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Cost of desalinated water

Energy + CAPEX + OPEX
make-up levelized cost
of desalinated water

Energy adds > 30% to
cost of desalinated
seawater

Energy cost is higher at
very high salinity (e.g.,
oil/gas waste water)

Energy cost is small
factor for brackish water
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Desalination plant control volume

ÛWleast Least (reversible) work of separation (r > 0) [W]
ÛWmin

least Minimum least work of separation (r → 0) [W]
ÛWpump Pump work [W]
ÛWsep Work of separation [W]
wk Mass fraction of species k [g kg−1]
Xi Driving force vector for flux [units vary]
x Position coordinate, varies by context [m]
zk Valence of species k

Greek letters and symbols
∆ Difference in a quantity, by context
∆Vcp ED cell pair voltage difference [V]
ηII Second-law efficiency of desalination plant, Eqn. (10)
µk Chemical potential of species k [J mol−1]
Πk Osmotic pressure of species k [bar]
ρ Mass density [g m−3]
σ Volumetric entropy generation rate [W m−3]
∇T Constant temperature gradient, see Eqns. (15) and (16)
Subscripts
0 Restricted dead state
a Air
b Brine
c Cold stream
H High temperature heat source
h Hot stream
in Inlet state
k Species k
p Product
s Salts
sw Saline water (feed)
w Water
Superscripts
∗ Environment, or global, dead state
Acronyms
ED Electrodialysis
FO Forward osmosis
GOR Gained output ratio, Eqn. (32)
HCR Modified heat capacity rate ratio, Eqn. (34)
HDH Humidification-dehumidification
MD Membrane distillation
RO Reverse osmosis

INTRODUCTION
Desalination of seawater, brackish water, and wastewater has

gained increasing importance in the face of rising population
and changing climate [1]. As of June 2017, global desalination
capacity exceeded 92 Mm3/day [2]. The energy efficiency of de-
salination plants has improved steadily over recent decades, but,
for seawater desalination, energy still represents 30 to 40% of the
cost of water. Today’s state-of-the-art seawater reverse osmosis
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FIGURE 1. CONTROL VOLUME FOR A DESALINATION PLANT

plants require 3 to 4.5 kWh/m3 [3], of which 2 to 3 kWh/m2

is consumed by the desalination process itself1. The thermody-
namic minimum energy for seawater desalination, at 50% water
recovery, is just 1 kWh/m3. Consequently, considerable room for
improvement remains.

Entropy generation minimization is a powerful and well-
established tool for guiding energy efficiency improvements to
a wide range of engineering systems, particularly power cycles.
This paper describes the use of entropy generation minimization
to improve desalination processes. Desalination plants are framed
in the language of power cycles. Formulations based on Gibbs
energy and flow exergy are shown, and the appropriate second-law
efficiency is given. Entropy generation by transport processes is
a special concern in desalination, which is a chemical separation
process driven by mechanical work, heat transfer, or work done by
electric fields. Entropy generation by these mechanisms is briefly
reviewed and the role of equipartitioning is described. Then,
the causes and reduction of entropy generation are discussed
for several desalination processes, including systems based on
reverse osmosis (RO), humidification-dehumidification (HDH),
membrane distillation (MD), electrodialysis (ED), and forward
osmosis (FO). Prospects for further improvement are identified.

DESALINATION AS A THERMAL POWER CYCLE
The basic operation of a desalination process is to separate

a saline feed stream into a more pure product stream and a more
saline brine stream (Fig. 1). Work is required to effect this sep-
aration, as provided, for example, by pumps in reverse osmosis
desalination. Equivalently, heat transfer from a higher temper-
ature source can also effect the separation, as in a variety of
distillation processes.

The First and Second Laws of Thermodynamics may be
applied to a control volume surrounding the desalination system
in steady state:

ÛWsep + ÛQ + ( Ûmh)sw = ( Ûmh)p + ( Ûmh)b (1)
ÛQ

T0
+ ( Ûms)sw + ÛSgen = ( Ûms)p + ( Ûms)b (2)

1All values are approximate and depend on various local considerations, in-
cluding feed salinity, water recovery ratio, and plant characteristics.

2 Copyright © 2018 by ASME

By eliminating �̇� between the first and second laws

�̇�sep = �̇�𝑝(ℎ − 𝑇0𝑠)𝑝 + �̇�𝑏(ℎ − 𝑇0𝑠)𝑏 − �̇�sw(ℎ − 𝑇0𝑠)sw + 𝑇0�̇�gen

When �̇�gen = 0:

�̇�sep is a thermodynamic property of the end states.

�̇�sep is minimized if the entering and leaving streams are at the dead
state pressure and temperature, 𝑇0 and 𝑝0.
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Entropy generation by transport processes (W/K⋅m3)

Heat transfer

𝜎 = ∇1
𝑇
⋅ 𝐉𝑄 + 1

𝑇
𝐄 ⋅ 𝐣 − 1

𝑇
∑
𝑘
∇𝑇𝜇𝑘 ⋅ 𝐉𝑘

Electric current

Mass transfer

𝜎 is product of flux vectors 𝐉𝑖 and driving force vectors 𝐗𝑖

𝜎 = ∑
𝑖
𝐗𝑖 ⋅ 𝐉𝑖

The driving forces are gradients that cause fluxes of heat, mass, and current.
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Equipartitioning of entropy generation

The fluxes are an approximately linear function of the driving forces:

𝐉𝑖 = ∑
𝑘
𝐿𝑘𝑖𝐗𝑘

For heat flux,
𝐉𝑄 = 𝐿𝑄𝑄∇(1/𝑇) = −𝐿𝑄𝑄𝑇

−2∇𝑇 = −𝑘∇𝑇

So, 𝜎 varies as square of temperature & concentration gradients:

𝜎 = ∑
𝑖,𝑘
𝐗𝑖𝐿𝑘𝑖𝐗𝑘

For heat flux,
𝜎 = 𝐗𝑄 ⋅ 𝐉𝑄 = 𝑘 (∇𝑇/𝑇)

2

Lowering spatial/temporal variance of driving forces minimizes overall entropy
generation (Tondeur & Kvaalen, 1987; Johannessen et al., 2005).
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Balancing a counterflow heat exchanger

Cold

T

Hot

Heat Exchanger

(ṁcp)c > (ṁcp)h (ṁcp)c = (ṁcp)h

Th,in

Tc,in

ΔT
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Entropy generation minimization by balancing
Counterflow heat exchanger at fixed effectiveness

Heat capacity
rate ratio

HCR ≡
(�̇�𝑐𝑝)cold
(�̇�𝑐𝑝)hot

HCR = 1
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Humidification-dehumidification
Open water, closed air, HDH cycle

DehumidifierHumidifier

Water Heater

Pure

Brine

Warm Moist Air

Cool Dry Air

ṁb

ṁp

Cool Saline Water

ṁf

WarmHot

Water
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Humidification-dehumidification
Open water, closed air, HDH cycle

Entropy generation

𝜎 = 𝑘(∇𝑇
𝑇
)
2
+

𝜌2𝑅
𝑀𝑎𝑀𝑤𝑤𝑎𝑤𝑤𝑐

(∇𝑤𝑤)
2

DehumidifierHumidifier

Water Heater

Pure

Brine

Warm Moist Air

Cool Dry Air

ṁb

ṁp

Cool Saline Water

ṁf

WarmHot

Water

In a heat exchanger, Eq. (12) reduces to thewell-knowndefinition of
the heat capacity rate ratio. This can be done since the specific heat ca-
pacities of the streams do not vary greatly and themaximum change in
temperature that both streams can experience is the same and cancels
out:

HCRHE ¼
m
�
cp

� �
cold

m
�
cp

� �
hot

: ð13Þ

In a heat and mass exchanger, however, the specific heat of at least
one of the two streams can vary greatly. In the case of HDH, the specific
heat of moist air includes the latent heat of water vapor whichmeans it
is a strong function of the absolute temperature. As a result, the defini-
tion of HCR does not reduce to that used in a heat exchanger.

As will be apparent in the following sections, a parameter of great
importance for the performance of HDH is the heat capacity rate ratio
in the dehumidifier, HCRd, which can be expressed as:

HCRd ¼ m
�

w

m
�

da
�

hwjTa;in
−hwjTw;in

� �
ha Ta;in

−ha
��� ���Tw;in

� �
− ωjTa;in

−ωjTw;in

� �
hcondjTw;in

: ð14Þ

Fig. 3 represents the process paths of thewater andmoist air streams
in a single-stage HDH system on a temperature–enthalpy diagram.
As suggested by McGovern et al. [19], the enthalpy is expressed per
unit dry air so that all the process paths can be superposed on the
same graph. Eq. (12) can also be expressed in enthalpy per unit dry
air by dividing the numerator and denominator by the mass flow rate
of dry air:

HCR ¼ Δh�max;cold

Δh�max;hot
¼ Δh� þΨdeh;c

Δh� þΨdeh;h
ð15Þ

whereΨ is the enthalpy pinch, defined by Narayan et al. [22] as the loss
in enthalpy rate (per unit mass of dry air) as a result of having a finite

exchanger size. This allows us to better visualize the definition of
HCRd in Fig. 3.

3.2. Optimal performance of a single-stage system

Fig. 4(a) shows the variation of the energy efficiency of the system
represented by the gained output ratio, GOR, with themodified heat ca-
pacity rate ratio in the dehumidifier, HCRd. It can clearly be seen that the
best energy efficiency is achieved at HCRd = 1, or when the maximum
change in the enthalpy rate is equal between the two interacting
streams in the dehumidifier. This result is consistent with the fixed-
effectiveness model reported by Narayan et al. [21]. In addition, we
can also see in Fig. 4(b) that the water production is also maximized
when HCRd = 1.

Eq. (16) links the heat duty to the heat input into the system. This is
done by applying an energy balance on the feed stream from the inlet of
the dehumidifier to the inlet of the humidifier. In that control volume,
some heat is added in the dehumidifier by recovering the heat of con-

densation, denoted by Q
�

duty , and the remaining energy required to

reach the top temperature is added in the heater, denoted by Q
�

in. In
the system studied, the top and bottom temperatures are fixed, so the
total heat input to the seawater stream required to take it from the bot-
tom temperature to the top temperature is fixed:

m
�

w;in hw;4−hw;1

� �
¼ Q

�

duty þ Q
�

in ¼ constant: ð16Þ

Eq. (16) can be used to explain why the gained output ratio and the
recovery ratio vary in the same manner. GOR can be increased by de-

creasing Q
�

in, which is done by increasing the heat duty. The larger the
heat duty, the larger the flow rate of moist air, and/or the wider the
range between the bottom and top air temperatures. Both of these con-
sequences translate into a higher water production in the system.
Therefore, a higher heat duty results in higherwater production in addi-
tion to better energy efficiency.

f a ala sin e system with Tfeed = 20 °C, Ttop brine = 80 °C, and Ψhum = Ψdeh = 20 kJ/kg dry air [23].

130 K.M. Chehayeb et al. / Desalination 369 (2015) 125–139
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Humidification-dehumidification
Entropy generation minimization thru balancing: HCR𝑑 = 1

Modified heat
capacity rate ratio

HCR =
Δ�̇�max, cold
Δ�̇�max, hot

accounts for latent
heat of water vapor

Modified heat capacity rate ratio in dehumidifier, HCRd [-]

HCRd = 1

�̇�gen
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Humidification-dehumidification
Energy efficiency maximized at HCR of minimum entropy generation

Gained output
ratio

GOR =
ℎ𝑓𝑔�̇�𝑝

�̇�

Modified heat capacity rate ratio in dehumidifier, HCRd  [-]

HCRd = 1
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Balancing HDH with a single extraction
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Humidification-dehumidification plant
HDH balancing technology is patented, licensed, and commercialized
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Single-pass reverse osmosis system

RO Module
Ûmp = 0.4 kg/s
patm = 1 bar

ηHP = 85%

ηbooster = 85%

Pressure Exchanger
ηPX = 96%

Ûmb
pbrine = 67 bar

Ûmb = 0.6 kg/s
patm = 1 bar

Ûmb
pfeed = 2 bar

Ûmb
prec = 64.14 bar

Ûmf
pHP = 69 bar

Ûmp
pfeed = 2 bar

ηfeed = 85%

Ûmf = 1 kg/s
patm = 1 bar

FIGURE 4. A SINGLE-STAGE REVERSE OSMOSIS SYSTEM [5]

the numerically optimal operating point is very close to that pre-
dicted by equipartitioning entropy production. Equipartitioning
to increase the efficiency of desalination processes has been the
subject of several studies [22–24], as will be discussed below.

REVERSE OSMOSIS
Reverse osmosis accounted for 65% of the world’s desalina-

tion capacity in 2015 [25]. RO is the dominant technology for
brackish groundwater desalination and is rapidly displacing tradi-
tional thermal technologies for seawater desalination. The energy
requirements for seawater RO were described in the introduction.
For brackish water desalination, the pump pressures required are
much lower (feeds have just 3 to 20% of seawater’s salinity); but
cost optimization favors smaller, less energy-efficient systems that
typically consume 0.3 to 1.5 kWh/m3 [26].

Various RO configurations are used depending on the con-
dition of the saline feed water. We will focus on a basic single-
stage seawater configuration (Fig. 4). Seawater enters at ambient
pressure and is divided into two streams, one going directly to a
high pressure pump and one entering a rotary pressure exchanger.
Once both streams are brought to high pressure, they enter the
RO membrane module. Low pressure fresh water and high pres-
sure brine exit the module. The high pressure brine is sent to the
pressure exchanger, which transfers its pressure to one of the feed
streams. The brine exits the system at ambient pressure. The
pressure exchanger is essential in recovering brine exergy after
the RO module, bringing it close to the restricted dead state. Pres-
sure recovery devices can lower energy consumption substantially
and are universally applied in seawater systems, for which brine
pressures are high and recovery ratios are limited.

In the RO module, the high pressure saline feed enters on one
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FIGURE 5. TYPICAL DISTRIBUTION OF FEED HYDRAULIC AND
OSMOTIC PRESSURES IN A SEAWATER RO MODULE

side of a semi-permeable membrane and flows along the mem-
brane. Water passes through the membrane, leaving most salts
behind. As water is removed, the feed salinity rises, causing the
osmotic pressure to rise over the length of the module. A typical
distribution of hydraulic and osmotic pressure in a seawater RO
module is shown in Fig. 5. The inlet hydraulic pressure must
be high enough that the outlet (or brine) hydraulic pressure ex-
ceeds the outlet osmotic pressure, so that water can be forced
through the membrane. Consequently, significantly more pres-
sure is applied near the inlet than is necessary to produce water
flux. The excess pressure generates substantial entropy: Mistry
et al. showed that more that 50% of a representative RO system’s
entropy generation occurs as a result of the pressure difference
across the membranes [4]. This effect can be shown as follows.

The chemical potential of water in a saline solution is given
by

µw = ḡw + RT ln (aw) (22)

where ḡw is the molar Gibbs energy of pure water, aw is the
activity of water in solution, and R is the universal gas constant.
The effect of hydraulic pressure on Gibbs energy has essential
importance. For the pure substance:

∂ḡw
∂p
= v̄w (23)

where v̄w is the molar volume of pure liquid water. The osmotic
pressure of water in solution relative to pure water is

Πw = −
RT ln (aw)
v̄w

(24)

6 Copyright © 2018 by ASME

Seawater Brine

Pure water
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Entropy generation in RO

To find �̇�gen from water transport through membrane, ∇𝑇𝜇𝑤 is required:

∇𝑇𝜇𝑤 = ∇𝑇(�̄�𝑤 + 𝑅𝑇 ln 𝑎𝑤)

= �̄�𝑤∇𝑇(𝑝 − Π𝑤)

Entropy generation per unit membrane area:

�̇�′′gen = ∫
𝐿

0
𝜎 𝑑𝑥 = ∫

𝐿

0
[∇1
𝑇
⋅ 𝐉𝑄 − 𝐉𝑤 ⋅

�̄�𝑤
𝑇
∇𝑇(𝑝 − Π𝑤)] 𝑑𝑥

= 𝐽𝑄(
1
𝑇𝐿
− 1
𝑇0
) +

�̄�𝑤 𝐽𝑤
𝑇

(Δ𝑝 − ΔΠ𝑤) ≈
�̄�𝑤 𝐽𝑤
𝑇

(Δ𝑝 − ΔΠ𝑤)

Water flux from solution-diffusion model, for 𝐴 the membrane permeability:

𝐽𝑤 = 𝐴 (Δ𝑝 − ΔΠ𝑤)

Thus,

�̇�′′gen =
�̄�𝑤 𝐴

𝑇
(Δ𝑝 − ΔΠ𝑤)

2
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Pressure variation in single-pass RO

Entropy generation

�̇�′′gen =
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Novel RO configurations that are better balanced

J A P P π π[( ) ( )]w c d c d= − − − (1)

where Jw is the water flux through the membrane, A is the membrane's
water permeability, P is hydraulic pressure, π is osmotic pressure, and
subscripts c 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. The configuration
minimizes the local difference in osmotic pressure across the mem-
brane, which leads to increased efficiency by reducing entropy gen-
eration, much in the same way that balancing temperature differences
in a counterflow heat exchanger increases the efficiency of heat transfer
[27,28].

CFRO modules can be configured in several different cascading
configurations to produce product streams at a wide variety of condi-
tions. CFRO can also be hybridized with a normal RO system to produce
pure water in addition to highly concentrated brines. Some of these
configurations are discussed in Section 5. Before looking at more
complex configurations, we first seek to understand the operation of a
single stage using a one-dimensional finite difference computational
model. This model is explained in depth in the Supplemental informa-
tion, along with descriptions of the performance measures used in this
analysis.

3. Single module analysis

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 150m2, roughly the size of four stan-
dard 20 cm spiral-wound RO elements. The fluid velocity at the con-
centrate side inlet is set to 10 cm/s, while the fluid velocity at the dil-
uate 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 [29] 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

RR
m

m
̇

̇ c

permeate

feed,
=

(2)

and ṁ cfeed, is the mass flow rate at the inlet of the concentrate side feed
stream.

The base case system takes in 1.77 kg/s of feed water at a con-
centration of 70 g/kg, with mass flow rates of 1.18 kg/s at the con-
centrate 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 con-
centration of 51 g/kg. The specific energy consumption, which is de-
fined as

SEC W
Vṗermeate

=
(3)

where W is the total electrical work input into the system, and Vṗermeate
is the volumetric flow rate of the permeate, is 2.1 kWh/m3. Another
way to measure system performance is with the 2nd law efficiency,
which is defined as

η W
WII

least

actual
=

(4)

where Wactual is the work input into the system and Wleast is the work
that would be required by a thermodynamically reversible system to
perform the same operation. Further discussion of least work can be
found in the Supplemental information. The 2nd law efficiency of this
system 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.

The setup for this system is shown in Fig. 2, and the osmotic pres-
sures within the module are displayed in Fig. 3. In Fig. 3, the osmotic
pressures at five points in the module are shown, along with the flow
direction at each point. The label Δπbulk indicates the osmotic pressure
difference 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 (CP), which
includes internal concentration polarization (ΔπICP) in the membrane
support layer and external concentration polarization on both sides of
the membrane, the actual osmotic pressure difference at the membrane
active layer, Δπactual, is much larger. CP is an increase or decrease in
solute concentration near the membrane that is the result of balancing
salt advection, molecular diffusion, and diffusion through the mem-
brane. CP is discussed in more detail in the Supplemental information,
as well as in various sources in the literature [30-32].

Although not shown in Fig. 3, the system has additional losses, in-
cluding losses due to drag, overpressurization, and inefficiencies in
components such as pumps and energy recovery devices (ERDs).

4. Parametric analysis

Varying the key parameters of this system allows us to better un-
derstand system operation. The parameters investigated in Section 4.1

Fig. 2. Setup for 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 indicates the solute concentration of the stream, while the green
arrows show the direction of permeate flow. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. Osmotic pressures shown at five locations relative to the membrane and
along the length of the membrane in a single CFRO stage during base-case
operation. The total osmotic pressure difference across the membrane mainly
consists of the difference between the bulk streams and the difference due to
internal concentration polarization (ICP), with external concentration polar-
ization making up the balance.

A.T. Bouma, J.H. Lienhard Desalination 445 (2018) 280–291

282

Split-feed counterflow RO
(above left)

Batch RO with pressurized tank
(right top)

Batch RO with pressure exchanger
(right bottom)
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Novel RO configurations that are better balanced
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Novel RO configurations that are better balanced
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system 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.

The setup for this system is shown in Fig. 2, and the osmotic pres-
sures within the module are displayed in Fig. 3. In Fig. 3, the osmotic
pressures at five points in the module are shown, along with the flow
direction at each point. The label Δπbulk indicates the osmotic pressure
difference 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 (CP), which
includes internal concentration polarization (ΔπICP) in the membrane
support layer and external concentration polarization on both sides of
the membrane, the actual osmotic pressure difference at the membrane
active layer, Δπactual, is much larger. CP is an increase or decrease in
solute concentration near the membrane that is the result of balancing
salt advection, molecular diffusion, and diffusion through the mem-
brane. CP is discussed in more detail in the Supplemental information,
as well as in various sources in the literature [30-32].

Although not shown in Fig. 3, the system has additional losses, in-
cluding losses due to drag, overpressurization, and inefficiencies in
components such as pumps and energy recovery devices (ERDs).

4. Parametric analysis

Varying the key parameters of this system allows us to better un-
derstand system operation. The parameters investigated in Section 4.1

Fig. 2. Setup for 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 indicates the solute concentration of the stream, while the green
arrows show the direction of permeate flow. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. Osmotic pressures shown at five locations relative to the membrane and
along the length of the membrane in a single CFRO stage during base-case
operation. The total osmotic pressure difference across the membrane mainly
consists of the difference between the bulk streams and the difference due to
internal concentration polarization (ICP), with external concentration polar-
ization making up the balance.

A.T. Bouma, J.H. Lienhard Desalination 445 (2018) 280–291
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Split-feed counterflow RO
(above left)

Batch RO with pressurized tank
(right top)

Batch RO with pressure exchanger
(right bottom)
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Entropy generation in balanced, counterflow HX
�̇� = 𝑈𝐴Δ𝑇

For 𝑇 >> Δ𝑇:

�̇�gen ≈ �̇� (
Δ𝑇

𝑇h,in 𝑇c,in
)

For a given �̇� = 𝑈𝐴Δ𝑇:

At fixed 𝑈𝐴, a higher flux, more compact device has same �̇�gen

Lower Δ𝑇 lowers �̇�gen, which favors raising 𝑈𝐴 (e.g., use more area)

If additional area is expensive and 𝑈 cannot be raised, a higher Δ𝑇 can
limit capital investment, but with higher �̇�gen and lower energy efficiency
(CAPEX vs. OPEX)

Brackish water reverse osmosis (BWRO)
Electrodialysis
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Electrodialysis
High membrane cost favors high average flux: concentration balancing less useful186 K. Chehayeb, J. Lienhard / Desalination 413 (2017) 184–198

Fig. 1. Schematic diagram representing the operating principle of electrodialysis.

model can predict the performance in a wide salinity range, reaching
192 g/kg.

Ortiz et al. [11] use a similar approach to model a single-stage
batch ED system used in treating brackish water. The main idea
behind these models [9–11] is that the flux of salt through the
membranes can be divided into two parts: migration, which is pro-
portional to the applied current density, and diffusion, which is
proportional to the concentration difference across the membrane.
Similarly, the water flux is assumed to be a result of migration,
where water is dragged by the moving ions, and osmosis, which
is proportional to the difference in osmotic pressure across the
membrane.

Tedesco et al. [12,13] extend the Nernst-Planck equation to the
membrane, and model the water transport through the membrane
using the Maxwell-Stefan equation.

Kraaijeveld et al. [14] use a Maxwell-Stefan-based approach to
model the use of ED in the desalination of a solution of NaCl–
HCl, and Pintauro and Bennion [15] measure the Maxwell-Stefan
(MS) diffusion coefficients of NaCl in a Nafion membrane. The MS
model is the most accurate model for concentrated solutions in the
presence of electrostatic forces [16,17]. Unlike the Nernst-Planck
model, the MS model does not assume the solution is ideal. In
addition, the Maxwell-Stefan-based model captures electro-osmosis
through the membrane naturally through kinetic coupling, whereas
the Nernst-Planck-based model requires a separate fitting parame-
ter in the form of a water transport number to capture that effect.
In addition, the MS equation is the more general expression, and
simplifies to the Nernst-Planck equation if we neglect kinetic cou-
pling by limiting the forces felt by each species to those exerted
by the solvent, and if, in addition, we assume that the solution is
ideal.

From a different perspective, the MS equation writes the expres-
sion for flux in a fashion consistent with the theory of irreversible
thermodynamics. The phenomenological coefficients in irreversible
thermodynamics and the MS diffusion coefficients can in fact be
theoretically related to one another [17–19]. It has been shown, how-
ever, that the MS coefficients are less dependent on composition
(total dissolved solids, as well as the different ions present) than are
the phenomenological coefficients [20].

According to Fidaleo and Moresi [9], the Nernst-Planck-based
model is more appropriate to model the performance of a specific
system given that the fitting parameters are easier to measure. How-
ever, given that the goal of the present paper is the thermodynamic
analysis of ED, we will use the MS model because it is closer to

fundamental equations and better captures the true driving forces.
That said, the results presented in this paper have been qualitatively
replicated by the present authors using the Nernst-Planck-based
model, and are not specific to the MS model.

3. Modeling

As explained in the previous section, the model that is the closest
to the fundamentals, and that is valid at high salinities, is that based
on the MS equations as reported by Kraaijeveld et al. [14]. In this
section, we present the major components of the model that will be
used in the proposed research. In this paper, the change in salinity
along an ED stack is not modeled, and the focus is on the local
level, which can be modeled at a single location with one pair of
salinities.

3.1. Hydrodynamics

An ideal ED model would accurately model the fluid dynam-
ics inside the channels. In other words, the ideal model would
solve the Navier-Stokes equations coupled with the salt transport
equations and Poisson’s equation. However, this set of equations
is very complex and requires a numerical solution, which would
limit the scope of the simulation to a small section of the channel
without any regard to what is happening at the level of the com-
plete system; this also makes it very difficult to model the fluxes
with the appropriate boundary conditions across the membranes.
The major effect of fluid flow on the performance of ED is that it
enhances the mass transfer by making the boundary layer thinner.
This effect can be captured by using the stagnant film theory as is
commonly used in modeling ED [9–11,14]. This model assumes that
the fluid inside the channel is very well mixed, except for a thin
boundary layer of thickness d that is adjacent to each membrane,
where

d =
2h
Sh

(2)

and the Sherwood number, Sh, is the dimensionless number
representing the mass transfer coefficient. Previous attempts of
empirically measuring the Sherwood number can be found in the

𝜎 = 1
𝑇
𝐄 ⋅ 𝐣 − 1

𝑇
∑
𝑘
∇𝑇𝜇𝑘 ⋅ 𝐉𝑘

�̇�′′gen ≈
j
𝑇
(Δ𝑉cp −

Δ𝜇𝑠
𝐹
) for {

Δ𝑉cp voltage diff. of one cell pair

Δ𝜇𝑠 salt chem. potential diff.
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Summary
Minimizing entropy generation minimizes desalination energy consumption

Desalination systems are like thermal power cycles in which the useful output
is the work of separation.

1 �̇�gen in desalination systems is dominated by transport processes.
2 For a given “duty”, �̇�gen is minimized by making 𝜎 uniform along the flow
path (equipartitioning). Approximated by keeping the driving force for
transport uniform (balancing).

3 Balancing maximizes energy efficiency in several desalination systems,
both experimentally and theoretically. Often done by adjusting mass flow
rate ratios.

4 Balancing of concentration difference is often most significant in
evaporative devices (with carrier gas).

5 In systems designed to minimize CAPEX, differences in driving force may
be too large for balancing to help.
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Forward osmosis mass exchanger balancing

2.1. Assessment of technologies

The efficiency of brine concentration is visualized in this sectionwith
an efficiency–salinitymap, Fig. 2. The need for a two-dimensional rating
of efficiency stems from the optimization of different processes for par-
ticular salinity ranges (e.g., EDR for low-salinity brackish applications)
and the effect of salinity on least work of separation.

The values of FO efficiency that appear in the efficiency–salinitymap
are calculated using the limited FO pilot plant energy consumption data
available in the open literature. McGinnis et al. [14] describe the opera-
tion of an FO pilot plant that uses an ammonia-carbon dioxide draw so-
lution and thermal draw regeneration to concentrate high-salinity O&G
wastewater from the Marcellus and Permian Basin shale regions. This
thermal FO pilot uses a distillation column to regenerate the draw, but
other thermal draw regeneration types have been proposed or investi-
gated at the lab scale, including mechanical vapor compression (MVC)
[14], membrane distillation (MD) [15], and multi-stage flash (MSF)
[16]. Thermally-regenerated FO has also been modeled by Semiat et al.
[17]. An FO pilot system with RO regeneration (FO-RO) was used to
concentrate low-salinity O&G wastewater [2,18]. FO-RO has also been
suggested to be more efficient than RO for seawater desalination
[19,20], but other studies have shown that this is unlikely [21,22].
Another FO pilot plant forgoes draw regeneration in favor of “osmotic
dilution” [2,18]: the dilution of a pure sodium chloride solution powers
the concentration of O&G wastewater. Osmotic dilution is also used
in emergency hydration [23], fertigation [24], and other applications
described in [25].

In addition to three existing FO brine concentration pilots, plant
efficiency data for seawater RO (SWRO), brackish water RO (BWRO),
electrodialysis (EDR),MSF, and high-salinityMVC are included for com-
parison. Models of seawater FO-RO and high-salinity MVC as well as
typical efficiencies of MVC and multi-effect distillation with thermal
vapor compression (TVC-MED) are also given. The assumptions made
in constructing Fig. 2 are discussed in Appendix A. In Fig. 2, arrows are
drawn from the feed salinity to the concentrate salinity at the efficiency
of the process.

The efficiency–salinity map (Fig. 2) can be used to choose energy-
efficient desalination technologies for specific applications by first
locating the desired salinity range on the horizontal axis and then
moving up until reaching the most efficient technology.

Fig. 2 shows that FO, in its current state, is not the most efficient
technology at any salinity. At brackish and seawater salinities, RO is
more efficient than FO. Due to irreversible water transport in the FO
exchanger, this will probably always be the case [21]. At high salinities,
the efficiency of FO with thermal draw regeneration is currently lower
than that of MVC [11] because of that pilot plant's use of simple

distillation for draw regeneration. However, several advanced thermal
draw regeneration processes have been proposed [14–16] that may
contribute to raising thermal FO efficiency.

Due to the absence of a regeneration step, the osmotic dilution pro-
cess has a relatively high exergetic efficiency (as defined in Appendix
A). However, in the Hutchings et al. pilot [18], at least 75 kg of NaCl
must be consumed per cubic meter of water removed from the feed
(see Appendix B), and the process produces saline water rather than
fresh water. Draw solutes other than NaCl may be used, but in each
case the cost of sourcing the solute and the cost of disposing (or value
of producing) the dilute draw must be considered. This process might
be a good choice for wastewater volume reduction when clean brine
production is also desired.

In some cases, the advantages of FOmay outweigh its low efficiency.
For example, FO is reported to be more resistant to fouling than RO
[2,29,30], and it has been shown that membrane fouling is more easily
reversible in FO than in RO operated under similar conditions [31].

3. FO exchanger efficiency

The overall efficiency of an FO brine concentration system is related
to the efficiencies of its components. A basic FO system such as that
depicted in Fig. 1 consists of two components: an FO exchanger and a
draw regenerator. Both components require external exergy inputs: a
substantial exergy input in the regenerator, Ξ

�

R, and the much smaller
power consumption of the FO exchanger, ẆX. The total exergy con-
sumption of the system is Ξact, Eq. (3).

The regenerator carries out a separation of the dilute draw solution
into permeate and concentrated draw. Here, the least exergy is that of
separating the dilute draw stream (equivalent to the mixing work of
combining pure and concentrated draw streams at atmospheric tem-
perature and pressure),Ξ

�

least;R:

Ξ
�

least;R ¼ m
�

pgp þm
�

dcgdc−m
�

ddgdd; ð5Þ

and the actual exergy isΞ
�

R ¼ Ξ
�

act−W
�

X. Substituting these expressions
into Eq. (1) results in the regeneration system efficiency, ηR:

ηR ¼ m
�

pgp þm
�

dcgdc−m
�

ddgdd

Ξ
�

act−W
�

X

: ð6Þ

In systems with regeneration, an FO exchanger efficiency2 can be
defined. Forward osmosis is a spontaneous process, and the transfer of
water down a chemical potential gradient is inherently lossy. An ex-
changer efficiency reflects the exergy destruction in the FO exchanger
by comparing the minimum exergy needed to remove water from the
feed to the exergy needed to remove the same water from the draw
plus the work required by the FO exchanger. The exergetic efficiency
of the exchanger can then be expressed as a ratio of the least work of
desalinating the feed (Eq. (2)) to the least work of separating the
draw (Eq. (5)) plus the parasitic power consumption associated with
overcoming hydraulic losses within the FO exchanger:

ηX ¼ m
�

pgp þm
�

cgc−m
�

f g f

m
�

pgp þm
�

dcgdc−m
�

ddgdd þW
�

X

: ð7Þ

The exergetic efficiency of the FO unit varies between 0 for no trans-
fer of water and 1 for an ideal exchangerwith zero osmotic pressure dif-
ference everywhere and no parasitic work consumption. Current pilot
plant exchanger efficiencies are in the range of 8–45% (see Section 4.2).

The numerator of regenerator efficiency and the denominator of
exchanger efficiency are identical (neglecting the parasitic exchanger

2 The exchanger efficiency should not be confused with the exchanger effectiveness
[32], which quantifies the achieved fraction of water recovery.
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Fig. 1. Schematic diagram of an FO desalination system consisting of an FO exchanger and
a regeneration system (e.g., RO or distillation). Pre- and post-treatment may also be
necessary, but are not considered in this analysis.
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Entropy generation

�̇�′′gen =
�̄�𝑤 𝐴

𝑇
(Πdraw − Πfeed)

2

and concentrated draw salinity can be computed with Eq. (C.3):

sdc; f ¼
MR þ RR

MR
sdjπ fþΔπT

: ð13Þ

Similarly, when ΔπT is at the concentrate side,

sdc;c ¼ sdjπcþΔπT
; ð14Þ

and

sdd;c ¼
MR

MR þ RR
sdjπcþΔπT

: ð15Þ

To enforce a minimum terminal osmotic pressure difference of ΔπT,
we use a piecewise expression for exchanger efficiency that is the min-
imum of the efficiencies that would be calculated for minimumosmotic
pressure differences occurring at the feed and concentrate sides at a
given MR. Therefore, the denominator contains the maximum of the
expressions for draw stream mixing work that correspond to the two
possible terminal locations of the minimum osmotic pressure differ-
ence. Substituting the above relationships into Eq. (7), we arrive at an
expression for exchanger efficiency as a function of MR:

ηX ¼ RR gp þ 1−RRð Þ gc−g f

h i
� RR gp þmax MR gdjsdc; f − MR þ RRð Þ gdjsdd; f

h i
;

n�
MR gdjsdc;c− MR þ RRð Þ gdjsdd;c
h io

þW
:

X

m
:

f

Þ−1

:

ð16Þ

In Eq. (16), sdc,f and sdd,c (Eqs. (13) and (15)) are themselves func-
tions of MR.

Exchanger efficiency (Eq. (16)) is evaluated in Fig. 3 over a range of
mass flow rate ratios to demonstrate the importance of balancing. In
Fig. 3, both streams are NaCl solutions, the feed salinity is 8% by mass,
the recovery ratio is 50%, and parasitic power consumption is neglected.
As themass flow rate ratio approaches the optimal mass flow rate ratio,
the exchanger efficiency rises. Because system efficiency is the product
of FO exchanger and regenerator efficiencies (see Eq. (9)), any improve-
ment in exchanger efficiency due to balancing results in a roughly pro-
portional improvement in system efficiency for systems with relatively
salinity-independent regeneration efficiency.

The sharp peak in efficiency seen in Fig. 3 results from fixing the
terminal osmotic pressure difference (which causes the maximum in
the denominator of Eq. (16)); if instead a fixed exchanger length were
imposed, the curves would be smoother.

Conceptually, balancing works by maintaining a relatively uniform
osmotic pressure difference throughout the exchanger to minimize en-
tropy generation and maximize efficiency while maintaining sufficient
mass flux everywhere. Fig. 4 demonstrates the effect of balancing at a
fixed terminal osmotic pressure difference (35 bar, based on the low-
salinity FO-RO pilot [2,18]) using salinity profiles derived in
Appendix C. As the mass flow rate ratio is varied, the slope of the
draw salinity profile changes. Larger mass flow rate ratios lead to a
smaller change in draw salinity but require that a larger mass flow
rate goes through the regeneration device. Smallermass flow rate ratios
minimize themassflow rate through the regenerator, but require a larg-
er change in draw salinity. Somewhere in the middle, an optimal mass
flow ratio exists that maximizes the exchanger efficiency.

40%

50%

60%

70%

80%

90%

100%

0.2 0.4 0.6 0.8 1 1.2

FO
 e

xc
ha

ng
er

 e
ffi

ci
en

cy

Mass flow rate ratio

  0 bar pinch
20 bar pinch
40 bar pinch
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Entropy generation in a balanced counterflow heat
exchanger

𝑑�̇�′′gen = 𝑑�̇� (
1
𝑇𝑐
− 1
𝑇ℎ
) ≈

𝑑�̇� Δ𝑇
𝑇2𝑐

= 𝑈𝑃Δ𝑇
2

𝑇2𝑐
𝑑𝑥

For a balanced counterflow exchanger of length 𝐿, 𝑇𝑐 = 𝑇𝑐,in + 𝑎𝑥 where the

constant 𝑎 = (𝑇𝑐,out − 𝑇𝑐,in)/𝐿. Integrating the local entropy generation for
Δ𝑇 << 𝑇𝑐,out gives:

�̇�gen = 𝑈𝑃Δ𝑇
2∫

𝐿

0

𝑑𝑥
(𝑇𝑐,in + 𝑎𝑥)

2

= 𝑈𝑃Δ𝑇
2

𝑎
( 1
𝑇𝑐,in

− 1
𝑇𝑐,out

)

= (
�̇�Δ𝑇

𝑇𝑐,in𝑇𝑐,out
) ≈ (

�̇�Δ𝑇
𝑇𝑐,in𝑇ℎ,in

)
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Least work of separation
Reversible limit: �̇�gen = 0
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1

2

3

4

5

30 40 
r = ṁ p / ṁsw [%]

W least

[kJ/kg]

ws,sw = 35 g/kg

ws,sw = 20 g/kg

ws,sw = 5 g/kg

ws,p = 0.0 g/kg 
ws,p = 0.5 g/kg

𝜂II =
�̇�least

�̇�sep + �̇�sep(1 − 𝑇0/𝑇sep)
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