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The controlled mixing of streams with different salinity is a potential route for clean and renewable
base-load power generation. Here, a comprehensive process model has been developed for pressure-
retarded osmosis (PRO) accounting for full-scale system losses such as viscous dissipation, external mass
transfer and equipment efficiency. Also, an existing model for reverse electro-dialysis (RED) is adapted to
account for analogous full-scale system losses. The models are used to predict practical power densities
and process efficiencies. The projected power density for PRO (using best available membranes) is much
lower than generally predicted by extrapolation of experimental data. For example, a power density of
4 W/m? extrapolated from laboratory experiments actually yielded negative power at full-scale. The
maximum power density for PRO is doubled as the hydraulic energy recovery (HER) efficiency is
increased from 90% to 99%. Furthermore, the operating pressure, load voltage, and crossflow velocities
typically applied in laboratory studies appear much too high to be practical in full-scale PRO and RED
systems. Notably, RED systems exhibit a lower system size required for achieving a given degree of
mixing, compared with PRO. For both processes, maximum energy efficiency does not occur at
thermodynamic equilibrium due to hydraulic losses. Finally, maximum power density appears to be
an inadequate parameter for assessing full-scale PRO/RED process feasibility because both processes
could produce the same maximum power density, yet exhibit different power outputs and efficiencies

and system sizes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Clean, renewable energy may be produced by controllably
mixing streams of different salinity [1,2]. This is achieved by
employing membranes that facilitate selective transport of either
solute or solvent, resulting in different process characteristics with
various advantages and disadvantages. Pressure-retarded osmosis
(PRO) and reverse electro-dialysis (RED), the two most popular
salinity gradient power (SGP) technologies, are discussed in detail in
the literature (see, for example, Refs. [1,3-9]). While both PRO and
RED involve mixing dilute and concentrated solutions, the energy
conversion mechanism achieved via mixing is fundamentally dif-
ferent. PRO involves the diffusion of water molecules across a
semipermeable membrane from a dilute feed stream into a pres-
surized concentrated stream, augmenting its volume upon dilution.
The volume-augmented feed is then passed through

* Corresponding author. Current address: Water Planet Engineering, 721
S. Glasgow Avenue, Suite D; Los Angeles, CA, USA. Tel.: +1 424331 7701;
fax: +1 424 331 7799.

E-mail address: eric@waterplanet.com (E.M.V. Hoek).

http://dx.doi.org/10.1016/j.memsci.2014.10.023
0376-7388/© 2014 Elsevier B.V. All rights reserved.

a hydro-turbine where the mechanical energy is converted into
electricity. RED involves the diffusion of salt ions across charge-
selective ion exchange membranes, creating an ionic flux that is
converted into an electron flux at an electrode surface, and power is
harnessed through an applied load in an external circuit.

Previous modeling work on SGP technologies has focused on
the maximum power density produced through PRO or RED.
However, maximum power density alone is an insufficient metric
for designing a large-scale, realistic SGP system. Even in an ideal
system, maximum power density will only be achieved at the
system inlet where the concentration gradient is the largest, but
downstream mixing of the streams inevitably lowers the power
density. Conversely, energy efficiency, defined as the ratio of
produced-to-available energy, is maximized at the point of com-
plete mixing, which would theoretically occur at the system outlet.
However, complete mixing would require infinite system size (or
residence time). Therefore, in order to evaluate the scale-up of SGP
technologies, it is essential to first understand how system-level
power density and energy efficiency (and therefore total power
output) change with module length (a proxy for system size).
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A full-scale process model accounting for changes in velocity,
pressure, and concentration along the length of the flow channels
can provide a direct, quantitative indication of these important
process metrics. To the best of our knowledge, a detailed process
model has yet to be published for PRO. For RED, a potentially full-
scale process model has already been proposed [10]; however, it
was employed for the purpose of comparison with experimental
measurements on a small-scale system and was not used to
evaluate full-scale performance. Moreover, the model did not
consider external mass transfer, which significantly impacts the
performance at low crossflow velocity [2]. A recent study by
Vermaas et al. applied a process model to evaluate changes in
energy recovery and power density over relatively short lengths,
but did not account for membrane resistance, viscous dissipation,
or concentration polarization [11]. Furthermore, detailed compar-
isons of PRO and RED previously published have considered the
maximum power density achievable, but did not consider how
both energy efficiency and average power density would compara-
tively scale with system size.

The purpose of this paper is to identify how full-scale perfor-
mance varies with the main process parameters. In particular, this
is the first time that PRO performance has been evaluated by a full-
scale process model. Note that the two processes modeled are
envisioned with different system dimensions and operating prin-
ciples; hence, directly comparing PRO and RED is naturally a
difficult task. Therefore, the results presented herein are designed
to illustrate the potential of a full-scale process model and the
extension of that model to practical scale-up considerations. The
results are not intended to be a prescriptive statement on which
process is technologically superior. Furthermore, although PRO
and RED can be envisioned as multi-stage processes, we only
consider a single stage (single hydro-turbine and single electrode
for PRO and RED, respectively). Finally, only co-current cases are
considered here; cross-current or counter-current configurations
could produce different results.

2. Model formulation

In this section, one-dimensional process models are developed
for both PRO and RED, in the spirit of previous efforts to model
full-scale reverse osmosis systems [12-15]. In this framework,
cross-sectional variations of velocity and concentration in the flow
channels are not explicitly solved. Instead, mass transfer correla-
tions are used to account for external concentration polarization
(in the case of PRO, internal concentration polarization is
accounted for as well), and a friction factor is used to account
for viscous dissipation. This results in a significant computational
simplification, producing a coupled system of non-linear ordinary,
rather than partial, differential equations. Through employing this
flexible approach, operational parameters can be more rapidly
adjusted and evaluated over a wider range as compared with more
computationally intensive approaches such as computational fluid
dynamics (CFD). The one-dimensional model is the first step
toward approximating scale-up of salinity gradient energy and
requires much less computational power than more complex
modeling techniques. While over short lengths CFD can be of
great use, over longer system lengths (many meters) it is not
computationally rational to apply two- and three-dimensional
approaches. We note that good correlation between one-
dimensional models and experimental data has been reported in
the past for the fouling of reverse osmosis systems [16]. In the
present formulation, other inefficiencies are included, such as co-
ion transport and salt leakage, hydraulic losses within the module,
and machine inefficiencies (pumps, hydro-turbine, hydraulic
energy recovery device).

Mass and momentum balances applied to each channel yield
the system of governing ordinary differential equations for trans-
port in each process. Eqgs. (1)-(3) describe changes in crossflow
velocity u(x), solute concentration c(x), and pressure p(x), with
position x (module length) in the dilute and concentrated chan-
nels, viz.,

du 2]

a: iT (1)
due) | 2Js

& ~*h @
dp  Apu?
dx~  2d, )

where h is the PRO or RED module channel height, p is the density
of water, dj, is the hydraulic diameter of the channel, J,, is the
water flux across the membrane, J; is the salt flux, and 4 is the
friction factor coefficient. An exhaustive study was conducted in
order to identify useful friction factor correlations in the literature.
Many correlations have been developed for different flow geome-
tries and Reynolds numbers. Here we apply a friction factor
correlation which is relevant to the range of conditions modeled
in this study [17]. The friction factor coefficients used in determin-
ing the hydraulic losses within each channel were calculated
through
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where wi, w,, and w3 are fitting parameters obtained from
computational fluid dynamics [17]. For the case of circular spacers
with a diameter half the channel height and 4.5 mm filament
spacing, the values of these parameters are w=0.42, w, =189.29,
and w3 =1. Please see the Supporting information for more details
on our approach to the friction factor correlation.

A graphical representation of a single PRO or RED membrane
“cell” is shown in Fig. 1. Note that in Egs. (1) and (2), negative and
positive signs signify mass loss and gain, respectively, occurring in
the dilute and concentrated channel. Furthermore, we define the
dilution ratio, i.e., the ratio of dilute to concentrated channel flow
rates, as

dq
dr = @ (5)
The dilution ratio has a fundamental impact on the energy
efficiency achieved during mixing, as well as the total power
extracted. It is distinctly a feature of large-scale implementation;
such effects have not received attention in the laboratory-scale
literature.

2.1. Water and salt fluxes

2.11. PRO

Water flux in PRO is a function of the bulk solute concentra-
tions (and hence, the osmotic pressure), salt diffusivity D, external
mass transfer coefficient k., universal gas constant R, temperature
T, and membrane permeability to water, A, and salt, B [5]. In order
to account for the impact of non-ideality in the osmotic pressure, a
correction factor must be applied. The actual osmotic pressure
(Zactua) and the ideal osmotic pressure (7jgeq) can be related
through the concentration-dependent osmotic coefficient (¢),

_ Tactual — (RT/V)ln aw
Tideal 2RTc
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where the numerator is the actual osmotic pressure and considers
the activity of water (ay), and thus non-ideality, and the denomi-
nator is the idealized van't Hoff approximation for osmotic
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