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A B S T R AC T

Reverse osmosis (RO) is an energy-intensive technology and consistent efforts have been made 
to reduce energy requirement of the technology in order to make it a more affordable means of 
water supply. There is an urgent need for a more accurate quantifi cation of energy consump-
tion in the crossfl ow RO process because it is the predominant confi guration used in water 
desalination and purifi cation. The energy required in the crossfl ow RO desalination processes 
is affected by a complex set of parameters or variables, including raw water quality, membrane 
property, operating requirements such as permeate fl ux and water recovery, as well as option of 
energy recovery device in the concentrate stream. The crossfl ow RO process is fundamentally a 
heterogeneous system that can only be well defi ned with the localized variables for the salt con-
centration, cross fl ow velocity, and permeate fl ux along the membrane channel. A theoretical 
framework was developed in this study for a more accurate quantifi cation of energy consump-
tion in the crossfl ow RO process by rigorously treating the process as a heterogeneous system 
as it is. An inverse problem was fi rst solved to determine the driving pressure for a RO process 
of given set of conditions. The resulted pressure was then used to calculate energy consump-
tion in the RO systems either with fully energy recovery from the concentrate stream or without 
energy recovery at all. It was demonstrated that the energy consumptions in both RO systems 
were limited by mass transfer mechanism at low water recoveries but was controlled by ther-
modynamic restriction at high recoveries. The specifi c energy (energy consumption for per unit 
volume of permeate) was calculated for seawater and brackish RO processes for wide ranges of 
water recovery while the permeate fl ux was maintained constant at different levels. The specifi c 
energy for the RO system with concentrate energy recovery was observed to increase with both 
increasing permeate fl ux and increasing recovery. However, there was a minimum at a particu-
lar recovery in the specifi c energy for RO system without concentrate energy recovery and the 
minimum specifi c energy shifted to the high recovery end with increasing permeate fl ux.
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1. Introduction

Reverse osmosis (RO) is one of the most promis-
ing technologies to meet the ever increasing world-
wide demand for water supply of adequate quality in a 

foreseeable future because of its ability to produce high 
purity potable water readily from the unconventional 
water sources, such as seawater, brackish water, and 
treated wastewater [1,2]. As an energy intensive pro-
cess, energy cost is usually one of the major cost compo-
nents of RO processes [3,4], which can easily be counted 
for over 50% of the total cost in seawater desalination. 
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 Since the emergence of the technology in 1960s, there 
have been consistent efforts to reduce energy consump-
tion in RO desalination to make it a more affordable 
means of water supply [5–8]. Indeed, the continuous 
improvement on RO membrane permeability and the 
recent installations of energy recovery devices in the 
concentrate stream have substantially reduced energy 
consumption in RO seawater desalination [8–10]. How-
ever, energy consumption still remains as the largest 
cost component in RO seawater desalination.

The current RO systems commonly used in seawater 
and brackish water desalination predominantly employ 
the so-called crossfl ow confi guration. The crossfl ow RO 
processes are characterized with long pressure vessels, 
in which several membrane elements are connected in 
series to form long membrane channels. Raw water is 
fed at high pressure to one end of the membrane chan-
nels and permeate is produced as raw water fl ows along 
the membrane channel. The remaining raw water comes 
out of the other end of the membrane channel as con-
centrate, which contains the majority of the impurities 
originally in raw water and subject to disposal [11,12]. 
Energy consumption in a crossfl ow RO desalination 
process is a very complex problem that is affected by 
many factors, such as raw water salinity, membrane 
resistance, and performance requirements (e.g., perme-
ate fl ux and water recovery). Although many case stud-
ies on energy consumption in crossfl ow RO systems 
have been reported in the literature, a general theoretical
method for the calculation of energy consumption from 
the basic parameters of the RO systems is still not avail-
able [3,13–15]. It appears that the challenge to theoreti-
cally quantify energy consumption in crossfl ow RO 
processes manifest itself as the diffi culty to accurately 
determine the driving pressure for a particular cross-
fl ow RO system [16,17] because of the heterogeneous 
nature of crossfl ow RO process.

A theoretical framework was developed in this study 
for a more accurate quantifi cation of energy consump-
tion in the crossfl ow RO process by rigorously treating 
the process as a heterogeneous system as it is. An inverse 
problem was fi rst solved to determine the driving pres-
sure for a RO process of given set of conditions. Then 
the specifi c energies of crossfl ow RO systems with fully 
concentrate energy recovery and without concentrate 
energy recovery were calculated. The mechanisms to 
determine energy consumption in crossfl ow RO under 
various water recoveries were analyzed and discussed. 
The control mechanisms for the energy consumption in 
crossfl ow RO systems are useful for the understanding 
of the ultimate energy requirements in extreme cases of 
the systems. Finally, The energy consumptions for RO 
systems in which fi xed permeate fl uxes are maintained 
were simulated and discussed.

2. Theory

2.1. Energy requirements in reversible and ideal RO processes

The energy effi ciency of RO desalination processes 
is usually expressed in terms of the specifi c energy that 
is defi ned as the energy required for the production of 
one unit volume of permeate. One convenient energy 
unit commonly used in desalination applications is the 
kilo-watt-hour (kWh), which is equal to 3.6 × 106 Joules. 
Before the discussion of energy calculations in the cross-
fl ow RO processes, two important specifi c energies for 
the reversible and ideal RO desalination processes will 
be introduced fi rst. In a recent paper [17], we developed
concise equations for specifi c energy requirements in 
these two processes that are of fundamental impor-
tance to RO desalination. A reversible RO process is a 
process in which the driving pressure is always equal to 
the osmotic pressure [4,17,18]. The specifi c energy of the 
reversible RO process is given by:
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where W1 is the specifi c energy for desalination in the 
reversible RO processes, π0 is the osmotic pressure of 
feed water, and R is the water recovery that is defi ned 
as the ratio of the permeate fl ow rate to the feed fl ow 
rate in an RO process. The specifi c energy for the revers-
ible RO process represents the theoretical (thermody-
namic) minimum energy requirement for desalination. 
Because the RO membranes have fi nite resistance, a 
revisable RO process means that permeate fl ux is prac-
tically zero in the process. But nonzero permeate fl ux is 
always required for any practical RO processes and it 
can be demonstrated that permeate fl ux of a fi nite value 
actually minimize the combined cost of membrane and 
energy [16].

The ideal RO process that we fi rst introduced in the 
recent paper [17] is defi ned as the most energy effi cient 
RO process with a required nonzero permeate fl ux, in 
which the energy above the thermodynamic minimum 
energy is entirely used for maintaining permeate fl ux. The 
specifi c energy for the ideal RO process is determined as:
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where W2 is the specifi c energy for the ideal RO pro-
cess, ΔPnet is the net driving pressure for the required 
permeate fl ux. The ideal RO is considered to provide 
a more appropriate baseline than the reversible RO for 
the assessment of the energy effi ciency of practical RO 
desalination processes.
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The osmotic pressure of the feed water can be lin-
early related to its salt concentration, that is:

π0 0= f Cf (3)

where C0 is the salt concentration of the feed water in the 
unit of mg l−1, and fos is the osmotic pressure coeffi cient. 
The osmotic pressure coeffi cient has a value of 73.9 Pa 
(mg l−1)−1 for the average seawater at 25°C [18,19]. This 
value will be used indiscriminately for both seawater 
and brackish water in the paper.

2.2. Energy consumption in crossfl ow RO processes

The practical RO desalination processes are domi-
nantly employing a cross fl ow confi guration with 
pressure vessels 6–8 m long, in which 6–8 membrane 
elements are connected in series. Feed water is supplied 
by a high pressure pump into one end of the pressure 
vessels, and retentate exits the pressure vessels through 
the other end. Permeate comes out of the pressure ves-
sels through the third outlet usually placed along the 
central line.

The specifi c energy requirements for permeate pro-
duction in the cross fl ow RO process with and without 
energy recovery from the concentrate stream are deter-
mined as, respectively [17]:

3WW 78 0  (4)

′ = −W
P

R3WW 72 78 1× 0.
Δ

(5)

where W3 and ′W3  are the specifi c energies in the com-
mon cross fl ow RO process with and without energy 
recovery from concentrate stream respectively, and ΔP 
is the driving pressure. A full recovery of the energy 
remaining in the concentrate stream is assumed when 
the energy recovery devices are applied.

A signifi cant recovery (40% or greater) is usually 
required for a membrane channel in the practical RO 
desalination processes. As a result, the salt concentra-
tion and crossfl ow velocity inside of the membrane 
channel change signifi cantly along the channel. Because 

of the increase in the osmotic pressure, the net driving 
pressure, as well as the permeate fl ux, decreases sub-
stantially along channel. As schematically shown in 
Fig. 1, the crossfl ow membrane channel is therefore a 
heterogeneous separation system. Localized variables 
are required to accurately describe or characterize the 
properties and behaviors of such a heterogeneous sys-
tem [20,21]. In the fi gure, the increasing salt concen-
tration from the entrance to the exit of the membrane 
channel is indicated by the intensifying color of the 
fl uid. The decreasing crossfl ow velocity is indicated by 
the shortening solid arrows in the channel. The decreas-
ing permeate fl ux along the channel is indicated by the 
reducing length of the hollow arrows.

A differential equation was rigorously derived by 
Song and Tay [22] to describe the variations of salt con-
centration in the heterogeneous RO channel, which is:
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where x is the coordinate along the fl ow direction, C is 
the variable of salt concentration, H is the height of the 
membrane channel, Rm is the membrane resistance, and 
C0 and u0 are the feed salt concentration and the feed 
velocity, respectively.

In their original work, Song and Tay [22] were able to 
develop an analytical solution to Eq. (6) as follows:
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where ΔP* is the characteristic pressure of the RO chan-
nel that was originally defi ned as:

ΔP
u HR

L
∗ = 0 mHR

 
(8)

where L is the length of the membrane channel. In the 
formulation of Eq. (6), the salt concentration C is treated 
as one-dimensional variable along fl ow direction. Con-
centration polarization transversal to membrane surface 

Fig. 1. A schematic presentation of the RO channel as a heterogeneous separation system.
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 was not considered. Therefore, in the following analysis, 
the effect of concentration polarization on the energy 
consumption was not included.

A minor modifi cation to Eq. (7) will be made below 
so that it will serve our current purpose more conve-
niently.

By multiplying the width of the channel W simulta-
neously to the numerator and denominator of the right 
hand side of Eq. (8), and noting that feed fl ow rate Qf = 
u0HW and total membrane area Sm = LW, one has:

ΔP
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where Qp is the permeate fl ow rate and J is the average 
permeate fl ux. Substituting Eq. (9) into Eq. (7) results in:
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Now the average permeate fl ux J is explicitly 
involved in Eq. (10) and the characteristic pressure ΔP* 
is eliminated from the equation. When the osmotic pres-
sure of the feed water π0, the required permeate fl ux J, 
and the membrane resistance Rm are known, a quantita-
tive relationship between the water recovery R and the 
driving pressure ΔP is established with Eq. (10). Because 
water recovery R appears on both sides of Eq. (10), a 
simple iteration scheme can be employed to fi nd the 
value of R. A detailed description of the iteration scheme 
can be found in the original work for the derivation of 
the equation [22].

Eq. (10) was originally developed to determine the 
water recovery for a given driving pressure. However, the 
pressure for any given recovery can be inversely deter-
mined from the equation by the method of trial-and-error 
or by solving the inverse problem of Eq. (10) rigorously 
with a nonlinear mathematical programming method. 
Then the specifi c energies for the crossfl ow RO systems 
with and without energy recovery from the concentrate 
stream can be calculated with Eqs. (4) and (5), respectively.

2.3. Two extreme cases

A crossfl ow RO under operating conditions can be 
well described by Eq. (10). It can be shown that there 
are two extreme cases of RO operations for which much 
simpler equations can be used. One is the mass transfer
limited case in which the recovery is linearly related to the 
driving pressure. Another is the thermodynamic restric-
tion case in which the recovery is solely determined by 

the thermodynamic parameters of the RO process [22]. 
Similarly, energy consumptions in the two extreme cases 
can also be determined with relatively simpler equa-
tions. When a RO channel is working in the mass trans-
fer limited regime in which the osmotic pressure of the 
retentate by the exit end of the channel is much smaller 
than the driving pressure ΔP, the required pressure can 
be estimated by homogenizing the RO system as:
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where Δπ is the arithmetic mean osmotic pressure in the 
RO membrane channel, v is the required average per-
meate fl ux, Rm is the membrane resistance, and ΔPnet

(= ΔP− Δπ) is the net driving pressure. Substituting 
Eq. (11) for the ΔP in Eqs. (4) and (5) results in:
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where W4 and ′W4 are the specifi c energies in the cross 
fl ow RO process with and without energy recovery from 
concentrate stream respectively, controlled by mass 
transfer mechanism.

When thermodynamic restriction occurs in cross 
fl ow RO, the driving pressure for the RO process with 
a given recovery is equal to the osmotic pressure at the 
exit end of the membrane channel, which can be easily 
determined from the initial feed salt concentration and 
the required recovery as:

πc
f C
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−
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1  
(14)

The specifi c energy requirement in the cross fl ow RO 
process under thermodynamic restriction is determined 
by substituting Eq. (14) for ΔP in Eqs. (4) and (5):
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where W5 and ′W5 are the specifi c energies in the cross 
fl ow RO process with and without energy recovery from 
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concentrate stream, respectively, controlled by thermo-
dynamic restriction. The occurrence of thermodynamic 
restriction in the full-scale RO processes was detailed 
discussed by Song et al. [23] when the concept was ini-
tially proposed. However, the energy consumption was 
not touched that time.

3. Discusions

In this section, the values listed in Table 1 were used 
for parameters in all simulations unless other specifi ed.

A trial calculation was fi rst conducted to determine 
the pressure for a given recovery inversely with Eq. (10) 
in an MS Excel spreadsheet by the method of trial-and-
error. Experience demonstrated that the task is straight-
forward and can be easily done. The pressures for varies 
feed salt concentrations determined this way were pre-
sented in Fig. 2. A net pressure of 6.89 × 105 Pa (100 psi) 

was used in the calculation, which corresponds to a con-
stant average permeate fl ux of 6.89 × 10−6 m s−1 (14.62 
gfd) in the RO channel regardless feed salt concentra-
tion and water recovery. It can be seen from Fig. 2 that 
the pressure increases with feed salt concentration and 
water recovery when a constant permeate fl ux is main-
tained. Pressure increases relatively slowly and remains 
below 10 bar for the feed salt concentration of 2500 mg l−1

for recoveries up to 82%. The increasing rate of pressure 
with water recovery becomes greater for higher feed salt 
concentrations.

3.1. Seawater desalination

Specifi c energy for seawater RO desalination was 
calculated for recoveries from 20% to 70% with a fi xed 
permeate fl ux of 4.6 × 10−6 m s−1 (9.75 gfd). The net driv-
ing pressure for such an average permeate fl ux was 13.8 
bar (200 psi). The results were plotted in Fig. 3 with the 
hypothetical specifi c energies for mass transfer limited 
and thermodynamic restricted cases. The specifi c energy 
for the ideal RO system was also plotted in Fig. 3(a) as a 
long dash line, which can be used as a baseline to assess 
the energy effi ciency of the crossfl ow RO processes. 
Fig. 3(a) was for the RO system with the assumption that 
the energy remaining in the concentrate stream was fully 
recovered. Fig. 3(a) showed that the specifi c energy was 
controlled by mass transfer mechanism at low recovery 
end but restricted by thermodynamic equilibrium at 
high recovery end. Both mechanisms jointly govern the 
specifi c energy in the range of intermediate recoveries. It 
can be seen from Fig. 3(a) that specifi c energy increases 
with recovery when energy in the concentrate stream of 
the RO process is fully recovered. It makes sense because 
higher pressure or energy is required to squeeze water 
out of the membrane channel due to the higher salt con-
centration at higher recovery. Fig. 3(a) also showed the 
specifi c energy in crossfl ow RO system approaching to 
that of ideal RO for decreasing water recovery but devi-
ating signifi cantly from it with increasing water recov-
ery. It can be seen that the thermodynamic restriction 
only manifests itself as the controlling mechanism at 
high recoveries.

The specifi c energy for the RO system without energy 
recovery was presented in Fig. 3(b), also companied by 
the hypothetical mass transfer limited and thermody-
namic cases. Similarly, the graphs in Fig. 3(b) showed 
that mass transfer and thermodynamic restriction were 
separately the major controlling mechanisms at low 
and high recovery ends, respectively, and jointly for the 
intermediate recoveries. On the other side, the specifi c 
energy for the RO system without energy recovery is 
greater than that with complete energy recovery. For 
instance, the specifi c energy in the RO without energy 

Table 1
Default values of parameters used in simulations

Parameter Value 

Seawater RO membrane resistance 3 × 1011 Pa · s m−1

Brackish RO membrane resistance 1 × 1011 Pa · s m−1

Seawater feed salt concentration 34,500 mg l−1

Brackish feed salt concentration 5000 mg l−1

Osmotic pressure coeffi cient 73.9 Pa (mg l−1)−1

Fig. 2. The pressures determined inversely from Eq. (10) for a 
constant average permeate fl ux of 6.89 × 10−6 m s−1 in a RO with 
feed salt concentrations of: (1). 2500 mg l−1, (2). 5000 mg l−1,
(3). 7500 mg l−1, (4). 10,000 mg l−1, and (5). 12,500 mg l−1.

0

10

20

30

40

50

40% 50% 60% 70% 80% 90%

Recovery

1

2

3

4
5



C. Liu et al. / Desalination and Water Treatment 42 (2012) 295–303300

 

recovery doubles that with complete energy recovery at 
a water recovery of 50%. The specifi c energy in the RO 
system without energy recovery increases astonishingly 
as water recovery decreases from 50%. Obviously, there 
is a minimum in the specifi c energy for the RO system 
without energy recovery. It is interesting to note that the 
minimum specifi c energy occurs at different recoveries 
for the mass transfer limited, thermodynamic restricted, 
and the actual cases. The minimum occurs at 50% water 
recovery for the thermodynamic restricted case but 
slightly beyond 60% for the mass transfer case. The min-
imum specifi c energy of the actual RO occurs in a place 
that compromises with the two controlling mechanisms.

Permeate fl ux is an important performance indicator 
of RO desalination process. For a fi xed RO membrane 
resistance, the permeate fl ux is directly translated to the 
net driving pressure ΔPnet. The specifi c energy for seawa-
ter desalination at different net driving pressures (i.e., 
different permeate fl uxes) were calculated. The results 
were presented in Figs. 4(a) and 4(b), respectively, for 
RO systems with and without energy recovery from the 
concentrate stream.

The specifi c energies in the RO with full energy 
recovery from the concentrate stream increase with 
water recovery as shown in Fig. 4(a) while there were 
minimum specifi c energies for RO without energy recov-
ery from the concentrate stream as shown in Fig. 4(b).
Both Figs. 4(a) and 4(b) demonstrated that the magni-
tude of the net driving pressure (or the permeate fl ux 
level) has more profound impact on the specifi c energy 

at lower water recoveries. The reason is that when the 
RO system is working in the mass transfer regime, the 
total pressure is dominantly controlled by the net driv-
ing pressure. It can be also seen in both Figs. 4(a) and (b) 
that all the lines representing different net driving pres-
sure converge together as recovery increases to 70%. 
The behavior indicates that the total pressure in the 
RO system is determined by the thermodynamic state 
rather than by the net driving pressure when it is work-
ing in the regime of thermodynamic restriction. Fig. 4(b) 
also showed that the minimum specifi c energy shifted 
to the higher recovery end with increasing net driving 
pressure. Overall, the most energy effi cient RO systems 
without energy recovery from the concentrate stream 
should be operated at a recovery in the range of 50–60%.

3.2. Brackish desalination

Although brackish RO shares the same principles 
with the seawater RO, the behaviors of brackish RO 
can be quite different from those of seawater RO due 
to the signifi cant difference in salinity and driving 
pressure. For this reason, the specifi c energy for brack-
ish RO desalination was calculated for recoveries from 
40% to 90% for a fi xed permeate fl ux of 4.83 × 10−6 m s−1 
(10.23 gfd). The corresponding net driving pressure 
for such a average permeate fl ux is 4.8 bar (70 psi). The 
results were plotted in Fig. 5 with specifi c energies for 
the hypothetical mass transfer limited and thermody-
namic restricted cases, as well as the ideal RO. Similar to

Fig. 3. Specifi c energies for the mass transfer limited, thermodynamic restricted, and actual cases as functions of water recov-
ery in (a) a seawater RO system with full energy recovery from the concentrate stream and (b) a seawater RO system without 
energy recovery from the concentrate stream.
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the situation in seawater desalination, Figs. 5(a) and 5(b) 
showed that the specifi c energy for brackish desalina-
tion in principle is also governed jointly by the mass 
transfer and thermodynamic restriction mechanisms. 
However, the actual specifi c energy for brackish desali-
nation is slightly smaller than that of the hypothetical 
mass transfer case. The difference between the actual 
and mass transfer cases indicates that the mass transfer

controlled case is not a good approximation to the brack-
ish RO processes even for small recoveries. Rigorous 
solution to the inverse problem of Eq. (10) has to be used 
for a more accurate calculation of the specifi c energy in 
the brackish RO desalination systems.

The impact of the net driving pressure (average per-
meate fl ux) on the specifi c energy was also investigated 
for brackish RO systems and the results were presented 

Fig. 4. Specifi c energies for seawater desalination were plotted as functions of water recovery in (a) an RO system with full 
energy recovery from the concentrate stream and (b) an RO system without energy recovery from the concentrate stream. 
The net driving pressures are: (1) 6.89 bar (100 psi), (2) 10.3 bar (150 pis), (3) 13.8 bar (200 psi), (4) 17.2 bar (250 psi), and 
(5) 20.7 bar (300 psi).
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Fig. 5. Specifi c energies for the mass transfer limited, thermodynamic restricted, and actual cases as functions of water recov-
ery in (a) a brackish RO system with full energy recovery from the concentrate stream and (b) a brackish RO system without 
energy recovery from the concentrate stream.
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Fig. 6. Specifi c energies for brackish desalination were plotted as functions of water recovery in (a) a RO system with full 
energy recovery from the concentrate stream and (b) a RO system without energy recovery from the concentrate stream. The 
net driving pressures are: (1) 3.45 bar (50 psi), (2) 5.17 bar (75 psi), (3) 6.90 bar (100 psi), (4) 8.62 bar (125 psi), and (5) 10.3 bar 
(150 psi).
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in Figs. 6(a) and 6(b) for the RO systems with and with-
out energy recovery from the concentrate stream, respec-
tively. It was observed again in the brackish RO systems 
that the net driving pressure had a strong impact on the 
specifi c energy in a wide range of water recovery. The 
signifi cance of the net driving pressure on the specifi c 
energy diminished as water recovery approached to the 
region where thermodynamic restriction takes control. 
Fig. 6(b) also showed that the recovery where minimum 
specifi c energy occurs shifted from about 60% for the net 
driving pressure of 3.45 bar (50 psi) to about 75% for the 
net driving pressure of 10.3 bar (150 psi).

4. Conclusions

One of the key steps in quantifying energy consump-
tion in crossfl ow RO desalination process is to deter-
mine the driving pressure that is required for a given 
water recovery. It has been demonstrated in this work 
that the driving pressure in a crossfl ow RO channel can 
be determined by solving the inverse problem of the 
equation that was used originally to calculate water 
recovery from a given driving pressure. This task can 
be completed straightforward with the method of trial-
and-error.

The specifi c energy in the RO systems with concen-
trate energy recovery increases monotonically with the 
increasing recovery. It is almost equal to the specifi c 
energy in the ideal RO system at low water recoveries 
but departs substantially from the ideal RO as water 

recovery increases. The RO system without concen-
trate energy recovery usually has much higher specifi c 
energy at low water recoveries than the RO system with 
energy recovery under the same conditions. There is a 
minimum specifi c energy at a particular recovery in a 
RO system without concentrate stream energy recovery.

The specifi c energy in both RO systems with or with-
out concentrate energy recovery were controlled mainly 
by mass transfer mechanism at low water recoveries and 
limited by thermodynamic restriction at high recover-
ies. The net pressure to maintain a required permeate 
fl ux is a major contributor to the total energy consump-
tion at low recoveries when a RO process is obviously 
controlled by mass transfer mechanism. Its contribution 
to the total energy consumption reduces with increas-
ing recovery and become insignifi cant when thermody-
namic restriction takes over the control of the RO system.
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