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• Custom AspenONE models are devel-
oped for quantifying SEC of RO and FO
desalination.

• There is no difference in SEC between RO
and FO with nanofiltration DS recovery.

• RO competitive with FO despite
pressure-driven membrane process for
DS recovery

• Infinite membrane permeability does
not reduce SEC significantly.

• Advantage of FO derives from lower foul-
ing propensity and specific applications.
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Desalination process flowsheets considered in this study for comparison of SEC.
(A): RO desalination process with UF membrane pretreatment.
(B): FO desalination process with UF membrane pretreatment and varying draw solution recovery methods.
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Reverse osmosis (RO) is now the most ubiquitous technology for desalination, with numerous seawater RO
plants being built inwater-stressed countries to complement existing water resources. Despite the development
of highly permeable ROmembranes, energy consumption remains a major contributor to total cost. Forward os-
mosis (FO) is receiving much attention as a potentially lower energy alternative to RO. However, the draw solu-
tion (DS) recovery step in FO requires significant energy consumption. The present study is a modelling
approach, simulating FO and RO desalination under various process conditions and process flow schemes
using the Aspen Plus environment. Results suggest that there is practically no difference in specific energy con-
sumption (SEC) between standalone RO, and FOwith nanofiltration (NF) DS recovery; this can be generalised for
any pressure-drivenmembrane process used for the DS recovery stage in a hybrid FO process. Furthermore, even
if any or all of the membranes considered, FO, RO or NF, were perfect (i.e. had infinite permeance and 100%
rejection), it would not change the SEC significantly. Hence, any advantage possessed by the FOwith NF recovery
process derives from the lower fouling propensity of FO, which may reduce or eliminate the need for pre-
treatment and chemical cleaning.

© 2015 Published by Elsevier B.V.
gston).
1. Introduction

Desalination is an attractive technology for the provision of clean
water, due to the abundance of seawater. However, it is an energy inten-
sive process compared to other water treatment technologies and poses
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Fig. 1. Desalination process flowsheets considered in this study for comparison of SEC.
(A): RO desalination process with UFmembrane pretreatment. (B): FO desalination process
with UF membrane pretreatment and various draw solution (DS) recovery methods.
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an environmental challenge in terms of brine discharge. Since the
1970s, seawater reverse osmosis (SWRO) has been the leading technol-
ogy for seawater desalination, and over this period there has been
a large improvement in SWRO energy consumption, from as much as
20 kWh·m−3 in the 1970s to nearly 2 kWh·m−3 at 50% recovery,
now [1]. The practical minimum energy for desalination of seawater at
50% recovery is 1.56 kWh·m−3 [1], which suggests potential for further
improvement. Recently, forward osmosis (FO) has been receiving
increasing interest from academia and industry as a potentially lower
energy alternative to SWRO. Given that energy consumption makes
up a major portion of the SWRO cost, reaching as high as ~45% of the
total permeate production cost [2], it is useful to take a step back and
compare the practical energy needs for RO and FO, where FO employs
various draw solution recovery methods.

There have been recent publications comparing the energy
consumption of a standalone RO process with FO–RO hybrid process
for desalination [3,4]. However these studies presented a thermody-
namic comparison assuming idealised conditions, and without con-
sidering process details such as pressure drop and pretreatment. In
this present study, we carry out a more detailed comparison taking
the process factors into account. Furthermore, previous comparisons
were limited mainly to the FO–RO hybrid process which our study
has extended to include other potential draw solution recovery pro-
cesses. We also carry out a detailed analysis on the potential im-
provements in membrane permeance on the specific energy
consumed and specific membrane area requirements for the various
systems, another factor not considered in previous studies.

Published research on SWRO has investigated reducing the SEC
by optimising the membrane module [2,5–13] and/or using more
permeable membranes [8,14–16]. However, these studies have
utilised modelling tools [1,2] without process simulation tools.
Most often pre-treatment energy requirements and pressure losses
(if included at all in these previous studies) were adopted from
other publications or plant data, rather than being quantified by
the studies themselves [1,17–19]. Therefore, endogenous calcula-
tions on the effects of pretreatment and pressure losses in SWRO
are in high demand.

For FO, the main direction of current research is towards improving
intrinsic and transport properties of membranes on a molecular
level [20–28]. However, the effects of these improvements on the
energy efficiency of different FO desalination processes remain
unexplored. Consequently, literature lacks comparative data on the
SEC of different FO draw solution recovery processes, and how these
compare with RO.

To reduce the sources of “side” factors whichmight compromise the
comparison between RO and FO desalination, this present work utilises
a unified process simulation environment, providing consistent numer-
ical tolerances and sets of thermodynamic and physical properties
models (in particular those embedded in the so called “Electrolytes
NRTL” Property Method, available in Aspen's physical properties
system) for all simulations. The mathematical models for all custom
(non-library) unit operations were programmed in Matlab R2012b,
and embedded in the Aspen Plus V7.3 environment. The interoperabil-
ity between the modelling tool, Matlab, and the process simulation
suite, Aspen One, was achieved using CAPE-OPEN interface standards,
according to the methodology proposed in [29]. To the best knowledge
of the authors, this is the first study which utilises Aspen Plus for simu-
lation of FO and RO desalination processes using customMatlabmodels.
This customised process simulation approach allows for consistent
evaluation and comparison of the energy requirements of FO andROde-
salination alongwith the pretreatment stages, taking into consideration
the effects of process configuration, the thermodynamic restriction,
productwater recovery, draw solution recovery,membrane permeance,
applied pressure, draw solution concentration, external and internal
mass transfer coefficients, pressure drop and the use of energy recovery
devices.
Accordingly, the objectives of the present study are:

i) To quantify and compare SEC for desalination by RO and FO, consid-
ering for RO a range of process flow diagrams which account for the
effects of pretreatment stages and pressure loss in the membrane
modules, and for FO various draw solution recovery options;

ii) To evaluate the potential for improvements in membrane
permeance and rejection to reduce the SEC for both RO and FO.

2. Process modelling and simulation

2.1. Process flow diagrams and unit operations

Fig. 1(A) and (B) show the two types of desalination processes that
were investigated in this study:

A) Reverse osmosis (RO) with ultrafiltration (UF) pretreatment;
B) Forward osmosis (FO) with UF pretreatment and varying draw

solution (DS) recovery methods, namely (a) NF for the recovery
of MgSO4 draw solution; (b) UF for the recovery of polyacrylic
acid-nanoparticles (PAA-NP) and; (c) distillation for the recovery
of CO2–NH3 draw solution.

In this study, the energy consumption of SWRO is simulated at vari-
ous recoveries. Results obtained are compared with simulation of FO to
assess if FO has the potential for energy savings compared to RO. A fixed
total pure water flowrate of 666 m3·h−1 (16,000m3·d−1), emulating a
medium sized desalination plant is used as a basis for calculation. A
higher product recovery ratio reduces the total volume of feed water
to be pretreated (and hence the cost of pretreatment), whilst maintain-
ing the permeate flowrate. At higher recoveries, less seawater is
discharged in the retentate and more is collected as the product water
[30].

Image of Fig. 1
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2.2. Process models

2.2.1. RO desalination
To estimate practical energy consumption for RO desalination oper-

ated near the thermodynamic limit (ΔP=Δπexit at the exit of the RO
pressure vessel) we construct a model with user specified parameters
and calculated variables. User specified parameters include pure water
permeance (Lp), corrected van't Hoff factor (∅), applied pressure differ-
ence (ΔP), rejection (R), mass transfer coefficient (k), membrane area
(Am), and operating temperature (T). Calculated variables include
permeate and retentate flowrates (QP and QR), permeate and retentate
concentrations, osmotic pressure difference between feed and retentate
(Δπ), energy consumption of high pressure pumps (HPP) and perfor-
mance of energy recovery devices (ERD).

Amodel was developed to simulate the recovery of pure water from
seawater at an initial salt concentration of 35 kg⋅m−3. HPP and ERD
efficiencies were user selected. The governing equation used to
calculate the permeate flowrate in RO is:

QP ¼ LPAm ΔP xð Þ−Δπ xð Þð Þ
vP

: ð1Þ

NaCl rejection is assumed at 100%. Δπ was estimated using the

corrected van't Hoff equation i.e. Δπ ¼ ∅ðXM;NaCl
vM

− XP;NaCl
vP

ÞRgT where ∅=
1.64 for a NaCl solution. ∅ is the corrected van't Hoff factor which is a
product of the van't Hoff factor and the osmotic coefficient obtained
from standard tables (Robinson and Stokes, 1959) [31,32]. A constant
value for this factorwas assumed, averaged over the range of concentra-
tions of solutions used in this work. The complete set of model
equations is listed in Appendix A.

2.2.1.1. Pretreatment effects. Pretreatment is used to produce high quality
feedwater for stable and reliable performance in the RO stage.

Amodel for the RO desalination pretreatment stepwas developed to
calculate the energy consumption of a submerged ultrafiltration (UF)
pretreatment unit (Fig. 3(A)). The governing equation used to calculate
permeate flowrate is shown in Eq. (1). A membrane permeance of
3.9 × 10−10 m3·m−2·Pa−1·s−1 based on the UF ZeeWeed® 1000
membrane was selected for use in the simulation, along with the
assumption that the membrane was 100% permeable to NaCl.
Membrane pretreatment was selected over conventional pretreatment
given its lower sensitivity to fluctuations in feed water quality, and its
ability to guarantee a low silt density index (SDI), therefore enabling op-
eration with high and stable permeate flux over the long-term [18]. A
backwash pump was included along with the assumption that the
backwash flux is double the UF permeate flux, and that pressure used
for backwash (1.6 bar) is double that of the low pressure (0.8 bar
absolute) vacuum used to drawwater through the pores of the UF fibres.
Energy consumption by aeration during filtration was assumed to be
~40% of the total energy consumed by the UF pretreatment unit [33].

The energy consumed by the pretreatment stage is included in SEC
calculations for comparison between RO and FO desalination.

2.2.1.2. Pressure drop effects. The energy consumption for SWRO is a func-
tion of the appliedpressures and feedflowrates,which in turn are dependent
on product recovery, plant configuration and frictional losses. Pressure drop
across the SWROmodule is a parameterwhich critically influences the trans-
membrane driving force and, hence, the applied pressure across the mem-
brane and overall performance of the process. For this reason, the effect of
process configuration on pressure drop and energy consumption in SWRO
wasused to select the configurationwhichgaveminimumSEC, and thismin-
imum SECwas used for comparison with FO desalination.

A plug flow pattern was assumed in order to model the pressure,
viscosity and concentration changes along the retentate channel in the
SWRO modules. A typical 8-in. by 40-in. spiral wound FilmTec
(SW30HR-380) module with ~30 leaves was selected for the simula-
tion. The following underlying assumptions were made:

i) Feed channels in the SWmodule are flat instead of curved due to the
channel thickness being much lower than the module radius.

ii) Pressure loss in the permeate channel is negligible. Given the select-
ed SWROmodule and typical transmembrane pressures, the average
permeate velocity is low and the pressure drop is insignificant [10].
Thismeans the pressure loss is one dimensional only in the feed side.

A schematic diagram of the flat feed channel is shown in Fig. S-1 of
the electronic supplementary information (ESI). The properties of the
FilmTec SW30HR-380 module can be seen in Table S-1 of the ESI.

The pressure drop across the module was calculated using a
semi-empirical pressure drop equation [34] derived for the SWRO
module type of interest, given by:

dPf

dx
¼ λ

ρν f
2

2dh
ð2Þ

λ ¼ Kλ6:23Re−0:3 ð3Þ

where Pf is the feed side pressure, ρ the fluid density, vf is the fluid
velocity in the feed channel, dh is the hydraulic diameter of the feed
channel, λ is the friction factor, Kλ is a factor introduced to take into
consideration pressure losses in the feed tubes and module fittings,
with the average value (Kλ = 2.4) calculated using data obtained from
literature based on field data from a SWRO plant in Portugal [10], and
Re is the Reynolds number.

Based on the underlying equations and parameter values given in
Table S-1 of the ESI, the model for pressure drop was constructed as
shown in Appendix B.

2.2.2. FO desalination
The objective of the FO modelling is to model practical energy

consumption for FO desalination including the draw solution recovery
step based on industrial process conditions, and compare results of
various FO–DS recovery processes with SWRO. To do this we construct
an FO model with user specified parameters and calculated variables.
User specified parameters include pure water permeance (Lp), perme-
ate flowrate (QP), corrected van't Hoff factor (∅), applied pressure
difference (ΔP), rejection (R), mass transfer coefficient (k) and
operating temperature (T). Calculated variables include membrane
area (Am), retentate flowrate (QR), permeate and retentate concentra-
tions, osmotic pressure differences (Δπ), energy consumption of high
pressure pump (HPP) and energy recovery device (ERD).

In all simulations, the recovery of pure water from seawater at a salt
concentration of 35 kg⋅m−3 in a single-stage FO was considered.
Counter-current flow was assumed for all FO simulations as it provides
slight improvement in flux and reduced cross migration of feed and
draw solutes, relative to the co-current mode of operation [35–37].
The commercially available HTI CTA membrane with a pure water
permeance of 5.56 × 10−12 m3·m−2⋅Pa−1⋅s−1 was selected as the
basis for our FO simulations. The transport model used for FO was
adopted fromMcCutcheon et al. [38]. Due to unavailability of FOmodule
specifications for industrial scale desalination processes, the FO stage
was modelled by calculating the membrane area required based on
a user specified permeate flowrate and percentage recovery. The
governing equations used to calculate the membrane area and perme-
ate flowrate in the FO and NF DS recovery stages respectively, are:

FO

Am ¼
QPPð Þ � ln

Δπ1

Δπ2

� �
� νH2O

LP � Δπ1−Δπ2ð Þ : ð4Þ
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NF (when used for DS recovery)

QP ¼ LPAm ΔP xð Þ−Δπ xð Þð Þ
vP

: ð5Þ

Whereby, NaCl and MgSO4 rejections are assumed at 100% for FO
and NF stage, ∅NaCl=1.64 and ∅MgSO4

=1.2, respectively. ∅ is the
corrected van't Hoff factor which is a product of the van't Hoff factor
and the osmotic coefficient obtained from standard tables (Robinson
and Stokes, 1959) [31,32]. A constant value for this factor was assumed,
averaged over the range of concentrations of solutions used in this
work. The complete set of process equations used in the model is listed
in Appendix C.

An 8-in. by 40-in. spiral wound FilmTec (NF90-400)module with an
active surface area of 37m2was selected for theNF simulation. Pressure
drop effects for the NF stage were calculated using similar principles
as used for SWRO, whereby NF module (Dow FilmTec NF90-400)
operating conditions were obtained from Dow FilmTec [39].

The FO desalination stage was modelled as a single unit operation
with specified inlet and outlet pressures and pressure drop values
adopted from Hydration Technology Innovations (HTI) bench-scale
module design specifications [40], taking into account the design con-
straints of these modules. As FO technology is not yet commercially
available on an industrial scale and data for scaled up FO modules is
not readily available, so we have made reasonable estimates based on
laboratory data and the limitedmanufacturer's datawhich are available.
Where used, the external mass transfer coefficient for the FO simula-
tions is k=2×10−5m·s−1 and the solute resistivity to diffusionwithin
the support layer of the FO membrane is K = 1.1 × 106 s·m−1. Where
stated, UF pretreatment described in Section 2.2.1.1 was included in
the total SEC for FO desalination when comparing with SEC for RO
desalination.

2.3. Simulation tools

There have been several studies performed on simulating energy
consumption in RO desalination using mathematical models and simu-
lation environments [1,2,41–46], which is not surprising given thewide
application of RO in the desalination industry. On the other hand, there
are at present no such simulation models and software for FO desalina-
tion processes, and so no single piece of software which contains library
unit operations for both RO and FO processes together. Fortunately, the
CAPE OPEN standards for software interoperability allows for efficient
and fast integration of custom models and unit operations in commer-
cially available and open source suites of chemical process simulation
software. Hence, we have chosen Aspen Plus as the process simulation
software for simulating RO and FOdesalination in this study. Further de-
tails on the procedure for integrating these models and unit operations
in Aspen Plus using CAPE OPEN interface standards can be found in
Peshev et al. [29].

3. Results and discussion

3.1. Pretreatment effects

Although increases in either membrane permeance (Section 3.3)
and/or the number of stages will decrease the SEC required to achieve
a specific product recovery, a fundamental question is whether this re-
duction is significantwhen compared to the energy requirements of the
pretreatment step. If the energy consumed in the pretreatment step is
significant compared to the RO unit, and improving RO membrane
permeance provides only marginal improvement in the overall SEC,
then there is little economic incentive in trying to improve the ROmem-
brane permeance further. Instead, focus should be towards improving
the energy efficiency of the pretreatment and post-treatment stages.
The effects of pretreatment in RO desalination are presented in this
section.

The simulated energy consumption for the UF unit was
~0.11 kWh·m−3, which compares well with values presented in litera-
ture [17,47]. Taking into account other pretreatment stages such as
seawater intake and screening etc. [19], the total calculated energy
consumption for the pre-treatment stage was 0.25 kWh·m−3. These
results are summarised in Table 1.

Therefore, efforts to save energy can be made in the pretreatment
stage which consumes energy equivalent to ~13% of that used in RO
(assuming SECRO= 2 kWh·m−3 i.e. the typical value of SEC for optimal
RO desalination operation to date). These efforts include increasing
permeance of the UF membranes, and optimising the hollow-fibre UF
module to improve hydrodynamics without compromising the
mechanical strength of the fibre.

3.2. Selection of optimal process configuration for RO desalination

The lowest energy SWRO configuration for comparison of SEC
between RO and FO was selected at various product recoveries. Three
SWRO configurations were considered for this purpose (Fig. S-2(A) to
Fig. S-2(C) in the ESI) using industrial data and guidelines for designing
SWRO processes recommended by Dow FilmTec [39]. Each system
configuration was characterised by the number of stages, number of
elements per stage and array ratio.

For a product recovery of 50%, a series of eight 35 m2 elements per
pressure vessel (also referred here as the basic process unit) was select-
ed. The pressure drop calculated per pressure vessel with a feed
flowrate of QF= 12.85m3⋅h−1 (i.e. 70% of themaximum flowrate spec-
ified per module), was 4.31 bar. The profile of feed pressure along the
modules in series and the effect of varying QF are shown in Figs. S-3
and S-4 of the ESI. Pressure drop across the membrane module
increased as a function of fluid velocity in the feed channel. It was also
shown that in order to operate the 8″ × 40″ SW30HR-380 module
under the pressure drop limit of 1 bar, feed flowrate was limited to
13 m3⋅h−1 or less.

A comparison of different SWRO system configurations is shown in
Fig. 2. The process conditions used for the more efficient configurations
selected for 50% and 75% product recoveries are listed in Table S-2 of the
ESI. It should be noted that given the maximum module operating
pressure of 69 bar, themaximum achievable recovery was ~60%, taking
into account pressure loss across the module. However, for simulation
purposes, a higher product recovery of 75% was chosen for comparison
with data available in literature for FO processes, which is explored
further in Section 3.5.

At 50% recovery, axial pressure drop for two-stage RO is higher than
single-stage due to 12 elements in series in the former compared to 8 in
the latter. However, the SEC does not increase for a two-stage (3:2 array
ratio) compared to single-stage, as the additional energy required to
overcome pressure drop in the second stage is compensated by the en-
ergy savingsmade by the smaller volumes of feed and retentate brought
to a higher pressure in the two stages.

The 2:1 configuration has a higher SEC than the 3:2 configuration
because the feed into the second stage of 2:1 has a higher flowrate,
hence a higher pressure drop, which leads to a higher applied pressure
required to overcome these losses. This is shown in Fig. S-5 of the ESI.

Based on these simulation results, a single stage RO is selected for an
SWRO process running at 50% product recovery, and a two-stage 3:2
configuration is selected for 75% product recovery. The ASPEN process
flowsheets for these configurations are shown in Fig. 3(B) and (C).

3.3. Energy consumption for SWRO

The ASPEN process flowsheet for single-stage RO with UF pretreat-
ment is shown in Fig. 3(A) and (B). Based on this configuration and



Table 1
Energy consumption for UF membrane pre-treatment for desalination.

Type of pretreatment energy consumption Value of pretreatment energy consumption (kWh·m−3 of RO feed)

UF pretreatment energy consumption LPP-UF energy consumed 0.024 = 0.11 = 0.25
Backwash energy consumed 0.044
Aeration energy[33] 0.040

Other pretreatment energy consumption Seawater intake[19] 0.084 = 0.14
Miscellaneous[19] 0.056
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model equations presented in Appendix A, simulation results obtained
for energy consumption are summarised in Table 2.

Data in Table 2 show that the mass transfer coefficient and pump
efficiencies affect the total energy consumed by the system. Energy con-
sumption increases asmass transfer coefficient decreases (which can be
offset by increasing the effective membrane area), and concentration
polarisation (CP) effects become more prominent. Membrane area is
represented as the specific membrane area i.e. the membrane area
required per m3·h−1 of permeate produced.

The effect of mass transfer coefficient (k) on SEC and product recov-
ery at 100% pump and ERD efficiencies is shown in Fig. S-6(A) of the ESI.
We observed that a decrease inmass transfer coefficient decreased prod-
uct recovery due to an increase in concentration polarisation effects and
consequently caused an increase in SEC. At a product recovery of 50%, the
effect of mass transfer coefficient on SEC and membrane area required
can be seen in Fig. S-6(B). An increase in mass transfer coefficient mini-
mises the SEC until a limiting value of k= 1.0 × 10−4 m·s−1 is reached,
after which concentration polarisation effects become almost negligible.
Improvement in SEC by up to 8% is possible with an increase in k from
current values typical of state-of-the-art SWROmodules. Similarly, an in-
crease in k at a constant SEC decreases themembrane area required until
a limiting value of k = 1.0 × 10−4 m·s−1 is reached.

An increase in pump and energy recovery efficiencies decreases the
energy consumption of the system. The selection of HPP and ERD effi-
ciencies in Table 2 was based on common values found in industrial
data. For HPP used in SWRO, efficiencies can range from 30% to 90%
[48] depending on the type of pump used. In this simulation, HPP effi-
ciencies of 50% and 90% were chosen for comparison. ERD used for
SWROhave efficiencies ranging from90%–98% [49]. Here, 90% efficiency
was selected as the base case, and 100%was chosen for comparisonwith
the base case.

The theoretical thermodynamic minimum energy for desalination
(i.e. the separation energy equal in magnitude but opposite in sign to
the free energy of mixing) at a recovery of 50% is 1.06 kWh⋅m−3 [1].
The practical minimum energy required (i.e. when ΔP≈Δπexit) as
Fig. 2. SEC versus axial pressure drop for different RO system configurations for
desalination at 50% and 75% product recovery. The single-stage and two-stage RO
consist of 8 and 12 elements in series, respectively. HPP and ERD efficiencies
=100%, Lp = 3.5 × 10−12 m3⋅m−2⋅Pa−1⋅s−1.
predicted by the model at 100% pump and energy recovery efficiencies
(excluding pressure drop and CP effects) is 1.37 kWh⋅m−3. This differ-
ence is expected because the system isfinite and is not operating as a re-
versible thermodynamic process. This practical minimum energy for
desalination calculated by the model is not far behind the calculated
value presented by Elimelech et al. of 1.56 kWh·m−3 for 50% recovery
of 35 g·L−1 NaCl solution at 25 °C and 100% NaCl rejection [1].

Fig. 4 shows the specific energy consumed versus product recovery
calculated with and without an energy recovery device. For the single-
stage RO, the theoretical global minimum for energy consumption
occurs at a fractional recovery of 50%, as claimed in literature [2]. The
specific energy consumption (SEC) of the pump was calculated as
follows:

SECpump ¼ W
�

pump

QP
¼ Q F � ΔP

QP
: ð6Þ

At lower recoveries, a higher (SEC) was required to pressurise the
feed to a pressure equal to the osmotic pressure at the exit of the
module. This is due to the dominating effect of axial pressure drop as
a function of higher velocities in the retentate stream (Fig. 5). Higher
pretreatment energy consumption due to increased feed flowrates at
lower recoveries also contributes to this effect. With increasing product
recovery, the SEC decreased due to the effect of decreasing pressure
drop and pretreatment energy contribution per unit volume of perme-
ate. However, above a certain recovery (e.g. 35% recovery in Fig. 5),
the effects of transmembrane work done by the system began to
dominate. A higher rate of increase of ΔP was required to overcome
the increasing osmotic pressure, resulting in an increasing SEC with
higher recoveries. In the presence of an ERD at 100% efficiency, SEC de-
creased with decreasing recoveries as energy contained in the retentate
was recovered and transferred to the feed. However, at a recovery
below 50%, the SEC increases despite the use of an ERD. This is because
the effects of pressure drop in the system dominate over energy
recovery of the retentate.

At product recoveries below 50%, it is clear that the two-stage RO
consumesmore energy than the single-stage RO, because it has a higher
axial pressure drop. At recoveries below 50%, the higher retentate
flowrate entering the second stage led to higher pressure drops and
increased SEC compared to the single-stage RO, despite energy savings
made due to smaller volumes of water being brought to higher
pressures.

Above 50% product recovery, the effects of pressure drop are less
significant despite increasing retentate concentration and viscosity,
due to the lower retentate flowrate entering the second stage. This
results in higher energy savings for the two-stage RO compared to the
single-stage RO at product recoveries above 50%.

Fig. 6 shows the specific energy consumption (SEC) of a single-stage
RO as the thermodynamic limit (ΔP=Δπexit) was approached with in-
creasing membrane permeance at 50% recovery, mass transfer
coefficient, k = 4 × 10−5 m·s−1, 100% pump and ERD efficiencies.
The pressure difference betweenΔP andΔπexit is due to frictional losses.
We observed that increasing the membrane permeance from the value
typical of state-of-the-art SWRO membranes can improve the SEC by
18%. A recently published paper by Cohen-Tanugi et al. [50] reported a
15% reduction in SEC when the permeance was tripled. Our simulation

Image of Fig. 2


Fig. 3. (A): ASPENprocess flowsheet representation ofmembrane pretreatmentwith UF. (B): ASPEN process flowsheet for single-stage ROwith ERD used for process simulationswith 50%
product recovery. (C): ASPEN process flowsheet for two-stage RO with ERD and array ratio = 3:2 used for process simulations with 50% and 75% product recovery.
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agrees well with this value; however we found that by increasing
permeance further i.e. by eight times the current RO permeance, only
18% reduction in the SEC is achievable, after which further increases in
permeance did not significantly reduce the SEC of the system.

In the postulated nanoporous graphene membrane simulated by
Cohen-Tanugi et al. [51] the best performing pore exhibited full salt rejec-
tion and amembranewater permeance of 7.6× 10−9m3·m−2·Pa−1·s−1

(2750 L·m−2·h−1·bar−1). However, our simulation suggests that
there is a limiting permeance of 2.7 × 10−11 m3·m−2·Pa−1·s−1

(10 L·m−2·h−1·bar−1) near the thermodynamic limit, beyond which
the economic incentive for using more permeable membranes is low
(i.e. almost negligible) and will decrease with increasing water recovery
[52]. However, at conditions near the thermodynamic limit, the use of a
more permeable membrane can reduce the amount of membrane area
required to achieve the same product recovery (Fig. 6). The system is
however limited by concentration polarisation effects which become
more limiting at higher permeances due to the increase in permeate
flux. As a result, a limiting permeance is observed, beyond which the ef-
fects of increasing permeance on membrane area become insignificant.
Additionally, operation at higherfluxeswould increase concern over foul-
ing andhence theneed formore fouling resistantmembranes. Contrary to
Table 2
Summary of process calculations for SWRO at a water recovery of 50%, membrane rejection of

Entry Mass transfer coefficient, k
(m·s−1)

η HPP
(%)

η ERD
(%)

Specific membrane ar
[m2(m3·h−1)−1]

1. 4E−05 50 90 59.14
2. +∞ 50 90 43.57
3. +∞ 90 90 43.57
4. +∞ 50 100 43.57
5. +∞ 90 100 43.57
the findings of Cohen-Tanugi et al. [51] using molecular dynamic simula-
tion, whereby computational results suggest that enhanced water
permeance of functionalised nanoporous graphene would enable lower
energy requirements and lower membrane area requirements, our
findings show that the benefits of increasing membrane permeance are
limited by the thermodynamic limit and concentration polarisation
effects. These findings correspond well to a recent publication by
Cohen-Tanugi et al. [50] studying the potential of ultra-permeable
membranes in SWRO and brackish water RO.

Data presented for the single-stage RO so far were based on
flowrates and process conditions for a SWRO configuration with 8
elements per pressure vessel. In order to scale-up the basic process unit
to emulate a medium sized industrial scale process producing
666 m3·h−1 (16,000 m3·d−1) of permeate, 104 parallel units are re-
quired with a specific membrane area of Am,s = 43.57 [m2(m3·h−1)−1]
as shown in Fig. S-7 of the ESI.

The ASPEN process flowsheet for two-stage RO with UF pretreat-
ment is shown in Fig. 3(A) and (C). The process model results for a
two-stage RO with and without an ERD are shown in Fig. 4. It can be
seen that the specific energy consumed (SEC) was lower for two-stage
RO compared to single-stage RO at product recoveries ≥50%. If an
100%, QF = 12.85 m3⋅h−1, ΔP = 59.5 bar, Lp = 3.5 × 10−12 m3⋅m−2⋅Pa−1⋅s−1.

ea required HPP work without ERD
(kW)

Net work with ERD
(kW)

SEC with ERD
(kWh·m−3)

42.5 33.6 5.3
42.5 33.6 5.3
23.6 14.8 2.3
42.5 32.6 5.1
23.6 13.8 2.2

Image of Fig. 3


Fig. 4. Specific energy consumed versus product recovery for single-stage and two-stage
RO with and without an ERD calculated at HPP efficiency = 100% and k = +∞ m·s−1.
Pretreatment energy and effects of pressure drop included.

Fig. 6.Change in SECwith increasingmembrane permeance as the thermodynamic limit is
approached in a single-stage RO at 50% recovery and 100% pump and ERD efficiencies. ΔP
was gradually decreased from 65 bar to 53 bar (i.e. near thermodynamic limit, whereby
ΔP = 53 bar and Δπretentate, exit = 49 bar). At ΔP = 53 bar and product recovery = 50%,
the specific membrane area required is plotted as a function of permeance with k =
4 × 10−5 m·s−1.
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infinite number of stageswere adopted, this would result in a reversible
thermodynamic processwithminimumenergy consumption for desali-
nation. However, in reality, this system is impractical if the capital costs
required are not offset by the energy savingsmade. A cost analysis of the
two-stage RO compared to the single-stage RO is presented in Fig. S-8 of
the ESI. Themethod of calculation used to obtain the overall cost savings
for the two-stage RO relative to the single-stage is shown in AppendixD.
The dimensionless membrane price, mnorm was calculated for seawater
based on a study performed by Zhu et al. [2] and details on its derivation
are explained further in Appendix D.

The two-stage RO unit with a 3:2 array ratio and 6 elements per
pressure vessel used in the SEC comparison with FO for 75% product re-
covery, can be scaled up to emulate a medium sized industrial process
producing 666 m3·h−1 (16,000 m3·d−1) of permeate. This would re-
quire 35 parallel units with a specific membrane area of Am,s = 54.47
[m2(m3·h−1)−1] as shown in Fig. S-9 of the ESI.
Fig. 5. Contribution of pretreated feed, axial and transmembrane pressure components to
SEC in a single-stage RO with ERD at 100% efficiency.
3.4. Energy consumption for FO desalination

The ASPEN process flowsheet for FO desalination followed by NF for
recovery of draw solution is shown in Fig. 7. The inlet and outlet pres-
sures for the FO system based on HTI's module design specifications
are shown in Fig. 7. Themass transfer coefficients in FO are not yetwide-
ly available in the literature.We have estimated values based on report-
ed data for HTImembranes [38,53,54] i.e. k= 2 × 10−5 m·s−1 and K=
1.1 × 106 s·m−1, whereby K is the solute resistivity for diffusion within
the porous support layer.

Permeate flux in the FO stage is driven by osmotic pressure differ-
ence between the feed and draw solutions. Hydraulic pressure is not
required in the FO stage other than for recirculation of the feed and
draw solutions. The specific energy consumption required for recircu-
lation of feed and draw solutions in the FO stage was estimated
for the recirculation pumps using Eq. (6) described in Section 3.3. A
“perfect” membrane for FO can be defined as one with infinite
permeance, negligible internal concentration polarisation and 100%
rejection. At a fixed value for external mass transfer coefficient and
solute resistivity for diffusion within the porous support layer of the
HTI CTA membrane, the use of a more permeable membrane in FO
would reduce the required membrane area for the same target prod-
uct recovery as shown in Fig. 8(A). However, this decrease in area
becomes limited by concentration polarisation effects which become
more limiting at high permeabilities. It can be seen that for the cur-
rently available HTI CTA membrane, a further increase in membrane
permeance has negligible effect on membrane area reduction given
that it is already operating under conditions whereby concentration
polarisation effects are rate limiting. Hence, further savings in mem-
brane area can only be achieved if the unwanted effects of ICP can
be reduced or eliminated. This is shown in Fig. 8(B), whereby keeping
the membrane permeance and external mass transfer coefficient con-
stant, a decrease in solute resistivity for diffusion within the porous
support layer decreases the required membrane area further until a
minimum value is achieved at negligible ICP effects.

We observed that currently available NF membranes such as the
Dow FilmTec NF90-400 are already operating near the thermodynamic
limit (Fig. 8(C)) and a further increase in membrane permeance has
negligible effect on the SEC. The effects of increasing permeance on
membrane area are also negligible given that the NF membrane is

Image of &INS id=
Image of &INS id=
Image of Fig. 6


Fig. 7.ASPEN processflowsheet for FO desalination followed by NF for recovery of draw solution. The detailed process configurations are shown in Fig. S-10 (A) and Fig. S-10 (B) in the ESI.
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already operating under conditions in which concentration polarisation
effects are rate limiting.

3.5. Comparison of energy consumption between FO and RO desalination

Fig. 9 shows a comparison of SEC and specific membrane area
between a single-stage RO, FO with NF recovery, FO with two-stage
NF recovery, two-stage RO, FO–UF and FO–Distillation at 50% and 75%
product recovery. The effects of pretreatment are also taken into ac-
count in the energy comparison. The applied pressure, feed and draw
solution concentrations used in the various processes shown in Fig. 9,
are presented in Table S-3 of the ESI. Results obtained for RO are consis-
tent with those reported in literature [1]. The energy consumption for
the FO stage itself is very low e.g. ~0.11 kWh⋅m−3 at 50% recovery be-
cause the process is driven by osmotic pressure instead of hydraulic
pressure difference and the low pressure pump (LPP) only needs to
overcome the pressure drop in the feed channel. At 50% product recov-
ery, the order ofmembraneprocesseswith the lowest to thehighest SEC
Fig. 8. Effect of increasing membrane permeance and decreasing solute resistivity for diffu
single-stage FO with NF recovery process at 50% product recovery. (A): FO stage — Effe
recovery, k = 2 × 10−5 m.s−1 and K = 1.1 × 106 s·m−1. (B): FO stage — Effect of decre
area required at 50% recovery, k = 2 × 10−5 m·s−1 and Lp = 5.56 × 10−12 m3⋅m−2⋅P
thermodynamic limit is approached in a single-stage NF at 50% recovery and 100% pum
near the thermodynamic limit), and recovery = 50%, specific membrane area required is
is two-stage RO ≤ single-stage RO b FO with two-stage NF recovery ≤ FO
with NF recovery. There is no significant difference in SEC between the
FO with NF recovery process and RO at 50% recovery. It should be
noted however, that the FO with NF recovery and FO with two-stage
NF recovery processes require higher specific membrane areas com-
pared to RO, and this needs to be factored inwhen performing anoverall
cost comparison between FO and RO.

At 75% product recovery, there is effectively no difference in SEC be-
tween the FO with two-stage NF recovery process compared to a two-
stage RO. The FOwith CO2–NH3DS recovery process utilising distillation
had the lowest SEC compared to all other processes, albeit issues arise
with purity of the product water. Key potential advantages of this pro-
cess include high product recovery (e.g. 75%) at relatively low energy
requirements and cost, and brine discharge minimisation. This illus-
trates that FO hybrid systems can provide energy cost savings for treat-
ment of high salinity feeds if a low-cost thermal energy process is
considered for the DS recovery stage [3]. The treatment of high salinity
feeds is another advantage of the FO process which cannot be achieved
sion within the FO membrane support layer, on specific membrane area and SEC in a
ct of increasing membrane permeance on specific membrane area required at 50%
asing solute resistivity for diffusion within the support layer on specific membrane
a−1⋅s−1. (C): NF stage — Change in SEC with increasing membrane permeance as
p and ERD efficiencies. At a fixed pressure, ΔP = 58 bar (corresponding to pressure
plotted as function of permeance with k = 4 × 10−5 m·s−1.
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Image of Fig. 8


Fig. 9. Comparison of SEC and specificmembrane area between FOwith NF recovery, FOwith two-stage NF recovery, single-stage RO, two-stage RO, FO–UF, and FO–Distillation at 50% and
75% product recovery. Energy contributions from the pretreatment stage, LPP, HPP, ERD and distillation are shown in each process.
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in RO due to the limitation of maximum hydraulic pressure in RO
modules.

The primary energy input for the CO2–NH3 recovery process is for
the thermal separation of ammonia and carbon dioxide from the dilute
draw solution exiting the FOmembrane system. A small amount of elec-
trical energy was used for fluid pumping. The process model and data
used for this process was developed by McGinnis et al. using chemical
process modelling software (HYSYS, Cambridge, MA) coupled to an
electrolyte property package (OLI, Morris Plains, NJ) [55]. Process condi-
tions include 0.5MNaCl as the feed solution, 5M ammonium salts (on a
CO2 basis) with a ratio of ammonia to CO2 of 1.4 as the concentrated
draw solution, 1.5M diluted draw solution as feed to the distillation col-
umn, FO operating temperature of 25 °C, reboiler steam temperature of
40 °C, product recovery of 75%. Details on the specifications of the
distillation column can be found inMcGinnis et al. [55]. A single vacuum
distillation column with steam as the heat source for the reboiler gave
optimal results for energy consumption. Outputs from this modelling
include the heat duty of the distillation column, and power required
by the pumps which are expressed in terms of specific equivalent
work, Weq (Table 3). Details of the calculation of Weq are presented in
McGinnis et al. [55]. The FO with CO2–NH3 DS recovery energy data
for a single vacuumdistillation column is presented in Table 3. It should
be noted that all data used in the present workwas calculated using our
ownASPENmodel except for the FOwith CO2–NH3DS recovery process,
for which data was taken from McGinnis et al. [55].

The total SEC for this process assuming UF pretreatment prior to the
FO stage was 1.2 kWh·m−3 (Fig. 9). This was much lower than the SEC
of RO and FOwith NF recovery, although according to theWorld Health
Organisation (WHO) guidelines for drinking water quality [56], the
presence of ammonia above 0.2 mg·L−1 in water will result in taste
and odour problems. It could also lead to decreased disinfection
Table 3
FO with CO2–NH3 DS recovery energy data for a single vacuum distillation column [55].

Min steam
temp. (°C)

Draw solution
conc. (M)

Min steam press.
(bar)

Heat duty
(MJ·m−3)

Elec. duty
(kWh·m−3)

40 1.5 0.07 541.55 0.24
efficiency by chlorine, as 68% of chlorine may react with the ammonia
making it unavailable for disinfection. Based on literature [55], product
water from the NH3–CO2 process may be specified to contain
b1 mg·L−1 NH3, however this would still be above the allowable limit
of 0.2 mg·L−1. The use of waste heat if available, as the heat source in-
stead of steam may reduce the energy consumption of this process
further.

Another potential DS is super hydrophilic nanoparticles (NPs)which
it is claimed can be recovered efficiently using a 1 kDa UF membrane
(FO–UF). It is assumed that recoverywith UFwill consume considerably
less energy in terms of the transmembrane pressures applied compared
to RO for DS regeneration [57]. However, the literature lacks actual data
on this. A rough calculation of the energy consumption for the FO–UF
process illustrated in Appendix E shows that the energy consumed
with an ERD at 75% product recovery was 3.2 kWh·m−3 assuming UF
pretreatment prior to the FO stage. This value is similar to the FO with
NF recoveryprocess and significantly higher than theCO2–NH3 recovery
process (Fig. 9). The energy consumption for FO–UF is also likely to be
very similar to a standalone RO and FO–RO process [3]. The reason UF
and NF DS recovery systems do not save more energy than RO despite
being typically low-pressure processes compared to RO, lies in the lim-
itation posed by the osmotic pressure required for the FO stage at a spe-
cific product recovery. At a required product recovery, the hydraulic
pressure applied will have to exceed Δπ of the retentate at the exit of
a UF, NF or RO module in the DS recovery stage. In the case of NF and
UF for draw solute recovery, the requirement for π(UF/NF,Brine) = π(FO,

Draw), negates the low pressure benefits of these systems that would
otherwise be attainable in a process whereby osmotic pressure was
not limiting and separation was merely based on a sieving mechanism.
This analysis can be applied to any pressure-driven membrane process
used for the DS recovery stage and corresponds well to the recent
Gained output ratio
(GOR)

Equivalent work, Weq

(kWh·m−3)
Column press.
(bar)

Number of
stages

4.4 0.84 0.07 1

Image of Fig. 9
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findings of Shaffer et al. [3]. Modelling energy consumption for the NP
recovery stage in ASPEN is challenging as the compounds present,
along with their physical and thermo properties, do not exist in the
ASPEN databank. A remaining challenge with the FO–UF process is the
agglomeration of NPs during draw solution regeneration which
reduces permeate flux over time.

A furthermethodwhich has been proposed for the recovery of draw
solution is to usemagnetic nanoparticles (MNPs) as a solute and recover
them using a magnetic separator generating a magnetic field. At pres-
ent, there is only one paper by Ge et al. [58] providing data on the
power needed for MNP recovery by a magnetic field. This paper men-
tions the recovery of 50 mL of a magnetic nanoparticle solution in
30 min using a magnetic separator at a power of 187 W. The trapped
MNPs were washed away by deionised water after turning off the
electromagnet and recycled for use in a fresh draw solution. A
simple calculation illustrated in Appendix F shows that an exorbitant
amount of energy, i.e. 1870 kWh⋅m−3, was used for the recovery of
the MNPs. However, the magnetic separator was not specially
designed for the study and only a very small fraction of this energy
was consumed by the separation of MNPs [58]. The exact fraction of en-
ergy consumed cannot be quantified due to the lack of data in literature
at themoment. Hence, the recovery of MNPs with a magnetic separator
was not used for comparison in this study but is a potential area for
future research.

The order of processes with the lowest to the highest SEC at 75%
product recovery is FO–Distil b two-stage RO b FO with two-stage NF
recovery b FO–UF b FOwith NF recovery. There is effectively no difference
in SEC between the FO with NF recovery process and RO. Hence, the
benefit of the FOwith NF recovery process could lie in the reduced foul-
ing propensity of FO [3,59–64] whichmay reduce or eliminate the need
for pretreatment and chemical cleaning, thus reducing costs.

Although 75% product recovery may not be practically feasible due
to the pressure limitations of current RO and NF modules, these
simulations were performed for purposes of comparison with the FO–
Distillation process for which only data at 75% recovery was available
in literature.

4. Conclusions

A customised simulation tool was used to estimate the SEC for RO
and FO desalination by considering the effect of different process vari-
ables and UF pretreatment step. Using a CAPE-OPEN interface standard
for running Matlab scripts in ASPEN, this modelling approach provided
aflexible tool for quantifying the energy consumption of desalination by
simulating real process conditions.

It was concluded that there is effectively no difference in SEC be-
tween the FO with NF recovery and RO processes. Furthermore, it has
been shown that even if any of themembranes, FO, RO or NF had infinite
permeabilities and 100% rejection, it would not change the SEC signifi-
cantly. Based on these simulations alone, FO with NF recovery cannot
be considered to be competitive with RO taking into account the
additional capital costs needed for FO with NF recovery, unless other
advantages of the process can be capitalised on. One such advantage is
the apparently lower fouling propensity of FO [3,59–64] which may
reduce or eliminate the need for pretreatment and chemical cleaning,
thus reducing costs. In order to investigate if this phenomenon can be
exploited, the mechanism and extent of fouling in FO compared to RO
needs to be further studied and understood.

The FO–Distillation process with CO2–NH3 draw solution showed
the lowest SEC compared to other FO and RO desalination processes.
However, concerns over residual NH3 being above the allowable limit
in the product water is a challenge which remains to be resolved.

At 75% recovery, the single-stage FO–UF process with NPs as the
draw solution is estimated to have a similar SEC to the FO with single-
stage NF process. A two-stage UF for the nanoparticle recovery may
result in similar SEC as the two-stage RO and FO with two-stage NF
recovery processes, albeit increasing capital costs. The lack of data in
the literature makes it challenging to model the SEC for this process at
varying product recoveries and process conditions. Hence, more re-
search is required in this area to increase the availability of data before
accurate comparisons can be made with other desalination processes.

In general, it was observed that despite the type of draw solution and
pressure-driven recoverymethod used, there is effectively nodifference
in energy consumption of different hybrid FO processes and
the standalone RO process. This is because, the requirement for
πDS Recovery, Brine=πFO,Draw negates the benefit of using draw solutes
which can be recovered by low pressure processes. This analysis can
be generalised for any pressure-driven membrane process used for
the DS recovery stage, although there are still opportunities for hybrid
FO processes to provide energy cost savings by leveraging on low-cost
thermal energy DS recovery methods such as the FO–Distillation pro-
cess for recovering the CO2–NH3 DS.

Nomenclature
CO2 carbon dioxide
CP concentration polarisation
DS draw solution
ERD energy recovery device
ESI electronic supplementary information
FO forward osmosis
FS feed solution
HPP high pressure pump
HTI Hydration Technology Innovations
LPP low pressure pump
MBR membrane bioreactor
MNP magnetic nanoparticles
NH3 ammonia
NP nanoparticles
PAA polyacrylic acid
PAA-NP polyacrylic acid-nanoparticles
RO reverse osmosis
SEC specific energy consumption
SW module spiral wound module
SWRO seawater reverse osmosis
UF ultrafiltration
UPP ultrafiltration permeate pump
WHO World Health Organisation
P hydraulic pressure (Pa)
π osmotic pressure, Pa
ΔP transmembrane pressure difference, Pa
Δπ osmotic pressure difference across the membrane, Pa
Δπ1 osmotic pressure difference between the permeate and feed

side for the FO stage, Pa
Δπ2 osmotic pressure difference between the draw and retentate

side for the FO stage, Pa
∅NaCl corrected van't Hoff factor for NaCl solution = 1.64
∅MgSO4 corrected van't Hoff factor for MgSO4 solution = 1.2
QF feed flowrate, mol (solvent + solute)·s−1

QP permeate flowrate, mol (solvent + solute)·s−1

QPP pure water permeate flowrate in FO, mol (solvent +
solute)·s−1

QR retentate flowrate, mol (solvent + solute)·s−1

QD draw solution flowrate, mol (solvent + solute)·s−1

Lp membrane permeance, m3·m−2⋅Pa−1⋅s−1

Am membrane area, m2

Am,s specific membrane area, [m2(m3·h−1)−1]
T temperature, K
R membrane rejection, %
Rg universal gas constant = 8.314 J·K−1·mol−1

k external mass transfer coefficient, m·s−1

K solute resistivity for diffusion within porous support layer,
s·m−1
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Xi molar fraction of the solute
νi (P, T, Xi) molar volume ofmixtures and solvent as a function of pres-

sure, temperature and molar fractions of the solute, supplied
by the thermophysical properties engine, m3·mol−1

Pf feed side pressure, Pa
ρ fluid density, kg·m−3

νf fluid velocity, m·s−1

dh hydraulic diameter of the feed channel, m
λ friction factor
Kλ factor to take into consideration pressure losses in the feed

tubes and module fittings
Wpump pump work, W
Weq equivalent work, kWh·m−3

Re Reynolds Number
x position down the feed flow path
Y product recovery
GSEC gain in energy savings
fES fractional energy savings
PSMC penalty due to the increase in membrane area
mnorm dimensionless membrane price
m amortised membrane price per unit area, Pa·m3·m−2·h−1

mA amortised membrane unit cost, £·m−2·h−1

β conversion factor, Pa·m3·kWh−1

ε energy price, £·kWh−1
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Appendix A. Process model for RO desalination

Q F−QR−QP ¼ 0 ðA:1Þ
Q FXF;NaCl−QRXR;NaCl−QPXP;NaCl ¼ 0 ðA:2Þ

QP ¼
LPAm ΔP−∅

XM;NaCl

vM
−

XP;NaCl

vP

� �
RgT

� �
vP

ðA:3Þ

XP,NaClvM=XM,NaClvP(1−R) (A.4)

XM;NaCl

vM
¼ XR;NaCl

vR
−

XP;NaCl

vP

� �
exp

QP=Amð ÞvP
k

� �
þ XP;NaCl

vP
: ðA:5Þ

It should be noted that XP,NaCl=0 in the simulation since NaCl rejection is assumed to be 100%. The applied transmembrane pressure, ΔP, is
calculated as a function of pressure drop as shown in Appendix B whereby ΔP(i)=Pout(i−1)−105(Pa), whereby (i) is the ith element in series
down the flow path of the feed.

Appendix B. Model for pressure drop in a typical 8-in. by 40-in. spiral wound FilmTec (SW30HR-380) RO Module [10]

dPf

dx
¼ −2:4� 6:23

9:35� 10−4 � ν f � 1025
μ

 !−0:3
1025 � ν f

2

2 9:35� 10−4
� � ¼ −15:14

ν f

μ

� �−0:3

� 548;128:34 ν f
2 ¼ −8;300;817� μ0:3 � ν f

1:7

Pout ið Þ ¼ Pin iþ 1ð Þ ¼ Pin ið Þ−8;300;817 � c1 μ iþ 1ð Þ0:3
� �

� c2 ν f iþ 1ð Þ1:7
� �

� dx: ðA:6Þ

The absolute pressure at the exit of themodule,Pout i.e. at the exit of the last infinitesimal element, was calculated using Eq. (A.6), whereby c1 and
c2 are constants. The step size was sufficiently small to ensure no significant effect of its value on the overall pressure drop along the module.

Appendix C. Process model for FO with NF recovery desalination

Am−
QPP � vH2O

LP �
∅MgSO4

XP;MgSO4

vP
−∅MgSO4

XD;MgSO4

vD

� �
exp − QPP=Amð ÞvPP � K½ �− ∅NaCl

XF;NaCl

vF
−∅NaCl

XR;NaCl

vR

� �
exp

QPP=Amð ÞvPP
k

� �� �
RgT

� �

ln
∅MgSO4

XP;MgSO4

vP

� �
exp − QPP=Amð ÞvPP � K½ �− ∅NaCl

XF;NaCl

vF

� �
exp

QPP=Amð ÞvPP
k

� �

∅MgSO4

XD;MgSO4

vD

� �
exp − QPP=Amð ÞvPP � K½ �− ∅NaCl

XR;NaCl

vR

� �
exp

QPP=Amð ÞvPP
k

� �
2
664

3
775

2
666666666664

3
777777777775

¼ 0 ðA:7Þ

QP−QPP−QD ¼ 0 ðA:8Þ
QR þ QPP−Q F ¼ 0 ðA:9Þ
XR;NaCl � QR
� 	

− XF;NaCl � Q F
� 	 ¼ 0 ðA:10Þ
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XP;MgSO4
� QP

� 	
− XD;MgSO4

� QD
� 	 ¼ 0 ðA:11Þ

Single-stage NF

The process model used for single-stage NF for draw solution recovery is the same as RO (Appendix A) with the NaCl solute in RO replaced by
MgSO4 in NF and the corrected van't Hoff factor for the MgSO4 solution is ∅=1.2.

Appendix D. Method of calculation used to obtain the gain in energy savings (GSEC) for the two-stage RO relative to the single-stage RO [2]

GSEC ¼ SEC1RO

π0
fES

where the fractional energy savings,

fES ¼ SEC 1ROð Þ−SEC 2ROsð Þ
SEC 1ROð Þ :

The penalty due to the increase in membrane area (PSMC) is calculated using the following Eq. (2)

PSMC ¼ mnorm

1
1−Y

−
1
Y

ln
1

1−Y

� �� Amem;1 þ Amem;2

Amem;1RO
−1

� �

where mnorm (calculated for desalination as ~0.1) is a dimensionless membrane price which is independent of RO operating conditions calculated
using:

mnorm ¼ m

Lp π0ð Þ2
� Amem;1 þ Amem;2

Amem;1RO
−1

� �

where m is the amortised membrane price per unit area, given by:

m ¼ mAβ
ϵ

wheremA (£·m−2·h−1) is the amortisedmembrane unit cost selected at 100 £·m−2 assuming amembrane life of 5 years, β (Pa·m3·kWh−1) is the
conversion factor calculated as 1.557 × 106 Pa·m3·kWh−1 and ϵ (£·kWh−1) is the energy price selected at the current average standard price of
0.15 £·kWh−1 [2].

The overall cost savings was calculated as follows:

Overall cost savings ¼ GSEC−PSMC:

Appendix E. Calculation of energy consumption for the FO–UF process using nanoparticles (NPs) as the draw solution

Osmotic pressure of 35 g·L−1 NaCl = 24.29 bar.
At 75% recovery for FO,

πNaCl;exit ¼
24:29
0:25

¼ 97:16bar

πDS;in ¼ 97:16þ 2 ¼ 99:16bar

πDS;exit ¼ 99:16� 0:25 ¼ 24:79bar:

At 75% recovery for UF, πreconcentrated NP ¼ 24:79
0:25 ¼ 99:16bar

ΔPrequired≈100bar

SECUF ¼ ΔP Pað Þ � 1 hð Þ
Y � 3600 sð Þ � 1000

¼ 100� 105 Pað Þ � 1 hð Þ
0:75� 3600 sð Þ � 1000

¼ 3:70kWh �m−3:
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In the presence of an ERD at 100% efficiency,

SECUF;recovered ¼ ΔP� QR

QP
¼

100� 105 Pað Þ � 1
3
� 1 hð Þ

3600 sð Þ � 1000
: ¼ 0:9259kWh �m−3

Whereby,

QR

QP
¼ 0:25� Q F

0:75� Q F
¼ 1

3
⇒SECUF;ERD ¼ 3:7−0:9259 ¼ 2:77kWh �m−3:

Total SEC for FO–UF

¼ 2:77þ 0:07
¼ 2:84kWh �m‐3:

Assuming UF pretreatment prior to FO stage with a SEC of 0.33 kWh·m−3,

SECFO–UF ¼ 2:84þ 0:33 ¼ 3:2kWh �m−3:

Appendix F. Calculation of energy consumption for the recovery of MNPs using a magnetic field

Permeate flowrate; QP ¼ 50 mLð Þ
30 minð Þ ¼ 1� 10−4 m3

h
:

SEC

¼ Magnetic power
QP

¼ 187 Wð Þ
1� 10−4 m3

h

� � ¼ 1870kWh �m−3:

Appendix G. Supplementary information

Supplementary information for this article can be found online at http://dx.doi.org/10.1016/j.desal.2015.08.011.
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