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Abstract: The gain in net power produced by Salinity Gradient plants in river mouths due to the
optimal 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. Tempera-
ture, 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; Estua-
rine 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 at-
mosphere. 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 pre-
sented 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 straight-
forward 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 gra-
dients 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 method-
ology can then be used to select the intake locations that maximize net power. It is illus-
trated with a case study of the Magdalena river mouth in Colombia. This estuary is se-
lected 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 poten-
tial 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.
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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
incompressible fluids, assuming hydrostatic equilibrium and employing the Boussinesq
and Reynolds approaches [13]. In this model, the transport equations are discretized nu-
merically 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 con-
stant and equal to 37 g/kg and 0.1 g/kg, respectively. The calculation domain was repre-
sented 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=8s (see Table 4 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=4ss. The bound-
ary 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 ob-
tained from the Global Forecast System model (GFS) [15]. Winds were considered con-
stant 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 simula-
tion domain of the nested and more refined model. (B) Details of the covered area and bathymetry of the nested model.

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 vali-
dated comparing modelling results with field measurements during low and high fresh-
water 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.
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2.2. Evaluation of Power Consumed and Power Produced

For each possible combination of intake locations, it is necessary to evaluate the as-
sociated 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 trans-
membrane pressure gradient AP gives the power produced Wrro

Wopro = 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 ky and on the draw side kj
(taken from [18], assuming negligible variation with temperature and viscosity in the op-
erating range of values and hydrodynamic conditions), the solute resistivity K, and the
osmotic pressures on the feed and draw sides mp and mp, 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.

Jw

The salt flux J¢ can be calculated as follows:

Z(l + %)) -exp (—%) — (mp +§<1 + H))exp(]w -K) -exp (%) - AP] (2)
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Moreover, mp and mp are calculated through the van’t Hoff equation (that is, ideal
solutions are assumed):

7y =Py Cr-R-Tp 4)

tp =PBuu-Cp-R-Tp ®)

where fon is the van’'t Hoff coefficient, which represents the number of ionic species in the
solution dissociated from the original salt, fon 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 there-
fore mp and mp, do not remain constant throughout the process, they vary along the
membrane, because a mass exchange is taking place. To correct this situation, several
stages are considered using concentrations at intermediate locations of the membrane, es-
timating 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 concen-
trations are estimated, and with them the salinity gradients at individual intervals can be
calculated. Secondly, Touati’s model (Equation (2)) is applied to calculate Jw in each stage,
followed by the solution of mass balances at each section, obtaining newly calculated in-
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termediate concentrations. Finally, the initial estimations and the calculated concentra-
tions 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 sa-
linity profile obtained with the hydrodynamic model described in Section 2.1. The tem-
perature 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]. Pre-
treatment 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 [22,23,24]. Table 1 summarises some of the character-
istics of the possible PRO power plant.

Table 1. Membrane parameters, operation variables and performance results.

Water permeability A 1.1 x 10" m3/m?s-Pa
Salt permeability B 1.2 x 107 m3/m?*s
Average osmotic gradient 19.7 bar
Membrane area requirement 1.5 x 105 m2/m3feed/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 pro-
duction 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.

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 bot-
tom, seawater starts mixing until reaching uniform freshwater conditions in the vertical
profile about 4 km inside the river.

Based on Figure 3, the potential for a PRO plant can be seen, with extensive possibil-
ities 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 approxi-
mately 0.2 km.
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Figure 3. Salinity profile estimated by the hydrodynamic model for the final stretch of the Magda-
lena 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.

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 Magda-
lena’s mouth because the river flow is much higher (7000 m?/s on 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 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 par-
ticular 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.



7 of 12

5

Fower potential |.fh:‘l.l".h“r"nE
]
s 8

s

-D L = ey
-2 -1 0 1 2 3 4 5 6
Possible draw intake locations (km)

Figure 4. Power production dependence with the location of the draw water for a given feed loca-
tion 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.
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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).

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 representation of
the available power for every combination of possible draw and intake location, after elim-
inating non-feasible pairs of data (those presenting a very large negative net power gen-
eration).
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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 loca-
tions. It presents a high net power region, identifiable by the red plateau, and a non-fea-
sibility 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
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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. How-
ever, 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 pump-
ing energy will be higher than the power potential, which is limited.

After analysing all the data represented in Figure 7, Table 2 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 im-
portant, (C), the pair of feed and draw locations that presents the best efficiency.

Table 2. Comparison between relevant combinations of feed and draw locations.

A: Highest Power B: Lowest Pumping C: Best 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 33.9 34.3
Gross power potential (kW/m?3) 593 546 579
Pumping power (kW/m?) 166 106 109
Net power (kW/m?3) 327 347 373

Figure 8 shows a detail of the high net power data region from Figure 7, containing
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 rep-
resentation.
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Figure 8. Detail of the highest net power data region from Figure 7, with relevant scenarios A, B
and C from Table 2.
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Examination of Table 2 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. Addition-
ally, 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 in-
crements 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 2 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 1
g/L in the draw salinity. Results from these disturbances are reflected in the net power,
shown in Table 3.

Table 3. Sensitivity analysis for the net power.

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

i B D:+1°C E:-1°C F:+1g/LF
Scenario ase Case +1°C C F:+1 g/L Feed Draw Draw
Net power (kW/m?3) 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 re-
sponds 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 sa-
linity has been reported, especially in feed. Unlike the behaviour with temperature, salin-
ity 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 pro-
nounced. 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 multidiscipli-
nary 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 salin-
ity 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 op-
timal locations in the planning and design of a potential power plant. The analysis pro-
posed 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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Table 4. List of symbols.

Symbol Variable Units
A Water permeability m/s-Pa
B Salt permeability m/s
Cp Salinity in draw stream mol/m3
Cr Salinity in feed stream mol/m3
Jw Transmembrane flow density m/s
Js Transmembrane salt flow density mol/m?2s
K Solute resistivity s/m
ko 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
To Draw temperature K
Tr Feed temperature K

Wero Power density from pressure retarded osmosis W/m?
PBor 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
Tp Osmotic pressure of feed stream Pa
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