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Abstract

Seawater desalination plants discharge brine which is at higher salt concentration than the supplied
seawater feed. Diluting this brine by mixing it with the lower concentration feed (seawater) will reduce
the environmental hazards associated with the high salt concentration of the disposed brine. Energy can
be generated from the dilution process in which two streams of different salt concentrations are mixed.
Different methods have been proposed to generate energy by mixing two streams of different salt
concentrations. This includes pressure retarded osmosis (PRO), reverse electrodialysis (RED) and
hydrocratic generation (HG). However, these methods have not been used on a large commercial scale
and are still undergoing development. In this paper, the potential of energy generation from applying
PRO to the disposed brine blown down from a Multi-Stage Flash (MSF) plant is estimated. In the PRO
process, the feed solution, a low salinity stream, and the draw solution, a high salinity stream, are
pumped to the opposing sides of semi-permeable membranes. Water permeates through the semi-
permeable membrane, from low hydrostatic pressure stream (feed solution) to the higher hydrostatic
pressure stream (draw solution), due to the osmotic pressure difference. This increases the mass flow
rate of pressurized draw stream, and energy is then obtained by depressurizing the draw stream through
a hydro turbine. A differential model is developed for the PRO system that takes into consideration the
concentration variation of both the feed stream and the draw stream along the PRO membrane.
Available reverse osmosis (RO) membranes characteristics currently on the market are used to make the
calculation. Membrane characteristics, especially water permeability coefficient, and flow conditions
such as mass transfer coefficient significantly affect the PRO plant performance. An improvement in the
membranes could significantly increase the energy produced by PRO plant.
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. INTRODUCTION

Seawater desalination is a prominent industrial process which plays an important role in the production
of fresh water in Arabian Gulf region. Thermal desalination has been extensively used for large scale
production of fresh water, about 54% of the total water production in Arabian Gulf region is produced
by thermal desalination processes. Multistage flash desalination (MSF) is the dominant technology
among thermal desalination plants. The MSF process accounts more than 85% of thermal desalination
plants in Arabian Gulf region, while in the entire desalination industry its contribution in producing
fresh water is more than 23% [1]. The water production capacity of MSF plants has been increased in
the last decades due to the continuous improvement and vast field experience in operation, construction
and design. Mathematical modeling has also played an important role in improving system design,
individual processes, control, and operation.

All desalination plants reject brine which is at a higher salinity than the supplied feed seawater. This
brine is usually discharged back to the feed seawater source. The discharge of the concentrated brine can
damage aquatic ecosystems in particular if it contains pretreatment chemicals. Diluting this brine will
reduce the environmental hazards associated with the discharged high salt concentration brine. Energy
can be generated when the high salinity brine stream is mixed with the low salinity feed stream before
discharging it. Different method have been proposed to generate energy by mixing two streams of
different salt concentrations [2,3]. Loeb [4-6] discussed the basic concept of using liquids of different
osmotic pressures to generate power. He suggested different combinations such as seawater and fresh
water, or highly saline bodies such as the Dead Sea and seawater. The process of using two different
salinity streams is now become known as Pressure Retarded Osmosis (PRO).

The recently intensified investigation in renewable energy sources for power generation and the latest
developments in membrane science have led to the installation of first prototype PRO system in Norway
[7], which is referred to as an osmotic power plant. Ahmad and Williams [8] investigated different
salinity gradient power processes, including reverse electrodialysis (RED) and hydrocratic generation
(HG), and they concluded that PRO has superior potential for energy harvesting because of the
substantial amount of energy that can be generated and the lack of CO, emissions that will harm the
natural climate. Gerstandt et al. [9] optimized a PRO plant by using two different types of membranes.
The results showed that improvement of the membrane characteristics of this process will make it more
feasible. Skilhagen et al. [7] and Gerstandt et al. [9] discussed the work done by the Statkraft company
which built the first osmotic power plant in Norway. They indicated that PRO is getting closer to
become a practical alternative for renewable energy production. Panyor [10] emphasized on the
importance of osmotic power plant using PRO process.

It is important to mention here that PRO technology has not been introduced as an energy recovery
device (ERD) in desalination plants. In this paper, the PRO system is used to estimate the potential of
energy generation from the disposed brine of a Multistage Flash (MSF) desalination plant. Fig. 1
illustrates the proposed MSF-PRO system where the rejected brine from the MSF plant is used as the
draw solution in the PRO unit.
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Figure 1 : MSF-PRO Plant

1.1 MSF Brine Circulation

The brine circulation MSF desalination plant consists of four sections, a heat rejection section, a heat
recovery section, a brine heater, and a mixer. A schematic diagram of an MSF plant with brine
circulation in Jubail, Saudi Arabia is shown in Fig. 2. The heat input section consists of a brine heater
which heats the seawater using steam from a back pressure turbine to heat the brine up to the top brine
temperature. The heat recovery and heat rejection sections are of the same construction and divided into
a number of stages. Each stage consists of a flashing chamber, a condenser, a demister, and a distillate
tray. The intake seawater (state 0) is pumped into the condenser tubes of the heat rejection section at
ambient temperature of sea where its temperature increases by absorbing the latent heat of condensing
the vapor formed in each flashing chamber. The warm intake feed is divided into two streams: one is the
cooling water which is discharged back to the sea (state 17), while the other is feed which is introduced
into the mixer to mix with the brine leaving the last stage of the heat recovery section (state 4). The
purpose of the cooling water is to control the temperature of the circulated brine by removal of extra
heat energy added in brine heater to the MSF system. The circulated brine flow is taken from the mixer
and introduced in the tubes of the heat recovery section (state 8). As this recycled brine flows across the
stages inside the condenser tubes, it absorbs the latent heat of vaporization of the distillate vapor formed
in each stage. The recycled brine then enters the tubes of the brine heater where it is heated by the
condensation of low pressure steam on the tube surface to the maximum temperature, or top brine
temperature (state 10).

The hot brine stream is directed into the first flashing chamber of the heat recovery section and evenly
distributed along the stage width. A small amount of recycled brine flashes off and forms distillate vapor
which results in a decrease of temperature in the circulated brine flow. The distillate vapor flows across
the demister which absorbs entrained brine droplets and then the distillate vapor condenses outside the
condenser tubes, releasing its latent heat to the feed stream flowing inside tubes. The vapor condensed
outside the condenser tubes is collected as fresh water in the distillate tray.

The intake seawater has a salinity of 46.5 g/kg and is pumped into the plant at 35°C at atmospheric
pressure at a rate of 3597 kg/s [11]. The majority of this intake seawater serves as a coolant (1589 kg/s)
and is discharged back to the sea, while the remaining feed seawater (808 kg/s) is supplied to the last
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stage flashing chamber. The circulated brine from the mixer, at 44.3°C with salt concentration of 64.8
g/kg at a rate of 3621 kg/s, is pumped into the condenser tubes of heat recovery section, and its
temperature increases to 85°C by absorbing latent heat from the water vapor in the flashing stages. This
circulated brine is further heated up to top brine temperature of 90.8 °C in the brine heater with supplied
steam at 98.9 °C and at a rate of 34.93 kg/s. The circulated brine is then flashed consecutively in the
flashing chambers from 635 kPa to 8 kPa. The condensed vapor is accumulated in the tray and
discharged as a distillate at a rate of 272 kg/s, while the part of circulated brine is discharged from the
last stage at a rate of 536 kg/s and a salt concentration of 70 g/kg. This blow down brine will be used as
the draw solution in the pressure retarded osmosis (PRO) process.
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Figure 2 : Schematic diagram of MSF brine circulation plant [12]

1.2 Pressure Retarded Osmosis (PRO)

A schematic diagram of the PRO system is shown in Fig. 3. In PRO process, the feed solution with the
low salinity and low hydrostatic pressure and the draw solution with the high salinity and high
hydrostatic pressure flow to the opposite sides of semi-permeable membranes. Water permeates through
the semi-permeable membrane, from the low hydrostatic pressure stream (feed solution) to the higher
hydrostatic pressure stream (draw solution) due to the osmotic pressure difference. This increases the
mass flow rate of the pressurized draw stream and energy is obtained by depressurizing the draw stream
through a hydro turbine. For this system, the osmotic pressure difference must be higher than the
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hydraulic pressure difference to permeate water through the semi-permeable membrane and to have a
net power output.
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Figure 3 : Pressure Retarded Osmosis (PRO) system

I1. MATHEMATICAL MODEL
2.1 MSF Brine Circulation

Several studies related to the modeling of multi-stage flash (MSF) desalination are in the literature [12—
18]. The mathematical model of the Multi-stage flash (MSF) desalination is developed under the
following assumptions: (1) steady state operation; (2) the distillate product is salt free; (3) the steam
condensate is not subcooled in the brine heater; (4) heat loss to the surroundings is negligible; and (5) all
the saline liquid droplets are retained in the demister. The governing equations for the MSF system are a
set of continuity equations on water mass and salt mass flow rates, and energy balances. All
thermophysical properties of seawater are taken from the correlations provided by Shargawy et al. [19]
as a function of temperature, pressure, and salinity.

2.2 Pressure Retarded Osmosis (PRO)

A one-dimensional differential model is developed for the PRO system that takes into consideration the
salinity variation of both the feed and brine streams along the membrane area [2,3,20,21]. Available
reverse osmosis (RO) membrane characteristics are used to make the calculation. The PRO model
consists of four mass balance equations and two transport equations. The mass balance equations are
written for water molecules and salt molecules on the draw side and feed side (Eq.1 to Eq.4). The
membrane area is divided into finite number of control volumes, each of an infinitesimal area of dAn,.
The continuity equations in the differential forms are given as follows.
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Water mass balance:

d [(1—Wf )Qf }:—depm (1)
d [(l—wd Joy } = 3y, dAn @)
Salt mass balance:
d(w; Q) =Js0An 3)
d (Wd Qd ) =—JsdAp 4)

where Qr and Qq are the volume flow rates of the feed stream and the draw stream, respectively, while
Jw is the water flux permeated from the feed stream to draw stream and Js is the salt flux, ws and wy are
the salinity of feed stream and draw stream respectively. The transport equations for water and salt
across an ideal membrane; that ignores the concentration polarization effect, are given by Eq. (5) and

(6).
Jw = A(An-AP) (5)
JS:B(Wd —wf) (6)

where A (m/s-kPa) and B (m/s) are the water permeability coefficient and salt permeability coefficient
respectively, An (kPa) is the osmotic pressure difference across the membrane (difference between
osmotic pressure at the draw solution and feed solution), and AP (kPa) is the hydraulic pressure
difference. It is assumed that there is a negligible hydraulic pressure drop along the feed stream and
draw stream paths. Therefore, AP is assumed to be constant along the membrane area.

Concentration polarization (CP) is the main hurdle in membrane permeation as it diminishes the
effective osmotic pressure difference across the membrane. Lee et al. [22] developed an expression to

incorporate the effect of internal concentration polarization which was further modified by Achilli et al.
[3] and Xu et al. [20], by including both internal and external concentration polarization. The resulting

equation for water flux is
T
[1 [fJexp (Jyks )exp [JWJJ
T[:d km
— AP

1 2 Jow (k)1

(7)

b= A (5 oo -2

Km

where kn, is the mass transfer coefficient and ks is the solute resistivity. Mass transfer coefficient (km)
depends on the diffusion coefficient, flow channel geometry and flow conditions. Osmotic pressures are
calculated using correlations provided by Shargawy et al. [19] as a function of temperature, pressure and
salinity. Due to large concentration difference across a semi permeable membrane, a small amount of
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salt permeates from the draw stream to the feed stream which results in the reduction of effective
osmotic pressure difference across the membrane. Therefore, salt flux (Js) should be taken into
consideration in the PRO model. The expression for salt flux as a function of water flux (Jy), salt
permeability (B), solute resistivity (k) is given by [23],

B

The total permeate flow rate Qp (m®/s) transferred through the membrane is the integration of the water
flux over the membrane area.

An
Qp = [ J.0A, 9)

The power produced from the PRO system is equal to the product of the total permeate flow rate and the
hydraulic pressure difference across the membrane as given by Eqg. (10).

Power =QpAP (10)

The governing equations for PRO are solved numerically to calculate permeate flow rate, and produced
power as a function of AP. Under idealized conditions, the water flux decreases as hydraulic pressure
increases, and finally reaching to zero An = AP (flux reversal point). Concurrently, power increases with
increasing hydraulic pressure and reaches a maximum at AP = An/2 then decreasing with further
increase of hydraulic pressure until it reaches zero at the flux reversal point. Under actual conditions,
reverse salt diffusion and concentration polarization reduce the effective osmotic pressure difference
which lowers the permeate flow rate and power as compared to the idealized case.

Il.  RESULTS
For model validation, the results of the PRO mathematical model are compared with the experimental
data provided by Achilli et al. [3] by assuming the same input values and membrane characteristics. It is

shown in Table 1 that the results of the current model are in good agreement with the experimental data.

Table 1 : Comparison between Achilli et al. [3] experimental results and the current study

Draw solution  Feed solution AP Water flux Power
salinity (g/kg)  salinity (g/kg)  (kPa) (10°° m/s) (W)
Achilli [3] 35 0 972 2.81 0.00512
Present work 35 0 972 2.51 0.00458
Achilli [3] 60 0 972 5.21 0.00949
Present work 60 0 972 5.08 0.00924

For the PRO system shown in Fig. 3, the counter flow configuration is used. The membrane
characteristics are taken from a commercially available RO membrane SWC5 1640 (Hydranautics
corporation) [24]. The membrane parameters and the input data for the PRO system are listed in Table 2.
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Table 2 : Input data to PRO plant

Surface area of one pressure vessel

1264 (m?)

Water permeability coefficient (A)

1.87x10” (m/s-kPa)

Salt permeability coefficient (B)

1.11x107" (m/s)

Mass transfer coefficient (Ky,) 8.48x10™ (m/s)
Solute resistivity (Ks) 4.5x10" (s/m)
Feed solution salinity (ws) 46.5 (g/kg)
Draw solution salinity (wg) 70 (g/kg)
Intake draw stream to one pressure vessel 6.5 (kg/s)
Mixing ratio (feed stream / draw stream) 1

Total blow down from MSF plant (draw solution) 536 (kg/s)

The variation of draw and feed salinity along the normalized membrane area is shown in Fig. 4. The
draw streams enter at a salinity of 70 g/kg which decreases along the membrane due to addition of
permeate flow and exits at a salinity of 59.4 g/kg. On the contrary, the feed streams enter the system at a
salinity of 46.5 g/kg and leaves at 56.5 g/kg. The normalized area is the accumulated area at a given
location divided by the total membrane area and ranges from zero to one. The water flux transferred
from the feed stream to the draw stream varies with the of the pressure difference across the membrane.
However, the salts transfer, in the opposite direction of water flux, from the draw stream (high salinity)
to the feed stream (low salinity) due to the salt concentration gradient. The variation of water flux, salt
flux with and without considering concentration polarization (CP) is illustrated in Fig. 5. As the pressure
difference increases, the water flux transfer rate also increases. Similarly salt flux also increases, as the

difference between salinities is higher at the later stages of the system.
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Figure 4 : Variation of draw and feed solution salinity along the membrane
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The total power produced by the PRO system with and without considering concentration polarization
(CP), as a function of hydraulic pressure difference, is shown in Fig. 6. It is noted that the maximum
power obtained from the PRO plant without considering CP is 72.1 kW while with considering the
effect of CP the power produced is 30.8 kW at a hydraulic pressure of 1010 kPa. This power is very
small as compared to the pumping power required for the Jubail MSF Desalination plant (i.e., 3649 kW)
[12]. This process can be improved by optimizing operating conditions and system configuration. The
maximum reversible mixing work that can be achieved from this PRO system with streams of 70 and
46.5 g/kg is 0.4 kJ/kg (or 214.4 KW for the draw solution of 536 kg/s) [25]. Therefore, the proposed
system shown in Fig. 3 has a second law efficiency of about 33% (14% with considering CP). The
results are much dependent upon membrane characteristics like the water permeability coefficient and
flow/module conditions such as the mass transfer coefficient. An improvement in the membrane
properties could significantly increase the power produced by PRO plant. About 46% (16% with
considering CP) increase in power could be achieved if membrane with water permeability coefficient of
2x10°® instead of 1.87x10°° (m/s-kPa) is used (Fig. 7).
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Figure 6 : Total power produced by PRO plant as a function of hydraulic pressure

The International Desalination Association (IDA)
World Congress on Desalination and Water Reuse
REF: IDAWC/TIAN13-316

9



120

—

100 p

80 - ———Without considering CP
< —With CP

60| 7

Total Power [kW]
AN

40

20 !
10° 108 107

Water Permeability (A) [m/s-kPa]
Figure 7 : Effect of water permeability on Power

IV. SUMMARY

In this study, a mathematical model of a pressure retarded osmosis system is developed to investigate
the potential of PRO as an energy recovery process for desalination plants. For this purpose, the rejected
brine from a desalination plant is used as the draw solution and seawater is used as the feed solution.
The present model uses the characteristics of available RO membranes for the proposed PRO system. At
1010 kPa hydraulic pressure, the power produced by the PRO system is 30.8kW which is much less than
the power required by the pumps of the MSF desalination plant (3649 kW) studied. The power produced
by PRO can be increased by optimizing the flow rates of the draw solution and feed solution and
improving the system configuration. The major barrier to better power production is the lack of
membranes designed for the PRO process. The PRO plant performance is dependent on membrane
properties, especially water permeability coefficient, and to flow conditions such as mass transfer
coefficient. About 16% increases in power is achieved if the membrane water permeability coefficient
is of order 10°® m/s-kPa. The improvements in the membrane characteristics will significantly increase
the power produced by PRO plant and make it feasible to use PRO as an energy recovery process for
desalination plants.
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