
membrane area, tanks and frames are functions of 0.53th 
power of membrane area, and miscellaneous costs are a 
function of 0.57th power of membrane area. In addition, 
membrane cost is proportional to the membrane area.  
 
4. Closed-circuit RO 
4.1 Outline of Closed-circuit RO 

Closed-circuit reverse osmosis (CCRO) is a semi-batch 
process which includes circulation of brine water. The 
circulated brine is mixed with pressurized raw water, then the 
mixture is provided to the RO membrane modules again. The 
raw water is continuously added to the system over time, and 
once reaching the desired recovery rate, then the concentrated 
brine is discharged outside the system and replaced by new 
raw water for the next cycle as shown in Fig.16.  

Several designs have been proposed for CCRO [167-172]. 
The CCRO process uses shorter modules which include 
smaller numbers of RO elements compared with conventional 
modules. Two operational modes, PFD (plug flow 
desalination) and CCD (closed-circuit desalination), are 
applied sequentially under fixed flow rate with variable 
pressure conditions. 
 As for a conventional continuous RO system, the feed 
pump pressure must be higher than the maximum osmotic 
pressure in the feed side path. However, in the CCRO process, 
as osmotic pressure in the feed side path increases, the feed 
pump increases over time, thus it reduces the specific energy 
consumption for CCRO relative to conventional continuous 
RO.  

  
4.2 Energy and cost 
 Although no literature has directly studied the relationship 
between RO membrane element performance and cost or 
energy consumption of the CCRO process, several references 
indicate the possibility of reducing the specific energy 
consumption and easier maintenance compared with 
conventional RO. 
 According to reference [167], which calculated the 
specific energy consumption of CCRO compared with 

conventional RO, CCRO can decrease the specific energy 
consumption by about 30% compared to conventional RO 
from 1.94 to 1.63 kWh/m3 under the conditions of 35,000 ppm 
feed water concentration, 13 LMH average permeate water 
flux, and 50% recovery rate (Fig. 17).   
 In addition, according to reference [168], CCRO has 
potential to reduce fouling and scaling as a result of the design 
aspect of short modules and the operational aspect of PFD and 
CCD. Fouling may be prevented by frequent fast flush flow of 
fresh feed water. As for bio-fouling, in addition to the flush 
flow operation, the faster cross flow velocity due to short 
modules and large salinity variations of feed can reduce or 
eliminate the likelihood of bio-fouling. Scaling in 
conventional RO is normally associated with tail elements 
where brine concentration is high and cross flow velocity is 
low. In CCRO, low scaling characteristics are seen due to 
following four reasons: (1) the concentrate is recycled and 
diluted with fresh water at inlet of module and this dilution 
effect inhibits the formation of crystallized seeds; (2) a smaller 
number of elements per module can maintain a faster cross 
flow; (3) the cross-flow velocity and recovery rate for CCRO 
are fully controlled by operational set points, which can be 
changed online; and (4) the selection of an appropriate anti-
scalant for a specific feed solute by using computer analysis 
programs of anti-scalant producers.  

Efraty et al. [171] showed that CCRO process worked 
well in the Mediterranean Sea with much higher flux: 22 LMH, 
which is 40% higher than conventional SWRO.  

 
5. Batch RO 
5.1 Overview of Batch RO  
 Batch RO (BRO) is a fully batch process which can 
minimize the entropy generation due to mixing of raw water 
with circulated brine in CCRO process [69, 94, 173-181]. In 
BRO process, feed water is supplied only at the beginning of 
a cycle. It is circulated and concentrated over time, and once 
reaching the desired recovery ratio, the concentrated brine is 
discharged outside the system and replaced by new raw water 
for the next cycle. In one implementation (shown in Fig. 18), 
a variable-volume, pressurized tank stores brine to be 

Fig. 16 Configuration of closed-circuit RO process, reprinted 
from [167]. 

Fig. 17 Calculated specific energy consumption as a 
function of system recovery rate for SWRO in CCRO and 
conventional RO process, reprinted from [167]. 
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circulated. The tank must vary in volume to accommodate 
permeate leaving the system. Figure 13 shows an alternative 
implementation that uses only existing components including 
a tank at atmospheric pressure and a pressure exchanger. Part 
of the feed passes through the high-pressure pump to maintain 
same flow rates through the pressure exchanger [179].  
 
5.2 Energy and cost 

5.2.1 Membrane water permeability 
 Warsinger et al. [178] evaluated the effect of membrane 
water permeability on the specific energy consumption in 
BRO. The specific energy consumption in BRO as a function 
of membrane water permeability for seawater and brackish 
water was shown in Fig. 20. For seawater, most of the energy 
savings (~13%) from higher permeable membranes are 
achieved by having up to 4 LMH/bar permeability, while for 
brackish water, energy savings (37%) does not diminish until 
about 7 LMH/bar. At these permeability values, increasing 
membrane water permeability by 10% results in less than 2% 
of benefit in energy savings. For low permeable (1 LMH/bar) 
membranes in seawater batch RO (SWBRO), the specific 
energy consumption is 1.94 kWh/m3, while for high 
permeable (10 LMH/bar) membranes, the specific energy 
consumption is decreased to 1.63 kWh/m3. 

 In this simulation, the feed concentration for seawater was 
35,000 ppm, and 50% recovery rate. On the other hand, the 
feed concentration of brackish water was 5,000 ppm, and 66% 
recovery rate. In addition, the pump efficiency was 80%, 
average membrane water flux was 14.5 LMH, and the mass 
transfer coefficient was assumed to be a constant value of 2×
10-5 m/s.  

Fig. 18 Configuration of batch RO process reprinted from 
[179]. 

Fig. 19 Another configuration of batch RO process reprinted 
from [179]. 

Fig. 20 Calculated specific energy consumption as a function 
of membrane water permeability for seawater BRO and 
brackish water BRO, extracted from [178]. 

Fig. 21 Calculated specific energy consumption as a 
function of membrane water permeability for seawater BRO 
and conventional RO process, extracted from [177]. 
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 In reference [177], Swaminathan et al. also showed the 
effect of increasing membrane water permeability on the 
specific energy consumption for SWBRO compared to 
conventional SWRO (Fig. 21). The specific energy 
consumption drops by about 10% (0.2 kWh/m3) with an 
increase of membrane water permeability from 2 to 10 
LMH/bar. On the other hand, for conventional RO, the 
specific energy consumption decreases by about only 0.11 
kWh/m3. 
 
5.2.2 Cost  
 Warsinger et al. [178] evaluated the cost of BRO in the 
cases of conventional RO, batch RO, batch RO with ultra-
permeable membrane for seawater desalination. The plant size 
was assumed as 4,000 m3/d and 10,000 m3/d permeate flow 
rate. The cost was broken down into CAPEX and OPEX, then 
each cost was classified into four elements furthermore. The 
results were shown in Fig. 22 and Fig. 23. Compared with 
conventional seawater RO, batch RO showed a 15% reduction 
in membrane replacement cost due to inherent osmotic 
backwashing and fouling suppression. Steel and equipment 

costs are increased due to the need for tanks, additional 
pressure vessels, and larger pressure exchangers relative to 
conventional RO. For batch RO, the pressure vessels are 
expensive, but in terms of total cost, batch RO was expected 
to be the cheapest for seawater desalination. 
 
6. Conclusions 
 This paper has reviewed how RO membrane element 
performance affects RO plant costs in conventional RO 
processes and in newly proposed processes, for both seawater 
and brackish water desalination. 

The review of past literature shows that the impact of 
membrane permeability on energy consumption varies 
significantly depending upon model assumptions and 
operating conditions. These differences appear in the range of 
values produced by prior research.  However, the conclusion 
of Cohen-Tanugi et al. in 2014, that increased membrane 
permeability cannot radically reduce energy consumption, 
remains valid.  

In the recently-proposed batch RO processes, although 
increasing membrane water permeability decreases the 
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reduction of specific energy consumption, the opportunity to 
reduce the specific energy consumption by increasing 
membrane water permeability is greater in comparison to 
conventional RO. 

Increasing membrane water permeability has the potential 
to decrease the membrane surface area, which is a function of 
the number of RO elements. However, if the membrane 
surface area is decreased, the average operating flux must be 
increased to maintain the permeate flow rate, and higher flux 
increases the risk of fouling. Therefore, in order to more 
accurately evaluate the influence of membrane area on RO 
plant cost, the effect of fouling must be considered as well.  

This review has also considered a wide range of RO 
element performance factors, beyond permeability.  Today, 
major parts of the RO system have been highly optimized, 
particularly the energy recovery devices. Further reduction in 
energy use and plant cost will be more dependent upon 
optimization around different operating conditions, such as 
feed water and permeate water quality, time-varying 
performance factors, and the local costs of electricity and land. 
These issues will drive improvements to element design, 
membrane anti-fouling properties and selectivity, pre-
treatment methods, anti-fouling feed spacers, and real-time 
monitoring techniques.  Therefore, much more precise 
modeling and validation of plant performance will be required.  

One additional and important conclusion is that the role of 
chronological changes in membrane performance, including 
the effect of fouling, requires further study to gauge its impact 
on energy use and operation over long periods of time. Most 
of the literature is based on only initial operating conditions 
and does not consider the effect of the changes in RO 
membrane element performance over time that inevitably 
result from factors such as fouling. Since these effects cause 
the membrane element performance to fluctuate, the specific 
energy consumption also varies with time. Even if the total RO 
plant cost using one type of RO element is expected to be 
lower than for other types of RO element, the total plant cost 
for long-term operation may be different depending on the 
difference in tolerance to ageing or fouling. Therefore, 
chronological effects must be considered to more accurately 
predict the relationship between RO membrane element 
performance and RO plant cost.  
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