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ABSTRACT

In this work we propose and compare three scenarios of reverse osmosis (RO) brines valorization
in power plants. The comparison focuses on energy consumption and environmental consider-
ations. The first scenario is based on using seawater reverse osmosis (SWRO) and brackish water
reverse osmosis (BWRO) brines to generate power using pressure retarded osmosis (PRO) which
is a membrane based process that converts the osmotic energy into electrical energy. In the second
scenario the BWRO brine is used to dilute the SWRO inlet seawater. This will reduce specific energy
consumption by reducing the feed pressure applied to the system. It will also ameliorate permeate
quality and reduce brine salinity. The third scenario is a combination of the first and the second
scenarios. The specific energy gain in the second valorization scenario is the highest representing
14% of the actual energy used for desalinating seawater. It is about 7.6 times higher than in the first
valorization scenario. The last scenario looks the best from an environmental consideration as the
brine has the lowest salinity at the expense of a drop of only about a third of the energy savings in
the second scenario.
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1. Introduction

Reverse osmosis (RO) technology offers a solution for
the shortage of fresh water resources worldwide, through
its capacity to treat all kinds of water such as seawater,
wastewater, ground water and surface water [1,2]. Within
the last decade, RO has been established as the preferred
method for water desalination. However, it is an energy
intensive process and generates a saline concentrate that
ultimately requires disposal. As a result of increased inter-
est in RO desalination, the concern about potential environ-
mental problems has grown. Brine disposal costs are high
today and account for 5-33% of total desalination cost [3].
This cost depends on the quality of the concentrate, treat-
ment level before disposal, disposal method and the vol-
ume or quantity of concentrate. Disposal costs for inland
desalination plants are even higher than those for plants
discharging brine into the sea [4]. Some of the options for

*Corresponding author.

brine disposal from inland desalination plants are deep well
injection, evaporation ponds, discharge into surface water
bodies, disposal to municipal sewers, concentration into
solid salts and irrigation of plants tolerant to high salinity.
Seawater reverse osmosis (SWRO) desalination plants
extract large volumes of seawater. Very often only less than
50% of these huge water fluxes are converted to desali-
nated water. The rest is discharged as dense brine concen-
trates back the sea not very far from the seawater intake
[2]. It is widely suggested that desalination plant brines
have a strong potential to detrimentally impact both phys-
icochemical and ecological attributes of receiving environ-
ments. Environmental impact of SWRO desalination plants
is mainly associated with the discharge into the sea of the
brine produced. Particularly for the Mediterranean Sea,
brine disposal could be a serious threat to Posidonia oce-
anica, the most abundant sea grass species in the region.
This endogenous variety exists from surface to depths of
40 m and covers about 40,000 km? of the sea floor hosting a
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very rich and diverse ecosystem [5]. Posidonia oceanica is
very sensitive to brine discharges from desalination plants.
To limit SWRO adverse effects on sea ecosystems, brine is
diluted before its disposal.

Due to the environmental problems that brine disposal
can cause and because of the high disposal costs, many tech-
nologies have been developed for brine recovery. Beneficial
reuse of RO brines has become an important aspect of desali-
nation, especially in more economically challenged areas or
inland regions with limited disposal options. Under certain
conditions, brines from desalination plants can have useful
applications. Examples are evaporation ponds to produce
salt or chemicals for industry and renewable energy genera-
tion involving Pressure retarded osmosis (PRO) systems [6].
PRO is a membrane based process that converts the osmotic
energy into electrical energy exploiting salinity differences
between concentrated solution, called draw solution (DS),
and diluted solution, referred to as feed solution (FS). Both
solutions are separated by a semi permeable membrane.
The osmotic pressure difference that exists between the flu-
ids drives water to permeate through the membrane from
the feed over to the draw side where a hydraulic pressure
lower than the osmotic pressure difference is applied. The
pressurized volume in DS compartment can be converted
into electricity by discharging the effluent through turbines
[7,8]. RO brines could be valorized as DS and used to pro-
duce energy in PRO systems [7,9].

PRO units using RO brines present the advantage of a
lower capital costs for the solution intake systems seeing
the proximity of DS and FS sources. The capital costs for the
solution intake systems are the costs for constructing pip-
ing and pumping. Depending on the distance of the power
plant relative to the fresh and salt water sources, the capital
cost of the intake system can make up a large portion of
the total capital cost especially when FS and DS sources are
far from the PRO unit [10]. Moreover, RO brines allow for
foulants free PRO system avoiding pretreatment processes
for feed and draw fluxes already handled by the SWRO pre-
treatment operation.

Two scenarios are possible: simple PRO system and closed
loop PRO (CLPRO) system which assume continuous regen-
eration of draw solution. CLPRO is adopted when no continu-
ous source of DS is available. When RO brines are continuously
available, there is no need to use CLPRO process [11].

Various scales of PRO processes are at the heart of sev-
eral international research programs focusing on improv-
ing the economic efficiency of desalination, and reducing
the environmental impacts originated from SWRO brine
discharge. Carravetta et al. proposed different scenarios to
reduce SWRO cost through coupling SWRO to PRO allow-
ing achieving considerable energy savings [12].

Further research is needed for conceiving environmen-
tally friendly and economically viable management options
for RO brines. The present study focuses on brine valori-
zation and its contribution to significantly reduce energy
consumption in processes that integrate desalination units.
Power plants are among these processes where highly
pure water needs to be produced often with at least a two
stage membrane treatment. More investigation is needed to
assess energy consumption for brine valorization scenarios.
Thus, the objective of this work is to compare three scenar-
ios for brine recovery in a power plant located in the south-

ern Mediterranean Sea. The focus will be put on energy
consumption, environmental and technical issues.

2. Materials and methods

In this work the case study of a 400 MW power plant
is considered. It is relative to the combined cycle power
plant implemented in Ghannouch at the south of Tunisia.
The process scheme is shown in Fig. 1. In the power plant,
pretreated seawater by coagulation-flocculation under-
goes a RO process (SWRO) yielding an intermediate water
quality which is subject to a second treatment by a simi-
lar process, referred to as brackish water reverse osmosis
(BWRO) [9]. The latter process permeate is further polished
through a mixed bed ion exchange resins (MBIExR) in order
to produce ultra-pure water, with a conductivity below 1
pS/cm, for the boilers. RO processes generate two differ-
ent brines that are usually discharged to the Mediterranean
Sea. The salinities of SWRO and BWRO brines are 65 g/L
and 1.2 g/L, respectively. The SW brine feeds a pressure
exchanger (PX) before being rejected.

Performances of brine valorization processes will be
based on simulation of all involved membrane processes.
Because, the investigated power plant is using DOW SW
and BW membranes, RO simulations were conducted using
reverse osmosis system analysis design software (ROSA)
developed for DOW FILMTEC™ membrane elements.
Simulations were conducted using seawater and brackish
water qualities that were provided by the power plant labo-
ratory. The simulation tool provides many results, of which
the focus will be on specific energy consumption, concen-
trate and permeate qualities, feed pressure.

For PRO process simulation, a computer program was
developed. The developed tool allows optimizing module
geometry, feed and draw water velocities and hydraulic
pressure in order to reach maximum energy production.
Given any set of operating conditions, the simulation pro-
gram provides concentrations of draw and feed solutions,
pressure losses along membrane module, feed and draw
solution flow rates and velocities, flux solvent and power
density. The computational algorithm used for assessing
the best operating experimental domain is shown in Fig. 2.

3. Case studies

As previously mentioned three brine reuse scenarios
will be considered. The first scenario is based on using a
hybrid SWRO-BWRO-PRO process. In the second scenario,
the BWRO brine is used to dilute the SWRO inlet seawater.
The third scenario is a combination of the first and the sec-
ond scenarios.

3.1. First scenario: SWRO and BWRO brines reuse for power
production

SWRO and BWRO are used to generate pure water in
the power plant. These two membrane processes generate
brines of very different concentrations. They may be con-
nected to PRO systems as feed and draw solutions. Draw
solution refers to the high concentration side (SWRO brine)
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Fig. 1. Flow sheet of ultra-pure water production process.
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and feed solution to the low concentration side (BWRO
brine). In this scenario SWRO and BWRO brines are used
as shown in Fig. 3 to generate power using a PRO system.

The main feature of this hybrid system is the insertion of
PRO system and electricity generator hydro turbine (HT). In
addition to the existing desalination unit pressure exchange
(PX1), a second pressure exchanger (PX2) is annexed to the
PRO system allowing recovering the hydraulic pressure of
part of the exiting draw solution.

Unlike what has been reported in the literature for
brine use, the PRO system is fed with brines of SWRO and
BWRO. The concentration difference of these two streams
allows harvesting some electrical energy. The osmotic pres-
sure difference that exists between the fluids drives water
to permeate through the semi permeable PRO membrane
from the feed over to the draw side. The driving force
decreases as the draw solution gets diluted. Thus the con-
tact area between feed and draw side should be limited. An
optimal length can be determined. The quantity of energy
produced depends on feed and draw solution concentra-
tions, hydraulic pressure applied, geometry considered and
membrane properties.

Like similar membrane processes, membrane proper-
ties are the key in the success of a PRO operation. The per-
formance of such process is related to the achieved power
density. An ideal PRO membrane should have high water
permeability and salt rejection [13-16]. These membrane
properties are referred to as A and B respectively. The PRO
membrane should also have a robust mechanical strength
to withstand high pressures. Salt transfer between sides of
a PRO membrane is related to structural membrane proper-
ties referred to as S. Ideally, low S is relative to membranes
allowing small build-up of salts in theirs porous layers [7].
Recently developed hollow fiber membranes have shown
excellent performance under experimental conditions [17]. In
this work a cellulose triacetate hollow fiber membranes with
A=1.8710"%; B=1.11 107 and $=678 10° m are considered [18].

The computer code developed for simulation PRO systems
is based on modeling steady state transfer of species between
draw and feed solutions through membranes accounting for
conservation equations. Since hallow fiber modules are con-

SW perm eate
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sidered, a pseudo one dimensional model accounting for non-
ideal phenomena like internal and external concentrations’
polarizations, pressure drops as well as mechanical losses
in the system, was developed. Pressure drops in the system
occur in pipes and valves and along membranes.

The PRO system net power produced W, is expressed
as:

Wnet :W_wPL (1)
where w,,: accounts for all electrical losses, W: is the con-
verted part of hydraulic pressure conveyed to the genera-
tor. W is related to the water flux through the membrane, | ,
via the following equation:

W=AP-J, 171 )

where AP is the hydraulic pressure applied to the draw side,

N, and 1 are turbine and generator yields, respectively.
The water flux through the membrane is given by:

J. =A-(Am—AP) 3)
where An: is the osmotic pressure difference between feed
and draw solutions defined by:

) T
An:z~AC,MkvR~M

4)
where i: is the Van’t Hoff coefficient, R: is the ideal gas con-
stant, T+ is the liquid absolute temperature, M is the molec-
ular weight of solutes and AC, , is the difference between
draw and feed bulk concentrations. An calculation requires
determination of AC, , which may be found by iterative cal-
culation as described in Naguib et al.’s work [18].

3.2. Second scenario: BWRO brine recycling

In the second scenario, as shown in Fig. 4, the BWRO
brine which has a salinity of 1.2 g/L is used to dilute the
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SWRO inlet seawater. This will lead to decrease of the
required pressure because of less saline inlet water. It will
then contribute to reduce the energy consumption for water
desalination. Desalination system energy consumption
assessment was based on simulation using ROSA software.
It is worthy to note that an iterative procedure is needed as
the inlet feed concentration depends on that of the brine.

3.3 Third scenario: RO, PRO hybrid system with BWRO brine
recycling

The third scenario combines the first and the second
one. The process flow sheet is similar to the one given in
Fig. 3. However, the difference lies in the fact that the PRO
draw solution reject will be connected to SW feed system as
in Fig. 3 for the BW brine.

4. Results and discussion
4.1. First scenario

Using the developed calculation program, PRO mod-
ules geometry and operational parameters were optimized
in order to find best configuration for maximum energy
production. Results are shown in Table 1.

The module length was determined in order to ensure
considerable water flux all along the hallow fiber mem-
branes. Predicted power density and brine salinity as func-
tion of membrane length are illustrated in Fig. 5. This figure
hints that for PRO modules of 2 m length, there is a com-
promise between high power densities and diluted brine.
This result is also inferred from Fig. 6 where the hydraulic
pressure and the net power generated are presented for var-
ious PRO modules lengths. The net power generated can
be obtained by increasing total membrane surface via mul-
tiplying the number of membranes in parallel so that feed
and draw solution flow rates are also increased to match the
brine streams exiting SWRO and BWRO units. This scenario
presents the advantage that foulants contained in feed and
draw fluxes are already retained by SWRO pretreatment
process. So, PRO membranes are less exposed to fouling by
inorganic matter, natural organic matter and other foulants.

Feed and draw solution concentration profiles are pre-
sented in Fig. 7. Due to membrane permeability, water
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drips from feed to draw solution so that draw solution is
diluted by about 23% reaching 50 g/L concentration before
being discharged into the sea. Feed solution concentra-
tion increases to about 3 g/L as a result of water migration
and undesirable salt diffusion from the draw solution side
through the membrane. The power plant discharge to the
environment is a mixture of PRO feed and draw exit solu-
tions. This will make this discharge scenario better than the
actual brine discharge system for the power plant.

Table 1
Membrane properties and optimal parameters.

Inner radius of hollow fiber, r (mm) 0.25
Outer radius of hollow fiber, R (mm) 0.35
Feed solution velocity (m/s) 0.09
Draw solution velocity (m/s) 0.11
Membrane length (m) 2
Hydraulic pressure (bar) 23
35 55
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Fig. 5. Power density and draw solution exit concentration vs.
PRO module length.
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The adopted PRO system configuration corresponds
to arrays of vessels containing two membrane modules,
of 1 m length, in series. The optimized power density for
the PRO configuration is 2.5 W/m? corresponding to 1.411
kW with a total membrane surface of 564 m* This limited
value of power density is a consequence of the limited
water flux along the membrane induced by membrane
properties. Our values for water flux and power den-
sity are comparable with figures shown in Straub et al.’s
work using the same membrane properties and similar
feed and draw solution concentrations [19]. However, the
achieved power density is lower than that obtained with
membranes having better properties. Indeed, as reported
by Saito et al. a power density of 7.7 W/m? was attained
with a pilot hollow fiber membrane PRO unit at an applied
hydraulic pressure of 25 bar, using SWRO brine and
treated sewage effluent [20]. Kurihara et al. found that the

25 /
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Fig. 8. Impact of temperature on power density.
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Fig. 9. Impact of temperature on hydraulic pressure and draw
solution exit concentration.

power density may reach 13.3 W/m?at an applied pres-
sure of 30 bar using the same draw and feed solutions [21].
In fact power density figures may vary considerably with
membrane properties, draw and feed solutions’ natures as
well as PRO system size and configuration. In our case,
the power density was limited because of the BWRO brine
characteristics (salinity and flow rate) for the investigated
ultra-pure water production process in the power plant.
The PRO draw and feed solutions flow rates are 9.6 m*/h
and 8.2 m*/h, respectively.

In fact seawater temperature is not constant and varies
between 13°C in winter and 35°C in summer [22]. The effect
of seawater temperatures variation was also investigated.
The results are shown in Figs. 8 and 9. PRO system per-
formances vary considerably between winter and summer
time. At 15°C, the net power density is about 1.25 W/m?
and the discharged brine concentration reaches 56.6 g/L
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with an applied pressure of 35 bar. At 35°C, the net power
density is doubled with a much lower brine concentration
reaching 45 g/L with and applied pressure of only 18 bar.
As shown, generated power density and rejected draw con-
centration are very sensitive to operational temperature.
This can be explained by the fact that the viscosity of water
changes very much with temperature. These results indicate
that PRO performances are very dependent on operational
parameters. That’s why, module configuration, membrane
properties and applied pressure should be optimized for
the best yearly average temperature.

As conclusion, even at the best operational conditions,
PRO system produces small quantities of energy with a
power density of 2.5 W/m? which is much below the 5 W/
m? efficiency threshold reported by Skilhagen [23]. How-
ever, this scenario has a beneficial environmental impact as
the brine concentration drops from 65 g/L to 50 g/L. The
net power production of the PRO system is only about 1411
W. For this reason, another scenario for brine valorization
was proposed.

4.2. Second scenario

In this scenario, the BWRO brine is mixed with the
inlet SWRO unit. Dilution reduces RO specific energy con-
sumption by reducing the required feed pressure applied
to the system. This will also improve permeate quality and
will reduce brine salinity. Simulations using ROSA soft-
ware have been conducted. Table 2 illustrates the impact
of dilution on water salinity and some other operational
parameters.

In addition to power consumption reduction, dilution
gives better quality of permeate and brine of both SWRO
and BWRO stages. The SWRO brine concentration drops
by more than 14.5% in comparison with the real case. The
specific energy gain in this valorization scenario is about
14% of the actual energy used for desalinating seawater. It is
about 7.6 times higher than the gain in the first valorization

scenario. However, in this studied case, the first scenario is
interesting as it reduces brine salinity by 23.1% versus only
14.5 % by the second scenario.

4.3. Third scenario

In this scenario combines the features of the first two
scenarios. The BWRO and SWRO brines feed the PRO
system and the PRO diluted stream is re-injected with the
seawater feeding the SWRO unit. Simulations using com-
mercial RO system and the developed computer program
for PRO system were conducted to assess the performances
of this valorization scenario. A comparison of the power
gain and brine discharge salinity for the three scenarios is
shown in table 3.

For environmental considerations, the third scenario is
the best because it leads to a brine TDS decrease of 32.3% to
a value of 44 g/L vs. 65 g/L in the actual case. Energy sav-
ings mount to about 9.2% of total energy consumption for
desalinating seawater in the power plant. This represents
about 2/3 of the energy reduction in the second scenario.
What would be interesting to know is if the excess energy
consumption is worth the brine salinity drop between the
third and second scenario.

5. Conclusion

Simulations were conducted using RO commercial soft-
ware and developed program for PRO systems. The sim-
ulation tools were used to compare performances of three
scenarios of brine valorization in power plants. After opti-
mizing the PRO modules configuration, the best valoriza-
tion scenario for environmental considerations corresponds
to an hybrid SWRO-BWRO-PRO process with reinjection of
PRO feed solution. On the other hand, the second scenario
involving BW brine recycling leads to the lowest energy
consumption.

Table2
Comparison of some operational parameters in the power plant in the case of the second scenario
Without dilution With dilution
Permeate Concentrate Permeate Concentrate
TDS (mg/L) 273 65600 213 57920
Flow rate (m®/h) 22 33 25 375
SWRO applied pressure (bar) 54 50
Specific energy (kW/m?) 4.69 4.35
Table 3
Comparison of the power gain and brine discharge salinity for the three scenarios
Brine valorization Scenario - 1 2 3
Power plant configuration SWRO-BWRO SWRO-BWRO-PRO  SWRO-BWRO SWRO-BWRO-PRO
& brine reuse & brine reuse
Rejected solution salinity (g/L) 65 50 55.6 44
SWRO applied pressure (bar) 54 54 46.5 50
Total power consumption (kW) 103.3 101.4 88.8 93.8
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