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ARTICLE INFO ABSTRACT
Keywords: Couplings of forward osmosis (FO) with reverse osmosis (RO) or membrane distillation (MD) are investigated at
Forward osmos_is the water-energy nexus. The treatment of low and hypersaline feed solutions was assessed, followed by dis-
Reverse osmosis cussion of the most effective hybrid scheme for different conditions. Two FO confgurations are presented,

Membrane distillation
Multi-stage approach
Energy consumption

suggesting the potential applicability of a versatile multi-stage approach for treating low-saline wastewater
sources under co-current membrane module design. Subsequently, energy and exergy consumption of the post-
treatment RO / MD were evaluated. Finally, the coupling of FO and RO or MD units is investigated, highlighting
the dependence of the two hybrid systems upon the operating parameters in FO. While FO-RO coupling is the
most effcient solution in terms of power and exergy consumption, it is narrowed by the choice of the salinity
gradient in the draw solution. A 2 order of magnitude higher power consumption is required by the MD to drive
back the draw solution in FO while treating low saline wastewater. When dealing with hypersaline solutions
instead, the FO-MD becomes more competitive, mostly from the exergy standpoint, highlighting the ability to use
low-grade heat. Overall, FO-MD is more versatile, showing a broader application range while potentially
approaching zero liquid discharge.
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1. Introduction

Forward osmosis is widely recognized as a valuable alternative
desalination process, in which the natural process of osmosis is engi-
neered to extract high-quality water from contaminated streams by
means of a draw solution (DS) able to establish an osmotic gradient at
the membrane interface [1]. In detail, forward osmosis represents an
especially promising technology for the treatment of complex water
streams [2-5]. Contrary to pressure-driven membrane systems, the
absence of an external applied hydraulic pressure gives the possibility to
process, in FO, water sources with organic and suspended solid contents
[4,6] and to reduce the cost of installation by using fully polymeric
materials. Moreover, the potential deployment of a variety of draw
solutes makes the FO a versatile technology, able to treat feed solutions
with either low or hyper salinity levels [7-10].

Forward osmosis may be deployed as stand-alone membrane system,
virtually with no or little requirement of an external energy input to
drive the permeation process. In this case, named osmotic dilution (OD)
or osmotic concentration, the draw solution is used to extract water from
the feed stream without requiring a further downstream recovery step.
This confguration has been mainly reported for medical applications or
for direct fertigation, whereby engineered draw solutes are diluted via
OD prior to their benefcial use [11,12]. An attractive OD confguration
consists of the utilization of natural draw solutions to drive the perme-
ation process. Thanks to its intrinsic characteristics, seawater is
considered a valuable draw solution to extract water from feed solutions
with low total dissolved solids concentrations [13].

Comprehensive studies have been performed to investigate, e.g.,
potential alternative draw solutions in FO or the changes in membrane
module confguration [14,15]. Recently, studies have assessed FO
feasibility in situ (e.g., treating real water sources or investigating
possible pilot confgurations) to close the gap between lab and real scale
applications [16-18]. However, this is still a largely uncharted territory
and research is necessary to assess the implementation of forward
osmosis systems in large scale applications, as well as the integration of
the FO step with post-recovery systems. In this regard, it is indeed
essential to emphasize that, aiming at zero liquid discharge and at a
general minimization of waste within the water treatment sector, for-
ward osmosis requires a downstream desalination technology able to
process the diluted draw solution, separating the draw solute from the
water extracted in the FO step, thus continuously restoring the draw
solute concentration [19,20]. In this confguration, energy is required to
drive the subsequent desalination system, usually represented by either
a pressure-driven or a thermally-driven process.

The choice of the coupling technology is governed by the charac-
teristics of the draw solute as well as by the salinity gradient driving the
FO permeation step. Studies proposed and assessed potential FO
implementations, with nanofltration (NF), reverse osmosis (RO) and
membrane distillation (MD) being the best candidates for draw solution
recovery. Currently, pressure-driven membrane processes (NF/RO)
represent the most energy effcient options [21]. However, the con-
centration of draw solution that can be recovered with NF/RO, hence,
the salinity of the primary feed stream, is narrow, in turn limiting the
versatility of the coupling technology. In detail, the current maximum
operating pressure for commercial RO membrane modules is around 80
bar [22], with a few studies reporting the possibility to reach up to 100
bar [23]. Treating hypersaline solutions is challenging considering the
current limitations related to membrane materials, module packing,
topology, and fouling/scaling phenomena. Therefore, the mechanical
integrity and a proper permeability may not be guaranteed. For this
reason, FO-NF/RO was reported so far in the literature as a promising
solution for the treatment of low-salinity wastewater and groundwater
sources [16,24].

An emerging alternative, which has been recently gaining ground, is
represented by FO coupled with MD. The latter is particularly promising
due to its ability to perform low-temperature separation with low-grade
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energy, such as industrial and non-industrial waste heat, as well as
renewable energy sources [25-29]. Furthermore, MD is a suitable option
for draw solution recovery as it allows the management of high salinity
waters, being less sensitive to the variation of the solute concentration
[19,22,30-32] while showing low fouling propensity [22]. In fact,
contrary to pressure-driven membrane systems, the driving force in MD
process is the partial pressure difference of the vapor generated across
the membrane, i.e., between the feed solution to be treated (the diluted
DS in FO-MD confgurations) and the distillate. Such partial pressure
difference shows a relatively low dependence on salinity (see Raoult's
law [32]). Previous studies indicated that the upper operating limit of
salinity of the feed solution is 200,000 ppm [22,23]. As a result, FO-MD
has been mostly investigated when hypersaline draw solutions were
needed to drive the FO permeation step [33-37]. On the other hand,
there is a lack of understanding of FO-MD coupling, especially when
considering the major limitation of MD, namely the low water recovery
rate achievable in single stage operation mode [22].

Regarding the MD, most of the scientifc activity conducted
throughout the years was focused on optimizing the heat and mass
transfer phenomena across the hydrophobic membrane. Solving this
system of non-linear heat and mass transfer equations involves extensive
computational efforts. However, developing a simplifed, but accurate,
mathematical model able to faithfully estimate the performance of such
technology is highly desirable in order to effortlessly explore its poten-
tial coupling with forward osmosis, thus moving from component to
plant-scale modeling. On this point, it is worth noting that a pioneering
framework for evaluating the inherent potential thermodynamic per-
formance of the MD process has been recently proposed and established
by Christie and co-workers [38].

The study proposed here investigates the possible implementation of
FO-RO/MD hybrid systems by performing a system-scale analysis at the
water-energy nexus. Firstly, FO confgurations are assessed, evaluating
the infuence of different operating parameters and multi-stage ar-
rangements on water extraction from potential contaminated streams. In
detail, the FO analysis is performed by discretizing the membrane sys-
tems while calculating the water fltered during the process. Then, with
the aim of coupling the RO/MD technologies with the FO plant, the
specifc energy and exergy consumption related to RO/MD post-
processes are calculated. For the sake of comprehensiveness, couplings
between FO and both low- and unconventional high-pressures (namely,
applied pressure lower than 100 bar and from 100 to 300 bar, respec-
tively) RO (LPRO & HPRO), able to regenerate also hypersaline draw
solutions, are included for comparison. Moreover, with regard to the MD
technology, both a basic and an advanced confguration are considered.
The advanced confguration incorporates an heat exchanger recovering
the latent heat from the permeate stream to preheat the feed stream.
Then, in order to evaluate the specifc energy consumption of the MD
process, the inspiring and simplifed approach proposed by Christie and
co-workers [38] is here considered and tailored to properly ft the hybrid
confgurations explored. In addition, the equations for evaluating the
non-uniform trans-membrane temperature difference across the module
are here included and discussed. Finally, the power required to restore
the concentration of the draw solute, as well as the exergy consumption,
are calculated for several hybrid case studies involving couplings be-
tween different multi-stage confgurations of FO, RO and MD, different
draw solutions Fow rate per stage and osmotic pressure.

2. Methods
2.1. Forward osmosis

Simulations were performed considering three different case sce-
narios, namely, (i) forward osmosis for civil wastewater treatment -
FOCW, considering an overall water recovery of 85 %, (ii) osmotic
dilution for civil wastewater treatment - ODCW, considering an overall
water recovery of 85 % and (iii), forward osmosis for the treatment of
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hypersaline Water sources - FOHW, considering an overall water re-
covery of 60 %. Based on the results achieved in previous experiments
[39], in FOCW, MgCl, was considered as the most suitable draw solute,
differently from the ODCW scenario, in which seawater was simulated as
DS. In the FOHW case study, sodium propionate (NaPRO) was deployed
as draw solute, given the promising results discussed by previous studies
[36]. While the operating conditions may vary in the two FO scenarios
depending on the concentrations of MgCl, or NaPRO considered for the
draw solution, seawater was modeled considering a representative
concentration of 35 g L1 of NaCl in OD. In the latter case, a potentially
infnite DS volume could be virtually up taken from the sea, while total
DS volumes need to be optimized when working with engineered solu-
tions in the two forward osmosis cases. This is necessary to keep
reasonable operating costs while lowering the associated environmental
impacts. Civil wastewater was simulated according to our previous
literature works [39,40], without considering any foulant concentra-
tions and by simplifying the mixture of ionic species with an equivalent
NaCl concentration providing an osmotic pressure of 0.5 bar. The brine
produced by a reverse osmosis seawater desalination system with an
average water recovery of 50 % was considered as hypersaline water
source.

System-scale analysis of forward osmosis and osmotic dilution was
performed by simulating the potential confgurations reported in Fig. 1a
and S2. The FO and OD confgurations consisted of different stages, each
supplied with specifc volume and mass fow rates of feed and draw
solution. While the feed is treated sequentially along the stages, i.e., the
concentrate of one stage is the feed of the following one, the infuent
draw solution of each stage was designed following two potential system
confgurations. The frst one (Confl along the manuscript), depicted in
Fig. S2, was only used to simulate the FOCW scenario. Here, the total
fow rate of the MgCl, draw solution is divided equally among the
various FO stages, in which the permeation is driven by the re-
concentration factor obtained by mixing the diluted draw solution
exiting the previous stage and the new infuent DS fow. The second
confguration (Conf2 along the manuscript), reported in Fig. 1, is
designed in a way that each of the stages receive a fresh draw solution
source. This confguration was used to simulate all three scenarios
described above, thus varying the source of draw solution accordingly.

A downstream desalination technology is necessary for the draw
solution regeneration in the FO cases, while no post-treatment is
contemplated in osmotic dilution mode. Potentially, the OD system can
be combined with a reverse osmosis unit to extract water from the
diluted seawater draw solution, thus increasing the recovery rate of the
RO desalination step. This case scenario was not investigated in this
study, since previous research already proved the potential benefts of
this coupled strategy [20,41]. However, an in-depth investigation of
innovative osmotic dilution confgurations is of interest. Binger et al.
[42] reported an in-depth investigation of a multi-stage approach in FO,
focusing on the infuence of the membrane module parameters on the
water permeation when a wastewater source is used to dilute seawater
prior to operate the subsequent reverse osmosis desalination step. It is of
interest to investigate additional similar confgurations with a broader
perspective, falling outside specifc membrane module analysis and
evaluating FO scenarios at the system-level and the related energy needs
associated with the deployment of different post-recovery solutions.

The system-scale analysis was performed by discretizing the theo-
retical length of each membrane stage while calculating the water fux
Jw. Thus, the dilution factor of the draw solution, the reverse salt fux
through the membrane Js, and the concentration factor of the feed so-
lution were considered. The values of the active layer water permeance
(A), the support layer structural parameter (S), as well as the salt
permeability coeffcient (B) for each draw solute and its related diffusion
coeffcient (D) were taken from previous measurements reported in the
literature [34,39]. For each draw solute, the correlation between the
variation of the osmotic pressure in solution and the solute concentra-
tion were extrapolated using OLISystem Analyser. The discretization of
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each membrane stages was performed in 2D geometry, accounting for a
mass transfer coeffcient equal to what reported in our previous studies
[34,39]. To simplify the analysis, simulations were Frst performed in co-
current confguration (i.e., feed and draw solutions entering and exiting
from the same sides) and subsequently in counter-current confguration,
in the latter case fxing the recovery rate of the system based on the
results obtained in co-current mode. Co- and counter-current represen-
tations are reported in the Supporting Information (Fig. S1). Jy and Js
were calculated through the following equations [43]:
8 9
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where cps and cps are the draw and feed solutions concentration,
respectively.

Note that the energy consumption in the FO step was considered
negligible compared to the energy associated with the downstream
desalination technologies. This assumption is mostly based on the
observation that the direct energy consumption in FO is only associated
with the head losses within the system, which are negligible compared
to the energy required to achieve high pressures or related to the heat to
be supplied to the following RO/MD systems.

2.2. Specifc energy consumption of reverse osmosis

The methodology adopted for calculating the specifc energy con-
sumption (i.e., SEC) of RO, which is the pressure-volume work to pro-
duce a m® of permeate, is discussed. Two typical case studies are
considered for this purpose: the conventional single-stage confguration
and the multi-stage confguration (where the brine solution exiting the
frst stage enters as feed solution into the second stage and so on), which
offers benefts from an energy standpoint. In fact, while in the former
confguration the applied pressure is constant throughout the vessels,
resulting in a pressure difference at the vessel inlet signifcantly higher
than theoretically required, the multi-stage confguration allows work-
ing with a gradually increasing pressure that matches the increase in
brine osmotic pressure [44]. In both confgurations, the use of an energy
recovery device is included in the calculations. The effciency of this
component, which is designed to recover as much mechanical energy as
possible from the high-pressure and high-concentrated brine [45,46]
(indicated as Pg in Fig. 1), signifcantly affects the total specifc energy
consumption [23,47-49].

The analytical equations used to calculate the intrinsic specifc en-
ergy consumption of the RO process are outlined below. These equations
are obtained assuming the effciency of the pump npymp = 0.8, the eff-
ciency of the energy recovery device (i.e., ERD [50], which could be
pressure exchangers or turbines [23]) 0.8 < nggp < 1 and an excess of
hydraulic pressure at the outlet of each stage Apoy equal to 10 bar above
the osmotic pressure of the brine exiting the stage. The applied hydraulic
pressure ranges from 25 to 300 bar, based on the detailed considerations
reported in Ref. [23]. In detail, the lower selected limit corresponds to
the pressure suitable for processing wastewater with low concentration
levels (i.e. less than 35 g Lfl). The upper limit is needed to overcome the
osmotic pressure of hypersaline brines, which can be treated by the so-
called high-pressure RO systems with applied pressures higher than 100
bar [23]. In detail, an hydraulic pressure of 300 bar enables brine con-
centrations up to 250,000 mg L™1, which is challenging considering the
limitations related to the membrane materials and the fouling phe-
nomena. Given the selected concentration range, The van't Hoff equa-
tion provides reasonable accuracy between solute concentration and
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Fig. 1. Schematic representation of the confgurations designed for potential large-scale forward osmosis (FO) applications. a) Coupling between multi-stage FO
plant and a downstream desalination system able to restore the concentration of the infuent draw solution. The downstream desalination systems considered in this
work are based on b) reverse osmosis (RO) and c) membrane distillation (MD) processes. With respect to the RO process, two implementation arrangements were
considered, namely, the single and multi-stage confgurations. In the fgure, a 3-stage confguration is reported for the sake of conciseness. Furthermore, a device for
recovering the mechanical energy (ERD) stored in the brine is considered. With respect to the MD process, the two arrangements differ from the presence of a heat
exchanger (HX) able to preheat the feed stream entering the MD module by recovering the heat stored in the permeate stream. In the fgure, a single stage

confguration is reported, although multiple identical stages may be coupled in series to achieve the desired recovery.
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osmotic pressure for values below 200 bar. For the upper range, OLI-
System Analyser was used to check the validity of the van't Hoff equation
and to replace values with more accurate ones if nedeed. Furthermore,
salt rejection is considered as ideal (higher than 99 % in practical real
cases). As a result of these considerations, the brine osmotic pressure
Turine CaN be written as a function of the feed osmotic pressure zpeq and a
Txed target recovery R as:

T feed
rine — 7 3
T, 1_R 3
Then, the following is the equation that was used to evaluate the
specifc energy consumption SEC of a RO process in the case of a single-
stage [23]:

SECy_ = % + 8o (1= (1= R)gep )

4)

r]pump R

When dealing with a multi-stage confguration, the osmotic pres-
sures and the cumulative recovery rates at the end of each i-th RO stage
(indicated as z; and r;, respectively) are equal to [47]:

Tfeed 1- N—i

TE 1R R ®)
T feed

L =1 6

r " ®

where N represents the number of stages. Thus, the various stages of the
RO process deal with progressively higher osmotic feed pressure (i.e., z;)
and progressively lower mass fow rates compared to the upstream
stages. Following, the equation for the SEC of a RO process, in case of a
3-stage, is reported:

>
1 + Apoul + (1 - ri)(”Hl - ”i)
SECy_3 = =
v MpunpR ™
(1 = R)itgrp (73 + DBpou)
NpumpR

2.3. Specifc energy consumption of membrane distillation

Here, the methodology adopted for calculating the specifc energy
consumption of MD to produce a m® of permeate is discussed. The re-
ported methodology is inspired by the pioneering work recently auth-
ored by Christie and co-workers [38], where a streamlined framework
for evaluating the inherent potential thermodynamic performance of the
MD process was established [38]. Without losing generality, a counter-
current (see Fig. 1) direct contact membrane distillation (DCMD) pro-
cess was considered. Moreover, two confgurations were explored: a
confguration in which the outfow from the permeate channel of the MD
module is conveyed directly back into the FO unit, after thermalizing it
with the environment by means of a heat sink (see Fig. 1a); a confgu-
ration involving a heat exchanger (HX) to preheat the feed stream
entering the MD module by recovering the residual heat in the permeate
stream (see Fig. 1b).

Here we focus on quantifying the inherent potential performance of
an MD desalination system used as downstream separation step of FO. In
particular, we explore the effect of thermal effciency nmem, inlet tem-
perature of the streams in the feed and permeate channel (i.e., Ty and T,
respectively; whose difference is indicated as AT), trans-membrane
temperature difference at the output or input section of the feed chan-
nel (i.e., ATwmp, f, out OF ATmp, +, in, respectively), and temperature dif-
ference between the hot and cold streams along the heat exchanger (i.e.,
ATyx) on the MD performance.

To evaluate the intrinsic performance of the proposed MD process,
the source of thermal energy Ps required to heat the solution entering
the MD module (i.e., the FO draw solution) up to Ty is introduced. If the
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heat exchanger is not involved in the design, Ps is:
Ps = ¢f tiypygin (T — Tc) ®)

where ¢ is the specifc heat of the feed solution and mMyp:.in is the total
mass Fow rate entering the feed channel of the MD module. The thermal
effciency #nmem is given by the ratio between the heat transferred
through water vapor fux myp.wyvr across the membrane and the total
heat carried by the feed mass fow rate myp.r.in (Undergoing a temper-
ature change from Ty to Tc — ATwp, 1, out), NaMely:

ypwve Myap )

Minem =

¢ Mypgin Tu — Te — DTypgou

where hygp is the enthalpy of vaporization. Finally, the specifc thermal
energy consumption is:

seC, =15 (10)
Myp,wvr
Combining Egs. (8), (9) and (10), we get:
AT h,,
AT — ATwpigou Moem

SEC, = (11)

Considering a design in which the HX is included (see Fig. 1b),
previous equations can be re-written as:
Ps = Cr mMD;/;in Ty— Tu— ATMD;f;in — ATy (12)

ATypgiin + DT hx hyap

SECux =
X AT — ATMD;f‘;uut Mmem

(13)

It is worth pointing out that the theoretical framework developed
here also considers that the trans-membrane temperature at the inlet
section of the MD module (i.e., ATwp, 1, in) differs from that at the outlet
section (i.e., ATwmp, 1, out), being related by the frst law of thermody-
namics on the MD module:

Mypigin ¢f T — T +
_mMD;f;um Cr Tc + ATMD;f;out — Lref =

14
Tref + ( )

= Myppiour ¢ T — ATMD;f;in -
—Typpiin Cp Te — Trer

where c;, is the specifc heat of the permeate solution. Note that Eq. 14 is
valid for both confgurations in Fig. 1c. Then, considering an equal inlet
heat capacity of the streams in the feed and permeate channels of the MD
module [38], we get:

19
ATypgin 1+ Rc—p — ATypysou(l —R) =
=R 21, -1,
= n—Tc
Cr

For the sake of conciseness, the reference temperature term (i.e.,
RTref(1 — cp/cr)) does not appear in Eq. 15, being negligible with respect
to the operating temperatures.

We then proceed to analyze the specifc performance of the MD
technology from an exergetic point of view as well [51,52]. The specifc
thermal exergy consumption (SEC,;), defned as the amount of exergy
supplied to produce a volume of distillate, can be similarly derived by
including the Carnot factor [27,28,51]:

Tumh

" Ty + ATy (16)

’/I(jm‘mu =1
where, ATsg is the difference between the temperature of the low-grade
thermal source and the inlet temperature of the streams in the feed
channel (i.e., Ty). Thus, the exergy associated with a given quantity of

heat fux and employed to produce a unit volume of distillate is SEC; =
ncarnot SECy [28,51]. The thermal source may come from Fat plate solar
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collectors or waste heat recovery. Note that the temperature of the dead
state corresponds to the ambient temperature (i.e., Tamp)-

3. Results
3.1. Preliminary FO simulations

Forward osmosis simulations were performed to investigate the
feasibility of the system confgurations in co- and counter-current mode.
The same case scenario was considered to carry out the modeling
analysis, i.e., FOCW. All the results are presented in the Supporting In-
formation, Fig. S3, showing the trend of the water fux along the FO
stages as function of the recovery rate.

Results suggest that Confl does not represent an advantageous
confguration for FO. Lower water fuxes would be achieved within the
membrane stages compared to the one stage permeation (results shown
for co-current operation in Fig. S3a). The unsuitability of such confg-
uration is in line with our previous modeling analysis [39,40], being
mainly ascribed to the lower DS to FS volume ratio reached in each stage
of the system, which increases the dilution factor of the draw solution
along the membrane length. Even a re-concentration step carried out
prior to each permeation stage by mixing the diluted DS with fresh DS
volume is not suffcient to increase the water fux. As opposed to an RO
process, for which dividing the membrane in multiple stages leads to
better thermodynamic performance, in FO the loss of driving force due
to dilution in each stage plays a much more important role. Unless the
total fow rate of draw solution (i.e. the mass of draw solute) is increased
signifcantly in the system, using a multi-stage arrangement is not
particularly advantageous.

The modeling analysis also suggests that no signifcant optimization
would be achieved when working with the two confgurations in
counter-current mode. An overall decrease in productivity was achieved
in Confl (results not shown), similar to what observed by simulating the
permeation in co-current. Interestingly, a signifcant variation of the
water fux trend would be achieved if counter-current is adopted in
Conf2 (Fig. S3b). Specifcally, a multiple stage approach would signif-
cantly reduce the water fux stability along the recovery. This result is
mainly ascribed to the nature of the counter-current mode, where the
more concentrated draw solution is always associated to a more
concentrated feed solution along the membrane, therefore providing the
correct amount of driving force capable to determine a more balanced
and stable permeation with a single stage membrane system confgu-
ration. It could be said that a single-stage counter-current FO process is
analogous to a multi-stage RO process with gradually increased applied
hydraulic pressure, at least in terms of achieving fux balance and
optimizing the use of driving force.

Interesting observations can be made by performing a system-scale
analysis to calculate the theoretical variation of cross-fow channel
height needed in the FO membrane module to maintain a uniform cross-
Fow velocity (Fig. S4). Overall, while in counter-current a more stable
Ffux is produced along the membrane module, a theoretical large vari-
ation of the cross-fow channel thickness would be necessary to keep a
uniform cross-fow velocity (Fig. S4d). This is due to the large increase in
the fow rates along the membrane module in the same direction for
both the feed and the draw solution, i.e., large fow rates at one end of
the module and small Fow rates at the other end (Fig. S4b). This effect
would require complex modules geometry to minimize the concurrent
change in both cross-fow velocities. An increase in the cross-fow ve-
locity would strongly affect the water and solute transfer through the
membrane while inducing turbulent fow conditions at the membrane
surface. This may not necessarily have a negative impact on the mem-
brane performance, but would ideally require adjustments in module
design or structure, or would otherwise impose stricter operating limits
to the deployment of the FO modules, e.g., minimum and maximum
cross-fow rates. Designing modules or processes to work within specifc
range of recovery rates, cross-fow rates and velocities, as well as
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infuent DS:FS fow rates is essential to keep a modular structure and
guarantee robustness of performance and long component service life in
large scale applications.

The need for highly-effcient geometry is less pronounced in FO
modules working in co-current mode, where the increase of DS Fow rate
due to dilution is counter-posed by the corresponding volume reduction
of the feed fow, resulting in a theoretical uniform section of the mem-
brane module along with the area (Fig. S4c). To make an example, in co-
current, the traditional cylindrical shape of spiral wound or hollow fber
modules may be maintained, potentially adopting less stringent opera-
tive limits than those needed for a counter-current module. However,
this may be obtained at the expense of a less uniform water fux in single
stage confguration.

3.2. Staged operation in FO

The results reported so far suggest: (i) the ineffciency of Confl when
working in forward osmosis, and (ii) the unfeasible re-design of counter-
current systems in multiple stage operation. However, co-current FO
membrane modules may be favorably assembled by designing systems
according to Conf2 (Fig. 1a). This is shown by the results and discussion
reported in the following section.

First, simulations were performed to investigate the FOCW and
FOHW scenarios. The modeling analysis was carried out by fxing the
recovery rate of the entire system to 85 % and 60 %, respectively. Re-
sults are presented in Fig. 2. The water fux trend achievable along the
stages is reported in Fig. 2a and Fig. 2c for the FOCW and FOHW case
study, respectively.

In FOCW, a counter-current single stage confguration is able to
produce a more stable water fux along the plant and better exploit the
driving force, thus representing the most valid operational approach
when a traditional single stage confguration is adopted. This is ascribed
to a more uniform trend of the concentration gradients between the feed
and the draw solution along the membrane system. This is an expected
results and in accordance with previous analysis [39]. Interestingly,
results suggest that co-current FO may be adjusted by designing a multi
stage system accordingly to Conf2, thus representing a possible alter-
native to the traditional counter-current approach. Compared to the
single stage permeation, this multi-stage operation would bring benefts
to the membrane systems by reducing the maintenance cost related to
the potential difference in fouling that would probably be associated
with a large variation of the water fux along the membrane (see Fig. 2a).
Moreover, a Conf2-based system may represent a feasible option for the
treatment of more complex wastewater, containing large concentration
of foulants combined with high silt density index (such as liquid fraction
of digestate [6]). While FO can deal with the presence of suspended
solids in solution, the increase in concentration of contaminants in the
feed side may induce organic/inorganic precipitation onto the mem-
brane, leading to irreversible fouling. A multi-stage approach can
simplify the maintenance by operating directly within the fouled stage,
while keeping unaltered the permeation conditions in the rest of the
plant.

In contrast, when treating hypersaline sources, neither a co-current
nor a counter-current approach would be able to obtain a stable and
uniform water fux along the recovery rate of the permeation (and
hence, along the membrane area), as shown in Fig. 2c. This is mainly due
to the intrinsic higher salinity of the feed water and its concentration
along the membrane modules. These results draw attention to unex-
pected issues that may arise during real-scale FO operations, which
should be carefully designed in FOHW scenarios, keeping in mind the
potential detrimental effect of a large water fux variation in membrane
module performance and fouling.

It is worth noting that the FOCW and FOHW simulations were per-
formed keeping the same feed solution to draw solution fow rate ratio, i.
e., FS:DS = 1:2. However, a large variation in osmotic pressure differ-
ence was needed to drive the two FO scenarios. An infuent DS osmotic
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Fig. 2. Results of forward osmosis simulations performed to model the FOCW/FOHW scenarios. The FO system was designed based on Conf2, considering an (i)
infuent total MgCl,/NaPRO DS volume of 200 meh?, (ii) an infuent draw osmotic pressure of 16/280 bar and, (iii) local water fuxes always higher than 5 L m~2
h~! along the membrane area. The water fux trends a) and c) are reported as a function of the recovery rate while varying the number of stages. Dashed lines
represent the co-current and counter-current simulations performed with single stage designs. Panels b) and c) report the variation of (i) the MgCl,/NaPRO DS fow
rate in percentage and (ii) MgCl,/NaPRO DS mass as function of the number of FO stages included in the system design. Orange values in the right y axis indicate the
draw solution mass needed to drive the two FO scenarios in single-stage counter-current mode.

pressure almost 14 times higher was required to reach a much lower (60
%) recovery rate in the FOHW scenario compared to the driving force
needed to achieve 85 % recovery in FOCW, while keeping the local
water Fuxes always higher than 5 L m2ht along the membrane area.

Interestingly, results suggest that in none of the cases discussed
above, a no signifcant change in membrane area would be associated
with the deployment of single or multi stage confguration to obtain the
same overall recovery value. Therefore, a multi stage operation would
not result in a signifcant increase (or decrease) of the installation costs
in real scale plants. Instead, a multi stage approach in co-current oper-
ation would potentially lead to draw solution savings up to approxi-
mately 8 % and 23 % for 6 stages, as reported in Fig. 2b and d. With a
multi stage confguration, a lower amount of draw solute may be
deployed to achieve the same outcomes with a fxed plant size. This is
evident in FOHW scenarios, whereby extreme concentrations of draw
solutes are needed to drive the permeation of hypersaline water. When
compared to the single stage co-current operation, this ¥nding is
partially relevant for the counter-current confguration too, as indicated
by the orange values reported in the right y axis of Fig. 2b and d. It is
worth noting that, in the presence of signifcant environmental burdens
associated with the production and deployment of the chosen draw so-
lute, even a small saving may lead to a more environmentally friendly
membrane system [40].

All the simulations and results discussed above have an impact on the
effciency and energy requirements of the downstream step applied to

regenerate the draw solution. Indeed, different draw solution fow rates,
as well as infuent and effuent draw solute concentrations, are directly
related to the operating conditions and size of the RO or MD processes
that would need to treat these solutions. Therefore, multi-stage FO ar-
rangements associated with lower or larger values of DS fow rates or
concentrations with respect to single-stage FO would lead to potential
savings for the overall coupled system. Note that the design of a multi-
stage FO plant is not necessarily more complex or costly than that of a
single-stage system. No pressure booster pumps or expensive materials
are needed in FO, as opposed to, e.g., RO plants, and a multi-stage
approach would simply translate in different piping entering and exit-
ing the various membrane vessels, with extra costs only virtually related
to low-pressure pumps and valves. While such calculations are not in the
scope of this study, designing a rational multi-stage FO step may thus
result in OPEX savings that would largely offset the possible increase in
CAPEX costs, in addition to facilitating the implementation of more
streamlined module structures or operating conditions, as discussed
above.

3.3. Staged operation in OD

Modeling analysis was performed to simulate the ODCW scenario, in
which no DS regeneration is needed. In this case study, the forward
osmosis system was designed to ideally work in coastal areas, while
using seawater as draw solution for the treatment of wastewater with
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low total dissolved solids concentration. Considering the nature of the
draw solution and, ideally, the possibility to uptake large amounts of
seawater, the simulations were performed with a fxed volume of DS
entering each stage (equal to 200 m® h™%, to be consistent with the
simulations showed previously). It is worth noting that the multiple
stage permeation systems in OD works with an amount of the total
seawater DS proportional to the number of stages, differently from the
forward osmosis scenarios, in which a fxed DS fow rate is equally
divided among the stages involved.

The results of the simulations are reported in Fig. 3. The water Fux in
co-current (1 and multi stage) and counter-current (1 stage) is reported
as function of the recovery rate (Fig. 3a). Overall, larger water Fuxes can
be achieved in co-current multi-stage operation, leading to potential
savings in terms of plant size and, hence, installation costs (Fig. 3b).
Clearly, the gap between the water fux trend between 1 and multiple
stage confgurations is more pronounced in ODCW compared to FOCW
scenarios. This is due to the higher driving force combined with the
larger DS fow rates involved when working with seawater as draw so-
lute instead of an engineered DS, such as magnesium chloride. Results
suggest that in 1 stage co-current mode, when treating civil wastewater
with low salinity level, a large variation of the local water fux along the
membrane module is observed (black dashed lines in Fig. 2a and b). This
is ascribed to the large value of osmotic pressure difference between the
feed and the draw side at the entrance of the module and the low value at
the exit of the module (as feed water gets concentrated and draw solu-
tion diluted). In ODWC, a multi-stage confguration would hence
represent a promising solution in co-current mode, achieving a more
uniform water fux along the stages while reducing the environmental
footprint of the system (Fig. 2b); the proportionally larger volumes of DS
would not be an issue, given the large availability of seawater. As ex-
pected, similar uniformity in membrane performances can be obtained
in 1-stage counter-current mode but at the expense of a lower average
water Fux, resulting in larger membrane area requirements to obtain the
same recovery rate (Fig. 2b). It is worth mentioning that, in the presence
of a reverse osmosis system used to recover the water extracted during
the FO permeation step, larger volume of diluted draw solutions derived
from a multi-stage operation approach would potentially affect the
overall energy cost of the coupled technology. An analysis of the
coupling of FO with desalination systems is reported below and the re-
sults may be adopted to derive the energy needs associated with the
deployment of an osmotic dilution coupled with RO as well.
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3.4. RO simulations — SEC

Fig. 4 shows the specifc thermal energy consumption SEC; of RO
used as downstream desalination technology for the draw solution
regeneration. SEC; is reported as function of the inlet osmotic pressure of
the feed solution to be treated (i.e., 7eq) and of the water recovery. The
latter is denoted by continuous black lines. In detail, SEC, values related
to the single-stage uniform pressure confguration and to the multi-stage
confguration are reported on the left (Fig. 4a) and on the right (Fig. 4b)
of the panel, respectively. Without losing generality, the results in
Fig. 4b refer to the confguration with 3 stages in series.

The hydraulic pressure applied, evaluated by exploiting Egs. 4 and 7,
is reported on the y-axis. These pressure values correspond, applying the
appropriate unit conversions, to SEC,. As the applied hydraulic pressure
increases, the range of solutions that can be treated widens (namely,
Tfeed iNCreases), although with different water recoveries R, which are
inversely proportional to the inlet osmotic pressure (i.e., Zfeeq)-

Calculations were performed considering applied hydraulic pres-
sures between 25 and 300 bar, thus also covering unconventional high-
pressure reverse 0smosis systems. Moreover, Apgyt, flpump, #erp and the
salt rejection were assumed equal to 10 bar, 0.8, 0.9 and 100 %,
respectively. The SEC, calculated for single-stage RO (e.g., when the
maximum applied pressure is equal to 80 bar [23]) ranges from 2.22 to
10.4 kwWh m~2. In this scenario, the water recovery R ranges from 0.98 to
0.03 and 7geeq from 1 to ~ 60.4 bar, which corresponds to a concentra-
tion of 72 and 78 g Lt in case of NaCl and MgCl, aqueous solutions,
respectively. When the applied pressure is instead equal to 25 bar, the
SEC; ranges from 0.70 to 0.91 kWh m~3, which corresponds to a water
recovery equal to 0.92 and 0.24 and a zfeq €qual to 1 and 9.48 bar,
respectively. In case of HPRO, i.e., when the applied pressure ranges
from 150 to 300 bar, the SEC, may reach improbable values of about
85.4 kWh m~3. At the lower boundary of this operating range, the
maximum osmotic pressure of the feed solution is about 124 bar (0.02 <
R < 0.99), whilst at the upper boundary zeq Mmay reach values slightly
higher than 250 bar (0.02 < R < 0.99). Note that a cut-off value for
recovery ratio of 0.01 was set, due to the lack of engineering interest of
conditions beyond this threshold.

In Fig. 4b, the SEC; of the multi-stage confguration is reported. As
expected, compared to the single-stage RO, the calculated SEC; is lower,
under the same R and zseeq Values. In fact, the reverse osmosis process is
divided into several stages characterized by a different and gradually
increasing hydraulic pressure, according to the increasing concentration
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Fig. 3. Model results for the ODCW, considering the system based on the second confguration investigated (Conf2). The simulations were performed considering an
infuent seawater DS volume of 200 m® h~! entering each stage with a target recovery rate of 85 % for the overall system. Results are presented for both co-current
and counter-current permeation modes. Panel a) presents the water fux trend as function of the recovery rate while varying the number of stages in co-current system
design. Dashed lines represent the co-current and counter-current simulations performed with single stage design. Panel b) presents the variation of the membrane
area required to achieve the target recovery rate, as function of the number of stages in the osmotic dilution system.
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Fig. 4. Specifc thermal energy consumption (SEC,) as function of the inlet osmotic pressure of the feed solution to be treated (i.e., 7eq) and the water recovery (see
black lines), in case of a) single-stage uniform pressure and b) 3-stage RO process confguration. The maximum applied hydraulic pressure reported on the y-axis
corresponds to the SEC,. Calculations were performed considering the maximum applied hydraulic pressure ranges between 25 and 300 bar (thus also covering high-
pressure reverse osmosis systems) and, thus, zreq between 1 and 250 bar. Then, Apout, 7pump, 7ero @nd the salt rejection were assumed equal to 10 bar, 0.8, 0.9 and

100 %, respectively.

of the treated solution. In case of 3-stage RO, the calculated SEC, ranges
from 0.99 to 10.4 kWh m~3, considering a value of 80 bar. In this sce-
nario, the water recovery R ranges from 0.98 to 0.03 and zeeq from 1 to
~ 60.4 bar, as in case of a single stage. When the applied pressure is
equal to 25 bar, the SEC, ranges from 0.48 (i.e. a 30 % reduction
compared to the single-stage confguration) to 0.88 kWh m~3 (i,e.ad %
reduction compared to the single-stage confguration), which corre-
sponds to a water recovery equal to 0.92 and 0.24 and a zeeq €qual to 1
and 9.48 bar, respectively.

In case of HPRO, the maximum SEC, occurs for signifcantly lower
recoveries. In this scenario, the difference between the 3-stage and
single stage case is minimal and below 1 %. As we move towards higher
recoveries, the reduction in the energy consumption may reach up to 60
%. In particular, when the applied pressure is equal to 150 bar, the SEC,
varies from 1.66 to 26.0 kwh m~3, thus yielding energy savings of 60 %
and 1 % in the case of lower and higher concentrated aqueous solutions,
respectively. Finally, it is worth emphasising that the electrical energy
exploited to power the RO is in theory totally convertible to work, thus
the specifc exergy consumption SECy; corresponds exactly to SEC;.

104
o (@)
S
=
10°
w/o Heat Exchanger
<
0
102
@ 050'4
60 06
50 0.7
T KAO 30 09  mem
( ) 20 10 1.0 ’

3.5. MD simulations — SEC

In Fig. 5a, the specifc energy consumption (SEC;) of an MD process
used as downstream desalination technology for the draw solution
regeneration is reported as function of the temperature difference be-
tween inlet feed and permeate channel fows (AT) and the thermal ef-
fciency (7mem). Same results are reported in details in Fig. S6 a and c of
the Supporting Information. In the analysis, AT ranges between 10 C and
65 C, while #mem between 0.4 and 1 [32]. In case of simple confguration
without the HX, the SEC, ranges from 2210 to 1860 kWh m—S when AT is
equal to 10 and 65 C, respectively, and considering #mem equal to 0.4.
Assuming an ideal nynem = 1, the SEC, decreases to the following values:
884 to 744 kWh m~3in case of AT equal to 10 and 65 C, respectively. On
the other hand, if a HX is included, the three-dimensional curve
describing the potential SEC; moves downwards and exhibits a more
pronounced infuence of AT, since the latter determines the amount of
heat that can be recovered before achieving thermal equilibrium with
the environment. In detail, SEC, ranges from 894 to 183 kWh m~3 for
nmem €qual to 0.4 and AT equal to 10 and 65 C, respectively. For nmem
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Fig. 5. Specifc thermal a) energy (SEC,) and b) exergy (SEC,;) consumption of MD as function of the temperature difference between inlet feed and permeate channel
fows AT and the thermal effciency nmem. Calculations were performed considering both the confguration introduced in Fig. 1, namely: a confguration without heat
recovery (see Fig. 1a), and a more effcient confguration where heat recovery is accomplished by means of a heat exchanger (see Fig. 1b). In the analysis, AT ranges
between 10 and 65 C, while 7mem between 0.4 and 1 [32]. Then, ATyx and ATwp, 1, in Were assumed equal to 2 C; T¢ equal to 20 C and the specifc heat was considered
temperature and concentration dependent (without losing generality, c; is referred to an aqueous solution of MgCl,). Finally, ATs, exploited to evaluate 7camot and

thus the SEC,;, was assumed equal to 5 C.
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equal to 1, it ranges from 363 to 110 kWh m~3. Asaresult, depending on
the choice of the operating parameters (namely, #mem and AT), the en-
ergy savings in case of heat recovery range from 60 to 90 % with respect
to the case without the HX.

Similarly, the related exergy performance SEC) is reported in
Fig. 5b), being SEC); = SEC; ncamot- The Carnot effciency is evaluated
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using Eq. 16 and ranges from 0.05 to 0.19 in case of AT equal to 10 and
65 C, respectively. Same results are reported in details in Fig. S6 b and
d of the Supporting Information.

Differently from RO, the exergy consumption of MD to produce a unit
volume of distillate is lower than the energy consumption, thanks to the
possibility of harnessing low-temperature waste heat sources. The
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Fig. 6. Investigation of the coupling between FO and downstream desalination systems, represented by either RO or MD. The infuent DS osmotic pressure is reported
as a function of the number of FO stages considering a) FOCW and b) FOHW scenarios. FO simulations were performed by changing the infuent DS fow rate per
stage. Each square, circle and triangle in a) and b) represent a specifc FO system. Triangles reported in squared brackets are representative of the case study
presented in Figs. 2 and 3, where a draw solution to feed solution fow rate ratio equal to 2 to 1 was deployed. Panels c) and d) are referred to the power consumption
of reverse osmosis and membrane distillation coupled with forward osmosis, whilst panels €) and f) to the related exergy consumption. Results are reported as a
function of the number of stages implemented in FO, considering an infuent volume Fow rate of 80 m® h~* stage 2. Left panels refer to the FO-RO/MD applied for
civil wastewater treatment, while right panels refer to FO-RO/MD applied for treating hypersaline solutions. Note that, in the hypersaline case cy/c was artifcially
set equal to 1, for simplicity. The reason for this choice is merely related to the unavailability of correlations describing the dependence of specifc heat on con-

centration of NaPRO at high concentrations.
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confguration without HX shows exergy consumption yields ranging
from 108 to 358 kwWh m~3 in case of imem = 0.4, and from 43.0 to 143
kwh m~3in case of Nmem = 1 (10 C < AT < 65 C). The confguration with
the HX shows exergy consumption ranging from 43.5 to 35.2 kWh m~3
in case of fymem = 0.4, and from 17.7 to 21.3 kWh m~2 in case of Amem = 1
(10 C < AT < 650C).

3.6. Envisioned coupling - energy demand

Additional calculations were performed to investigate the coupling
of FO with the considered desalination systems for draw solution
regeneration. The results are reported in Fig. 6. The analysis focused on
evaluating the power and the related exergy needs to drive the potential
downstream desalination system, consisting of either a pressure- or a
thermally-driven membrane process, i.e., reverse osmosis or membrane
distillation. Since the energy required by the post-process is strongly
associated with the infuent (i) DS osmotic pressure and (ii) DS fow rate
required to drive the permeation in the forward osmosis step, a frst set
of simulations investigated the variation of these parameters in single or
multiple stage FO operation. It is worth noting that the simulations were
performed in accordance with the modeling analysis described above,
considering the treatment of a fxed amount of feed solution equal to 100
m® h~1. The simulations were performed considering Conf2 as multi-
stage FO operation, accounting for the promising results reported in
the previous sections.

The results are reported in Fig. 6a and b for the FOCW and FOHW
scenario, respectively. Each square, circle or triangle refers to a specifc
FO system, designed for either wastewater (Fig. 6a) or hypersaline
(Fig. 6b) water treatment. The modeling analysis was performed by
increasing the total DS fow rate according to the number of stages
involved, considering three alternatives: 50, 80, and 125 m® h! per
stage. For example, the triangle related to three FO stages means that
150 m® h™?! of draw solution is used in the system per each 50 m® h™*
entering one of the stage, and so on. Different fow rate ranges were
studied with the aim to understand the relative variation of the infuent
DS osmotic pressures.

As expected, by increasing the number of FO stages (and hence the
total DS fow rate deployed in the system), lower infuent DS osmotic
pressures are needed to reach the same water recovery. However, the
results suggest the existence of a trade-off, where a multiple permeation
system with more than 8 FO stages would not necessarily translate into
signifcant reductions in the infuent DS osmotic pressure (hence, draw
solute concentration).

On the other hand, a near-exponential trend may be observed while
decreasing the number of stages below roughly 4. As expected, larger
concentrations of draw solute are necessary to compensate the larger
dilution factor of lower DS fow rates during the FO permeation. For
instance, increasing the number of stages from 1 to 4, thus multiplying
the total DS Fow rates by 4, would require reducing the infuent osmotic
pressure by 30-40 %, from 26 to 16 bar when treating wastewater, and
from 430 to 290 bar when treating hypersaline water sources. That also
means that the total mass fow rate of DS would be higher at increased
number of stages. It is worth mentioning that the simulations were
performed in co-current and similar discussions are no more valid for
counter-current systems, where a multiple stage approach would not
report a potential benefts in Fltration conditions.

The analysis of the power associated with the deployment of
different downstream desalination systems (RO vs. MD) while varying
the operating parameters in forward osmosis is reported in Fig. 6¢), d),
e) and f). The results were computed considering an infuent DS volume
per stage equal to 80 m® h™! and the relative FO recovery rates
considering the FOCW and FOHW scenarios, i.e., 85 % and 60 %,
respectively. The subsequent RO or MD systems were designed to pro-
cess the diluted draw solution coming from the FO unit, with the goal of
extracting the relative high-quality water fltered during the FO step.
The energy and exergy analyses performed to investigate the coupling of
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RO or MD with FO in the case of the deployment of 50 or 125 méh?t
stage‘1 are reported in the Supporting Information (Figs. S7 and S8).

In detail, Fig. 6¢) and d) refer to the power consumption, while
Fig. 6e) and f) to the exergy consumption in case of wastewater and
hypersaline water treatment, respectively. The blue areas illustrate the
power or exergy demand in the case of 3-stage RO process as a function
of the number of implemented FO stages. The dashed lines delimiting
such areas refer to ngrp = 1 (lower dashed line) and ngrp = 0.8 (upper
dashed line). Similarly, the red areas refer to power and exergy demands
when using the MD process to regenerate the draw solution. The dashed
lines delimiting the red areas are drawn considering the standard de-
viation, which results from effciency variation in the range 0.4 < #jmem <
1. In these calculations, AT is kept equal to 65 C.

In case of wastewater (see Fig. 6c), the 3-stage RO power con-
sumption ranges from 65.4 KW (rgrp = 1) t0 79.9 kW (17erp = 0.8) when
the FO process involves a single stage, and from 58.5 kW (5erp = 1) to
149 kW (7grp = 0.8) when the FO process involves 8 stages. This dif-
ference is ultimately due to the larger draw solute mass involved in a
multi-stage FO operation, i.e., higher fow rate and/or osmotic pressure
that needs to be processed in RO, as indicated above. On the other hand,
the MD process requires 14.1 + 5.21 MW (the power consumption is
indicated as average value + 1 s.d.), in accordance to the fact that MD is
a more energy-intensive process. Hypersaline solutions (see Fig. 6d) can
be regenerated by a RO processes, but solely when the number of FO
stages is more than 4, i.e., in cases whereby the osmotic pressure of the
draw solution is relatively low (i.e. restricted to the FOHW case under
consideration). When the FO stages are lower than 4, this coupling turns
out to be not feasible. As a matter of fact, if the number of FO stages is
reduced, the volume of draw solution entering the RO module also de-
creases while increasing the target recovery in percentage (all other
chemical and physical operating conditions being equal). It is worth
noting that a maximum applied pressure of 300 bar was considered here,
well above the pressures exploited in operational plants. This represents
a challenge considering the membrane material and the design of the
module [23]. The RO power demand ranges from 0.45 (yerp = 1) to 0.96
(nerp = 0.8) MW, and from 0.44 (yerp = 1) to 1.41 (ygrp = 0.8) MW, in
case of 4 and 8 FO stages, respectively. On the other hand, MD, although
less effcient, turns out to be a more Fexible process with a wider range
of application. The reason lies in its being a process which occurs at
ambient pressure. The MD process requires 9.95 + 3.68 MW.

As discussed previously, exergy (see Fig. 6e and f) and power con-
sumption remain unaltered in the RO case, while MD exergy consump-
tion is reduced by about 80 % in both wastewater and hypersaline cases
because of the Carnot factor. In detail, the MD exergy consumption is
2.72+1.00 MW and 1.92 + 0.71, in case of wastewater (see Fig. 6e) and
hypersaline solutions (see Fig. 6f), respectively.

Finally, it is worth noting that the maximum recovery achievable in a
single MD stage is, at best, 10 % (see Fig. S5). Therefore, leveraging the
action of multiple MD stages placed in series is essential to achieve re-
coveries higher than 10 %. In this work, we have assumed that each of
the MD stages in series requires the same energy consumption, whose
value lies in the red areas (see Fig. 6).

4. Discussions and conclusions

This study reports a comprehensive modeling analysis of forward
osmosis and its coupling with pressure- and thermally- driven down-
stream desalination technologies. The study was performed focusing on
the energy needs associated with the production of clean water ac-
cording to different operating modes.

First, a system-scale modeling of FO was carried out also evaluating
two confgurations for large-scale applications, characterized by a multi-
stage operation approach. This was done to understand potential savings
or optimization in terms of distribution of driving force within the sys-
tem. In the model, the fow rates and osmotic pressures of the draw
solution were varied. Each of these operating condition leads to different
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energy requirements for the downstream RO or MD steps. Substantial
differences were observed depending on the feed solution composition
and the chosen application, i.e., forward osmosis or osmotic dilution.

In the case of FO deployed for treating of civil wastewater sources,
results suggest that working with membrane modules in co-current may
result in a versatile Fltration system, thanks to the possibility to operate
in multiple stages, which instead is not advantageous in counter-current.
The single-stage counter current mode represents the best solution in a
traditional confguration (single-stage approach) thanks to the more
uniform concentration gradients achieved between the feed and the
draw solution within the system. However, this performance may be
obtained only by properly setting the operative limits of the relative
membrane modules. On the other hand, a signifcant variability in water
permeation rate may be observed both in co-current (single and multi-
stage) and counter-current (single stage) modes in the treatment of
hypersaline solutions. This may be ascribed to the large variation in
concentration of feed and draw solutions along the membrane modules,
translating into potential issues for real-scale operation. By maintaining
unaltered the water extraction capacity in FO, a multi-stage operation
may be characterized by signifcant savings in terms of draw solute
concentration, i.e. osmotic pressure, potentially followed by easier sys-
tem maintenance, thus lowering the environmental and operative costs
of the Fltration process. In co-current mode, a multi-stage process would
be also benefcial by working in osmotic dilution mode with natural DS
(seawater) for the extraction of clean water from civil wastewater,
resulting in an increase in water recovery while reducing the footprint of
the Fltration system. However, this can be obtained only at the expense
of the deployment of a larger DS fow rate.

Then, reverse osmosis and membrane distillation were investigated
as potential downstream desalination systems for the regeneration of the
draw solution, while simultaneously extracting the clean water previ-
ously Fltered in the FO step. First, energy and exergy analyses were
performed to study the infuence of the operating parameters in pres-
sure- and thermally- driven membrane systems, separately. Overall,
results suggest that the confguration of the subsequent desalination
system may strongly affect its energy consumption. In reverse osmosis, a
multi-stage operation would result in a signifcant SEC reduction
compared to the 1-stage RO system, mostly when working at higher
recovery rates or larger applied pressures. The analysis was performed
considering also unconventional operating parameters, i.e., applied
pressure above 150 bar, thus covering future potential membrane and
module development. Looking at this high-pressure RO confguration,
the maximum SEC occurs for signifcantly low water recoveries. In this
scenario, the difference between the 3 stage and single stage case is
minimal and below 1 %. At higher recovery rates, the reduction in the
specifc energy consumption may reach up to 60 %.

Then, two different MD confgurations were investigated, consid-
ering the possible implementation of a heat exchanger (HX) to partially
recover the heat losses. Without the HX, the energy consumption is
dictated by the intrinsic effciency of the membrane, while in MD sys-
tems incorporating HXs, the SEC is strongly infuenced by the resulting
temperature difference at the membrane surface, since this determines
the amount of heat that can be recovered before achieving thermal
equilibrium with the environment. Therefore, it is of paramount
importance to highlight that new and innovative membrane materials
for MD applications should be developed hand in hand with an in-depth
understanding of the module and system confguration.

When studying the coupling of FO with RO or MD, the analysis
showed that an FO-MD confguration would result in a less energy-
effcient technology than the FO-RO case. This was somehow ex-
pected, considering the intrinsic nature of the two downstream desali-
nation systems, i.e., MD vs. RO. Interestingly, the FO-MD system is a
more Fexible process, with a wider range of application. This is mostly
ascribed to the possibility of working with extended salinity levels.
Indeed, the treatment of hypersaline solutions in FO at fxed recovery
rates can be accomplished by working with low DS volumes only by
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drastically increasing the infuent DS osmotic pressure, and the resulting
diluted draw solution can be handled only via the thermally-driven
membrane system. For this specifc application, reverse osmosis can
be deployed only in combination with a multi-stage FO, where a
decrease in the required DS osmotic pressure is counter-posed by an
increase of its total infuent fow rate. However, the exergetic analysis
showed that no substantial difference would be observed between the
implementation of an FO-MD or FO-RO process, differently from what
observed in the treatment of wastewater sources. For the latter, the
combination of forward osmosis with pressure-driven membrane pro-
cesses results as the best technological option, with an overall specifc
energy consumption two orders of magnitude lower than that needed to
drive an FO-MD system.
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