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Seawater desalination for agricultural irrigation will be an important contributor to satisfying growing
water demands in water scarce regions. Irrigated agriculture for food production drives global water
demands, which are expected to increase while available supplies are further diminished. Implementa-
tion of reverse osmosis, the current leading technology for seawater desalination, has been limited in
part because of high costs and energy consumption. Because of stringent boron and chloride standards
for agricultural irrigation water, desalination for agriculture is more energy intensive than desalination
for potable use, and additional post-treatment, such as a second pass reverse osmosis process, is
required. In this perspective, we introduce the concept of an integrated forward osmosis and reverse
osmosis process for seawater desalination. Process modeling results indicate that the integrated
process can achieve boron and chloride water quality requirements for agricultural irrigation while
consuming less energy than a conventional two-pass reverse osmosis process. The challenges to further
development of an integrated forward and reverse osmosis desalination process and its potential

benefits beyond energy savings are discussed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Seawater desalination will play an important role in addressing
the challenge of global water scarcity. The most important drivers
for water scarcity are growing water demands from population
growth, economic development, and increased per capita consump-
tion of goods and services [1,2]. Specifically, the development of
irrigated agriculture in response to increasing food demands from a
growing population is the main driver behind water use [1]. Water
demand estimates reflect these trends, with total global water
demand dominated by agriculture (70% of all global water use),
followed by industrial use (21%) and domestic use (9%) [3].

While there is substantial uncertainty about the scale of future
water demands, the world population and associated demand for
food from irrigated agriculture is expected to increase significantly
by 2050 [1,4]. Global climate change will also exacerbate water
scarcity problems in the future [2]. As the single largest user of water,
irrigated agriculture will come under acute pressure as water scarcity
intensifies. The importance of irrigated agriculture in increasing food
productivity, feeding a growing population, and reducing poverty,
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adds to the significance of water scarcity as a major human
development challenge [5]. Continued research and the development
of new treatment technologies are needed to improve the availability
and quality of water supplies for the benefits of improved public
health, economic vitality, and environmental quality [6].

Seawater or brackish water desalination, and wastewater
reclamation and reuse are the only methods to increase water
supply beyond what is available from the hydrological cycle [6,7].
Consequently, desalination technologies will play an important
role in solving global water scarcity problems. Seawater desalina-
tion offers the potential for an abundant and drought-proof
source of fresh water that may be the only viable means for some
water-scarce regions to meet demands [8].

The widespread implementation of seawater desalination tech-
nology is currently limited by complex economic, social, environ-
mental, and political factors. Seawater reverse osmosis (SWRO) has
emerged as the leading technology for future seawater desalination
facilities because of its relatively low energy consumption and
produced water cost compared to thermal desalination technolo-
gies [9]. However, the real and perceived costs and energy require-
ments of seawater desalination continue to be a barrier to its
implementation [10,11], especially seawater desalination for agri-
cultural use. Because of stringent boron and chloride standards for
agricultural irrigation water, desalination for agriculture is more
energy intensive than desalination for potable use. Innovations that
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reduce energy consumption will decrease costs and improve the
sustainability of SWRO, thereby strengthening its suitability for
addressing long-term water needs [12].

A combined seawater desalination process using emerging
forward osmosis technology coupled with reverse osmosis could
potentially reduce the energy consumption of the seawater
desalination process, and thus, lower barriers to its implementa-
tion. In this perspective article, we discuss a combined forward
and reverse osmosis desalination process that could lower the
total energy of desalination through reductions in pretreatment
and post-treatment requirements. The important example of
SWRO to produce agricultural irrigation water is examined.

2. Pretreatment and post-treatment technologies consume a
significant fraction of the energy of SWRO desalination

A typical SWRO process consists of a seawater intake, pre-
treatment system, high pressure pumping system, reverse osmo-
sis desalination stages, permeate post-treatment, product water
storage, and distribution [13]. The goal of the pretreatment
process is to reduce fouling and scaling of the reverse osmosis
membranes, and it is typically accomplished using chemical
addition and either conventional granular media filtration or
membrane micro- or ultrafiltration. The reverse osmosis desali-
nation component uses applied hydraulic pressure to oppose, and
exceed, the osmotic pressure of seawater. Seawater is purified by
semipermeable RO membranes that allow water to pass but reject
dissolved salts through a solution-diffusion mechanism [9].

Post-treatment is a finishing step to prepare the reverse osmosis
permeate for distribution and use. Depending on the seawater
characteristics and specified product water requirements, post-treat-
ment may include additional reverse osmosis passes to achieve the
desired product water quality. SWRO facilities that produce water for
agricultural irrigation employ multiple reverse osmosis passes to
reduce boron and chloride to low concentrations that cannot
be achieved in a single pass, even with advanced, high-rejection
membranes [14]. Post-treatment also includes chemical addition
to remineralize and stabilize the permeate by increasing the
hardness and alkalinity [9].

Each of the components in the SWRO process consumes
energy and contributes to the total energy of desalination, which
ranges from 3-7 kWh/m? of produced water for existing SWRO
plants [10,15]. The energy requirements for seawater desalination
are related to the feed water salinity and the targeted product
water quality [10]. The most stringent product water require-

ments are often specified for water used for agricultural irrigation
because of the sensitivity of some crops to relatively low boron
and chloride concentrations. The more stringent product water
requirements for agricultural irrigation water impose a greater
energy cost for SWRO desalination.

Boron exists in seawater primarily as boric acid, and its concen-
tration ranges from 4.5-6.0 mg/L [9]. World Health Organization
drinking water guidelines recommend a maximum boron concen-
tration of 2.4 mg/L for health protection and maximum total
dissolved solids and chloride concentrations of 1000 mg/L and
250 mg/L, respectively, for water palatability reasons [16]. Recom-
mended concentrations for agricultural irrigation water are more
restrictive. A boron concentration less than 0.50 mg/L, total dis-
solved solids concentration less than 450 mg/L, and chloride con-
centration less than 105 mg/L are recommended to prevent damage
to sensitive crops [17]. A related measure of irrigation water quality
is the sodium adsorption ratio (SAR), which is calculated from the
concentrations of sodium, calcium, and magnesium ions. SAR affects
soil infiltration rates, and a SAR less than 3 (i.e., relatively lower
sodium ion concentration) is recommended for irrigation water with
a low total dissolved solids concentration [17]. In practice, seawater
desalination facilities that produce water for agricultural irrigation
are designed to produce water with low boron concentrations
between 0.3 and 1.0 mg/L [14] and total dissolved solids concentra-
tions between 200 and 500 mg/L [10].

Because of the significant and increasing global water demands
for irrigated agriculture, and the potential role of seawater desalina-
tion in meeting these demands in the context of growing water
scarcity, it is instructive to examine the energy requirements for a
SWRO facility that is specifically designed to treat water to the
stringent boron and chloride concentration requirements for irri-
gated agriculture. Some arid regions of the world, including Israel
[18] and Spain [19], have already implemented or are planning to
implement seawater desalination facilities that produce water
ultimately to be used for agricultural irrigation.

Fig. 1 illustrates a SWRO process that includes post-treatment
reverse osmosis passes for boron and chloride removal and identifies
the energy requirements of each component in the desalination
process. The reverse osmosis desalination stage has the largest energy
demand, consuming 2-5 kWh/m> of produced water [10,15]. Sea-
water pretreatment can consume 0.2-04 kWh/m> of produced
water, while post-treatment for permeate stabilization and reminer-
alization is typically less than 2% of the total energy required for
desalination [15]. Post-treatment for boron and chloride removal
by a second reverse osmosis pass is estimated to require 0.5 kWh/m?
of produced water [20]. In practice, some SWRO facilities, such
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Fig. 1. Specific energy consumption (kWh/m?> produced water) for a two-pass SWRO desalination facility producing water suitable for agricultural irrigation. Reported
specific energy consumption values depend on the feed water quality, extent of the SWRO process included, use of energy recovery devices, and other factors.
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as the Ashkelon facility in Israel, use a combination of multiple
reverse osmosis passes and stages for boron and chloride post-
treatment [14]. The total energy consumption of a state-of-the art
SWRO facility producing agricultural irrigation water is in the range
of 3-7 kWh/m® of produced water [10,15]. For this type of facility,
Fig. 1 illustrates that pretreatment and post-treatment can consume a
combined 0.7-0.9 kWh/m> of produced water, which is a significant
portion of the total energy of desalination.

3. Reducing energy for pretreatment and post-treatment is
key to further SWRO energy savings

Improvements in membrane technology and the use of high-
efficiency energy recovery devices have dramatically reduced the
energy consumption of the reverse osmosis stage in SWRO to nearly
2 kWh/m? of produced water when operating at 50% recovery [8].
This value is within a factor of two of the theoretical minimum value
for seawater desalination and is approaching the practical minimum
energy of desalination, which is approximately 1.5 kWh/m> of
produced water [8]. The practical minimum energy is a limit set
by thermodynamics, and thus, further energy reductions from the
reverse 0smosis process are expected to be only small incremental
improvements resulting from more efficient equipment or system
modifications [8]. Other aspects of the SWRO treatment process
must be targeted to reduce the overall energy of desalination.

The pretreatment and post-treatment processes are two promis-
ing areas for additional, economically significant reductions in the
energy of SWRO. Reductions in the extent of required pretreatment
to prevent membrane fouling and scaling could reduce energy
consumption [8]. Less frequent and intense membrane cleanings
as a result of better pretreatment or the development of fouling-
resistant membranes could also result in energy savings [10].
Improved rejection of boron and chloride in the primary reverse
osmosis process could eliminate the equipment and energy asso-
ciated with additional reverse osmosis stages for boron and chloride
post-treatment.

The pretreatment and post-treatment processes in SWRO have not
been optimized to the same extent as the reverse osmosis process.
Reducing the energy requirements of pretreatment for the typical
SWRO process is difficult because progress in the development of a
fouling-resistant reverse osmosis membrane has been slow. The
surface properties of the thin-film composite polyamide membranes
used in SWRO make them prone to fouling and pretreatment is
necessary to maintain process performance [8]. Similarly, the devel-
opment of reverse osmosis membranes with high boron and chloride
rejection that could reduce the post-treatment requirements for
SWRO has been impeded by the permeability-selectivity tradeoff of
polymeric membranes [21,22]. Increasing the rejection of boron and
chloride of reverse osmosis membranes will result in reduced water
permeability, therefore requiring an overall increase in energy con-
sumption to maintain the same water production.

Reducing pretreatment requirements through improved reverse
osmosis membranes alone will require major improvements in
membrane chemistry to resist fouling. Post-treatment energy sav-
ings from improved boron and chloride rejection in a single reverse
osmosis pass will necessitate a shift to novel membranes that do not
follow the solution-diffusion mechanism in order to avoid the
permeability-selectivity tradeoff [8], or it will require the develop-
ment of a new and better performing material for the membrane
selective layer. However, a novel approach that employs a combined
forward osmosis and reverse osmosis desalination process with
existing membrane technology has the potential to achieve both
pretreatment and post-treatment energy savings by combining
seawater pretreatment and removal of boron and chloride into a
single integrated process.

4. Integrated forward osmosis and reverse osmosis is a
practicable desalination process

Forward osmosis employs the osmotic pressure difference
between a feed solution, such as seawater, and a more concentrated
draw solution to transport water from the feed through a salt-
rejecting membrane into the draw. In reverse osmosis, the applied
pressure to the seawater feed solution is the driving force for mass
transport through the membrane. However, in forward osmosis, the
osmotic pressure difference between the feed solution and the more
concentrated draw solution is the driving force for mass transport
[23]. Draw solutions for forward osmosis are typically composed of
pure water and a draw solute that is selected for its ability to
produce high osmotic pressures, limited reverse solute flux through
the membrane into the feed solution, and low propensity for
membrane fouling and scaling [24]. In a continuous forward osmosis
process, the draw solution, which is diluted by extracting water
from the feed solution, is regenerated. Regeneration separates the
dilute draw solution into the desired product water and a concen-
trated draw solution that is recycled to the forward osmosis unit.

An integrated forward osmosis and reverse osmosis process for
seawater desalination is illustrated in Fig. 2. In this combined
process, forward osmosis acts as a pretreatment stage for a reverse
osmosis process that permeates product water and regenerates the
draw solution, which is then recycled to the forward osmosis
process. The propensity for irreversible fouling is much lower for
the forward osmosis process than reverse osmosis [25]. Thus, the
forward osmosis unit can function as a pretreatment step for the
subsequent reverse osmosis unit while requiring only periodic
physical scouring and/or osmotic backwashing to restore flux lost
to fouling. An integrated forward and reverse osmosis process has
the potential to achieve low boron and chloride concentrations
without requiring additional post-treatment reverse osmosis passes
because the treated seawater must pass through two selective
membranes as part of the treatment scheme.

The feasibility of a combined forward osmosis and reverse
osmosis process has been the subject of recent research. Modeling
of an integrated forward osmosis and reverse osmosis seawater
desalination system was conducted using bench-scale experi-
mental data for a forward osmosis unit with seawater as the feed
and concentrated NaCl solution as the draw solution [26,27]. In
addition, bench-scale testing of an integrated system combining
forward osmosis and nanofiltration membranes has been per-
formed for brackish water desalination [28] and seawater desa-
lination [29]. Integrated forward and reverse osmosis has also been
investigated at a pilot scale for osmotic dilution and subsequent
treatment of wastewater effluent [30].

These modeling exercises and bench- or pilot-scale experiments
have indicated that integrated forward osmosis and reverse osmosis
is a practicable desalination process with potential benefits of lower
energy requirements for pretreatment, simplified pretreatment with
reduced chemical usage, and reduced fouling and extended life of
the subsequent reverse osmosis process [27,28]. Some challenges
have also been identified for continuous operation of an integrated
system with a draw solution closed loop. The most significant
challenge is the reverse flux of the draw solute through the forward
osmosis membrane from the concentrated draw solution into the
more dilute feed solution [27,30]. The loss of draw solute reduces
the concentration of the draw solution and the osmotic driving force
for forward osmosis and would require continuous addition of draw
solute to maintain the performance of the integrated forward
osmosis and reverse osmosis system. Fig. 2 illustrates a flowstream
for draw solution makeup to maintain the osmotic pressure of the
draw solution.

The challenge of reverse draw solute flux can be addressed
through improved forward osmosis membrane design and draw
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Fig. 2. An integrated forward osmosis and reverse osmosis desalination process.
Table 1
Integrated forward and reverse osmosis seawater desalination process modeling conditions.
Modeling conditions Value Units Reference/Remarks
Seawater feed flow rate, Q 100,000 m?>/day
Forward osmosis process recovery, Ygo 25 %
Draw solution flow rate as a ratio of feed solution flow rate, Qp 1.0 x Qf
Draw solution osmotic pressure, mp 1.5 X Ti¢ One and a half times the osmotic pressure of the
forward osmosis process concentrated feed, wc.
Reverse osmosis process operating pressure multiplier, APro 1.0 X Tp Equals the osmotic pressure of the reverse osmosis
process retentate/forward osmosis process draw solution
Seawater feed osmotic pressure, 7y 29.7 bar
Seawater feed boron concentration, Cg) 4.5 mg/L [9]
Seawater feed TDS concentration, Crrps) 35,000 mg/L [10]
Seawater feed chloride concentration, Cgcy 19,000 mg/L [10]
Seawater feed concentration of MgSO,4 draw solute, Cravigso,) 0 mg/L
Reverse osmosis process high pressure pump efficiency, #pymp 100 %
Pressure exchanger efficiency, #px 100 %
Membrane water permeability coefficient, A 2.1 Lm~2h~!bar~! [39]
Membrane structural parameter, S 300 pm [34]
Mass transfer coefficient of feed solutes, k 38.5 pm/s [40]
Bulk diffusion coefficient of draw solute in water, Dgso,) 0.373 x 1079 m?/s [41]
Membrane permeability coefficient for chloride, B 0.16 Lm~2h~! [39]
Membrane permeability coefficient for boron, Bg 1.53 Lm~2h~! [42]
Membrane permeability coefficient for MgSO4 draw solute, Buvgso,) 0.0402 Lm—2h~! Estimated from [41]°
Absolute temperature, T 298 K

? Bmgso,) Was estimated by multiplying B¢ by the ratio of diffusion coefficients for MgSO4 and chloride. Buvgso,) =Bci (Dimgso,)/De1)=0.251 Bgi.

solute selection. The reverse flux selectivity of the forward osmosis
membrane, which is defined as the volume of water produced per
mass of draw solute lost by reverse flux, is determined solely by the
selectivity and permeability of the membrane and the ability of the
draw solute to generate an osmotic pressure [31]. Consequently, the
development of a high-rejection forward osmosis membrane and
the use of draw solutes that are more easily rejected by the
membrane will dramatically reduce the reverse draw solute flux.
The boron and salt rejections of the commercial asymmetric
forward osmosis membrane have also been the subjects of recent
study. Boron rejection (as boric acid) was less than that of
commercial thin-film composite SWRO membranes operating
under similar conditions [32,33]. Salt (NaCl) rejection of the
forward osmosis membrane has also been observed to be less
than SWRO membranes [31]. Thus, the development of a high-
rejection forward osmosis membrane can improve boron and salt
removal, in addition to minimizing reverse draw solute flux.
Currently, modeling efforts and bench-scale experiments of
combined forward and reverse osmosis processes have used the
first generation, commercially available, cellulose acetate forward

osmosis membrane. Prototype, second-generation, thin-film com-
posite polyamide membranes for forward osmosis have been
fabricated in a laboratory setting, and these membranes have been
demonstrated to achieve a flux and selectivity that is superior to the
commercially available cellulose-based membranes [34,35]. Draw
solute selection can also improve the performance of the forward
osmosis process. Research indicates that salt solutions with larger-
sized hydrated anions, such as MgSO, and Na,SO,4 are better
rejected by the forward osmosis membrane [24,29].

To demonstrate the practicability of integrated forward and
reverse osmosis desalination, we modeled the process and esti-
mated the product water quality at total integrated system
recoveries of 10, 25, 50, and 70%. Seawater was the feed stream,
and the model assumed second-generation thin-film composite
forward osmosis membranes with total dissolved solids rejection
and boron rejection equivalent to high-rejection SWRO mem-
branes. Table 1 summarizes the process modeling conditions.
Table 2 presents the key permeate water quality and system
performance results of the modeling for an overall system
recovery of 25%.
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Table 2

Integrated forward and reverse osmosis seawater desalination process modeling results at 25% overall system recovery.

Modeling results Value Units Calculation Reference
Draw solution MgSO4 concentration, Cpvgso,) 144,000 mg/L Cpvgso,) = 7o /NRgT van't Hoff equation
Total integrated system boron rejection, Ry, 95.0 % R@) = Rro) + Rro®)—Rroe) Rro®) [36]
By (33]
Rg=1—-—+-—
BT Byt
Total integrated system chloride rejection, Ry 99.9 % Rrciy = Rro(ci) + Rrociy —Rrocc Rro(cry [36]
Ba [33]
Ro=1-—-"¢9
4T Batiw
Boron concentration in reverse osmosis process permeate, Cpx(g) 0.04 mg/L Cr2g) = (JpAromem)/Qp2
By (33]
=—— P _ g
]B 1+(BB/jw) P1(B)
Chloride concentration in reverse osmosis process permeate, Cpyciy 3.9 mg/L Cpa(cty = UpArOmem)/Qp2
Bq [33]
=—9__¢
Ja T B ) D
Permeate sodium adsorption ratio, SAR 0.04 SAR— [Na*] (59 [17]
[Ca“} )+[Mg2*
Required forward osmosis membrane area, Aromem 571,000 m? Aromem = (YroQp)/Jw
Ty = TpeXp(—JwS/D)—mrexp( /k) [31]
v 1+(B/Jw) [exp(,/k)—exp(—J,,S/D)]
7ip = (mp—7tp1)/(IN(7tp) ~In(7p1 ) [36]
Required reverse osmosis membrane area, Aromem 84,000 m? Aromem = Qp2/Jw
Jw =A(APro—Tp) [36]
Total integrated system membrane area, Arormem 656,000 m? AtoTmem = Aromem +Aromem
Specific energy consumption of reverse osmosis process, SECro 1.65 kWh/m? SECro = Wpump/Qp2 [36]

Weump = [(APro(Qpy *(I’IP)(QD))]/’/IPump

Modeling results show that the integrated forward and reverse
osmosis desalination process using second generation forward
osmosis membranes can achieve rejections of 95.0% for boron and
99.9% for total dissolved solids when operating at 25% overall
system water recovery (Table 2). The boron rejection rate depends
on system recovery and varies between 80 and 99%, while the total
dissolved solids rejection is always greater than 99%. Permeate
boron and chloride concentrations for the modeled process are well
below the limits required for agricultural irrigation, indicating the
prospective application of this integrated seawater desalination
process for producing agricultural irrigation water.

Bench-scale testing has not yet been performed to demon-
strate the efficacy of boron and chloride removal to low levels
suitable for agricultural irrigation using an integrated forward
osmosis and reverse osmosis desalination process. However,
published research indicates that it is a practicable desalination
process, and modeling of an integrated system using second-

generation thin-film composite forward osmosis membranes
demonstrates that stringent boron and chloride limits for agri-
culture can be achieved with the integrated process.

5. Integrated forward osmosis and reverse osmosis can
potentially reduce the energy of desalination

An integrated forward osmosis and reverse osmosis desalina-
tion process producing water for agricultural use can save energy
compared to the conventional two-pass SWRO process illustrated
in Fig. 1 because it achieves pretreatment for the reverse osmosis
process and post-treatment for boron and chloride removal in a
combined process. In the integrated system, the forward osmosis
membranes replace conventional pretreatment by coagulation
and granular media filtration or micro- or ultrafiltration, and
second-stage reverse osmosis post-treatment is eliminated.
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We modeled the energy consumption of the integrated for-
ward and reverse osmosis desalination process and compared the
results to those from modeling we performed for a two-pass SWRO
process operating under the same conditions. The integrated forward
and reverse osmosis process has lower specific energy consumption
(kWh/m? of produced water) than the two-pass reverse osmosis
process at all system recoveries. Fig. 3 and Table 3 compare the
modeling results for specific energy consumption and required
membrane area of the integrated forward and reverse osmosis
process to a two-pass SWRO process. The modeling conditions and
equations used for the integrated forward and reverse osmosis
process are presented in Tables 1 and 2, respectively. Modeling of
the two-pass SWRO process was based on a previous study [36],
with recycling of second pass concentrate to the seawater feed and a
fixed recovery of 95% for the second reverse osmosis pass. The
pretreatment energy was taken to be 0.15 kWh/m? of feed water.

Currently, there are no full-scale forward osmosis installations in
operation, and therefore, the actual energy requirement of full-scale
forward osmosis is unavailable for direct comparison to current
SWRO pretreatment energy requirements. However, because the
forward osmosis component of the integrated forward and reverse
osmosis system consists of a draw solution pumped at low pressure,
the required operating energy for forward osmosis can be estimated
as equivalent to the pumping energy required in a micro- or
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Fig. 3. Modeling results for specific energy consumption (SEC) and total mem-
brane area of an integrated forward and reverse osmosis seawater desalination
process compared to a two-pass reverse 0smosis process.

Table 3

Modeling results for specific energy consumption (SEC) and total membrane area
of an integrated forward and reverse osmosis seawater desalination process
compared to a two-pass reverse osmosis process.

Total Integrated FO/RO process Two-pass RO process
system
recovery
SEC (kWh/m®  Total SEC (kWh/m?®  Total
produced membrane produced membrane
water) area (m?) water) area (m?)
10% 3.03 339,000 3.39 125,000
25% 2.40 656,000 2.88 108,000
50% 2.93 972,000 3.79 74,000
70% 4.49 1,009,000 6.43 43,000

ultrafiltration system [37]. For modeling purposes, the forward
0smosis system energy requirement was assumed to be equivalent
to the micro- or ultrafiltration pretreatment energy requirement for
two-pass SWRO.

Modeling results indicate that the specific energy consumption
for both the integrated forward and reverse osmosis process and
the two-pass reverse osmosis process is at a minimum for a
system water recovery of approximately 25%. The increasing
osmotic pressure of the flowstream treated by the reverse
osmosis system (diluted draw solution for the integrated process
and pretreated seawater for the two-pass SWRO process) drives
the increasing energy consumption at higher system recovery.
Below approximately 25% recovery, the energy requirement of
draw solution pumping (for the integrated forward and reverse
osmosis process) and energy of feed water pretreatment (for the
two-pass SWRO process) for the large seawater feed flowrates
result in an overall increase in specific energy consumption. In
addition, a tradeoff exists between reduced specific energy con-
sumption and an increase in required membrane area. The
savings in energy and energy costs for the integrated process
must be considered in the context of increased required mem-
brane area and its associated capital costs.

Boron is not completely rejected by the forward osmosis
membrane in the integrated forward and reverse osmosis desa-
lination process, even assuming second-generation forward
osmosis membrane characteristics. If not removed, boron from
the seawater feed would accumulate in the closed draw solution
loop of the integrated process and drive boron flux across the
reverse osmosis membrane into the product water. We used the
integrated forward and reverse osmosis process model to deter-
mine the proportion of the draw solution flowrate that must be
bled from the process at steady state operation to maintain the
target boron concentration in the product water. For target boron
concentrations ranging from 0.3-1.0 mg/L, the corresponding
ratios of bleed flowrate to the draw solution flowrate range from
23%-5%, with lower bleed ratios required for higher allowable
boron concentrations in the product water.

The bleed stream from the draw solution of the integrated
process could be treated by ion exchange to selectively remove
accumulated boron before returning the treated bleed stream
back to the draw solution. Adding draw solute to the bleed stream
after it is treated to remove boron but before it is returned to the
draw solution is also a potential mechanism to replenish draw
solute that is lost through reverse salt flux across the forward
osmosis membrane into the seawater feed and flux across the
reverse osmosis membrane into the product water.

6. Other benefits realized from integrating forward osmosis
and reverse osmosis

In addition to energy savings, an integrated forward osmosis and
reverse osmosis desalination process to produce water for agricul-
tural irrigation has several potential benefits when compared to
conventional SWRO. The key benefits include (i) chemical storage
and feed systems may be reduced for capital and operations and
maintenance cost savings, (ii) water quality is improved for
increased consumer confidence and reduced process piping costs,
and (iii) the overall sustainability of the desalination process is
improved.

The pretreatment function of the forward osmosis unit in the
integrated forward and reverse osmosis process can achieve
capital and operations and maintenance cost savings by eliminat-
ing some pretreatment chemical storage and feed facilities that
would be required for a conventional granular media filtration
pretreatment system or micro- or ultrafiltration pretreatment.
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Reductions in the size of other chemical systems are anticipated
due to the expected reduction in reverse osmosis membrane
cleaning frequency and intensity following pretreatment by for-
ward osmosis. Specifically, the improved rejection of dissolved
organic matter by forward osmosis pretreatment compared to
current conventional and membrane pretreatment systems will
reduce fouling of the reverse osmosis membranes and associated
cleaning requirements.

The extent of permeate stabilization and remineralization by
post-treatment chemical addition may also be reduced. Currently,
the most commonly used post-treatment system in seawater
desalination plants worldwide is the addition of carbon dioxide
(CO,) followed by lime (Ca(OH),). Carbon dioxide adds carbonate
alkalinity for buffering capacity, and lowers the pH to facilitate the
subsequent lime addition process. Lime enriches the water with
total hardness and alkalinity, which help minimize corrosion [38].

For both a conventional SWRO desalination process and the
integrated forward osmosis and reverse osmosis process, some
amount of solute will pass through the reverse osmosis mem-
brane into the permeate. For the integrated process, the high
draw solution concentration will result in draw solute flux
through the reverse osmosis membrane into the permeate that
will be much higher than the corresponding solute flux from first-
pass reverse osmosis permeate into the second-pass reverse
0smosis permeate in a two-pass reverse osmosis process. How-
ever, the flux of draw solute into the permeate in the integrated
process can be beneficial if a draw solute is selected that would
achieve some of the goals of permeate stabilization and reminer-
alization. Magnesium sulfate (MgS0Q,4) is a good candidate as a
draw solution because it has the characteristics that minimize its
reverse flux through the forward osmosis membrane. In addition,
the MgSO, that passes through the reverse osmosis membrane
into the permeate would serve to add desirable hardness to the
finished water. Magnesium sulfate flux through the reverse
osmosis membrane into the permeate is a function of system
water recovery, with decreasing MgSO, flux with increasing
recovery. The modeling results for the integrated forward and
reverse osmosis desalination process indicate that draw solute
flux would contribute approximately 370 mg/L of MgSO,4 to the
finished water at a system recovery of 25%. This permeate
magnesium concentration results in a very low SAR that is
desirable for irrigation purposes (Table 2).

The improved water quality from the forward osmosis pre-
treatment in the integrated forward and reverse osmosis desali-
nation process has benefits in addition to reduced fouling of the
reverse osmosis membranes. The double membrane barrier to
potential contaminants can improve consumer confidence in the
finished water quality. Another potential benefit is capital cost
savings for process piping. Downstream of the forward osmosis
unit, the MgSO4 draw solution is less corrosive than the compar-
able pretreated seawater in a conventional SWRO facility. In
conventional SWRO plants, the high level of chlorides in seawater
(approximately 19,000 mg/L) requires the use of super duplex
stainless steel alloys for process piping to resist corrosion. These
alloys are several times more expensive than standard austenitic
stainless steels such as Type 316.

The improved sustainability of the integrated forward and
reverse osmosis desalination process is another benefit beyond
energy savings. The integrated process is a more sustainable
practice than conventional SWRO because fewer chemicals and
reduced volumes of chemicals are used during treatment, in
addition to its reduced energy consumption. More sustainable
water treatment is inherently beneficial, and the improved
sustainability of the integrated forward and reverse osmosis
process can also increase acceptance of the process and help
lower barriers to its implementation.

7. Concluding remarks

Desalinating seawater for agricultural irrigation using a novel
integrated forward osmosis and reverse osmosis process has the
potential to achieve stringent product water quality requirements
while consuming less energy than a conventional SWRO facility.
Irrigated agriculture will continue to drive global water demands, and
an integrated forward and reverse osmosis desalination process has
the potential to increase the available water supply for agriculture in
a way that is more sustainable than the current SWRO process.

In the integrated desalination process, the forward osmosis unit
functions as a pretreatment step for the subsequent reverse osmosis
unit. Although research has demonstrated that the forward osmosis
process has a much lower organic fouling propensity than reverse
osmosis, a better understanding of forward osmosis biofouling and
scaling behavior can further improve the performance of the
integrated desalination process. The development of fouling resis-
tant forward osmosis membranes and improved design of forward
osmosis membrane modules are important areas of continued
research to control and mitigate fouling in the forward osmosis
process.

The development and commercialization of second-generation
forward osmosis membranes with improved boron and salt
rejection will also be an important contribution to the advance-
ment of the integrated forward and reverse osmosis desalination
concept. Managing the tradeoff between specific energy con-
sumption and membrane area requirements at low system
recoveries and quantifying the potential cost savings of the
integrated forward and reverse osmosis process is an area of
future study. Optimizing draw solution bleed and treatment for
boron removal is a challenge for implementing the integrated
forward and reverse osmosis process.

The potential benefits of the integrated forward and reverse
osmosis desalination process extend beyond energy and cost
savings. By using fewer treatment chemicals and prolonging the
life of treatment equipment, the integrated forward and reverse
osmosis desalination process improves the sustainability of a
process that will be an increasingly important contributor to
solving global water supply challenges.

Nomenclature

A membrane water permeability coefficient

Aromem required forward osmosis membrane area

Aromem Trequired reverse osmosis membrane area

Atotmem total integrated system membrane area

Bg membrane permeability coefficient for boron

Bal membrane permeability coefficient for chloride

Bmgso,) membrane permeability coefficient for MgSO, draw
solute

Cpmgso,) draw solution MgSO4 concentration

Ce) seawater feed boron concentration

Crceny seawater feed chloride concentration

Crvigso,) seawater feed concentration of MgSO4 draw solute

Cecrpsy  seawater feed total dissolved solids concentration

Ce1(p) forward osmosis process permeate boron concentration
Cpi(cy  forward osmosis process permeate chloride concentration
Cram) reverse osmosis process permeate boron concentration
Cpycy  reverse osmosis process permeate chloride concentration

Dvgso,) bulk diffusion coefficient of MgSO4 draw solute in water
APro reverse osmosis process operating pressure multiplier

Hpump  Te€verse osmosis process high pressure pump efficiency
1px pressure exchanger efficiency

I boron flux

Ja chloride flux

Jw water flux
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k mass transfer coefficient of feed solutes

n number of dissolved species created by draw solute
Tc forward osmosis process concentrate osmotic pressure
o draw solution osmotic pressure

Tk seawater feed osmotic pressure

Tpy forward osmosis process permeate osmotic pressure
Qp draw solution flow rate multiplier

Qr seawater feed flow rate

Qp1 forward osmosis process permeate flow rate

Qp> reverse osmosis process permeate flow rate

Rg boron rejection

Rq chloride rejection

Rro(B) forward osmosis process boron rejection

Rro(cry  forward osmosis process chloride rejection
Rg ideal gas constant

Rroy  reverse osmosis process boron rejection

Rro(ciy  reverse osmosis process chloride rejection

Rr(p) total integrated system boron rejection

Rreny total integrated system chloride rejection

S membrane structural parameter

SAR sodium adsorption ratio

SECro  specific energy consumption of reverse osmosis process
T absolute temperature

Wpump  Work of high pressure reverse osmosis process pump
Yro forward osmosis process recovery

Yr total integrated system recovery
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