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ABSTRACT

The forward osmosis (FO) and reverse osmosis (RO) hybrid process uses seawater and
wastewater treatment plant effluent as the FO draw solution and feed water, respectively,
and the diluted seawater by FO is used as the RO feed water resulting in the less energy
consumption than the conventional seawater reverse osmosis applications. This work devel-
oped an optimal design approach of the hybrid process by finding the optimal RO recovery
and FO permeate flow rate. The optimized RO recovery (e.g. 38.5-66.7% according to the
FO permeate flow rate) determined by solving an optimization problem based on the mass
balance in the FO-RO hybrid process, minimizes the RO energy consumption
(1.86-3.49 kWh/m® at 25°C and 2.41-3.86 kWh/m® at 5°C). The RO energy consumption
decreases as the RO recovery increases until it reaches an optimal value. The optimal FO
permeate flow rate can be defined with three different perspectives: (1) to minimize the RO
energy consumption, (2) to minimize the RO feed flow rate, and (3) to minimize the
environmental impacts of the concentrate discharge. Thus, the optimal FO permeate flow
rate should be determined based on the weights of the three perspectives. The energy
saving achieved by the optimal design approach in this work ranges from 37.6 to 46.7%
according to the temperature.
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1. Introduction

The continuous population growth has consider-
ably raised concerns on the sustainability of water and
energy resources [1]. Due to water shortage, seawater
is considered as a potential alternative water source
and it is important to meet the increasing water
demand at low energy cost. In fact, water and energy

*Corresponding author.

are closely linked together since water production
needs energy and vice versa [2]. Various desalination
technologies have been developed over the years such
as thermal distillation, membrane, freezing, and elec-
trodialysis. Among these desalination technologies,
reverse osmosis (RO) process is dominant in the cur-
rent market due to its relatively low cost and simplic-
ity [3]. It has been improved to reduce the energy
consumption and to increase salt and boron rejection
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[4,5], but the minimum energy consumption is still
limited to a range of 3-5 kWh/m? (energy consump-
tion in kWh per unit fresh water production in cubic
meters) [6].

As one of efforts to decrease desalting energy,
forward osmosis (FO) is being investigated through
laboratory and pilot tests [7,8]. The driving force in FO
process is the osmotic pressure difference between feed
and draw solution, and this process offers many advan-
tages such as lower energy cost, significantly lower
membrane fouling potential, easier fouling removal,
and higher water recovery [9-13]. Kravath and Davis
investigated desalination of Atlantic Ocean seawater by
FO using cellulose acetate flat sheet and hollow fiber
membranes and glucose solution as a draw solution
[14]. Kessler and Moody modeled and tested similar
applications of FO for seawater desalination [15]. The
research group led by Elimelech at Yale University has
constructed an FO pilot desalination plant using a con-
centrated draw solution of dissolved ammonia and car-
bon dioxide gases to draw seawater through the FO
membrane. Freshwater can then be recovered from the
diluted draw solution by heating it to 58°C so that
ammonia and carbon dioxide are captured out of the
diluted draw solution [16-18]. Recently, FO process has
attracted growing attention in not only seawater desali-
nation, but also many potential applications such as
power generation, wastewater treatment (e.g. osmotic
membrane bioreactor), food processing, and microalgae
harvesting [19-23].

Unlike RO, FO needs a draw solution recovery
process to re-concentrate the draw solution by separat-
ing the product water from the diluted draw solution.
Candidates for the draw solution recovery process are
thermal separation, membrane separation, precipita-
tion, combined processes, irrigation, and desert
restoration [24]. Several hybrid FO systems with vari-
ous draw solution recovery processes have been
developed for seawater and brackish water desalina-
tion, wastewater treatment or both [25].

Among various hybrid FO systems for seawater
desalination, this study focused on the membrane-
based hybrid systems such as the FO-RO hybrid pro-
cess, which was firstly utilized by Cath et al. [26].
Using RO as a draw solution recovery is advantageous
than a heating process, which needs waste heat to
meet the economic feasibility. In the FO-RO hybrid
process for seawater desalination, seawater and
wastewater treatment plant (WWTP) effluent are used
as draw solution and feed for FO, respectively, and
the diluted draw solution is used as the RO feed
water, which has less osmotic pressure than seawater
resulting in less energy consumption in FO-RO
process than conventional seawater reverse osmosis
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(SWRO) system. The diluted RO feed is also beneficial
to reduce the flux decline due to cake-enhanced con-
centration polarization [27]. Cath et al. [26] also car-
ried out the economic feasibility assessment and
found the introduction of FO can save costs for seawa-
ter desalination, but their analysis was limited to the
fixed RO recovery (e.g. 50%). Since the RO feed water
is diluted by the FO process, the RO recovery could
be higher. Thus, this study focused on the selection of
the optimal RO recovery in the FO-RO hybrid system
discussed above. The optimal RO recovery as a func-
tion of the FO permeate flow rate minimizes the RO
energy consumption subjected to the mass balance in
the FO-RO hybrid process. The RO energy consump-
tion is calculated by the RO process simulation using
a commercial RO design software. Finding the optimal
FO permeate flow rate is also a very important proce-
dure for the optimal design approach of the FO-RO
hybrid process. The three perspectives to find optimal
FO permeate flow rate are also discussed.

2. Methods
2.1. Mass balance in the FO-RO hybrid process

Fig. 1 shows a schematic diagram to explain the
mass balance in the FO-RO hybrid process. Instead of
taking seawater (Qsw, Csw) as the RO feed water, the
hybrid process uses the seawater as draw solution for
the FO process. The WWTP effluent (Qwe, Cwe) is used
as the FO feed. The driving force for water flux in FO
is then the osmotic pressure difference between the
two water solutions, the seawater and the WWTP
effluent. The permeate through the FO membrane
(Qp,ro, Cpro) joins the seawater to make the RO feed
water which is less concentrated than the seawater,

RO
Qp. RO Cp. RO -
— Point of use
Q,r. RO
€ 5o ((;)m.-

Wastewater
Treatment
Plant

Fig. 1. The schematic of the FO-RO hybrid process.
Notes: Q: flow rate, C: TDS concentration, f: feed, p: per-

meate, c: concentrate, sw: seawater, ww: wastewater, we:
WWTP effluent.
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which results in the less energy requirement com-
pared to the conventional SWRO system. The flow
rate and total dissolved solids (TDS) concentration of
the RO feed water (Qfro, Ctrro) can be calculated by:

Qrro = Qsw + Qpro ¢))

CtroQrro = CswQsw + CproQp o 2

If the complete rejection by the FO membrane (i.e.
Cpro = 0) is assumed Egs. (1) and (2), the TDS concen-
tration of the RO feed water can be obtained using;:

CowQsw

3
st + Qp‘FO ( )

Crro =

The diluted RO feed water passes through the RO
membrane to produce the final product (Qpro, Cpro)
and the RO concentrate (Q.ro, Coro) is discharged
into the sea with the FO concentrate (i.e. the concen-
trated WWTP effluent; Q. ro, Ccro). The final product
flow rate (Qpro) is a function of the RO recovery
(rro) such as:

Qpro = 'R0 RO 4)

and the TDS concentration of the RO concentrate
(C.ro) calculated using mass balance such as:

Qrro = Qpro + Qcro )

CrroQrro = CoroQpro + CeroQcrO 6)

where C,ro is assumed to be zero for the calculation
of the log mean average feed-concentrate concentra-
tion, which will be introduced in Section 2.2. C.ro is
an important constraint in the FO-RO hybrid system
and should be controlled to be lower than the RO con-
centrate level in the conventional SWRO process (e.g.
Cero £ 2Csy When rrp = 0.5 is assumed).

The final discharge (Q., C.) is the addition of the
RO and FO concentrates such as:

Qc = Qcro + Qcro )

For environmental protection, the hazardous material
concentration in the final discharge should not exceed
that in the WWTP effluent, otherwise further wastew-
ater treatments should be introduced to decrease the
concentration of the hazardous materials. Assuming
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the perfect rejection of the hazardous materials by the
FO membrane, the total mass of the hazardous materi-
als in the final discharge should be the same as that in
the WWTP effluent. Thus, we can control the haz-
ardous material concentration in the final discharge by
controlling the final discharge flow rate larger than
the WWTP effluent flow rate as described in:

Qc = QC,FO + QC,RO > Qwe (8)

Eq. (8) can be rearranged using the FO recovery
(rro = Qp,ro/ Qwe) by:

1
Qpro (— - 1) + Qupo > BT ©
FO FO
which can be simplified into:
Qcro = QpFo (10

Eq. (10) is another important constraint to find the
optimal RO recovery to minimize the RO energy
consumption.

2.2. Finding the optimal RO recovery

The optimal RO recovery can be defined as the
recovery rate of the RO process with which the RO
energy consumption is minimized. The RO energy
consumption is directly proportional to the product of
the RO feed flow rate (Q¢ro) and pressure (P¢ro) such
as [23]:

Ero o< QrroPrro (11)
The RO feed pressure increases as the average feed-
concentrate osmotic pressure (g ro), which can be
assumed to be proportional to the log mean average

feed-concentrate concentration (Cg.ro) calculated by
[28]:

Crro = CrroIn[1/(1 —rro)]/7RO (12)
Thus, the RO energy consumption increases at higher
Ctro values and we can define an RO energy index
(EIro) as a function of the RO feed flow rate and the
average feed-concentrate concentration as described
in:

Elro = Q¢ roCrro = QrroCr In[1/(1 — 1ro)] /R0 (13)
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which means the RO energy consumption increases as
the RO feed flow rate, concentration, and recovery rate
increase. Thus, an optimization problem can be
designed to find the optimal rgo to minimize Elro as
described in:

Min f(T’Ro) = EIRO
s.t. CC,RO <2Cw
Qcro > Qpro

(14)

where f(rro) is a function of rro defined for the opti-
mization problem and Egs. (1)—(6) describe the mass
balance in the FO-RO hybrid process. In this study, the
final product flow rate (Qp ro) and seawater TDS con-
centration were assumed to be 1,000 m®>/d and
35,000 mg/1, respectively. The optimization problem in
Eq. (14) was solved using Microsoft Excel Solver with
the pre-determined FO permeate flow rate (Qpro),
which means the optimal RO recovery is a function of
the FO permeate flow rate.

2.3. The RO process simulation

In order to calculate the RO energy consumption,
the exact pressure and flow rate should be obtained.
In this work, a commercial RO process design soft-
ware, Reverse Osmosis System Analysis program
(DOW Filmtec, USA) is used to simulate the RO oper-
ation results (e.g. pressure, flow rate) at the optimal
RO recover rate, the pre-determined FO permeate flow
rates (01,600 m®/d), and the assumed final product
flow rate, 1,000 m3/d. The input data for the simula-
tion are feed water quality (i.e. ion concentrations,
pH), product flow rate, permeate flux, recovery rate,
RO element type, number of elements per pressure
vessel (PV), and the PV arrangements [4]. The selected
SWRO membrane is SW30XLE-400i provided by DOW
Chemical and the average permeate flux is assumed to
be 141/m*h. The seawater ion compositions are
obtained from the literature [29] and the temperatures
for the simulation were 5 and 25°C, which reflect the
coldest and hottest seawater condition in South Korea.

The TDS obtained from the simulation were con-
trolled to be smaller than 500 mg/1, which meets the Kor-
ean drinking water standards. The simulated pressure
and flow rates were used to calculate the energy con-
sumption per unit production (Ego, kWh/m?) using [21]:

QurPrp + QppPrp
Ero (kWh/m?) =
o /o) 361Qp.r0

(15)

where #, QupPup, and QppPpp are pump efficiency
(assumed to be 0.9 in this work), the multiplication
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Fig. 2. The schematic of two-stage RO process to achieve
high recovery (HP: high pressure pump, BP: booster
pump).

between high pressure pump (HP) flow rate (m>/d)
and pressure (bars), and the multiplication between
flow rate (m®/d) and pressure (bars) of the booster
pump between the first and second stage (BP), respec-
tively. The two-stage RO system with BP is designed
for the optimal RO recovery higher than 58% (Fig. 2).

Generally, energy recovery device (ERD) is used to
save the energy consumption in SWRO processes.
However, the effect of ERD was not considered in this
work to investigate the energy-saving effect of FO pro-
cess only. Since the effect of ERD is dependent upon
the RO recovery, the energy-saving efficiency by ERD
is not constant, but varies according to the type of the
process (e.g. SWRO and the FO-RO hybrid processes).
Thus, it is difficult to find the pure effect of FO pro-
cess on the energy consumption in consideration of
the ERD effect.

3. Results and discussion
3.1. The optimal RO recovery

The optimal RO recovery minimizes the RO energy
consumption at a given FO permeate flow rate and it
can be determined by solving the optimization prob-
lem in Eq. (14). Fig. 3 shows the effect of the RO
recovery (rro) on the RO energy consumption (Erp) at
25°C for FO permeate flow rates (Qpro), 500 and
1,000 m>/d. The ratio of the RO concentrate flow rate
to the FO permeate rate (Q.ro/Qpro) is plotted to
identify if an RO recovery value satisfies the con-
straint, Q.ro 2 Qpro, which means the hazardous
material concentration in the final discharge of the
FO-RO hybrid process should not exceed that in the
WWTP effluent for environmental protection dis-
cussed in Section 2.1. Thus, the RO recovery values
less than a value at a dashed vertical line in Fig. 3(a)
and (b), satisfy the constraint, Q. ro 2 Qp ro-

The RO energy consumption decreases as the RO
recovery increases until it reaches its minimum value.
Since the final product flow rate (Qpro) and the FO
permeate flow rate (Qp ro) are fixed in Fig. 3, the sea-
water intake flow rate (.e. Qi = Qp,RO/TRO - QPIFO
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Fig. 3. The effect of the RO recovery on the RO energy
consumption at 25°C for FO permeate flow rates: (a)
500 m*/d and (b) 1,000 m®/d.

rearranged from Eq. (1)) decreases at higher recovery
rates resulting in the more diluted RO feed concentra-
tion (Cgro), which leads to decreasing RO energy con-
sumption. However, the higher RO recovery induces
the more concentrated RO concentrate and needs
higher pressure requirement, which leads the increas-
ing RO energy consumption. This is the reason why
the RO energy consumption re-rises after it reaches its
minimum as shown in Fig. 3(a). Consequently, the RO
energy consumption is a result of trade-off of these
two opposite effects of the RO recovery. The optimal
RO recovery rates to satisfy all constraints and mini-
mize the RO energy consumption at the FO permeate
flow rates of 500 and 1,000 m>/d are 66.7 and 50.0%,
respectively, and the corresponding minimal RO
energy consumptions are 2.33 and 1.87 kWh/m?,
respectively (Fig. 3).

Table 1 summarizes the RO process simulation
results at the optimal RO recovery rates as a function
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of the FO permeate flow rate. The five columns from
the left end mean the input parameters for the simula-
tion while the six columns from the right end mean
the output results, which can be used to calculated the
RO energy consumption using Eq. (15) and to review
the final product water quality (Cp ro) if it is less than
500 mg/1. Table 1 clearly shows that the RO feed con-
centration decreases at the higher FO permeate flow
rates, which leads the lower pressure requirements
resulting in the higher energy saving by the introduc-
tion of FO to the RO-based desalination system.

3.2. The optimal FO permeate flow rate

The FO permeate flow rate is a key parameter for
the optimal design of the FO-RO hybrid process for
seawater desalination. There can be three different
perspectives to define the optimal FO permeate flow
rate: (1) to minimize the operation cost, (2) to mini-
mize the capacity, and (3) to minimize the environ-
mental impacts of the final discharge from the hybrid
process. In this study, the three perspectives are
specifically regarded as (1) to minimize the RO energy
consumption, (2) to minimize the RO feed flow rate,
and (3) to minimize the final discharge flow rate and
to control the final discharge concentration close to the
seawater concentration level.

In the first perspective, the optimal FO permeate
flow rate minimizes the RO energy consumption
because it occupies the most portion in the operation
cost of the FO-RO hybrid process. The FO permeate
flow rate has both positive and negative effects to
decrease the RO energy consumption. Positively it
decreases the RO feed concentration resulting in the
less pressure requirement and negatively it increases
the RO feed flow rate resulting in higher pumping
energy described in Eq. (15). Thus, the RO energy con-
sumption (Egrp) decreases as the FO permeate flow rate
(Qp,Fo) increases until it reaches its minimum and then
it slightly increases at the higher Q,, ro values (Fig. 4).

As shown in Fig. 4, the minimal Ero values are
241 and 1.86 kWh/m® observed at Qp,ro = 800 m®/d
at 5°C and Qpro=1300m’/d at 25°C, respectively.
Compared to the conventional SWRO process (i.e.
Qpro =0), these minimal values are equivalent to
37.6% at 5°C and 46.7% at 25°C of energy saving
thanks to the introduction of FO. The optimal Qp o in
the first perspective lies between 800 and 1,300 m’/d
according to the temperature. Since the change of Ero
is almost negligible in this range (Fig. 4), the optimal
Qp,ro can be determined to be 800 m>/d because the
smaller Q,ro means the less capital cost of the FO
process.
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Table 1
The summary of the RO process simulation results at the optimal RO recovery rates as a function of the FO permeate
flow rate
Input Output
Qp,FO st Cf,RO QHP QBP Cp,RO
(m3/d) (m3/d) rro (%) (mg/D T (°C) PV array” Pyp (bar) (m3/d) Pgp (bar) (m3/d) (mg/1)
0 2,000 50.0 35,000 5 10:0 62.59 2,000 0 0 72.27
25 56.61 2,000 237.54
100 1,800 52.6 33,158 5 10:0 61.83 1,900 0 0 7131
25 56.04 1,900 235.68
200 1,600 55.6 31,111 5 10:0 60.55 1,800 0 0 69.54
25 54.98 1,800 231.32
300 1,400 58.8 28,824 5 7:3 57.49 1,700 7 878.69 65.40
25 51.39 1,700 7 813.93 219.35
400 1,200 62.5 26,250 5 7:3 54.76 1,600 9 787.19 62.60
25 48.85 1,600 9 724.83 211.40
500 1,000 66.7 23,333 5 7:3 51.72 1,500 11 693.92 59.24
25 46.05 1,500 11 631.42 202.15
600 1,000 62.5 21,875 5 7:3 50.26 1,600 3 762.34 52.77
25 44.02 1,600 3 679.57 180.57
700 1,000 58.8 20,588 5 7:3 47.89 1,700 0 856.47 47.01
25 40.77 1,700 0 764.61 159.48
800 1,000 55.6 19,444 5 10:0 43.44 1,800 0 0 42.52
25 35.73 1,800 140.80
900 1,000 52.6 18,421 5 10:0 41.12 1,900 0 0 38.52
25 32.89 1,900 126.35
1,000 1,000 50 17,500 5 10:0 39.27 2,000 0 0 35.27
25 30.67 2,000 114.83
1,100 1,000 47.6 16,667 5 10:0 37.78 2,100 0 0 32.57
25 28.88 2,100 105.42
1,200 1,000 45.5 15,909 5 10:0 36.53 2,200 0 0 30.28
25 27.42 2,200 97.57
1,300 1,000 43.5 15,217 5 10:0 35.48 2,300 0 0 28.31
25 26.2 2,300 90.90
1,400 1,000 41.7 14,583 5 10:0 34.58 2,400 0 0 26.62
25 25.17 2,400 85.15
1,500 1,000 40.0 14,000 5 10:0 33.81 2,500 0 0 25.09
25 24.28 2,500 80.13
1,600 1,000 38.5 13,461 5 10:0 33.14 2,600 0 0 23.75
25 23.51 2,600 75.71

“One pressure vessel (PV) contains eight SWRO membrane elements connected in serial. 10:0 means a single-stage SWRO system with 10
PVs and 7:3 means a two-stage SWRO system with 7 PVs in the first stage and 3 PVs in the second stage.

The second perspective to define the optimal Qp ro
is to minimize the RO feed flow rate (Q;ro). Since the
final product flow rate (Qpro) is fixed at 1,000 m®/d
in this work, Qtro (=Qpro/"r0) is minimized when
the RO recovery (rro) is maximized. According to
Fig. 4, the maximum rro (=66.7%) is observed at
Qp,ro = 500 m®/d, which is the optimal Qpro in the
second perspective. As Qp ro becomes higher than this
optimal value, rro decreases because the RO concen-
trate flow rate (Q.ro) should exceed Qpro to satisfy

the constraint, Q.ro 2 Qpro for the environmental
protection discussed in Section 2.1.

Fig. 5 shows the effect of the FO permeate flow
rate (Qpro) on the water quality (C.) and flow rate
(QJ) of the final discharge of the FO-RO hybrid pro-
cess, which is related to the third perspective to define
the optimal Q, ro (i.e. to minimize the final discharge
flow rate and to control the final discharge concentra-
tion close to the seawater concentration level). In
Fig. 5, the concentration of the FO concentrate (C.ro)
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Fig. 4. The effect of the FO permeate flow rate on the opti-
mal RO recovery and the RO energy consumption.

is neglected and the FO recovery (rgo) is assumed to
be 50% just for simplification. The TDS concentration
of the RO concentrate (C.ro) is limited to the concen-
tration level of SWRO concentrate (e.g. C.ro < 2Csy
for rro = 0.5) and the TDS concentration of the final
discharge (C.ro) decreases at higher Q,ro values as
shown in Fig. 5(a). Because the final discharge goes to
the sea, it will be the best if C. is the same as the sea-
water TDS concentration (Cg,,) to minimize the envi-
ronmental impacts of the final discharge. Thus, the
optimal Q ro is determined to be 500 m®/d when C,
equals to Cs,, and it can become a bit larger than
500 m3/d if C.ro is not neglected.

As shown in Fig. 5(b), the final discharge flow rate
(Qo) is constant as Qpro increases up to 500 m®/d
because C.ro is limited to the value twice as high as
Csw (Fig. 5(a)). By solving the optimization problem in
Eq. (14), the optimal rgo is determined to minimize
the RO energy consumption (Ego) and to satisfy
the constraint, C.ro < 2Cs,, Which makes the sum of
Qcro and Q. ro (=Qp ro if 170 = 0.5) to equal to Q.ro
of the conventional SWRO (.e. Qpro =0). If Qpro
exceeds 500 m®/d, the constraint, Qcro = Qp ro, makes
Q. to be higher than 1,000 m>/d as shown in Fig. 5(b).
In this case, the optimal Q,, ro is less than 500 m>/d to
minimize Q.. Since the optimal Q,ro values are
500 m®*/d in Fig. 5(a), and less than 500 m®/d in
Fig. 5(b), the optimal value to satisfy the both consid-
erations is consequently 500 m>/d in the third per-
spective to define the optimal Qpro. As a result, the
optimal FO permeate flow rates (Qp ro) in three differ-
ent perspectives discussed earlier are 800, 500, and
500 m®/d, respectively. For the optimal design of the
FO-RO hybrid process, the one value for the optimal
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Fig. 5. The effect of the FO permeate flow rate on (a) the
water quality and (b) flow rate of the final discharge of the
FO-RO hybrid process.

Qp,ro should be determined based on the weights of
the three perspectives. Because energy saving is gener-
ally considered to be the first priority of the introduc-
tion of the FO process to the conventional SWRO
process, the first perspective (i.e. to minimize the RO
energy consumption) could have more weight than
other two perspectives. Thus the optimal FO permeate
flow rate in this case study could be 800 m®/d, but the
optimal value may be limited by the construction cost
of the FO process.

4. Conclusions

The introduction of FO process to the conventional
SWRO system makes the FO-RO hybrid process with
less energy requirements. The optimal design
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approach of the FO-RO hybrid process developed in
this work enables the energy saving ranged from 37.6
to 46.7% according to the temperature. The procedures
for the optimal design approach are as follows:

(1) Find the optimal RO recovery as a function of
using the optimization problem to minimize the
RO energy consumption subjected to the mass
balance in the hybrid process and the con-
straints related to the RO concentrate limitation
and the environmental protection. The opti-
mized RO recovery (e.g. 38.5-66.7% according
to the FO permeate flow rate) minimizes the
RO energy consumption (1.86-3.49 kWh/m?> at
25°C and 2.41-3.86 kWh/m” at 5°C).

(2) Find the optimal FO permeate flow rates using
the optimal RO recovery in three different per-
spectives: (i) to minimize the operation cost, (ii)
to minimize the capacity, and (iii) to minimize
the environmental impacts of the final dis-
charge from the hybrid process.

(3) Select the one optimal value for the optimal FO
permeate flow rate among the three values
obtained in the previous procedure. The selec-
tion should be based on the weights of the
three perspectives. Generally, the first perspec-
tive (to minimize the operation cost) could be
most preferred, but the optimal FO permeate
flow rate may be limited by the construction
cost of the FO process.
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