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Chapter 1: Introduction

1. Problem statement

Due to economic development and the continuous rise in population, the demand for
energy is increasing [1]. The world is facing unprecedented challenges for energy supply
because ofthe decrease in oil and gas reserves, aggravated by the emissions of
greenhouse gases [2]. Many researchers are focusing on alternative energy sources to
fulfill this demand [3]:solar, wind, tidal wave, and biomass, have been studied to provide
safe and sustainable energy sources. However, high installation costs, coupled with the
uneven availability distribution, are still preventing them from being widely used.
Affordable, clean, safe, and adequate energy sources remain one of the world’s biggest

challenges.

Water and energy are intrinsically linked; both are required to maintain an adequate
standard of living [4].Today, energy is not yet sufficiently abundant in any form that may
be used sustainably to increase water supplies. Reuse of water makes great technical
sense, and this approach must be explored and applied to its greatest practical extent.
The desalination of seawater is the second largest method, after fresh water treatment,
for water supply to communities and cities [5]. Reverse osmosis (RO), and thermal
desalination processes like multi-effect distillation (MED), are the most common
processes for seawater desalination. Unfortunately, the major problem in these
processes is the high energy requirements for seawater desalination [5]. Consequently,
it becomes a necessity to find technologies that have a low environmental impact to

fulfill the need of water and energy.
2. Pressure Retarded Osmosis (PRO)

Pressure Retarded Osmosis (PRO) is the process through which osmotic energy can be
harnessed and power generated [6]. In a typical PRO process, water molecules are
spontaneously transported through a semi-permeable membrane from a low salinity
stream (such as river water, brackish or waste water) at ambient pressure into a
pressurized high salinity stream (seawater or brine), withthe aid of the osmotic

pressure gradient across the membrane. Power is then obtained by depressurizing a
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portion of the diluted seawater through a hydro-turbine [7]. It has been estimated that
up to 0.8 kWh can be generated when 1 m3 of river water flows into seawater. Thus, it is
estimated that the global energy production potential of PRO is around 2,000 TWh per
year [8].

A review of published material and experimental data on pressure retarded osmosis
(PRO) showed increasing interest in PRO for power generation in two time periods, the
1970s -for 20 years-, and significant attention over the past decade- the 2000s-, with
increasing oil prices. Although the concept of PRO was first reported by Pattle in 1954
[9], the method has been improving over the years, particularly after the opening of the
first osmotic power plant prototype by the Norwegian state-owned power company,
Statkraft, in 2009. The plant followed the proposal plant by Loeb and was designed to
generate 10 kW [10]. Work is currently being done to overcome some of the difficulties
of the technology, such as the high price of the membrane and its durability, the fouling

and scaling, and the concentration polarization.
3. Objectives of the thesis
The main objectives of this investigation are:

1. To develop a model of the water flux for a PRO flat sheet membrane that includes
all the limitation factors of the PRO process, such as the concentration
polarization and the salt leakage. This model will be validated using lab-scale

experiments. The model will be extended to a large-scale PRO membrane.

2. To develop a model for salt flux diffusion in PRO that reproduces the behavior of
the reverse salt diffusion across the membrane, in order to understand the
decrease in performance, and to suggest solutions for better PRO
membranes.This model will also be validated using lab-scale experiments.

3. To study the effect of the operating conditions (concentrations, temperature,
pressure, etc.) on the performance of the PRO in realistic conditions.

4. To develop a model to quantify the temperature distribution inside a PRO

membrane as a function of the solution temperatures.

5. To study the feasibility of integrating PRO within desalination units to improve

their performance.
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4. Organization of the dissertation

This document contains 6 chapters distributed as follows:

R/
A X4

X/
L X4

The first chapter (the current one) contains a brief introduction presenting the
motivation, a brief discussion of the PRO process (that will be extended further in

the second chapter),and the objectives of this thesis.

The second chapter presents the state of the art of PRO, since the discovery of the

process to the present.

The third chapter deals with the development of a model reproducing the water
flux. The model is also validated and used to study the effect of the operating

conditions on the water flux and, subsequently, on the power density.

The fourth chapter contains the development of a model reproducing the salt flux
diffusion. After being validated, the model was used to study the effect of the

operating conditions on reverse salt diffusion and its impact on power plants.

The fifth chapter deals with the effect of temperature on the hydrodynamics and
the membrane parameters in PRO based on the models developed in the previous

chapters.

The sixth chapter contains a study of the integration of PRO within desalination

units (MED and RO) and the feasibility of this integration.
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Pressure Retarded Osmosis: State of the art

1. Introduction

The global primary energy demand has doubled between 1971 and 2012, mainly
relying on fossil fuels [1]. This affects the world’s environment in aspects such as
climate change, and other long term effects mainly caused by the increase in
quantity of greenhouse gases (GHGs) emissions [2]. Moreover, the present use of
fossil fuels such as oil and natural gas will result in an expected depletion in 2050
onwards [3]. Each of these concerns should provide enough motivation for
drastically reducing the use of fossil fuels. Therefore, the need of renewable energy
sources has increased during the last decades in order to meet the world energy
demand and progressively divert fossil energy sources [4]. One of these new
renewable energy sources is the so-called ‘Blue Energy’ or ‘Salinity Gradient

Power’ (SGP).

2. Salinity gradient energy
Salinity gradient power is the energy created from the difference in salt
concentration between two fluids, commonly fresh and salt water. When a river
runs into a sea, spontaneous mixing of fresh and salt water occurs. This natural
process is irreversible; no work is attained from it. However, if the mixing is done
(partly) reversibly, work can be obtained from the mixing process [4].
Approximately 0.70-0.75 kWh (2.5-2.7 M]J) is dissipated when 1m3 of freshwater
flows into the sea [5], meaning that 1m3.s'! of freshwater can potentially generate
2.5-2.7 MW. Helfer et al. [2] gave some estimation about the maximum energy that
could be theoretically produced the energy from the mixing of freshwater with
saline water from five different sources (summarized in Table 2.1). The total
technical potential for salinity gradient power is estimated to be around 647
gigawatts (GW) globally (compared to a global power capacity in 2011 of 5456
GW), which is equivalent to 5177 terawatt-hours (TWh), or 23% of electricity
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consumption in 2011 [5]. The report [6] by Kachan& Copointed out that the
osmotic power generation is potentially worth three times more than solar and
wind power generation combined. Osmotic power reportedly could generate up to
1,700 TWh of electricity each year by 2030 that is around 50% of Europe’s total

energy demand.

Table 2.1: Theoretical extractable energy from the mixing of fresh water with
saline water from different sources [2].

Saline water source Concentration (g/1) Theoretical energy (kWh/m3)
Seawater 35 2.7
SWRO brine 70 5.4
Great Salt Lake 485 37.5
Dead Sea 657 50.7

Renewable energy could reduce global greenhouse gas emissions by 2741 Mt by
2030 under accelerated environmental policies, according to the International
Energy Agency [7]. EU leaders have agreed on a binding target of cutting emissions
40% on 1990 levels by 2030. Annual coal-fired generation is projected to double
from 7,400 TWh in 2006 to 9,500 TWh in 2015 and 13,600 TWh in 2030 [7].
Replacing current and planned coal-fired power plants with salinity power plants
(40% of energy conversion) could reduce global greenhouse gas emissions by 10
Pg CO2-eq/year (~ 1010 tonnes/year). This means a potential reduction of 40% of
current global energy-related greenhouse gas emissions [8].

The most investigated techniques to generate energy from SGP are Pressure
Retarded Osmosis (PRO) and Reversed Electrodialysis (RED) where, respectively,
transport of water or ions through semi-permeable membranes takes place
[9,10,11]. Both PRO and RED have a large potential for producing energy for the
coming years and they could be used for different applications [4,11]. This
dissertation concentrates on PRO because it could achieve greater efficiencies and
higher power densities than RED [11]. PRO is more suitable to extract energy from

a range of salinity gradients.
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3. Gibbs free energy of mixing
The Gibbs energy of mixing A,,;,G = AHp,; — TAS,,;xisthe theoretical non-
expansion work that can be produced from mixing. It determines whether mixing
at constant temperature and pressure is a spontaneous process. This quantity
combines two physical effects: the enthalpy of mixing AH,,;,, which is a measure

of the energy change, and the entropy of mixing AS,,;,:

AmixG = AHpi — TASpix (2.1)

For an ideal gas mixture or an ideal solution, there is no enthalpy of mixing
(AH i = 0); the expression of the free Gibbs energy of mixing a concentrated and

a diluted solutions is [4,12]:

DnixG = AGp — (AG, + AGy) = —(ne + 1) TApixSp + (McTApixSe + 1gTAixSqa)
(2.2)

where:

The subscript c:corresponds to the concentrated solution.

The subscript d:corresponds todilute solution.

The subscript b:corresponds to the resulting brackish solution.

n: the amount (moles).

T: the absolute temperature.

AmixS: the contribution of the molar entropy of mixing (J/mol/K) to the total molar

entropy of the corresponding electrolyte solution, according to:

AmixS = —R Zi xiLnxi (23)

whereR is the universal gas constant (8.314 J/mol/K), and x the mole fraction of
component i(For simulated seawater, i= Na, Cl, H20). Vermaas et al. [10] showed
that the theoretically Gibbs free energy obtained by mixing simulated seawater (30
g/1 NaCl) and simulated river water (1g/INaCl), both at a flow rate of 1 m3/s,is 1.39
M]. Post et al. [4] presented some results of the theoretically available amount of
energy (M]) from mixing 1 m3 of a diluted and 1 m3 of a concentrated sodium

chloride solution (Fig. 2.1).
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0.40 =

concentration of diluted salt solufion (moll)
1

concentration of concentrated salt solution (mol/l)

Fig. 2.1: Theoretically available amount of energy (M]) from mixing 1m3 of

a diluted and 1m3 of a concentrated sodium chloride solution (T = 293 K). [4]

4. Pressure Retarded Osmosis

4.1 Osmotic processes
The Osmosis phenomenon was already observed by Nollet in 1748 [13]. When two
solutions of different concentration are separated by a semipermeable membrane
(i.e. one which is permeable to the solvent but impermeable to the solute), osmotic
pressure 7 arises due to the difference in the chemical potential. Water flows from
the high chemical potential side to the low one until equilibrium is reached. The
increased volume of water in the low chemical potential side builds up a
hydrodynamic pressure difference, which is called the osmotic pressure difference
Am. Osmotic processes include Reverse Osmosis (RO), Forward Osmosis (FO), and

Pressure Retarded Osmosis (PRO).

4.1.1 Reverse Osmosis
Reverse Osmosis (RO) is a process that uses semipermeable membrane to separate
dissolved salt from water. It is the process of Osmosis in reverse. Whereas Osmosis
occurs naturally without energy required, to reverse the process of osmosis energy
has to be applied to the most saline solution [14]. A reverse osmosis membrane is
then a semi-permeable membrane that allows the passage of water molecules.
However the water has to be pushed through the RO membrane by applying
pressure AP greater than the naturally occurring osmotic pressure, in order to
migrate pure water from the saline solution while holding back the majority of salt

(Fig. 2.2).

10
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4.1.2 Forward Osmosis
Forward Osmosis uses the osmotic pressure differential (Am) across a semi-
permeable membrane, that separates two solutions with different concentration,
as the driving force for transport of water from low concentrated solution to high

concentrated solution (Fig. 2.2) [14].

4.1.3 Pressure Retarded Osmosis
Pressure Retarded Osmosis can be viewed as an intermediate process between FO
and RO, where hydraulic pressure is applied in the opposite direction of the
osmotic pressure gradient (similar to RO). However, the net water flux is still in the

direction of the concentrated draw solution (Fig. 2.2) [14].

Pressure Pressure
(AP < Am) (AP >Am )

l !

PRO RO
Fig. 2.2: Representation of water flow in FO, PRO, and RO (The thick black line
represents the membrane active layer).

4.2 Basic concept of Pressure Retarded Osmosis
As it has been seen, Pressure Retarded Osmosis is a membrane-based process that
generates energy from salinity gradients [15]. The principle of power generation
by PRO is illustrated in Fig. 2.3.When concentrated seawater and diluted fresh
water (i.e. river water) are separated by a semipermeable membrane, water will
diffuse from the feed side into the draw solution side (i.e. seawater side), that is
pressurized. To recover the hydraulic energy generated the pressurized diluted
seawater is then split into two streams: one going through a hydro-turbine to
generate electric power, and the other one passing through a pressure exchanger
to assist in pressuring the inlet seawater, and thus maintaining the circulation [16].

The main variables of the process are now discussed in detail.
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Fig. 2.3: Schematic of a PRO power plant.

4.2.1 Water and salt fluxes across a PRO membrane

a. Ideal membrane with perfect hydrodynamics
Theoretically, the water permeation flux J» across an ideal semi-permeable thin
film that allows water passage but fully rejects all other solute molecules or ions
can be expressed in terms of water permeability coefficient A, the osmotic
pressure difference Am and the trans-membrane hydraulic pressure difference AP

as follows [17]:

Jw = A(AT[ - AP) = A(T[Draw — Mpeeq — AP) (2.4)

where Tprw and Tipeeq are the bulk osmotic pressures of the draw and feed
solutions, respectively. This equation is valid in an ideal system with a perfectly
selective membrane (the membrane allows only the passage of water molecules
but rejects all solutes) and perfect hydrodynamics in the draw and feed channels
so that the concentrations at the membrane surface are equal to the bulk

concentrations.

12



Chapter 2: State of the art

b. Realistic membrane with reverse salt flux and concentration polarization.
With a realistic membrane and hydrodynamics, an amount of salt permeates the
membrane from the draw solution to the feed solution due to the concentration
gradient across the membrane, and the effect of hydrodynamics is present. A
schematic presentation of a PRO membrane at steady state is shown in Fig. 2.4.
Three phenomena occur to reduce the trans-membrane water flux:

% First, the porous support layer induces Internal Concentration Polarization
(ICP): this effect takes place within the porous support, increasing the local
concentration at the active-support interface, from Cry to Crm which
detrimentally enhances mr, (the osmotic pressure of the feed solution at the
interface active-support layers) by increasing the solute concentration at
the feed membrane interface reducing the transmembrane driving force.

¢ Second, without perfect hydrodynamics in the draw solution flow channel,

dilutive External Concentration Polarization (ECP) occurs in the mass

transfer boundary layer of the draw solution, reducing the local
concentration at the active layer from Cpp, to Cpm, which lowers mpm ( the
osmotic pressures of the draw active layer surface membrane).

¢ Lastly, because the membrane is no longer perfectly selective, reverse salt
flux takes place, resulting in uncontrolled mixing and therefore reducing the
energy extraction in the process.

As consequences of these effects, mass transfer kinetics of water across the

semipermeable membrane under applied hydraulic pressure, AP is more precisely

described as:

Jw = A(Amty, — AP) = A(mp  — Ttp. — AP) (2.5)
The reverse salt flux, Js, is described as [18]: (2.6)
Is = B(CD,m - CF,m) (2-7)

where, B is the salt permeability coefficient of the membrane active layer and Cpm

and Crm are the solute concentrations at the interface of the active and support
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layers, respectively. A typical concentration profile through the membrane is
shown in Fig. 2.4.
The salt permeability coefficient B of a semi-permeable membrane can be obtained

from RO experiments [17] and is given by:

B = w (2.8)

where R; is the salt rejection defined as:

R, = 1-2£ (2.9)
Cr

with Cp the salt concentration in the permeate solution obtained in the RO
experiments and Cr the one of the feed solution.
The salt reverse flux can be expressed as a function of ], using van't Hoff factor fas
[19]:

B

Js = 5oz (B + 4P) (2.10)

where R is the universal gas constant, and T is the absolute temperature.
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Fig. 2.4: Schematic representation of the concentration profile over the membrane,
and the directions of the water flux J,» and the salt flux Jsacross a PRO membrane at
steady state. Concentrative ECP in the feed solution is assumed to be negligible.

4.2.2 Concentration polarization
Concentration polarization is a phenomenon that can severely reduce the effective
osmotic pressure difference across the membrane, due to the accumulation or
depletion of solutes near an interface [20]. As a result of water crossing the
membrane, in PRO process the solute concentrates on the feed side of the
membrane surface and dilutes on the permeate side. Because the membranes used
in PRO are typically asymmetric (comprised of a thin dense layer on top of a
porous support layer), concentration polarization occurs externally on the dense
layer side and internally in the support layer side. Both internal and external
concentration polarization reduce the effective osmotic pressure difference across

the membrane.

4.2.2.1 Internal Concentration Polarization
When a non-ideal composite membrane is operated in a standard PRO process
(with the active layer facing the draw solution), water flows from the fresh water
through the support and active layers into the draw solution, while salt permeates
from the salty water across the membrane skin and the support layer into the fresh
water. Therefore, there exists a salt gradient in the membrane support (see Fig.
2.4). This gradient will result in concentrative Internal Concentration Polarization

ICP, lowing the osmotic force driving the water across the membranes [19, 20].
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ICP occurs when the thin film is supported by a porous substrate: based on the
mass balance in the porous substrate layer, Lee et al. developed a theoretical
model for the PRO process which suggested that membranes with high water
permeation and high salt rejection are essential for high PRO performance [17].
The mass transport of salt in the membrane support, and in each of the boundary
layers, will balance the sum of the convective salt transport and the diffusive salt
transport due to the gradient in salt concentration. Hence, this balance of transport

of salt can be described by:

N o (2.11)

T dx

where C is the salt concentration at position X, D is the diffusion coefficient, ¢ is the
porosity and 7 is the tortuosity of the support layer. Lee et al. [17] derived an
expression for modeling this phenomenon in PRO, which Loeb et al. [21] later

related to water flux and other membrane constants:

K = (i) Ln ZrAmom (2.12)

B+ATtEm

where K is the solute resistivity for diffusion within the porous support layer,

defined by:

K=1s (2.13)

eD

where t;sis the thickness of the support layer.

4.2.2.2 External Concentration Polarization

a. Concentrative ECP
In PRO process, concentrative ECP occurs when the support layer of the membrane
faces the feed solution [22]. The water flow transports the solute from the bulk
solution to the surface of the active layer. Water permeates this layer leaving the
solute behind with higher concentrations. Thus, the feed solutes would be

expected to accumulate at the surface of the active layer and cause the increase of
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the feed concentration (Crs=>Crm) (Fig. 2.4). The driving force must overcome this
increased concentration, in order for water flux to occur. As a result, the effective
osmotic pressure difference would reduce (7ry=>7rm). McCutcheon et al. proved
that mgm is related to mry by what is called the concentrative ECP modulus
assuming that the ratio of the membrane surface concentration of feed solute to
the bulk concentration is equal to the corresponding ratio of osmotic pressures
[23]:

- (2.14)

TF,p

where k is the mass transfer coefficient defined as:

_ ShD
=

k (2.15)

with Sh the Sherwood number and dj the hydraulic diameter of the flow channel. It
should be pointed out that when the feed solution concentration is negligible, the

concentrative ECP can also be considered negligible.

b. Dilutive ECP
Dilutive ECP occurs on the draw side of the membrane in PRO mode. It is a
phenomenon similar to the concentrative ECP:on the draw side, solutes are diluted
at the surface, as water enters from the feed side, giving rise to dilutive ECP. As a
result, the effective osmotic pressure difference would reduce (mp»=>1p,m). Dilutive

ECP is expressed using the dilutive ECP modulus [23]:

L ) (— ]7‘”) (2.16)

Tp,b

4.2.3 PRO power density
In terms of energy production, the power density W is defined as osmotic energy
output per unit of membrane area, which can be calculated by the product of the

trans-membrane pressure AP and the water flux J» permeating across the

membrane [24]:
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W =J,AP = A(Ar — AP)AP (2.17)

By differentiating Eq. (2.15) with respect to AP, the maximum power density can
be obtained: this corresponds to a hydrostatic pressure difference equal to half of
the osmotic pressure difference across the membrane, An/2. Then, the maximum

of energy that can be produced is:

A 2
Winax = % (2.18)

Fig. 2.5 shows the variation of the water flux Jwand the power density W as a
function of AP for FO (P = 0) PRO (AP<Ar), and RO (where AP>Am) under ideal

conditions.

J=A(AP-ATT)
W=-JAP

Feed solution

Power density (W), W/m?
Water flux (J), L/h-m?
o

Fig. 2.5: Magnitude and direction of i for FO, PRO, and RO and magnitude of W for
PRO in an ideal case.
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4.3 Developments of PRO
In our point of view, the development of the PRO process was a result of two
fundamental factors. The first one is the membrane fabrication progress which
allowed reaching higher values of power density and proved the feasibility of the
process. The second one is the good understanding of the process by developing
mathematical models reproducing fluxes and power densities. In this section, a
brief description of the history of PRO is presented concentrating on the

development of the membranes and models.

4.3.1 Temporal sequence of the PRO development

Pressure Retarded Osmosis is a novel technology, although it already has a long
history, starting from the first article that was published by Pattle in 1954 [26].
Pattle described how to use osmotic energy and semi-permeable membrane to
produce power by mixing freshwater and saltwater in a Nature article, describing
that when a volume V of a pure solvent mixes with a much larger volume of a
solution of osmotic pressure 7, the free energy released is equal to mV. No work
was then published on PRO for around 20 years.Since then, the concept of PRO has
received spasmodic attention, mainly in the form of design studies and economic
viability evaluations, it has not been yet fully developed due to the inadequate
separation capabilities of current semi-permeable membranes, the expected high
cost and the relatively low trans-membrane water flux [16,17,18].

After the oil crisis in 1973, the subject of renewable energies was opened, so, from
1974 to 1976, four investigation papers were published about the feasibility of
using PRO to produce energy [15,24,25,43]. The PRO process subject started to
appear as a feasible solution. The challenge in PRO began with the schematic
diagram of an osmotic energy convertor proposed by Norman [25] in 1974. He
suggested that after freshwater permeated through a selective permeable
membrane into a pressurized seawater chamber, the spill-over water would turn a
water wheel to power a generator. One year later, Loeb and Norman [24] proposed
PRO based on osmotic driven membrane process. The first experimental PRO data
were published by Loeb at al. in 1976 [15] where hollow fiber seawater RO

membrane were tested using freshwater in bore and pressurized brine in shell.
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The principle was validated, although the performance was small due to the use of
a RO membrane.

In 1978, Loeb and Mehta [27] published a paper introducing the role of the
internal concentration polarization and discussing the strong adverse effect on the
power generation by PRO. One year later, Loeb and Mehta [28] published an
article investigating various operating conditions to prove the PRO concept and
developed a model to predict flux in PRO; the measured power densities up to 3.27
W/m2, using a hypersaline draw solution. The result of the study showed that
osmotic power could produce renewable energy if the design and production of a
specific semi-permeable membrane was addressed. Jellinek and Masuda [29]
proposed a construction of a cost-comparative PRO power plant in 1981. Lee et al.
[17] developed a model considering the effect of the internal concentration
polarization and neglecting the external concentration polarization, in order to
evaluate the power density and water flux, from FO and RO experiments. Low
water flux and power density, due to internal concentration polarization of RO
membrane, were obtained in experimental results by Lee et al. and Mehta. Despite
that, the model developed by Lee et al. [17] was a reference model for further
developments. In 1990, the theoretical mechanical efficiency of several
configurations of PRO plants was investigated by Loeb et al. [30]. It was found that
the alternating-flow terrestrial PRO plant had the highest efficiency but required
the use of two pressure vessels in addition to the usual PRO equipment. In parallel,
Reali et al. [31] used numerical techniques to compute the profile of salt
concentration in the porous support layer in PRO system showing the effect of
membrane characteristics, such as the water permeability coefficient 4, the salt
permeation coefficient B, the effective salt diffusivity D and the support layer
thickness t;, on the water and salt permeation flux through an anisotropic
membrane.

In 1998, Loeb studied the possibility of producing water using the Dead Sea [32]:
depending on various configurations of the PRO system, the cost of produced
electrical energy would be from 0.058 to 0.07 $/KWh. During the same year,
Seppala et al. realized a theoretical study to optimize PRO [33]. They suggested
that the system can be optimized either by maximizing the net power or

maximizing the ratio between the net power and entropy generation. At the
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beginning of the 2000s, Loeb continued his investigation on PRO applications now
in the Great Salt Lake and found that the cost of the produced electrical energy
would be 0.15 $/KWh at this location [34]. Then, the pressure exchanger device
(originally developed for RO applications) was then introduced to reduce internal
power consumption, providing a cost-effective PRO system by Loeb in 2002 [35].
In 2004, Seppala published a work suggesting that there is no proof that the
apparent non-linearity of the osmotic pressure is caused by concentration
polarization phenomena [36].

After that, the development of osmotic power has been promoted by Statkraft and
executed by research groups in Germany, Norway, Netherlands, USA, Canada,
Japan and Korea, increasing the power density of PRO membranes from less than
0.1 W/m2 up to 3 W/m? [37]. The first prototype PRO installation was opened in
Norway by Statkraft in 2009. The plant configuration followed the proposed
schematic of plant by Loeb and was designed to generate 10 kW of power, firstly to
confirm that the designed system can produce power on a reliable 24 h/d, and
secondly to use the plant for further tests [38] (see Fig. 2.6).

Achilli et al. [39] expanded on the model developed by Lee et al. [17] by
considering the external concentration polarization in an experimental and
theoretical investigation into PRO system: power density that exceeded 5.1 W/m?
was observed with a flat sheet cellulose triacetate (CTA) FO membrane. In 2011,
Yip et al. fabricated a thin film composite PRO membrane with a polysulfone
support layer and a polyamide active layer; they also developed a model for the
water flux considering internal and external concentration polarizations, and salt
flux leakage. Experimental results lead to a projected peak power density of
6.1W/m?2. Since that time, several investigations have been published studying the
parameters optimizing the PRO power density [39,40,41,46]. In parallel, several
membranes had been fabricated for PRO, like spiral wound membranes and hollow
fiber membranes. The progress of PRO membrane is studied in details in Section
4.3.2. Also, several works investigating the integration of PRO were published (this
subject is left for Section 4.4.)

Unfortunately, in 2014, the Statkraft Company declared that it was discontinuing
its efforts and leaving the PRO technology development to “other players in the

» "

global market”. “Our main challenge has been to make the technology efficient
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enough to achieve energy production costs on par with competing technologies. With
the current market conditions, we see that we cannot achieve this in the foreseeable
future. There are other technologies which have developed enormously in recent
years. These are more competitive and relevant investments for us in the future”,said
Statkraft department manager Stein Erik Skilhagen [42]. However, research in PRO
has not been suspended; many researchers are now carrying on developing the
process and improving its performance [76,78,79,80]. In addition, other
interesting PRO projects were launched such as “Mega-ton RO-PRO” in Fukuoka
City- Japan (Fig. 2.10)that are starting to give results [72,97].

Norway power comfany Statkraft =
hopes to harness the energy Saii
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Fig. 2.6: Schematic diagram of the pilot PRO plant, constructed by Statkraft [38].

4.3.2 PRO models development

4.3.2.1 Loeb model
The first PRO model was developed by Sidney Loeb in 1976 [43]. It was developed
for a RO asymmetric hollow fiber membrane. Loeb considered that the porous
substructure have the character of a boundary layer, in which water flux is a
function of concentrations and of concentration gradients. Assuming that the salt
flux, J,is negligible, the transport of water in the porous substructure is by
diffusion only, the concentration is proportional to the osmotic pressure, and there
is no external concentration polarization, the expression of the water flux

developed was:
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AX
Jw = A(oraw = Treca exp (55) - oP) (2.19)

where 7p,qy and Tpee.q are the osmotic pressures of the draw and feed bulks,
respectively, AX is the thickness of the membrane and D, is the diffusion

coefficient in the support layer.

4.3.2.2 Lee model
The model developed by Lee et al. in 1981 was the first to consider concentration
polarization in PRO [17]. Assuming that the external concentration polarization
has been reduced to negligible levels by efficient stirring, and the ratio of salt
concentrations is equal to the ratio of osmotic pressures, they derived an
expression to model the effect of internal concentration polarization that gave the

following PRO water flux model:

CFrb
1- > exp(JwK)

Jw = A (nD,m Fom ) (2.20)

1+-[exp(wK-1)]

w

where mp ,,, is the osmotic pressure at the active layer in the draw bulk side, Cr
and Cp ,, are, respectively, the feed solution and the solute concentrations in the
active layer of the draw bulk side, and K is the solute resistivity. The effect of the

ICP corresponds to the term exp(J,, K) in the water flux equation.

4.3.2.3 Achili model
Achili et al. [39] expanded on the model developed by Lee et al. [17] by considering
the external concentration polarization. Using the external concentration
polarization modulus developed by [22], and assuming that Cg,/Cp, =

Trp/Tpm » EQ. (20) becomes:

T (2.21)

12 rexp(/,)
[exp(JwK—-1)]

Jw=A4A (ﬂu,beXP(—]W/k) B

where k is the mass transfer coefficient.
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4.3.2.4 Yip model
The previous models did not take into consideration the effect the reverse salt flux.
In 2011, Yip et al. [18] modified the existing Lee model to incorporate the effect of
ECP and the reverse permeation of the salt. Assuming that the osmotic pressure is
linearly proportional to the salt concentration and neglecting the concentrative

ECP, the water flux expression is:

~lw)_ wk)
I = ( ﬂD,bexP( k) b (J > (2.22)

1+%[exp(]wK)—exp(—]TW)]

where mp, and mp, are the osmotic pressures of the draw and feed bulks,

respectively, and k is the mass transfer coefficient in the draw water side. The term
exp (— %W)condenses the effect of the external concentration polarization. The

effect of the reverse permeation of the salt gaves the denominator of Eq. (2.22).

4.3.2.5 Sivertsen model ( for a hollow fiber PRO membrane)
The previous models are only applicable to flat sheet membranes. So, they should
be modified according to the new spatial parameters when the geometry of the
membrane changes. For example, Sivertsen et al. [44] developed a model for water
transport in PRO asymmetric hollow fiber membranes. A structure parameter
similar to the one for flat sheet membranes has been defined. Assuming a
cylindrical geometry of a single hollow fiber, the equation describing the effective

concentration difference in the active layer is presented as:

)]vaO/D(

ro—Axmem/ro )lvaO/D(

d T Jvm7ro/D¢
CS—C}‘(TU+ S/To O/rO—Axmem)

(To+ds/7"u )]vaO/D+(B/]vm) [((r°+ds/r0)]umT0/D> (ro _Axmgm/ro_Axmem_df)]vmm/n (ro/ro —AXmem

—DXmem—df

ACspin = (223)

Jvm7ro/D¢ ]
) -1

where ACgi, the concentration difference of salt over the membrane active layer,
Cs and Cy are the draw and feed bulk solute concentrations, respectively, /., is the
volume flux, d; and df are the film thicknesses at the draw side and the feed side,
respectively, D is the diffusion coefficient, Ax,,.,, is the membrane thickness, ¢ is
the porosity and ry is the radial distance between the center of the hollow fiber and

the active layer.

24



Chapter 2: State of the art

4.3.3 PRO membrane development

Pressure retarded osmotic and forward osmosis are similar technics, but differ in
the purpose of each process: PRO is generally used to produce energy and FO to
produce freshwater. The performance of both technics is strongly dependent on
the membrane. The earlier studies on PRO were developed using reverse osmosis
membranes. Severe internal concentration polarization was found due to the thick
support layer, which leads to a very low permeate flow rate. The development of
specific PRO membrane becomes a necessity to overcome the limitations of the
process. Desalination using FO is less energetic comparing to RO process, which
stimulated an interest to develop forward osmosis desalination. The rapid
progress in forward osmosis membranes [45] opened up new perspectives for the
development of PRO membranes. Suitable membranes are being developed
following the information extracted from the mathematical models to improve the
energy production.

The best characteristics of membranes for PRO should be:

e High density of the active layer for high solute rejection; a thin membrane
with minimum porosity of the support layer for low ICP, and therefore,
higher water flux.

e Hydrophobicity for enhanced flux and reduced membrane fouling.

e High mechanical strength to sustain hydraulic pressure.

Two main families of membrane are being developed for PRO: flat-sheet
membranes and hollow-fiber membranes. Several studies carried out to improve

the performance of both membranes families are now discussed.

4.3.3.1 Flat-sheet membrane development

a. Cellulose acetate membrane
Cellulose is considered one ofthe most abundant natural polymers [46]Cellulose
acetate (CA) Cellulose is considered one ofthe most abundant natural polymers. It
was first prepared in 1865 by heating cotton with acetic anhydride [47]. Cellulose
acetate-based membranes have been used widely in the PRO process for power
generation [39,58,59]. These membranes have several advantages such as high
hydrophilicity, which promotes water flux and reduces membrane fouling, good

mechanical strength, and relatively high tolerance to chlorine [48]. The hydrophilic
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nature of cellulose acetate is desirable in osmotically driven membrane processes:
wetting of the membrane reduces ICP and increases the water flux [49]. Based on
the Preferential Sorption-Capillary Flow Model, Loeb and Sourirajan [61]
developed cellulose acetate membrane for seawater desalination. The
announcement of Loeb-Sourirajan membrane in 1960 opened up the golden era of
R&D activities on membrane technologies [50]. During the 1990s, a special
membrane for FO was developed by Osmotek Inc. (Albany, Oregon) (Hydration
Technologies Inc. (HTI)). This membrane has been tested in a wide variety of
applications by different research groups [39,51,52]. It is also used successfully in
commercial applications of water purification for military, emergency relief, and
recreational purposes. The HTI membrane revealed a good performance in PRO
bench scale test [39]. However, Statkraft, the first PRO prototype plant, obtained in
practice power densities of less than 1.5 W/m?2 using these conventional cellulose
acetate flat sheet membranes [53]. This value is far below the target power density
of 5W/m? for the process to be commercially viable. Schiestel et al. [54] developed
a cellulose acetate membrane with better performance than HTI membrane, withy
highly porous support layers with pressure stability up to 20 bar (Fig. 2.7). Table
2.2 presents some experimental results using flat sheet -based cellulose acetate

membranes.

%

Active layer Suport layer

Fig. 2.7: Scanning Electron Microscope (SEM) photos of Cellulose acetate PRO
membrane developed by Schiestel [54].

26



Chapter 2: State of the art

b. Thin film composite PRO membrane
Thin-film composite (TFC) membranes usually consist of layers of dissimilar
materials joined together to form a single membrane. This layered construction
permits using material combinations that optimize the performance and durability
of the membrane. Contrary to CTA membrane, TFC membranes are characterized
by a wide range of feed pH; however they have low tolerance to oxidants and
chlorine chemicals [69]. Yip et al. [17] were the first to use a Polysulfone (PSF)-
Polyamide TFC membrane supported by mesh spacers in PRO bench scale tests.
The study of the membrane revealed that a less porous sponge-like morphology is
present in the top skin portion of the PSf support layer that is capable of
minimizing the detrimental effects of ICP while allowing the formation of a
polyamide layer that possesses high water permeability and salt rejection
properties. The active layer (modified polyamide Surface) was characterized by
sponge-like skin layer forming on top of a layer containing macrovoids. Yip
claimed that the presence of macrovoids is capable to minimize ICP; however, this
suggestion was rejected by other reaserchers [55,56]. Han et al. prepared a new
modified surface single layer TFC membrane with so called “Matrimid” support
layer [21]. The membrane revealed a good robustness, high water permeability
and sufficient power density. Zhang et al. fabricated a Polyamide /Polyacrylonitrile
(PAN) composite membrane with enhanced mechanical properties and water
permeability for osmotic power (Fig. 2.8) [56]. It was shown that the membrane
treatment by alcohol leads to higher water fluxes and mechanical stability. Also,
ethanol treatment swells up the polymeric chains and extracts unreacted
monomers and low molecular weight polymer chains. Consequently, a thinner and
smoother polyamide layer with a larger free volume is therefore produced, which
leads to a higher water flux, better mechanical stability and greater power density.
For the first time, Bui et al. introduced the use of nanofiber TFC membrane in PRO
power production [57].Two different selective layers were formed, each from
different precursors and having different permselectivity. One was generated from
Trimesoylchloride (TMC) and m-phenylene diamine (MPD) (mTFC), while the
other was produced from Isophthaloyl chloride (IPC) and Polyethyleneimine (PEI)
(pTFC). These membranes employ an extremely thin selective layer forming on a

highly porous, interconnected, low tortuosity nanofiber mat electro-spun onto a
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nonwoven polyester backing. This nanofiber structure is tiered, meaning the
nanofibers decrease in diameter as they approach the selective layer. Both the
pTFC and mTFC membranes exhibited much higher water fluxes and power
densities, than the HTI-CTA membrane. Some experimental results using flat sheet

TFC membranes are presented in Table 2.2.

10 um

PAN 15 wt% PAN 18 wt%
Fig. 2.8: SEM cross-section of the Polyamide/polyacrylonitrile (PAN) substrates
made from two polymer concentrations developed in [56].

4.3.3.2 Hollow fiber PRO membrane

A A hollow fiber membrane is a tubular, self-supporting membrane with a fiber
diameter les