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Abstract

Osmotic energy created by salinity gradient is a novel energy source. The chemical potential difference of two liquids with
dissimilar salinities can be used to generate a flow of water across a semi-permeable membrane. The Pressure-Retarded
Osmosis (PRO) concept controls the flow of the water across the membrane and contributes to the production of electrical
energy with a hydraulic turbine. This study describes a simple mathematical model for evaluating the effectiveness of appli-
cation of the PRO process in a hydro-osmotic power plant. The influences of pressures and salt concentrations of the inlet
streams as well as the concentration polarization across the membrane on the membrane power density and plant efficiency
were investigated. The effects of liquid temperature and membrane characteristics (water and salt permeability) on power

plant performance were also studied.
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1. Introduction

Useful power can be obtained from many renewable energy
sources such as directly from solar, geothermal or gravitation
energy collected in water reservoirs, from the wind, ocean
waves, currents and tides as well as temperature gradient in
the sea. Generation of electrical energy from most of these
sources is possible due to differences in altitude, tempera-
ture or pressure. A less popular type of renewable energy
source derives from presence of different liquid solutions in
the environment. Since the thermodynamic potential (Gibbs
free energy) of a solution depends on its composition, dif-
ferences in species concentration between the same type of
solutions can be used to generate electric energy by apply-
ing a controlled process of separation of their components.
The process is carried out by using a semi-permeable mem-
brane through which one of the components diffuses, thus
contributing to the increased pressure or amount of this com-
ponent on the other side of the membrane. The process
is known as osmosis. The increased pressure or amount
of component on one side of the membrane can be sub-
sequently used, e.g., in a hydraulic turbine with the electric
generator to obtain useful electric energy [1].

The most common liquid solutions available worldwide are
water as a solvent with salts as the dissolved substances.
They are present in many water reservoirs such as seas,
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lakes and rivers. The mixing of low salt concentration river
water with salty sea water occurs naturally in estuaries. The
process is spontaneous and leads to generation of entropy
and loss of the available energy, which can be converted to
a useful form in a controlled process.

Sea water can be treated as a mixture of water and min-
eral salts dissolved in it. Generally, the word “salt” is used to
denote sodium chloride, NaCl, but sea water contains other
salts such as: magnesium chloride, sulfates and carbon-
ates. The average salinity of sea water is 35 g/l including:
27.2 g/l NaCl, 3.8 g/l MgCly, 1.7 g/l MgSQy,, 1.26 g/l CaSOQy,,
0.86 g/l KoSO4. Sea and lake salinities (NaCl salt concen-
tration) cover a broad range of values: Caspian Sea: 13 g/,
surface waters of Antarctica: 34 g/, Pacific Ocean: 34.5 g/l
(but only 33 g/l for the North Pacific), Atlantic Ocean: 35 g/,
Mediterranean Sea: from 36 to 38 g/l, Red Sea: 41 g/l, Great
Salt Lake (USA, Utah): 150 g¢/I, Dead Sea: 270 g/I, Indian
Ocean: from 34.5 g/l, Baltic Sea: 10 g/l [2, 3, 4]. These data
vary locally, especially in the oceans, because of currents
and changes in temperature.

In the seas of warm countries, the amount of water that evap-
orates is much greater than the amount of water returned to
the sea via rivers and streams. These seas are saltier, but
they also reject part of this salt by giving it to other, less salty
seas. Inland seas that are not connected to other seas and
oceans, are unable to reduce their amount of salt so they
can contain up to 5 or 6 times more salt per liter of water
than other seas.

Useful energy can be obtained not only by mixing river and



Journal of Power Technologies 97 (5) (2017) 395-405

Table 1: Theoretical energy potential of selected rivers in the world [5].
Water temperature was assumed as 20°C with a Van't Hoff coefficient of
1.85—see eq. (7)

River name Flow rate, m3/s Power, GW Energy, TWh/year
Amazon 175000 472.5 4139.1

Nile 2622 71 62.0

Ganges 13000 35.1 307.5

Mississippi 19000 51.3 449.4

Congo 42000 113.4 993.4

Yangtze 35000 94.5 827.8

Yenisei 19800 53.5 468.3

Vistula 1080 2.9 255

World 1182394 3192.5 27966.0

Table 2: The practical energy potential of selected rivers in the world [5].
Efficiency of conversion of primary to final energy was assumed as 40%
and 15% of the volumetric flow rate of water assumed due to ecological
aspects

River name  Power, GW  Energy, TWh/year
Amazon 28.4 248.3

Nile 0.4 3.7

Ganges 21 18.4

Mississippi 3.1 27.0

Congo 6.8 59.6

Yangtze 5.7 49.7

Yenisei 3.2 28.1

Vistula 0.2 1.5

World 191.5 1678.0

sea water, but also wherever there are waters in which a
difference in salinity occurs. For example, sea water can
be treated as a low salt concentration fluid which is to be
mixed with a stream of water coming from a lake of high salt
content. Other two-fluid systems can also be considered,
e.g., sea water and concentrated community waste sewage
water, or sea water and concentrated salty water obtained
from reverse osmosis. Further examples are: industrial efflu-
ent or high salinity geothermal water and treated household
sewage water or ground water with low dissolved species
concentration [6].

The amount of energy released during the mixing pro-
cess depends on the water volumetric flow rate and differ-
ence in the dissolved species concentration of the two wa-
ter streams. Knowing the flow rate in rivers running into the
sea and assuming mean salinity of sea water of 35 g/l, the
theoretical energy potential of rivers was evaluated and pre-
sented in Table 1.

The real energy that can be converted into useful energy
also depends on the method of energy conversion, losses
in the system used and the amount of river water available
due to ecological aspects—see Table 2. The values of the
available energy will in reality also differ due to differences
in water salinity and temperature at the particular location in
the world. For example, Baltic Sea salinity and temperature
are significantly lower than in the Mediterranean. Therefore a
hydro-osmotic power plant will be theoretically more effective
at the mouths of rivers flowing into the Mediterranean.

Semi permeable
membrane

Osmatic
pressure

Lower Higher
concentration | concentration

Before osmosis After osmosis

Figure 1: The phenomenon of free (forward) osmosis

2. Osmosis and the flow of water through membranes

If a membrane that is semi-permeable to water is inserted
between the first low salinity solution and the second high
salinity solution, then the flow of pure water from the first
solution to the second one will be initiated. During the water
flow across the membrane the level of the more concentrated
solution tends to rise and the solution becomes increasingly
diluted—see Fig. 1. The phenomenon is known as osmo-
sis [7] and is the natural process of water and dissolved
species exchange between plants and soil driving the photo-
synthesis process in plants. Due to the rise in water level the
pressure on the high concentration side of the membrane
increases. The process will continue until thermodynamic
equilibrium is attained, which manifests itself by both sides
of the semi-permeable membrane having the same value of
the chemical potential of water.

The pressure difference between solutions containing the
same i"* species when the equilibrium state is attained (os-
motic pressure) can be derived in the following way. The
chemical potential for the species in the solution is expressed
as:

wi (T, p,x;) = p¥ (T, p) + RiT Ina; (1)

where: T, p, a; and R; denote temperature, pressure, activity
of i species in the solution and its particular gas constant,
respectively. The symbol 4 denotes the chemical potential
for the pure i component and x; stands for the mole fraction
of i"* species. Since the chemical potential corresponds to
the specific free enthalpy (Helmholtz energy) of the species,
the presence of the species in the solution decreases its spe-
cific enthalpy.

If the thermodynamic equilibrium is attained between so-
lutions with different pressures and concentrations present
on both sides of the membrane then the chemical potentials
of the i"* species follow the relation:

uf (T, p) + RiTIna;; = uf (T, p2) + RiT Ina;, )

From the known relation for variation of the chemical po-
tential with temperature and pressure for the pure species at
constant temperature and incompressible fluid (liquid solu-
tion):

P2
W ) =i (Cp+ [ vidp =i p vt (9
P1
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where: 1= p,—p; is the osmotic pressure and v; is the partial
volume of i species in the solution. When the relation above
is substituted into eq. (2) the following formula is obtained:
I1= 1% = % (lna,»,l - hla,"z) =
= g In (i) = In (yipxin)] = (4)
[In(x;1) = In (x;2) + In (yi1) — In(y:2)]

RT
Mv;
where: M; is the molecular mass and y; is the activity coef-
ficient of i species, while R is the universal gas constant.
The activity coefficient depends on temperature, pressure
and solution composition.

In the case of dilute and ideal solutions when species i = 1
is the solvent y; = 1 and Inx; = ln(l - 2j= x.,-) N ==X
hence:

RT RT
= Myv, Z (Xj’z - xj’l) - m Z (leZ - xj,l) (5)

j=2 j=2

where: V,, ; is the molar volume of the solvent. Moreover
for the dilute solutions the mole fraction can be expressed as
Xj= I’lj/ Zk ng = I’lj/n,' and Vm,lnl =V so flnaIIy

Il=RT Z Ac; (6)
=2

where: c¢; = n;/V is the molar concentration of the j-th dis-
solved species.

For the dissolved species which undergo dissociation, the
summation in eq. (6) extends over all ions formed. For a
binary solution of salt in water 1 mole of sodium chloride
(NaCl) dissociates into 2 moles of ions (Na* and CI~) and
the summation in eq. (6) extends to these two ions.

For the real solution of concentration ¢, of NaCl in water
the osmotic pressure is often expressed in the form:

IT = oRT Ac (7)

where Ac; is the concentration difference across the mem-
brane while ¢ is the Van't Hoff coefficient dependent on the
discrepancy between the ideal and real solutions and the
number of ions into which the dissolved species dissoci-
ates [8]. Therefore for the ideal solution of NaCl in water
¢ = 2. For mean salinity of sea water of 35 g/l and negligi-
ble salinity of the fresh water used, the osmotic pressure is
about 2.7 MPa.

2.1. Flow of water, concentration polarization and salt leak-
age
Flow of water across the semi-permeable membrane fol-
lows from the difference between the chemical potentials of
water on both sides of the membrane. It is described by the
formula:
Jw=All-Ap) (8)

where: j, is the volumetric flux of water while A is the mem-
brane permeability. The permeability of the membranes de-
pends on the type and structure of the membrane and varies
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Figure 2: Concentration polarization across the membrane (the symbols in
this figure are explained in section 5)

in the range 0.05.10"'-5.10""" m3/(m?sPa) [2]. If the pres-
sure difference Ap between the solutions is smaller than the
osmotic pressure, the flow of water occurs from the low salt
to the high salt concentration solution (forward osmosis). If
the opposite is true, then the flow of water occurs in the re-
verse direction (reverse osmosis).

The membrane is usually not perfectly selective and there-
fore the transfer of both the solvent (water) and solute (salt)
occurs through the membrane due to solubilization and diffu-
sion. The permeate water flows from the fresh water into the
draw solution under the action of osmotic pressure, while salt
permeates from the salty water across the membrane into
the fresh water due to the salt concentration gradient [9]. The
membrane is usually composed of two layers: a thin active
layer and a thicker support layer. The active layer faces the
feed solution (of low salt concentration). The support layer
facing the draw solution (of high salt concentration) does not
take part in the selective transfer of solution components.
However, it contributes to appearance of the salt concentra-
tion difference, known as the Internal Concentration Polar-
ization (ICP), due to resistance to the salt flow.

The water flow across the membrane is initially higher and
then starts to decrease until the steady state is attained. The
reason for this is the drop in osmotic pressure. This results
from the flow of salt and the formation of boundary layers
of salt close to the membrane’s external surfaces. In the
more concentrated solution (draw solution) the salt concen-
tration decreases close to the membrane surface while in the
less concentrated solution (feed solution) it decreases—see
Fig. 2. This process is known as External Concentration Po-
larization (ECP). The effect of the ECP can be decreased if
in the boundary layer the flow along the membrane is turbu-
lized.

These concentration polarization phenomena lead to a de-
crease in the resulting salt concentrations and in turn to a
drop in osmotic pressure and in the flow of water across the
membrane.

There are also other reasons for clogging of the mass
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transfer across the membrane, such as precipitation of in-
organic compounds on the membrane, the formation of de-
posits of particles or organic materials on the membrane sur-
face and adsorption in the membrane. This additional block-
age lends additional resistance to the mass transfer across
the membrane and contributes to a significant decrease in
overall membrane performance. Therefore periodical clean-
ing is required to maintain membrane performance.

The power generated per unit surface of the membrane
when concentration polarization phenomena are absent can
be written as:

W= jwAp = A(Il - Ap) Ap 9)

Therefore, the power generated varies with the pressure dif-
ference across the membrane. Maximum power can be at-
tained when 4p = I1/2 and thus

Winax = A2 /4 (10)

This value is known as the power density of the membrane
and for the mean salt concentration in the world’s oceans
it usually varies in the range 3 to 10 W/m? although much
higher values for new membranes attaining 30 W/m? were
recently reported.

3. Use of osmosis to generation of useful energy

There are three basic ways of extracting power from the
difference in salt concentrations in solutions. The first one is
Pressure-Retarded Osmosis (PRO) based on applying the
constant pressure difference between two solutions, which
is less than the osmotic pressure [2]. This results in the flow
of pure water across a semi-permeable membrane from the
dilute and low pressure solution to the high salt concentra-
tion pressurized solution and retaining the solute (dissolved
salt). Through applying higher pressure to the concentrated
solution, the water transport is partly retarded. The transport
of water from the low-pressure diluted solution to the high-
pressure concentrated solution results in the pressurization
of the volume of transported water. This pressurized volume
of transported water can be used to run a turbine and finally
generate electrical power.

The second method is Reversed Electro-Dialysis (RED)
where two types of ion-selective (cation and anion) exchange
membranes are used [10]. A number of these membranes
are arranged in a variable pattern between a cathode and
an anode. The cells between the membranes are alternately
filled with concentrated salt solution and diluted salt solution.
The difference in chemical potential due to the difference in
salinity causes the transport of ions through the membrane
from the concentrated solution to the diluted solution. In a
sodium chloride solution, sodium ions permeate through the
cation exchange membrane toward the cathode and chlo-
ride ions permeate through the anion exchange membrane
toward the anode. Electro-neutrality of the solution in the
anode cell is maintained by oxidation on the surface of the

anode. Electro-neutrality of the solution in the cathode cell is
maintained by reduction on the cathode surface. The electric
potential difference builds up between the two neighboring
electrodes. The difference in electrical potential between the
outer cells of the membrane stack is the sum of the potential
differences over each membrane. This potential difference
means that an electron can be transferred from the anode to
the cathode via an external electrical circuit when the exter-
nal load or energy is connected to the circuit.

The third method is the Capacitive Method (CP), which
is based on electric double-layer capacitor technology [11].
The capacitor is first immersed in the salt solution and
charged. It is then placed in the freshwater and discharged.
Due to the formation of an electric double layer, the voltage
over the electrodes remains low during the charging step and
after bringing the electrodes into the freshwater the voltage
over the electrodes increases; thus each completed cycle ef-
fectively produces electric.

4. Operation of osmotic power plants using PRO

A schematic diagram of a PRO based hydro-osmotic
power plant is shown in Fig. 5. The basic components
of the plant are: filters, pumps, osmotic chambers with
semi-permeable membranes (membrane unit), pressure ex-
changer, hydraulic turbine, electric generator and connecting
pipes. The fresh (feed solution) water is let into the plant and
filtered before entering the low pressure osmotic chamber,
which is supplemented with a semi-permeable membrane.
Part of the feed water permeates through the membrane and
the rest is fed back into the river.

Saltwater (draw solution) is pumped from the sea with vol-
umetric flow rate V and is filtered. Experience from Norwe-
gian water treatment plants shows that mechanical filtration
down to 50 mm in combination with a standard cleaning and
maintenance cycle is enough to sustain membrane perfor-
mance for 7—10 years [12]. Similar lifetime data are assumed
for osmotic power plants. The volumetric feed of sea water
is about twice that of fresh water. After being pressurized
by Ap in the boost pump, the draw solution flows through
pipes carrying it to the high pressure osmotic chamber. Two
water chambers in the membrane unit are in contact via the
semi-permeable membrane. The membrane should enable
high water flux and high salt retention [13]. For significant
volumes of fresh water to cross the semi-permeable mem-
brane, a large membrane area is required. Therefore, the
membranes are packed or coiled in modules to save space,
with a packing density of 1000 m? membrane surface area
per 1 m® modules [14]. Different types of membrane mod-
ules were considered such as: flat-sheet, hollow-fibre, spi-
ral wound or tubular modules [15]. As membrane modules
have been used in desalination plants for decades, well-
developed membrane technology can be adopted for os-
motic power plants. In the membrane module a significant
amount (80—-90%) of the fresh water is transferred by osmo-
sis across the membrane into the pressurized sea water. The
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fresh water flowing through the membrane is thus pressur-
ized while the sea water is diluted by the fresh water perme-
ating through the membrane. The volumetric flow rate of the
draw water is increased by V,, = AV = j,.A due to diffusion
of fresh water through the membrane. Sea water leaving the
osmotic chamber is therefore pressurized to py +4p and has
the volumetric flow rate V + AV. Thus the osmotic process
increases the volumetric flow of high pressure water and is
therefore the key energy transfer mode in the plant.

The diluted sea water (brackish water) is subsequently di-
rected to the hydraulic turbine where it depressurizes to the
initial sea water pressure py. In the ideal case when there is
no need of pumping water from the river, the efficiency of the
pump and turbine is 100% and no friction due to liquid vis-
cosity is present (manifesting itself by lack of pressure drop
in the pipes), the power delivered to the system by the boost
pump is equal to ApV while the power taken away from the
system is Ap (V + AV). Therefore the net power of the os-

motic power plant is ApAV or if expressed per 1 m? of the
membrane Apj,.

As the turbine uses brackish water but there is only a
fresh water supply, the salt concentration on the brackish
water side decreases during its flow along the membrane.
To achieve a constant performance, the salt concentration of
the brackish water must be kept constant (and ideally close
to the concentration of the salt water reservoir, e.g., sea wa-
ter salinity.

The use of a pressure exchanger was proposed in order to
keep the salt concentration constant and to increase the ef-
fectiveness of energy conversion in the system. The device
is mounted before the osmotic chambers, i.e., the membrane
module. The fresh sea water—before entering the mem-
brane module—flows into the pressure exchanger where its
pressure is increased. The brackish water from the mem-
brane module is split into two flows. About 1/3 of the wa-
ter goes to the turbine to generate power and about 2/3 re-
turns to the pressure exchanger to pressurize the sea water
feed. The brackish water from the pressure exchanger with
decreased pressure is joined with the depressurized water
from the turbine or is discharged directly to the sea. Due
to the presence of the pressure exchanger the draw pump,
which is fed with the fresh sea water, requires much less
power—only to push the fresh water to the pressure ex-
changer where the specified increase of pressure occurs.
The smaller power of the pump leads to smaller energy loss.
Use of the pressure exchanger increases the efficiency of the
hydro-osmotic power plant by several percent. This pressure
exchanger is commercially available and has an efficiency of
up to 0.97 [13]. It exchanges a volume of brackish water with,
ideally, an equal volume of salt water, by using the mechan-
ical energy of the brackish water volume to pump the salt
water volume against the operating pressure in the brackish
water chamber. Pressure exchangers have been used in de-
salination plants for decades. To date they offer the most ef-
ficient way to exchange water volumes of different pressures.
However, an additional pump is required to compensate for

the pressure loss in the pressure exchanger. Furthermore,
on the fresh water side, there is a small amount of flushing
required to avoid a build-up of salinity and this is provided by
a fresh water outlet.

In reality all parts of the hydro-osmotic power plant such
as pumps, connecting pipes, pressure exchanger, hydraulic
turbine and electric generator have energy efficiency of less
than 100% due to energy dissipation processes occurring
in them. Moreover, sea water and fresh water have con-
taminations in the form of sand, suspensions of small min-
eral and organic particles, microorganisms and therefore
they should be filtered before entering modules with semi-
permeable membranes otherwise intensive fouling will oc-
cur. This requires additional expenditure of energy for pumps
equipped with filters. All these factors together with the lack
of full selectivity of the membranes, manifesting itself by a
small stream of salt from the sea water to the fresh water
that is present, lead to decreases in the degree of energy
conversion in the hydro-osmotic power plant.

5. Existing prototype hydro-osmotic power plant using
PRO

The first experimental hydro-osmotic power plant operat-
ing on PRO was opened in Tofte (Norway) in November 2009
and run by Statkraft until December 2013. The plant was
built to test and evaluate the effectiveness of the membrane
and the whole energy generation system in real-world con-
ditions. The project envisaged 2000 m? of membranes with
power density 5 W/m? giving total power of 10 kW [12].

A second prototype hydro-osmotic power plant was
opened in Fukuoka (Japan) also in 2009. The project fo-
cused on using the plant to supply electric energy to a neigh-
boring desalination plant. The power plant achieved power
density of 7.7 W/m? in 2011 and 13.3 W/m? in 2013 [6].
The salt water was sourced from the desalination plant while
fresh water was taken from the sewage water from a nearby
sewage treatment plant. Before entering the membrane con-
taining modules the sewage was initially subjected to ultrafil-
tration and then low-pressure reverse osmosis. A pressure
exchanger was used in the hydro-osmotic power plant while
the streams of desalination plant brine and sewage were 460
and 420 t/day, respectively. A new hydro-osmotic power plant
with total power of 100 kW is planned in Japan in the short
term.

Other plans for building hydro-osmotic power plants were
announced in Canada and Iran. In Iran a complete study
and design was presented for a 25 MW hydro-osmotic power
plant on Bahmanshir River, which flows into the Persian Gulf
(Arabian Gulf) [16].

6. Mathematical model of the hydro-osmotic power
plant

In this paper a simplified mathematical model of operation
of the hydro-osmotic power plant was proposed. According
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Figure 3: A schematic diagram of the hydro-osmotic power plant using PRO. The symbol Ap denotes pressure difference across the membrane; for other

symbols please see the explanations in section5

to eq. (9) the power generated by the hydro-osmotic power
plant depends on the volumetric flow rate of water through
the membrane V,, = A, j,. and the pressure difference Ap.
This volumetric flow of water is dependent on the osmotic
pressure II—see eq. (7). The osmotic pressure is propor-
tional to the difference in the salt concentration across the
membrane. Due to the concentration polarization (external
and internal), see section 1, the difference in the salt concen-
tration across the semi-permeable membrane is reduced.
This leads to a decrease in osmotic pressure between the
draw and feed solution to IT* according to the following rela-
tion[17, 9]:
IT* = RT Ac,, (11)
ACm =Cpm —CFm =
_ cppexp(—jwkp)—crp exp[jwkr+S)]
T 1+ E {expl ke +S) [ -exp(= jukn)}

(12)

where: ¢p ,, and cr ,, as well as cp , and cp , are the volu-
metric salt concentrations in the draw as well as in the feed
solution at the membrane surface (subscript m) and in the
bulk fluid (subscript b), respectively, and kp and kg are the
convective mass transfer coefficient on the draw and feed
sides, respectively. The symbol B is the permeability of the
membrane to the reverse salt flow, given by the following for-
mula:

js =B (CD,m - CF,m) (13)
The symbol S stands for [18]:
s
S = 14
D.. (14)

where §; is the thickness of the membrane support layer (see
Fig. 2) and D, denotes the effective diffusion coefficient of
the salt in this layer. The latter can be expressed as:

_Ds
T

D, (15)
where: D is the diffusion coefficient of salt in water, e—the
support layer porosity and 7 is the tortuosity coefficient for the
salt flow in the porous medium (membrane support layer).

The diffusion coefficient D varies with temperature and salt
concentration according to the following relation [19]:

D=6.725-107° exp(1.546 21074 - (16)

2513)

The feed and draw mass transfer coefficients appearing in
eqg. (12) were found from the correlation [20]:

21033
k= 5.58(£) (17)

dyL
The volumetric flow of the draw and feed water at the inlet
and exit to the membrane module unit, see Fig. 3, are dif-
ferent due to exchange of water through the membrane and
can be calculated from the formulae:

VD,out = VD,in + Vm and VF,out = VF,in - Vm (18)

The flow of fresh water through the membrane also
changes the salt concentration in the bulk stream of the draw
and feed water at the exit of the membrane unit compared to
the unit inlet:

CDb,inVD,in—JsAm

c = -
VD.()uI
and (19)
_ CFbin Vf'.in+ijm
CFEb,out = Ve

The main pressure losses occur in the membrane unit,
compared to the pressure loss in the feeding pipes. The
reason for this are the small liquid passages between the
membranes in the unit. The frictional pressure drop on the
draw and feed water sides was evaluated from the expres-
sions [17]:

Apps = fogs"5P
and

2
_ L pu
Apry = meTF

(20)

where L is the membrane length, dj, is the passage hydraulic
diameter while u is the water velocity respectively for the
draw (D) and (F) water streams. Laminar flow was assumed
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Table 3: Modelling data (flat sheet membrane)

Parameter Value
Membrane parameters

Water permeability A, m/Pa/s 1.87-107"2
Salt permeability B, m/s 1.11-10712
Structure parameter S, m 6.78 - 1074
Salt diffusion coefficient (T = 25°C) D, m?/s 1.5-107°
Membrane module length L, m 1.5
Membrane surface area A,,, m? 2000.0
Membrane module hydraulic diameter dj,, m 0.5

Inlet flow parameters

Concentration of feed bulk cfpin, 9/l 0
Concentration of draw bulk cp p, in, 9/! 35-60
Inlet feed velocity ur, m/s 0.25

Inlet draw velocity u,, m/s 0.25
Temperature T, °C 0-30

Inlet hydraulic pressure difference Ap;,, MPa 0-0.97
Inlet feed volumetric flow rate V., m%/s 0.013
Inlet draw volumetric flow rate VDJ”, m3/s 0.02
Equipment parameters

Pump and motor efficiency npump, Mmoror 0.77
Turbine and generator efficiency 7, 7, 0.85
Pressure exchanger efficiency npx 0.95
Pickup and filter pressure 10SS Apickup, Apyitier, Pa 0.0
Volumetric flow rate of the brackish water to the turbine ~ Vp =V,

in these passages and the friction coefficient was calculated
from the formula: f = 64/Re, while the Reynolds number
was defined as: Re = ud/v,, with the symbol v,, denoting
the kinetic viscosity of water.

The pressure difference between the draw and feed solu-
tion at the outlet from the membrane unit Ap,,,;, correspond-
ing to the pressure drop in the hydraulic turbine, was deter-
mined from the relationship:

Apou = Apin = (App s = Apry) (21)

where Ap;, is the pressure difference between the draw and
feed solution at the inlet to the membrane unit, see Fig. 3.

The electric power generated by the hydro-osmotic power
plant can be found from the expression:

3
Wnet = VDAPoutUﬂ]g - Z Wp,i (22)
i=1

where: i, and 7, are the efficiency of the turbine and electric
generator while the last term in eq. (22) corresponds to the
power required for running draw, feed and boost pumps and
Vp is the volumetric flow rate of the brackish water to the
turbine—see Fig. 3.

The volumetric flow rate into the turbine is smaller than the
volumetric flow rate of the brackish water leaving the mem-
brane unit due to the water stream feeding the pressure ex-
changer:

VD = VD,out - VPX (23)

where Vpy denotes the flow rate of the brackish water into
the pressure exchanger.
The power needed to run the draw and feed pumps can
be calculated from the following formulae:
(APD,pickup + APD,filter) Vb.in

Wp, D = (24)
N pumpTmotor

. APF pickup + APF fitier + App.£) VEin
Wy r = ( ) (25)

N pumpTmotor

and for the boost pump from the expression:

. [APD, £+ Apou (1 - UPX)] Vb.in
Wp,B = (26)

NpumpTlmotor

where Apickup, Ap riner denote the required pressure for pick-
ing up the draw or feed water from their reservoirs and push-
ing it through a filter, respectively. The symbols 7,,,, and
Nmotor @re the energy conversion efficiencies of the pump and
the motor that runs it, respectively, while npy is the efficiency
of the pressure exchanger. The last efficiency can be deter-
mined from the relationship [13]:

Esalty water,out

npx = (27)

Ebrackish water,in
where E stands for the energy of the salt water or brackish
water streams being a product of their flow rates and pres-
sures. Efficiency is a function of the pressure differentials
and the volumetric losses (leakage) through the device.

The efficiency of the hydro-osmotic power plant can be
found from the following expression:

Wl’le 2

mWmax

Mplant = a (28)

7. Results of the numerical analysis of operation of the
hydro-osmotic power plant

The model described in the previous section is summarized
by a flow chart—see Fig. 4 and was simulated in MATLAB-
SIMULINK software. The assumed membrane, inlet and
equipment parameters are presented in Table 3.

The following cases were considered in the analysis of the
hydro-osmotic power plant:

1. Operation of the power plant without any losses or con-
centration polarization.

2. Operation of the power plant without losses except for
concentration polarization.

3. Operation of the power plant with pressure and concen-
tration polarization losses.

4. Effect of water temperature on operation of the power
plant.

5. Effect of the membrane water and salt permeability on
operation of the power plant.

The selected results of calculations are presented in
Fig. 5-9. Initially all parameters important for operation of
the hydro-osmotic power plant, i.e., osmotic pressure, wa-
ter and salt fluxes through the membrane, power density
and overall efficiency were calculated for the different feed
and draw salt concentrations. Power density of 7.47 W/m?
was obtained at osmotic pressure of 5 MPa, inlet pressure of
0.97 MPa and inlet NaCl concentration differences between
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Figure 4: A flow chart of calculations of the hydro-osmotic power plant using PRO
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Figure 5: Permeate water flux through the membrane versus the inlet pressure difference and NaCl concentration for: A) case a without any losses or
concentration polarization and B) case ¢ with pressure and concentration polarization losses

the draw and feed streams of 60 g/I. On the other hand power
density of 1.54 W/m? was obtained at osmotic pressure of
2.9 MPa, inlet pressure of 0.31 MPa and NaCl concentra-
tion differences of 30 g/l. This means that these parameters
have a major effect on operation of the hydro-osmotic power
plant. The values of water flux flowing through the mem-
brane decrease when the inlet pressure difference increases
— Fig. 5. In contrast, increases in power density and effi-
ciency of the power plant are observed with increasing inlet
pressure difference—Fig. 6 and 7. The effect of concentra-
tion is important. When the salt concentration in the feed
stream increases, the permeate water flux and power den-
sity decrease because of the reduction in osmotic pressure.
When the draw solution has a higher salt concentration, the
permeate water fluxes and power densities are much higher.
This is due to higher osmotic pressure.

The effect of concentration polarization was discussed. This
effect caused a reduction in performance of the hydro-
osmotic power plant . Significant drops in the permeate
water flux, power density and plant efficiency were ob-
served—see Fig. 5 B, 6 B and 7 B. The drops occurred
because the concentration polarization reduces the driving
force across the membrane. The effect varies depending on
the salt concentrations of the feed and draw solutions.

The effect of water temperature on performance of the
hydro-osmotic power plant was also investigated. The
osmotic pressure is directly proportional to temperature,
but the salt diffusion coefficient through the support layer
of the membrane and the streams boundary layers de-
creases—see eq. (16). When the osmotic pressure in-
creases with temperature, the water permeate flux and
power density also increase. The salt diffusion coefficient
affects the mass transfer coefficient and is related to the con-
centration polarization effect and, therefore, overall power

plant efficiency decreases—Fig. 8.

Finally, the model was used to study the effect of water
permeability on power plant operation—see Fig. 9. Power
density increases with higher water permeability of the mem-
brane due to the increased permeate water flux through the
membrane.

8. Conclusions

A model of the hydro-osmotic power plant using differ-
ences in salt concentrations between two streams of wa-
ter and operating in open cycle was proposed in the paper.
The model adopts many assumptions: steady state opera-
tion of the hydro-osmotic power plant, isothermal process,
simplified relations for calculation of the pressure drop in
the membrane modules and the mass transfer coefficients
not accounting for the water permeate flux affecting the ve-
locity and concentration boundary layers on both sides of
the membrane. Moreover, the flow through the membrane
is treated as 1D and no variation of the osmotic pressure
along the membrane is assumed. These assumptions can
be released in the more advanced mathematical model of
the hydro-osmotic power plant.

It was found that the main factors affecting the efficiency
of energy conversion in this power plant are associated with
the quality of membranes. Higher water permeability of the
membrane and its selectivity (no reverse flow of the salt) sig-
nificantly contribute to achieve this goal. The temperature of
the draw and feed streams in the range 0—-30°C exerts a rel-
atively minor influence on plant efficiency, leading to a fall of
a few percent.

The technology of generating electric energy using osmo-
sis is at an early stage of development therefore the invest-
ment costs for implementation are high. Nevertheless, it is
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Figure 6: Power density of the membrane versus the inlet pressure difference and NaCl concentration for A) case a without any losses or concentration
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Figure 7: Overall efficiency of the hydro-osmotic power plant versus the inlet pressure difference and NaCl concentration for A) case a without any losses or
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promising due to the lack of emissions and stability in the
energy supply. Studies on improving the efficiency of energy
conversion in the hydro-osmotic power plant are currently
being carried out, concentrating on developing new highly
selective membranes with better water permeability, mathe-
matical modelling and optimizing of the plant system. The
presented open system uses salt water, both draw and feed
streams, taken from the environment. However it is possi-
ble to imagine an osmotic power plant operating as a closed
system. Such plants do not have to be located at river es-
tuaries or can use fluids other than salt and fresh water and
can attain high efficiencies [19].
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