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A B S T R A C T

In this study, a newly devised seawater desalination process, namely, the draw solution assisted reverse osmosis
(DSARO) process, is proposed. A mathematical model for the DSARO process was developed and energy con-
sumption and economic evaluation models were constructed to assess the feasibility of the DSARO process
compared to the conventional reverse osmosis (RO) process. This work presents a characterization of important
variables and the research on the effects of these variables. Compared to the conventional RO process, the
DSARO process could have a 10% lower specific water production cost. The operating pressures required to
reach 40% of overall recovery were approximately 35 bar in the 1st RO process, and 30 bar in the 2nd RO
process. Due to its operating pressure being lower than the conventional RO process, the capital and membrane
replacement costs could be reduced. The required conditions in the 1st RO membrane to drive the DSARO
process were that the membrane structure parameter must be lower than 0.13 mm, and the maximum operating
pressure should be higher than 35 bar. Even though these conditions are not available commercially at present,
they could be attained based on the best available membrane technology in the literature.

1. Introduction

Until now, forward osmosis (FO) has attracted many researchers to
investigate and analyze the potential of the FO process as an alternative
to the reverse osmosis (RO) process for seawater desalination [1–3].
Even though its characteristic of spontaneous water transport from

seawater to draw solution by osmotic pressure difference appears very
energy-efficient, the overall energy-efficiency in the system containing
draw solution recovery units cannot easily be lower than the RO
system. That is because the theoretical minimum energy demand to
separate fresh water from the draw solution in the FO process is
eventually higher than when separating water from the seawater
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directly in the RO process [4,5]. In other words, the draw solution re-
covery process in the FO system needs to be more energy-efficient than
the RO process to secure a competitiveness of the FO system as an al-
ternative process for seawater desalination. In addition, the FO system
for seawater desalination is a two-stage process, first seawater desali-
nation by the FO process, and then draw solution recovery by other
separation processes, such as RO or membrane distillation (MD) [6].
Since this two-stage process requires more equipment than a single-
stage process, the initial capital cost of the FO system could be higher
than the RO system. Thus, it is not easy for a stand-alone FO system to
be utilized as an alternative process for seawater desalination.

However, the concept of the FO process is still useful, and many
applications have been investigated to utilize the concept of FO process
efficiently [1,4,5,7–9]. There are two FO applications: 1) seawater de-
salination by hybridization with the other technologies, and 2) waste-
water treatment and reclamation. The former includes an indirect de-
salination FO system with an RO process [10–12], FO-crystallization-
RO hybrid process [13], FO-electrodialysis-RO hybrid process [14], and
FO with renewable energy [15,16]. Especially, FO coupled with
thermal separation process can utilize low-grade thermal energy which
cannot be an energy source in the conventional RO process, and enables
to separate highly saline water which cannot be usually treated by the
conventional RO process due to the pressure limitation [5,17]. Com-
pared to the conventional thermal process for desalination, e.g. multi-
staged flash (MSF), the FO coupled with thermal separation process can
reduce operating cost, power consumption, and fouling propensity
[17]. The latter comprises oily wastewater treatment [7,18], heavy
metal removal [19], and water reclamation with fertilizer as draw so-
lution [20]. In the last case, the draw solution recovery process is un-
necessary since the draw solution could be directly utilized as fertilizer.
Therefore, the concept of an osmotically driven process by draw solu-
tion can still be widely applied in various fields and applications.

The main obstacle of the seawater desalination process is its high
osmotic pressure (around 26 bar for 35 g/l seawater) [9]. In other
words, if the osmotic pressure in seawater could be reduced, the energy
consumption and water production cost in the seawater desalination

process could decrease significantly. In the conventional FO process,
the concentration of the draw solution is usually higher than that of
seawater so as to drive the FO process spontaneously by the osmotic
pressure difference. However, if the concentration of draw solution was
slightly lower than the seawater's, and the low concentration draw
solution was located on the draw solution side in the FO module with
the seawater on the feed solution side, the osmotic pressure difference
between these solutions would decrease significantly [21,22]. In this
case, water permeation could occur by applying a light pressure on the
feed solution. Therefore, a lower osmotic pressure difference requires a
lower operating pressure for an RO system. If the salt concentration of
seawater cannot be lowered, the relative osmotic pressure difference
can be lowered by applying a solution that has a higher concentration
than pure water, but lower than that of seawater. In other words, this
idea is a utilization of the concept of draw solution using different
method, not inducing spontaneous water molecules transfer, but de-
creasing the osmotic pressure difference. In this case, the RO module
has to be modified in a similar way to the pressure retarded osmosis
(PRO) module as the RO module must withstand a relatively high
pressure, and both solutions should be located across a semi-permeable
membrane.

In this study, a new desalination method, named draw solution as-
sisted reverse osmosis (DSARO) is proposed. In this process, a draw
solution, whose concentration is lower than that of seawater, was uti-
lized to reduce the osmotic pressure difference between the seawater
and the draw solution. Thus, an operating pressure lower than that of
the conventional RO process would be required to drive the DSARO
process. A mathematical model to describe the DSARO process was
developed and energy consumption and cost estimation models were
developed to assess the economic feasibility of the process, as compared
to the conventional RO process. Through a sensitivity analysis, a de-
tailed analysis was presented on cost ratios to calculate the DSARO
process from the desalination plant cost data. Finally, the required
conditions to realize the DSARO process were suggested, and the fea-
sibility of the DSARO process with the best available membrane tech-
nology at the present time was discussed.
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Fig. 1. Schematic diagram of the DSARO process.
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2. Methods

2.1. Description of the DSARO process

A schematic diagram of the DSARO process is shown in Fig. 1. The
process has two parts: seawater desalination from the 1st RO module,
and draw solution recovery from the 2nd RO module. First, a seawater
feed stream, which is assumed to be pre-treated seawater, is fed into the
feed side of the 1st RO module. The draw solution, whose concentration
is lower than that of seawater, is then placed on the draw side of the 1st
RO module. The draw solute is assumed to be sodium chloride in this
study. As the feed stream is pressurized by the high-pressure pump
before the 1st RO module, water molecules in the seawater feed stream
are permeated into the draw side of the 1st RO module. Since the os-
motic pressure difference between the seawater and the draw solution
is significantly lower than the osmotic pressure of the seawater itself,
the pressure requirement to drive the 1st RO process could be reduced
compared to the conventional RO process. The pressurized feed re-
tentate stream from the 1st RO module is fed into an energy recovery
device (ERD) to reclaim the pressure energy of the retentate feed
stream. After the ERD, the retentate feed stream is disposed of. The
draw solution is diluted through the 1st RO module due to the permeate
water flux. The diluted draw solution is then pumped and flows into the
2nd RO module to produce fresh water. The retentate stream from the
2nd RO module, which is the concentrated draw solution from the 2nd
RO module, is sent to a 2nd ERD for pressure recovery, and recycled
into the 1st RO module as the draw solution feed stream. With this
procedure, the overall process is established and the draw solution re-
cycle stream is completed.

The most remarkable feature of the DSARO process is that it can
change the high-pressure single-stage RO process to a low-pressure two-
stage process with assistance of the low concentration draw solution as
shown in Fig. 2. Therefore, it can obviate the need for equipment that
can withstand high-pressure operation, so the capital cost of the DSARO
process can be reduced compared to that of the conventional RO pro-
cess. In addition, high irreversible fouling propensity, which is the main
reason of membrane replacement costs, can be significantly alleviated.
So, it can reduce the operating costs of the DSARO process. Compared
to the FO process, the DSARO process would not increase the theore-
tical minimum energy requirement as shown in Fig. 2. From these
features, the DSARO process could have a potential to become a low-
cost seawater desalination process compared to the conventional RO
process. To assess the feasibility of the DSARO process as an alternative,
a mathematical model to describe the process should be developed, and
a cost-based analysis based on the model should also be performed with
the conventional RO process under same basis.

2.2. Mathematical modeling

2.2.1. Flux equations
The 1st RO process is similar to the FO process, and the 2nd RO

process is the same as the brackish water reverse osmosis (BWRO)
process. Thus, the flux equations in the DSARO process can be taken
from the generalized flux equations usually employed in the FO and RO
processes, expressed as [23–25]

= −J A ΔP Δπ( )w (1)

= −J B C C( )s D F (2)

where Jw is the water flux, Js is the salt flux, A is the water permeability,
B is the salt permeability, Δπ is the osmotic pressure difference, ΔP is
the applied pressure in the RO module, C is the concentration, and
subscripts D and F are the draw solution and feed solution, respectively.

The osmotic pressures in the draw and feed solutions were esti-
mated from the van't Hoff equation:

=π N CRT
M

ion

w (3)

where, R is the gas constant, T is the temperature, Nion is the ionization
number, and Mw is the molecular weight.

2.2.2. External concentration polarization (ECP)
External concentration polarization (ECP) took place in the 1st and

2nd RO processes due to water permeate flux in each process. It can be
expressed using the boundary layer film theory with mass transfer
coefficient as [23,26]:
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where k is the mass transfer coefficient, Sh is the Sherwood number, D is
the diffusivity, dh is the hydraulic diameter, Re is the Reynolds number,
Sc is the Schmidt number, L is the channel length, and subscripts m and
b are the membrane surface and the bulk solution, respectively.

2.2.3. Internal concentration polarization (ICP)
Since the water flux changes the solution concentrations at the

surface of the membrane, and the porous structure of the membrane
support layer hinders solute molecules from migrating freely within the
support layer, internal concentration polarization appears in the porous
support layer of the membrane as in the conventional FO process.
However, as shown in Fig. 3, the shape of the internal concentration
polarization (ICP) is quite different to the FO process, as the direction of
the water flux is opposite to that of the FO process. Nevertheless, the
ICP appearance negatively influences the energy consumption in the 1st
RO module, as the increased effective osmotic pressure difference de-
mands a higher applied pressure to produce water flux. Thus, the ICP
effect should be considered to correctly estimate energy consumption in
the DSARO process.

The ICP model was developed based on the solution-diffusion
theory. Assuming that salt rejection in the porous support layer consists
of two components, diffusion and convection terms, the ICP model can
be derived as [22,27,28]:
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Fig. 2. Illustration of theoretical osmotic pressure difference in the conventional RO,
DSARO, and FO processes.
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Boundary conditions for the 1st RO process are:
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where t is the thickness, τ is the tortuosity, and ε is the porosity of the
porous support layer. With these boundary conditions, Eq. (9) can be
solved to obtain equations that describe concentrations at the surface of
the membrane:
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After calculating the ECP at the surface of the active layer from Eqs.
(4) and (5), the effect of ICP can be determined from the membrane
characteristics, salt diffusivity, salt permeability, and water flux. Since
the concentrations at the surface of the membrane are required to
calculate the water flux as seen in Eq. (1), the model's equations are
implicitly coupled. Thus, it should be carefully solved iteratively and
numerically.

2.2.4. Mass and momentum balance equations
The mass and momentum balance equations along the membrane

length are described with assumptions that the temperature de-
pendency of density, the volume of solute in the solution, and the solute
diffusion in an axial direction can be neglected [24,29,30]:
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where, u is the linear velocity, kfric is the friction coefficient, μ is the
viscosity, and H is the channel height. The flow direction in the 1st RO
module was assumed as counter-current. Thus, a shooting method was
employed to simulate counter-current flow in the 1st RO module.

2.3. Energy consumption model

In the DSARO process, most of the energy is required to drive
pumps. As shown in Fig. 4, there are several pumps required to operate
the DSARO process: the seawater intake pump, high-pressure pump,
booster pump, and the draw solution circulating pump. In this study, it
is assumed that all of the pumps have same efficiency, and friction
losses through pipelines are negligible. The energy consumption of the
pumps can be calculated from the pressure requirements and flow rates
of the inlet streams to each pump.

In the 1st RO process, four different pumps are required to drive the
process. The energy consumption for each pump can be given as
[31,32]:
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where, PSWIP is the pressure requirement in the seawater intake pump,
ηpump is the pump efficiency, F is the volumetric flow rate, P0 is the
ambient pressure, PERD is the pressure of the feed stream after ERD,
ΔPRO,1st is the pressure drop in the 1st RO module, and subscript reten is
the retentate stream of seawater feed after the 1st RO module. The
ΔPRO,1st can be calculated from the balance equations in section 2.2.4.
The PERD was estimated by [13]:

= − − − +P η r P ΔP P P(1 )( )ERD ERD RO st F RO st,1 ,1 0 0 (22)

where, ηERD is the ERD efficiency and rRO,1st is the recovery of the 1st
RO module.

In the 2nd RO process, the energy calculation method is the same as
that of the 1st RO process except the fact that the seawater intake pump
and draw solution circulating pump are not included in the 2nd RO
process. Thus, Eqs. (19) and (20) can be employed to estimate the en-
ergy consumption in the 2nd RO process.

The specific energy consumption (SEC) in the DSARO process can
now be calculated by using:

= + + +

+ +

E E E E
F

E E
F

SEC ( )

( )

SWIP HPP BP DSCP

p

HPP BP nd RO

p

1st RO

2

(23)

where Fp is the water production rate.

2.4. Cost estimation model

A cost estimation model is required to assess the feasibility of a new
process by comparing water production costs of the new process with
that of a conventional process. The model usually comprises capital

expenditure (CAPEX) and operating expenditure (OPEX) [33]. CAPEX
includes the installation costs of process equipment, construction, en-
gineering, procurement, and contingency costs at the start of plant
construction. OPEX is operating and maintenance costs for continuous
and sustainable operation of the plant.

CAPEX can be divided into direct and indirect capital costs. The
direct capital cost is usually estimated from cost data collected from
already-constructed desalination plants worldwide. To calculate the
engineering-procurement construction (EPC) cost for an RO plant,
which is considered to be a direct capital cost, a statistical model was
employed in this study [34].

= + ×
− × + × − ×

EPC CAP
YEAR TYPE REGION

ln( ) 58.054 0.939 ln( )
0.028 0.830 0.074 (24)

where, CAP is the capacity of the RO plant, YEAR is the construction
year, TYPE is the type of the RO plant, TYPE= 1 and 0 for seawater
reverse osmosis (SWRO) and BWRO, respectively, and REGION is where
the plant is located, REGION = 1 and 0 for Gulf Cooperation Council
and southern European countries, respectively. The indirect capital cost
was estimated as a function of direct capital cost as shown in Table 1
[35,36].

The OPEX includes the cost of electricity, membrane replacement,
labor, spares, and chemical treatment [35,36]. The mathematical
models described above were utilized to estimate the electricity con-
sumption in the conventional RO and DSARO processes. The cost of
electricity can then be estimated as:

= + + + × ×OC E E E E D L[ ]elec SWIP HPP BP DSCP energy f (25)

where, Denergy is the electricity unit cost, and Lf is the plant load factor.
The membrane replacement cost is changed according to the applied
pressure, as high applied pressure leads to more irreversible fouling.
Thus, the membrane replacement cost can be estimated from the capital
cost of membranes [32,37,38]

= ×OC CC0.2 [SWRO module]memb re memb. (26)

= ×OC CC0.1 [BWRO module]memb re memb. (27)

where CCmemb is the capital cost of membrane. The CCmemb can be es-
timated as a percentage of the total direct capital cost. According to
[39], the capital cost of membranes was estimated at approximately
14% of the total direct capital cost. The spare parts replacement and
insurance cost for sustainable operation, chemical cost of product
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water, and labor cost were obtained from [35,36,40]:

= ×OC 0.02 direct capital costspare (28)

= × ×OC F L0.025chem p f (29)

= × ×OC F L0.05labor p f (30)

The total annualized cost (TAC) was calculated as the sum of the
total annualized capital cost (TACC) and OPEX. The TACC can be cal-
culated by using an amortization factor, which determines the TACC
from CAPEX by taking into account the plant lifespan and interest rate
[32].

= +
+ −

× + + + +

+

i i
i

OC OC OC OC

OC

TAC ( 1)
( 1) 1

CAPEX (

)

n

n elec memb re spare chem

labor

,

(31)

Finally, specific water production cost (SWC) was calculated by:

=
×F L

SWC TAC
p f (32)

The parameters used in the cost and energy consumption estimation
models are summarized in Table 2.

2.5. Important variable/parameter selection

There are many variables and parameters in the DSARO process;
therefore, they should be classified according to their influences on the
process in order to simplify the analysis and discussion. Some variables
are dependent on other variables, and some variables should be fixed to

simplify the energy and cost analysis. In this section, variables and
parameters are classified according to their nature, and the important
variables and parameters are identified. The remaining variables were
either fixed or their relationship with independent variables was de-
fined.

2.5.1. Variable/parameter classification
As shown in Table 3, the variables and parameters are classified into

three groups; first, equipment parameters which are determined ac-
cording to characteristics of each equipment, second, system design
variables which are fixed at the stage of plant construction, and third,
operation variables which can be changed in operation.

2.5.2. Important variables and parameters
The important and independent variables in the DSARO process are

the concentration of draw solution (Cdraw), volumetric flow rate ratio in
the 1st RO process (Qdraw/Qfeed), and membrane structure parameter
(S). The Cdraw can change the osmotic pressure difference, so the energy
consumption of the DSARO process can be significantly changed by the
Cdraw. With a fixed recovery ratio of the 1st RO, rec1st, the effluent
stream concentration of the draw solution can be varied by Qdraw/Qfeed.
The Qdraw would change the pumping energy in the 2nd RO process,
which is why Qdraw/Qfeed was selected as an important variable. Finally,
the degree of ICP is directly affected by the S parameter. As the ICP
influences the increment of the effective osmotic pressure difference,
the S parameter is important in determining the applied pressure in the
1st RO process.

2.5.3. Fixed variables and parameters
To simplify the analysis of the DSARO process in this study, some

variables and parameters, which are less important, should be fixed. For
this study, the numbers of series module arrangement in the 1st and
2nd RO processes (Ns_1st, Ns_2nd), the numbers of parallel module ar-
rangement in the 1st and 2nd RO processes (Np_1st, Np_2nd), feed linear
velocities in each process (uF, u), water permeabilities of the mem-
branes (A1st, A2nd), salt permeabilities of the membranes (B1st, B2nd),
and the recovery of the 1st RO module (rec1st), were fixed based on
references. Since these variables and parameters are generally corre-
lated with the capital cost estimation of the process that was already
conducted based on the plant cost data, they can be fixed as normal
operating data in the conventional RO process. The rec1st and the
numbers of series module arrangement in a single pressure vessel were
assumed as 40–45% and 5–7, respectively [44], and, the membrane
module was assumed to be an 8-in spiral-wound type. The water and
salt permeabilities in the SWRO and BWRO modules, made by Dow
Chemical, were employed in this study [45], and these values were
selected according to the applied pressure conditions. The uF and u were
fixed at 0.15 m/s to keep the feed flow rate within the flow-rate range
specification provided by the membrane module manufacturer [46].

Table 1
Cost estimation model equations in this study.

Cost functions Reference

CAPEX
Direct capital cost
EPC cost Eq. (24) [34]
Indirect capital cost
Freight & insurance rate during

construction
5% of direct capital cost [35,36]

Owner's cost rate 7.6% of direct capital
cost

[35,36]

Contingency rate 10% of direct capital
cost

[35,36]

Construction overhead 12.24% of direct capital
cost

[35,36]

OPEX
Cost of electricity Eq. (25) [31,32]
Membrane replacement cost Eqns. (26) and (27) [32,37,38]
Spare parts replacement and insurance

cost
Eq. (28) [36]

Chemical cost of product water Eq. (29) [35,36]
Labor cost Eq. (30) [35,36]

Table 2
Parameters of the cost and energy consumption estimation models.

Parameter Value Reference

Feed salinity 35,000 (ppm)
Pump efficiency (ηpump) 85 (%) [41,42]
ERD efficiency (ηERD) 95 (%) [41,42]
Electricity unit cost (Denergy) 0.08 ($/kWh) [43]
Plant load factor (Lf) 0.9 (−) [32]
Intake pump pressure (PSWIP) 5 (bar) [31]
Plant life (n) 20 (year) [36]
Interest rate (i) 0.06 (1/year) [11]
Water production rate (Fp) 3,650,000 (m3/year)
Construction year (YEAR) 2017 (year)
Plant located region (REGION) 0 (southern European countries)

Table 3
Variables/parameters classification list.

Equipment parameters System design variables Operation variables

Pump efficiency Feed salinity Feed flow rate
ERD efficiency Water production rate Draw flow rate
Intake pump pressure Plant life Draw concentration
Water permeability Plant located region 1st RO applied pressure
Salt permeability Electricity unit cost 2nd RO applied

pressure
Structure parameter Plant load factor 1st RO recovery
Membrane active area Interest rate 2nd RO recovery

Construction year
Number of membrane
modules (series)
Number of membrane
modules (parallel)
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Finally, Np_1st, Np_2nd were determined to satisfy the target water pro-
duction rate.

The dependent variables, which are automatically determined if all
of the independent variables are fixed, were the recovery of the 2nd RO
process (rec2nd), applied pressure in the 1st RO module (ΔP1st), and
applied pressure in the 2nd RO module (ΔP2nd). The rec2nd is de-
termined under the assumption that the amount of water recovered in
the 1st RO module should be recovered in the 2nd RO module to
complete the recycle stream of draw solution. After rec1st and rec2nd
were fixed, the applied pressures in each process could be obtained if
the number of series arrangements in each module, volumetric flow
rate, and water permeability of the membrane were determined.

3. Results and discussion

3.1. Effect of concentration polarization with different draw concentrations
and structure parameter

As described in Section 2, concentration polarization negatively
affects the applied pressure by increasing the effective osmotic pressure
difference. The bulk and effective osmotic pressure differences with
changing draw solution concentrations and membrane structure para-
meters in the 1st RO module are shown in Fig. 5. The applied pressure
in this simulation was fixed at 40 bar. The effective osmotic pressure
difference increases significantly as the membrane structure parameter
increases. Even though the bulk osmotic pressure difference is very low
at 30 g/l of draw solution concentration, a large ICP effect would make
the draw solution ineffective. Thus, the concentration polarization ef-
fect should be minimized to utilize the concept of the DSARO process
efficiently. The simulation results also revealed that the membrane
orientation in the AL-FS mode is more efficient in terms of concentra-
tion polarization than the AL-DS mode, due to a lower concentration
polarization in the AL-FS mode. The AL-FS mode is usually applied in
the seawater desalination process as, if the porous support layer is lo-
cated adjacent to the seawater feed stream, many particles in the sea-
water could be trapped in the support layer. Considering these factors,
the AL-FS mode is suitable for the DSARO process.

To analyze the concentration polarization effect in more detail, the
draw solution concentration is fixed at 30 g/l, and the amount of ef-
fective osmotic pressure difference and the concentrations at the sur-
face of membrane are shown in Fig. 6. In Figs. 6 (a) and (c), the ef-
fective osmotic pressure difference (πF,m-πD,m), the effective osmotic
pressure difference with no ICP (πF,b-πD,m in AL-FS and πF,m-πD,b in AL-
DS mode), and the bulk osmotic pressure difference (πF,b-πD,b) are
shown. The ICP, rather than the ECP, appearance accounts for a large

percentage of the effective osmotic pressure increase. As can be seen in
Figs. 6 (b) and (d), the ICP effect is reduced by decreasing the mem-
brane structure parameter. Even if the best available PRO membrane
technology could be utilized in the DSARO process, the impact of the
ICP effect remains high. It is therefore seen that membranes with a
smaller structure parameter should be developed to decrease the re-
quired applied pressure in the 1st RO process more significantly.
However, in state-of-the-art membrane technology, the applied pres-
sure in the 1st RO process could be considerably reduced, and will be
discussed in the following sections.

Table 4 shows the membrane parameters and maximum endurable
pressure in PRO membranes from recent literature. As the PRO opera-
tion is the most similar to the DSARO process in terms of pressure ap-
plication and utilization of draw solution, the membrane development
status in the PRO process can be a barometer for the applicability in the
DSARO process. The S parameter has decreased by approximately
0.13 mm, and the maximum endurable pressure of the membrane is
reported as 27.6 bar [47]. Thus, in this study, this membrane is as-
sumed as the best available technology in the PRO process, and the
membrane characteristics are used as the base simulation conditions in
the following sections.

3.2. Energy consumptions and applied pressures in the DSARO process

As mentioned in Section 2.5, the independent and important vari-
ables were already selected. In this section, default values of the in-
dependent variables were fixed at 30 g/l for Cdraw, 1 for Qdraw/Qfeed, and
1.3 × 10−4 m for S. By changing these variables, the effect of these
variables on the applied pressures and specific energy consumption in
the DSARO process can be calculated.

3.2.1. Effect of draw solution concentration (Cdraw)
As shown in Fig. 7, increasing the draw solution concentration de-

creases the pressure requirement in the 1st RO process, while increasing
that of the 2nd RO process. When increasing rec1st from 40% to 45%,
the applied pressure in the 1st RO process increases by approximately
5 bar. On the other hand, the pressure requirements in the 2nd RO
process are almost the same, so the lines representing applied pressure
in the 2nd RO process in Fig. 7 (a) overlap. At 30 g/l of draw solution
concentration, the applied pressures in the 1st RO process are ap-
proximately 40 bar with 45% recovery, and 36 bar with 40% recovery.
In the 2nd RO process, approximately 30 bar pressure is required for
both the 45% and 40% recoveries. Thus, the DSARO process can be
operated under 40 bar condition when the draw solution concentration
is 30 g/l and rec1st is 40%. The importance of this condition will be

(a) (b)

Fig. 5. Bulk and effective osmotic pressure differences when changing the concentration of draw solution and membrane structure parameter in the 1st RO module: (a) AL-FS mode, and
(b) AL-DS mode.
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discussed in later.
Specific energy consumption is also changed by the draw solution

concentration. Since the applied pressures are changed in both the 1st
and 2nd RO processes, specific energy consumptions in each process
change with the same trends. The overall SEC increases slightly with
increasing draw solution concentration. Therefore, as the draw solution
concentration increases, the overall SEC increases slightly, but the
pressure in the 1st RO process could be reduced.

3.2.2. Effect of flow rate ratio (Qdraw/Qfeed)
A smaller flow rate ratio implies that the draw solution concentra-

tion in the 1st RO module would change more significantly, compared
to a larger flow rate ratio at the same 1st RO recovery, and it makes the

applied pressure in the 1st RO process increase to obtain the required
1st RO recovery. Despite this disadvantage, a lower concentration of the
effluent draw solution from the 1st RO process has lower osmotic
pressure, which might reduce the pressure requirement in the 2nd RO
process. In addition, the smaller flow rate could reduce the energy re-
quirement in the high-pressure pump. However, it should be considered
that the recovery of the 2nd RO process should be higher to obtain the
same amount of water permeated in the 1st RO process. The higher
recovery might increase the applied pressure in the 2nd RO process. In
other words, these factors are all coupled and adversely affect the ap-
plied pressure. Therefore, the simulation should be carried out to
identify how the overall results of applied pressure and specific energy
consumption would be changed.

As shown in Fig. 8, the applied pressure in the 1st RO process de-
creases; however, after a certain point, increases slightly as the flow
rate ratio increases, due to a higher pressure drop in the 1st RO module
with the higher draw solution velocity. Thus, there is a minimum point
of flow rate ratio between 0.8 and 1.0. The applied pressure in the 2nd
RO process stays approximately the same regardless of the flow rate
ratio. As mentioned above paragraph, the counter-affecting factors lead
to the almost same pressures in the 2nd RO process.

The SEC graph shows that a higher flow rate ratio increases overall
SEC regardless of the 1st RO recovery. However, considering that a
lower flow rate ratio results in considerably higher applied pressure in
the 1st RO process, a flow rate ratio of approximately 0.8 would be
appropriate.

Structure parameter 
with best available 
technology in PRO

Structure parameter 
with best available 
technology in PRO

Structure parameter 
with best available 
technology in PRO

Structure parameter 
with best available 
technology in PRO

(a) (b)

(c) (d)

Fig. 6. Effects of ICP and ECP appearances on osmotic pressure differences and concentrations at different membrane structure parameters: (a) bulk and effective osmotic pressure
differences in the AL-FS mode, (b) bulk and membrane surface concentrations in the AL-FS mode, (c) bulk and effective osmotic pressure differences in the AL-DS mode, and (d) bulk and
membrane surface concentrations in the AL-DS mode.

Table 4
Comparison of the characteristics of PRO membranes.

Membrane type A value (m/(Pa·s)) S value (mm) Max P (bar) Reference

HTI-TFC 6.92 × 10−12 0.564 48 [48]
TNC 3.42 × 10−12 0.149 15.2 [49]
TNC 1.06 × 10−11 0.135 15.2 [49]
TFC 9.22 × 10−12 0.460 9 [50]
PEI-TFC 7.22 × 10−12 0.476 25 [51]
PES-TFC 9.17 × 10−12 0.450 21 [52]
TE-TFC 1.16 × 10−12 0.133 27.6 [47]
pTFC 1.47 × 10−11 0.307 11.5 [53]
mTFC 7.86 × 10−12 0.273 11.5 [53]
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3.2.3. Effect of membrane structure parameter (S)
A smaller membrane structure parameter can reduce the effect of

ICP, but, if it is too low, the membrane would not withstand the high
applied pressure. This simulation analysis will determine how much the
applied pressure should be resisted with different membrane structure
parameters to operate the DSARO process for a seawater desalination
system.

As the structure parameter decreases, a lowered ICP effect could
reduce the required pressure in the 1st RO process. The structure
parameter should decrease below 0.12 mm to obtain less than 40 bar of
pressure in the 1st RO process with a 45% recovery. Even considering
state-of-the-art membrane technology, this type of membrane, which is
very thin and strong, cannot be easily manufactured. However, by de-
creasing the 1st RO recovery, the pressure load on the membrane could
be reduced. Even though the latest available technology in PRO mem-
branes cannot yet meet the pressure requirements of the DSARO pro-
cess, the process could become feasible when this technology does ar-
rive. In such cases, the analysis of this section could be utilized.

The SEC graph in Fig. 9 (b) shows that the energy efficiency would
be enhanced if a thinner membrane were available. With a membrane
structure parameter of 0.13 mm, the overall SEC is 3.25 kWh/m3.

3.2.4. Comparison with the conventional RO process
To compare the applied pressure and SEC of the DSARO process

with those of the conventional RO process, an RO process simulation
was conducted for the same conditions. As shown in Fig. 10, the applied
pressure in the conventional RO process is approximately 60–65 bar,
and the SEC 2.55–2.63 kWh/m3. Even though the SEC of the conven-
tional RO process is lower than that of the DSARO process, the pressure
requirement is more than 20 bar higher. The main reasons why the
energy consumption of the DSARO process is higher than the conven-
tional RO process are ICP appearance in the 1st RO module and two
times of ECP appearance, as opposed to once in the conventional RO
process. In addition, the draw solution circulating pump in the DSARO
process requires electricity. Because of this, the energy efficiency of the
DSARO process is lower, but it can be operated in a lower pressure
range than the conventional RO process. Therefore, the installation cost
and membrane replacement cost of the DSARO process would be lower
than that of the conventional RO process, but the cost of electricity
would be greater. The detailed analysis will be conducted in a later
section.

Fresh water quality is also important factor to confirm whether the
proposed process is feasible or not for desalination. Even though the
BWRO membrane which has higher salt permeability than the SWRO
membrane is utilized in 2nd RO process, the fresh water quality in the
DSARO process is shown as 300–370 ppm by changing recovery from
40% to 45%. The conventional RO process shows 200–300 ppm of
water quality. Since water which contains total dissolved solids less

(a) (b)

Fig. 7. Effects of draw solution concentration on (a) applied pressures, and (b) specific energy consumptions, of each RO stage in the DSARO process.

(a) (b)

Fig. 8. Effects of flow rate ratio on (a) applied pressures, and (b) specific energy consumptions, of each RO stage in the DSARO process.
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than 500 ppm is classified as fresh water, the DSARO process is suitable
for desalination.

3.3. Cost estimation and sensitivity analysis for feasibility study of the
DSARO process

With the developed cost estimation model above, cost estimation
was carried out to compare the DSARO process with the conventional
RO process. In this study, the capital cost of the DSARO process is as-
sumed as the sum of the costs of two BWRO processes in sequence, as
the operating pressure of the DSARO is similar to that of the BWRO
[43]. The cost breakdown data and SWC are listed in Table 5. The cost
variation in the cost of electricity is due to the RO recovery change from
40% to 45%. A fixed TAC in the DSARO process is because the SEC of
the DSARO process is almost same within the overall recovery range
(40–45%). Even though each cost estimation result would contain sta-
tistical errors, the relative cost comparison could be significantly un-
affected by statistical errors by using same basis for cost estimation.
Thus, the relative cost comparison is utilized for cost-based feasibility
study.

Compared to the conventional RO process, the DSARO process has a
10% lower SWC. In more detail, the DSARO process has a 13% lower
CAPEX and a 7% lower OPEX than the conventional RO process. Even

though the electricity cost of the DSARO process is 27% higher than
that of the conventional RO process, the larger amount of membrane
replacement cost saving compensates for this. The reduction in the SWC
of the DSARO process is mostly based on the lower operating pressure,
which was assumed to be in the pressure range of the BWRO process.

However, the cost estimation method is based on the ratios of EPC
cost and membrane capital cost in Eqns. (24) and (27). If the cost ratios
in the actual DSARO process were changed, the SWC of the DSARO
process would be changed. A sensitivity analysis was performed by
changing the EPC cost ratio between the DSARO and the BWRO pro-
cesses and changing the membrane replacement cost ratio from 0.1
(BWRO) to 0.2 (SWRO) to determine the impact of the cost ratios on the
SWC. The default values were 2 for the EPC cost ratio and 0.1 for the
membrane replacement cost ratio in the above cost estimation.

As shown in Fig. 11, the sensitivity analysis reveals how much the
SWC could be affected by each cost ratio. As the EPC cost ratio increases
while fixing the membrane replacement cost ratio as 0.1, the SWC of
the DSARO process becomes higher, and is more than the conventional
RO process cost if the EPC cost ratio was higher than 2.35. When the
membrane replacement cost ratio increases from 0.1 to 0.2 with a fixed

(a) (b)

Fig. 9. Effects of membrane structure parameter on (a) applied pressures, and (b) specific energy consumption, of each RO stage in the DSARO process.

Fig. 10. Applied pressure and specific energy consumption in the conventional RO pro-
cess by changing RO recovery.

Table 5
Cost breakdown data of DSARO and conventional RO processes with recovery (40–45%).

DSARO process Conventional RO
process

CAPEX
Direct capital cost
EPC cost $ 14,071,477 $ 16,135,191
Indirect capital cost
Freight & insurance rate during

construction
$ 703,574 $ 806,760

Owner's cost rate $ 1,069,432 $ 1,226,275
Contingency rate $ 1,407,148 $ 1,613,519
Construction overhead $ 1,722,349 $ 1,974,947

OPEX
Cost of electricity $ 854,098 $ 669,613–$ 690,227
Membrane replacement cost $ 197,001 $ 451,785
Spare parts replacement and

insurance cost
$ 281,430 $ 322,704

Chemical cost of product water $ 82,125 $ 82,125
Labor cost $ 164,250 $ 164,250

Annualized cost
TACC $ 1,654,238 $ 1,896,848
TAC $ 3,233,141 $ 3,587,325–$

3,607,939
SWC $ 0.984 $ 1.092–$ 1.098
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EPC cost ratio of 2, the cost saving compared to the conventional RO
process drops from 10% to 5%, which is still lower than the SWC of the
conventional RO process. Thus, the EPC cost ratio has a higher impact
on the SWC of the DSARO process.

3.4. Required conditions for the DSARO process feasible

The most important factor in efficiently utilizing the DSARO process
is the operating pressure in the 1st and 2nd RO processes. If the oper-
ating pressure is greater than the pressure range of the BWRO process,
the EPC cost would increase significantly and the economic feasibility
of the DSARO process would be weakened. Even though the maximum
operating pressure in the BWRO process has been reported as 41 bar
[43], an operating pressure no greater than 35 bar would be a rea-
sonable pressure condition. In the above results, the DSARO process can
be operated at approximately 35 bar in the 1st RO process and 30 bar in
the 2nd RO process, with 40% overall recovery. Even though the overall
recovery is slightly lower than the conventional RO process, the in-
crease in recovery raises the pressure requirement in the 1st RO process
up to 41 bar, which is not suitable to effectively operate the DSARO
process. Therefore, the best conditions of the DSARO process for eco-
nomic feasibility would be approximately 40% recovery and 35 bar.

Additionally, a thin and strong membrane should be developed.
With the current best available membrane technology, a membrane
with a 0.133 mm structure parameter and a maximum pressure of
27.6 bar has been reported. The membrane structure parameter is en-
ough to drive the DSARO process as analyzed above, but the maximum
operating pressure is lower than the required pressure value (35 bar).
Thus, if the membrane could withstand more than 35 bar, and its price
be reasonable, the membrane could be utilized in the DSARO process. If
these conditions were satisfied, the SWC of the DSARO process would
become 10% lower than that of the conventional RO process, and it
would be a cost-efficient alternative method for seawater desalination.

4. Conclusions

This study proposes a new process, named draw solution assisted
reverse osmosis (DSARO) process. The DSARO process utilizes a draw
solution not to induce spontaneous water molecules transfer by high
concentration draw solution, but to decrease osmotic pressure differ-
ence by low concentration draw solution. Thus, the DSARO process can
decrease the high-pressure requirement in the conventional RO process
by utilizing a two-stage low-pressure RO process. A mathematical
model and cost estimation model were developed to determine the
amount of water permeation and required pressure in the DSARO

process. The results showed that even though the applied pressure is
higher than the bulk osmotic pressure difference due to concentration
polarization, it could be reduced to approximately 35 bar in the 1st RO
process and 30 bar in the 2nd RO process. Although the specific energy
consumption is higher than the conventional RO process, the cost es-
timation results revealed that the specific water production cost of the
DSARO process is 10% lower than that of the conventional RO process.
The sensitivity analysis showed that the EPC cost ratio is the most
critical factor in terms of economic feasibility of the DSARO process,
and it could be a more cost-effective technology in seawater desalina-
tion if the EPC cost ratio was lower than 2.35. The DSARO process could
be feasible if the membrane had a structure parameter lower than
0.13 mm, and a maximum operating pressure higher than 35 bar.
Considering the best available membrane technology, the DSARO pro-
cess could be realized commercially in the near future.
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