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Abstract

Brine concentration is a useful operation that allows for increased recovery ratios in
water treatment systems, reduction of waste volumes, and the production of minerals
from saline brines. As our world moves towards a more sustainable future, improve-
ments in energy-efficient brine concentration will be important. While viable brine
concentration technologies exist, current methods are often inefficient. In this thesis, a
model is developed to simulate Counterflow Reverse Osmosis (CFRO), a membrane-
based, pressure-driven brine concentration technology. Using this model, a single
CFRO module is simulated and its performance characterized. Entropy generation
within a single-stage system is analyzed, which provides insights for configuring and
optimizing multistaged systems. Additionally, a parametric analysis of membrane pa-
rameters provides direction for the development of CFRO-specific membranes. Two
existing configurations of CFRO are discussed, and compared with a new third config-
uration, split feed CFRO, which is presented for the first time here. Split feed CFRO
systems are simulated and optimized to provide guidance for system design. A variety
of multistage systems operating at a range of recovery ratios are simulated, and the
results compared are with existing desalination and brine concentration technologies.
Potential is shown for the maximum recovery ratio of RO systems to increase signifi-
cantly when hybridized with split-feed CFRO brine concentration systems, while the
energy requirements of these hybridized systems is similar to, or an improvement on,
the expected performance of conventional RO systems operating at high pressures and
the same conditions. A large reduction in energy usage when compared to commonly
used evaporative brine concentrators is shown to be possible.
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Chapter 1

Introduction

1.1 Motivation

Brine management is becoming an increasingly important step in a complete water
processing operation. Increased regulation [1, 2|, environmental concerns [1, 3, 4, 5],
and cost saving opportunities are all factors that have led to the growing demand for
brine concentration technologies that can help to make water recycling feasible, reduce
waste volume [6, 7], and in some cases recover value from brine streams [8]. Increased
competition for clean water from a growing global population with agricultural and
industrial needs, and additional stress on water supplies from climate change and
changing diets has made access to clean water less secure and more expensive than
in the past [9, 10, 11], trends which are not likely to change in the near future. All
of these factors are leading to increased adoption of brine concentration technologies
and increased recovery ratios for water treatment systems already in place.
Recovering water from low-concentration solutions (below 70 g/kg) is most com-
monly done using reverse osmosis (RO) because of its high efficiency, reliability, and
technical maturity [12, 13]. Although RO is the dominant desalination technology
today, it suffers from several challenges when operating at higher concentrations: the
system’s maximum recovery ratio is limited by a combination of feed concentration
and membrane limitations, losses are greater in high recovery operations due to im-

balances in driving pressures, and the rate of fouling increases at high concentration.
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Operating at high pressures also requires more expensive pumps, pressure vessels, and
pipes, increasing system capital costs. Some of these challenges are being addressed
by new configurations of RO technology, such as multi-stage RO, closed circuit RO,
and batch RO [14, 15, 16, 17, 18], but some of these challenges remain.

In extreme cases, where no liquid waste can be disposed of due to regulations or
high disposal costs, zero liquid discharge (ZLD) or minimum liquid discharge processes
are necessary. Because of the limitations of current RO systems, further treatment
of high-concentration solutions has been performed mainly by evaporative methods,
such as mechanical vapor compression (MVC) [2], which is inefficient and energy in-
tensive. Several other technologies, including electrodialysis (ED), forward osmosis
(FO), membrane distillation (MD), and hybrid MVC-RO have been proposed as al-
ternatives to MVC for high salinity brine concentration applications. Each of these
technologies has its own benefits and drawbacks, and it is unlikely that one technol-
ogy will be the optimal choice for all use cases. While each of these technologies has
been explored in depth in the literature [13, 19, 20, 21], we consider another emerging

brine concentration technology that could compete with these alternatives.

Counterflow reverse osmosis (CFRO), which has also been called osmotically as-
sisted reverse osmosis (OARO) [22] and cascading osmotically mediated reverse os-
mosis (COMRO) [23], has been shown to have the potential to be significantly more
energy efficient than other brine concentration technologies, and also has the benefits
of an increased operating range compared to RO. This is because CFRO’s recovery
ratio can be increased without requiring higher pressures and fluxes, as additional
stages operating at low hydraulic pressure differences can be employed to extract
more water from a brine stream. Additionally, CFRO’s ability to operate multiple
stages at low hydraulic pressure differentials instead of a single stage at a much higher
hydraulic pressure differential may reduce the propensity for fouling, which is another

potential benefit of the technology [24].
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1.2 Core technology

At its core, CFRO is a membrane-based, pressure driven brine concentration technol-
ogy, which shares many properties with other membrane-based chemical separation
technologies, such as RO and FO. Like RO, permeate flows from the side of high
concentration and high hydraulic pressure, across the membrane, to the side of low
concentration and low hydraulic pressure. However, unlike RO, CFRO employs two
feed streams instead of one. The first feed stream, which is referred to as the con-
centrate stream, is analogous to the feed stream in an RO system. The concentrate
stream is dewatered as permeate flows through the semi-permeable, salt-rejecting
membrane, and leaves the module with a reduced mass flow rate and increased con-
centration. On the opposite side of the membrane is another saline feed stream,
which we call the diluate stream. This stream is diluted as permeate flows through
the membrane, and the stream leaves the module with increased mass flow rate and

reduced concentration.

Flow through the membrane is governed by the familiar solution diffusion equation

Jw:A[(Pc_Pd)_(WC_Wd)] (1'1)

where J,, is the water flux through the membrane, A is the membrane’s water perme-
ability, P is hydraulic pressure, 7 is osmotic pressure, and subscripts ¢ and d denote
the concentrate and diluate sides of the membrane, respectively. Another important
aspect of this technology is that the feed streams flow in opposite directions. This
allows for the balancing of osmotic pressure differences across the membrane, which
leads to increases in efficiency by reducing entropy generation, much in the same way
that balancing temperature differences in a counterflow heat exchanger increases the
efficiency of heat transfer [26, 27]. Figure 1-1 shows a comparison of single stages of
RO, FO, and CFRO systems along with the equations that govern water flux through

the membrane in each system.

CFRO modules can be configured in several different cascading configurations

to produce product streams at a wide variety of conditions. CFRO can also be
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Figure 1-1: Diagrams of reverse osmosis, counterflow reverse osmosis, and forward
osmosis modules along with the equations governing water flux through their mem-
branes. The color intensity of the blue arrows correlates with stream solution con-
centration, while the green arrows show the direction of permeate flow.

hybridized with a normal RO system to produce pure water in addition to highly
concentrated brines. Some of these configurations are discussed in Chapter 4 of this
thesis. However, before looking at more complex configurations, we first define several
measures of system performance, and then seek to understand the operation of a single
stage using a one-dimensional finite difference computational model. This model is

explained in depth in Chapter 2.

1.3 Measures of system performance

There are three ways to quantify the performance of brine concentration systems that
will be used in this work: Recovery ratio (RR), specific energy consumption (SEC),
and 2nd law efficiency (n;;).

1.3.1 Recovery ratio

The recovery ratio, RR, can be defined in several different ways depending on the
system being analyzed. In a system that has one feed stream, one brine stream, and

one permeate stream, the recovery ratio is defined as:

RR = M (1.2)
M feed

where 1M permeate 1s the mass flow rate of permeate through the membrane and 77 eq

is the mass flow rate of the single feed stream. However, when looking at a single
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CFRO exchanger, there are two feed streams and two outlet streams. Because the
feed streams do not have to be at the same concentration, we define the recovery ratio

as the amount of permeate recovered from the concentrate side feed stream:

RR — Mpermeate (1.3)

Mfeed,c

where 1M feeq,. is the mass flow rate at the inlet of the concentrate side feed stream.
The recovery ratio quantifies the fraction of feedwater that is recovered or passes
through the membrane. For situations where the goal is to achieve zero or minimum
liquid discharge, achieving high recovery ratios is very important, as it reduces the
work that needs to be done by secondary processes to concentrate brine to satura-
tion levels. In situations where achieving high concentrations or minimizing waste
volumes is of less concern, some measure of energy efficiency will most likely be more

important.

1.3.2 Specific energy consumption

Specific energy consumption, SEC, is defined as the amount of energy used to create
one unit of product. This is a simple way to approximate the efficiency of a system.
For a system with one feed, one brine, and one permeate stream, the SEC is defined
as:

SEC = L (1.4)

permeate

where W is the total electrical work input into the system, and Vpermeate is the volu-
metric flow rate of the permeate stream, usually measured in m®. For a single CFRO
module with two feed and two outlet streams, the definition of SEC' is the same, but
care should be taken to ensure that the Vpemeate considered is the volumetric flow rate

of permeate that passes through the membrane, and not the volumetric flow rate of

one of the feed or outlet streams.

Specific energy consumption gives a simple way to compare the amount of energy

used between systems, although it does not provide a complete picture. Because it is
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easier to recover pure water from low concentration streams than high concentration
streams, it is not advised to compare systems that have different recovery ratios
or feed conditions using SEC. This would constitute comparison of systems that

perform different amounts of thermodynamically useful work.

1.3.3 Second law efficiency

274 Jaw efficiency, n;;, is the ratio of thermodynamic least work for a process compared

to the actual work taken into the system:

Wleast
Wactual

(1.5)

nir =

where the least work W, is the work done by a thermodynamically reversible process
to perform the operation specified, which in this case is a chemical separation. The

least work, also called the least work of separation or useful work done, is defined as

Wleast = Zmoutgout - megm (16)

where ¢ is the Gibbs free energy of the inlet or outlet stream, and m is the stream’s
mass flow rate [12]. Within the realm of desalination, there is still some difference of
opinion as to how to define least work. When the sole goal of a process is to produce
pure water, and the brine is considered useless waste, the least work is often defined
as W/ the minimum work required to separate water from the feed stream at a
recovery ratio approaching zero. This definition is commonly chosen because, if the
sole purpose of the plant is to produce water, the customer generally does not care
what the recovery ratio of the plant that produced it was. Any given drop of water
is agnostic as to how it was produced. Therefore, it makes sense that the minimum
energy to produce the water is considered regardless of the recovery ratio. Because
the first drop taken from a saline feed stream will have the lowest energy requirement
to be extracted, the minimum energy requirement will be when the recovery ratio

approaches zero [12].

24



However, because we are interested in potentially recovering products from the
brine streams in minimum or zero liquid discharge systems, the recovery ratio is
important. For a brine concentrator, we care about both the energy to produce the
products, and the state or concentration of both the concentrate and diluate streams.
Therefore, for this analysis, we take the least work to be the least work at a finite
recovery ratio [28]. This will allow us to compare the work done in the actual system to
the work that would be required by a thermodynamically reversible system operating
at the same inlet and outlet conditions. Further discussion of thermodynamic least

work and 2" law efficiency can be found in references [12, 29, 30].
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Chapter 2

Counterflow Reverse Osmosis

Model

In order to better understand the physical picture of what will occur in a CFRO
system, a computational model is developed, beginning with a model of a single

CFRO module, and scaling up to multistage systems.

2.1 Model description

We modeled each CFRO module as a spiral wound membrane with counter-current
flow. The model uses a finite difference approach with 100 elements per stage, al-
though element count was reduced for some multistage configurations because of
computer program limitations. The model is solved iteratively using Engineering
Equations Solver (EES). EES was chosen for this application because of its simplic-
ity, its useful optimization techniques, and its built-in property tables [31, 32]. While
seawater property packages are valuable for situations involving low concentrations,
there is not enough data on seawater behavior at high concentrations to use these
packages for all cases. Therefore, we chose to use the Pitzer model for NaCl solutions
[33] to simulate NaCl solutions instead of seawater solutions. While seawater proper-
ties could have been used for some low concentration simulations, NaCl solutions are

used for all simulations in this study for the sake of uniformity.
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2.2 Governing equations

Within each differential element, mass flow rates of salt and water are calculated
using mass conservation equations. The mass flow rate of water into and out of
each element is balanced with the water flux through the membrane. This balance
is performed on both sides of the membrane. The same mass balance is performed

for salt. A diagram of the setup is shown in Figure 2-1. Pressure drop along the

Concentrate Side
High Pressure

Bulk flow
—_—

>
T
>
X

Active Layer

Support Layer

i
I
> . 1
My,a | my, q ! Bulk flow
X ,
o 1 X+Ax ! —
. m ! Diluate Side
Ms.q X s,d X+ Ax i Low Pressure

Figure 2-1: Diagram of counterflow reverse osmosis model, broken into four elements.
Mass flow rates of salt and water into and out of a single element are shown, on both
sides of the membrane, along with water and salt flux through the membrane layer
itself.

module is estimated using the Darcy-Weisbach equation, along with a friction factor

correlation specific to membrane systems [34].

dx V?
f=3.23Re " (2.2)

With the hydraulic pressure and mass flow rates of salt and water known, the
osmotic pressure, viscosity, density, Gibbs free energy, and other relevant values can
be calculated using the Pitzer model [33]. Water flux through the membrane is

governed by the solution diffusion model [25], and salt rejection takes place at the
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active layer of the membrane, giving the equation:

Jw =A(P. — Py) — (Temem — Td,sup)) (2.3)

where 7. e 1S the osmotic pressure on the concentrate side, at the membrane surface,
and 74 4, is the osmotic pressure on the diluate side of membrane’s active layer, at the
interface between the support layer and active layer. Salt flow through the membrane
is governed by the salt permeability coefficient, B, and the difference in concentration

of salt across the active layer
Jsalt =B (Cc,mem - Cd,sup) (24)

where Jyqy is the salt flux, C,,,,,, is the solution concentration on the concentrate side
of the membrane, at the membrane surface, and Cy s, is the solution concentration on
the diluate side of the membrane’s active layer, at the interface between the support
layer and the active layer of the membrane. The solution concentration is taken at

these points because only the active layer of the membrane actually performs the

separation of salt and water.

2.3 Concentration polarization

There are three relevant modes of mass transfer near the active layer of the membrane
which describe the salt concentration in a thin concentration boundary layer. In a
layer near the membrane surface on the concentrate side of the membrane, salt is
rejected while water passes through the membrane. This creates a buildup of salt
near the membrane surface, and the resulting concentration gradient leads to salt
diffusion away from the membrane by molecular diffusion. At the membrane surface,
this molecular diffusion of salt is balanced by the salt diffusing through the membrane,
governed by Equation 2.4, and salt advection toward the surface, carried by the water
flowing through the membrane.

On the diluate side of the membrane, the same phenomena govern salt mass
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Molecular
diffusion Advection

Membrane
Diffusion

Decreasing salinity / osmotic pressure
' i | ]

Figure 2-2: Diagram of concentration polarization within a membrane. Concentra-

tions at relevant locations are depicted on the right, salt diffusion phenomena and

directions governing concentrate-side ECP are shown on the left, and a representative
concentration profile near and in the membrane is shown in the center.

transport again. The solution that flows through the active layer is more dilute
than the bulk solution on the diluate side of the membrane, which causes salt to
diffuse towards the membrane, while advection carries salt away. The changes in
concentration due to these effects, which is called concentration polarization, occur in
three different control volumes; one on the concentrate side of the membrane and one
on the diluate side of the membrane just outside the support layer, which are called
external concentration polarization (ECP) as they are external to the membrane, and
another within the support layer itself, which is referred to as internal concentration
polarization (ICP). These effects are shown in Figure 2-2 While the effect of ECP
on the dilulate side of the membrane is often ignored due to being small compared
to ICP, we include it here and for single module analyses. It has been shown that
as membrane technology improves, accounting for the boundary layers outside the
membrane becomes more important [35, 36]. However, for multistage cases where
diluate-side ECP is negligible compared to other losses in the system, it is ignored in

order to reduce computation time and complexity.

The mass balance equations for salt flow result in three coupled differential equa-
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tions with three unknown values: Cy mem, Csup, and Ce men, which are the concentra-
tions on the diluate side of the membrane at the support layer surface, the concentra-
tion at the interface between the support layer and active layer, and the concentration

at the membrane surface on the concentrate side, respectively.

Jch,bulk =B (Cc,mem - Csup) + D@ (25)
d

chd,mem =B (Cc,mem - Csup) + Dd_j (26)
dC

Jde,bulk =B (Cc,mem - Csup) + Dd_y (27)

These equations are solved using the known bulk concentrations on the concentrate

and diluate sides as boundary conditions, resulting in three more coupled equations.

B Cmem c Osu Jw Jw5
Ce pur = ( ’ ») {1 — exp <—ny) ] + Cc mem * €Xp (_F> (2.8)

Jw
B C mem Csu Jw Jw
OD,mem = ( < Jw p) |:1 — exXp (_TC> ‘| + CD,b’Lle - €Xp (_34—) (29)
o B(OC,mem - Osup) JwS JwS
Coup = T 1 —exp D + Cp mem - €XP D (2.10)

The above equations can be solved to provide the concentration profile throughout
the system, a depiction of which is shown in Figure 2-2. In the above equations, D is
the diffusion coefficient, v is the boundary layer thickness on the concentrate side, ( is
the boundary layer thickness on the diluate side, and S is the structural parameter of
the membrane support layer. S is a function of the membrane’s thickness §, porosity
€, and tortuosity 7:

§=— (2.11)

The thickness of the concentration boundary layer on either side of the membrane is

determined using a Sherwood number correlation [37].

Sh = 0.2Re*?" 54 (2.12)
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It is worth noting that the degree of ICP is a strong function of the membrane
structural parameter S and the water flux through the membrane J,,. A significant
increase in flux will lead to greatly reduced osmotic pressures at the interface between
the active and support layers of the membrane, which will in turn lead to requirements

for much higher trans-membrane pressure in order to achieve the desired flux.

2.4 Membranes

The membranes considered for this model are based off of the HTI-TFC membranes
investigated by Straub et al. [38] with properties A = 2.49 [L/m*-h-bar], B = 0.39
[L/m%h], S = 564 x107% m, and a burst pressure of 50 bar.

As will be shown in Section 3.2.2, CFRO performance is sensitive to the membrane
structural parameter, and so membranes with high permeability and low structural
parameter are desirable. While no manufacturer makes membranes specifically for
CFRO as of the time of this writing, the next best option may be membranes designed
for FO or pressure retarded osmosis (PRO), which are designed to have a structural
parameter much lower than RO membranes. However, FO membranes are not de-
signed to withstand the high pressures that may be used in CFRO. Thus, the we
have performed all computations in this work under the assumption that with some
development, a membrane with the same A, B, and S values as the FO membrane
cited above could be built with a higher maximum operating pressure of 70 bar. The
membranes are assumed to be in a spiral-wound configuration, with spacer properties
from Schock and Miquel [34]. Successful operation may still be achieved with RO
membranes, but their design may also lead to increased energy consumption, and

complications at high concentrations and fluxes.
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2.5 Pumping and work

With all conditions inside the module found, work input can be calculated. Pump

work is determined using the equation

_ VAP

npump

w

(2.13)

where all pumps are assumed to have an efficiency of 80%. Depending on how a con-
figuration is arranged, there may be up to three different pumps per stage, including
a high pressure pump, a circulation pump to overcome the drag on the diluate side of
the membrane, and a booster pump to bring up the pressure of the stream coming out
of an energy recovery device (ERD) to the high pressure required at the concentrate
inlet. ERD’s can take various forms, such as isobaric energy recovery devices, Pelton
wheels, or turbochargers, and they operate between the concentrate outlet and the
concentrate feed streams. A diagram showing a possible setup for a CFRO system is
shown in Figure 3-1. The equation governing the recovered energy from an isobaric

energy recovery device is given by Mistry et al. [12] and shown below:

brine

Prec = Pfeed — NexpMcomp ( pfeed ) (Pbrine - Patm) (214)

Like Mistry, we assume both the expansion and compression processes in the ERD

to be 98% efficient.

2.6 Reverse osmosis model

In many instances, configurations of cascading CFRO stages dilute the water to a
point where it is treatable with reverse osmosis. In order to simulate RO using the
model developed above, several modifications are made. First, the direction of flow is
switched so that the feed and permeate streams flow in parallel. Next, the mass flow
rate at the inlet of the diluate stream is set to zero. Finally, the membrane properties

are changed to better reflect the properties of real RO systems. The membrane
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properties are based upon DOW Filmtec SWRO membranes with 99.4% rejection
[39].

2.7 Model solution

For a single module, 7 parameters must be chosen to fix the system. Inputs include
mass flow rates for both the concentrate and diluate inlet streams, as well as con-
centration for each inlet stream. Other variables that are required include the total
membrane area and another dimension which fixes the width or length of the mem-
brane module. This can be done either by picking the membrane dimension itself,
or by specifying the flow velocity at some point in the module. For example, if the
inlet mass flow rate and velocity are specified, because the channel height is already
specified, the membrane’s width is prescribed. Finally, one more value must be spec-
ified to determine the “duty”, or amount of useful work done in the system. This
can be an outlet concentration for either stream, a recovery ratio, or the applied hy-
draulic pressure. This final value fixes all other conditions within the module. With

all required variables specified, the system is numerically solved using EES.

2.8 Validation

Validation for this model proved difficult because of the lack of published CFRO
experimental data. We chose to validate against two different sources, one being data
from RO experiments, the other being another published CFRO model. To validate
against CFRO data, we set up the system as described by Bartholomew et al. [22],
substituting their membrane properties and feed conditions. We also set the B value
of the membrane to zero, in order to match their assumption of no salt flux through
the membrane. To compare our model to RO data, we used the RO model described
above in Section 2.6. Membrane parameters were changed to match those of the
RO membranes used in the study to which we compared. Results from the CFRO

simulations were compared to experimental data published by Song et al. [40].
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Figure 2-3: Comparison of data from CFRO models by Bartholomew et al. and the
model presented in this paper. The concentration of the first sweep stream is plotted
on the x-axis, which is the concentration on the at the diluate side entrance of the
first CFRO stage in the system.

0.9
0.8 ® RO data 0.05 m/s
o 0.7 ® RO data 0.075 m/s
§ 0.6 ® RO data 0.1 m/s
q? 0.5 RO model 0.05 m/s
% 04 - TS e RO model 0.075 m/s
o3 oSS E L RO model 0.1 m/s
0-2 —— CFRO model 0.05 m/s
01 ——CFRO model 0.075 m/s
0

—— CFRO model 0.1 m/s
0 5 10 15 20

Hydraulic pressure differential [bar]

Figure 2-4: Comparison of data from RO experiments by Song et al. and the model
presented in this paper.
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The results of our simulations plotted against the results from the published articles
are shown in Figures 2-3 and 2-4. Good agreement with both sets of simulations is

observed.

2.9 Optimization schemes

In several parts of this thesis, we seek to recommend design conditions for CFRO
systems. In order to do this, we wish to find the best performing system with regard to
N, SEC, RR, or some other performance metric. We use two different optimization
schemes built into EES to determine optimal system design parameters. The first, the
genetic method, is complicated and highly computationally expensive, but provides
high accuracy and reduces the risk of finding local maxima or minima instead of global
values, in cases where both exist [41]. When optimizing many values of a single
variable, performing many genetic optimizations is too computationally expensive.
Instead, the conjugate directions method, a gradient-based method is used. Because
there is a chance that local optima are found with the conjugate directions method,
the points optimized with the genetic method serve as a check that the true maximum

or minimum is being found.
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Chapter 3

Single Module Analysis

3.1 Base case

As a baseline, we simulate a single CFRO stage processing brine at a concentration of
70 g/kg, a typical concentration for RO brine. Initially, we choose a membrane area
of 150 m?, roughly the size of four standard 20 cm spiral-wound RO elements. The
fluid velocity at the concentrate side inlet is set to 10 cm/s, while the fluid velocity
at the diluate side inlet is set to 5 cm/s. These numbers are chosen as representative
values that could be found inside a normal RO system. Significantly higher velocities
will lead to more drag inside the system and require higher fluxes and pressures to
achieve the same outlet conditions, while significantly lower velocities will result in
a very high rate of fouling [42] and concentration polarization. One last variable is
required to fix the system, which can be a recovery ratio, outlet salinity, or applied
pressure. We choose a recovery ratio of 20% to be the baseline condition, where the
recovery ratio is given by Equation 1.3

The base case system takes in 1.77 kg/s of feed water at a concentration of 70
g/kg, with mass flow rates of 1.18 kg/s at the concentrate inlet and 0.59 kg/s at the
diluate inlet. A hydraulic pressure of 50 bar is applied in order to recover 20% of the
feed, resulting in a concentrate stream at a flow rate of 0.94 kg/s at a concentration
of 87 g/kg, and a diluate stream at a flow rate of 0.82 kg/s at a concentration of

51 g/kg. The specific energy consumption for this system is 2.1 kWh used per m?
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of solution that passes through the membrane. The resulting 2"¢ law efficiency, as
defined in Section 1.3.3, is 22.7%. Although this recovery ratio seems low, an RO
system operating at the same applied pressure would not be able to recover any water,

as the osmotic pressure at the inlet to the system is 60.5 bar.

ERD

Concentrate

Feed
g‘ I &
Diluate l i 1- h'@j

Figure 3-1: Diagram of a single split-feed CFRO stage, showing the high pressure
and booster pumps to the left of the membrane, and the circulation pump to the
right, as well as the energy recovery device (ERD). The color intensity of the blue
arrows correlates with stream solution concentration, while the green arrows show
the direction of permeate flow.

The setup for this system is the same as is shown in Figure 3-1, and the results
of the base case simulation are displayed in Figure 3-2. In Figure 3-2, the osmotic
pressures at five points in the module are shown, along with the flow direction at
each point. The Amy,, label shows the Am between the two bulk flows, and is
the osmotic pressure that would need to be overcome in order to produce water
flux through the membrane in an ideal case when there are no losses in the system.
However, due to the effects of concentration polarization, which includes internal
concentration polarization (Am;cp) and external concentration polarization on both
sides of the membrane, the actual osmotic pressure difference at the membrane active
layer, Am,etuar, is much larger. Concentration polarization is discussed in detail in
Section 2.3, as well as in various sources in the literature [35, 36, 43]. Although not
shown in Figure 3-2, there are additional losses in the system, including head loss due
to viscous drag in the module and inefficiencies in system components such as pumps

and energy recovery devices (ERD’s).
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Figure 3-2: Osmotic pressures shown along the length of the membrane in a single
CFRO stage during base-case operation.

3.2 Parametric analysis

Modifying the key parameters of this system allow us to better understand system
operation. The parameters investigated in Section 3.2.1 include the membrane area

and recovery ratio. The effects of varying membrane characteristics are examined in

Section 3.2.2.

3.2.1 System parameters

Flux

The membrane area of the system is linked directly to the membrane flux, and vary-
ing this parameter significantly changes the performance of the system. Reducing
the membrane area while keeping the same inlet and outlet conditions will require an
increase in flux and an increase in applied pressure, resulting in increased energy con-
sumption and increased operating costs. However, reduced membrane areas will also
reduce the overall size and capital costs of the system. The results of the parametric

analysis with varying membrane area are shown in Figure 3-3.
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Operating at high fluxes can greatly increase the losses due to concentration po-
larization, and requires an increase in the applied pressure to achieve the desired flux.
While external concentration polarization (ECP) is a function of flux, at low fluxes its
contribution to the system losses is much smaller than that of internal concentration
polarization (ICP). This is largely due to the fact that the thickness of the concen-
tration boundary layers for ECP is very small, on the order of 30 microns for the
base case described above, while the effective thickness over which ICP acts is given
by the membrane’s structural parameter, which is more than an order of magnitude
larger than the external concentration boundary layers. Because solutes must diffuse
through a layer with a much larger effective thickness, the change in osmotic pressure
across the ICP layer is very large. However, as the membrane flux increases, the rate
of salt advection increases, resulting in a thicker concentration boundary layer and
greater losses due to ECP.

As Figure 3-3 shows, operation at high flux is inefficient due to the large losses

caused by concentration polarization. At lower fluxes, around 1.5 L/m?-h, very effi-
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S:: nd,mem
10%
20 = Tsup
== Nu
0 0%

0 ) 10 15 20 25 30

Average membrane flux [L/m?-h]

Figure 3-3: Osmotic pressures taken at one location in the module, the concentrate
inlet, calculated at various membrane sizes, resulting in varying membrane flux. Inlet
conditions and recovery ratio remain fixed in this case. The hydraulic pressure and
274 Jaw efficiency are also shown.
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cient operation is possible, but potentially very expensive due to the large membrane
area required. For reference, most seawater RO plants operate at an average mem-
brane flux of approximately 15 L/m?h [39]. Interestingly, if the membrane area
continues to grow and flux drops below 1.5 L/m?-h, the 2°¢ law efficiency decreases
again. In this region, the losses due to concentration polarization effects are minimal,
but large amounts of salt diffusion across the very large membrane actually increase
the diluate outlet salinity and reduce the concentrate outlet salinity. This salt flux
results in less useful work being done, even though the amount of water that flows
through the membrane is the same, resulting in a reduced 2" law efficiency. Addi-
tionally, at very large membrane areas, losses due to drag become large, increasing
the energy consumed by the system while not affecting the amount of useful work
done. Therefore, for any given operating conditions, there exists a membrane size that
will minimize the energy consumption of the system by balancing the losses due to
concentration polarization, salt diffusion, and drag. In the case of an ideal membrane
with perfect salt rejection, the membrane size corresponding to the minimum energy
consumption is determined by balancing the losses due to concentration polarization

and drag.

Recovery ratio

Varying the recovery ratio while the membrane dimensions and feed conditions are
fixed is accomplished by varying the applied hydraulic pressure, which increases the
flux and the total amount of permeate. Figure 3-4 shows how the outlet concentra-
tions vary as the recovery ratio increases, as well as the 2"¢ law efficiency over the
same range. Interestingly, the highest 2" law efficiency in this case is not attained at
very low fluxes, as was the case for a system with fixed recovery. In order to better
understand what is going on in this case, we calculate exergy destruction and thermo-
dynamic least work for each recovery ratio, and break the exergy destruction down
into its different constituent parts in order to gain insights into where inefficiency

occurs.
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Figure 3-4: Outlet concentrations and 2" law efficiency shown over a range of recovery
ratios.

Exergy destruction

The exergy destruction for various components in the system is calculated using
the methods described by Mistry et al. [12] for entropy generation mechanisms in
desalination system components. The results of this calculation are shown in Figures
3-5 and 3-6. Exergy destruction or entropy generation occurs due to losses in the ERD
and pumps, head losses due to drag in the membrane module, pressure drop across the
membrane, and the mixing of streams of different salinities as the permeated water
and salt mix with the diluate stream. The pressure drop across the membrane can be
separated into the useful work done and the losses due to concentration polarization
and membrane resistance. The sum of the useful work done plus all the exergy

destruction in the system will sum to the total work input into the system.

By looking at exergy destruction throughout the system, we can see that for a
fixed system, exergy destruction due to drag remains relatively constant no matter
what the recovery ratio is. This is rather intuitive, as the same flow rates enter

the system at the same velocity regardless of recovery ratio. While increasing the

42



0.35

0.3

0.25

0.2

0.15

Exergy [kW]

0.1

0.05

0 0.2 0.4 0.6

Recovery ratio

N

Figure 3-5: Stacked line graph showing the work into a CFRO system as a function
of recovery ratio, broken down into the useful work performed and exergy destruction

within different components in the system.
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Figure 3-6: Stacked line graph showing the work into a CFRO system as a function
of recovery ratio, shown at very low recovery ratios, broken down into the useful work
performed and exergy destruction within different components in the system.
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recovery ratio will lead to lower velocities and less drag on the concentrate side, the
velocities and drag will increase on the diluate side, with the net effect of maintaining
relatively constant losses due to drag. Other sources of entropy generation or exergy
destruction scale with the recovery ratio. This means that, at very low recovery
ratios, when the useful work done approaches zero, but losses due to drag remain
constant, the resulting 2°¢ law efficiency is will also approach zero. As the recovery
ratio increases, drag losses become negligible, and the 2"¢ law efficiency increases.
At very high recovery ratios, when the flux becomes very high, the losses due to
concentration polarization increase more rapidly than the useful work done, forcing

the 2" law efficiency to decrease again.

Equipartitioning of entropy generation

The exergy destruction analysis also shows that the exergy destruction in the mem-
brane and pumps are the largest sources of losses in the system. The exergy destruc-
tion in these two components are linked, as they are both a function of the pressures
within the system. The losses in the membrane are the result of depressurization
of the liquid that does not accomplish useful work, which can occur because of the
membrane’s resistance to flow or due to concentration polarization. The losses in
the pump are due to the inefficiency of the pump itself, the volumetric flow rate,
and the applied pressure. Several methods for improving the efficiency of the system
and reducing entropy generation include increasing the pump component efficiency,
reducing the resistance of the membrane by increasing its permeability, reducing the
effects of ICP by modifying membrane parameters, and reducing the required pres-
sure by reducing the membrane flux. The applied pressure can also be reduced by
reducing variations in flux along the length of the membrane.

This last method of reducing entropy generation is also known as balancing the sys-
tem or equipartitioning the entropy generation in the stage. According to the theory
of thermodynamic equipartitioning, the best configuration of a mass exchanger is that
in which the entropy production rate is most uniformly distributed [44]. According to

Thiel et al., this uniform distribution, or equipartition, of entropy production occurs
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when the thermodynamic driving force is equipartitioned for processes that have a
constant force-flux coefficient, such as solution diffusion through a semi-permeable
membrane, as seen in RO and CFRO systems [45]. In this case, the thermodynamic
driving force is AP — Amx, and the system will be balanced when this quantity, which

is directly proportional to the flux, is balanced throughout the module.

However, because entropy generation results from several different phenomena,
not just the irreversible depressurization of a liquid, the system as a whole may
be optimized even when the entropy generation within each membrane module is
not equipartitioned. This is especially true for multistaged systems. Generally, the
benefit of multistaging desalination systems, such as ED [46] and CFRO, is that
it allows us to equipartition the entropy generation over the length of the system.
However, if significant entropy generation occurs in the additional equipment required
to multistage, such as extra pumps and ERD’s, or if the imbalance in driving force
is small relative to the driving force itself, performance may actually be improved by
not multistaging. This will depend on the specific system in question, its operating

parameters, and the efficiency of the system’s components.

3.2.2 Membrane parameters

Internal concentration polarization results in an enormous increase in required applied
pressure, and so limiting this effect should be one of the main goals of membrane de-
velopment for CFRO-specific membranes. The equations governing concentration
polarization, shown in Equations 2.8 through 2.10, show that the change in concen-
tration due to ICP is dependent on the membrane’s structural parameter and salt
permeability coefficient, the water flux, and the diffusion coefficient. While the dif-
fusion coefficient of salt in water is not something that can be changed, the salt

permeability coefficient, water permeability coefficient, and structural parameter are.
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Membrane salt permeability B

First we examine what happens if we change the membrane salt permeability coeffi-
cient B. To analyze this value, we look at a single exchanger with similar conditions
as described in Section 3, with the only modification being that a fixed pressure of
70 bar is applied instead of fixing the recovery ratio. The B coefficient is varied from
0.1 to 10 and the results are shown in Figure 3-7, but the results are inconclusive as

to whether low or high B values are more beneficial.
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Figure 3-7: As the salt diffusion coefficient B increases, the CFRO system’s effi-
ciency decreases, but the flux in the system increases due to the reduced internal
concentration polarization.

There are several reasons that high B values, or “leaky” membranes may be
beneficial. With a fixed hydraulic pressure and fixed inlet conditions, a high B value
membrane allows salt to flow more easily, increasing the concentration at the interface
between the active and support layers of the membrane and reducing the effects
of ICP. The Am across the active layer of the membrane is reduced, allowing for
greater fluxes. Increased fluxes may allow for reduced membrane areas and reduced
capital costs. Another potential benefit is that, for the conditions examined here,
the concentrate stream’s outlet concentration increases, which may allow for fewer

stages to accomplish the same desired increase in concentration of the original feed
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stream. This increase in concentration is also due to the increased flux, which helps
to de-water the concentrate stream.

On the other hand, leaky membranes may be unhelpful for several reasons. The
274 Jaw efficiency, as shown in Figure 3-7, always decreases with increasing B value,
because the additional salt leaking through the membrane reduces the useful work
done by the system. So, while the specific energy consumption is reduced for high B
values, the useful work done drops as well, resulting in a reduced 2°¢ law efficiency.
It is important to note that changing the B value under these conditions results in
a change in outlet conditions, and thus a change in the systems being compared.
To avoid comparing different systems, this analysis is continued with a multi-module

configuration in Section 6.2.

Pure water permeability A

Now we examine how the membrane pure water permeability coefficient, A, changes
the performance of a CFRO system. For this analysis, the same parameters are
used as in Section 3.2.2, with the exception of using a fixed recovery ratio of 20%
instead of a fixed pressure to constrain the system. While holding B constant and
varying A, we can see in Figure 3-8 that an increased A increases the flux through
the system and allows for more efficient operation because of reduced membrane
resistance. However, as predicted by McGovern et al. [47], if all other parameters
are held constant, increasing A will allow the flux to increase asymptotically, until
the membrane resistance is negligible compared to the mass transfer resistances that
are a result of concentration polarization. As Figure 3-8 shows, there are diminishing

returns for this specific case when the permeability increases above approximately 2

L/m?%-h-bar.

Structural parameter S

The structural parameter S is one of the main factors governing ICP, as discussed in
Section 2.3. By reducing this parameter, it becomes easier for salt to diffuse through

the support layer towards the membrane’s active layer interface, and the Am across
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Figure 3-8: The specific energy consumption (SEC) is reduced as the pure water per-
meability A increases or the membrane structural parameter S decreases. Asymptotic
behavior is experienced when other mass transfer resistances in the system begin to
dominate.
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the membrane is reduced, allowing for greater fluxes and reduced losses. As for the A
parameter, diminishing returns accompany a reduction of the structural parameter,
and the specific energy consumption decreases asymptotically with decreasing S, as
shown in Figure 3-8. Once the structural parameter is sufficiently small, resistance
and losses due to ICP are negligible compared to the resistance to mass transfer caused
by ECP, and further reductions in the structural parameter no longer noticeably

improve performance.
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Chapter 4

CFRO Configurations

CFRO is a young technology that has undergone limited development. The academic
work is limited to what has been done by Bartholomew et al. [22] and Chen et al.
[23]. Both use the same core CFRO technology, but organize modules or stages into
different configurations to accomplish different goals. For clarity, in this thesis we
will refer to the core technology itself, a membrane-based, counterflow, osmotic mass
exchanger, as counterflow reverse osmosis (CFRO). We refer to the configuration
introduced by Bartholomew et al. as consecutive loop CFRO and the configuration
introduced by Chen et al. as feed-through CFRO. In Section 4.3, we introduce a
third configuration, which we will call split feed CFRO. These three configurations

are discussed below.

4.1 Consecutive loop CFRO

With the consecutive loop (or OARO) configuration introduced by Bartholomew et
al. and shown in Figure 4-1, the authors show potential to recover water from high
salinity brines, such as produced water from natural gas fracking operations, much
more efficiently than a comparable MVC system [22]. While their presented results
are very promising, significant operational difficulties remain to be addressed.

One simplification made in the modeling work of [22] was to neglect salt flux

through the membranes. While the amount of salt flux through the membranes
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may be of a negligible value, the phenomena is important to the salt balance of the
loops. In this configuration, permeate flows from one recirculating loop into the next,
continuing until the permeate exits the system as RO permeate. In order to maintain
steady state operation, the amount of water and salt flowing into each loop must be
equivalent to the amount of water and salt flowing out of the loop. If salt flow rates
are not equal, salt will either accumulate or be depleted within a loop, which would
negatively affect the performance of the system and possibly prevent the system from
functioning altogether.
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Figure 4-1: Diagram of a simple consecutive loop configuration with two CFRO stages
and an RO stage. The dashed stream lines show the path of a single loop. The color
intensity of the blue arrows correlates with stream solution concentration, while the
green arrows show the direction of permeate flow.

While water flux through each membrane can be modified to achieve steady state
operation by modifying the applied hydraulic pressure, maintaining constant salt flux
into and out of each loop is much more difficult. One way to maintain stable salt
flux in the face of fluctuating feed conditions would be to employ an additional salt
makeup stream or a pure water stream that mixes with the solution in each loop
in order to counter the effects of imbalanced salt flow and achieve system stability.
However, mixing streams of different concentrations would result in additional en-
tropy generation and a less efficient system. While this challenge is by no means

insurmountable, it adds complexity to operation of this CFRO configuration.
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In addition, the recovery ratio may face practical limitations. In order to achieve
high recovery ratios, either high fluxes or very large membrane areas will be required.
In order to maintain steady state conditions, the large membrane permeate volumes
will have to be equivalent in each loop in the system. Large membrane areas lead to
high capital costs, and high fluxes can lead to reduced energy efficiency and higher
operating costs.

One potential advantage of this system relative to other CFRO configurations is
that the solution recirculating in each closed loop does not necessarily have to be of
the same composition as the feed stream. While using the same basic feed solution
in all stages may simplify the operation, using different solutions could hold potential

operational advantages with regard to fouling and scaling.

4.2 Feed-through CFRO

Chen et al. show the potential of another configuration, feed-through CFRO (or
COMRO), to improve on available brine concentration methods in several regards:
increasing the maximum salinity that can be treated with a pressure-driven membrane
desalination processes, increasing the maximum recovery ratio of lower salinity feed
systems, increasing energy efficiency, and reducing operating pressures. Feed-through
CFRO uses one or more CFRO stages to dilute an RO feed stream by extracting water
from RO brine. A diagram of this system is shown in Figure 4-2. For an in depth
description and analysis of the operation of this system, see Chen et al. [23].

By reducing the concentration at the RO inlet and increasing the volume, the
RO stage is able to extract more permeate without increasing the pressure, thus in-
creasing the recovery ratio of the system. However, depending on feed conditions and
membrane parameters, very large increases in recovery ratio may not be achievable.
The maximum recovery ratio of a feed-through CFRO configuration is determined by
the burst pressure of the membrane and the feed concentration. When the osmotic
pressure difference between the exiting brine stream and the feed stream, Am, is equal

to the maximum hydraulic pressure allowed in the system, AP,,,., no more permeate
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Figure 4-2: Diagram of a simple feed-through CFRO configuration with two CFRO
stages and one RO stage. The color intensity of the blue arrows correlates with stream
solution concentration, while the green arrows show the direction of permeate flow.

can flow from the concentrate side of the membrane to the diluate side. As an ex-
ample, for a system taking in seawater at 35 g/kg and maximum hydraulic pressure
of 70 bar, the maximum outlet salinity would correspond to a Am of 70 bar, with a
resulting maximum brine salinity of approximately 110 g/kg. This limits the maxi-
mum recovery for the system to approximately 70%. While this is an improvement

over conventional RO, it remains well short of a ZLD system.

The effectiveness of this configuration may also be limited by its inherent imbal-
ance, at least for the configuration shown. Because large volumes of water are removed
from the system in the RO stage, the concentrate stream in the CFRO stages will
have a much lower flow rate than the diluate stream. This imbalance in flow rates
leads to imbalances in osmotic pressure differences across the membrane, and thus
an imbalance in flux, as shown in Figure 4-3. At the side of the concentrate stream
entrance, the osmotic pressure difference across the membrane is the lowest, and the
flux is the highest. As the concentrate stream is dewatered, the concentration and
osmotic pressure increase rapidly because the flow rate of water remaining on the
concentrate side is small compared to the flow rate on the diluate side. The rapid
increase in osmotic pressure results in rapidly declining flux. As was discussed in
Section 3.2.1, imbalances in flux and driving force lead to unbalanced entropy gener-
ation in the system, which leaves room for improvements to the energy efficiency of

the system.

o4



100

T <\

(e

2. 80 ~ 4 =
& ~
Z 60 3 2
< =)
2, 40 2 .
= —>- =
S 20 1 M
:

o 0 0

Position in system

== CFRO Diluate == CFRO Concentrate
RO Brine CFRO Flux

Figure 4-3: An unbalanced flux within CFRO stages is experienced in feed-through
CFRO configurations due to unbalanced osmotic pressure changes on the two sides
of the membrane, which arises because of imbalanced flow rates in the system.

4.3 Split feed CFRO

Split feed CFRO overcomes several of the challenges faced by feed-through and con-
secutive loop CFRO configurations. In a split feed configuration, shown in Figure
4-4, the feed stream entering each CFRO module is split into two streams, with one
being pumped to high pressure and becoming the concentrate feed stream, while the
other remains at low pressure and becomes the diluate feed stream. Because the
two inlet streams are at the same osmotic pressure, any applied hydraulic pressure
should generate some amount of flux through the membrane. This gives the system
the ability to operate at very low hydraulic pressures.

In one realization of this configuration, Figure 4-4, the split feed CFRO modules
can be hybridized with an RO module, with the lowest concentration diluate stream
fed into the RO module, which produces purified water. If flow rates and pressures are
selected carefully, the system can be set up in such a way that the RO concentrate

stream is at the desired feed salinity for the first CFRO unit in the system, and
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Figure 4-4: Diagram of a simple split feed CFRO configuration with two CFRO stages
and a single RO stage. The color intensity of the blue arrows correlates with stream
solution concentration, while the green arrows show the direction of permeate flow.

the CFRO diluate outlet is at the salinity of the RO inlet. This adjustment would
avoid the losses inherent in directly mixing streams of different salinity. The system
achieves higher recovery ratios than a standard RO system by recovering additional
RO feedwater from the RO brine stream, so that the RO stage essentially treats a
higher mass flow rate than is drawn from the source. This arrangement allows for
either more water to be recovered from a given feed stream, or the same amount of
water to be recovered from a smaller feed stream, reducing intake and pretreatment

costs.

In both other configurations shown previously, the feed stream is restricted to
entering the system at an extremity of the configuration. However, with the split
feed system, the feed may instead be introduced at some midpoint within the system,
as shown in Figure 4-5. Because of the additional degrees of freedom that arise
from being able to control the flow rates on each side of the membrane, the feed
stream can enter between two CFRO stages while maintaining flow to all points
in the system, which allows for more freedom in system design. The additional

degrees of freedom also allow for designs that achieve nearly any combination of feed
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Figure 4-5: Diagram of a split feed CFRO configuration with a feed stream entering
at a midpoint in the system.

and outlet concentrations, and allow for better balancing with respect to osmotic
pressures and mass flow rates. The flows within the system can be managed so that
the osmotic pressure difference across the membrane is relatively constant across the
length of the module, which should result in more efficient operation from an entropy

equipartitioning perspective, and which may lead to overall efficiency improvements.

While the recovery ratio is not limited in theory, certain practical factors that may
limit the maximum solution concentration that can be produced by this configura-
tion. As the saturation limits of the solution are approached, performance will likely
degrade quickly due to membrane fouling and scaling, changes in membrane perfor-
mance at high conentrations [39], and increased ICP effects at high concentrations.
However, this technology may be able to generate brines of high enough concentra-
tion that evaporative crystallizers, solar evaporation ponds, or some other technology
may be used to remove the last of the water from the solution, leaving valuable
byproducts behind, eliminating liquid discharge, and providing new, environmentally

friendly sources for minerals.
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Potential drawbacks of the split-feed configuration include the high capital costs
due to the many stages that may be necessary for a high recovery operation, and

complicated control systems to maintain system stability and performance.
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Chapter 5

Split Feed CFRO Simulations

5.1 Setup

We now simulate the performance of a split feed CFRO system. We consider a system
with similar fixed conditions as in Section 3. The feed water has a mass flow rate of
1.25 kg/s and a concentration of 35 g/kg. The total membrane area shared between
the three stages is set to 450 m?. The final stage’s outlet concentration, which sets the
system’s recovery ratio, is also fixed. Aside from these fixed parameters, 7 additional
degrees of freedom need to be set in order for the system to be fully defined. These
degrees of freedom include two variables which set the membrane area in each stage,
three variables to set the membrane width in each stage, and two variables to set
the two intermediate concentrations between the stages. The three variables that set
the width of each stage also determine the inlet velocity for each stage. These seven
variables are set by optimizing the system for minimum specific energy consumption
using the methods described in Section 2.9.

This three-stage CFRO system is able to concentrate a NaCl solution with an
initial concentration of 35 g/kg up to 120 g/kg, for a resulting recovery ratio of 71%.
The system consumes 2.9 kWh per cubic meter of RO permeate, with a resulting 2°¢
law efficiency of 50.5%. The osmotic pressure profile throughout the system is shown

in Figure 5-1, and additional results are shown in Table 5.1.

These results show that the minimal energy consumption is not necessarily that
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Figure 5-1: Osmotic pressures within an optimized 3-stage split-feed system, plotted
over the nondimensionalized length of the system.

Table 5.1: System parameters within the optimized 3-stage split feed CFRO system.

Stage RO | CFRO 1 | CFRO 2
Applied pressure [bar] | 58 70 50
Membrane area [m?] | 219 160 71
Flux [L/m?h] 14.7 5.6 0.8
Inlet flow rate [cm/s] | 15 8 4

for which the system is equipartitioned. If the system were optimized when entropy
generation within the membrane module was equipartitioned, as described in Section
3.2.1, we would expect the osmotic pressure difference across the membrane to be more
or less constant over the length of the membrane in both CFRO stages, resulting in a
balanced flux over the length. However, the system instead finds its minimum energy
consumption when the osmotic pressure difference across the membrane is imbalanced.
(Clearly, unbalanced entropy generation plays a secondary role relative to other factors
in this system for minimizing the whole system’s entropy generation. Our previous
exergy destruction analysis showed us that the majority of the inefficiency in the
system was the result of entropy generation in the pumps and depressurization in the

membrane. One possible reason that the system is optimized in the way shown is
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that it reduces the volume that must be pumped. By creating a much larger change
in concentration in the first stage, the volume passed to the second CFRO stage is
very small, which means that much less pump work is required to be done further
along in the system. However, if the total change in concentration is split more evenly
between the two CFRO stages, a larger volume is required to be pumped and flow
through the membrane in both the first and second stages, which causes more entropy
generation.

Another way to think about this is that if the RO system requires a fixed amount
of additional feed solution in order to achieve the desired overall recovery ratio, and
this additional feed comes from the first CFRO stage’s diluate outlet, then if the first
stage operates at a lower recovery ratio, more liquid needs to be circulating in the
CFRO portion of the system in order to produce the required amount of additional
RO feed. A lower recovery ratio in the first CFRO stage must be countered by a larger
recovery ratio in the second CFRO stage, which results in more solution recirculating

through the system in the loop shown in Figure 5-2. While a larger amount of fluid
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Figure 5-2: Diagram of a 3-stage split-feed CFRO system. The red dashed streams
show a path of liquid recirculation. Increasing the flow rate in this loop can help to
balance out the fluxes in the CFRO stages, but also increases pump work.

recirculating in this loop acts to balance the entropy generation in each individual
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stage spatially, it also increases the overall entropy generation in the system, as a
result of pumping the recirculated liquid and the recurrent passage of water through

the membranes.

We would like to expand this analysis to a much wider range of systems, including
systems operating at different recovery ratios and number of stages. However, as
more stages are added, the number of optimization variables grows as well, greatly
increasing computation time to the point that a full optimization is time prohibitive.
To reduce the number of degrees of freedom, we first seek to understand which vari-
ables make the largest difference when minimizing specific energy consumption. A
sensitivity study shows that the specific energy consumption is most strongly affected
by the membrane areas of each stage and the RO outlet concentration; other variables
have a weaker influence. Modifying the membrane areas affects the flux in each stage,
which can greatly affect the degree of concentration polarization seen by the system,
and thus the pressure that is required in each stage. The RO outlet concentration
determines the amount of work done by the RO section versus the CFRO section of
the system. Increasing the RO outlet concentration will increase the flux and reduce
the efficiency in the RO system, and decrease the amount of work that must be done

in the CFRO system, as well as the volume of fluid in the CFRO system in general.

Using this information, we set up simulations with a reduced number of free vari-
ables. The goal here is not to determine how to best hybridize RO and CFRO systems
in terms of distributing work between the two systems, but to characterize the per-
formance of RO-CFRO hybrid systems using readily available RO technologies. To
isolate the RO system while CFRO systems are changing, we fix the RO systems
inlet flow rate at 10 cm/s, its membrane flux at 15 L/m?-h, and its outlet concentra-
tion at 70 g/kg, which also fixes the RO stage’s recovery ratio at 50%. With these
constraints, we can isolate any benefits of operating in tandem with CFRO to the
benefits generated by the CFRO portion of the system, not any benefit that comes
with changing the operating parameters of the RO system itself. Additionally, with
these constraints in place, for any desired outlet concentration or overall system re-

covery ratio, the amount of additional RO feed required to be produced by the CFRO
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stages as well as the flow rate of RO concentrate are fixed.

In order to compare systems of various sizes, we define a new variable called the
CFRO specific flux. This variable is the volumetric flow rate of additional RO feed
produced by the CFRO system divided by the total membrane area in all CFRO

stages )
‘/feed,RO

Zf[ Amem,i

where N is the number of CFRO stages. This variable allows us to specify the relative

FIU.XCFRQ = (5 1)

size of the system, and reduces the number of degrees of freedom by one. To further
reduce the number of unconstrained variables, we set the concentrate inlet flow rate
in every CFRO stage to 10 cm/s. The sensitivity analysis shows that this variable
does not have a large effect on the overall energy consumption in the system, and 10

cm/s is on the order of flow rates common in RO systems.

The last variables that we fixed prior to optimizing the system are the intermedi-
ate concentrations between CFRO stages. The previous simulations have shown that
performing the majority of the concentration in the first CFRO stages is advanta-
geous, and the sensitivity analysis has shown us that the intermediate concentrations
are not the most important of the degrees of freedom with respect to minimizing
specific energy consumption. Thus, we choose to set the intermediate concentrations
using a logarithmic scale, dividing the total change in concentration required in the
CFRO stages so that the first stage always sees the largest change in concentration.
Further inspection of the previous simulations also shows that the effects of ECP on
the diluate side of the membrane are negligible compared to ICP within the operating

range we examine here, and so this effect is neglected for the following simulations.

With these constraints imposed, the only remaining variables to be optimized are
the size of the membrane areas for the CFRO stages. Since the overall area for the
CFRO stages is set by the CFRO specific flux, the number of free variables is the
number of CFRO stages minus one. Thus, for a three stage system with two CFRO
stages, there is only one free variable, and for a six stage system with five CFRO

stages, which is shown in Figure 5-3, there are four free variables. These variables are
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Figure 5-3: Diagram of a 6-stage split-feed CFRO system.

optimized using the methods described in Section 2.9 while minimizing the systems

specific energy consumption.
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Chapter 6

Results and Discussion

6.1 Multistaged system results

The results of the simulations described in the previous section are shown in Figures
6-1 and 6-2 for varying CFRO specific fluxes and recovery ratios. Included in the
figures for comparison are results for a single-stage reverse osmosis system operating
at varying fluxes.

These results show the increased range of operation made possible by adding
CFRO brine concentrators to existing RO systems. While normal RO systems are
limited to a recovery ratio of around 60%, CFRO brine concentration allows the sys-
tem as a whole to recover over 80% of the feed. The six-stage configuration operating
at a CFRO flux of 1 L/m?*h, with one RO stage and 5 CFRO stages, is able to
concentrate the final brine solution to over 200 g/kg while all hydraulic pressures in
the system remain under 70 bar. A standard RO system would require a pressure
above 180 bar to produce a brine of the same concentration. While high pressure RO,
or conventional reverse osmosis operating at pressures above 70 bar, which abbrevi-
ated as HPRO, may be able to operate at reduced energy consumption compared
to standard RO systems combined with CFRO, CFRO systems may have additional
benefits, such as operating at lower pressure differentials and fluxes, which may help
to reduce the rate of fouling and scaling.

These results also confirm what we have shown in Section 3.2.1, that operating at
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Figure 6-1: Specific energy consumption (SEC) for various recovery ratios and sys-

tem sizes. High Pressure RO, labeled HPRO, shows to projected performance for
conventional RO systems operating at pressures of greater than 70 bar.
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Figure 6-2: Performance of selected systems, selected to show the most energy effi-
cient configuration for each recovery ratio. High Pressure RO, labeled HPRO, shows

projected performance for conventional RO systems operating at pressures of greater
than 70 bar.

very large system sizes is not always beneficial. At lower recovery ratios, systems that
operate at a CFRO flux of 3 L/m?h consume less energy than systems operating at
1 L/m?-h, because the smaller system with the higher flux experiences less entropy
generation due to drag, while the effects of concentration polarization are still small at
these operating conditions. At even higher fluxes and smaller system sizes, entropy
generation due to drag becomes negligible compared to losses from concentration
polarization. Therefore, for each given recovery ratio, there is an optimal system size
that balances the losses due to these two effects.

Further, the results show that adding additional stages to the system does not
always improve efficiency, and for the specific conditions used here, adding additional
stages often hurts performance. While additional stages allow for improved balancing
within each stage, each additional stage requires an extra pump and energy recovery
device, each of which generate irreversibilities. Fach additional stage also provides
another opportunity for fluid to recirculate in a loop, which causes entropy generation

each time the fluid recirculates without providing useful net output. While adding
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more stages does not always help to reduce energy consumption, it does help to
increase the maximum recovery ratio that can be achieved by a system.

Using the setup described above, with the concentrations fixed at all points and
specified feed conditions, one consequence is that the mass flow rates at all points in
the system are also fixed as well. Thus, by varying the membrane area within each
stage, optimization occurs by minimizing the entropy generation due to concentration
polarization throughout the system, not by modifying any flow rates. Entropy gen-
eration is minimized by having increased fluxes in the first stages, where the salinity
is low and losses due to concentration polarization are less significant. This allows
the higher salinity final stages to operate at lower fluxes, which is beneficial because
concentration polarization becomes a larger factor at high concentrations. This trend
is illustrated in Table 6.1, where the flux in each stage of a 6-stage system is shown.

Table 6.1: Operating parameters for a 6-stage split-feed system concentrating up to
200 g/kg

| Stage | P [bar] | Flux [L/m?-h] | Area [m?] [ wen [g/ke] |

RO o6 15 241 35
1 61 2.50 637 70
2 68 1.25 464 120
3 52 0.64 462 150
4 44 0.43 354 171
5 33 0.14 257 187

Additionally, we compare the expected performance of a 6-stage CFRO system
that concentrates brine to 200 g/kg, corresponding to a recovery ratio of 82%, to
a G-effect MVC system operating at the same conditions [48]. In Table 6.2, we see
a large reduction in energy consumption and a large improvement in 2" law effi-
ciency by performing brine concentration with a work-driven system as opposed to
an evaporative system.

From this analysis, we can conclude that hybridizing CFRO with RO is useful
when the solutions being processed are too concentrated for RO to treat. RO will
likely always be more efficient than RO-CFRO hybrids at low recovery ratios for the

same system size because of the losses caused by internal concentration polarization,
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Table 6.2: Comparison of a 6-stage split feed CFRO system and 6-effect MVC system
operating at the same conditions, both concentrating solutions from 35 g/kg up to
200 g/kg

H System ‘ Stages/effects ‘ SEC [kWh/m3] ‘ N1 H
Split feed CFRO 6 3.9 9%
MVC 6 14.1 13%

which are not present in RO systems. However, when RO must operate near its
maximum recovery ratio and losses due to ECP are large, it may be possible for
CFRO to improve the system’s efficiency. At concentrations which are too high for
RO to treat, split feed CFRO is a viable option for brine concentration, and likely a
significant improvement over existing evaporative brine concentration technologies.
Further improvements to the system can be made in the future by allowing in-
termediate concentrations at each intermediate point to be optimized, which would
help to further reduce overall entropy generation by finding a balance between re-
ducing the effects of concentration polarization and reducing the recirculating fluid.
Improvements can also be made to the system by increasing component efficiency and
developing improved membranes specifically for CFRO operation, optimizing flow ve-
locities throughout the system, or by allowing the recovery ratio of the RO system to

change.

6.2 Varying B in a 6-stage system

As was discussed in Section 3.2.2; it cannot be determined by looking at a single
stage’s operation whether or not having a membrane with a higher or lower B value
is beneficial, because changing the B value changes the system being analyzed. While
operation at a high B does not have a thermodynamic benefit, there still may be some
real-world benefit to having a “leaky” membrane. Although efficiency is sacrificed,
if the flux increases so significantly that the desired chemical separation can be ac-
complished using a plant with a smaller footprint, less membrane area, and reduced

capital costs, a leaky membrane may be beneficial. Here, we take the 6-stage sys-
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tem described above, operating with a feed concentration of 35 g/kg and an outlet
concentration of 200 g/kg, and allow the salt permeability to vary. These results are

shown in Figure 6-3.
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Figure 6-3: Change in specific energy consumption (SEC) and applied hydraulc pres-
sure in the first CFRO stage as the membrane’s salt permeability (B) is varied.

Because in this case we have a system of fixed size, the reduced effects of ICP are
apparent in the lower applied pressures within the system. As the salt permeability
increases, the required energy consumption increases as before, while the applied
pressures within the system are reduced. Again, this result is inconclusive, as what
we have shown here is that a smaller system could be used to perform the operation
if “leaky” membranes are implemented, but the operating costs will rise. Whether or
not a leaky membrane is beneficial for any given case will depend on the ratio of the
fixed costs of the system to the operating costs associated with purchasing additional

power.
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Chapter 7

Summary and Conclusions

Brine concentration is becoming an increasingly important part of a complete wa-
ter treatment system. Drivers such as tighter regulations, costs of disposing of waste,
and environmental concerns are all encouraging alternative methods of waste disposal,
including waste reduction by brine concentration. While effective methods exist, ex-
isting technologies are often energy intensive. Recent work has shown that significant
energy reductions are possible when using membrane-based brine concentration as
opposed to evaporative methods [22, 23].

By examining the operation of a single module under a variety of conditions, we
have determined that membranes constructed specifically for CFRO should seek to
have a high permeability, low structural parameter, and should tune salt permeability
for maximum cost effectiveness. Purposefully developing “leaky” membranes may
seem counterintuitive, but the reductions in ICP that result from allowing salt to
pass through the membranes can significantly increase flux and allow for a system
to operate with reduced membrane area, and thus reduced capital costs. It remains
to be seen how designing membranes that allow salt to flow through more freely will
affect fouling, scaling, membrane cleaning, and other operating characteristics of the
system as a whole.

The split-feed configuration introduced in this paper has the significant benefit of
not having limitations on maximum recovery ratio that are inherent to the configu-

ration itself. Any limitations on recovery will come from other factors such as fouling
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and scaling, cost constraints, or inability of materials to handle high salinity condi-
tions. The additional degrees of freedom in the system allow for flexible operation at
a wide variety of conditions. The configuration shows the potential to operate very
efficiently in a variety of regimes, and we have shown significant improvements in
energy usage compared to thermal and evaporative brine concentration technologies.
Entropy generation in split-feed CFRO systems will be minimized when the change
in concentration in each stage is weighted such that the initial stages, operating at
lower concentrations, facilitate larger changes in concentration than the later stages,
which operate at higher concentrations. Although this does not minimize the spatial
variance in entropy generation within a system, it does reduce entropy generation by
recirculating less liquid through entropy-generating processes and components.
Problems that still need to be investigated and addressed include operation of
membrane-based brine concentration at very high concentrations, development of
CFRO-specific membranes, and understanding the costs of CFRO systems compared
to more established technologies. It is unclear to what extent fouling and scaling
may be accelerated in CFRO systems at the relevant operating conditions. Recent
work suggests that high pressure per se does not affect fouling [24], and CFRO ex-
periments are needed in order to better understand fouling and scaling for these low
pressure, high salinity systems. Finally, cost modeling for CFRO systems needs to be
performed to better understand how competitive this technology can be with other
brine concentration technologies. Due to the lower-flux requirements of CFRO to
avoid losses from ICP, it is assumed that membrane areas will need to be large. Ad-
ditionally, systems with many stages will require many additional components and
complex control systems, driving up capital costs. These additional costs will have
to be compared to the potential energy savings from reduced energy consumption to

determine the conditions that make CFRO technology feasible.
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