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Abstract

Salinity gradient energy (SGE) is the clean and renewable energy that can be obtained
from controlled mixing of two water masses with different salt concentration. River
mouths, where fresh water mixes with saline seawater, are manifest locations for
harnessing SGE, since provide the sought salinity gradients and abundant water resources
worldwide. Most of the research in SGE has been focused on improving the performance
of the energy generation techniques; however, as these techniques reach higher stages of
development, more attention must be paid to the challenges that harnessing SGE from
natural systems will bring.

This thesis addresses persistent gaps on the research of suitability, available potentials
and extractable resources of SGE at river mouths. These topics are approached at global
and local scales from three strategies: hydrodynamic modelling of temporal and spatial
variability of the salinity structure of river mouths; analysis of databases of variables and
resources related with SGE at river mouths; and parameterization of the physical
relations among environmental forcings, stratification and SGE potentials.

The results of this research show that only river mouths with mean tidal range lower than
1.2 m are suitable locations to generate SGE; 20% of the mean discharge of rivers may be
extracted for SGE generation; harnessing SGE at river mouths is very reliable with
average capacity factor of 84%; and 625 TWh/y of SGE are extractable from river
mouths worldwide considering site-suitability and environmental constraints.

But beyond these numbers, most important contributions of this thesis are: development
of the concept of site-specific potential for more precise assessment of the SGE resources
at river mouths; description of the relation between stratification and SGE potential;
classification of river mouths according to the suitability for harnessing SGE; mapping of
the global distribution of available SGE resources; proposing a methodology to assess
extractable SGE resources from particular systems; and overall discussion of physical and
environmental constraints for SGE generation at river mouths. Together, these findings
constitute a significant progress in the study of opportunities of harnessing SGE at river
mouths in the upcoming future.

Keywords: Marine energy; Salinity gradient energy; Extractable energy; River mouths;
Sustainable harnessing.
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Resumen

La energia de gradiente salino (SGE, por su sigla en inglés) se puede generar a partir de
la mezcla controlada de dos masas de agua con diferente concentracion de sal. Las
desembocaduras de los rios en el mar son sistemas donde se podria aprovechar este tipo
de energia ya que proveen los gradientes de salinidad requeridos y abundantes recursos
hidraulicos en todo el mundo. Hasta ahora la mayor parte de la investigacién en SGE se
ha enfocado en la optimizaciéon de las tecnologias de generaciéon de energia. Sin embargo,
a medida que las tecnologias alcanzan mayor desarrollo, se debe prestar mas atencién en
los desafios que involucra el aprovechamiento de SGE en sistemas naturales.

Esta tesis trata sobre los vacios de investigaciéon relacionados factibilidad técnica, los
potenciales disponibles y recursos extraibles de SGE en desembocaduras. Estos temas son
abordados a escala global y local desde tres estrategias: modelaciéon de la estructura de
salinidad de desembocaduras; andlisis de bases de datos de los forzadores ambientales y
recursos hidraulicos relacionados con la SGE en desembocaduras; y parametrizacion de las
relaciones entre los forzadores, la estratificacion y los potenciales de SGE.

Los resultados muestran que: s6lo en desembocaduras con rango medio de marea menor a
1.2 m es factible generar SGE; 20% del caudal los rios puede ser utilizado para la
generacion de SGE; el aprovechamiento de SGE en desembocaduras tiene una alta
confiabilidad con 84% de factor de capacidad; y 625 TWh/y de SGE son extraibles las
desembocaduras alrededor del mundo considerando restricciones técnicas y ambientales.
Pero méas alla de estas cifras, las contribuciones més importantes de estas tesis son: el
desarrollo del concepto de “site-specific potential” para estimar los recursos de SGE en
desembocaduras con mayor precision; la descripcion de la relaciéon entre estratificacion y
potencial de SGE; la clasificacién de las desembocaduras de acurdo con la factibilidad
para el aprovechamiento de SGE; los mapas de la distribucién global de los recursos; el
planteamiento de una metodologia para estimar los recursos extraibles de desembocaduras
particulares; y la discusién general de las restricciones fisicas y ambientales de la
generacién de SGE en desembocaduras. En conjunto, estas contribuciones constituyen un
avance significativo en el estudio del aprovechamiento de SGE en desembocaduras.

Palabras claves: Energias marina; energia de gradiente salino; Energia extraible;
Desembocaduras; Aprovechamiento sostenible.
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1. Introduction

There is no doubt that the modern increase of atmospheric CO, has been driven by
human activity, primarily by fossil fuel combustion. This increase represents the clearest
and best documented signal of human alteration of the Earth system [1]. Analysis of air
bubbles extracted from the Antarctic and Greenland ice caps shows that the
concentration of CO, in the atmosphere was stable around 280 parts per million (ppm) for
thousands of years until near 1800, and has increased exponentially since then [2]. Current
atmospheric CO, concentration is around 370 ppm, unchanged it will pass 550 ppm this
century [3]. Climate models and paleoclimate data indicate that this CO, concentration
could eventually produce global warming comparable in magnitude but opposite in sign to
the global cooling of the last ice age [4]. Even levels of 450 ppm could be enough for
termo-haline circulation shutdown and disintegration of the West Antarctic Ice Sheet [5].

Increased atmospheric concentration of CO, represents the biggest human contribution to
the greenhouse effect [5], may drive substantial changes in the species composition and
dynamics of all terrestrial ecosystems [6], and cause ocean acidification that may in turn
produce massive coral bleaching, corrosion of shells and skeletons and changes in the
morphology, metabolic state, physical activity and reproduction of many marine
organisms [7]. Additionally, the combustion of fossil fuel brings major economic drawbacks
such as the depletion of finite resources, increasing prices and dependence on few oil-
exporting regions [8]. Each of these concerns provides enough motivation for drastically
reducing the consumption of fossil fuels.

Currently the global primary energy supply is 560 EJ/year, of which 86.6% is fossil fuelled
[9]; therefore, the most effective way to reduce CO, emissions with economic growth and
equity is developing revolutionary changes in technologies for energy production,
distribution, storage and conversion [10]. New renewable forms of energy are needed
without thermal pollution, free of emissions of environmentally harmful substances or
greenhouse gasses, and locally available [11,12].

The extractable resources of the most extensively implemented renewable energy sources
such as hydropower, wind power and bio-energy are limited compared to the ever growing
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demand for energy [11], therefore, efforts should be made to impulse the extended use of
other existent RES [13]. A relatively young member of renewable energy sources is the
Salinity Gradient Energy (SGE), the energy that can be obtained from the controlled
mixing of two waters with different salt concentration.

The concept of harvesting energy from mixing fresh water and saline water was first
proposed by Pattle in 1954 [14], and was further developed in the 1970’s [15]-[18]; however
the stage of development and cost of the energy conversion technologies at that time, did
not allow practical harnessing of SGE. In the last decade this energy source has come
back into focus as the need and interest for clean and sustainable energy grows and the
development of required technologies have substantially increased while the costs have
fallen [8].

Several natural and artificial systems offer water resources with gradients of salinity [19],
however, the most evident are the river mouths, where rivers mix with the ocean. The
SGE potential from mixing fresh water and seawater at river mouths may theoretically
supply the current worldwide electricity consumption; it is in foremost completely clean as
this mixture is part of the natural water cycle and the exploitation produces no CO,
emissions or other significant effluents that may interfere with global climate;
additionally, SGE systems at river mouths could be non-periodic, unlike wind, waves or

solar power [20].

This thesis discusses the opportunities and limitations of harvesting SGE from fresh water
and seawater at natural river mouths. The abundance of these systems worldwide (most
of the cases in cities or industrial zones), the huge availability of water resources and the
presence of the sought salinity gradients, make of it a promising source of renewable
energy for the upcoming future.

1.1 Background

1.1.1 Energy from mixing fresh water and seawater

When rivers run into the ocean, spontaneous mixing of fresh- and sea-water occurs driven
by the difference in chemical potential caused by the difference in salinity. If the mixing is
controlled, the Gibbs free energy released from this mixing can be converted in electricity
[21,22].

The Gibbs energy (G, in Joules) that might theoretically be gained from the mixing of a
concentrated solution (c) (e.g. seawater) and a diluted solution (d) (e.g. river water), is
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given by the Gibbs energy of the solutions before mixing and the Gibbs energy of the
brackish solution (b) after mixing [9]:

O 0O O © (1.1)
where the Gibbs energy of each electrolyte solution 7 = ¢, d, b can be described by:
0 Y'Y (1.2)

where T (in kelvin) is the absolute temperature and S is the entropy change of each
solution:

GY 08 Yo & o (1.3)

where V are the volumes of water (m®) involved on the mixing (V, = V. + V), m is the
total number of moles in a cubic meter of solution (mol/m®), R is the universal gas
constant (8.314 J mol* K'), and z and y are the molar fractions of ions (both cations and
anions) and water, respectively [22]. Equations 1.2 and 1.3 show that released Gibbs
energy depends on the salinity, temperature and volumes of the concentrated and diluted
solutions in mixing. The theoretical amount of SGE from mixing 1 m* of concentrated-
and 1 m?® of diluted- NaCl -solutions for an extensive range of concentrations in both
solutions, at 293 K, is shown in the Figure 1-1.

0.1
0.09 1
0.08 - 1
0.07 1
0.06 }

0.05

0 0.2 04 0.6 0.8 1
NaCl concentration of concentrated solution (mol/l)

NaCl concentration of diluted solution (mol/l)

Figure 1-1. Theoretical energy potential (MJ) from mixing 1 m? of concentrated- and
1 m3 of diluted -sodium chloride solutions at 293 K.
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Concentration of NaCl in seawater is about 0.6 mol/L, and concentration in river fresh
water is about 0.01 mol/L. Therefore, the theoretical energy potential from this mixing is
~ 1.8 MJ/m? of fresh water.

1.1.2 Suitability of harnessing SGE at river mouths

Most of the assessments of available SGE resources at river mouths have been carried out
on the basis that all systems can in principle be used for SGE generation [15,17,18,24];
however, in practice only part these systems offer suitable conditions. Constraints might
be for exploitation at river mouths with high-value ecosystems where any disturbance of
the environment is intolerable [25], or in systems where management rules of the water
resources are incompatible with SGE generation [26].

However, the major prerequisite to determine the suitability of river mouths for
harnessing SGE is the steady availability of fresh water and seawater in the minimum
distance [26,27]. In river mouths with extensive mixing zones, large and costly pipeline
systems are required to bring fresh- and sea-water from beyond brackish zones toward the
power plants; in this case, the frictional losses in the transport system may considerably
reduce the net power output of the plant. Furthermore, the costs of the transport system
might make the project economically unfeasible [27].

Depending on the salinity structure, river mouths can be classified as: salt-wedge, strongly
stratified, partially mixed or vertically mixed [28]; this classification considers the trade-
off between the buoyancy forcing from river discharge and the mixing forcing from tides.
Salt-wedge and strongly stratified systems result from high to medium river discharges
and low to medium tidal range; the average salinity structure of those systems have a
well-developed halocline with small vertical variations above and below the halocline. On
the other hand, partially mixed and vertically mixed systems result from low to medium
river discharges and high to medium tidal range; the mean salinity profile here either has
a weak halocline or is practically uniform from the surface to the bottom [28]. Salt-wedge
and strongly stratified river mouths offer more suitable conditions for SGE generation
since shorter transport systems are feasible due to the presence of higher and more stable
salinity gradients.

Based on this criterion Stenzel and Wargen [27] made a selection of regions from the
GIWA division of coastal areas [29] where harnessing SGE might be suitable. The authors
selected regions where tidal impact is low and hence salt-wedge river mouths are assumed
to be predominant. Polar regions with low tidal impact are included, but stating that
these regions may be unsuitable due to the possible ice-coverage during winter season.
Regions with mostly fjord-type estuaries, where deep waters are not influenced by tidal
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mixing, are also included. More detailed or spatially explicit studies have not been
conducted.

1.1.3 SGE resources at river mouths

Quantification of available SGE resources at river mouths depends largely on the
variables involved on its derivation. These variables may be related only with the
magnitude of salinity gradients and water resources, or may also include efficiencies of
energy conversion, environmental constraints, cost of installation and generation or even
management regulations of the river mouths. The authors coincide in the relevance of
three different potentials to quantify the SGE resources [8,27]: theoretical potential,
technical potential, and environmental potential.

Theoretical potential

For renewable energies the theoretical potential is the physical maximum available energy
of a particular source in a given region. For SGE it is equivalent to the total free energy
dissipated at river mouths and can be calculated from equations 1.1 — 1.3 independently
of the conversion technology [8,27]. The entire discharge of the rivers is used for
estimating the theoretical potential, and regional and global assessments have assumed
that all river mouths can be used for SGE generation.

Various authors have estimated the global theoretical SGE potential at river mouths;
most recent calculations range from 1.7 to 3.2 TW (equivalent to 15102 and 27664 TWh
per year, respectively) [24,27], which is the same order of magnitude of the worldwide
electricity consumption for 2011 (20407 TWh) [7]. Comparing with other forms of ocean
energy, SGE resources are two times smaller than wave’s energy and thermal gradients
energy and two times greater than tidal energy and ocean currents energy resources [30].

Besides the global potentials, estimations at country level have been done for The United
States of America [14], China [31] and Norway (Reported in Ref. [20]); and referring to
particular rivers, the theoretical potential for Jordan river (and other tributaries of the
Great Salt Lake) [32] and Mississippi river [33] in The United States of America, and for
Rhine and Meuse rivers in The Netherlands [12] have been estimated. All these global to
local assessments of the theoretical potential are based on average magnitudes of salinity
and temperature of rivers and seas.

Technical potential

In practice, only part of the theoretical resources can be recovered with the existing
technologies. The technical potential (or conversion efficiency) is the fraction of the
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theoretical potential that can be converted in useful energy due to the technical
constraints of energy conversion processes. It depends of the harnessing technology since
the stage of development and limitations of each are different.

Various technologies have been proposed for harnessing SGE [20,22], but two of them are
in latter stages of development: pressure retarded osmosis (PRO) [25] and reverse
electrodialysis (RED) [34]. Both technologies are based on semi-permeable membranes
that use the chemical potential difference between concentrated and diluted solutions to
produce transport of the solvent or solutes across the membranes. In PRO the transport
of water towards the concentrated solution chamber results in pressurization of the water
in this chamber that can be used to generate electrical power in a turbine. In RED
sodium ions permeate in the direction of the cathode and chloride ions permeate in the
direction of the anode. Electro-neutrality of the solutions in the anode and cathode
compartments is maintained through electrochemical reactions at the electrodes. As result
an electrical current can be produced from the anode to the cathode via an external
electric circuit [12].

Both technologies are in constant development and the efficiencies, and therefore, the
technical potentials that may be reached in real scale plants are still not known with
certainty. Yip & Elimelech [35] have shown that the maximum reachable efficiency for
PRO systems is 91.1%, considering the intrinsic inefficiencies due to the entropy
production during water permeation and the unutilized energy due to the discontinuation
of water permeation, but assuming zero losses from the system components. On the other
hand, for RED, Post et al. [36] showed from laboratory experiments that efficiencies of
more than 80% could be expected, but taking into account only the energy losses for ionic
transport.

The global technical potential based on PRO and RED technologies have been estimated
in 0.647 TW and 0.983 TW, respectively [27,24], equivalent to 21% and 57% of the
theoretical potentials estimated in the same studies. However, different technical
constraints were taken into account for both estimations, hindering a comparative

analysis.

Regardless of the technology, the main challenges related with the technical potential are
on the improvement of the performance of the technology, e.g.: concentration polarization,
perm-selectivity, durability and fouling tendency of the membranes [8,37,38]; and not
directly linked with the river mouths or other systems where they might be used.
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Environmental potential

Both theoretical and technical potentials are calculated based on the assumption that the
entire discharge of the rivers might be used for energy generation, however, the extraction
of large amounts of fresh water and seawater from river mouths may potentially produce
imbalances in: mixing and circulation patterns, water quality, ecosystems, sediment
balance, and alternative uses of the river mouths [27,39]; therefore, this assumption is
neither practical nor sustainable. Accordingly, an extraction factor or percentage of the
discharge of the rivers for SGE purposes that allow a trade-off between energy production
and environmental sustainability should be defined.

The environmental potential is the fraction of the theoretical potential that may be
exploited considering restrictions for water extraction at river mouths. It is commonly
defined in terms of the technical potential rather than in terms of the theoretical
potential; however, in practice only the environmental potential may be exploited in
sustainable conditions, and therefore, it represents the upper limit for the technical
potential and not the way around.

The environmental potential (EP) may be expressed in terms of the extraction factor
(EF) and the theoretical potential (TP) as

00 0'®@"Y0 (1.4)

where EP (in Watts) may be interpreted as the theoretical installed capacity of SGE
plants considering environmental constraints.

Although the relevance of the environmental potential for implementing SGE at river
mouths is evident, very few studies have addressed this issue. Stenzel and Wargen [27]
propose an extraction factor of 10% of the mean discharge of rivers, based on the criterion
that the resulting rivers flow after water extraction does not fall below a specified
environmental flow to warrant ecological stability. They analyzed the discharge of
German rivers to define this extraction factor. Other studied have discussed possible
environmental impacts of SGE exploitation at river mouths [25], but a large gap on
quantification of those impacts and the subsequent implications for the environmental
potentials is still evident in the literature.

1.2 Research gaps and challenges

Most of the research efforts in the field of SGE have been focused on the technical
potential i.e., on improving the performance of the energy generation technologies in order
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to bring them to an economically competitive stage [25,40,41]. However, as the
technologies approach the feasibility of implementation in real scale power plants, more
attention must be paid to the challenges that this implementation implies. Several gaps in
the analysis of suitability, theoretical potentials and environmental potentials of SGE at
river mouths can be identified from the previous background:

About the suitability of river mouths, a relation between tidal forcing and coastal regions
where SGE exploitation may be possible has been previously described [27]; however, an
explicit quantification of the relation between the magnitude of the forcing controlling the
salinity structure of river mouths (including tides) and the suitability of harnessing SGE
for particular systems has not been conducted yet.

Meanwhile, the theoretical potential is assessed from average salinities, temperatures and
river discharges, although these variables fluctuate temporally and spatially in different
scales [42-46]; indeed, the average ocean salinity is 34.9 g/l, but range between 0 g/l and
42 g/1; and the average temperature is 3.5°C, but varying between -2°C to 30°C [47].
Furthermore, the theoretical potential does not consider that in river mouths a brackish
zone separates the fresh- and sea-water, and these waters must be transported towards
the power plants, reducing the net available energy potential depending on the extension
of the brackish zone. Therefore an alternative site-specific potential should be proposed to
assess the net available SGE resources at river mouths considering the spatiotemporal
dynamics of the salinity structures.

In relation to the environmental potential, it has been discussed that the extraction of
fresh- and sea-water and back discharge of brackish water might generate non-negligible
environmental impacts on several dynamics of river mouths, depending on the extraction
factor [27,39]. However, the relation between extraction factor and environmental impacts
is strongly site-specific depending on ecosystems value and vulnerability, and on relative
importance of other uses of the systems, among others. Therefore, is not practical to
propose a unique extraction factor to calculate the environmental potential for all river
mouths; rather, an analysis of the effects of different extraction factors at global and local
scales should be carried out to suggest operation ranges and thresholds for sustainable
exploitation.

This thesis addresses the previous identified gaps from both global and local scales
approaches; therefore, the suitability, theoretical potential and environmental potential
are treated repeatedly with different focus throughout the thesis as the spatial scale is
reduced and the temporal scale is enlarged.
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1.3 Aims

1.3.1 Main aim

Investigate the suitability and potentials of harnessing salinity gradient energy from river
mouths at global and local scales considering spatiotemporal variability of environmental

forcing and salinity structures.

1.3.2 Specific aims

1 Analyze the effect of main environmental forcings influencing the stratification in the

suitability of river mouths for harnessing SGE.

1 Determine the relation between the spatiotemporal dynamics of salinity structures

and the site-specific SGE potentials of river mouths.

1 Evaluate the effects of SGE generation in the hydraulic regime and salinity structure

of river mouths and how these effects in turn limit the environmental potentials.

1 Integrate the previous elements to assess the extractable SGE resources from

river mouths at global and local scales.

1.4 Outline

This thesis starts with the definition of site-specific potential and the analysis of
suitability of river mouths for harnessing SGE in Chapter 2. The salinity structure of
several representative river mouths is studied and the relation between stratification and
site-specific potential is identified. From this analysis, a descriptor for general assessment
of the site-specific potential is derived and a classification of river mouths according to the

suitability for SGE generation is proposed.

This classification of suitability is used to re-estimate the global theoretical SGE potential
in Chapter 3. Additionally, the effect of the extraction factor on the global
environmental potential is analyzed and the capacity factor of SGE at river mouths is
calculated. From these results, the global extractable SGE resources are assessed and

their global distribution is mapped.

In Chapter 4 the spatial scale is reduced and the temporal scale is enlarged. The 3D
hydrodynamics of suitable river mouths for harnessing SGE in Colombia is modelled for
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six seasonal and inter-annual representative climatic scenarios, in order to analyze in more
detail the effect of temporal variability of salinity structures on the available SGE

resources.

Main previous finding are summarized in Chapter 5 in a methodology that can be taken
as a basis to assess the SGE potential of particular river mouths. This methodology is
applied to a river mouth with suitable conditions for harnessing SGE and high site-
specific potential. The design parameters of a SGE plant in this system are assessed; the
technical potential and operation parameters assuming PRO technology are calculated;
and the effects of the plant operation on the hydrology and salinity structure of the river
mouth are analyzed.
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2. River mouths as source of salinity
gradient energy

River mouths are potentially abundant locations for the exploitation of the clean and
renewable salinity gradient energy (SGE) as here perpetually fresh water mixes with
saline seawater. However, the practical yield of SGE depends on the spatiotemporal
variability of the salinity structure. Here we show this relationship for exemplary river
mouths. Depending on characteristics of the salinity structure, SGE resources can be
reduced to only 0.2% of the theoretical potential. We derive a descriptor for a quick
general assessment of the site specific potential and propose a classification of river
mouths according to their suitability for SGE generation. It is shown that the tidal range
is the most limiting factor for the harnessing of SGE at river mouths. Systems with a

tidal range greater than 1.2 m seem not to be suitable locations.

This chapter has been published as:
Oscar Alvarez-Silva, Christian Winter, Andrés F. Osorio. Salinity gradient energy at river
mouths. Environmental Science and Technology Latters. 2014, 1 (10), pp 410-415.
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2.1 Introduction

Salinity gradient energy (SGE) can be gained from the controlled mixing of two solutions
with different salt concentrations, taking advantage of the chemical potential difference
[1]. Two technologies for harvesting SGE are in latter stages of development: pressure
retarded osmosis (PRO) [2] and reverse electrodialysis (RED) [3]. Additionally, capacitive
mixing (CapMix) is another emerging technology that has recently developed quickly [4].
River mouths (estuaries and deltas) are manifest locations for SGE exploitation with a
global availability of adjacent water resources of different salt concentrations. Most recent
assessments of the maximal theoretical power potential of river mouths systems range
from 1.724 to 3.158 TW (equivalent to 15102 and 27664 TWh per year, respectively) [5,6],
which is on the same order of magnitude as worldwide electricity consumption in 2011 of
20407 TWh [7].

Available global, regional, and local estimates are based on average salinity differences
between the fresh water of rivers and the nearby ocean [5,6,8-10]; however, for more
realistic estimations of the potential, the site specific spatiotemporal variability of the
salinity in river mouths must be taken into account [11-13]. River mouths with extensive
salt and fresh water mixing zones must be discarded because larger distances between the
intake points of diluted and concentrated solutions imply greater energy losses for the
transport of water toward the power plants [6]. Extensive mixing zones occur in weakly
stratified to well-mixed river mouths, associated with moderate to strong tidal forcing and
weak to moderate river discharge [14]. On the other hand, narrow mixing zones occur in
strongly stratified and salt — wedge river mouths, associated with weak to moderate tidal
forcing and moderate to large river discharge [14]. The salinity gradients may also change
temporally as the mixing zone migrates on seasonal time scales because of the variability
of the river discharge [15]. Here we further develop the recently introduced concept of a
site specific potential (SSP) [12,13] and show how the theoretical SGE resources in river
mouths are reduced to a practical yield depending on the local salinity structure of river
mouths and energy losses.

2.2 Methods

The necessity of a site specific potential analysis taking into account environmental
forcing at river mouths where SGE projects are proposed was first discussed by Ortega et
al. [12] and later defined as the theoretical net energy density (energy per unit volume of
the diluted solution) considering the temporal variability of the salinity at the intake
locations of diluted and concentrated solutions [13]. As mentioned before, the most
important effect of the salinity structure’s behavior at river mouths in terms of SGE
harnessing, apart from the variability of the theoretical potential, is the relation between
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the extension of the brackish zone and the energy losses. Accordingly, the concept of SSP
is extended here to the net energy density considering the temporal variability of the
salinity and the energy losses caused by the transport of water toward the power plant. It
can be expressed as

"Y'YOfd 00 7700 (2.1)

where G (joules per cubic meter) is the theoretical SGE potential or Gibbs free energy of
mixing per unit volume, H (joules per cubic meter) is the longitudinal energy losses for
water transport, L (meters) is the distance between intake points of diluted and
concentrated solutions [P; and P., respectively (Figure 2-1)], and ¢ is the temporal
variability of the salinity structure represented by temporal scenarios as explained below.
G is expressed as [§]

O 0O O O (2.2)

where ¢ and d indicate the concentrated and diluted solutions, respectively, and b
indicates the brackish solution after mixing. For ideal dilute solutions, the Gibbs free
energy (Gi) of each electrolyte solution (i = ¢, d, or b) is given by

0 VO Y Ob & @& (2.3)

where T (kelvin) is the absolute temperature of each solution, m; is the total number of
moles per cubic meter, R is the universal gas constant (8.314 J mol' K™'), and z and y
are the molar fractions of ions (Na' and Cl7) and water, respectively. Meanwhile, the

energy losses are calculated from the energy conservation equation in pipes [22] as

o ¢E " ¥ o (2.4)

for a unitary flow @ = 1 m*/s, density h = 1000 kg/m?* for both solutions, friction factor
f is estimated with the Colebrook — White equation using a roughness height of 3.5 x
10° m (characteristic of the pipes used in desalination plants [23]), and pipe diameter D
= 0.71 m (28 in.) optimized to minimize the friction factor.

In river mouths with a mixing zone of fresh water and seawater, the usable salinity
difference of the solutions depends on where along the estuary the water intake points P,
and P. can be located (Figure 2-1). According to eq. 2.1, the optimal distance between
intake points (L) is a trade-off between the maximal expected salinity difference and thus
the theoretical potential G and energy losses H. An optimal location for L = 0 in
stratified estuaries is the point at which the time-averaged vertical salinity difference Y'Y
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(grams per liter) is maximal (Figure 2-1), as at zero longitudinal distance, the average
salinity difference between the surface and the bottom is maximal (and hence the
theoretical energy potential), with minimal energy losses.

d L »

Ldyele, 12 ANA=
6_> - ,”Pd‘ ,E’ —/ 7 ” /, V¢A
:

max{ASz(x)} x
L=0
Figure 2-1. Longitudinal transect of a river mouth system. Dashed lines represent

the isohalines. The figure shows the intake points of diluted and concentrated water
(Pq and P., respectively), the distance L between them, and the location of L = 0. P,
is located close to the surface and P, close to the bottom to maximize the difference

in salinity between solutions.

The salinity structure of river mouths can be highly variable on seasonal time scales
depending on the river discharge; [15,16] the energy potential of two extreme steady states
is considered to represent the temporal variability of the salinity structure: the high- and
low-river discharge scenarios (t and t,, respectively) (usually associated with dry and wet
seasons [17-19] or winter and summer [20,21]). Then the time-averaged vertical salinity
difference is defined as

YY®  YY do Y'Y oo Tg (2.5)

The SSP here is estimated for seven exemplary river mouths for which the longitudinal
salinity structures for high- and low- river discharge scenarios averaged over a neap-spring
tidal cycle are known: Chesapeake (United States) [17], Huangmaohai (China) [24],
Magdalena (Colombia) [13], Pamlico (United States) [25], Pearl (China) [18,19], Sepik
(Papua New Guinea) [26], and Weser (Germany). Temperature structures were used
where there are known and average values otherwise. The relation between SSP and the
theoretical SGE potential may be quantified with a dimensionless energy potential
number

0 "Y'YO ¥O (2.6)

in which "Y"Y0 (joules per cubic meter) is the average of the maximal SSP for high- and
low-river discharge scenarios:
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where SSPu(t) = max{SSP(L,t)};, and Gue (2.55 MJ/m3) is the maximal theoretical
energy density of the ocean, calculated assuming the salinity of the concentrated solution
is the maximum for the ocean (0.72 mol/L = 42 g/L) [27], the salinity of the diluted
solution is the average for the rivers (0.0022 mol/L = 0.13 g/L) [28], the volumetric ratio
is 1:1, and the temperature of both solutions is the maximum of the ocean (40 °C) [27].

The spatiotemporal variability of SSP depends on the characteristics of the stratification
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