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Abstract:

The integration of Pressure Retarded Osmosis (PRO) with Seawater Reverse Osmosis
(SWRO) is studied here, concentrating on the effect on the overall energy consumption
and on the effluents. For this, two alternative designs are evaluated: a previously studied
one-stage PRO (SWRO-1PRO) and a newly proposed two-stage PRO (SWRO-2PRO).
The analysis results obtained from extrapolation of laboratory data using models show
better performance for SWRO-2PRO (without using external impaired low-salinity
water flows). The improvement of performance thanks to PRO increases with the

increase of the feed concentration and flow.

Keywords: Pressure Retarded Osmosis; Seawater Reverse Osmosis; Energy recovery;

Membrane; Dilution Factor.
1. Introduction

The Earth is a watery place [1]. More than 71 percent of the Earth's surface is water-
covered; however 97 percent of this water is saline with only 3% freshwater [2].
Meanwhile, the population is in a constant need of potable water for several vital uses
such as agricultural, industrial and other. Consequently, water scarcity is becoming an
increasingly significant problem [3]. A statistical study showed that around 20% of the
world's population lives with a lack of potable water, while 80% may face water scarcity
during the next decade [4]. One of the proposed solutions to face this worldwide problem
and to overcome the fresh water scarcity is saline water desalination. Several desalination
techniques were then commercialized, such as Multi-Effect Distillation (MED), Multi-
stage Flash distillation (MSF), Electrodialysis (ED), and Reverse Osmaosis (RO) [5]. The
RO process is one of the most popular and an efficient method that leads the desalination
industry with about 60% of produced water [6,7]. Compared to available desalination
processes, RO is considered the most energy-efficient technology. However, it is still
considered that RO energy consumption should be reduced [8]. Specific Energy
Consumption (SEC) reduction has monopolized the focus of technological innovation
and research in this sector. The energy costs in seawater reverse osmosis (SWRO) plants

may reach 50% of the final costs of the produced water. Consequently, reducing the
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energy consumption has been intensively investigated to decrease the energy cost of RO
systems. The investigations were focusing on manufacturing high performance
membranes [9], incorporating higher efficiency pumps, integrating energy recovery
technologies [10] and renewable energies [11]. Salinity gradient energy, which is released
when two solutions with different concentrations are mixed, is considered to be a
promising source of sustainable energy [12]. Pressure Retarded Osmosis (PRO) has been
one of the most widely investigated processes [13]. In a PRO process, a semi-permeable
membrane is used to separate a low concentration stream (feed solution) and a high
concentration stream (draw solution) to. If a hydraulic pressure lower than the osmotic
pressure difference between the feed and draw solutions is applied on the draw solution
side, the water permeates across the membrane from the feed solution to the draw
solution. Then, the volume of the draw solution is expanded. The diluted draw solution is
partially depressurized through a hydro-turbine to generate electricity [14]. SWRO brine
could be used as a PRO draw solution to reduce the energy consumption of the
desalination process [15,16]. In fact, this brine is characterized by i) relatively high
concentration, ii) pre-treated by the RO pre-treatment system, iii) controlled by the
recovery demand. These characteristics may reduce the energy consumption by
avoiding the pretreatment of PRO draw solution compared to a stand-alone PRO unit
[17,24]. Moreover, The SWRO brine is still an environmental problem that should be
solved [18]. It is projected that 36 million m®day of desalinated water will be produced
by SWRO by 2016 [19]. Therefore, similar amount of brine will be discharged in the sea
in the same year. Integrating PRO with SWRO can be a solution for brine dilution before
being released in the sea. As a consequence of these attractive advantages, the integration
of PRO into SWRO has attracted the attention of many researchers and several studies
are currently involved in investigating the feasibility of SWRO-PRO systems [20-25].
However, to the best of our knowledge, no works were published to study the feasibility
of integrating two PRO stages with two-stage SWRO for water and energy production.
In previous works, it was shown that increasing the number of SWRO stages reduces the
energy consumption of the process [26]. In the current work, for the first time, a
theoretical study discussing the energy efficiency of two-stage SWRO connected to two-
stage PRO is developed in the current work. For this, a model of the process was
developed, and the results were compared to a similar SWRO-PRO design containing
only a one-stage PRO sub-system. In addition, a comparison between the performance

of pressure exchangers and PRO in both ideal and real cases (taking into account the
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latest developments of PRO membranes and their detrimental effects) was raised to

identify their efficiency in light of the latest technological development.

2. Material and method
2.1. SWRO plant

As a case study, a SWRO plant for producing water for an electrolyzation process is used
(see Fig.1), which was developed by the company SETA, S-L as a part of the H2ZOCEAN
project [27]. The desalination unit is based on two independent lines, divided into two
stages. Pre-treatment composed of three processes: chlorination, ultra-filtration, and
backwash. The first pass of the SWRO unit begins with a chemical treatment to remove
the residual chlorine; then, bisulphate and antifouling are added.A5 microns micro filter
is installed just before the High Pressure Pump (HP).A Pressure exchanger recovers
hydraulic energy from the brine. The recovery factor is selected to be 45% for the First
Pass and 70% for the Second Pass. The brine of the second pass goes to an energy

recovery system before being reused in the proposed osmotic energy recovery system.

1ststage RO | 2ndstage RO
To industrial

l process

Pressure exchangers

Pre-treated
seawater To UF tank

Brine to the sea

Fig.1: Two-stage reverse osmosis desalination unit. Darker colors correspond to more
concentrated solutions and arrow thickness represents the approximate flow rate.

2.2. SWRO-PRO designs
a. “2RO-1PRO”integration design

A simplified presentation of the first SWRO-PRO design is presented in Fig.2: the

seawater flow (Qsw) is first pre-pressurized using the pressure exchanger PX prior to
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entering the desalination process. Exiting the first stage SWRO sub-system (RO1) are two
streams: fresh water permeate stream (Qp) and a concentrated brine stream (Qg). Qxis
then depressurized to reach an adequate pressure condition for the PRO process [28]. The
permeate of the RO feeds the second stage RO sub-system (RO2). To recover the brine
energy, an isobaric or turbocharged device could be used; alternatively, a turbine could
be used to convert it into electrical energy. Following this depressurization, the brine
stream enters the PRO sub-system as a high salinity (draw) solution (Qk = Qp). The feed
solution for the PRO sub-system is the retentate of the second stage(Qr = Q%). Through
osmosis, the pressurized draw solution extracts water from the impaired water source
under isobaric conditions, resulting in a diluted draw solution (Qpr). Through osmosis,
the pressurized draw solution extracts water from the impaired water source under
isobaric conditions, resulting in a diluted draw solution (Qor). The energy stored in the
diluted draw solution is then exchanged with the seawater RO, feed prior to discharge in
order to recover its potential energy and increase the energy savings of the SWRO-PRO
system. The PRO feed solution bleed Qer is rejected to the sea. Q3 is the permeate flow

of the second RO stage.

RO1 RO
Q} | Q3
1
% Q2
ERD
Qb
e PRO
Qor
<t | C—
' «— €
Qrr Qr = Qi

Fig. 2: First integration design “2R0O-1PRQO”. Darker colors correspond to more
concentrated solutions and arrow thickness represents the approximate flow rate.

b. *2R0O-2PRO”integration design
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The osmotic pressure difference between the feed and draw solutions, Am, is one of the
most important parameters in the PRO process [29]. In fact, it is the driving force of the
water from the draw side to the feed side. In addition, as shown in previous works
[30,34,35], the initial feed flow rate fraction, ¢, defined as the ratio of the initial mass
flow rate of the feed solution to the sum of the initial mass flow rates of both feed and
draw solutions, is also a key parameter when operating at constant applied pressure.
Therefore, to optimize the energy production, these two parameters were considered in
the second design, where two PRO sub-systems are connected to the process. The draw
solution of the first PRO sub-system (PROz) is the retentate of the first RO stage and the
feed solution is pre-treated seawater, called here Qad. The amount of Qad is chosen to be
equal to Qk.For this, a controllable valve (V) is placed to provide the desired amount of
Qad. The retentate of the second RO stage feeds the second PRO sub-system (PRO>). The
sweater bleed from PRO1, Qrr, represents the draw solution of the second PRO sub-
system. Qrr is firstly pressurized using a high pressure pump (HP). This pressure is
considered to be half the osmotic pressure difference between the draw and feed solutions
of PRO.. The pressurized flow Q is then conducted to a turbine for electricity generation.
It should be pointed out here that the energy recovery device (ERD) is theoretically
functionless when Y1< 50%. Above 50%, part of the hydraulic pressure of RO1retentate

can be recovered to pressurize the PRO; seawater bleed.

RO¢ RO:
| Q2
Qr = Qf
PRO:
|
—>
(«§]
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Fig. 3: Second integration design “2R0O-2PRO”.Darker colors correspond to more
concentrated solutions and arrow thickness represents the approximate flow rate.

2.3. Modeling

2.3.1. Thermodynamics

When we mix two solutions with different compositions and concentrations, an energy
known as the Gibbs free energy of mixing is released. This energy release is achievable
only under reversible process. In a reversible PRO process, the energy produced is equal
to the Gibbs free energy of mixing [30]. The molar Gibbs free energy of mixing, AGm, is
the energy per mole of mixed solution produced in a isothermal and isobaric mixing [30]

defined as:
AGy, = Tixim In(yimXim) — :_;Zixi,Fln(Yi,FXi,F) - :_;Zixi,Dln(Yi,DXi,D) (1)

Where nw, nr, and np are the total amounts (in moles) of mobile species in the mixed,
feed, and draw solutions, respectively; Xiwm, Xi,F, and xip are the mole fractions of species
“I” in the mixed, feed, and draw solutions, respectively; and viwm, viF, and vyip are the
activity coefficients of species “i” in the corresponding solutions. For dilute solutions,
the activity coefficients are approximated as unity. Eq (1) can be simplified to be the
specific Gibbs free energy of mixing per volume of total mixed solution, by assuming
a negligible contribution of the solute to the volume of the solution. Therefore, AGy, is
expressed as: as a function of the molar concentrations of the feed, draw, and mixed

solutions, as well as the feed volume fraction, ¢:

AGy,,
BRT

= CmIn(Cy) — ¢ CrIn(Cp) — (1 — ¢)CplnCp 2)

where Cr, Cp, and Cwm are the molar concentrations of the feed, draw, and mixed
solutions, respectively. ¢ is the flow ratio defined as ne/nm=¢, no/nm = 1- ¢ and B is
the van't Hoff factor for strong electrolytes (e.g., p= 2for NaCl). Eg. (2) cannot be

directly used due to the fact that Cwm is unknown. A previous work [30] developed an

expression of the specific ideal work, Wé%ea’, defined as energy per unit volume of the

initial feed solution when AP = Az throughout reversible thermodynamic:
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AGmixidea
BR,Td 1 _ CFINln(CFIN) - qugln(Cg) - (1 - ¢)Cg In Cg (3)

Wgéeal _
where, C2 and C3 are the initial feed and draw solution concentrations, respectively.
Crin IS the concentration of the mixed solution when no longer water permeation, in
other words, when the concentrations of the draw and feed solutions are equals and the
net osmotic driving force vanishes (i.e., Axr = 0). The concentration Cg;y is defined as
[30]:

Criv = (1 = 9)CP + ¢CP (4)

The amount of permeate, AQg;y, that ultimately passes into the draw solution can be

calculated by is expressed as:

AQpv = Qg (1 - C_g) (5)

CFrIN

The free energy of mixing, AGnmix,ideal, Calculated for the second design, is high
compared to the first design. At 50% recovery, the theoretical maximum extractable
energy is 0.32kWh/m3 compared to 0.2kWh/m? for the first stage. Theoretical analysis
shows a better performance for the second design. This study is now compared with

realistic res0.0ults developed in the up-coming section.
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Fig. 4: Gibbs free energy of mixing, AGmix,ideal, as & function of RO1recoveries for both
designs described in section 2.2. The change in free energy of mixing is expressed as
the energy released per unit volume of the feed solution. The flows Q% and Q&were
calculated using recoveries, Y1 and Ya.

2.3.2  Minimum specific energy of SWRO plant.

Specific energy consumption is an important parameter in RO. It is defined as pump
energy consumption per unit amount of produced permeate water. The minimum specific
energy (SE) represents the energy needed to produce a unit volume of permeate, when
the applied hydraulic pressure is equal to the brine osmotic pressure at exit of the
membrane module. Consequently, SE can be expressed using the initial osmotic pressure,
Tireed, aNd the recovery ratio, Y. At the theoretical limit of constant-pressure operation,
the RO system operates with an applied hydraulic pressure that is equal to the final
osmotic pressure of the brine exiting the RO module. Therefore, the minimum specific

energy of desalination for a RO process, SEro,desal, IS expressed as follows [35]:
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Tfee
SERO,desal = {_Yd (6)
where 754 is the osmotic pressure of the RO feed solution and Y is the recovery ratio of
the RO module. In our case, two RO stages are considered where the permeate of the first

stage feeds the second stage. The specific energy consumption per volume of freshwater
(SECro) for each stage is:

SECgo, = 1”_“;1 7)
~
SECgo, = ﬁ (8)

where the subscripts 1 and 2 refer to the first and second RO stage. Consequently, the
total theoretical energy consumption of the two-stage RO system, SECgo, —ro, » IS the

sum of the energy consumption of each stage:

1 Y;
SECR01—R02 = Tsw (E + 1—11’2) o

Fig. 1 describes the theoretical energy consumption of the two-stage SWRO as a function
of Y1 according to Eg. (9). In this case, since the majority of the energy is consumed by
the first stage, the recovery of the second stage is maintained equal to 70% throughout
the study .As can be seen in Fig. 5, the minimum energy needed to produce a volume unit
of fresh water in the second stage is 0.83 kWh/m3. This value is in coherence with the
thermodynamic results developed in the previous section. This lower limit corresponds
to a rate of production that is nearly zero. It can also be seen that, when the recovery rate
increases, the specific energy consumption increases too. For the one-stage SWRO
system, it has been shown in the literature that the optimal recovery rate for a SWRO unit
is around 40% to 50% [24]. For these recovery rates, the SECro;theo in OUr case would be
between 1.24 to 1.49 kWh/m?,
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Fig.5: Specific Y, (%) energy consumption
of the proposed two-stage seawater desalination, SECro1-roz, as a function of water
recovery of the first stage, Y.

2.3.3. Specific energy production of the PRO process

In PRO Lab-scale, the water flux across the membrane, Ju, is a key parameter to evaluate
the performance of the PRO process. As a hydraulic pressure AP is applied here, a power
density (PD), defined as the product of the trans-membrane water flux, is generated. This

power density represents the power generated per membrane area, expressed as follows:
PD =], AP (10)

For a full-scale system, PD cannot be considered constant along the module, due to
several causes such as the variation of the pressure and the solution concentrations along

the module. In this case, the average power density PD is considered:

PD = 2042 (11)

where AQ is the trans-membrane water flow rate for the entire module and An is the total
membrane area. To guarantee maximum energy production using PRO, the operating
conditions should be well controlled. Besides the physico-chemical parameters of the
treated solutions (concentrations, temperatures, nature of ions, etc...), the apparent
operation conditions, in particular the applied pressure AP and the feed flow fraction ¢,

have been revealed as an important parameters in full-scale PRO process. In fact, AP is
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directly proportional to the energy produced, which means that its value should be well
chosen [30]. In addition, previous work has found that the optimal feed flow rate fraction,
¢, is one-half, in other words, the flow rates of feed and draw solution are equals. During
ideal PRO processing, the optimal applied hydraulic pressure at this feed flow rate
fraction in is equal to half the initial osmotic pressure difference AP = An/2 [34].
Regardless of the flow configuration and operation regime, SEpro, can be expressed as
[35]:

APA
SE = 24
QrtQp

(12)
Inversely to the RO system, PRO dilutes the draw solution by means of the permeate flow
across the membrane. Respecting the analogy between RO and PRO, the dilution factor

of the draw solution in the PRO system, DF, is defined as follows:

DF =28 (13)
Qp

The DF indicates the fraction of PRO feed solution in the diluted brine after PRO. A DF
approaching 0% indicates the draw solution is not diluted, while a DF approaching 100%
indicates the draw solution is diluted by all the feed solution volume (e.g., AQ = Qp). As
mentioned in section 2.3, ¢, which is the initial feed flow rate fraction and is defined as

the ratio of the initial mass flow rate of the feed solution to the sum of the initial mass
flow rates of both feed and draw solutions, represented as:

¢ =—L_ (14)

T QFtQp

The PRO entering flow ratio, r, is defined as:

— Ok
= (15)

Substituting Eq.(13), Eq.(14) and Eq.(15) in Eq.(12) gives the specific energy production
of the first PRO design:

12
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¢DF

SEpro = —
PRO = 5,

(Cr1 = Cr2) BRT (16)

a. 2RO-1PRO energy model

In the first SWRO-PRO, the brines of the first and second stages feed the PRO system.
Thus, Qo and Qr depend on the recoveries of the RO modules. Consequently, the
parameters ¢pand r are also functions of Y1 and Y2. Then, inserting the recoveries Y1 and
Y2in Eq.(17) and Eq.(18) gives:

¢ =Viire (17)
r=Y, 1:2 (18)
% =1-¢ (19)
Finally, the expression of SE?, is as follows:

SEbro = DF(1 = $)(Ck — CH) 75 (20)

Eq.(20) cannot be directly used. In this case, it is obvious that the entering flows of the
PRO feed and draw solutions are not equal. In fact, when the recovery of the first stage is
lower than 77%, the draw solution flow is much bigger than the feed solution flow.
Consequently, the maximum dilution should be determined, firstly, to calculate the
specific energy SEpro. Regardless of the membrane performance, the boundaries of the
permeate flow across the PRO membrane are 0 < AQ < Q. In other words, the
maximum dilution that can be reached with a perfect semi-permeable membrane with no
detrimental effects is reached when AQ = Q. The dilution factor, DF, can be described

as follows by rearranging Eq.(13):

DF = xr (21)

13
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wherex is an empirical parameter that reflects the performance of the PRO membrane,

and r is the feed flow ratio. The parameter x =g—Q is determined theoretically by
F

rearrangement of Eq.(5) as follows:

2
x=20=-q1_ & (22)

QF CrIN

where Crin is the final concentration of the mixed feed and draw solution, calculated using
Eq. (4). We admit that:

x < 0.3 — low mixing rate
0 <x<1 {04 < x<0.6 > medium mixing rate
0.6 < x — high mixing rate

Based on the variation of ROy recovery, the dilution factor can be calculated. Fig.6 shows
the influence of the PRO entering flow ratio, r, and the membrane performance, x, on the
dilution of the draw solution. It can be seen that when the recovery increases, the dilution
factor increases too, because of the increase of Q% and the decrease of Q. Similarly, the
increase in the membrane performance increases the dilution factor. The maximum
dilution that can be achieved when Y= 50% is almost 30%, using high membrane
performance (x = 1); while full dilution is achievable using high membrane performance
when Y11= 77%. Unfortunately, high recoveries are not advisable in the RO process due
to several limitations [36,37]. Moreover, with a realistic membrane and hydrodynamics,
several detrimental effects occur (concentration polarization, salt diffusion, fouling...)
[36,38]. Consequently, full dilution in realistic conditions is not achievable even at high
recovery rates. After being determined, the dilution factors are used in Eq.(23) to calculate
the specific energy production SEpro. Fig.7 (left side) shows the variation of SEpro with
the dilution for different RO; recoveries. The maximum dilution that can be achieved for
chosen recoveries is around 40%, when Y1= 60%. In this case, the maximum energy
produced is almost 0.28kWh/m3. At low recoveries, the energy recovered is not
significant, due to the low dilution of the draw solution (i.e., SEpro= 0.065kWh/m?* when
Y 1= 30%). The energy was almost quadrupled when the recovery increased from 30% to
60%. Meanwhile, this increase corresponds to tripled dilution values even when the

energy is directly proportional to the dilution. This behavior is due to the contribution of
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¢, which tends towards its optimized value (¢ = 0.5) when the recovery increases, as can

be seen in Fig.7 (right).
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Fig.6: Variation of the dilution factor as a function of the recovery ratio Y1 for different
membrane performances.
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Fig.7: Specific energy production SEpro and the initial mass flow rate of both feed and
draw solutions, ¢, for “2RO-1PRO” design as a function of dilution for different RO
recoveries.

b. 2RO-2PRO energy model

During the second SWRO-PRO processing, two PRO sub-systems were integrated in the
SWRO plant to maximize energy recovery. To optimize the performance of PROq, the

entering flows of the first PRO sub-system (Qr and Qp) were maintained equal thanks to

15



[Escriba aqui]

the added pre-treated seawater flow Q,q4 = Qk. Respecting the condition Qp = Qr, the

expression of the first stage PRO energy production, SE3z,, becomes:

RT
SEgklo = BT (Cz% - Csw)DFPROl (23)

where DFpgo, is the dilution factor of the second PRO stage. Fig.8 shows the variation
of the energy recovered respecting the performance of the PRO membrane for different
RO recoveries. As expected, high recoveries induce high energy production due to the
increase in the osmotic pressure of the PRO draw solution. In addition, a high
performance of the membrane leads to an increase of energy by increasing the dilution.
Also, the optimized feed flow ratio ¢ guarantees the enhancement of energy recovery, as
seen previously in section 2.3.3. In this design case, the two PRO sub-systems are linked,
where the feed bleed solution of PRO: is the draw solution of PRO>. Consequently, the
performance of the PRO; membrane governs that of PRO.. The draw solution flow of
PRO- was calculated according to the performance of PRO4, as presented in Fig.9. The
variation of Qrr is governed by the following relationship:

Qrr = Qad(1 - DFPR01) (24)

When the dilution factor of the first PRO stage increases, the PRO, draw solution stream
decreases and vice-versa. However, high dilutions lead to high osmotic pressures of PRO-
the draw solution due to the migration of the water from Qaq to Qk. This increase of
osmotic pressure is beneficial for energy generation, due to the fact that a high osmotic

pressure difference enhances the PRO process.
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Fig.8: Specific energy production SEZy, of the first PRO sub-system (“2RO-2PRO”
design) as a function of dilutions (DFpRol) for differentRO1 recoveries.
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Fig.9: Amount of the feed bleed stream exiting the first PRO sub-system and its
corresponding osmotic pressure as a function of dilutions (DFPROI).
Similar to the 2RO-1PRO model developed in section 2.3.2, the second PRO sub-system

of the “2RO-2PRO” design is governed by Eq.(22). In fact, the feed and draw solution
streams of PRO: depend, respectively, on Y1 and DFpgo, . For this, the entering streams
are not equal, so the dilution factor of the second PRO stage, DFpgp,, should be
determined based on recoveries as well as the performance of the first PRO stage to
calculate the energy produced. Following the same steps as section 2.3.3, the specific

energy production of PRO,, SEZz,, is:

BRT

SEgkzo = DFPROZ(l — ) (Crr — C}%) S (25)
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where DFpgo, is the dilution factor of the second PRO stage. SE3z, is presented in
Fig.10.As can be clearly seen, the increase of the RO; recovery induces a decrease in the
energy produced. For example, the energy decreases by almost 50% when the recovery
is increased from 40% to 60%. This behavior is repeatable, regardless of the performance
of the membrane, x. This result is attributed to the osmotic pressure increase ofQk and
the decrease of Qrr flow. The energy recovered by the system is the sum of energies
produced by both PRO: and PRO>. The total Specific energy production SEpgo, +pro, 1S
presented in Fig.11. It can be clearly seen that the energy produced decreases in line with
the increase of the RO; recovery. For low dilutions, the total energy produced is not
significant when operating at low recoveries. In this situation, the energy produced
becomes significant only for high dilutions (DFpro, = 60%). For example, the energy
produced at 40% dilution (x = 0.8) is only 0.13kWh/m*® when Y1=30%, whereas it is
0.7KWh/m? at 80% dilution, which corresponds to more than a five times increase for
only a doubled dilution.

For relatively high recoveries, total SEpro is still significant when the dilution is relatively
low. In sum, at low recoveries and relatively high dilution, the contribution of the second
PRO stage in energy recovery is more important in comparison to the second PRO stage.
However, at high recovery rates, the first PRO stage contributes more in energy recovery.
As a comparison between the two designs, Fig.7 and Fig.11 show that the performance
of “2RO-2PRO” is much better than “2R0O-1PRO”. As most desalination plants operate
under 40%-50% recovery rates, the energy that can be produced using “2RO-1PRO”
ranges between 0.11 to 0.19kWh/m3. For “2R0O-2PRO”, the energy ranges between 0.7
to 0.93 kWh/m3. Of course the addition of a second PRO stage will increase the capital
cost of the SWRO-PRO process, but an economic study should be carried out to confirm
or deny the feasibility of this design. Compared to the theoretical values of extractable
energy (e.g. Gibbs energy of mixing), the realistic results are far from the theoretical
calculated energy. In fact, this expected result is caused by the low mixing rate due to

membrane performance and energy losses (frictional losses and unused energy).
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Fig.10: Specific energy production SEZy, of the second PRO sub-system (“2RO-2PRO”
design) as a function of dilutions (DFPROZ) for different ROz recoveries.
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Fig.11: Total Specific energy production SEpgo, +pro, Of the “2RO-2PRO” design as a
function of dilutions (DFpgo, ) for different RO1 recoveries.

2.4. Maximum of dilution model validation

During the previous section, the dilution factor was modeled based on the membrane
performance and the feed flow ratio to estimate the energy produced by PRO, especially
when the PRO entering flows are not equal. To verify the DF model, AQ is determined
using pressure and flow balances for the “2R0O-1PRO” design. The same methodology
can be used for the second configuration “2RO-2PRO”. The power recovered in PRO is
maximized the osmotic pressure difference between the feed and draw solutions is equal
to the hydraulic pressure difference AP. The draw solution exits the module under an
osmotic pressure equal to the sum of the osmotic pressure of the feed flow,Q%, and the

applied hydraulic pressure AP. This equilibrium can be described as follows:
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2 = Qwlsw
TR AP =65 asraa (20)

where T4 is the osmotic pressure of the second stage rejected water. Similarly, the feed
flow exits the module under an osmotic pressure equal to the osmotic pressure of Qg,
subtracted from the applied hydraulic pressure AP. The equilibrium condition at the draw

inlet side of the PRO module is expressed as:

QZ 2
Mgy = ﬁ + AP (27)

As mentioned previously, the optimum applied pressure is the half of the osmotic pressure

difference. Hence, , AP is expressed in this case as:

Tsw
AP = = (28)

To calculate AQ, Egs. (26) and (27) are solved simultaneously using the condition

presented in Eq. (28). Solving the equation system yields:

AQ = Q4 (1 - TR 220 (29)

Tlsw 1—2Y1

Finally, the expression of the dilution factor is:

_AQ _, 1-Yp (. m§ 2-2Yy
DF = Vi (1 —) (30)

Q_1R - Tigw 1—2Y4
For the critical recovery Y1=50%, the dilution factor is calculated using:

lim DF = 0.3 (31)
Y1—0.5

Fig.12 shows the results of maximum dilution obtained using Eq.(30) for different
recoveries using the “2R0O-1PRO” design. This result is compared to Fig.6 (right, x=1).

It can be seen clearly that the results are similar for the range of recovery studied. The
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same methodology is used to calculate the maximum dilution for the second design by
modifying Egs. (26), (27), (28) and (29) using the corresponding streams and osmotic

pressures.

(o))
o

Ul
(=)

Maximum of dilution (%)

40 50 60
Y,(%)

Fig.12: Maximum dilution for different ROz recoveries.

3. Effect of the SWRO initial feed concentration Csw and stream Qsw

The impact of feed salinity upon the performance of the PRO process was evaluated using
three feed salinities; 35, 40 and 45 g/L (0.6, 0.68 and 0.77M) for both proposed designs.
This range of concentration simulates the distribution of the seawater salinity worldwide.
The dilution factor was chosen arbitrarily to be 60%. Fig.13 shows the variation of the
specific energy production of the SWRO-PRO process. It is obvious that the increase of
the RO feed concentration leads to the increase of the energy produced regardless of the
design used. In fact, the RO feed concentration increase increases the concentration of
the RO brine, which is the draw solution of the PRO sub-systems; then the osmotic
pressure difference increases and enhances the water passage across the membrane. For
(A), which presents the results of the first design, the increase of the concentration from
35 to 45g/L induces an increase of the recovered energy of only 0.02kWh/m3 at 50%
recovery. For (B), the second design case, the energy recovered is 0.1kWh/mat 50%
recovery. However, under the same conditions, the energy consumption SECswro
increases by 0.86kWh/m?2. This fact shows that the energy consumption increase rate is
much more rapid than the energy recovered increase rate when the feed salinity increases.
The effect of the inlet RO feed stream is also discussed. The amount of the initial Qsw was
varied from 256m3/h to 50000m®/h and the dilution factor was chosen arbitrarily to be

60% for both PRO stages. The increase of the RO capacity enhances the energy recovery
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for both studied designs. This fact is due to the increase of water flux across the PRO
membrane which increases the output energy.

It can also be seen that the energy increase tends to reach a maximum where the increase
of the Qsw has no effect (Fig 13-C and D). The latter result is attributed to the fact that the
increases of Qsw leads to the decrease of ¢ at low values (¢ <<0.5), which limits the
performance of the PRO. Increasing the initial feed flow will certainly increase the capital
cost of the SWRO-PRO process because of the need for a greater PRO membrane surface,

suitable pressure exchangers and turbines. Further work must be done in this direction.
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Fig.13: Specific Energy production of SWRO-PRO for different RO feed concentrations
and flows. (A) and (C) for one-stage PRO. (B) and (D) for two-stage PRO.

4.  Effect of the second stage recovery
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Throughout the previous sections, the recovery rate of the second SWRO, Y2, was
arbitrarily fixed according to the suggestions of the constructor and the production needs.
In this section, the variation of the second stage recovery is studied. For this, three
possible values of Y. were investigated (e.g., 60%, 70% and 80%). The increase of Y>
leads to more energy consumption according to Eq.( 9). The variation of the energy
consumption with Y2 is shown in Fig.14-b. Increasing the recovery from 70% to 80%
causes a rise in SECswro by 0.7KWh/m?3. On the other hand, decreasing the recovery to
60% reduces the energy consumption by 0.35kWh/m?3. The energy recovered by the total
system (using the second design here) is presented in Fig.14-a. It can be seen that the
increase of Y> reduces the energy recovery. This is due to the increase in the PRO feed
stream at low Y2, which increases the initial feed flow ratio to approach 0.5, and increases
the dilution factor, so the energy increases. Overall, lower second stage recovery reduces
the energy consumption and increases the energy recovery. In this case, the choice of the
second stage recovery is primordial, due to the fact that the industrial process of the
present unit depends on it. Consequently, it is advisable for the operators to reduce the
recovery of the second stage when the production rate of the electrolyzation process is

decreased to reduce the SEC and to increase the energy recovery.
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Fig.13: Specific Energy production of SWRO-PRO and specific energy consumption of
SWRO for different RO second stage recovery. The calculation of the energy recovered
(a) was carried out using results developed previously for the second SWRO-PRO
design.

4 Conclusions
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In the current study, two configurations for the integration of Pressure Retarded Osmosis
were studied, that provide additional energy recovery for existing Seawater Reverse
Osmosis plants without the requirement of additional feed sources. To analyze the effect,
a mathematical model describing the energy produced was first developed for both
configurations. The first SWRO-PRO design (“1RO-2PRO” design) shows a low
performance at the recommended recovery ratio for the RO process (40-50%), as
compared to the second design (“2R0O-2PRO” design). We expect more recovered energy
for the first configuration if the feed solution is provided from outside the system, due to
the fact that the present feed solution is coming from the brine of the second stage, which
provides low water flows. The study showed that the capacity of the SWRO and the initial
seawater concentration strongly affect the performance of PRO. The additional elements
to the SWRO unit require an increase in the capital cost of the process, so as further work
an economic study should be done to reveal when the incorporation of two PRO sub-

systems, is economically feasible.
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A,,  Membrane surface. (m?)

Sh

Initial molar concentration of the draw solution. (mole/l)

cP Initial molar concentration of the feed solution. (mole/l)

Cr Molar concentration of the feed solution. (mole/l)

Co  Molar concentration of the draw solution. (mole/l)

Cwm Molar concentration of the mixed solution. (mole/l)

Cr;y  Final concentration of the mixed solution at Az = 0. (mole/l)

Nm Total amounts (in moles) of mobile species in the mixed solution. (mole)
Nr Total amounts (in moles) of mobile species in thefeed. (mole)

Np Total amounts (in moles) of mobile species in draw solutions. (mole)

Qas  The added flow of seawater as a feed solution for the second design. (m?/h)
Q3 Initial draw solution stream. (m3/h)

Qp Initial feed solution stream. (m3/h)

Qrr The feed solution bleed stream of the first PRO sub-system. (m®/h)

Qsw Seawater flow rate. (m®/h)

Qr1 Flow rate of the first stage brine. (m%h)

Qr2 Flow rate of the second stage brine. (m*/h)

AQ The amount of flow that crosses from feed to draw side. (m%/h)

AQp;y The final amount of flow that crosses from feed to draw sideat Az = 0. (m®/h)

R The ideal gas constant. (J/mol/K)
r Ratio between the feed and draw flows. (-)
T The absolute temperature. (°K)

Wége“’ Specific Ideal work. (kJ)

Xi,M The mole fraction of species “i”” in the mixed solution. (-)
XiF The mole fraction of species “i” in the feed solution. (-)
Xip The mole fraction of species “i”” in the draw solution. (-)

Y1  First stage RO recovery. (-)
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Y. Second stage RO recovery. (-)

vim  The activity coefficients of species “i”’in the mixed solution. (-)
vir  The activity coefficients of species “i” in the feed solution. (-)
vip  The activity coefficients of species “i” in the draw solution. (-)
B The van't Hoff factor. (-)

¢ Feed flow rate fraction. (-)

Treeq OSMotic pressure of feed solution. (bar)

T, Osmotic pressure of seawater. (bar)
nrr - Osmotic pressure of the feed solution bleed of the first PRO sub-system. (bar)
nmre  Osmotic pressure of the first stage brine. (bar)
nr2  Osmotic pressure of the second stage brine. (bar)

AGnm The energy per mole of mixed solution in an isothermal and isobaric process.
(kJ)

AP Theapplied pressure. (bar)

Am The difference of osmotic pressure between the fed and draw solutions.(bar)
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