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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 consumption 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
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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

Desalination 422 (2017) 182–193

K. Park et al.

Fig. 1. Schematic diagram of the DSARO process.
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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 decreasing 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 assisted reverse osmosis (DSARO) is proposed. In this process, a draw
solution, whose concentration is lower than that of seawater, was utilized 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 detailed 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 feasibility of the DSARO process with the best available membrane technology at the present time was discussed.

directly in the RO process [4,5]. In other words, the draw solution recovery 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 alternative process for seawater desalination. In addition, the FO system
for seawater desalination is a two-stage process, ﬁrst seawater desalination 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 singlestage 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 desalination by hybridization with the other technologies, and 2) wastewater treatment and reclamation. The former includes an indirect desalination FO system with an RO process [10–12], FO-crystallizationRO 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]. Compared to the conventional thermal process for desalination, e.g. multistaged 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 solution [20]. In the last case, the draw solution recovery process is unnecessary since the draw solution could be directly utilized as fertilizer.
Therefore, the concept of an osmotically driven process by draw solution 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
183
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2. Methods

2.2. Mathematical modeling

2.1. Description of the DSARO process

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]

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 osmotic 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 retentate 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 recycle 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 twostage 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 process. 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 theoretical minimum energy requirement as shown in Fig. 2. From these
features, the DSARO process could have a potential to become a lowcost 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.

Osmotic pressure

Draw solution
recovery process
in FO

ΔπRO,1st

Conventional
RO process

(2)

Nion CRT
Mw

(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]:

πF , m
J
= exp ⎛ w ⎞
πF , b
⎝k⎠

(AL‐FS mode)

πD, m
J
= exp ⎛− w ⎞
πD, b
⎝ k⎠

(AL‐DS mode)

k=

Sh⋅D
dh

d 0.33
Sh = 1.85 ⎛Re Sc h ⎞
L⎠
⎝
Sh = 0.04Re 0.75 Sc 0.33

(4)

(5)

(6)

(laminar flow)
(turbulent flow)

(7)
(8)

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 demands 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]:

ΔπFO,rec

Diluted draw solution

ΔπRO

Js = B (CD − CF )

π=

Diluted draw solution

1st RO process
in DSARO

(1)

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 estimated from the van't Hoﬀ equation:

FO process

Seawater

Jw = A (ΔP − Δπ )

2nd RO process
in DSARO

ΔπRO,2nd

Fresh water

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:

⎡C (x ) = CD, m at x = 0 ⎤ at AL‐FS
⎢C (x ) = CD, b at x = τt ⎥
⎦
⎣

(11)

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:

CD, m = CF ,m −

CF , m = CD,m −

τt
S
=
Dε
D

CF , m − CD, b exp(−Jw K )
1+

B
(exp(−Jw K )
Jw

− 1)

CD, m − CF , b exp(Jw K )
1−

B
(exp(Jw K )
Jw

− 1)

[Feed side, 1st RO module]
duF
J
=− w
dx
H
dCF
−Js + CF Jw
=
dx
uF H
−kfric μF uF
dPF
=
dx
H2

(15)

[Draw side, 1st RO module]
duD
J
= w
dx
H
dCD
J − CD Jw
= s
dx
uD H
−kfric μD uD
dPD
=
dx
H2

(16)

[Feed side, 2nd RO module]
du
J
=− w
dx
H
dC
−Js + CJw
=
dx
uH
−kfric μu
dP
=
dx
H2

(17)

(10)

⎡C (x ) = CF , m at x = 0 ⎤ at AL‐DS
⎢C (x ) = CF , b at x = τt ⎥
⎦
⎣

K=

Fig. 3. Concentration polarization in the DSARO process: (a) active
layer-feed solution mode (AL-FS mode), and (b) active layer-draw
solution mode (AL-DS mode).

(b)

(a)

at AL‐FS
(12)

at AL‐DS
(13)

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.

(14)

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.

2.3. 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]:

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 dependency 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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Fig. 4. Detailed schematic diagram of the DSARO process
showing pump requirements in each ﬂow stream: (a) 1st RO
process, and (b) 2nd RO process.
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expenditure (CAPEX) and operating expenditure (OPEX) [33]. CAPEX
includes the installation costs of process equipment, construction, engineering, 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].

(18)

(19)

(20)

(21)

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]:

PERD = ηERD (1 − rRO,1st )(PF − ΔPRO,1st − P0) + P0

ln(EPC ) = 58.054 + 0.939 × ln(CAP )
− 0.028 × YEAR + 0.830 × TYPE − 0.074 × REGION

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 consumption in the conventional RO and DSARO processes. The cost of
electricity can then be estimated as:

(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 energy consumption in the 2nd RO process.
The speciﬁc energy consumption (SEC) in the DSARO process can
now be calculated by using:

SEC =

OCelec = [ESWIP + EHPP + EBP + EDSCP ] × Denergy × Lf

(EHPP + EBP )2nd RO
Fp

(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]

(ESWIP + EHPP + EBP + EDSCP )1st RO
Fp
+

(24)

(23)

where Fp is the water production rate.

OCmemb . re = 0.2 × CCmemb

[SWRO module]

(26)

OCmemb . re = 0.1 × CCmemb

[BWRO module]

(27)

where CCmemb is the capital cost of membrane. The CCmemb can be estimated 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

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
186
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Table 1
Cost estimation model equations in this study.

Table 3
Variables/parameters classiﬁcation list.
Cost functions

CAPEX
Direct capital cost
EPC cost
Indirect capital cost
Freight & insurance rate during
construction
Owner's cost rate
Contingency rate
Construction overhead
OPEX
Cost of electricity
Membrane replacement cost
Spare parts replacement and insurance
cost
Chemical cost of product water
Labor cost

Reference

Equipment parameters

System design variables

Operation variables

Eq. (24)

[34]

5% of direct capital cost

[35,36]

Pump eﬃciency
ERD eﬃciency
Intake pump pressure
Water permeability
Salt permeability

Feed salinity
Water production rate
Plant life
Plant located region
Electricity unit cost

7.6% of direct capital
cost
10% of direct capital
cost
12.24% of direct capital
cost

[35,36]

Structure parameter
Membrane active area

Plant load factor
Interest rate
Construction year
Number of membrane
modules (series)
Number of membrane
modules (parallel)

Feed ﬂow rate
Draw ﬂow rate
Draw concentration
1st RO applied pressure
2nd RO applied
pressure
1st RO recovery
2nd RO recovery

[35,36]
[35,36]

Eq. (25)
Eqns. (26) and (27)
Eq. (28)

[31,32]
[32,37,38]
[36]

Eq. (29)
Eq. (30)

[35,36]
[35,36]

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 deﬁned.

water, and labor cost were obtained from [35,36,40]:

OCspare = 0.02 × direct capital cost

(28)

OCchem = 0.025 × Fp × Lf

(29)

OClabor = 0.05 × Fp × Lf

(30)

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 according 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.

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

TAC =

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.

i (i + 1)n
× CAPEX + (OCelec + OCmemb, re + OCspare + OCchem
(i + 1)n − 1
(31)

+ OClabor )

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

SWC =

TAC
Fp × Lf

(32)

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

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 arrangement in the 1st and 2nd RO processes (Np_1st, Np_2nd), feed linear
velocities in each process (uF, u), water permeabilities of the membranes (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 correlated 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].

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

Value

Feed salinity
Pump eﬃciency (ηpump)
ERD eﬃciency (ηERD)
Electricity unit cost (Denergy)
Plant load factor (Lf)
Intake pump pressure (PSWIP)
Plant life (n)
Interest rate (i)
Water production rate (Fp)
Construction year (YEAR)
Plant located region (REGION)

35,000 (ppm)
85 (%)
95 (%)
0.08 ($/kWh)
0.9 (−)
5 (bar)
20 (year)
0.06 (1/year)
3,650,000 (m3/year)
2017 (year)
0 (southern European countries)

Reference

[41,42]
[41,42]
[43]
[32]
[31]
[36]
[11]
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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 membrane 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 required applied pressure in the 1st RO process more signiﬁcantly.
However, in state-of-the-art membrane technology, the applied pressure 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 operation is the most similar to the DSARO process in terms of pressure application 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 assumed as the best available technology in the PRO process, and the
membrane characteristics are used as the base simulation conditions in
the following sections.

Finally, Np_1st, Np_2nd were determined to satisfy the target water production 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 determined 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 parameters 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 effect 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 concentration 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 located adjacent to the seawater feed stream, many particles in the seawater 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 effective osmotic pressure diﬀerence and the concentrations at the surface of membrane are shown in Fig. 6. In Figs. 6 (a) and (c), the effective 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 ALDS mode), and the bulk osmotic pressure diﬀerence (πF,b-πD,b) are
shown. The ICP, rather than the ECP, appearance accounts for a large

(a)

3.2. Energy consumptions and applied pressures in the DSARO process
As mentioned in Section 2.5, the independent and important variables were already selected. In this section, default values of the independent 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 decreases 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 approximately 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

(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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(b)

(a)

Structure parameter
with best available
technology in PRO

Structure parameter
with best available
technology in PRO

(d)

(c)

Structure parameter
with best available
technology in PRO

Structure parameter
with best available
technology in PRO

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.

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 requirement 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 applied 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 decreases; 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.

Table 4
Comparison of the characteristics of PRO membranes.
Membrane type
HTI-TFC
TNC
TNC
TFC
PEI-TFC
PES-TFC
TE-TFC
pTFC
mTFC

A value (m/(Pa·s))
− 12

6.92 × 10
3.42 × 10− 12
1.06 × 10− 11
9.22 × 10− 12
7.22 × 10− 12
9.17 × 10− 12
1.16 × 10− 12
1.47 × 10− 11
7.86 × 10− 12

S value (mm)

Max P (bar)

Reference

0.564
0.149
0.135
0.460
0.476
0.450
0.133
0.307
0.273

48
15.2
15.2
9
25
21
27.6
11.5
11.5

[48]
[49]
[49]
[50]
[51]
[52]
[47]
[53]
[53]

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 concentration 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
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(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.

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 conventional 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 conventional 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

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 decreasing the 1st RO recovery, the pressure load on the membrane could
be reduced. Even though the latest available technology in PRO membranes cannot yet meet the pressure requirements of the DSARO process, the process could become feasible when this technology does arrive. 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

(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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(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.

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

Conventional RO
process

$ 14,071,477

$ 16,135,191

$ 703,574

$ 806,760

$ 1,069,432
$ 1,407,148
$ 1,722,349

$ 1,226,275
$ 1,613,519
$ 1,974,947

$ 854,098
$ 197,001
$ 281,430

$ 669,613–$ 690,227
$ 451,785
$ 322,704

$ 82,125
$ 164,250

$ 82,125
$ 164,250

Annualized cost
TACC
TAC

$ 1,654,238
$ 3,233,141

SWC

$ 0.984

$ 1,896,848
$ 3,587,325–$
3,607,939
$ 1.092–$ 1.098

CAPEX
Direct capital cost
EPC cost
Indirect capital cost
Freight & insurance rate during
construction
Owner's cost rate
Contingency rate
Construction overhead
OPEX
Cost of electricity
Membrane replacement cost
Spare parts replacement and
insurance cost
Chemical cost of product water
Labor cost

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

than 500 ppm is classiﬁed as fresh water, the DSARO process is suitable
for desalination.

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 processes 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

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 assumed 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 statistical errors, the relative cost comparison could be signiﬁcantly unaﬀected 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
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(a)

(b)

Fig. 11. Sensitivity analysis on the (a) EPC cost ratio and (b) membrane replacement cost ratio related to the speciﬁc water production cost of the DSARO process.

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 estimation 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 desalination 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 process could be realized commercially in the near future.

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 operating 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 reasonable 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 increase 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 economic 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 enough 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.
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