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Abstract

The current experimental and theoretical study proposes forward osmosis (FO)-reverse
osmosis (RO) (FR*) and FO-FO-RO (FFR) hybrid systems to combine concentration of cheese
whey and Caspian seawater desalination. The powerful TF-PMM was used as a FO membrane.
The impact of sales of concentrated cheese whey on reducing Caspian seawater desalination
costs was studied. The results showed that the TF-PMM has good potential for concentration
of cheese whey with a water flux of about 12.62 L/m?h. In terms of permeate concentration
(Cp) and at low recovery rates (RR), the choice of FR* and FFR hybrid systems with 0.3 M
NaCl as the draw solution (DS) should be the priority. At high RR, although the sensitivity of
the type of system is reduced, the FR" system should not be used. The total power consumption
(Est) for the FR*-30% and FR*-50% systems are lower than that of a single RO unit. In FR*
hybrid system by increasing the RR™?, the power consumption of the FO unit and also the Es
decreased. Also, in the FFR system, by increasing the concentration of the DS, while increasing
the Es, the power consumption portion of the FO unit decreased. The existence of a valuable
by-product in the proposed hybrid systems increases the allowable limit of the cost of required
equipment and other operating costs to achieve profitability and reach the break-even point. In
the meantime, the FR™-50% system generates the most revenue, and also the quality of

produced freshwater from the FFR-50%-0.3M system is the highest.

Keywords: Forward osmosis, reverse osmosis, hybrid, Caspian seawater, cheese whey.
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1. Introduction

The exploitation of seawater for freshwater supply is an affirmative method to combat water
scarcity worldwide [1]. Different techniques have been proposed for seawater desalination such
as thermal and membrane technologies [2-4]. Although the energy requirement of thermal
desalination processes is very high, the membrane technologies have successfully reduced the
energy requirements of desalination. The most popular membrane process for seawater
desalination is reverse osmosis (RO) because of its reliability, high salt rejection and water
recovery, and its capability to treat a wide range of seawater concentrations [5]. Although the
RO process has several advantages, high power consumption is the main disadvantage of this
process [6]. Reducing power consumption in the RO process is the main goal of many research
studies [7-9]. Also, RO membranes are prone to fouling by organic and inorganic matters which
present in seawater and cause reduction of water flux. Thus, besides the reduction in power
consumption, the reduction of the fouling phenomenon in the RO process is another important
concern of researchers [10]. The use of hybrid systems as an effective solution is of interest to
researchers. Recently, the number of reports on the hybrid systems in which RO and other
processes are combined has increased. RO-evaporator systems [11], Microfiltration (MF)-RO
systems [12,13], Ultrafiltration (UF)-RO systems [14], Nanofiltration (NF)-RO systems [15-
17], Pervaporation (PV)-RO systems [18], Pressure-Retarded Osmosis (PRO)-RO systems
[19], and Forward Osmosis (FO)-RO systems [20] are examples of these hybrid processes. Due
to the low power consumption and high rejection rate of the FO process, the FO-RO (FR)

hybrid systems have attracted more attention [21-24].

In FO process, water flows from the solution of lower concentration (as feed solution (FS)) to
the solution of higher salt concentration (as draw solution (DS)), across a semipermeable
membrane due to the natural osmosis pressure, when the osmotic pressure difference is higher

than the transmembrane pressure difference [25]. Low energy requirement, low membrane
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fouling tendency, and high water recovery are the major advantages of the FO process [26]. In
recent years, FO has been given special attention as a pretreatment stage in water and
wastewater treatment systems. Feed concentration (dewatering) has also been reported as the
other potential application of the FO process. In fact, unlike the water and wastewater
treatment, in the feed concentration applications, the FO process operates as a stand-alone
process [27-30]. However, due to the lack of high-performance membranes in the feed
concentration process, this part of the application of FO membranes has not yet made
significant progress. In our previous work, we prepared a new membrane, named thin-film
porous matrix membrane (TF-PMM) that was able to handle Orange juice concentration with

good performance [31].

In wastewater or seawater treatment applications, the FR hybrid systems (named FR1) are
better than the RO stand-alone system [32-34]. In this case, when the FO unit coupled with the
RO unit, FO pretreatment will reduce the fouling of the RO membrane, minimizes the
downtime of the RO system, minimizes chemical consumption, and increases RO recovery
rate. As a new approach, the FR hybrid systems can be used simultaneously to wastewater and
seawater treatment (named FR2) [35,36]. In these cases, the purpose of the FO stage is the
dilution of seawater. The dilution of seawater reduces the high-pressure requirement of the RO
system. Accordingly, seawater and wastewater can be provided into the FO as the DS and FS,
respectively, to dilute the seawater. The diluted seawater from FO unit is then subjected to the
RO unit to produce freshwater. The simultaneous hybrid systems are still in the early stages.
Fig. 1 shows a schematic diagram of the RO process for seawater desalination and the basic
design of the FR hybrid systems for wastewater or seawater treatment (FR1) and
simultaneously wastewater and seawater treatment (FR2). One disadvantage of FR hybrid
systems is rather the low FO membrane flux. To overcome this drawback, Altaee and Hilal
proposed the NF-FO-BWRO hybrid system [37]. The simulation of the proposed systems

showed that 90% of product water recovery is possible, 75% of which comes from NF.
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SW: Seawater
W Wastewater

Ds: Draw solution
DDs: Dilutive draw solution
CDs: Concentrative draw solution
CSW: Concentrative seawater
Dsw: Dilutive seawater System A B C D E F
CWW:  Concentrative wastewater RO Q.G Q.. C. Q.. Cy
P: Product -
c Concentrate FR1 Qsw, Caw Qcos, Coos Qesw, Cosw Goos , Coos Qc, Ce Qe , Cr
o Output indicator FR2 Chawe, G Qs , Caw Qoww, Coww CGpsw, Cosw Qc, Ce Qp, Cp
i Input indicator

®~-@ - -®~

Fig. 1. Schematic diagram of (a) RO and (b) FR(1,2) process systems.

What is common to all hybrid systems is that using the FO pretreatment unit increases the
power consumption of the desalination plant [6]. Since the FO membranes are still under
development and their prices are largely varied, the capital expenditures (CapEx) analysis will
be meaningless until the FO membrane is fully commercialized. However, recent studies have
been conducted in this area that could be a broader path for economic studies [38, 39]. As
shown in Fig. 1 (b), the combined FR system has three output streams that in both FR1 and
FR2 hybrid systems, the streams C and E have no revenue value. This means that the only
valuable product in the single RO system and the FR hybrid systems are freshwater (stream F).
This suggests that the increase in lateral revenue in FR hybrid systems should be considered as
a necessity. Dilution of inlet seawater through the concentration (dewatering) of a valuable
feed (i.e. fruit juice, cheese whey, etc.) in an initial FO unit can be considered as an economic
approach to increase lateral revenue by selling concentrated feed. In this study, the first report
of two novel hybrid systems for Caspian seawater desalination based on producing a valuable

by-product was proposed.

2. Proposed system configurations and model development
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The schematic diagram of the proposed hybrid systems is shown in Fig. S1. In the proposed
systems, Caspian seawater (as DS) is fed to an initial FO membrane (named FOL1) to be diluted
by concentrating a valuable feed. Diluted Caspian seawater in the FO1 membrane (stream C)
can directly enter the RO membrane (named FR* hybrid system) or enter the RO membrane
after crossing the FO2 membrane (named FFR hybrid system). In fact, in the proposed FFR
system, the diluted Caspian seawater from the FO1 stage is sent to the FO2 stage as the feed
solution for concentrating. In the FO2 membrane, freshwater transports from the diluted
Caspian seawater to the DS because of the osmotic pressure difference across the membrane.
Because seawater has been diluted in the FO1 membrane, so in the FFR system, the desired
results can be achieved using only low concentrations of DS. Finally, the diluted DS (in the
FFR system) or the diluted Caspian seawater (in the FR* system) is regenerated in the RO
membrane for freshwater production. Optimal results achievement in proposed systems
depends on high-performance membrane selection and also valuable feed solution in the FO1
system. Using an inappropriate membrane in the FO1 system can reduce the recovery rate as
well as the return of compounds in seawater to the feed solution. Therefore, contamination of
feed should be considered as a major concern. Also, as the osmotic pressure of the Caspian
seawater is lower than the common DS (10 times less than the 2 M NaCl solution), therefore,
selection of a feed with low osmotic pressure should be a priority. If valuable products with
high osmotic pressure are used in the FO1 unit, and the DS is the same as the Caspian seawater,
the water flux (Jw) will be drastically reduced, and this will increase the CapEx and operating
expenses (OpEX). It is clear that if the Caspian seawater is changed by other seawater with
higher osmotic pressures, then more valuable products with higher osmotic pressures can be
used in the FO1 unit. Accordingly, in these two proposed systems, the cheese whey will be
used as a valuable feed in the FO1 unit for concentrating (dewatering). The first step in the
production of cheese whey powder typically involves increasing the percentage of dry matter.

Then cheese whey can either be transported to another site for further processing (e.g.
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evaporation and drying) or dried directly on site. Therefore, the concentration of stream D by
the first FO unit in the proposed hybrid systems (Fig. S1) is the first stage in the production of
cheese whey powder. The price of cheese whey is determined by the factories according to the
percentage of its solid matters. The higher the percentage of solid matters, the more valuable
the cheese whey. So the stream D is more valuable than the stream A. Hence the concentrated
cheese whey in the FO1 unit is collected and sold as a valuable by-product to reduce the
operating cost of Caspian seawater desalination. The powerful TF-PMM [31] as the FO1
membrane in the cheese whey concentration process was studied experimentally and
theoretically. A comparison between the RO, FR1, FR2, FR*, and FFR systems was carried
out using developed RO and FO software models [40,41]. Reverse Osmosis System Analysis
(ROSA) was used to model the RO process. The effect of seawater dilution in the FO1 unit on
the reduction of power consumption in the FR* system as well as the effect of this dilution on
reducing the required DS concentration in the FFR system has been investigated. The impact
of DS concentration on the system performance was also investigated. The impact of selling
concentrated cheese whey in the FO1 unit on the desalination cost of Caspian seawater has
been studied and compared with the RO, FR1, and FR2 systems. The study also investigated
the power requirements of RO, FO, FO1, and FO2 and the total specific power consumption
for the entire systems. To analyze the costs, we note once again that FO membranes have not
yet been fully commercialized. Also, since an in-house made membrane has been used in this
study, cost analyzes are not related to CapEx. On the other hand, considering that not all
operating costs will be considered in this study, the cost analysis does not reflect the total OpEXx.
Thus, the cost analysis in this study related to the cost of required equipment (i.e. FO and RO
membranes, pumps, pipes, valves, etc.) and other operating costs (i.e. physical and chemical
cleaning) for achieving the economic feasibility of the hybrid systems (Mst). Mst is the break-

even point and reflects the allowable cost increase.
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A computational procedure was developed in this study to estimate the performance of
proposed hybrid systems. A combination of experimental results, simulations, and
mathematical modeling can determine the impact of the hybrid systems over a single RO
system [6]. Recovery rate (RR), quality (concentration) of the permeate (C,), and power
consumption (Es) are the most important factors that must be considered. Due to design
limitations, the recovery rate of single RO membranes in seawater desalination should not be
more than 50% [6]. However, under the same conditions, only by changing the feed solution
from seawater to diluted NaCl (in FFR proposed system) or diluted seawater (in FR* proposed
system) the recovery rate will be increased significantly. Thermodynamically, all hybrid
systems are balanced because the recovery rate in the different units of a hybrid system is equal.
For a single RO system, the water flux for seawater desalination, J&°, is obtained from the

following equation:

RO =4, x AP (1D
where, Ay is the water permeability coefficient, and 4P is the hydraulic pressure difference
across the RO membrane. The permeate concentration, CR9, is also calculated by the following
equation [6]:

RO

A
C§°=BxCPXRR0ch§§xQ—m (2)
P

where, B is the salt flux, CP is the concentration polarization factor, RRO is the membrane
rejection rate, QRO is the permeate flow rate, Am is the membrane area, and CRO is the average
concentration of seawater on the feed side, that is calculated from the following equation:

In(1/(1 — RRR9))
RRRO

(3)

RO = ¢fO
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where CRO is the salt concentration in seawater. The RRRC also represents the recovery rate in

the RO process obtained from the following equation:

RO
RRRO (%) = (QP ) X 100 (4)

Swi

where Qswi is the seawater flow rate to the single RO membrane. The CP value is also calculated

from the following equation:

CP = exp(0.7 X RRR?) (5)

ERO

Finally, the amount of power consumption for a single RO system, , is calculated from the

following equation [42]:

RO _ Pf X sti
> T 36x1nx QRO

(6)

where Ps is the feed pressure, and 1) is the pump efficiency assumed to be equal to 0.8.

Also, for a single FO system, the water flux for seawater desalination, J&°, is obtained from the

following equation:
0 =4, xAr (7)

where Arn is the osmotic pressure difference between the FS and DS. Also, the permeate
concentration and the recovery rate, C5° and RRFO respectively, in a single FO membrane are

calculated from the following equations [42]:

B X Cswi

FO swi
— 8
P ]FO I B ( )

FO
RRFO (%) = <QP ) x 100 9)

sSwi
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where QEC is the permeate flow rate, and Cswi is the concentration of seawater to the FO

membrane.

Finally, the amount of power consumption for a single FO system, E£°, is calculated from the

following equation [42]:

(Pe X Qswi) + (Pps X Qpsi)
36 x n x QKO

FO _
Eg™ =

(10)

where, Pr is the feed pressure, Pps is the draw solution pressure, Qswi is the feed flow rate to

the FO membrane, and Qps; is the draw solution flow rate to the FO membrane.

In hybrid systems consisting of FO and RO unit, the output product quality, the total power
consumption, and the recovery rate depend on the performance of the FO process. In the FR
hybrid systems (Fig. 1(b)), the RR factor in RO and FO should be equal to maintain a steady-
state process (RRR®=RRFO=RR). That means the flow rate of the DS in the FO process should
£ =

be equal to the RO concentrate (Q RO=Qy). Therefore, according to Fig. 1(b), the mass

balance for the FR hybrid systems is as follows:

Qpso = QF° + Qpsi = Qswi X RRFO + Qpg; (11)

Finally, in the FR1 hybrid system (and also FR2 system by changing the indexes) the total

specific power consumption, Eg, is the sum of E&® and E£©:

Pr X Qpso (Pe X Qswi) + (Pps X Qpsi)
36 x n x QRO 36 x n x QE°

Et = ES® +Eg0 =

(12)

Although it has been proven that the use of FR hybrid systems increases the recovery rate and
product quality, the FR hybrid system will not be superior to the single RO system in terms of
power consumption [6]. However, more than 95% of power consumption in FR hybrid systems

is related to the RO unit. Since power consumption is directly related to the cost, therefore,
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even in an optimized design, as long as the only product of FR hybrid systems is freshwater,
one cannot expect these systems to be optimized in terms of power consumption. Therefore,
the design of a hybrid system that, in addition to freshwater production, includes a valuable by-
product for sale, could make the hybrid systems more preferable than a single RO system (Fig.
S1). Accordingto Fig. S1, the concentrated feed from the FO1 membrane should be considered
as a by-product. So, unlike the FO2 membrane, the main task of the FO1 membrane is to
concentrate a valuable feed. In FO1 membrane seawater will act as DS. Diluted seawater
(stream C) after leaving the FO1 membrane can be used in two ways. In the first proposed
system, the stream C directly enters the RO membrane, and the final product is obtained with
the stream J. This is called the FR* hybrid system and is similar to the FR2 system, except that
in the FR* system the input feed to the FO membrane is valuable. In the second proposed
system, stream C enters the FO2 membrane as a feed and returns to Caspian seawater after
concentration with a DS (stream F). This is called the FFR hybrid system. All equations
expressed for FR hybrid systems can be applied to the proposed FR* system (by changing the
indexes). The FFR hybrid system modeling and simulation process is also a combination of the
modeling and simulation process of the single FO membrane and the FR hybrid system. At
first, based on the abovementioned equations, the FO1 stage will be evaluated separately.
Unlike the recovery rates in FO2 and RO membranes, which must be equal in order to maintain
the process in a steady-state, the recovery rate in the FO1 stage can be selected different from
that of FO2 and RO units (RRFO? # RRFO2 = RRRO)_ Initially, according to different values of
RRFO1  the amount of changes in concentration and flow rate of seawater, Cswi and Qswi

respectively, will be calculated using the following equations:
Swi = Qswi + Q5% = Qswi + Quni X RRF? (13)

FO2 __ (sti X Cswi) + (Q501 X Cll;01)
Cswi = FO2
swi

(14)
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Therefore, considering the changes in inlet seawater, the modeling and simulation relationships
of the FR hybrid systems can be similarly applied to the modeling and simulation of the
proposed FR* and FFR systems. Also, given the dilution of seawater in the FO1 membrane,
the range of recovery rate in the FR* and FFR hybrid systems are expected to be higher than
the FR hybrid systems. The amount of power consumed for the FR* hybrid system, EER*, is
similar to the provided by the equations for the FR hybrid systems (by changing the indexes).
Finally, the total power consumption for the FFR hybrid system, EEFR | is calculated from the
following equation:

rrr _ _F X Qoso (P X Quwni) + (Pps X Qswi) 4 (P x Qsat) + (Pps X Qpsi)
St 36 xnXQp 36 x n x QFO1 36 x n x QE92

(15)

In 2019, the average price per kWh of electrical power in Iran was approximately $0.1. Thus,
the cost of energy consumed for producing one cubic meter of freshwater by proposed hybrid

systems, ME, will be estimated using the following equation:
ME = QRO x EFFR x 0.1 (16)

On the other hand, according to the value of primary and concentrated cheese whey (Mo and
M., respectively), the amount of income from whey concentration process, ML, will be

calculated using the following equation:

ML, = QF°" x (M — M) (17)
Finally, the allowable cost increase, Mg, will be estimated using the following equation:

Mg = Mg — Mi; = (Q§° x EgFR x 0.1) — (Qp°" x (M — Mo)) (18)

3. Materials and experiments
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As mentioned earlier, Caspian seawater was used in this study as DS (in FO1 unit) and FS (in
FO2 unit). The composition of water in the Caspian Sea is shown in Table S1. Also, fresh
cheese whey was purchased from the Kalleh dairy company and used as FS in the FO1 unit
(Table 1). Fig. 2 shows the relationship between the price and percentage of dry matter of
cheese whey presented from Kalleh dairy company. NaCl was used as a DS in the FO2 unit
because of wide availability, high rejection by RO membranes, high osmotic pressure, and high
solubility in water. Reverse Osmosis System Analysis (ROSA) software was applied to predict
the performance of the RO membrane. For all systems, the Qswi Was assumed 25 m®/h. The
SW30HRLE-400i RO membrane was used in the single RO unit and the regeneration of diluted
DS in the hybrid systems because of its high rejection value and appropriate water flux. The
high-performance TF-PMM was used for the FO unit in this work [31]. The specifications of
the membranes used are given in Table 2. The performance of the TF-PMM FO membrane was
studied using a cross-flow laboratory-scale FO filtration system, as described in our previous

studies [31,43].

Table 1: Analysis of cheese whey.

Properties Unit Average
Total protein % 0.89
Mineral substances % 0.55
Lactose % 4.41
Fat % 0.06
Dry matter % 591

Osmotic pressure bar =45
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y =2.0864x + 1E-13
R =1
15

Price, M, ($/m?*)

5.9 7.9 9.9 119 139 159 179
Dry matter (%)

Fig. 2. Relationship between the price and percentage of dry matter of Kalleh cheese whey.

Table 2: Technical specifications of the RO and FO membranes used in the
proposed hybrid systems [6,31].

Parameters SW30HRLE-400i TF-PMM
Salt rejection (%) 99.80 98.02
Maximum operating pressure (bar) 83
Active Area (m?) 37
Water permeability, A (L/m2.h.bar) 1.06 6.21
Salt flux, B (L/m2.h) 0.08 0.55
FO water flux (Jw) (I/m2.h) 140.91
FO salt flux (Js) (mol/m?.h) 0.32

4. Results and discussion

As stated, the first process in the proposed hybrid systems is the FO1 unit and the TF-PMM
was used as the FO1 membrane. Accordingly, the potential of the TF-PMM FO membrane for
cheese whey concentration was investigated, while FS was faced with the active layer (AL) of
the membrane (AL-FS mode). In this process, the Caspian seawater was used as DS. Fig. 3a
shows the results for the FO water flux. As shown in Fig 3a, TF-PMM represented a water flux
of about 12.62 L/m?.h for cheese whey concentration, while the FO water flux for DI water as
FS was approximately 20.51 L/m?.h (DS= Caspian seawater). These results show that a
decrease in water flux (approximately 38%) was observed when DI water was replaced by

cheese whey. The decrease in water flux is related to the membrane fouling or drop in the
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driving force. However, the rate of water flux reduction was not high, which indicates a

favorable TF-PMM performance in cheese whey concentration.

Also, TF-PMM was used continuously in the cheese whey concentration process, and the
results of the water flux are presented in Fig. 3b. As shown in Fig. 3b, during the first 30 hours,
the TF-PMM demonstrated over 20% decrease in water flux. The decrease in water flux is
related to the FS concentration and/or DS dilution, and membrane fouling. Membrane cleaning
is an important way to recover the water flux in the FO process, which also increases the life
of the membrane. Universally, in FO membranes, the foulants are weakly attached to the
surface of the membrane and can be cleaned with flushing. Accordingly, the effect of the
cleaning process was investigated after 30 h cheese whey concentration. During 90 h of
separation operation, the cleaning process was carried out every 30 h. According to the
obtained results, the cleaning process caused about 16% water flux recovery (Fig. 3b). In
general, the results showed that the TF-PMM has good potential for reuse after a continuous

cleaning procedure which can significantly reduce the operating costs of the FO process.

DI Water (@) 05 (b)
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Time (h)
Fig. 3. (a) A comparison between TF-PMM FO water flux for DI water (left), and cheese whey (right) as FS, (b)
normalized TF-PMM FO water flux (Jw/Jwo) decline and the process of recovering flux in 3 steps over a long

time, (Orientation = AL-FS mode, FS= cheese whey, DS = Caspian seawater).

RO is the last stage in all FR1, FR2, FR*, and FFR hybrid systems and it is designed for DS

regeneration and freshwater production. Fig. 4a shows the permeate concentration (Cp) and
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water flux (Jw) at different recovery rates for a single RO unit. The permeate concentration
decreased with increasing the recovery rate of the RO process due to the higher dilution factor.
The actual Jw value also increased by increasing the recovery rate. Also, the effects of
increasing the recovery rate on the average concentration of the feed as well as the amount of
power consumed (Es) are shown in Fig. 4b. According to the results, with increasing the
recovery rate, the average concentration of the Caspian seawater (as FS) increased from 14000
mg/l up to 19000 mg/L in RR=48%. Also, assuming constant hydraulic pressure, the amount
of power consumed to produce each cubic meter of freshwater decreases with increasing the
recovery rate. The obtained results for a single RO system are similar to the trend of changes

reported in other studies [6,37,40-42].

70 45 9 b 10500 _

@ ' [® -
= 65 L 19000 E
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é 35 Fsog <0 3
SRS ] F 16500 2
> 2 2 &
S L 16000 8
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& 20 15 0 - 15500

20 30 40 50 20 30 40 50
Recovery rate (%oRe) Recovery rate (%Re)

Fig. 4. (a) Cp and Jw, and (b) E; and average feed concentration in single RO system at different recovery rates.

To investigate the impact of using the TF-PMM FO membrane before the RO membrane, the
traditional FR1 hybrid system was investigated (see Fig. 1). NaCl solution with different
concentrations of 0.5 and 0.8 M was used as DS. Analysis of the impact of using the FR1 hybrid
system instead of the single RO system has been performed by Altaee et al. [6]. The simulation
results in this study are shown in Fig. 5. The results presented in this section were compared
with those obtained for the proposed hybrid systems (presented in the next section). Fig. 5a
shows the effect of the recovery rate on the output DS concentration from the TF-PMM FO

membrane. According to the results, it can be concluded that increasing the recovery rate
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decreases the output DS concentration. Also, as shown in Fig. 5b, by increasing the recovery
rate, the FO water flux (Jw) increased. The permeate concentration (Cp) is another important
factor that is shown versus the recovery rate in Fig. 5¢c. The results show that permeate
concentration decreased with increasing the recovery rate. According to obtained results, it can
be said that although the recovery rate in RO cannot exceed 50% (see Fig. 4), this is not an
issue in TF-PMM FO, because of the high purity of the DS. Thus, the recovery rate of the RO
in the FR1 process was increased up to 65%. This indicates the strength of the TF-PMM
membrane in enhancing the performance of the RO membrane. It can also be concluded that
the DS concentration will have a great impact on the overall performance of the FR hybrid
system, especially at low recovery rates. In fact, as the recovery rate increases, the sensitivity

of the FR hybrid system to DS concentration decreases.
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Fig. 5. (a) DS concentration output from the TF-PMM FO membrane, (b) FO water flux, and (c) final permeate

concentration in the FR1 hybrid system at different recovery rates.

In the proposed FR* and FFR hybrid systems, the FO1 unit is common to both systems. In the
FOL1 unit, the Caspian seawater enters as DS and is diluted after the concentration of cheese
whey. Given the different percentages of RRF°!, the amount of changes in concentration (Cswo)
and flow rate (Qswo) Of Caspian seawater were determined as the feed of the FO2 unit (in FFR)
or RO unit (in FR*), as shown in Fig. 6. The results showed that by increasing the percentage
of RR™?1, the Cswo and Qswo Values decreased and increased, respectively. The impact of the
proposed systems on the final permeate concentration (Cp) and the allowable cost increase will

be discussed in the following sections.
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Fig. 6. Cswo and Qswo in the FO1 membrane at different recovery rates. 389

The change in water flux in the FO2 unit by changing the concentration of Caspian seawater 390
(as FS) at different DS concentrations in AL-FS mode was obtained experimentally, and the 391
results are shown in Fig. 7. For different concentrations of DS, the FO2 water flux increased 392
by decreasing the inlet seawater concentration (increasing RRFOY), as a result of the osmotic 393
pressure difference increment. Also, at higher DS concentrations, the dilution of seawater has 394
a greater effect on increasing the FO2 water flux. As the DS concentration decreased, the 395

sensitivity of FO2 water flux to dilution of DS decreased. 396
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Fig. 7. FO2 water flux at different DS concentration and different recovery rates. 398



Fig. 8 shows the changes of final permeate concentration, Cp, with recovery rate, at different
values of RR™°! for FR* and FFR hybrid systems. The results of the FR1 hybrid system, as
well as the single RO system, were also compared, as presented in Fig. 8. It is clear that with
increasing RR™°?, C,, decreased in both FR* and FFR hybrid systems. By decreasing the RRF!,
the change trends of Cp in FR* and FFR systems were similar to those in single RO and FR1
systems, respectively. At low recovery rates, increasing the RRF°! has the most positive effect
on the FR* system performance, so that in RR™'=0.5, the FR* at RR=0.25 presents the lowest
Cp value (Fig. 8c). At the RR=0.25, by decreasing the RR?, the lowest C;, value is obtained
for FFR system using 0.3 M of DS (Fig. 8a). At the constant values of RR™?, the difference
between the results of C, for each system at low recovery rates is quite clear. Also, in this
condition, the effect of increasing recovery rate on C, reduction in FR and FFR systems is
much greater than the single RO system as well as the FR* system. At low RRF! and at all
recovery rates, only FR* and FFR hybrid systems with a concentration of DS=0.3 M (Fig. 8a)
are capable of producing higher quality products than a single RO system. By increasing the
RRFO! up to 50%, it is also possible to obtain such a product at all recovery rates by FFR hybrid
system using 0.5 M of DS (Fig. 8c). Achieving a product with better quality than that achieved
by a single RO membrane is not limited to these systems. In fact, for all RRFO! by increasing
the recovery rate, it is possible to obtain a high-quality product by all hybrid systems. Finally,
it can be said that in all RRF°?, at low recovery rates, the choice of FR* and FFR hybrid systems
with the concentration of DS=0.3 M should be the priority. Also, at high recovery rates,
although the sensitivity of the type of system is reduced (only in terms of C;), what is important

is that the choice of the FR* system should not be included.
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Fig. 8. Trend of changes in final permeate concentration at different recovery rates for (a) RRF°! =0.1, (b) RR"0!

The single RO unit and the FR1, FR* and FFR hybrid systems were also compared in terms of
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power consumption, Es, and the results are shown in Fig. 9. In all presented results, a constant

value of RR was considered, i.e. RR = 0.35. The results show that except for FR* system with

RRF°!=0.3 and 0.5, in all other cases the amount of power consumed is higher than that of a

single RO unit. It is also clear that the major portion of power consumption in all systems is

related to the RO unit and each of the FO units has a small share of the total power consumed.

In the FR1 system, by increasing the DS concentration, while increasing the total power

consumption, the power consumption portion of the FO unit decreased. A similar trend was
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observed in the FFR system. The results of the FFR system show that at low RR°? values, the
power consumption share of the FOL1 unit is several times higher than the power consumption
of FO2 unit, and by increasing the RR™? values, the power consumption shares of FO1 and
FO2 units were equivalent. The results of the FR* system also show that by increasing the
RRFO!, the amount of power consumed by the FO unit and also the total power consumption
decreased. Finally, it was found that the FFR hybrid system with a concentration of DS=0.3 M
at the RR™!=0.1 has the lowest power consumption share for the RO unit.
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Fig. 9. The amount of power consumption, Eg, in the desalination process of the Caspian seawater by various
systems at RR=35%.

Although for all systems the Qswi Was assumed 25 m%/h, since the QRO in the FR* and FFR
systems is greater than QR© in the RO and FR systems (see Fig. 6), so the QER* and QEFR are
higher than QRC and QER. Accordingly, based on the assumed price for energy (=$0.1/kWh),
the allowable cost increase (Mst) for each of the systems is calculated separately and is shown
in Fig. 10. Negative values indicate the allowable limit of the cost of required equipment and
other operation costs to achieve profitability and reach the break-even point. Also, due to the

absence of valuable by-products in the RO and FR systems, the results showed that these
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systems are not profitable and the cost of energy for the production of freshwater in the FR
system exceeded the single RO system. As shown in Fig. 10, reach the break-even point for
each system is strongly dependent on the amount of RR™°. Although at a constant amount of
RRFO! the revenue of all systems is close to each other, the FR™-50% system has the highest
chance of profitability. However, the quality of produced freshwater, Cp, from each system

must also be taken into account.
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Fig. 10. allowable cost increase for reaching the break-even point (Ms).

Fig. 11 shows the quality of produced freshwater in each system, along with the Ms; values of
each system. According to Fig. 11, it can be said that the quality of produced freshwater, in
FR* and FFR systems are more sensitive to the RR™" and concentration of DS, respectively.
It can also be said that although the FR*-50% system has the highest chance of profitability,
the quality of produced freshwater from the FFR-50%-0.3M system is highest. Given that the
difference between Ms; values of these two systems is not high, if the cost of each FO unit is

reasonable, the choice of the FFR-50%-0.3M system should be the top priority.
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Fig. 11. Quality of produced freshwater in each system, along with the M value of each system.
5. Conclusion

The current experimental and theoretical studies evaluated the feasibility of FR* and FFR
hybrid systems for combining concentration of cheese whey and Caspian seawater
desalination. The TF-PMM was used as FO membrane and showed the good potential for
concentration of cheese whey. According to obtained results, due to the absence of valuable
by-products in the RO and FR systems, it is certain that these systems are not profitable and
the cost of energy consumption for the production of freshwater in the FR system exceeded the
single RO system. However, the existence of a valuable by-product in the proposed hybrid
systems may help to achieve profitability and reach the break-even point. In terms of Cp, in
both FR* and FFR hybrid systems and all RR? values, at low RR, the choice of FR* and FFR
hybrid systems with the concentration of DS=0.3 M should be a priority. Also, at high RR,
although the sensitivity of the type of system is reduced, what is important is that the choice of
the FR* system should not be included. In terms of Es;, except for FR* system with RR™!=0.3

and 0.5, in all other cases, the amount of Es is higher than a single RO unit. In the FFR system,
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by increasing the DS concentration, while increasing the Es, the power consumption portion
of the FO unit decreased. In the FR* system by increasing the RR™°!, the amount of Es by the
FO unit and also the Es: decreased. The FFR hybrid system with concentration of DS=0.3 M at
the RR™°!=0.1 has the lowest power consumption share for the RO unit. Also, the net income
of each system strongly depends on the amount of RR™. Although the FR*-50% system has
the highest chance of profitability, the quality of produced freshwater from the FFR-50%-0.3M
system is the highest. Since the difference in allowable cost increase for reaching the break-
even point between these two systems is not high, if the cost of each FO unit is reasonable, the

choice of the FFR-50%-0.3M system should be the top priority.
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