=—<2SDUVa

Escuela de Doctorado Universidad de Valladolid

Universidad deValladolid

PROGRAMA DE DOCTORADO EN INGENIERIA INDUSTRIAL

TESIS DOCTORAL:

OSMOTIC ENERGY: MODELING, SIMULATION
AND OPTIMAL OPERATION

(ENERGI’AIOSM()TICA: MODELADO,
SIMULACION Y OPERACION OPTIMA)

Presentada por Jacobo Manuel Salamanca Parra. para
optar al grado de
Doctor por la Universidad de Valladolid

Dirigida por:
Fernando Tadeo Rico



TABLE OF CONTENTS

OBIJECTIVES

METHODOLOGY

1.

2.

8.

9.

Salinity Gradient Energy and Pressure Retarded Osmosis

Evolution of Salinity Gradient Energy and Pressure Retarded Osmosis

. Thermodynamic aspects of PRO

. PRO in the context of osmotic processes

. PRO and desalination by Reverse Osmosis
. Membranes in Pressure Retarded Osmosis

. Power production and water flux

Fouling in Pressure Retarded Osmosis

Pretreatment in Pressure Retarded Osmosis

10. Challenges in river-to-sea PRO plants

CONCLUSIONS

ACKNOWLEDGEMENTS

REFERENCES

ANNEX: PUBLICATIONS

RESUMEN EN CASTELLANO

12

13

15

19

23

26

29

30

21

35

36



OBJECTIVES

01) To develop mathematical models for the simulation of Pressure Retarded Osmosis (PRO)
processes, with emphasis on the varying salinity gradient throughout the process, in order
to reproduce them more accurately, taking draw dilution and reverse salt flux effects into
account.

02) To use real values of river and sea water salinities to determine the attainable electrical
power of a PRO power plant and evaluate the actual efficiency of this potential gross power,
considering energetic demands inherent to the process.

03) To provide a sensitivity analysis of the most critical variables of a PRO process and predict
the consequent changes in the net power.

04) To study the viability of stratified river mouths as candidates for PRO power plants, focusing
on the locations of the water intakes. Hydrodynamic models that describe the variability of
the salinity and temperature profiles along the river mouth are used to evaluate the
potential powers; and to search for an optimal set of intake locations to maximize the net
power, considering the energy demanded by water transport.

0O5) To evaluate recovering osmotic energy from reverse osmosis brines through a PRO process
and to study the possible process configurations through simulation, proposing different
combinations for the feed and the draw by comparing their performance.



METHODOLOGY

The research from this thesis has been performed according to four guidelines:

Revision of the state of the art: extensive search and analysis of recent investigations on the

topic was initially performed. An intense focus was set on recent publications in relevant
scientific journals, though conference communications, theses and other works related to the
topic at hand were also reviewed. This task was also performed during the whole investigation,
periodically updating and expanding the information.

Set of objectives: following the state of the art revision and taking into account the previous
experience of the research group, several goals for the investigations were established.

Investigation methods:

Analysis of an experimental case study: The Magdalena river mouth was chosen as the
case study. Experimental data were collected and available through collaboration with
the OA Silva research group at the Universidad del Norte (Colombia). The results are
presented in [P1], [P2].

Adaptation of mathematical PRO models: following the reviewed investigations, a
mathematical model was chosen and adapted to the specifics of the investigation, as
presented in [P1].

Design proposal and simulation of PRO power plants: the Magdalena river data and
mathematical models were used to size a hypothetical PRO power plant and determine
its power production. The Matlab® computing software was used in this task [P1]. The
possibilities of integrating PRO in seawater desalination were also studied [P3].

Sensitivity analyses: the influence of the variation of several process parameters was
studied to extract more information and form conclusions about PRO, [P1], [P2].

Diffusion of results: the research results were presented in high impact scientific journals, at
conferences and through cooperation with other research groups. Sharing and discussing the
results garnered valuable external input that helped to enrich and improve the investigation.
The publications presented throughout this thesis are listed below:

[P1] Salamanca, J.M.; Alvarez-Silva, O.; Tadeo, F. Potential and analysis of an osmotic power
plant in the Magdalena River using experimental field-data. Energy 2019, 180, 548-555
https://doi.org/10.1016/j.energy.2019.05.048

[P2] Salamanca, J.M.; Alvarez-Silva, O.; Higgins, A.; Tadeo, F. Analysis of the Intake Locations of
Salinity Gradient Plants Using Hydrodynamic and Membrane Models. Water 2021, 13, 11-33.
https://doi.org/10.3390/w13091133

[P3] Touati, K.; Salamanca, J.M.; Tadeo, F.; Elfil, H. Energy recovery from two-stage SWRO
plant using PRO without external freshwater feed stream: Theoretical analysis. Renewable
Energy 2017, 105, 84-95
https://doi.org/10.1016/j.renene.2016.12.030.
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https://doi.org/10.3390/w13091133
https://doi.org/10.1016/j.renene.2016.12.030

1.-Salinity Gradient Energy and Pressure Retarded Osmosis

Since the industrial revolution, modern human activity has been known to cause a rise in the
worldwide average temperatures, due to the uncontrolled use of fossil fuels. Developed post-
industrial societies consume even more energy [1], which added to the increasing global
population, is causing the depletion of natural sources. Global warming has put a strain on the
environment and world societies have started to correct this situation. 2016 Paris agreement [2]
shaped the path towards a more sustainable development, in which renewable energies take a
prominent role [3]. Furthermore, the current geopolitical context demands an acceleration in
achieving these goals, focusing on energetic independence [4].

Salinity Gradient Energy (SGE), or blue energy, is the denomination of a group of renewable
energies that produces energy from water sources with different salinity. Regarding water use,
the majority of electricity generation systems need water, directly or indirectly, and the water
system itself consumes energy in extraction, distribution and cleansing. This is sometimes
referred as the water-energy nexus, and SGE can be involved in it, since one of the current goals
towards sustainable development lies on increasing the efficiency of water and energy systems.
Enhanced efficiency in the water system means less energy consumed, whereas efficient energy
generation uses less water [5].

SGE exploits the Gibbs free energy of mixing released when two solutions of different salinity
are mixed. The actual driving force derives from the difference in chemical potentials. There is a
significant worldwide theoretical potential for SGE exploitation in river discharges into oceans
of up to 2.6 TW [6]. This figure may be compared with the fact that, in 2020, the global capacity
of electricity obtained from renewable sources reached 2.8 TW [7]. Nonetheless, there are some
discrepancies regarding the actual potential from river discharge [8] [9]. Silva et al. compiled
global data for river discharges to quantify the extractable energy through SGE, considering
different practical and realistic scenarios [10] (Figure 1).
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Figure 1: Global map of extractable salinity gradient energy resources: extractable energy
(TW-h/a) [10]



There has been recent interest in other sources, aside from rivers and oceans, of natural origin,
such as salty lakes (Dead Sea [11], Urmia Lake [12], Great Salt Lake [13], etc) or hypersaline
geothermal systems [14]; but also from industrial sources, mainly brines [15], with special focus
on the recovery of energy in desalination [16].

SGE comprises several different technologies, foremost among which are Pressure Retarded
Osmosis (PRO) [6] and Reverse Electrodialysis (RED) [17]:

1.1-Pressure Retarded Osmosis:

PRO is an osmotic membrane process in which the chemical potential gradient takes the form
of an osmotic pressure gradient when two water sources are put in contact through a
semipermeable membrane, which allows selective water flow from the low salinity stream (feed
stream) towards the high salinity stream (draw stream). In order to generate hydraulic pressure,
the high salinity stream is pressurized so the water that crosses the membrane also becomes
pressurized. By the action of the external pressurization of the draw stream, and according to
osmotic equilibrium laws, the water flow is diminished (when compared to natural osmosis), or
retarded, hence the name Pressure Retarded Osmosis. This water transference towards a
pressurized stream means that PRO converts the Gibbs free energy of mixing into hydraulic
pressure, which is then transformed into electricity by means of a turbine. Figure 2 depicts a
schematic of a generic PRO process.
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Figure 2: Schematic of a PRO process [18]

Any PRO process should also include a pressure exchanger, in order to keep the high salinity
stream pressurized. A fraction of this stream (the portion that crosses the membrane) is
delivered to the turbine. Pumping for the transport of the water sources is required; additionally,
a booster pump to counter the pressure drop on the draw side circuit is often included [18].
Both inlet streams need to be pre-treated prior to the membrane stage, which notoriously
affects the overall net energy gain, as studied in [P1].



1.2-Reverse Electrodialysis:

RED is a membrane process as well, though quite different. A configuration derived from a basic
galvanic cell is used, as presented in Figure 3:
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Figure 3: Basic diagram of a RED cell [19]

In RED, several anion exchange membranes and cation exchange membranes are alternately
stacked. Concentrated and diluted salt solutions are also placed alternately in the compartments
in between. The configuration is completed by one cathode and one anode on opposite ends.
This structure results in an electric potential difference. Compared with PRO, the chemical
potential is directly converted to electricity [20]. The lack of an external conversion device
(turbine) is probably the main advantage of RED versus PRO. Nonetheless, RED presents some
disadvantages in performance. Yip et al. compared RED and PRO under different situations,
concluding that PRO offers better energy efficiency and considerably higher power density,
especially when brines are treated [21]. In addition, RED lacks the extensive industrial
experience that reverse osmosis (RO) provides to PRO.

1.3-River-to-sea SGE. Stratified river mouths:

SGE can be applied to varied situations, although its original purpose was intended for the use
of river and sea water as energy sources. SGE power plants need to be installed in areas where
both types of water source are available at a short distance so as to minimize costs. As shown in
Figure 1, not all the river-to-sea systems are equally suitable for SGE generation. There is a type
of river-sea system that deserves special attention: stratified river mouths. Stratification appears
when the input of freshwater into the saline body of water is strong enough to overcome the
saltwater and avoid mixing with it, creating a halocline, that is, an acute vertical salinity gradient
[22], as presented in Figure 4:



SGE plant

Figure 4: Stratified river mouth with salinity gradients at short distances, dashed lines
represent isoclines (same salinity) [23]

These river mouths are generally located in areas with weak tidal ranges, on rivers of medium
to high discharge. That the freshwater is warmer than the sea water also facilitates the gradient,
while a lower density of the freshwater grants additional buoyancy. They present a salt intrusion
on deeper levels, a salt wedge, because water at the surface flows with a higher velocity. These
are opposed to well-mixed river mouths, in which river and sea water are gradually mixed
through very long stretches of the river mouth, making them poorer candidates for SGE, due to
the long distances between the water sources [23]. Highly stratified river mouths are suitable
candidates for SGE. For instance, the salinity structure of the Magdalena river mouth in the
Caribbean Sea was further studied in [P2].



2.-Evolution of Salinity Gradient Energy and Pressure Retarded Osmosis

The first approach on how to harness energy from the mix of fresh and salt water was presented
by Pattle in 1954 [24]. The paper claimed that there is an untapped power in riverwater mixing
with seawater equivalent to a 200 m waterfall, and proposed a hydroelectric pile as a sort of
RED precursor. Blue energy did not receive much attention until a couple of decades later, when
the oil price crisis made the scientific community focus on alternative sources of energy. Norman
proposed the first “osmotic salination energy converter”, introducing the use of a
semipermeable membrane [25], presented in Figure 5:

i

Figure 5: Norman proposal for exploiting osmotic energy [25]

Soon after, pressure retarded osmosis was formally proposed by Norman and Loeb [26], as well
the first experimentations using polyamide RO membranes [27]. The results of the power
density were very low [28] and PRO did not receive much attention until decades later, when
environmental awareness demanded further action in the field of renewable energies. Extended
research, experimentation and improvements in membrane technology led to the development
of the first osmotic power plant by Statkraft in 2008 in Norway [18]. Unfortunately, the project
was discarded a few years later due to insufficient power density (1 W/m?) with the existing
technology. [29]. It was around this time when the goal of 5 W/m? was established as rule of
thumb [30]. Nowadays, research and improvements in PRO are actively pursued. Proof of this is
the Japanese Mega-ton Water system, beginning in 2010, with the goal of operating 1,000,000
m3/day in seawater reverse osmosis (SWRO) desalination, coupled with PRO, expecting to
achieve 4.4 W/m? of power density [31]. More recent results tripled the power density (13.3
W/m?) and allowed a 30% energy reduction in the cost of desalination energy thanks to the
hybrid SWRO-PRO system [32]. The 5 W/m? requirement for commercial feasibility has been
sufficiently surpassed recently [33] [34]; though PRO still faces several challenges that need to
be overcome [35] [36] [37]. In parallel, RED technologies continue under development, with the
REDstack project in the Netherlands at the forefront [38].
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3.-Thermodynamic aspects of PRO

As established in section 1, the goal of PRO, and SGE in general, is to harness the Gibbs free
energy released when feed and draw streams are mixed. The Gibbs free energy of mixing AGmix
is defined by Eq 1 [39]:

AGmix = AHmix_ T'Asmix (1)
where AHnix is the enthalpy of mixing, T the temperature and ASmix the entropy of mixing.

For instance, the natural mix at river mouths is done irreversibly: no work is produced, since for
ideal solutions AHmix = 0, so the Gibbs free energy is lost to entropy. However, in a reversible
process, since the free Gibbs energy is the maximum thermodynamic work (in an isobaric and
isothermal process), the Gibbs free energy of mixing is therefore the maximum theoretical
energy that can be produced from that mix. This value is reported to reach 0.7 kw-h/m? for
seawater and freshwater [40]. A reversible PRO process would indeed obtain this maximum
energy by operating at constant pressure with infinite volumes of draw stream, and infinitely
slowly, so the whole feed stream would cross the membrane (assumed to be ideally
semipermeable) [41]. Obviously, reversible processes cannot be performed in practice, so PRO
needs to operate in a practical manner, while aiming to be as close as possible to reversibility in
order to make the most of the theoretical potential.

3.1-Chemical potential in PRO:

Chemical potential is involved in PRO and is helpful to interpret the process behaviour, since it
is defined as the partial molar Gibbs free energy, and can be estimated easily: assuming ideal
conditions, the chemical potential of each component (u; ), that is, dissolved ions and water, can
be calculated as follows [41]:

pi = p°+R-T-Ln a (2)

where O is the standard reference chemical potential, R is the universal gas constant, T the
temperature and a; the activity coefficient of substance i.

Pure water has a higher chemical potential than its salt solutions [41]. In other words, the
freshwater stream in PRO has a higher chemical potential, and PRO aims to transform this
potential into mechanical energy. Thus, the freshwater stream is the source of the energy, so it
is called the feed. The seawater stream draws the solvent, and its osmotic energy, from the feed
side, hence its denomination.



4.-PRO in the context of osmotic processes

Osmosis is a natural process that occurs spontaneously when two different solutions with
different solute concentrations (that is, different chemical potentials) are put in contact through
a semipermeable membrane. The most frequent example found in nature is biological cell
membranes, as they act like a semipermeable membrane. The solvent moves from the diluted
side towards the concentrated, driven by the difference in chemical potential, trying to reach an
equilibrium (Figure 6). It is at this point convenient to introduce the concept of osmotic pressure,
which is easier to handle than Gibbs energy or the chemical potential. Osmotic pressure can be
calculated as follows [42]:

JTi= VH CRT (3)

where vy is the vant’ Hoff factor (for ideal solutions, it is the number of ionic species present, 2
for NaCl), C the molar concentration, R the universal gas constant and T the absolute
temperature.

Therefore, the osmotic gradient is easily calculated as the difference of the osmotic pressures
on each side of the membrane:

ATt =T, — Ty (4)
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Figure 6: Osmosis and osmotic pressures [43]

The equilibrium in these systems is established when all the pressures intervening in the process
are cancelled by those on the opposite side. The application of an external pressure, as is the
case of PRO, alters the behaviour of these systems. Based on the applied pressure, several
osmotic processes are distinguished:
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Figure 7: Osmotic processes: a) Forward Osmosis, b) Reverse Osmosis, c) Pressure Assisted
Osmosis, d) Pressure Retarded Osmosis [42]

e Reverse Osmosis: when an external pressure is applied on the concentrated stream. The
pressure needs to be higher than the osmotic gradient. Under these circumstances,
water flows from the concentrated side towards the diluted, reversing the natural
tendency. RO is mostly employed in water desalination, with more than 13,000 plants
operating worldwide producing more than 65 million m3/day of freshwater [45].

e Forward Osmosis: without any pressure applied, this is the natural osmotic process, and
has applications in the food industry, water purification and wastewater treatment [46],
[47]. If extra pressure is applied on the dilute side, it is often called Pressure Assisted
Osmosis (PAO), and the water flow is higher than in standard FO [48].

e Pressure Retarded Osmosis: when an extra pressure is applied on the concentrated side,
but lower than the osmotic pressure gradient [6]. Compared with FO, the water flow is
diminished, but it still flows in the same direction and gets pressurized.

Figure 8 presents a graphical description of how the pressure applied is the parameter that
defines each process, delimiting one from another, and defining the magnitude and direction of
the water flow.
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Figure 8: Different osmotic processes and their a) water flow (above) and b) energy (below)
depending on the external hydraulic pressure [49]

The highest AP interval corresponds to RO, presenting a higher water flow with increasing
pressures. If the pressure decreases to the value of the osmotic gradient A, the flow is stopped
and no water is produced. PRO takes place between this point and AP = 0: the water flows in
the opposite direction to RO and its rate increases as the AP decreases. Zero pressure is the
point of operation of FO; if some pressure is applied on the feed side (depicted as negative values
of AP in the graph), the water flow is increased: PAO.

The pressure applied serves to calculate, in a rough sensibility analysis, the energy demanded
(or produced) in the different processes. The interval of PRO has a positive energy in the graph,
meaning that energy is produced. It presents a maximum, theoretically corresponding to half
the value of the osmotic pressure gradient A [49]. In practice, however, it is higher, so as to
compensate for deviations from the ideal at the membrane level. The energy cost of FO is clearly
null, as no pressure is applied. RO has a high energy consumption (presented with negative sign
in Figure 8 b), increasing in line with the pressure applied.
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5.-Pressure Retarded Osmosis and desalination by Reverse Osmosis

PRO development has always been closely linked to RO due to the inherent similarities between
both processes. Proof of this is the initial use of RO membranes in PRO [27], or the common
challenges shared by both [50], such as membrane fouling (see section 8), concentration
polarization (subsection 7.1), or the need for pretreatment (section 9), etc.

However, the PRO/RO relationship extends beyond this. Several studies regarding the
integration of PRO in SWRO have been performed [51] [52] [53]. The combination of these two
technologies is motivated by two key aspects in which PRO and RO are complementary. The first
is the common presence of a high salinity stream, which in RO is the brine, and in PRO is the
draw stream. In the former, the high salinity stream is a waste, in the latter it is a source; so the
connection is straightforward. The second complementary aspect lies in the nature of the energy
of each process; RO demands energy to operate, whereas PRO produces it. Therefore, PRO
energy may be used to partially satisfy SWRO energy demands, making it more efficient and less
expensive. One of the simplest configurations is depicted in Figure 9, though there are many
other options [54]. Some of these other possibilities were studied in [P3].

Hydra

RO PRO furbine

Diluted
Seawater ——» Pre- [——* Draw solution  [—» e brina

Low-saline N
treatment
walar

Feed solution [—————* Caoncentrated
feed soluton

v

Produced
water

Figure 9: Schematic of a simple RO-PRO hybridization [54]

Moreover, there are other synergies to exploit from this RO-PRO combination. For example, the
draw stream in an independent PRO installation needs to be pre-treated, but the brine coming
from RO has already been pre-treated prior to the RO process. There is still the need to pre-treat
the feed stream, but there may be cost savings from exploiting the conjoint economy scale in
the combined pretreatment [52].

Additionally, there is the issue of the production of high salinity brines, which is a substantial
problem in seawater desalination. The by-product brines need to be discharged back into the
sea, but they have to be treated first or discharged far offshore, in order to reduce their
environmental impact [53]. PRO uses this brine, serving as a waste treatment for RO. PRO waste
streams have much lower salinity and are more easily disposable [16].
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6.-Membranes in Pressure Retarded Osmosis

In the beginnings of PRO, the first membranes tested were the RO membranes available at the
time [28], polyamide composite membranes with polysulfone support. However, this first PRO
experiment presented very low power density due to low membrane permeability, as expected,
because RO membranes only allow for acceptable flow densities at higher pressures. Moreover,
in order to withstand the high operation pressure of RO, these membranes have thick support
layers with high structural parameter (S) that lead to high ICP (see subsections 6.2 and 7.1). In
order to obtain higher flow densities, more permeable membranes were tried later on. Cellulose
tri acetate (CTA) FO membranes are more hydrophilic and they have smaller structural
parameter, although they allow higher reverse salt flux than RO membranes [55]. FO
membranes presented overall better performances than RO membranes, but most experiments
did not resist operation at the higher pressures demanded in PRO, presenting severe
deformations after short operation time, since they were designed for FO operation.

Currently, PRO membrane research is mostly focused on thin film composite (TFC) membranes
and thin film nanocomposite (TFN) membranes. The selective layer most used are polyamides,
and some derived polymers from it, such as polyimides, polyamide-imide, polyetherimide, etc
[56]. Regarding the support layer, polysulfone (PE) and polyethersulfone (PES) polyacrylonitrile
(PAN), polyethylene terephthalate (PET) are often employed. Common goals are improving
mechanical stability and durability, permeability and anti-fouling features (see section 8) [57].

6.1-Membrane configurations in PRO:

PRO membranes have an asymmetric structure, an active layer that provides selectivity and
permeability, and a support layer in order to withstand operation under pressure. The active
layer faces the draw stream while the support layer is put in contact with the feed. Sometimes
this disposition is reversed, called FO mode [56]. In addition to this, the membrane can be set
up in different configurations (Figure 9). Flat sheet or flat plate membranes is the simplest
configuration, only used at laboratory scale. For larger operations the membrane is more
efficiently packed on spiral wound, or tubular, though they are still referred as flat sheet
membranes. This is the configuration selected for the research presented in [P1].

Another promising possibility are hollow fiber membranes, which are fine capillary tubes (bore
generally smaller than 1mm), with the active layer on the inner surface. Their cylindrical
geometry and self-supported structure make them able to withstand higher pressure than
traditional equivalent flat sheet membranes [57]. In addition, they can be densely packed in
modules, offering very high ratios of surface area per module volume.

- Frame
Permeate
s Membrane
B Feed

Flat Plate Spiral Wound Tubular Hollow Fiber

Figure 10: Different membrane configurations [60]
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6.2-Membrane properties:

e Permeability, A: the most important parameter, the water permeability is the
volumetric flow of water able to cross the membrane by unit of surface (m3/m?s, or
m/s).

e Solute permeability, B: is the quantity of a given solute that is permitted to cross the
membrane, salt in the case at hand (kg/m?:s).

e Selectivity B/A: is the ratio of the salt and water permeabilities.

e Structural parameter, S: is an intrinsic membrane parameter, that, conceptually, gives a
measure of how complicated it is for the molecules and ions to move through the
membrane. It is defined as the product of the membrane tortuosity (t) and thickness (x)
over the porosity (¢) [61]:

Draw solution

Feed solution
Figure 11: Graphical description of the significance of A, Band S in PRO [62]

At first sight, in order to enhance power production, it is desirable for membranes to have high
A and low B, however; in practice it is difficult to synthesize such membranes, because
membranes with high A tend to also have high B: high permeability is accompanied by low
selectivity, whereas when high selectivity is pursued, membranes present lower permeability.
Moreover, it has also been demonstrated experimentally that a balance between permeability
and selectivity leads to better PRO performance [63].

Membrane properties from a state of the art membrane [64] were used in this work [P1], [P2].

14



7.-Power production and water flux

PRO goal is to produce energy by making water cross a semipermeable membrane from a diluted
stream towards a pressurized salty draw stream. It is clear that the determination of the amount
of water able to cross the membrane is of paramount importance. Therefore, the flow density
Jw, defined as volumetric flow of permeate per unit of membrane area is established as the
variable to observe. The second key variable is the external pressure applied on the draw stream,
AP. The product of both represents the hydraulic energy in PRO, better named power density
W:

W=1Jy-AP (6)

Figure 12 depicts the power density variation with the external pressure:
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Figure 12: Water flux and power dependence with the external pressure [65]

It is found that the power production presents its maximum when the external pressure equals
half the osmotic gradient, for ideal membranes. In real processes, it is slightly displaced to the
left, to lower pressures, due to several factors that are detailed in the following subsections 7.1
and 7.3. Sensitivity analysis to the operation pressure and determination of the optimal non-
ideal pressure were performed in [P1].

7.1-Concentration Polarization (CP):

In a PRO process using a real membrane, Jw is always considerably lower than ideally expected.
The main reason is that PRO membranes are not perfectly selective, so, a reverse salt flux always
takes place. This salt flux is not only responsible of the reduction of the transmembrane gradient

15



(feed concentration increases due to salt leakage, draw decreases because of the salt lost) but
also of the concentration polarization (CP) phenomenon that occurs at microscopic level at the
membrane interfaces, and inside the porous support.

According to film theory [66], there is a region in close proximity to the membranes, and parallel
to it called boundary layer, in which the movement of solvent molecules and ions is hindered,
because it lacks the perfect mix conditions of the bulk solution. The same occurs when the
solution substances cross the support area: their flows are partially impeded by their interaction
with pore walls and affected by the tortuosity.

Consequently, when material transference takes place, concentrations gradients built up in
these layers, as a result of the resistance that the substances face to diffuse. This is analogous
to heat transfer by conduction on a stack of materials with different conductivity: different
resistances to heat transfer lead to different gradients and wall temperatures in between;
whereas in PRO there are intermediate gradients and different concentrations at each interface.
The concentration polarization phenomena involved in PRO are presented in Figure 13:
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Figure 13: Concentration polarization phenomena in a PRO membrane [65]

Three CP phenomena are considered: looking at the concentration profile in Figure 13, in the
draw side, the concentration at the membrane interface C; is smaller than in the bulk draw Cs,
as the incoming water from the feed side dilutes the salt concentration at the draw interface
and salt ions move with more difficulty through the boundary layer. This is called External
Concentration polarization (ECP) on the draw side, or dilutive CP. There is also ECP on the feed
side, sometimes referred as concentrative CP, generally much smaller [68]. The concentration
polarization occurring inside the porous support is called Internal Concentration Polarization
(ICP), and is the most severe [37] [69]. Adding the effects of the feed side ECP and the ICP, the
interface concentration at the feed side is C,, which is much smaller than expected. This three
concentration polarization effects combined result in a diminished transmembrane effective
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gradient Arterr, meaning that the water flux is also significantly smaller, therefore so is the power
production.

Concentration polarization can be mitigated by turbulent regime of flow, membrane spacers are
known to increase turbulence and facilitate better mixing to reduce ECP, as has been
demonstrated by extensive experience in SWRO industry. This is yet to be fully studied in PRO
[70] [71]. ICP is reduced with porous membranes with low structural parameters [57].

7.2-Water flux models:

It is straightforward to assume that Jw is directly proportional to the water permeability A of the
membrane and to the osmotic gradient Amr. Assuming ideal conditions, Jw is given by the
following expression:

Jw = A-(Arn— AP) (7)

Polarization concentration phenomena demands more exhaustive models than Eq (7), in order
to predict more accurately the water flux. For instance, Lee introduced the effect of ICP on a
model for water flux in PRO [72]. Achilli added ECP (draw side, dilutive ECP) [65] and
subsequently Yip expanded previous efforts by including the influence of the reverse salt flux
[73].

This work ([P1], [P2]) uses a detailed model proposed by Touati [74]. This model is a general
mass transport model for the water flux (Jw) accounting all three CP effects, based on the
convection-diffusion theory, through the integration of the differential equations that
determine the concentration profiles, using mass transfer coefficients:

Jw=A [(T[D,b +§(1 +%)> exp (—%) —

- [Trp_b +§(1 + %)] exp(Jy - K)exp (L—”;) — AP] (8)

where A and B are the water and salt permeabilities of the membrane, rirp and 71p ), the osmotic
pressure at the bulk solutions of feed and draw (determined with Eq. (3)), ke and kp the mass
transfer coefficients at feed and draw sides [75], AP the external pressure on the draw side and
K the solute resistivity calculated with the structural parameter S and the diffusivity (of NaCl in
water) D [61]:

K=5/D (9)
Similarly, to Eq (7), Js is defined as:

Js = B:(Art = AP) (10)
and can be calculated more accurately once Jw is known:

Js _ _B A-AP
Jw  ABRT (1 + Jw ) (11)

The ratio Js/Jw represents the amount of salt per unit of permeate and is often used as an
expression of the membrane selectivity.
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7.3-Draw dilution:

Aside from CP, there is another effect that needs to be considered to avoid overestimation of
the salinity gradient and to properly predict the water flux [76]. In a real process, membranes
are long and the salinity of both streams varies with the position throughout the membrane
length. This occurs because as the feed stream keeps transferring water towards the draw, it
becomes progressively diluted. The equivalent happens with the salt flux in the opposite
direction (Figure 14).

salinity ___—

BRACKISH
—

Figure 14: Lengthwise variation of the salinity profiles of feed and draw in PRO

To account for draw dilution, a multi-stage approach was applied in [P1] to determine more
accurately the water fluxes in a PRO power plant fed by river and sea water.
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8.-Fouling in Pressure Retarded Osmosis

One of the challenges that PRO faces is the decline over time of the permeability and
performance of the membranes, as happens in any industrial application of membranes [77].
This behaviour is mostly explained by the presence of impurities in the water sources that slowly
but relentlessly obstruct the membrane, when they either have a bigger size than the membrane
pore, or they are deposited and adhere to the membrane.

Figure 15: Different fouling situations [77]

These impurities that obstruct the membrane are called foulants, and can be classified
depending on their nature [78], as presented in Table 1:

Table 1: Fouling classification and examples

Type of fouling Foulants
Particle and colloidal fouling Clay, silt, silica, metal oxides, etc.
Organic fouling Macromolecular organic compounds: proteins,

polysaccharides, fatty acids, etc.

Crystalline fouling or mineral scaling | Low solubility inorganic salts: calcium and
magnesium sulphate, phosphate, carbonate, silicate,
etc.

Biofouling Microorganisms

Each type of foulant can cause varying damage, depending on their different affinity to the
membrane materials, and their fouling effect can be very different [78]. For instance, mineral
scaling is linked to ICP (internal concentration polarization), because the solute concentration
increases inside the support layer. Since it has a low solubility, super-saturation may be reached
and precipitates can be formed [79]. Anti-foulant membranes are currently being studied and
developed [80].

8.1-Fouling models:

Several fouling models have been proposed to describe the mechanisms by which the
membrane permeability is affected. The classical models are [81]:

1 Complete Blocking Model (CBM): the model considers that each arriving particle seals off pore
entrances and completely prevents the flow through that pore. This model is suitable for large
fouling particles that can completely block a pore.

2 Intermediate Blocking Model (IBM): this is similar to CBM, but only a fraction of the membrane
pore gets clogged by foulant particles. Each new particle has a certain chance of being deposited
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on an already obstructed pore or on a free pore. Unlike CBM, total flow impediment is not
reached, better representing the reality.

3 Standard Blocking Model (SBM): this model poses the scenario that the particles accumulate
inside the pores, constricting them by adhesion to the pore walls, progressively decreasing the
area. This model is mostly adequate for small particles.

4 Cake Filtration Model (CFM): unlike the others, this does not consider what happens on the
porous internal structure of the membrane, as it assumes that the particles uniformly land on
the membrane surface, covering it and providing an additional resistance to the permeate flow,
similar to an extra support layer. This cake layer gets thicker over time, progressively increasing
its resistance.

Aside from the previous classical models, many other studies have proposed alternative models,
considering advection-diffusion, adsorption-desorption equations or interaction among
foulants; or a combination of the classical models [82], in order to predict the permeability and
power density decline over time due to fouling, [83]. Nonetheless, every fouling situation is
unique, dependent on each water source and each membrane. It is generally accepted that
membranes with a lower structural parameter S present a lower ICP (see subsections 6.2 and
7.1), and thus a lower fouling predisposition [84].

8.2-Membrane orientation and the effect of ICP:

The classical membrane orientation, often called PRO mode, has the active layer facing the draw
solution, so it is denoted as AL-DS. This is the dominant configuration because it presents a lower
internal concentration polarization and a higher power density than the alternative with an
active layer facing the feed, AL-FS (see Figure 13 in subsection 7.1). It is important to remember
that the support layer is wetted by the solution it is facing. This means that the foulants present
in this stream will be more responsible for the membrane fouling than those contained in the
stream facing the selective active layer. Seawater and brines (draw stream) are expected to
contain more scaling precursors than river water. This fact leads us to support this configuration
when there is a risk of scaling. However, some authors claim that the FO mode offers lower
fouling when treating feed solutions with a high fouling tendency, such as wastewater or river
water [85].

It has also been reported that fouling reduces Js, unexpectedly, to a greater degree than Jy is
reduced [(Js / Jw)touiing < (Js / Jw)ciean] in AL/FS, resulting in a decrease in the ICP, making the
membrane more selective [84].

Furthermore, it was proposed that, for a low salt permeability membrane, the FO mode after
fouling would present a higher power density than the PRO mode [77].

8.3-Pressure loss, the effect on optimal pressure:

A direct consequence of fouling, aside from the reduction in water permeability, is always an
increase in pressure loss, which by itself is always an undesirable cause of increased energy
costs. However, in addition, it also causes a variation in the optimal operation pressure, as
reported by [84]:
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Figure 16: Power density curves for different fouling levels [84]

A higher than optimal operating pressure provokes a diminished water flux and a higher reverse
salt flux [75], both of which may aggravate the fouling of the membrane [86].

Thus, if the hydraulic pressure is not carefully controlled in osmotic processes, the fouling
reduces the power density, causing the system to operate at a pressure progressively farther
from the optimal, leading to a worse performance if the pressure is not adequately controlled.

8.4-Membrane cleaning:

After operation and progressive fouling of the membrane, it is standard practice to clean the
membrane. Different procedures have been derived from extensive experience in RO, with the
use of such cleaning agents as NaOH or EDTA in aqueous solution [87]. A more environmental-
friendly option is osmotic backwash, which consists of briefly switching the feed and draw flows,
without external pressure, so the feed water crosses the membrane from the active layer side,
sweeping away the foulants deposited on the porous support and/or the cake formed over the
membrane [88]. Some authors have reported better results adding air bubbles [89]. However,
not all foulant particles are removed and cleaned membranes present lower power densities
than new membranes, as depicted in Figure 17 [88]:
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Figure 17: Variation of water flux in PRO after fouling and cleaning by osmotic backwash [88]

Moreover, fouling caused by scaling often damages the membrane structure: the growth of
large crystals irreversibly deforms the membrane, and causes the partial loss of selectivity. The
scaling caused by gypsum deposition is especially difficult to remove through backwashing [90].
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9.-Pretreatment in Pressure Retarded Osmosis

To address the severity of the fouling problem presented in the previous section, there are many
possible solutions in the form of pretreatment processes that mitigate the fouling effects to
manageable levels, allowing adequate long-term performance of the membrane. Special
attention needs to be put on the design of the pretreatment strategy, because its performance
will reflect on the global performance [91]. For instance, if not enough foulants are removed,
frequent stops for cleaning will be necessary and the membrane lifespan will be reduced.
Moreover, pretreatments always represent a sizeable part of both the investment and
operational costs (mainly energy consumption). They are also highly space-consuming [92].

Two groups of pretreatments are distinguished: physical and chemical treatments. The former
are responsible, in broad terms, of the mechanical filtration of bigger particles of foulants, while
the latter deals mostly with dissolved foulants through the addition of chemical components. As
it happened in PRO fouling, there are few scientific studies on PRO pretreatments, therefore
pretreatment experience from RO is very important as it is easily extensible to PRO [92]. In the
recent past, most RO plants used conventional pretreatment, defined as chemical and physical
pretreatment without the use of membrane technologies. Experience shows that successful
pretreatment designs must combine chemical and physical treatments.

9.1-Chemical treatments [92]:

9.1.1. Chlorination: prevents biological growth. Dechlorination (often with sodium bisulfite) may
be needed, excessive chlorine can damage the membrane.

9.1.2. Ozone treatment: to degrade organic matter.

9.1.3. Lime treatment: to remove water hardness. It is also involved in flocculation. Moreover,
it may help removing dissolved organic matter and microorganisms.

9.1.4. pH control: the addition of an acid mitigates scaling by increasing calcium solubility.

9.1.5. Addition of antiscalants: organophosphonates, sodium hexametaphosphate or
polyacrylate based. However, antiscalants can enhance biofouling if their concentration
is not carefully controlled.

9.1.6. Coagulation and flocculation agents: They make colloidal matter to agglomerate, so it t
can be physically removed afterwards. Colloidal foulants, especially organic, are well
treated by this process. They reduce alkalinity and are very space-consuming. They are
traditionally made of iron and aluminium salts, there are also cationic polymers. The
coagulant most recommended for treating brines is FeCls, although there are cheaper
options. AICl; NaAlO; are indicated for phosphates, which are one of the most common
scalants present in urban wastewater.

9.2-Physical treatments [92]:

9.2.1. Dissolved air flotation: bubbling air helps bringing particles to the surface, where they can
be easily removed.

9.2.2. Roughing filters: they eliminate the bigger sized particles, for example sand filters or
gravel filters.

9.2.3. Sedimentation: deposition by the action of gravity of particulate matter in suspension to
the bottom of big sedimentation tanks.
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9.2.4. Adsorption with active carbon: also called filtration with activated media, the use of
powdered or granulated activated carbon is used to remove dissolved foulants. Thanks to
the large surface area, many organic contaminants are retained.

9.2.5. Membrane filtration, microfiltration (MF), ultrafiltration (MF), nanofiltration (NF): they

are a filters that use a membrane with a defined pore size, by which they are classified: MF= 1

pum, UF= 0.01 -0.1 um, NF = 1 nm. Each type focuses on eliminating different foulants:
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Figure 18: Different type of foulants eliminated through MF UF and NF [93]

All three membranes have different advantageous characteristics; their suitability
depends on the specific foulants at hand. For instance, MF is suitable for removal of large
particulate matter, while NF membranes are better to remove dissolved contaminants.
UF membranes balance contaminant removal and permeate production [94].

It is important to consider that the smaller the pore, the higher the pressure required to
make water circulate (see Figure 18). One disadvantage of membrane filtration lays in the
inherent nature of the process: the membrane retains the foulants and becomes
eventually fouled, with the issues that situation involves (need for cleaning, increased
operational costs, etc.).

The traditional conventional pretreatment configuration consists of chemical addition of
disinfectants and coagulation-flocculation agents, followed by sedimentation and filtration,
without the use of membrane technology. Many variations can be made. Currently UF is very
frequently added to the conventional configuration:

Dissolved air flotation
Granular
media filter

Sereen or FeCl,
strainer

Cartridge
filter

Seawater

Uitrafiltration

flocculation Sedimentation

Figure 19: Example of PRO pretreatment configuration [95]
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In order to predict the efficiency of a pretreatment method, there are several methods that aim
to numerically characterise a water source, in terms of quality and its fouling ability. This
characterisation is applied before and after the pretreatment, in order to evaluate the
improvement in water quality. The most important characterisation indexes are the Silt Density
Index (SDI) and the turbidity. SDI is a standardised method that measures the fouling of a certain
filter under fixed conditions [96]. Turbidity is a measurement of the scattering effect on light
caused by the particles present in solution.

Commercial membranes often require a maximum SDI in the water to be treated in order to
guarantee good performance. However, the presence of scaling and organic foulants are not
directly represented by turbidity and SDI. Thus, considering the specific case at hand, it is often
necessary to quantify the water hardness and the organic content (for example through
determination of Dissolved Organic Carbon, DOC). River water and sea water may need different
pretreatments.
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10.-Challenges in river-to-sea PRO plants

PRO nowadays still faces several obstacles to overcome before becoming a competitive
renewable energy. In addition to the need for improved membranes mentioned earlier, other
issues are discussed below.

10.1-Energy efficiency

Starting from the theoretical potential of fresh water of just above 0.7 kw-h/m3 [40], the
efficiency of PRO is diminished by many effects. First of all are the inherent losses derived from
proceeding with an actual irreversible non-ideal membrane process: draw dilution and
concentration polarization significantly reduce the theoretical potential. This means that the
energy generated (or available energy) will drop to almost half the starting value [97]. Figure 19
depicts how the ideal 0.7 kw-h/m? potential is distributed:

Pressure Retarded Osmosis Energy Efficiency
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0,124 Med Specific Ensangy
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Figure 20: Estimation of PRO net specific energy [97]

Since the goal of PRO is to produce energy, any other relevant energy stages of the process need
to be considered to assess the energy efficiency. These are sometimes referred to as parasitic
loads [97] [98]. Among these, the most critical are the pretreatments, required to mitigate
fouling-driven performance decay. Pretreatments demand a sizeable infrastructure and
continuous energy consumption for them to operate; the amount may vary depending on the
water quality and the pretreatment technologies selected, but they are roughly estimated to
absorb half the energy generated. In addition, each of the mechanical devices involved in the
process are expected to have their own inefficiency (see subsection 1.1): the said devices include
the pumps, the turbine and the energy recovery device (ERD or pressure exchanger). ERD
inefficiencies rarely exceed 3 % [99]. These inefficiencies are resolved by extra energy spent in
pumping. Finally, water transport in and out of the plant also needs to be included. The intake
and discharge distance is the key variable for that consumption, as further studied in [P2].
O’Toole et al. estimated that all the energy losses and consumptions result in about 15% of the
net energy of all the potential remaining [97].
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The work presented in [P1] shows a similar distribution for a case study in Colombia, assuming
pretreatment with MF [100], and a turbine efficiency of 80% [101].

Power distribution (24 MW gross)
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m Effective Net Power ® Pretreatment
Pumping 1 Turbine

Figure 21: Estimation of the power distribution in parasitic loads [P1]

These results show the need for improvement in these energetic consumptions in order to make
PRO more competitive.

10.2-Environmental impact

Due to the lack of direct experience, PRO (and SGE in general) effects on the environment on a
large scale can only be inferred from desalination plants. The general damaging effects expected
from a river-to-sea SGE power plant are land modification, release of pollutants and disruptions
to the habitats of living species [102]. The three main areas to monitor are the influence of the
infrastructure of the power plant, of the water intakes and of the effluent discharge [102].

Infrastructure placed in either the marine or fluvial environment undoubtedly creates new
surfaces for microorganisms to grow in, as a sort of biofouling. Intake and discharge pipes are
often subject to this, sometimes referred to as “artificial reefs”. Excessive growth can interfere
with the normal balance between the rest of the local species, maybe even attracting invasive
species [104].

Regarding the water intakes, as with desalination, PRO requires the intake of large volumes of
sea water, plus similar volumes of fresh water from the river. There is a potential impact on
aquatic organisms through impingement and entrainment [102]. The sea water volume intake
is not deemed to be of importance, it is the availability of fresh water that is limited. Excessive
fresh water intakes could cause severe environmental risks to most of the living organisms by
disrupting the water circulation in the river. Alvarez-Silva et al. recommended not exceeding the
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environmental flow limit, which should be below 30% of the river discharge, attending to
seasonal variations [105].

In contrast, the matter of effluents is fortunately more advantageous. SWRO brine disposal is
one of the most potentially environmentally disruptive aspects of the process, but SGE can never
produce any stream with such a high salinity. In this area, PRO is deemed to be safer, although
brackish effluents will still contain chemical residues from the pretreatment and membrane
cleaning that need to be controlled, and possibly diluted [102]. River mouths present areas with
different salinities. Effluents can be discharged into river areas with a similar salinity so as to
minimize the impacts by changes in salinity. Salinity impacts on the marine environment are of
lesser concern [105].
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CONCLUSIONS

C1) A modified PRO model has been used to predict the electrical power obtainable from using
fresh water and sea water. The modelling paid special attention to not overestimating the
available local salinity gradient throughout the process. For this purpose, salinities and
flowrates at intermediate points were estimated. Using a state-of-the-art membrane,
results show that power densities can exceed 5 W/m? [P1], which is the rule of thumb for
an economically worthwhile PRO process.

C2) On the basis of the potential gross power calculated through simulation, the net power for
a hypothetical PRO power plant has been estimated after the consideration of several
factors that reduce the gross power, such as the energy spent in water transport, the
pretreatment processes of both water sources and the turbine inefficiency [P1].

C3) The effect of the water intake locations in PRO power plants fed with water from stratified
river mouths has been analysed through a multidisciplinary study. For this, hydrodynamic
models describing the river mouth salinity and temperature profiles have been used in
combination with PRO process models. The conjoined model tool has been proven useful
in describing the influence of the distance between intakes in the net power production of
a hypothetical PRO process. This procedure has illustrated the need to compromise
between the search for the highest salinity gradient available and the minimization of the
intake distances [P2].

C4) As a case study, a possible osmotic power plant in the Colombian Magdalena river has been
designed and evaluated for treating 30 m3/s of river water. On-site data of salinity and
temperature from the river and the adjacent Caribbean sea were gathered. These
experimental data were used to estimate the net power, which was found to be
comparable to a small hydropower plant. As the overall efficiency, using state-of-the-art
processes, is rather low at about 24%, improvements have been proposed by means of
sensitivity analyses. These have shown that a significant gain in the net electrical power
production can be achieved if the technologies involved in the process are further
developed [P1].Regarding the intake locations from which the power plant is to be fed; it
has been demonstrated through this case study that determining these locations is very
important: the analysis presented in this investigation shows a potential 14% increase in
the net power productivity when optimal intake locations are selected [P2].

C5) Two different SWRO-PRO configurations have been studied to recover energy using brines
from different stages in the desalination process. It has been shown that using the brine
from the second stage of desalination as feed, together with the brine of the first stage as
draw, gives the best overall performance. The addition of pre-treated seawater to the PRO
feed has been considered, observing a small improvement in the local performance of the
PRO process [P3].
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RESUMEN EN CASTELLANO

Objetivos:

01) Desarrollar modelos matematicos para la simulacién de procesos de Osmosis Retardada por
Presién (PRO), con énfasis en el gradiente de salinidad, a fin de reproducirlos con mayor
precision.

02) Utilizar los valores reales de las salinidades para determinar la potencia eléctrica alcanzable
y evaluar la eficiencia real, teniendo en cuenta las demandas energéticas inherentes al
proceso.

03) Proporcionar un analisis de sensibilidad de algunas variables del proceso PRO y predecir los
consiguientes cambios en la potencia neta.

0O4) Estudiar la viabilidad de las desembocaduras estratificadas de rios, centrandose en la
ubicacién de las tomas de agua. Evaluar las potencias mediante modelos hidrodindmicos,
que describiran las variaciones a lo largo de la desembocadura del rio, y buscar un conjunto
Optimo de puntos de captacidn para maximizar la potencia neta.

O5) Evaluar la recuperacién de energia osmoética a partir de sales de salmueras de desalacién, y
estudiar posibles configuraciones del proceso, comparando su rendimiento.

Metodologia:

M1) Revisién del estado del arte: Inicialmente se realizdé una extensa busqueda y analisis de
investigaciones recientes sobre el tema. Se centré intensamente en publicaciones recientes
en revistas cientificas relevantes, aunque también se revisaron comunicaciones de
congresos, tesis y otros trabajos relacionados con el tema en cuestion. Esta tarea también
se realizd durante toda la investigacion, actualizando y ampliando peridédicamente la
informacién al estado actual.

M2) Fijar objetivos: De acuerdo con la revisién del estado del arte y la experiencia previa del
grupo de investigacion, se establecieron varios objetivos para las investigaciones.

M3) Métodos de Investigacidon: Andlisis de un caso de estudio experimental: Se eligié como caso
de estudio la desembocadura del rio Magdalena. Los datos experimentales fueron
recolectados y disponibles a través de la colaboracién con el grupo de investigacion OA Silva
en la Universidad del Norte (Colombia). Los resultados se presentan en [P1], [P2].
Adaptacién de modelos matematicos PRO: de acuerdo con las investigaciones revisadas, se
eligiéo un modelo matematico y se adaptd a las especificidades de la investigacion, como se
presenta en [P1]. Propuesta de disefio y simulacion de centrales PRO: Se utilizaron datos
del rio Magdalena y modelos matematicos para dimensionar una hipotética central PRO y
determinar su produccidn de energia. En esta tarea se utilizd el software informatico
Matlab® [P1]. También se estudiaron las posibilidades de integracion de PRO en la
desalinizacidon de agua de mar [P3]. Analisis de sensibilidad: se estudid la influencia de la
variacion de varios parametros del proceso, con el fin de extraer mds informacion y sacar
conclusiones sobre PRO, [P1], [P2].
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M4) Difusién de resultados: los resultados de la investigacion se presentaron en revistas
cientificas de alto impacto, congresos y mediante la cooperacidn con otros grupos de
investigacion. Compartir y discutir los resultados obtuvo valiosos aportes externos que
ayudaron a enriquecer y mejorar la investigacion.

Conclusiones:

C1) Se ha utilizado un modelo PRO modificado para predecir la potencia eléctrica que se puede
obtener utilizando agua dulce y agua de mar. Se presté especial atencion a no sobrestimar
el gradiente de salinidad, usando salinidades y caudales en puntos intermedios. Utilizando
una membrana de ultima generacidn, los resultados muestran que las densidades de
potencia pueden superar los 5 W/m? [P1], que es la regla general para un proceso
econdmicamente viable.

C2) A partir de la potencia bruta potencial calculada mediante simulacidn, se ha estimado la
potencia neta para una hipotética central PRO tras considerar varios factores que reducen
la potencia bruta, como la energia gastada en el transporte de agua, los procesos de
pretratamiento tanto de las fuentes de agua como de la ineficiencia de la turbina [P1].

C3) Mediante un estudio multidisciplinar se ha analizado el efecto de la localizacién de tomas
de agua en desembocaduras de rios estratificados. Para ello, se han utilizado modelos
hidrodindmicos que describen los perfiles de salinidad y temperatura de la desembocadura
del rio en combinacidon con modelos de proceso PRO. Se ha demostrado que esto permite
evaluar la influencia de la distancia. Este procedimiento ha ilustrado la necesidad de llegar
a un compromiso entre la busqueda del mayor gradiente de salinidad disponible y la
minimizacion de las distancias de toma [P2].

C4) Como caso de estudio se ha disefiado y evaluado una posible central osmética en el rio
Magdalena para tratar 30 m3/s de agua de rio. Se recopilaron datos in situ de salinidad y
temperatura del rio y del mar Caribe adyacente. Estos datos experimentales se utilizaron
para estimar la potencia neta, que resultd ser comparable a una pequefia central
hidroeléctrica. Dado que la eficiencia general resulté baja con la tecnologia actual,
alrededor del 24 %, se han propuesto mejoras mediante analisis de sensibilidad. Se ha
demostrado que se puede lograr una ganancia significativa en la produccidn neta de energia
eléctrica desarrollando las tecnologias involucradas en el proceso [P1]. Ademas, se ha
demostrado un aumento potencial del 14 % en la productividad de energia neta cuando se
seleccionan las ubicaciones de toma dptimas en este caso de estudio [P2].

C5) Se han estudiado dos configuraciones diferentes de SWRO-PRO para recuperar energia
utilizando salmueras de diferentes etapas del proceso de desalinizacidn. Se ha demostrado
que el uso de la salmuera de la segunda etapa de desalinizacién como alimentacién, junto
con la salmuera de la primera etapa como extraccidn, proporciona el mejor rendimiento
general. Ademas, se ha evaluado el uso de agua de mar pretratada con la alimentacién PRO,
observandose una mejora en el rendimiento [P3].
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The Magdalena River mouth in Colombia is studied as a candidate site for a renewable power plant via
osmotic energy technology, using pressure retarded osmosis. This power generation plant would operate
through the controlled mix of two flows with different salinities (river water and seawater in this case
study). A preliminary design of a pressure retarded osmosis power plant is proposed here by means of
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reach 6 MW, with adequate membrane power densities above 5 W/m?. These promising results consider
energetic losses involved in the process, which have been further analysed to propose improvement
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1. Introduction

Increasing global population and energy demands in its current
trend will inevitably result in global warming and depletion of
natural resources [1]. The anthropogenic origin of this global
warming and its consequential forthcoming climate change needs
to be acknowledged and mitigated [2]. In this context, research for
renewable energy techniques is of the utmost importance for a
sustainable future [3], in order to reduce the dependency on fossil
fuels as the major energy source [4].

Water resources and its availability and uses are slowly
becoming a critical issue as well, and are deeply connected to the
energy sector [5]. Both water and clean energy are involved in
salinity gradient energy (SGE) processes. This relatively new group
of technologies (also known as osmotic processes, osmotic energy,
blue energy) address the possibility of producing renewable elec-
trical energy through the controlled mix of two water streams with
different osmotic pressures, that is, mainly but not only, different
salt contents. The availability of two streams with a high salinity
gradient across them is found naturally at river mouths [6], though
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uninorte.edu.co (0. Alvarez-Silva), fernando.tadeo@uva.es (F. Tadeo).

https://doi.org/10.1016/j.energy.2019.05.048
0360-5442/© 2019 Elsevier Ltd. All rights reserved.

it can appear in other environments, such as hypersaline systems,
in which bodies of water with high salinity (e.g. the Dead Sea) are
involved [7]. Another natural system gaining scientific attention
more recently are geothermal wells. A project combining osmotic
and geothermal power is in development in Denmark [8]. Some
industrial processes offer this possibility as well, especially in the
desalination industry, due to the production of brines as residue,
which could instead be regarded as a by-product [9]. This approach
could also be extended to other industry sectors if other residual
water streams were to be considered, such as treated sewage water
[10].

Salinity gradient energy technology has shown much growth
since Pattle's approach in 1954 [11], when the idea of the untapped
potential of salinity gradients was first considered, although it did
not receive much attention until years later. Economic instability
and the increase of oil prices drove the scientific community to
search for alternative energy sources [12]. In 1974 Loeb presented
pressure retarded osmosis (PRO) [13]. Pressure retarded osmosis is
a membrane process in which a low salinity water stream (feed)
and a pressurized high salinity stream (draw) are made to interact
through a semipermeable membrane. Water is selectively allowed
to flow from the feed side through the membrane towards the draw
side. This results in an increment of the amount of pressurized
water, which can be used afterwards in a turbine to produce
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electricity.

This paper concentrates on PRO [14], but it is not the only
technology that aims to exploit salinity gradients. Reverse elec-
trodialysis (RED) is receiving similar attention. RED is also a
membrane process, on which two types of membranes (anion ex-
change and cation exchange membranes) are placed alternatively
forming a stack, with both feed and draw streams flowing in be-
tween. This configuration creates a difference of potential over the
two types of membranes, which can be connected to provide
electricity [15]. It is worth noting that the electrical energy
extracted is done directly, whereas PRO needs a converter (e.g.
turbine). A third group of technologies is capacitive mixing. This
does not employ membranes, but electrodes instead, which are
immersed alternatively in the ionic feed and draw solutions
following a charge-discharge cycle, which is thermodynamically
similar to a heat engine [16].

Real plants have been built using the two main SGE technolo-
gies, PRO and RED. In 2009, the first osmotic power plant was
started up in Norway by Statkraft, using PRO, followed by the
Netherlands' Redstack plant and Japan's MegaTon Water System
project [17].

One of the biggest challenges of PRO (and in RED too) is the
membrane performance. It is commonly agreed, since the startup
and shutdown of the Statkraft power plant, that for a PRO plant to
be profitable, the membrane should present a power density above
5W/m? [18]. A lot of effort is being made in that direction: Wan
et al. developed membranes with one of the highest power den-
sities [19], Nagy et al. modelled fouling mechanisms and the effects
on PRO [20], Long et al. gave indications about energetically optimal
operation strategies [21]. Control strategies have also been pro-
posed [22], as well as different process configurations [23], even
integration with other processes, such as desalination [9,17]. Taking
into account these achievements and the expected solution to the
current challenges, PRO is deemed to be a viable option [14] to
exploit SGE at the location presented in this research.

Aside from the technical limitations and how to face or mitigate
them, it is important to analyse where these technologies could be
implemented. If the worldwide riverflow discharge into the oceans
is summed up and considered, there is a theoretical potential above
1TW to be harnessed. However, this global quantification and how
to decide whether an actual site is feasible or not, is a matter of
disagreement among experts [24]. From a purely energetic point of
view, the actual extractable energy will always be considerably
smaller than the theoretical potential for all natural systems, due to
the inevitability of energy consumption and losses intrinsic to any
SGE generation process. The most significant energetic costs are the
transportation of the water streams towards the power plant, the
water pretreatment to prevent or reduce membrane deterioration
and the inefficiencies of the energy conversion system (turbine
inefficiencies).

Few investigations have been conducted regarding actual sys-
tems and considering their own unique characteristics. Ortega et al.
analysed studied the suitability of a Colombian river [25], Sharma
et al. evaluated the potential of power production in an estuary in
India [26], and in Turkey other evaluations have been performed
[27,28]. Experimental data gathering at a real site would provide
salinity and temperature data, including their temporal variability,
necessary for determining the available salinity gradient and to
estimate more accurately the operating pressure, which is one of
the most important process variables, and it is key to sizing plant
equipment and the behaviour of other variables. More accurate
simulations could be performed as well, providing better estima-
tions of the extractable energy and aiding to determine the mem-
brane surface area required to treat a given riverwater stream.
Surface area often takes a considerable portion of the economic

costs, so it is critical for feasibility [29].

It is also important to have information about the possible
impact on the ecosystem [30], the actual water quality, and prox-
imity to the demanding population (connectivity to the electricity
grid). Water quality information would provide indications about
the potential pretreatments required.

This study is focused on the natural system formed at the
Magdalena river mouth in the Caribbean Sea, to evaluate its po-
tential for electrical production via salinity gradient technology,
specifically considering pressure retarded osmosis (PRO). Experi-
mental on-site data have been acquired and proved to be useful in
the proposal of a preliminary PRO plant design. A realistic approach
for power production calculations is considered, taking into ac-
count the decrease of the gradient in a continuous flow operation
and giving estimations of energetic costs linked to the process.

2. Materials and methods

This section describes the location for the proposed PRO plant
and the acquisition of the experimental data. Afterwards, a review
of PRO models is presented, in order to establish the calculation
procedure to estimate the power production.

2.1. Case study

The Magdalena River mouth (Colombia) presents a very prom-
ising chance for SGE production due to its unique morphology,
which allows the availability of sea and river water within a short
distance. The final stretch of the river before reaching the Caribbean
Sea was artificially narrowed in the 1930s in one of the biggest
public engineering works of the country. The canalization was built
in order to reduce the flux area to cause a rise in the water velocity
and enhance the navigability of the Magdalena River. This resulted
in the current configuration where the river and sea are separated
in the east margin of the river course by a 6 km jetty of only a few
meters wide. Fig. 1 shows that the river plume formed in the sea
does not interfere with the seawater intake area (white circle). This
behaviour is constant throughout the year.

An important feature of the Caribbean Sea is that it is a semi-
enclosed sea in a tropical region; these circumstances make it
both saltier and warmer than average worldwide ocean water.
These characteristics are advantageous to any PRO process [31,32].

2.2. Experimental data

Temperature and salinity data were gathered every 30 min in
both river and sea using the conductivity and temperature sensors
and loggers described in Ref. [33]. The riverside and seaside sensors
present a maximum measurement error of 3% and 5% respectively.

The measurement sites where the sensors were located are
shown in Fig. 1. The seaside sensor was placed a few meters away
from land. The riverside sensor was placed in a signalling buoy of
the navigation channel of the Magdalena river port at 5 m deep,
approximately in the middle of the waterflow channel. In order to
select representative locations for the deployment of the sensors,
preliminary temperature and salinity profiles were measured par-
allel to the western jetty in both river and sea sides. These mea-
surements showed that the salinity of the river increases closer to
the ocean, while the salinity of the sea decreases due to the prox-
imity to the river mouth; therefore, the salinity gradient decreases.
In the sector where the sensors were finally installed, the salinity of
the river reduces to near zero and remains constant upstream.
Thus, it can be assumed that the chosen locations are representa-
tive of the best possible conditions achievable on the river mouth.
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Fig. 1. Magdalena River mouth. Satellite image source: CNES/Astrium 18.03.2016,
taken and modified from Google Earth. Black and white circles show the measurement
sites in the river and sea sides, respectively.

2.3. Models for pressure retarded osmosis

Different models have been proposed, under different assump-
tions and different levels of detail. The aim is to determine the
water permeation Jw and then the power density production W:

W = Jw AP (1)

All these models are based on the fact that water permeation
across a semipermeable membrane (J,,) can be expressed in terms
of the water permeability coefficient A, the transmembrane hy-
draulic pressure difference 4P and the osmotic pressures of the
feed and draw, ¢ and 7p, ideally following the expression:

Jw = A(mp — 7 — 4P) (2)

Osmotic pressures are evaluated using Van't Hoff equation:
7= B,uCRT (3)

where f,y is the Van't Hoff coefficient, which represents the
number of ionic species on the solution coming from the dissoci-
ation of the original salt. 8,4 is close to 2.0, since the majority of sea
salt is sodium chloride. C depicts the molar concentration of the
solution (mol/l), R is the universal gas constant and T the absolute
temperature.

However, this ideal expression (Eq. (2)) is only an approximation
because, in practice, membrane selectivity is not perfect: a salt flux
always takes place in the opposite direction to the water perme-
ation. This undesired salt flux reduces the effective salinity gradient
across the membrane. Another deviation from ideal behaviour is
caused by hydrodynamics near the membrane surface, usually
presenting concentration polarization [34]. This detrimental phe-
nomenon, in broad terms, consists of the accumulation of solute

(feed side of the membrane) or depletion (draw side) near the
physical interfaces. This concentration polarization is called
external when the active layer of the membrane interface is
affected, and internal when it happens on the membrane support
layer. It causes a decrease in the actual effective transmembrane
salinity gradient. More comprehensive modelling than Eq. (1) is
required to include these phenomena in order to describe more
realistically this. Thus, several models are now briefly described.

2.3.1. Lee model

The first model to include deviations from ideality due to con-
centration polarization was Lee's [35], which includes only the ef-
fect of internal concentration polarization for a flat sheet
membrane:

1 - &2 exp(Jwk)

Jw =A|mp, -
™1 + £ exp(wK — 1)

(4)

where Cgp is the bulk salt concentration at the feed side, Cp, the
salinity at the membrane-fluid interface on the draw side, K the
solute resistivity and B the salt permeability of the membrane. From
a practical point of view, it is difficult to know concentration values
on the active layer (Cp,,). Moreover, it does not consider the in-
fluence of the salinity on the feed side.

2.3.2. Achilli model

Achilli et al. [36] added the effect of external concentration
polarization, expressed through a mass transfer coefficient k,
assumed to be the same on both sides of the membrane:

1 -2 exp(JwK)exp (J%)

Jw =A|mpp exp (——) : — 4P (5)
D, 1+ Eexp(wk — 1)

This model does not require interfacial concentrations, only bulk
osmotic pressures at feed and at draw sides (subindex b).

2.3.3. Other models

The contribution of other authors is also noteworthy, like Yip's
model [37], similar to previous models, but extending them by
implementing the effect of the reverse salt flux, Prante's [38]
modification of Achilli's, or Sivertsen's adaptation for hollow fiber
membranes [39].

2.3.4. Touati model

In this work, the following model was used because it considers
all types of concentration polarization, the reverse salt flux and it
describes the PRO process through a general mass transport model
[31]:

() S RN (

+ %)] exp(JwK)exp (Jk—"‘;) - AP}

(6)
where the mass transfer coefficients differentiated for feed side and

draw are represented by krand kp.
Salt permeation can be calculated as follows:

Aﬂ) 7)

B
Is=bagr (17,

The equation for Jw (Eq. (6)) is implicit and non-linear, due to
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the exponential terms that represent the concentration polariza-
tion that correct both osmotic pressures. At first sight, this equation
is an adaptation of the ideal model (Eq. (2)). In Touati's model, each
osmotic pressure is adjusted by the addition of a term and then
multiplying by a gain, representing in a broader sense the effective
or practical osmotic pressure on each side of the membrane. Due to
the effect of the internal polarization only being present on the feed
side (because that is where the actual water transport takes place),
the overall osmotic gradient is more sensitive to feed concentration
changes than in the draw. This behaviour has been experimentally
observed [34] and is adequately represented by this model.

From a calculation point of view, this model is essentially an
implicit equation, that must be resolved numerically for each group
of three independent variables (the two concentrations and the
pressure).

2.4. Simulation and power production calculation for designing a
countercurrent flow pressure retarded osmosis process

Countercurrent flow configuration provides a more constant
osmotic difference in all the membrane sections compared to a
parallel flow system. Thus, the external pressure applied will be
near optimal at every point.

In order to prevent an overestimation of the salinity gradients,
the aforementioned mathematical model for water permeation in
PRO must be used, taking care of two phenomena that happen in
any continuous operation. The reverse salt flux is one of the reasons
why the effective transmembrane gradient diminishes, the other
being the draw dilution. The former increases the salt concentra-
tion on the feed side, while the latter decreases the draw salinity, as
it can be seen on the schematic in Fig. 2. Both previous undesired
effects must be taken into account when simulating the process.
Any calculation procedure must consider those concentration var-
iations along the membrane.

In this work, this issue is approached dividing the membrane
into different sections (for simplicity, three sections of the same
length are considered). A countercurrent flow configuration is
selected to maintain a more constant transmembrane salinity
gradient and to further exploit the water resources.

Mass balance equations for each section on each side of the
membrane are needed in order to determine the intermediate
concentrations, these being Q flowrates and C concentrations,
subindex F for river feed, D for the draw sea stream, at membrane
section i:

Qr(i+1) = Qr (i) — Jw(i)-Area(i) (8)

s51
Qo (i + 1) = Qp(i) + (i) Areai) (9)
Cr(i+1) = [Cr(i)-Qe (i) +Js(i) Area(i)}/Qe(i + 1) (10)
Coli + 1) =[Co(i) Qo (i) +Js(i) Area(i)]/Qp(i + 1) (1)

This countercurrent multiple stage configuration requires iter-
ative calculations to solve its mathematical loop of equations (Eqgs.
(8)—(11)). The feed (river) and draw (sea) salt concentrations and
flowrates serve as boundaries, while the internal intermediate
concentrations and flows are updated on each iteration, till the
overall mass balance is satisfied.

Once the mathematical system has been solved, it is possible to
proceed with the design. One of the most decisive process variables
is the external pressure applied to the draw current. It is known
that the optimal pressure is approximately half the osmotic
gradient between the two water sources at its inlets [ 14]. However,
when considering the gradient variations along the membrane, this
assumption is no longer valid. The optimal pressure now will take a
different value, significantly smaller, which will have to take place
in the range comprised by the osmotic gradients in both ends of the
module, (Tgraw - Tpurge)/2 and (Thrackish - Tfeed)/2 for a countercurrent
design. A sensitivity analysis has been performed, varying the
external pressure and observing its effect on some of the process
variables, the power production among them. The optimal pressure
determined with this procedure is used in a further analysis (see
subsection 3.2.1). The power density in each section is also moni-
tored, since it is highly recommended for it to be above 5W/m?
[18].

This general procedure has been applied to the case study. For
simplicity, the river and sea intakes are set to 30 m>/s, which keep
the Magdalena River intake flowrate well above its minimum
environmental limit of 420 m?/s [24]. It has been reported [6] that
using values of sea to river ratio slightly higher than one lead to
higher theoretical potentials. However, higher pumping and pre-
treatment costs would be associated. In order to simplify, on this
analysis the sea to feed ratio is kept at one. The plant sizing is
chosen so power production is similar to small hydropower plants,
common in Colombia [40,41].

The physical properties of the membrane are a critical aspect of
PRO processes, mainly its salt and water permeabilities B and A,
respectively. These permeabilities have been chosen according to
experimental results provided by other authors [19]. Physical
properties have been previously determined experimentally [34].
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Fig. 2. Flow distribution on the system.
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Fig. 4. Magdalena River and Caribbean Sea measured temperatures for the selected period.

2.5. Estimation of the potential net power production ultrafiltration pretreatments are selected, since they demand much
less energy than other conventional treatments, 0.2MJ/m> vs
The raw power production estimated for the case study is 0.9 MJ/m>, for both river and sea water.

considerably diminished when deducting from it the pumping and

pretreatment energetic costs and taking into account the turbine

efficiency. Pumping costs, considering distances (200 m) and height

differences (2 m) from the intake points, have been calculated 3. Results and discussion

following Darcy's law. Pretreatment costs and turbine efficiency are

accounted following these works [42,43], microfiltration or The experimental data and calculations derived from the pre-
viously described model show the following results.
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3.1. Experimental field data

Salt concentration and temperature data gathered during the
three-week registered period are presented on Figs. 3 and 4,
respectively. Their variability has been shown, on both sides of the
jetty. The magnitudes of both variables oscillate on a daily period,
with the exception of the salinity at the riverside. The daily average
of all variables remains moderately stable throughout the days. The
salinity of the river is very low and only started to take higher
values at the end of the registration period. This increase in the
river salinity is due to the reduction of the river discharge during
the dry season and the consequent salt wedge intrusion by
seawater [8]. This seawater penetration in the channel, which
varies throughout the yearly seasons, means that the river water
intake should be placed either further inland or closer to the water
surface at that time of the year. Further data collection is being
performed at different river locations to solve this issue.

The average salinity is 0.21 g/l (river) and 33.7 g/l (sea) with
maximum and minimum of 0.11 g/l and 0.46 g/1 for the river, 30.1 g/
1 and 34.9 g/, a standard deviation of 0.02 g/l and 0.66 g/

3.2. Simulation of the process in a countercurrent flow design

As discussed in 2.4, the mathematical model is simulated,
carefully choosing the optimal external pressure, and followed by
the preliminary design.

3.2.1. Determination of the optimal pressure

A central aspect for the design, analysis and operation of PRO
plants is the selection of the external applied pressure 4P. This
pressure is the one that would lead to the maximum power pro-
duction. Under several assumptions [18], it is half the osmotic
pressure difference across the membrane. In practice, this optimal
pressure is always less than half the osmotic gradient, because the
gradient progressively diminishes as the process goes by (draw
dilution, reverse salt flux towards the feed), as explained in
subsection 2.4. Using the detailed models (Eqs (4)—(6)), it is diffi-
cult to determine this optimal pressure in an analytical manner,
even when considering only three sections. Consequently, in this
work, the optimal pressure was tracked through simulation of the
model, following the idea presented in 2.4.

A sensitivity analysis on the influence of the external pressure
has been performed, and its results are shown in Fig. 5. Here the
focus is on the power production, although the purge stream
characteristics are also shown, because they affect the analysis of
the overall plant flows. The maximum simulated pressure is
selected to be half the osmotic difference between the river and sea
water at their inlets (which corresponds to an ideal one-stage PRO
process), and then decreasing it until the maximum power pro-
duction is found.

The results show that the optimal operating pressure for this
configuration is 11.5bar. Purge characteristics (flow rate and
salinity) are shown for each pressure in Fig. 5. The purge salinity is a
good indicator to predict the levels of fouling that would be present
in a real process. It is shown that operating with slightly higher
pressures than the optimal (up to 12 or 12.5) does not incur a big
loss of power production, but can decrease significantly the purge
salinity and avoid scaling of the membrane [44]. The purge flow
rate varies inversely, increasing while the salinity decreases. In
general, for better functioning of the process, it might be conve-
nient to operate with higher purge flow rates, to avoid blockage,
pumping issues, and having the purge drag impurities.
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Fig. 5. Power production and purge characteristics dependance on the external
pressure applied to the draw stream.

3.2.2. Simulation results and overall preliminary design

Once the optimal external pressure to be applied is determined,
the strategy proposed in section 2.4 leads to the following results
when introducing the experimental data. The schematic presented
on Fig. 6 shows the flowrates and salinities corresponding to the
optimal pressure, different for each section.

For a facility with the capacity to treat 30 m>/s of river water,
some of the parameters are listed below in Table 1:

3.3. Power capacity and process energetic costs

The total gross energy produced reaches 24 MW. Common tur-
bine efficiency in energy recovery ratios is usually around 80%,
though in some applications can reach up to 92% [45]. A conser-
vative value of 80% has been taken for this work. To the resulting
power produced from the turbine, other energetic costs must be
deducted, their distribution is shown in Fig. 7. The advantageous
geography of the river mouth is demonstrated when observing the
transport costs required. Pumping costs would amount to only 6%,
including both intakes and discharges. The process responsible for
the biggest energetic consumption is the pretreatment.

3.4. Potential power production: analysis and improvement targets

Several more simulations have been performed and are pre-
sented in Fig. 8, focusing on how much the power production
would increase if membranes with higher permeability and more
energetically efficient pretreatment processes were to be used.

As shown before (Fig. 7), the pretreatments take the biggest
share of the energy losses and it is here where most efforts should
be made to improve the feasibility of the process. 25% lower pre-
treatment costs (from 0.22 to 0.16 MJ/m3) would lead to 50% higher
power production, or almost three times more for a 75% pretreat-
ment cost reduction.

A hypothetical membrane with double water permeability, A,
would lead to values near double the original power production
(from 5.7 to 9.9 MW). A simultaneous increase of 25% in both water
and salt permeabilities would show very similar results, though in
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Fig. 6. Preliminary design results of the flowrates and salinities along the three sections of the membrane.

Table 1
Membrane parameters, operation variables and performance results.

1.06 x 107" m3/m?-s-Pa
122 x 107" m3/m?:s

Water permeability A
Salt permeability B

The design capacity of 5.8 MW could be reduced to 5.3 MW or
increased to 6.3 MW (9% each) only considering the sensor errors,
worst and best case scenario.

The work presented here has been carried out for average values

Hydraulic external pressure 11.47 bar of the experimental data for the gathering period. In order to take
Average osmotic gradient 19.7 bar . . C s . .

Membrane area 5 % 10° m? into account the influence of the variability of the data, simulations
Average power density 6.45 W/m? have been repeated for the maximum and minimum values of the

Power distribution (24 MW gross)

1.5

m Effective Net Power  mPretreatment

Pumping

Turbine

Fig. 7. Power distribution (MW).

Fig. 8. Net power estimations for more efficient pretreatments and higher perme-
ability membranes.

practice it would result in the reduction of the membrane area
required. The combined situation, double permeability and 75%
reduction on pretreatment would lead to a power production of
more than triple, i.e. 19 MW.

3.5. Expected uncertainty

Due to the sensor measurement potential errors and the data
variability, an uncertainty in the power capacity is to be expected.

salinities. The temperature variation was also considered, but it
only showed negligible repercussions. The expected variation due
to the salinity variability amounts to 4.66 MW (—20%) and 6.2 MW
(7%) when the sea and river salinity reached minimum and
maximum values respectively, and vice versa, that is, best and
worst situation possible. Both effects combined would incur a
variability of —24% and +17% in the power capacity.

It is important to notice the greater negative effect caused by
higher river salinity than the positive one due to higher sea salinity,
even though the sensor is more precise when measuring river
water. This observation is to be expected, due to the non-linear
nature of the model (as described in section 2.3), in which fresh
water with higher salinity leads to a harder penalization in the
resulting water flux, and consequently in the power density.

4. Conclusions

In this work, the potential development of an osmotic power
plant in the Colombian Caribbean region is proposed. On-site data

— of both Magdalena River and Caribbean Sea have been acquired.

25 sionsina! The potential capacity for a power plant facility has been estimated

Rabx 127 by modelling and simulation of the process, with special focus on

20 + HAx125% not overestimating the salinity gradients and getting a more prac-

(] 7 AxX150% tical sense of the hypothetical process performance. A state-of-the-

g 55 x Ax200% art membrane has been used in the simulations, showing that

2 ;( + power densities could surpass the limit of 5W/m? which is

g 10 | n commonly accepted as the minimal value for an economically

8 x & feasible design. The net power potentially achievable for a power
. 3 celes

° "¢ plant treating 30 m>/s amounts to almost 6 MW and fits within the

z 5 range of small hydropower plants. The overall efficiency is low, 24%,

due to the energetic costs associated to the process. Design in-

0~ dications and improvement targets have been given, showing that

0 %ofthe pretreatrST?entenergetiz:scost 100 if a more energetically efficient pretreatment process and higher

permeability membranes were available, the net electrical pro-
duction could be more than three times higher.
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Abstract: The gain in net power produced by Salinity Gradient plants in river mouths due to the opti-
mal location of water intakes is analysed in this paper. More precisely, this work focuses on stratified
river mouths and the membrane-based technology of Pressure-Retarded Osmosis. A methodology
for this analysis is proposed and then applied to a case study in Colombia. Temperature, salinity
and water discharge data were gathered at the Magdalena river mouth to develop a hydrodynamic
model that represents the salinity profile along the river channel. The net power production of
a pressure-retarded osmosis plant is then estimated based on the power produced at membrane
level, considering different locations for the saltwater and freshwater intakes. The most adequate
locations for the intakes are then deduced by balancing higher power production (due to higher
salinity differences between the water intakes) with lower pumping costs (due to shorter pumping
distances from the intakes). For the case study analysed, a gain of 14% can be achieved by carefully
selecting the water intakes.

Keywords: osmotic energy; pressure retarded osmosis; river mouths; renewable energies;

estuarine dynamics

1. Introduction

In the current context of global warming and increasing worldwide energy demands,
the development of renewable energies is essential to reduce carbon emissions to the
atmosphere. It is now generally accepted that sustainable and prosperous societies require
a major use of clean energies [1,2]. Throughout the world, wind and solar energies are now
being extensively implemented for power generation, but these renewable energies are
limited by the inherent variability of wind and solar radiation, respectively [3]. Thus, there
is a demand for controllable power sources that could complement wind and solar sources
to ensure that renewable power is available when needed, and at reasonable costs [4].

This need is pushing the development of emerging renewable energy sources that
would complement existing renewable energies [5]. One of these emerging energy sources
is salinity gradient energy (SGE), also known as blue energy or osmotic energy [6]. SGE
technologies are based on the exploitation of the chemical potential difference of water
sources with different salinity. This potential energy is then transformed into electricity.
In order to do this, several strategies are being developed. The most studied technologies
are the reverse electrodialysis (RED), which uses a configuration similar to galvanic and
fuel cells to generate electricity from the salinity gradient, and pressure-retarded osmosis
(PRO), which pursues the conversion of the salinity gradient into hydraulic work, with the
help of a semipermeable membrane [7]. A schematic of a generic PRO process is presented
in Figure 1. One of the main advantages of these emerging technologies is that the power
produced could be available throughout the day or the seasons, unlike solar and wind
energy, which are time- and season-dependent.
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Figure 1. Block diagram of a standard PRO process.

In this context of Salinity Gradient Energy, river mouths are one of the main possi-
bilities for exploiting this resource, since salinity gradients are found naturally at river
mouths. However, not every river mouth is suitable for an SGE facility [8], as river water
and seawater should be available at a short distance, in order to reduce water transport
requirements and its associated costs. Thus, the best river mouths are stratified river
mouths, in which there are significant salinity gradients in the vertical direction thanks to
seawater intrusion close to the bottom in the estuarine zone. This intrusion generates a
two-layered flow with different densities that remain unmixed in regions where the tidal
range is small (less than 2 m). Therefore, if freshwater and saltwater intakes are placed in
the area of highest stratification of the estuary, the freshwater could be extracted close to the
surface while the seawater would be taken at a nearby coordinate, near the bottom of the
river. This configuration significantly reduces the distance between both intake points and,
consequently, the energy required for water transport towards the power plant. However,
establishing the location in this zone of maximum stratification is not straightforward
due to the inherent variability of the flows in the river mouth. It is at this point when a
hydrodynamic model of the river mouth is useful to understand the salinity gradients and
their temporal variability at specific river mouths [9,10].

A methodology is then developed to analyse the effect of intake locations in the power
produced by Pressure-Retarded Osmosis in stratified river mouths. This methodology
can then be used to select the intake locations that maximize net power. It is illustrated
with a case study of the Magdalena river mouth in Colombia. This estuary is selected
as it is in the top-ten river mouths with the highest SGE potential worldwide [8], it is
also highly stratified and presents salt wedge intrusion into the river channel during low
freshwater discharges and migration of the stratification towards the sea during high
discharges [11]. Experimental data acquired at different locations and depths through the
length of the river channel, combined with comprehensive information of river flow rates
and climatic conditions, are then used to elaborate a detailed model able to estimate the
salinity structure of the river mouth, following the proposed methodology. This model is
then used to predict the salinity along the estuary, and, based on this, to assess the potential
power production of a hypothetical PRO plant fed from different locations, in order to
select the most adequate location for the intakes.

2. Methods

The methodology proposed to evaluate the optimum location of the water intakes to
maximize the energy yield is given by the following steps.

2.1. Development of a Hydrodynamic Model of the River Mouth

In order to analyse the thermohaline field in the estuary, the numerical model MOHID
3D [12] can be employed. MOHID 3D solves the Navier-Stokes equations for incompress-
ible fluids, assuming hydrostatic equilibrium and employing the Boussinesq and Reynolds
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approaches [13]. In this model, the transport equations are discretized numerically using
the finite volume method through the Arakawa-C stepped grid.

For the Magdalena River, a configuration nested on two levels was implemented.
On the first level, the fluid was assumed to be barotropic, considering tidal forcing in the
open boundary with the ocean, using data from the global tidal model FES2012 [14] and
daily-averaged river discharges. Salinity at the ocean and river boundaries was assumed
constant and equal to 37 g/kg and 0.1 g/kg, respectively. The calculation domain was
represented by a regular rectangular mesh with Ax = Ay = 160 m covering a simulation
domain of 851.35 km?, including 22 km of river channel, as shown in Figure 2A and using
a time step At = 8 s (see Table 1 for the list of symbols). A more detailed second mesh was
nested. In this mesh, the fluid was treated as baroclinic, also using a regular rectangular
mesh with Ax = Ay = 80 m and vertical discretization on 37 z-coordinate layers, covering
the simulation domain of 390.76 km? shown in Figure 2B, and using a step At = 4 s. The
boundary conditions of velocity, water level and salinity for the nested mesh are obtained
from the results of the first general mesh. Wind forcing at the surface for both meshes
was obtained from the Global Forecast System model (GFS) [15]. Winds were considered
constant in space and variable in time with temporal resolution At = 3 h.
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Figure 2. (A) Location of the study zone and domain of the first mesh of the model. The dashed square shows the simulation
domain of the nested and more refined model. (B) Details of the covered area and bathymetry of the nested model.

Table 1. List of symbols.

Symbol Variable Units
A Water permeability m/s-Pa
B Salt permeability m/s
Cp Salinity in draw stream mol/m?3
Cr Salinity in feed stream mol/m3
Jw Transmembrane flow density m/s
Is Transmembrane salt flow density mol/m?-s
K Solute resistivity s/m
kp Mass transfer coefficient (membrane draw side) m/s
kr Mass transfer coefficient (membrane feed side) m/s

R Universal ideal gas constant J/mol-K
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Table 1. Cont.

Symbol Variable Units
Tp Draw temperature K
Tr Feed temperature K

Wpro Power density from pressure retarded osmosis W/m?

BoH van’t Hoff coefficient -

Ax Hydrodynamic model mesh width m
Ay Hydrodynamic model mesh length m
AP Draw external pressure Pa
At Hydrodynamic model time step s

Tp Osmotic pressure of draw stream Pa
TF Osmotic pressure of feed stream Pa

Vertical turbulence followed the General Ocean Turbulent Model (GOTM) with a k-¢
closure model and Canuto’s stability function [16,17], whereas horizontal turbulence was
described by Smagorinsky’s parameterisation. The model was calibrated and validated
comparing modelling results with field measurements during low and high freshwater
discharges. Calibration and validation revealed an optimal performance of the model with
a horizontal eddy viscosity of 8 m?/s, a horizontal turbulent parameter of 0.4, a bottom
roughness of 0.0025 m, and a wind drag coefficient of 0.001.

2.2. Evaluation of Power Consumed and Power Produced

For each possible combination of intake locations, it is necessary to evaluate the
associated pumping requirements in terms of power, and the produced PRO power can be
estimated based on the characteristics of the available flows. This is to be done as follows:

In a PRO process, freshwater (feed solution) and seawater (draw solution) are sepa-
rated by a semi-permeable membrane that allows water flow from the feed side towards
the draw side. This water flow (expressed per unit of surface) Jw multiplied by the
transmembrane pressure gradient AP gives the power produced Wpgro

Wpro = Jw-AP 1)

In order to determine the water flux through the membrane, Touati’s general mass
transport model can be employed, as it considers the concentration polarization on both
sides of the membrane, internal and external [18]. Regarding the membrane, this model
assumes that the active layer is on the draw side, and that its porous support is isotropic.
Local thermal equilibrium and negligible thermal dispersion are assumed as well. As for
the hydrodynamic conditions, the flow regime is turbulent and the process isobaric. The
necessary parameters to apply this model are the membrane water permeability A, the salt
permeability B, the transfer coefficients on the feed side kr and on the draw side kp (taken
from [18], assuming negligible variation with temperature and viscosity in the operating
range of values and hydrodynamic conditions), the solute resistivity K, and the osmotic
pressures on the feed and draw sides rp and 7tr, respectively (see Equations (4) and (5)).
A and B are chosen according to recent research results [19], considering average values of
those obtained under similar conditions to the ones in this research.

AAP Tw B AAP Tw
(” IW))QXP(‘kD)‘ <”F+ A(” m)) eXP(’W'”G"P(:J ‘“’] @

The salt flux Js can be calculated as follows:

AAP) 3)

B
Is = IWA'ﬁvH’R’TD (1 + Tw
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Moreover, mp and 7rr are calculated through the van’t Hoff equation (that is, ideal
solutions are assumed):

7tr = Bor-Cr-R-Tr 4)
tp = Bor-Cp-R-Tp ®)

where B,p is the van’t Hoff coefficient, which represents the number of ionic species in the
solution dissociated from the original salt, B, is approximated to 2.0, since most of the sea
salt is sodium chloride, C depicts the molar concentration of each flow (mol/L), R is the
universal gas constant and T the absolute temperature.

Osmotic pressures are dependent on the salinity; however, the salinities, and therefore
7tp and 7tr, do not remain constant throughout the process, they vary along the mem-
brane, because a mass exchange is taking place. To correct this situation, several stages are
considered using concentrations at intermediate locations of the membrane, estimating
these concentrations at each of these intervals of the membrane [20]. Since the process is
configured in countercurrent flow, iterative calculations are required to solve a loop of
equations. A simple algorithm summarises the procedure: firstly, initial concentrations are
estimated, and with them the salinity gradients at individual intervals can be calculated.
Secondly, Touati’s model (Equation (2)) is applied to calculate J in each stage, followed by
the solution of mass balances at each section, obtaining newly calculated intermediate con-
centrations. Finally, the initial estimations and the calculated concentrations are compared:
if the deviation does not satisfy a given tolerance, the procedure is repeated.

The salinity values of the feed and draw sides at the inlet can be taken from the salinity
profile obtained with the hydrodynamic model described in Section 2.1. The temperature
of both streams is also estimated with the model and used in the calculations.

The energy required for pumping water from the intake locations to the power plant is
estimated considering friction losses, due to pumping from long distances, and the height
difference (estimated at 2 m). Friction losses are estimated using Darcy’s equation, the most
important variable being the distance. Pumping efficiency is also considered. The pressure
drop of the draw circuit (Figure 1) is roughly estimated to be 0.5 bar, covered by a support
pump; with a 99% efficiency of the pressure exchange system. Turbine efficiency is also
considered when evaluating the net power, it is assumed to equal 85% [21]. Pretreatment
power costs should also be considered; however, given the lack of state-of-the-art widely
agreed-upon pretreatment technologies, and that these pretreatment costs would be similar
in nearby locations, this energetic cost had to be excluded from the net power calculation
in this case study [22-24]. Table 2 summarises some of the characteristics of the possible
PRO power plant.

Table 2. Membrane parameters, operation variables and performance results.

Water permeability A 1.1 x 107" m3/m?-s-Pa
Salt permeability B 1.2 x 1077 m3/m?-s
Average osmotic gradient 19.7 bar
Membrane area requirement 1.5 x 10° m?/m3eeq /s
Average power density Up to 6.4 W/m?

2.3. Selection of the Intakes Location

Once the power produced and consumed at different locations has been analysed,
it is possible to deduce the most adequate location, based on the final power produced
when subtracting the pumping power. There is a clear trade-off between the higher power
production when the intakes are more separated, and the higher power costs associated to
this distance. A compromise must be reached to optimize the net power production that
can be achieved by comparing the results at different intake locations throughout the year.
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3. Results and Discussion

The procedures described previously render the results presented in this section when
applied to the case study of the Magdalena River.

3.1. Hydrodynamic Model

Figure 3 shows some results of the proposed hydrodynamic model: the mean salinity
along the estuary during the dry season of an average climatic year is presented near the
surface and at 10 m depth. In can be seen that near the surface the salinity remains close to
zero until the end of the river mouth, where salinity increases rapidly as fresh water mixes
with the ocean, reaching ocean salinities about 2 km seaward. On the other hand, at 10 m
depth the water retains oceanic salinities up to 300 m inside the river channel, showing salt
wedge intrusion and stratification. Further inside the river, close to the bottom, seawater
starts mixing until reaching uniform freshwater conditions in the vertical profile about
4 km inside the river.

35 (0

—S— superficial

30 —+— 10 m deep

25

20

Salinity (g/l)

1 2
Location (km)

Figure 3. Salinity profile estimated by the hydrodynamic model for the final stretch of the Magdalena
river. The horizontal axis indicates distance in km from the end of the river’s channel, with positive
distances upstream of the river and negative distances seaward.

Based on Figure 3, the potential for a PRO plant can be seen, with extensive possibilities
for combinations of feed and draw locations: draw water can be obtained at 10 m depth up
to 1 km upriver; feed can be directly obtained from the surface from approximately 0.2 km.

Given that a map of concentrations has been provided by the model, another utility
for it can be found when addressing the issue of outflows discharge. Suitable locations
for outlet streams can be determined by an examination of their salinity and looking for
a location with similar concentrations, so as not to disturb the salinity structure and the
ecosystems at the estuary [25]. In this way, the incorporation of these streams should not
affect the salinity profile significantly, neither should the intake streams at the Magdalena’s
mouth because the river flow is much higher (7000 m3/son average) [26]. However, this
will vary in each case depending on the sizing of the power plant and the freshwater
discharge of the river. This issue can be studied with the same hydrodynamic model, and
is considered as future work.

Another important issue that has not been discussed yet is membrane fouling. At
this point, it is assumed that the biological content in the water is constant in the riverbed,
although higher organic content closer to the banks was observed. It would be possible to
further analyse the presence of fouling materials in order to study membrane performance
decay, and include this information in the hydrodynamic model.

3.2. PRO Power Production and Pumping Costs

The calculation method described in Section 2 was applied to different combinations
of water intakes. For instance, considering the superficial data at different distances as
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the feed, and the data close to the bottom at different distances as the draw, curves can
be obtained to represent the different possible outcomes for the power production and
to evaluate their potential. An example of what these curves look like is considered in a
particular case: using a preliminary feed location fixed at 1.8 km, all possible intake points
are used to calculate the power that a PRO plant would provide if draw water was taken
from all these locations. Figure 4 is obtained based on Equations (1) and (2). For each of
these locations, the pumping energy required can be evaluated using Darcy’s equation, as
proposed. These pumping costs are presented in Figure 5.

g

8

Power potential (kW/m3)
N W
8 8
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0 . 1T 2 3. 4
Possible draw intake locations (km)

Figure 4. Power production dependence with the location of the draw water for a given feed location
at 1.8 km.
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Figure 5. Pumping energy required for draw water taken from different locations for a given feed
intake point at 1.8 km (horizontal axis: distance from the end of the river’s channel, with positive
distances upstream).

Comparing Figures 4 and 5, the clear trade-off between the higher power production
can be seen when the intakes are more separated, and the power costs associated to this
distance. The net power productivity (Figure 6) can be calculated by subtracting Figure 5
values from Figure 4, after the turbine efficiency deduction. This net variable is much more
useful and is the one that should guide any design decisions, because it shows where the
potential can be best exploited.

This procedure has been repeated for the set of feasible intake locations (for this, the
estuary length was partitioned into 131 intervals). The numerical results make it possible
to find some combinations of locations that lead to an increased overall efficiency, that
is, the highest power after deducting pumping costs. Figure 7 shows a 3D representa-
tion of the available power for every combination of possible draw and intake location,
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after eliminating non-feasible pairs of data (those presenting a very large negative net
power generation).

8

Net power (kW/m3)
o

8

-200
-2 -1 0 1 2 3 4 5 6

Possible draw intake locations (km)

Figure 6. Pumping energy required for draw water taken from different locations (horizontal axis:
distance from the end of the river’s channel, with positive distances upstream).
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Figure 7. Available net power after subtracting pumping energy for each combination of pairs of
data (feed intake distance-draw intake distance).

Figure 7 depicts the value of all the possible combinations of pairs of feed-draw
locations. It presents a high net power region, identifiable by the red plateau, and a non-
feasibility region presented in different shades of blue. The transition between both regions
is abrupt due to the highly stratified conditions that take place in the Magdalena river
mouth, where strong salinity gradients take place in short distances. The pattern of these
results was expected, since Figure 3 already showed a limited interval of locations with
high salinity gradient available.

The presence of this high net power delimited region, which overlaps with the high
concentration gradient interval shown in Figure 3, suggests that the main driver for the
feasibility of SGE generation at a given river mouth is precisely the salinity gradient.
However, the optimum net SGE potential has been shown to be determined instead by
the pumping distance, which is the decisive factor. This is because, at any river mouth,
two locations can be found where salinity of the feed solution is close to zero, while the
salinity of the draw solution is oceanic, but if both locations are too far from each other, the
pumping energy will be higher than the power potential, which is limited.

After analysing all the data represented in Figure 7, Table 3 summarises some of the
most relevant scenarios: first (A), the combination which leads to the highest potential
power; second (B), the highest power exploitable among all the locations with the lowest
pumping demand (feed and draw intake in the same place); and third and most important,
(C), the pair of feed and draw locations that presents the best efficiency.
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Table 3. Comparison between relevant combinations of feed and draw locations.

A: Highest B: Lowest C: Best

Power Pumping Efficiency
Feed intake (km) 6.0 0.03 0.58
Draw intake (km) —-2.0 0.03 0.15
Relative Distance (km) 8.0 0 0.43
Feed mean salinity (g/L) 0.11 1.9 0.28
Draw mean salinity (g/L) 34.8 339 343
Gross power potential (kW / m?) 593 546 579
Pumping power (kW/m?) 166 106 109
Net power (kW/m?) 327 347 373

Figure 8 shows a detail of the high net power data region from Figure 7, contain-
ing combinations A, B and C. The apparent red plateau from Figure 7 is not so smooth
when looked at in more detail. A variability of up to 20% in the net power is shown in
this representation.

I Net Power 370
400 ® A
3~ % B 360
()
E 380 *
= 360 350
@ 340
2 340
2 3200
()]
zZ 330
300 |
6
320
310
0 1
05 O 0s 300

Feed location (km) 5

-2 Draw location (km)

Figure 8. Detail of the highest net power data region from Figure 7, with relevant scenarios A, B and
C from Table 3.

Examination of Table 3 and Figure 8 shows that an improvement of up to 14% in the net
power can be reached by choosing a location with a slightly lower potential. Additionally,
it can be seen that the pumping distance is an important factor, but not the only one, hence
scenario C provides an efficiency 7% higher than B.

The data region of high net power shown in Figure 7 is expected to vary with several
factors. Variations in the river flowrate may alter the stratification and salinity profile,
this would translate into a shrinking (higher flow rate) or widening (lower flow rate) of
the plateau, along with a shift of its location within the distance locations map, because
the length of the salinity intrusion in strongly stratified estuaries is very sensitive to the
river discharge [27]. However, due to the stratification, water close to the surface will
remain fresh while water close to the bottom will still be oceanic, even with very large
discharge increments [28]. Salinity variations are expected in that situation, causing the
high net power plateau to rise with increments of the salinity in the deeper layer, or fall
with increments of the salinity in the superficial water, and vice versa.

A sensitivity analysis for the net power has been performed, considering variations
in temperature and in salinity from the conditions obtained at best efficiency (case C in
Table 3 and Figure 8). Five different scenarios have been considered: D, an increase of 1 °C
of feed and draw temperature; E, a decrease of 1 °C in both temperatures; F, an increase
of 1 g/L in the feed salinity; G, an increase of 1 g/L in the draw salinity; H, a decrease of
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References

1 g/L in the draw salinity. Results from these disturbances are reflected in the net power,
shown in Table 4.

Table 4. Sensitivity analysis for the net power.

F: +1g/L G: +1g/L H: -1g/L

Scenario Base Case D:+1°C E:—1°C Feed Draw Draw
Net power (kW/m?) 373 375 371 314 388 353
% variation +0.6% —0.6% —15.8% +3.9% —5.3%

These results show a small but substantial variation with temperature which responds
in the same proportion to equal negative and positive variations, as expected from the
linear dependence presented in Equations (4) and (5). A stronger dependence on salinity
has been reported, especially in feed. Unlike the behaviour with temperature, salinity
variation is highly non-linear: two perturbations of 1 g/L, positive in G and negative
in H, lead to different percentage variations. The sensitivity to the feed salinity is more
pronounced. This non-linear behaviour is expected from Touati’s model (Equation (2)).

4. Conclusions

A methodology has been presented in order to analyse the effect of intake locations
in power produced by the membrane-based technology of Pressure-Retarded Osmosis in
stratified river mouths. The methodology is based on the development of a multidisci-
plinary procedure that combines hydrodynamic models of the river mouth with models of
the PRO process. This combination of models is then an effective way to predict the salinity
structure of the river mouth, and as a result, to determine the net power production of the
PRO as a function of the possible locations of the two water intakes. The results show the
compromise between the desired lower intake distances and higher salinity gradient, for
achieving higher power production. Here, we showed how important it is to find optimal
locations in the planning and design of a potential power plant. The analysis proposed
here found that the optimal locations provide 14% higher net power productivity, when
comparing the set of optimal locations with the ones that give the maximum power.
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ABSTRACT

Research into pressure retarded osmosis (PRO) as a method to extract energy from salinity gradients is on
the rise. Seawater Reverse Osmosis (SWRO) is now a leading technology in the desalination industry
worldwide, in both small and large scale applications, due to the remarkable improvements in mem-
brane performance and associated energy efficiency. Nonetheless, SWRO desalination is inherently more
energy intensive when compared to conventional fresh water treatment. The integration of PRO with
SWRO systems is studied in terms of energy consumption and effluent changes. For this, two novel
integration designs are evaluated, with SWRO-PRO specific energy consumption being modeled using
SWRO conditions at the thermodynamic restriction, and a developed PRO model. The results show lower
SWRO energy consumption for both configurations, with a reduction in consumption of 12%—18%,
depending on the RO recovery ratios. Lastly, the effect of the initial flow ratio on the dilution factor has
been studied. To do so, the dilution was modeled and studied for different operating conditions. It was
found that detrimental effects severely reduce the dilution, especially the internal concentration po-

larization, which induces a decrease of energy recovery when using the PRO process.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Desalination technologies are quickly growing, combining en-
gineering and science to develop innovative means for drinkable
water production [1]. In fact, several countries, especially in the
Middle East, already depend on seawater desalination as the main
source of drinking water [2,3], so desalination plants have seen
considerable expansion over the past decade: the desalination ca-
pacity is expected to reach about 100 million cubic meters per day
at the end of 2016 [2]. The main challenge in desalination is the use
of energy: As a drinking water treatment technology, seawater
desalination requires more energy than conventional fresh water
treatment methods [3]. However, the power consumption is
frequently inaccurately represented when compared to other
treatment technologies that provide safe and reliable public water
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Water Treatment- Water Researches and Technologies Center, Technopark Borj
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supply [4,5]. Typically, the energy consumption represents 44% of
the total water cost of a SWRO plant [6]. Another challenge in the
desalination industry is the handling of reject brine, which is the
highly concentrated by-product of the desalination process [7,8].
Osmotic Energy systems were proposed as a solution due to the fact
that it has been found to be very promising, with the potential of
reducing the cost of seawater desalination as well as the environ-
mental impact from brine discharge [9—11]. In other words, as a
SWRO system produces high water concentration (brine) and PRO
uses solutions with high concentrations, it would be beneficial to
hybridize the two processes due to the reliance of the two mem-
brane processes on the concentration of solutions. In addition, The
SWRO-PRO system has several advantages. Compared to an opti-
mized stand-alone SWRO system (SWRO with a recovery energy
device), SWRO energy consumption is reduced by energy produc-
tion using PRO [12]. Another advantage of this system is that the
brine generated during the SWRO process is diluted back to
seawater concentration, thus minimizing the adverse environ-
mental impact that seawater RO brine disposal can have on marine
ecology/habitats. Furthermore, the impaired water and SWRO
product water are in separate circuits, so there is no contact be-
tween impaired water and drinking water. Compared to a stand-
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alone PRO system (i.e., river-to-sea PRO), PRO energy production in
the SWRO-PRO system is augmented by the higher concentration of
the draw solution (SWRO brine). Another key advantage of the
SWRO-PRO system is that the influent draw solution is pre-treated
by the RO pre-treatment system. Thus, the brine entering the PRO
sub-system is relatively free of foulants. This draw solution pre-
treatment in the SWRO-PRO system avoids additional energy
expenditure that would be necessary in a stand-alone PRO system.
As the energy and chemical costs of pre-treating seawater is a
substantial operating expenditure in SWRO desalination [13], the
fact that SWRO-PRO capitalizes on the pre-treated brine reduces
some pre-treatment concerns, which can be significant in the PRO
process. As a consequence of these encouraging advantages, the
integration of PRO into SWRO has attracted the attention of many
researchers and several studies are currently involved in investi-
gating the feasibility of SWRO-PRO systems [ 14—18]. In 2010, Japan
launched the Megaton water system. As part of the project, a pro-
totype SWRO-PRO hybrid plant was built and operated. Recycled
water was supplied from a regional sewage treatment facility and
concentrated brine from a SWRO plant, using PRO hollow fiber
modules. The prototype PRO plant got the maximum output power
density of 13.8 W/m? at 30 bars of hydraulic pressure difference,
corresponding to 38% permeation of pure water into the brine [14].
Another study was carried out using an experimental pilot system,
designed and constructed to investigate the reduced SWRO energy
consumption by its integration with PRO [15,16]. The experiments
showed that the enhanced power densities for the RO-PRO system
ranged from 1.1 to 2.3 W/m? and indicated that future RO-PRO
systems may reduce the specific energy consumption re-
quirements for desalination by 1 kWh/m> [16]. Another work
investigated the feasibility of a RO desalination system powered by
a stand-alone PRO unit [17]. Unfortunately, the study did not take
into consideration the effect of the concentration polarization and
the salt reverse flux on the performance of the SWRO-PRO system,
which would affect the results. Seawater brine from the TuaSpring
desalination plant and wastewater retentate from the NEWater
plant were used in Ref. [ 18] for energy recovery. Experiments gave a
power density of 4.6 W/m? at 20 bar obtained with seawater brine
as the draw solution and waste water as the feed solution. A recent
paper investigated two SWRO-PRO designs based on the positions
of the pressure exchangers and the pump, then studied as a func-
tion of SWRO recovery [19].

However, most of the previously studied SWRO-PRO cases deal
with conventional integration design, where one-stage SWRO brine
is the PRO draw solution and a river water/wastewater effluent is
the PRO feed solution. This integration methodology reveals that
the amount of energy produced is relatively low and requires a feed
solution from a low salinity water source, which increases the

1ststage RO
6
} l
Pressure exchangers

Pre-treated
seawater

Brine to the sea

energy cost (pre-treatment, installations, etc ...). Moreover, previ-
ous studies have been based on supplying the PRO with external
freshwater sources. However, it is well known that the world is
facing a serious fresh water scarcity problem [20]. Then, the use of
fresh water for energy recovery should be avoided. Furthermore,
the use of wastewater effluents shows low energy recovery per-
formance, due to the severe membrane fouling and the necessity
for pre-treatment, which increases the energy consumption [18]. In
this study, for the first time, an operational two-stage SWRO unit is
integrated with PRO to reduce its energy consumption. Herein, the
use of an external feed water source is avoided, and an alternative
location of the PRO inside the process is proposed. To do so, two
novel SWRO-PRO designs have been proposed in terms of the PRO
location and the nature of the feed solution. To accomplish this
objective, a model for the PRO system has been developed, taking
into consideration the membrane characteristics, reverse salt flux,
concentration polarization, and pressure drop in the membrane
module. The SWRO specific energy consumption is calculated by
considering the SWRO at its thermodynamic limit, using models
from the literature [21]. Then, the SWRO-PRO model was developed
by combining the SWRO and PRO models. In addition, the results of
the model were presented for both configurations considered and
compared to the ideal case. Lastly, the dilution factor of the draw
solution was modeled and investigated as a function of PRO detri-
mental effects.

2. Material and method
2.1. Description of the SWRO desalination plant

To investigate the feasibility of PRO integration with the SWRO
unit, a case study is considered here. A Reverse-Osmosis based
desalination unit is used, intended for producing water for the
electrolyzation process, and which is composed of the elements
presented in Fig. 1. This plant was developed by SETA S-L as a part of
the H20CEANDproject [22]. The desalination unit is based on two
independent lines, divided into two stages, which can be connected
or disconnected, as required for maintenance or operational re-
quirements. In order to reduce the number of spare parts required,
both lines have the same components. The procedure is started by a
pre-treatment composed of three steps: chlorination to avoid
organic matter, ultra-filtration to block metals and particles in
suspension, and finally, a backwash to eliminate foulants accumu-
lated on the membrane surfaces during the process.

The first pass of the SWRO unit consists of a chemical treatment
applied to remove the residual chlorine from the pre-treatment,
then bisulphite is used (to remove the oxidants dissolved in the
water and provide a bacteriostatic effect) and, finally, antifouling is

2ndstage RO
To industrial

process

To UF tank

Fig. 1. Two-stage Reverse Osmosis desalination unit.
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Fig. 2. First configuration SWRO-PRO integration: Standard with brine mixture. Darker colors correspond to more concentrated solutions and the thickness of each arrow denotes
the approximate flow rate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

used to mitigate salt precipitation on the membrane surfaces to
avoid the increase in energy consumption. As a safety system to
avoid damaging the membrane, a micro filter is installed just before
the High Pressure Pump (HP) with a degree of 5 um of filtration. To
feed the first-pass membranes, an HP is required; the water pro-
duced is stored in a water tank, whereas the brine goes to an Energy
Recovery system (Pressure exchanger PX). In routine operational
conditions, the recovery factor is arbitrarily selected to be 45%.

The Second RO Pass consists of two phases, it is first dosed with
an antifouler designed to avoid salt precipitation and a micro filter
is installed with a degree of 5 um of filtration, as a safety system to
avoid membrane fouling. Second, to feed the second-pass, the RO
requires an HP to pressurize the water before it enters the mem-
brane. The reverse osmosis recovery is around 70%. The water
produced is stored in a DEMI water tank, whereas the brine goes to
an energy recovery system before being reused in the proposed
osmotic energy recovery system or being returned to the Ultra-
Filtration Tank.

2.2. SWRO-PRO configurations and integration methodologies

2.2.1. First SWRO-PRO configuration

A simplified presentation of the first SWRO-PRO configuration is
illustrated in Fig. 2: the seawater feed solution (Qsy) is first pre-
pressurized in the pressure exchanger PX prior to entering the
desalination process. Exiting the first stage SWRO sub-system (RO1)
are two streams: a freshwater permeate stream (Qp) and a
concentrated brine stream (Qgri). Qsry is then depressurized to
approximately half its pressure to reach an adequate condition for
the PRO process [7]. The permeate of the RO feeds the second stage
RO sub-system (RO;). To recover the brine energy, an isobaric or
turbocharged device could be used; alternatively, a turbine could
be employed to convert it into electrical energy. Following this
depressurization, the brine stream enters the PRO sub-system as a
high salinity (draw) solution (Qr; = Qp). The feed solution for the
PRO sub-system (Qr = Qgry) is the retentate of the second stage.
Through osmosis, the pressurized draw solution extracts water
from the impaired water source under isobaric conditions, resulting
in a diluted draw solution (Qpg). The energy stored in the diluted
draw solution is then exchanged with the seawater RO feed prior to

discharge in order to recover its potential energy and increase the
energy savings of the SWRO-PRO system. The PRO feed solution
bleed Qg is rejected to the sea.

2.2.2. Second SWRO-PRO configuration

In the second configuration, the feed solution entering the PRO
sub-system was changed. The retentate of the second stage (Qgr2)
was mixed with an additive pre-treated seawater flow (Q.q); the
sum embodies the PRO feed solution. The amount of seawater flow
is chosen to guarantee the condition that the feed and draw solu-
tion flows are equal (Qr = Qaq + Qr2 = Qp). For this, a controllable
valve (V) is placed to provide the desired amount of Q,q. The draw
solution of the PRO is the brine of the first RO stage; this brine
passes through the energy recovery device (ERD) to adjust its
pressure, when necessary, to a suitable applied pressure value
(which is theoretically the optimum pressure value to be applied to
the draw solution in the PRO process). It should be noted that the
functioning of the ERD in this configuration is studied later, in
Section 2.4.3. The exiting PRO draw solution flow is then conducted
to the PX to recover the pressure to the feed SWRO flow (Qsw). The
PRO feed solution bleed Qgp is rejected to the sea. Fig. 3 illustrates
the second SWRO-PRO configuration. It should be pointed out that
the choice of seawater as an added flow to the entering PRO feed
solution is based on the fact that the SWRO plant is placed near the
sea, and no river water is close to the SWRO facility.

2.3. Modeling the ideal energy consumption of the SWRO-PRO
system

2.3.1. Two-stage reverse osmosis (SWRO)

The theoretical energy consumption is the minimum amount of
energy required to produce a desired volume of permeate. More
precisely, the theoretical Specific Energy Consumption (SEC) gives,
for a given recovery rate, the absolute minimum amount of energy
by assuming that the efficiency of every component (pumps, mo-
tors, Energy Recovery Devices, etc.) is 100%. At the theoretical limit
of constant-pressure operation, the one-stage reverse osmosis (RO)
system will operate with an applied hydraulic pressure equal to the
final osmotic pressure of the brine exiting the RO module. Thus, the
minimum specific energy of desalination for a one-stage RO
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Fig. 3. Second configuration SWRO-PRO integration: standard with second brine-seawater mixture. Darker colors correspond to more concentrated solutions and the thickness of
each arrow denotes the approximate flow rate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

process, SEgo.desal, iS equal to the final brine osmotic pressure
[21,30]:In our case, considering two RO stages, the total theoretical
energy consumption of the two-stage RO system (SECgo, _go, theo )iS
the sum of the energy consumption of each stage:

1 Y
SECR0, R0, theo = Tsw (ﬁ 1 —1Y2) (1)

where Y; and Y, are the recoveries of RO; and RO», respectively. The
salt rejection coefficient R; for both RO stages is defined as:

G
Rg=1--% 2
s1 CSW ()
C,
R52: *Cil; (3)

where Cp and C;; are the salt concentration in the permeate solu-
tions of the first and second stages, respectively. For simplicity, the
salt rejection coefficients are considered equal (Rs; = Rsp = Ry).
Throughout the study, a linear relation between salt concentration
and osmotic pressure, based on the van't Hoff equation, is assumed
(m = BRTC). This assumption makes the development of simple
analytical expressions easy, without a significant compromise in
accuracy, because a concentration relevant to seawater (Csyy = 35 g/
L) is low enough for the van't Hoff equation to be reasonably ac-
curate. Fig. S1 (Supplementary material) describes the minimum
separation energy for a two-stage SWRO as a function of Yy ac-
cording to Eq. (1), which is achievable only in an ideal, reversible,
thermodynamic process. In this case, since the majority of the en-
ergy is consumed by the first stage, the recovery of the second stage
is maintained equal to 70% throughout the study. It should be
pointed out that the minimum specific energy does not include the
energy required to generate excess pressure in the module, or the
energy spent on pre-treatment or post-treatment. As can be seen in
Fig. S1, the minimum work needed theoretically would be
0.81 kWh/m?3 of fresh water. This lower limit corresponds to a rate
of production that is nearly zero. It can also be seen that, when the
recovery rate increases, the specific energy consumption also in-
creases. For the one-stage SWRO system, it has been shown in the
literature that the optimal recovery rate for a one-stage SWRO unit
is around 40%—50% [13]. For these recovery rates, the SECrotheo
would be between 1.24 and 1.49 kWh/m?, which clearly differs
from real values [18,24,25].

2.3.2. Pressure retarded osmosis (PRO)

In the PRO system, the difference in osmotic pressure between
the feed and draw solutions is a key parameter for increasing the
energy production. Also, the harvested energy is proportional to
the mixing volume. These two parameters should be optimized to
guarantee sufficient energy production. Clearly, the energy con-
sumption of the SWRO plant is manifested in the increase of the
brine concentration. In other words, it is the minimum energy that
should be consumed to extract freshwater from the seawater,
which is the theoretical, minimum thermodynamic energy for
desalination (i.e. the separation energy equal in magnitude but
opposite in sign to the free energy of mixing). In fact, the PRO
process is, in practice, acting inversely to the RO process: the feed
solution concentrated to brine during the RO process is now diluted
under the PRO process. Thus, an equation similar to Eq. (1) can be
developed for the PRO process. A recent investigation has intro-
duced the theoretical energy production for the PRO process inte-
grated with SWRO [16], when the brine of the RO unit was used
against freshwater from river. Unfortunately, this relation is only
valid for a PRO feed solution assumed to be zero. Based on an
analogy between RO and PRO, a generalized expression of SEpro theo
is introduced, taking into account the concentration of the PRO feed
solution concentration. Assuming finite dilution in an ideal mixing
process, the Specific Energy production, SEpgg ¢neo, Can be calculated
as follows: '

SEIIJ'%O _ r(“Dm?vTvD;:Feed) (st; : ZDFraw) (4)

where 7pq,y and mg,ey are the osmotic pressures of the PRO feed
and draw solutions, respectively. DF and r are, respectively, the
dilution factor of the draw solution in the PRO system and the PRO
entering flow ratio. Based on the analogy between RO and PRO, DF
and r are defined as follows:

DF = % (5)
o ©)

where AQ, Qp, Qf are the PRO permeate, the draw solution and the
feed solution flow rates. The boundaries of the permeate flowing
across the PRO membrane is 0 < AQ < Qg. In other words, the
maximum dilution that can be reached with a perfect semi-
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permeable membrane with no detrimental effects is reached when
AQ = Qg. The dilution factor, DF, can be described as follows by
rearranging Eq. (5):

DF=fxr (7)
where

_AQ
f= o (8)

The parameter f(0 < f < 1) reflects the fraction of PRO feed flow
that crosses the membrane to be mixed with the draw solution. The
ratio r is not equal to unity and varies with the recoveries. Then, the
dilution factor should be determined based on the fraction fand the
recoveries. Using Egs. (7) and (8) for arbitrary values of f, the
variation of the dilution with r is presented in Fig. 4. As the volume
of brine is proportional to the recovery of the first stage, r increases
with Yqto reach the unity at Y1 = 77%. It is clear that the increases in
r and f lead to the increase in the dilution factor. The maximum
dilution that can be achieved when f = 1, is equal to r. Theoretically,
operating at high recoveries optimizes the performance of PRO in
terms of energy production thanks to the optimized feed flow ratio
r. In realistic conditions, high recoveries for seawater desalination
are not achievable. Therefore, the choice of input parameters
should be studied in detail to guarantee high water production and
considerable energy recovery using PRO.

2.3.2.1. First configuration. For the first configuration, Eq. (4)of the
Specific Energy production can be written using the operational
parameters of the SWRO as follows:

SEpgo, ideal = RsTsw (13_(71}/1) (ﬁ)
(o-nf®) =)

The results of the PRO energy production connected to the
SWRO, as described for the first configuration, are shown in Fig. 5.
In this case, two fractions f were adopted to calculate the energy
recovery. As mentioned previously, the increase in the recoveries
induces the increase in the dilution. This is justified by the increase
of the feed water stream provided by the second RO stage. It can be

(9)

seen that increasing the dilution factor leads to an increase in the
amount of energy produced. This behavior is directly related to the
performance of the PRO membrane. Otherwise, the energy pro-
duced depends on the operational parameters of the SWRO (re-
coveries, feed solution concentration, and RO membrane
performance). Logically, at high DF, the PRO performance is much
better due to the increase of the first stage brine concentration
(draw solution of the PRO) and the increase in the amount of feed
water that crosses the membrane to the draw water side. It is also
clear that the increase in f enhances the energy recovery. Theo-
retically, at maximum dilutions (DF = 45% when f = 1, DF = 22%
when f = 0.5), PRO produces around 1.01 kWh/m> and 0.72 kWh/
m?, respectively. These values mean that the energy consumption is
reduced by 28% and 20%, respectively.

2.3.2.2. Second configuration. Clearly, the PRO feed flow is lower
than the PRO draw flow for a wide range of Y; in the first config-
uration. During the second SWRO-PRO processing, the entering
flows of the PRO sub-system (Qr and Qp) are maintained equal,
thanks to the added pre-treated seawater flow Quq, as shown in
Fig. 3. The amount of added seawater flow respects the following
relation:

Qud = Qsw(1 +Y{Yy —2Yq) (10)

where Qs is the initial seawater flow that enters the first SWRO
stage. Consequently, the osmotic pressure of the PRO feed flow, Qg
depends on the recovery of the first stage. Fig. S2 (Supplementary
material) shows the variation of Q,q with respect to Yy and its ef-
fect on the PRO feed osmotic pressure. It can clearly be seen that
increasing the recovery of the first stage reduces the amount of the
added seawater flow and decreases the osmotic pressure of the PRO
entering feed solution due to the increase in the second stage
retentate flow. At a recovery of Y1 = 77%, the osmotic pressure of
the feed solution reaches its minimum, which corresponds to the
osmotic pressure of the second stage retentate, where the addition
of Q,q is annulled. Consequently, at Y; = 77%, the PRO specific en-
ergy production is the same for both SWRO-PRO configurations
(SEIZJRO = SE}’RO)'

Under these conditions, the Specific Energy production can be
written using the operational parameters of the SWRO as
follows:
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Fig. 6 shows the model results for energy recovered by the PRO
using the second configuration for different dilution factors and
recoveries. As expected, the increase in the PRO membrane per-
formance leads to a higher energy production. When the recovery
of the first SWRO stage increases, the energy recovered also in-
creases due to the increase in the osmotic pressure difference in the
PRO module. Compared to the first configuration, the performance
of the PRO is relatively better, thanks to the added seawater flow
Qad. A comparison between the two configurations is discussed in
the next section.

2.3.3. SWRO-PRO

The specific energy consumption of the thermodynamically
reversible SWRO-PRO system, SECIS‘%,%}IO,FRO‘ is obtained by
combining the energy consumption of the SWRO sub-system and
the specific energy production of the PRO process. Thus,
SECiSeal | oo, for both first and second configurations, is described
as follows [31]:

SECKea! ) pro = SECswro + SEpro (12)

Fig. 7 shows the evolution of the ideal specific energy of the RO-
PRO system as a function of PRO dilution for several RO; recoveries.
As mentioned in the previous section, when the dilution factor
increases, the PRO starts to produce energy and the SWRO-PRO
system specific energy consumption decreases. For both configu-
rations, positive values of SECIS¢al ) oo mean that the SWRO-PRO
system consumes energy (EC system). In the opposite case, nega-
tive values mean that the SWRO-PRO system produces energy; in
other words, the energy produced by the PRO overcomes the en-
ergy consumed by the SWRO (EP system). When the specific energy
reaches zero, this point represents an ideal neutral energy system,
where the energy consumed by the SWRO is compensated by the
energy produced by the PRO. At low dilution, SECSAl) oo is al-
ways positive for each configuration and recovery, which theoret-
ically means that the exiting PRO draw solution flow is inferior to

the SWRO feed solution flow. For the first configuration, no scenario
corresponds to an EP system (e.g., SECro < SEpro), and all scenarios
show EC systems, as shown in Fig. 7-A. Otherwise, the second
configuration revealed three scenarios for theoretically possible EP
systems (Fig. 7-B). Two operating parameters differentiate between
the studied configurations: the PRO feed solution concentration
and flow. The first configuration provides low a PRO feed concen-
tration with a low feed flow, while the second one guarantees a
high feed flow with a considerably high PRO feed concentration (at
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operating under the first configuration. B- represents the model results for the SWRO-PRO system operating under the second configuration.

Y1 < 60%). The model results show that the best performance was
achieved when the feed flow is maintained equal to the draw so-
lution flow. Therefore, the high osmotic pressure difference be-
tween the feed and draw solution is not the only key parameter
that guarantees high energy recovery, but also the PRO entering
flow ratio, named r here. In fact, when r increases, the SWRO-PRO
energy consumption decreases. In addition, regardless of the
configuration, it can be clearly seen that the best performance is
achieved for high dilution factors, which reveals the strong rela-
tionship between the energy and membrane performance. Unfor-
tunately, existing PRO full-scale membranes suffer from several
drawbacks, such as concentration polarization, fouling, reverse salt
diffusion, and pressure drops, which make, for instance, high
dilution unreachable. Thus, in SWRO-PRO hybrid systems, three
parameters should be properly controlled, namely: the recovery
ratio, the dilution factor, and the PRO entering flow ratio.

2.4. Modeling the energy consumption of the SWRO-PRO system
under realistic conditions

2.4.1. PRO model

Real life SWRO-PRO plants would be less energy efficient than
theoretically calculated, due to electrical conversion losses and
dissipation. The amount of additional energy required depends on
the specific recovery strategy. In addition, the produced energy is
proportional to the mixing volume. Consequently, dilution of the
draw solution is inevitable. Therefore, the osmotic pressure differ-
ence decreases and reduces the performance of PRO. Besides that,
previous works had shown that PRO membrane performance is
limited by several limiting factors [23,26,27]. In fact, with a realistic
membrane and imperfect hydrodynamics, three phenomena occur
to reduce the trans-membrane water flux, as shown in Fig. S4. First,
the porous support layer induces internal concentration polariza-
tion (ICP), which detrimentally enhances mgmby increasing the
solute concentration at the feed-membrane interface, thus
reducing the trans-membrane driving force. Second, without per-
fect hydrodynamics in the draw solution flow channel, dilutive
external concentration polarization (ECP) develops, which lowers
mp,mand reduces the driving force. Lastly, because the membrane is
no longer perfectly selective, reverse salt diffusion (RSD) takes
place, resulting in uncontrolled mixing and, therefore, reduced
energy extraction in the process. The water flux across the mem-
brane, J,, can be defined in terms of the membrane water perme-
ability coefficient, A; the osmotic pressure at the draw side of the

membrane active layer, 7p m; the osmotic pressure at the feed side
of the membrane active layer, mjcp; and the hydraulic pressure
difference across the membrane:

Jw=A(mpm— Tiep — AP) = A(Amm — AP) (13)
where A7y, is the osmotic pressure difference across the membrane
active layer. Based on film theory, equations have been developed
to determine the concentration on either side of the membrane

with reverse salt flux and concentration polarization accounted for
[25,26]:

Com = (CD,b +]]—:v)exp(—{<—";) _J]_\i/ (14)
Crm = (Cp,b +J]—‘;) exp (ﬁ) 71% (15)
Cp = (e +12 Jexp (e expuk) ~ 4 (16)

where Cpy is the bulk draw concentration, Cgp is the bulk feed
concentration, and kp and kg are the mass transfer coefficient in the
draw and feed sides, respectively. K is the solute diffusion coeffi-
cient. The water flux and the salt flux are related by the following
relation [27]:

AAP) (7)

J_ B ( | AAP
Jw  ABRT Jw
B is the salt permeability coefficient, and AP is the hydraulic

pressure applied on the draw solution side. Assuming the van't Hoff
relationship between osmotic pressure and concentration [25]:

ool Aol )
_ <7T1:‘b +§ {1 +M})exp(lwl()exp ({W> _ AP}

Jw KF
The variations along the membrane's length are often neglected
in models designed to simulate bench scale systems because the
effect is difficult to observe over very small membrane samples
[26]. However, the passage of water through the membrane was
followed by friction, which should cause some heating of solutions.

(18)
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If the water flow had been created due to the pressure drop on
either side of the membrane, this would have led to the loss of part
of the energy released. These include flow rates, concentrations and
hydraulic pressures, as well as all other variables that are depen-
dent on them. Their local values should be considered for accurate
modeling. These spatial variations can be accounted for either by
taking an average of inlet and outlet variables, or by considering the
membrane as a finite difference model [26—29]. To develop a model
for full-scale PRO applications, the flat sheet membrane area is
divided into segments perpendicular to the water flow, evaluating
flow conditions at specific points along the membrane module. In
this case, feed and draw solution flows are assumed to be in a co-
current flow mode. Fig. S3 illustrates a single segment of a flat
sheet PRO membrane. The permeate flow through the PRO mem-
brane Q, can significantly dilute the draw solution concentration
Cp, which results in reduced flux performance compared to the
small size test membrane. Such a dilution effect needs to be
explicitly accounted for in a flat sheet module. Due to this variation,
three main parameters are evaluated at each point along the
membrane: the water flux, the pressure and the concentrations.
The model development steps are presented in the Supplementary
material.

2.4.2. SWRO model

The energy consumption of each RO stage in a two-stage RO
plant, at the limit of the thermodynamic restriction and in the
absence of energy recovery, is developed in Ref. [21]:

RsTtsw
SECgo, = — STsw 19
RO = 0, ¥ (1 - V) (19)
SECro, — — 5T (20)

np, Y2(1 = Y2)

Rs is the salt rejection, and 7p is the pump conversion. The
specific energy cost for RO, in the presence of an energy recovery
device (ERD), operating at the limit of the thermodynamic re-
striction, is:

1— nggpl1 — Y
SECERD — Rymry (_ np?/?ﬁ i Y]]ﬂ) (21)

where 7ggp is the efficiency of the energy recovery device.

2.4.3. ERD energy recovery

The recovery of energy from SWRO systems has been a major
factor in the reduction of the cost of desalinated seawater, to a point
where it is beginning to offer a challenge to conventional sources. In
our case, an ERD is placed after the first RO stage to recover energy
from the rejected brine. As mentioned previously, the ERD reduces
the pressure of the brine to a suitable value for PRO operational
applied pressure ( APzA%). This condition is a key parameter for
the optimum performance of the PRO process. In the second
configuration, the osmotic pressure of the PRO feed solution is
relatively high at low RO; recoveries, which is not the case for the
first configuration. Therefore, the energy recovered using ERD de-
pends on the osmotic pressure that enters the PRO module. As 7
changes with the recovery, the contribution of ERD in the second
configuration also varies regarding the osmotic pressure of the PRO
feed solution. Then, the energy recovered by ERD in the second
configuration will be much lower than in the first one. Subtracting
Eq. (21) from Eq. (19), the energy recovered by the ERD at the
thermodynamic restriction is expressed as follows:

1 Nerp(1 — Y1)

Seh — om0 22
2 _ _ Nerp[1 — Y]

Sefro — R — vl (21— 23)

The subscripts 1 and 2 refer to the first and second configura-
tion, respectively. The osmotic pressure mrin Eq. (23) highlights the
effect of the PRO feed osmotic pressure. As can be seen in Fig. S5,
the contribution of ERD to the energy recovery is much higher in
the first configuration. In fact, in usual RO recovery
(40% < Y1 < 60%), the ERD energy recovery is between 1.32 and
2 kWh/m?>. Thus, the ERD effectively reduces the SEC by almost 50%.
This result is well-known in the literature [21]. Using the second
configuration, the ERD contribution is not significant due to the
high pressure required for the PRO process. At high recovery, the
ERD energy becomes slightly significant due to the dilution of the
added seawater by the rejected water of the second RO stage.

3. Results and discussion
3.1. Modeling parameters

The simulations in this study are based on the characteristics of
a cellulose acetate flat-sheet membrane used in our previous work,
where a power density of 6.2 W/m? at 13 bar has been obtained in
lab-scale tests using 1.026 M NaCl solution as the draw solution and
8.55 mM NaCl solution as the feed solution [25]. The characteristics
of the membrane and the hypothetical module parameters are
summarized in Table S1. The initial seawater flow was chosen
arbitrarily to be 256 m>/h, which is the real amount of treated water
in the SETA-SWRO plant studied here. The sweater concentration is
chosen to be 0.6 M (35 g/L). The added flow rate Q,q is considered to
be pre-treated before being involved in the process. It should be
noted that the effect of organic fouling is not considered in this
study, so the energy produced may be lower in the presence of feed
water charged with natural organic matter (NOM).

3.2. PRO model results

The SEpro model was investigated by studying the response of
the PRO sub-system after the variation in the effect of the operating
conditions (draw and feed solution concentrations). As can be seen
in Fig. 8, the increase in the draw solution concentration leads to an
increase in the energy recovery by the sub-system. On the other
hand, the increase in the feed solution concentration is followed by
a decrease in the energy. Lastly, the increase in the draw solution
temperature improves the performance of the PRO due to the
improvement in the effective osmotic pressure and also the
intrinsic membrane parameters, such as the water permeability
coefficient. These results are in agreement with the model behavior
using a lab-scale PRO membrane. Fig. 9 illustrates the SEpgo in Eq.
(S1), corresponding to the PRO model results for the proposed
configurations when diluting RO; brine back to the sea, as a func-
tion of the SWRO recovery using the cellulose acetate flat-sheet
membrane with the characteristics presented in Table S1. When
recovery increases, the draw solution concentration increases, and
the SEpgro also increases. The minimum SEprg recoveries are 0 kWh/
m?> for both configurations. This magnitude increases with RO;
recovery to reach an SEpro production of 0.702 kWh/m? at 77% of
recovery. Compared to the theoretical SEpgrp production (Fig. 5), the
model produces a specific energy noticeably far from the ideal case.
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3.3. SWRO-PRO model results

The total energy consumption of the SWRO-PRO system for
both configurations is studied here. As mentioned previously, the
study only takes into account the effect of the recovery ratio of the
first RO stage, so that of the second stage is considered constant
(Y2 = 70%). According to Figs. 10 and 11, the SEswgro-pro CON-
sumption is much lower for the ideal case than for the model
results for both configurations. This behavior is due to the fact that
the ideal SEprp production is noticeably higher than the model
SEpro production. Because of the higher starting value of the
model SEswro-pro and the lower rate at which the model SEgro_pro
consumption decreases, the model of the SWRO-PRO system is
not able to reach energy neutrality (SEswro-pro = 0). Fig. 10 shows
the variation of the modeled energy consumption SECswro-pro
with the applied pressure AP under two RO; recovery ratios
without using an ERD. It can be seen that SECswro-pro, When
Y1 = 40%, is higher than the case when Y; = 50% for both

1 1
e @
N =

1
_O
w

1
_O
Ul

1
e
o

— — configuration 1

SEppo (KWh/m?)
2

1
e
N

configuration 2

S
feS)

Y4(%)

Fig. 9. PRO specific energy production (SEpgo) modeled as a function of RO; recovery
for a cellulose acetate flat-sheet membrane under optimal AP for both proposed
configurations.

configurations. Moreover, at a low recovery ratio, the performance
of the second configuration is better than the first one in terms of
energy generation and low applied pressure. When the recovery
ratio increases, the second configuration shows a better perfor-
mance than the first, due to the decrease in the PRO feed solution
concentration. As a comparison, for (A), the maximum energy
recovery is 2.45% and 4% when Y = 40% and 50%, respectively. For
(B), the energy recovery is 6% and 8% when Y; = 40% and 50%,
respectively. Fig. 11 shows a comparison between the total energy
consumption of the SWRO plant with the presence of PRO and
ERD. It can be seen that the maximum SEswgro-pro CcOnsumption
point for each RO recovery is the point at which there is no PRO
sub-system contribution (DF = 0). In other words, this is the
maximum SErp consumption for each RO recovery. For configu-
ration (A), the contribution of the PRO sub-system is very limited
at a low ROq recovery ratio (Y1 < 30%), where more than 96% of the
energy recovery is accomplished by ERD. This is due to the low
amount of rejected water coming from the second RO stage, which
constitutes the feed solution for the PRO sub-system. This result
corresponds, theoretically, to less than 20% of dilution. In addition,
the high concentration of the draw solution may induce severe
concentration polarization, which reduces the performance of the
membrane. Contrary to configuration (A), the contribution of PRO
is considerable at a low recovery ratio because the amount of PRO
feed solution is provided directly from the pre-treated seawater
and remains nearly constant at this range of RO recovery ratio
(Y1 < 20%). The contribution of the PRO in the total energy
recovered is around 45%. This high value is because of the limited
contribution of ERD in this case due to the high PRO feed solution
concentration. Also, when the PRO feed flow ratio was maintained
equal to unity, the experimental dilution factor increased. For
example, when Y; = 40%, the energy recovered corresponds to
DF = 40%, which is double the dilution in the first configuration
case. This result clearly shows the strong relationship between the
feed flow ratio and the dilution factor in the PRO process. To
summarize, the notable difference between the ideal case and the
model case is related to the membrane performance. In fact, to
reach high values of dilution, an improvement in the water
permeability across the membrane is fundamental. Moreover,
avoiding the reverse salt diffusion by reducing the salt perme-
ability of the active layer material enhances the dilution factor.
Lastly, improving the inner structure of the PRO membrane sup-
port layer, to reduce the effect of the internal concentration
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100

polarization and optimize the operating conditions in order to
minimize the external concentration polarization, is a challenge
that can guarantee a better PRO dilution and therefore more
recovered energy.

4. Dilution factor in realistic conditions

The dilution factor reflects the amount of feed water that is
mixed with the draw water to produce energy. This parameter is
strongly dependent on the membrane performance and the driving
force, Am. In other words, increasing the water flux across the
membrane leads to the increase in the dilution. In the ideal case
with a perfect membrane, the water flux depends only on the os-
motic pressure difference. Then, to achieve high dilutions, the
concentrations of feed and draw solutions should be optimized. In
realistic conditions, the maximum dilution is not reachable because

of several limiting factors, such as the concentration polarization
(CP) and reverse salt diffusion (RSD), which reduce the perfor-
mance of the membrane. The realistic dilution factor is investigated
in the current section.

The maximum amount of feed flow that crosses the membrane
to be mixed with the draw solution, AQmqx, can be calculated using
the following equation [32]:

AQmax = \/a - \/a QF (24)
Cob+1% \/Crs

Eq. (24) is applicable only for an ideal membrane with perfect
hydrodynamics. The rearrangement of Eq. (24) using Egs.(5) and (6)
gives the maximum dilution factor:

DFmax = r—VCZ VAS (25)
\/ CD + F CF

where Cp and Cr are the draw and feed solution concentrations. To
introduce the impact of detrimental effects, Eq. (25) is modified by
substituting Cp and Cg by Eqs. (14)—(16) according to the variation
of the effective feed and draw concentrations described in Fig. S4
(Supplementary material). Table S2 summarizes the different
equations of DF for each case studied. The realistic dilution factor
can be determined using the parameters described in Table S1 and
the modeling results of section 3.2. To investigate the effect of
each detrimental effect, DFyhax is modeled under several operating
conditions. In fact, the draw solution is assimilated to the seawater
RO brine concentration (1.2 M of NaCl) and the feed solution is
modified for each studied case from freshwater to river water
concentration. The modeling results are presented in Fig. 12. The
maximum dilution is obtained using an ideal membrane with no
reverse salt diffusion Js (RSD), concentration polarization, and an
advanced state-of-the-art membrane with perfect hydrody-
namics. In this case, the water flux J,, is directly proportional to
the osmotic pressure difference = wpj, — m¢), . The maximum
dilution achievable in this case is 92%. When considering only the
effect of the external concentration polarization, which is caused
by non ideal hydrodynamics in the draw solution flow channel,
which induces the dilutive External Concentration Polarization
(dilutive ECP) at the draw side and the concentrative External
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the web version of this article.)

Concentration Polarization (concentrative ECP) at the feed side,
the values of the dilution factor decrease by almost 8% from the
ideal case. This behavior is caused by the decrease in the effective
osmotic pressure difference from Am to Amgcp = Tpm — TEm (Se€
Fig. S4). With the existence of RSD, the decrease in the DF is
around 24% from the ideal case. In fact, RSD causes the drop in the
driving force due to the penetration of salt from the draw to the
feed side, which induces a decrease of J,,. To emphasize the effect
of the concentration polarization and internal concentration, the
concentration of river water (0.015 M) is considered. Under these
conditions, the decrease in the DF reaches 52%. As can be clearly
seen, most of the DF reduction is due to the internal concentration
polarization with a contribution of 28%. ICP, caused by the accu-
mulation of salt at the active layer/support layer boundary, de-
creases the driving force from Am to Ampm=7pm,— 7.
Consequently, a severe drop occurs in J,. therefore, DF decreases
drastically. As the energy is directly proportional to the dilution,
the DF loss from the realistic PRO operation may have a significant
impact on the net specific energy recovered from the process. The
optimization of the membrane performance is a critical operation
to guarantee high energy recovery. It should be pointed out that
this study does not consider the effect of organic fouling. In fact, it
was shown in a previous study that fouling severely reduces the
water flux and therefore the dilution. This energy loss caused by
membrane limitations, in conjunction with the pre-treatment
energy requirements, pumping energy costs, inefficiencies in the
hydro-turbine and pressure exchanger, may limit the amount of
energy harvested from the PRO process. Of course, the increase in
the concentration difference between the feed and draw solution
concentrations may provide a sizable amount of energy using the
PRO process. Nevertheless, the increase in the PRO entering so-
lution concentration should be well chosen and treated to avoid
the accentuation of the concentration polarization and the reverse
salt diffusion, which lead to the decrease in the driving force; the
osmotic pressure difference.

5. Conclusion

In the current investigation, two configurations of SWRO-PRO
were proposed for energy recovery. The first configuration con-
siders that the brine of the second stage is the PRO feed solution
and the brine of the first stage represents the PRO draw solution.
For the second configuration, the PRO feed solution is a mixture of
the second stage brine and pre-treated seawater. For this, a model
describing the evolution of the energy recovery with the SWRO
operating conditions was developed and compared to the ideal case
model. The results showed that the performance of the PRO was
better for the second configuration due to the optimized initial flow
ratio. However, for the whole system, the energy recovered from
the first configuration was remarkably better for an extended in-
terval of RO recovery, because of the contribution of the energy
recovery device. The second part of this investigation deals with the
relation between the initial flow ratio (r) and the dilution factor
(DF). It was found that the increase in r increases the DF. Then, the
DF was modeled for realistic conditions. It was found that the in-
ternal concentration polarization is the factor that contributes most
to dilution reduction. Consequently, well treated solutions and
optimized membrane performance are strongly recommended to
achieve a sizable amount of energy from the PRO process. The
current work revealed that the energy recovery from the SWRO
process using PRO may be optimized not only by the mitigation of
the limiting factors (CP, Js, pressure drop, etc ...), but also by the
well chosen location of PRO integration in the process. This, in the
end, depends on the SWRO design, the number of stages, and the
characteristics of the output waters. Thus, further work will focus
on the integration of multistage PRO in one-stage and multi-stage
SWRO processes for water and clean energy production.
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List of symbols

A Water permeability coefficient. (m.s~.Pa~1)

Am Membrane surface. (m?)

B Salt permeability coefficient. (m.s~!)

Cp,m Salt concentration of the membrane surface at the draw
solution side. (mol.11)

Cem Salt concentration on the support layer surface at the side
of the feed. (mol.I"1)

Cpp Salt concentration of the draw solution bulk. (mol.1=1)

Crp Salt concentration on the feed solution bulk. (mol.1™ 1)

Giep Salt concentration on the membrane surface at the
boundary active layer-support layer (mol.I" 1)

d Diameter of the pipe. (m)

dn Hydraulic diameter of the flow channel. (m)

Dp Diffusion coefficient of the draw solution. (m?.s~1)

Dy Diffusion coefficient of the feed solution. (m2.s~1)

DF Dilution factor. (—)

Jw Water flux that crosses the membrane. (m.s~!)

Js Salt flux that crosses the membrane. (mol.m=2.s~1)

k Mass transfer coefficient. (m.s~!)

K Solute resistivity. (s.m~1)

L Length of the channel. (m)

N Number of segments. (—)

AP Trans-membrane Pressure. (Pa)

Am Difference of osmotic pressure between the draw solution

and the feed solution. (Pa)
R Gas constant. (J.mol~! K~ 1)
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r Feed flow ratio. (—)

Re Reynolds number. (—)

S Structure parameter of the support layer. (m)

Sc Schmidt number. (—)

Sh Sherwood number. (—)

T Temperature of the bulk. (°C)

u Cross-flow velocity. (m.s~1)

w Width of the channel. (m)

n Dynamic viscosity of the solution. (Pa.s)

TD,m Osmotic pressure at the surface of the active layer. (Pa)

TEm Osmotic pressure at the surface of the support layer. (Pa)

TD,b Osmotic pressure of the draw solution bulk. (Pa)

TED Osmotic pressure of the feed solution bulk. (Pa)

Ticp Osmotic pressure at the limit surface between the active
layer and the support layer. (Pa)

ts Length of the support layer. (m)

Tortuosity of the membrane. (—)

e Porosity of the membrane. (—)

6 van't Hoff coefficient. (-)

0p Thickness of the boundary layer at the draw solution side.
(m)

OF Thickness of the boundary layer at the feed solution side.
(m)

U Water kinematic viscosity. (m%.s~!)

¢ Initial feed flow rate fraction. (—)

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.renene.2016.12.030.
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