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Abstract: Increasing global demand for fresh water is driving the development and
implementation of a wide variety of seawater desalination technologies driven by different
combinations of heat, work, and chemical energy. This paper develops a consistent basis
for comparing the energy consumption of such technologies using Second Law efficiency.
The Second Law efficiency for a chemical separation process is defined in terms of the
useful exergy output, which is the minimum least work of separation required to extract
a unit of product from a feed stream of a given composition. For a desalination process,
this is the minimum least work of separation for producing one kilogram of product
water from feed of a given salinity. While definitions in terms of work and heat input
have been proposed before, this work generalizes the Second Law efficiency to allow for
systems that operate on a combination of energy inputs, including fuel. The generalized
equation is then evaluated through a parametric study considering work input, heat inputs
at various temperatures, and various chemical fuel inputs. Further, since most modern,
large-scale desalination plants operate in cogeneration schemes, a methodology for correctly
evaluating Second Law efficiency for the desalination plant based on primary energy inputs is
demonstrated. It is shown that, from a strictly energetic point of view and based on currently
available technology, cogeneration using electricity to power a reverse osmosis system is
energetically superior to thermal systems such as multiple effect distillation and multistage
flash distillation, despite the very low grade heat input normally applied in those systems.

Keywords: least work of separation; Second Law efficiency; cogeneration; power
production; exergy
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Nomenclature

Roman symbols Units
a activity -
E electromotive force V
e electron charge C
F Faraday constant C/mol
g specific Gibbs free energy kJ/kg
ḡ molar Gibbs free energy kJ/mol
h̄ molar enthalpy kJ/mol
hfg latent heat of vaporization kJ/kg
I current A
Keq equilibrium constant -
Ksp solubility constant -
M molecular weight kg/mol
ṁ mass flow rate kg/s
mi molality of species i mol/kg
Ṅ mole flow rate mol/s
Na Avogadro’s number 1/mol
n number of species -
ne number of electrons -
p pressure kPa
Q̇ rate of heat transfer kW
Q reaction quotient -
R gas constant J/mol K
r recovery ratio kgproduct/kgfeed

S entropy kJ/K
Ṡgen rate of entropy generation kW/K
s̄ molar entropy kJ/mol K
T temperature K
t time s
U internal energy kJ
V volume m3

Ẇ rate of work kW
xi mole fraction -
y salinity kgsolutes/kgsolution

Greek Units
ηII Second Law/exergetic efficiency -
ηpp Second Law efficiency of power plant -
γi molal activity coefficient of species i -
µi chemical potential kJ/mol

Ξ exergy kJ

Ξ̇ rate of exergy kW

ξ specific exergy kJ/kg

ξ̄ molar exergy kJ/mol

ζ reaction coordinate -

ν stoichiometric coefficient -

Subscripts

0 dead state

a assist

c concentrate

H high temperature

d desalination plant

f feed

in input

least reversible process in which all process
streams cross the system boundary at the
RDS

pp power plant

p product

r reaction

rev reversible

sep amount required for separation process

s steam temperature

+ cation

− anion
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Superscripts
min minimum value at infinitesimal recovery
◦ reference state

Acronyms Units
ED electrodialysis
ERD energy recovery device
GOR gained output ratio -
HDH humidification-dehumidification
LHS left hand side
MD membrane distillation

MED multiple effect distillation

MSF multistage flash

MVC mechanical vapor compression

PRO pressure retarded osmosis

RDS restricted dead state

RED reverse electrodialysis

RHS right hand side

RO reverse osmosis

SGE salinity gradient engine

TDS total dead state

1. Introduction

Growing water demand due to rising population, increasing standards of living, and industrialization
is resulting in substantial water shortage and scarcity. While developing countries are often hardest hit
by lack of water supply, developed countries have had to face these issues as well [1,2]. Substantial
research in desalination technologies has occurred in recent decades in order to develop more efficient
and economical methods, both to provide potable water and to remediate industrial process waters [3,4].

Currently, several different technologies for desalinating water are in wide use, including reverse
osmosis (RO), multistage flash (MSF), multiple effect distillation (MED), among others. These systems
are powered by electricity (work), heat, or some combination thereof. The description of energy
requirements becomes more complicated when one considers that many larger scale water plants are
operated in conjunction with power plants in a cogeneration scheme [5]. While advances over the last
several decades have resulted in dramatically reduced energy utilization, desalination is still energy
intensive, and it is important to be able to fully characterize the performance of these systems and to
compare the relative energy costs from system to system. Second Law efficiency is a parameter that can
be used to compare the thermodynamic performance of systems.

Second Law analysis has been applied to desalination systems in past studies [6–12], but many
conflicting definitions for Second Law efficiency have been applied. In a previous paper, the authors
showed that for desalination systems, Second Law efficiency should be defined in terms of the least work
of separation [13]. The least work of separation (Ẇleast) represents the least amount of work required to
reversibly separate a single stream into multiple streams of different composition [5,7,13–15]. Similarly,
the least heat of separation (Q̇least) can be used to represent the least amount of heat required for a
separation process. Both are benchmarks to which desalination systems are compared, much as Carnot
efficiency is the ideal benchmark to which power plants are compared.

While the least work and least heat of separation are useful parameters for work and heat driven
systems respectively, it is difficult to directly compare the energies represented by least work and least
heat. Additionally, these parameters are only useful for systems that have a single energy source (work or
heat only). Many modern separation processes, including most thermal desalination systems (e.g., MSF
and MED), require both thermal and mechanical energy input. Still other systems may be powered by
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chemical energy. Therefore, a more useful least energy metric would capture simultaneous mechanical,
thermal, and chemical energy inputs.

This paper builds on the work of Mistry et al. [13] and generalizes the least energy of separation
calculation to a generic chemical separator. Further, the Second Law efficiency definitions are likewise
generalized so that they may be applied to systems that utilize some combination of mechanical, thermal,
or chemical energy inputs. A “least” separation process is defined here as a completely reversible process
in which the minimum amount of energy, as required by the Second Law of Thermodynamics, is needed
to drive a chemical separation process. This concept is clarified and further developed through several
examples. Finally, the Second Law efficiency of a desalination plant in a cogeneration scheme is studied
through a parametric analysis.

2. Generalized Least Energy of Separation for Chemical Separation Processes

The equation for the generalized least energy of separation is derived using the generalized exergy
equation for an arbitrary system control volume shown in Figure 1 [16]. This control volume has q
inlet streams and r outlet streams, each potentially at different temperature, pressure, and chemical
composition of 0 to n species. For simplicity, kinetic and potential energy is neglected. The system
is in thermal contact with p heat reservoirs and is free to transfer work (p0 dV/dt), heat (Q̇0), and
mass (Ṅ0,i) with the environment. In Figure 1 and the subsequent equations, the subscript 0 is used
to denote environmental conditions and the subscript i is used to denote a specific species (e.g., Ṅ0,i is
the mole flow rate of species i into the system, from the environment at T0, p0 with a chemical potential
of µ0,i). The sign convention of positive work input is used herein. As a result, the outlet streams can
leave the system at thermal, mechanical, and chemical equilibrium with the environment. That is, they
can leave the system at the total dead state (TDS). The First and Second Laws of Thermodynamics are
written for the control volume as follows:

dU

dt
= Ẇ +

p∑
l=0

Q̇l +

q∑
j=1

Ṅjh̄j −
r∑

k=1

Ṅkh̄k +
n∑
i=1

Ṅ0,ih̄0,i − p0
dV

dt
(1)

dS

dt
=

p∑
l=0

Q̇l

Tl
+

q∑
j=1

Ṅj s̄j −
r∑

k=1

Ṅks̄k +
n∑
i=1

Ṅ0,is̄0,i + Ṡgen (2)

Equations (1) and (2) are combined by eliminating Q̇0, conserving mass, and accounting for volume
change of the control volume resulting in the generalized exergy equation for an open system [16]:

dΞt

dt
= Ξ̇Ẇ +

p∑
l=1

Ξ̇Q̇,l +

q∑
j=1

Ṅj ξ̄j −
r∑

k=1

Ṅkξ̄k − T0Ṡgen (3)
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where

Ξt = U − T0S + p0V −
n∑
i=1

µ0,iNi (4)

Ξ̇Ẇ = Ẇ (5)

Ξ̇Q̇ =

(
1− T0

T

)
Q̇ (6)

ξ̄(T, p,Ni) = h̄(T, p,Ni)− T0s̄(T, p,Ni)−
n∑
i

µ0,i(T0, p0)xi (7)

While Equation (3) is completely general and applicable to any open system, it can be simplified
to be more useful when applied specifically to chemical separation processes. An arbitrary chemical
separation process can be powered by mechanical, thermal, or chemical energy. While mechanical and
thermal energy inputs are represented by work and heat transfer respectively, chemical energy is input to
the system through the inflow and outflow of fuel and exhaust streams. In a chemical separation process,
it is important to differentiate between process streams and fuel/exhaust streams. Process streams are any
streams directly involved in the chemical separation process and include feed, product, and any waste
streams. For a desalination system, this would typically include seawater (feed), pure water (product),
and concentrated brine (waste). For an oil separation process, this would include crude oil (feed), various
grades of refined hydrocarbons (products), and solid waste. The terms fuel and exhaust are used loosely
to represent all streams that are used to provide energy to the system such as fuel, solvents, air, and
combustion products. The mole flow rate summation terms in Equation (3) are rearranged into sums
over the inlets minus the outlets of the process streams and the fuel/exhaust streams. All of the energy
inputs are moved to the left hand side (LHS) of the equation and all the process streams, stored energy,
and irreversibilities are moved to the right hand side (RHS).

Ξ̇Ẇ +

p∑
l=1

Ξ̇Q̇l
+

∑
in-out

Ṅ ξ̄︸ ︷︷ ︸
fuel and exhaust streams

=
dΞt

dt
+

∑
out-in

Ṅ ξ̄︸ ︷︷ ︸
process streams

+T0Ṡgen (8)

The LHS of Equation (8) represents all exergy inputs to the system while the RHS represents the
changes associated with the control volume and process streams. Using this equation, the generalized
least energy of separation is derived. Consider the RHS first. In order to minimize the required exergetic
input, the process must be reversible. Additionally, any thermal and mechanical energy in the exit process
streams is considered wasted since the desired product in a separation process is the mass of product.
This concept is discussed in detail by Mistry et al. [13]. Therefore, the process streams must exit at the
restricted dead state (RDS). Note that the process streams cannot leave at the TDS since the purpose
of a chemical separation process is to convert an inlet stream into streams with different composition
and allowing chemical equilibrium to occur would have the net effect of undoing the separation process.
Under these conditions, the exergy of the process streams reduces to the Gibbs free energy at atmospheric
temperature and pressure.

ξ̄(T0, p0, Ni) = h̄(T0, p0, Ni)− T0s̄(T0, p0, Ni) ≡ ḡ(T0, p0) (9)
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Equation (8) is simplified by substituting Equation (9) into the process stream summation, substituting
in Equations (5) and (6), assuming steady state, and assuming reversible behavior. This leaves the
generalized least energy of separation equation:

Ẇ +

p∑
l=1

(
1− T0

T

)
l

Q̇l︸ ︷︷ ︸
energy inputs/outputs

+
∑

in−out

Ṅ ξ̄(T, p,Ni)︸ ︷︷ ︸
fuel and exhaust streams

=
∑

out−in

Ṅ ḡ(T0, p0, Ni)︸ ︷︷ ︸
process streams

(10)

The RHS of the equation represents the least amount of exergy required to separate the input process
streams into output streams of different chemical compositions. For a desalination process, a feed stream
is separated into a low salinity product stream and a high salinity concentrate stream.

Ξ̇least ≡
∑

out−in

Ṅ ḡ(T0, p0, Ni) (11)

This exergy must be provided to the system by a combination of work, heat, and chemical energy as
indicated by the LHS of the equation. Equations (10) and (11) are derived from a control volume that
surrounds the system and only considers the inputs and outputs to the system. They represent the true
limit for the least exergy required for separation, regardless of what process occurs within the control
volume. Therefore, all technologies, including those which utilize a carrier fluid that does not leave
the system boundary, are subject to the energy conservation requirement given by Equation (10). Such
technologies include forward osmosis (FO) [17–20], humidification-dehumidification (HDH) [7,21–25],
and directional solvent extraction [26,27].

Figure 1. A generalized control volume with q inlets, r outlets, p heat transfer inputs, and
work input. The control volume can exchange work (p0 dV/dt), heat (Q̇0), and mass (Ṅ0,i)
with the environment through the system boundary.
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Q̇0
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Ṅj =
∑n

i=1 Ṅj,i

(T, p, µi)j

(j = 1, 2, . . . , q)

kth outlet

Ṅk =
∑n

i=1 Ṅk,i

(T, p, µi)k

(k = 1, 2, . . . , r)

Q̇l

Tl

Ẇ
(l = 1, 2, . . . , p)

(i = 1, 2, . . . , n)
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Since it is conventional to discuss desalination systems on a mass basis, rather than a mole basis, it is
more convenient to write Equation (11) in terms of mass flow rates. For a system with one inlet stream
(feed) and two outlet streams (product and concentrate), this is written as:

Ξ̇least =
∑

out−in

ṁg(T0, p0, Ni) = ṁpgp + ṁcgc − ṁfgf (12)

where gj is the specific Gibbs free energy per kilogram of solution and is a function of the temperature,
pressure, and salinity of each of the dissolved species.

Recovery ratio is defined as the ratio of the mass flow rate of product water to the mass flow rate of
feed water:

r ≡ ṁp

ṁf

=
mass flow rate of product

mass flow rate of feed
(13)

Equation (12) can be rewritten in terms of the recovery ratio by combining Equation (13) with
conservation of mass:

ṁf = ṁp + ṁc (14)

Normalizing by the product flow rate gives:

Ξ̇least

ṁp

= (gp − gc)−
1

r
(gf − gc) (15)

Evaluation of Equation (15) requires physical properties of the feed, product, and concentrate
streams. While the Gibbs free energy can be evaluated by summing chemical potentials of each
of the species [28–30], seawater property packages based upon a single salinity parameter are
available [31–34]. The package by Sharqawy et al. [33,34] is used in this study. Correlations for
properties such as specific Gibbs free energy, osmotic coefficients, and chemical potential of water
and salts in seawater are given as a function of temperature and salinity. The range of validity of
the correlations varies slightly for each property, but in general, they are available for temperatures
in 0–120 ◦C and salinities in 0–120 g/kg. By assuming that the relative concentration of each of the
dissolved species is the same in each stream, conservation of mass for the salts is written as:

ṁfyf = ṁpyp + ṁcyc (16)

The Gibbs free energy of each of the streams in Equation (15) is evaluated using seawater properties,
as a function of temperature and salinity, gj = gj(T, yj) [33]. With the feed and product salinities (yf , yp)
given, the concentrate salinity (yc) is evaluated using Equations (13), (14) and (16):

yc =
yf − ryp

1− r (17)

Finally, as discussed by Mistry et al. [13], the minimum least exergy of separation occurs in the limit
of infinitesimal recovery:

Ξ̇min
least = lim

r→0
Ξ̇least (18)

While Ξ̇min
least represents the least amount of exergy required to drive a separation process, it does not

necessarily give design guidance as infinitesimal recovery would result in infinite cost.
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In the following sections, three special cases of Equation (10) are considered: least work of separation,
least heat of separation, and least chemical energy of separation. These special cases occur when only
one form of energy input is used.

3. Least Work of Separation

For chemical separation processes that are powered by work only, the schematic diagram shown in
Figure 1 can be simplified. Examples of work-driven desalination systems include RO, mechanical
vapor compression (MVC), and electrodialysis (ED). In the case of an arbitrary desalination system, the
generalized control volume reduces to the schematic diagram illustrated in Figure 2. Note that while
work is the only energy input, in order to fulfill the First and Second Laws of Thermodynamics and
to allow all streams to enter and exit the control volume at ambient temperature, heat transfer must be
allowed with the environment (Q̇0).

Figure 2. A control volume for an arbitrary black box chemical separator powered by
work only.

Q̇0, T0Ẇsep

Black Box
Separator

Product
yp < yf

Concentrate
yc > yf

Feed
yf

Simplifying Equation (10) to the arbitrary desalination system shown in Figure 2, with only work
input and heat transfer from the environment, yields the definition of the least work of separation:

Ẇleast =
∑

out−in

Ṅ ḡ(T0, p0, Ni) = Ξ̇least (19)

The least work and least exergy of separation are equivalent and the terms are used interchangeably
in the remainder of this paper. Using Equations (15) and (19), the least work of separation is:

Ẇleast

ṁp

= (gp − gc)−
1

r
(gf − gc) (20)

Equation (20) is a function of temperature, feed salinity, product salinity, and recovery ratio and is
plotted for various feed salinities and recovery ratios at a constant temperature of 25 ◦C in Figure 3. The
least work of separation is a strong function of feed salinity and recovery ratio, and a weak function of
the product salinity (for typically low product salinities).
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Figure 3. Least work of separation as a function of feed salinity and recovery ratio. Feed
water is at T0 = 25 ◦C.
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4. Least Heat of Separation

Chemical separation processes can be powered using only heat input. Examples of heat driven
desalination systems include MED, MSF, membrane distillation (MD), and HDH. A schematic diagram
of an arbitrary desalination plant powered using a high temperature heat source is shown in Figure 4. As
with the work-driven case, this control volume allows for atmospheric heat transfer in order to satisfy the
First and Second Laws of Thermodynamics. When heat is the only form of energy input, Equation (10)
reduces to the least heat of separation:

Q̇least =

(
1− T0

TH

)−1 ∑
out−in

Ṅj ḡj(T0, p0, Ni) =

(
1− T0

T

)−1
Ẇleast (21)

For the arbitrary desalination system pictured in Figure 4, the least heat of separation can be expressed
on a mass basis as follows:

Q̇least

ṁp

=

(
1− T0

TH

)−1 [
(gp − gc)−

1

r
(gf − gc)

]
(22)

Unlike the least work, Q̇least is a function of the temperature at which the heat is transferred in addition
to the ambient temperature, recovery ratio, and feed and product salinities. As with Carnot efficiency,
it is clear that the least heat improves with increasing top temperature (Figure 5). In Figure 5, the least
heat is evaluated at four different top temperatures: 50 ◦C, 75 ◦C, 100 ◦C, and 5800 K. The first three
represent a range of values typical of common thermal desalination methods. The high temperature
represents an upper bound on the temperature at which energy can be transferred from the sun. At such
high temperatures, the Carnot efficiency begins to approach one and Q̇least approaches Ẇleast.
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Figure 4. A control volume for an arbitrary black box chemical separator when heat is the
only form of energy input.
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Figure 5. Least heat of separation as a function of feed salinity and recovery ratio. Feed
water is at T0 = 25 ◦C and yf = 35 g/kg.
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r = ṁp/ṁf [%]

Q̇least/ṁp [kJ/kg]
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Gained output ratio (GOR) is a commonly used performance parameter in the thermal desalination
industry. GOR is the ratio of the enthalpy required to evaporate the distillate (or equivalently, the energy
release in condensation) to the heat input to the system:

GOR ≡ ṁphfg(T0)

Q̇sep

(23)

Essentially, GOR is a direct measure of how many times the latent heat of vaporization is captured in the
condensation of purified water vapor and reused in a subsequent evaporation process to create additional
water vapor. The highest GOR possible for a given recovery ratio can be calculated by substituting
Equation (22) into Equation (23):

GORrev ≡
ṁphfg(T0)

Q̇least

(24)
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Reversible GOR is inversely proportional to the least heat; values are plotted in Figure 6. Maximum
GOR occurs in the limit of infinitesimal recovery since the least heat is minimized as r → 0. In addition
to solar temperature, the limit of GOR as temperature approaches infinity is included in the figure as well.

Figure 6. Maximum gained output ratio (GOR) for desalination processes with various
temperatures of heat input. Feed water is at T0 = 25 ◦C and yf = 35 g/kg.
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If the heat addition does not occur at a uniform temperature, then the summation in Equation (10)
should be replaced with:

Q̇ =

∫ (
1− T0

T

)
δQ̇ (25)

5. Least Chemical Energy (Fuel) of Separation

In some chemical separators, chemical energy is the only form of energy input, as shown in Figure 7.
In this case, Equation (10) reduces to:∑

in−out

Ṅ ξ̄(T, p,Ni)︸ ︷︷ ︸
fuel and exhaust streams

= Ξ̇least =
∑

out−in

Ṅ ḡ(T0, p0, Ni)︸ ︷︷ ︸
process streams

(26)

Since exergy includes mechanical, thermal, and chemical components, the chemical energy component
must be isolated in order to calculate the least chemical energy of separation. Therefore, the fuel is
assumed to enter the system at the RDS even though some fuels are inherently not at the RDS (e.g.,
CNG and LNG). While it is possible to calculate the least amount of fuel needed for fuels not at the
RDS, the thermal and mechanical exergy should be accounted for as well. The calculations in this paper
focus purely on chemical exergy. The LHS of Equation (26) may be expanded in terms of the chemical
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potential of each species within each stream. Further, the LHS of the equation represents the net chemical
energy input,

Net chemical energy input = Ξ̇in =
∑

in−out

Ṅ ξ̄(T0, p0, Ni)︸ ︷︷ ︸
fuel and exhaust streams

(27)

In order to determine the least amount of fuel required for a chemical separation process, the above
equation must be evaluated in the context of specific situations. In the following sections, three different
cases are considered.

Figure 7. A control volume for an arbitrary black box chemical separator when fuel is the
only form of energy input.

Black Box
Separator

Product
yp < yf

Concentrate
yc > yf

Feed
yf

Chemical Engine
Fuel/Air Streams

T0, p0

Exhaust Streams
T0, p0

Ξ̇in

5.1. Combustion

Bejan [16] and Moran [35] analyzed the exergy value of fuels in detail. The maximum amount
of energy that can be extracted from a fuel is the amount of work that is extracted through complete
combustion when the reactants and products enter and leave the system at the TDS with the fuel
entering at the RDS (see Bejan [16] [Figure 7.16 and Equation (7.133)]). As an example, for the
following reaction

CαHβ +

(
α +

β

4

)
O2 −→ αCO2 +

β

2
H2Ovapor (28)

the maximum amount of energy extractable (i.e., exergy) is equal to the change in the chemical potential
from the reactants at the restricted dead state to the products at the total dead state:

ξ̄CαHβ = µCαHβ
+

(
α +

β

4

)
µO2
− αµCO2

− β

2
µH2O,vapor

(29)

= −∆G◦r(T0, p0) +RT0 ln
x
α+β/4
O2

xαCO2
x
β/2
H2O

(30)

where the standard state Gibbs energy of reaction for the fuel is given as

∆G◦r = αµ◦CO2
(T0, p0) +

β

2
µ◦H2O

(T0, p0)

−
[
µ◦CαHβ(T0, p0) +

(
α +

β

4

)
µ◦O2

(T0, p0)

]
(31)

Exergy values for select fuels, evaluated using Equation (30), are provided in Table 1 [16].
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Table 1. Chemical exergy of select fuels at T0 = 25 ◦C and p0 = 1 atm.

Fuel (Phase) Mfuel [kg/mol] ξ̄fuel [kJ/mol] ξfuel [MJ/kg]

Hydrogen (g), H2 0.00201588 235.2 116.6736
Carbon (s), C 0.01201070 410.5 34.1779
Methane (g), CH4 0.01604246 830.2 51.7502
Propane (g), C3H8 0.04409562 2149.0 48.7350
Octane (l), C8H18 0.11422852 5408.7 47.3498

The total exergy provided by a given mass of fuel is therefore:

∆Ξ̇in =
ṁfuel

Mfuel

∆ξ̄CαHβ (32)

Therefore, the least fuel required to separate water is:

ṁfuel,least

ṁp

=
(gp − gc)− 1

r
(gf − gc)

ξ̄fuel
Mfuel (33)

The least amount of fuel required for hydrogen gas, carbon, methane gas, propane gas, and octane liquid
is shown in Figure 8. As expected, those fuels with the highest energy density result in the lowest
fuel requirements.

Figure 8. Least amount of fuel needed when using combustion as a function of fuel type and
recovery ratio. Feed water is at T0 = 25 ◦C and yf = 35 g/kg.
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5.2. Chemical Disequilibrium

While combustion of fuel is the most common way to extract chemical energy, other means are
possible. For example, a given solution could be internally at disequilibrium with respect to all possible
internal chemical reactions. As the solution runs down to equilibrium, energy may be released to the
surroundings if the reactions are exothermic. This energy could be captured and used to power a chemical
separation process. Consider a system that is powered using this energy release as the solution comes
to chemical equilibrium with respect to all possible internal reactions. For this case, the initial stream at
disequilibrium is referred to as the “fuel”, and the stream once arriving at internal chemical equilibrium
is referred to as the “exhaust.” No mass exchange occurs between the fuel and the environment or any
of the process streams. Since this system does not allow for mass transfer with the environment (the
exhaust leaves at the RDS), the exergy of the fuel and exhaust streams reduces to the Gibbs Free energy:

Ξ̇in =
∑

in−out

Ṅ ḡ(T0, p0, Ni)︸ ︷︷ ︸
fuel and exhaust streams

(34)

For a given stream, the flow Gibbs free energy is written as:

Ġ = Ṅ ḡ = Ṅ
n∑
i=1

xiµi =
n∑
i=1

ṅiµi (35)

where
µi = µ◦i +RT ln ai (36)

Therefore, the net chemical energy input to the system is:

Ξ̇in =
∑

in−out

(
n∑
i=1

(ṅiµi)

)
(37)

Finally, if it is assumed that there is a single fuel stream (includes fuel and air) and a single exhaust
stream (reaction products and remaining reactants), then

Ξ̇in =
∑
fuel

ṅiµi −
∑

exhaust

ṅiµi (38)

Now that the net chemical energy input has been rewritten in a more useful form, the amount of
energy input to the system from several chemical processes is considered. For a single chemical reaction
of the form:

aA + bB −−⇀↽−− cC + dD (39)

the Gibbs free energy of reaction, ∆Gr is given by

∆Gr = cµC + dµD − aµA − bµB (40)

∆Gr represents the change in Gibbs free energy of the system as a result of a differential advancement
of the chemical reaction. That is,

∆Gr =
dG

dζ
where dζ =

dni
νi

(41)
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where ζ is the reaction coordinate, ni is the moles of species i, and νi is the stoichiometric coefficient
of species i. The reaction coordinate is positive for products and negative for reactants. Substituting
Equation (36) into Equation (40),

∆Gr = (cµ◦C + dµ◦D − aµ◦A − bµ◦B) +RT ln
acCa

d
D

aaAa
b
B

= ∆G◦r +RT lnQ (42)

where Q is the reaction quotient. These equations may be generalized to account for more complex
reactions than those of the form indicated by Equation (39):

∆Gr =
n∑
i=1

νiµi ∆G◦r =
n∑
i=1

νiµ
◦
i Q =

n∏
i=1

aνii (43)

At equilibrium, the change in Gibbs free energy is zero and the reaction quotient, Q, is equal to the
equilibrium coefficient:

∆G◦r = −RT lnKeq (44)

Therefore,

∆Gr = −RT lnKeq +RT lnQ = RT ln
Q

Keq

(45)

Equation (41) is separated and integrated from zero reaction progress to equilibrium (ζ = 0→ ζ∗):

Ξ̇in = − ṁfuel

Mfuel

∫ ζ∗

0

∆Grdζ = − ṁfuel

Mfuel

∫ ζ∗

0

RT ln

∏n
i=1 a

νi
i (ζ)

Keq

dζ (46)

Note that the activity of each component, and therefore the reaction quotient and the Gibbs free energy of
reaction, are all functions of the reaction progress making the previous equation non-trivial to evaluate
for complex reactions. While the theory is the same for multiple-reaction systems, the coupling and
nonlinearity of the reactions greatly complicates the calculation.

By convention, ∆Gr is written per mole of the primary reactant. Therefore, the above equation
is multiplied by the number of moles of fuel to determine the total energy released in the chemical
reaction. Combining Equations (15), (26) and (46) gives the least mass of primary reactant needed to
drive a separation process using the energy released in the equilibration of chemical species:

ṁfuel,least

ṁp

= −(gp − gc)− 1
r

(gf − gc)
RT

∫ ζ∗
0

ln
∏n
i=1 a

νi
i (ζ)

Keq
dζ
Mfuel (47)

Equation (47) is now evaluated for a simplified case in which the energy of solvation released when
a salt of the form CA is dissolved in water is used as the driver for the chemical separation process.
Equation (39) reduces to a simplified form for dissolution reactions:

CA −−⇀↽−− ν+Cz+ + ν−Az− (48)

Activity for each of the dissolved species is written as the product of the molal activity coefficient and
the molality: ai = γimi [28–30]. Activity of the pure salt, CA, is equal to one by definition. Using the
definition for reaction progress given in Equation (41), the molality of each of the ions is found to be
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the product of the stoichiometric coefficient for that ion and the reaction coordinate: νiζ . Therefore, the
activities of CA, Cz+ , and Az− , expressed in terms of ζ , are:

aCA = 1, aCz+ = γ+ν+ζ, aAz− = γ−ν−ζ (49)

Substituting Equation (49) into Equation (40), the Gibbs free energy of this reaction is:

∆Gr = RT ln
Q(ζ)

Ksp

= RT ln
(γ

ν+
+ γ

ν−
− )(ν

ν+
+ ν

ν−
− )ζν++ν−

Ksp

(50)

Substitution into Equation (46) and assuming ideal solution behavior to simplify the calculation (γ is a
complex function of ζ) gives:

Ξ̇in = − ṁsalt

Msalt

RTζ∗
[
ln

(
ν
ν+
+ ν

ν−
−

Ksp

ζ∗ν++ν−

)
− (ν+ + ν−)

]
(51)

The equilibrium condition is found by setting ∆Gr = 0 and solving for Equation (50) for ζ:

ζ∗ =

[
Ksp

ν
ν+
+ ν

ν−
−

] 1
ν++ν−

(52)

Substituting into Ξ̇in gives

Ξ̇in =
ṁsalt

Msalt

RT (ν+ + ν−)

[
Ksp

ν
ν+
+ ν

ν−
−

] 1
ν++ν−

(53)

Finally, the least amount of salt dissolution required is:

ṁsalt,least

ṁp

=
(gp − gc)− 1

r
(gf − gc)

RT (ν+ + ν−)

[
Ksp

ν
ν+
+ ν

ν−
−

]1/(ν++ν−)
Msalt (54)

Figure 9 shows the amount of salt needed to drive a separation process when CaSO4 and Ag2SO4 are
used. From the results of Figure 9, it is clear that using the energy of solvation for a salt to chemically
separate another electrolyte solution is not a practical process since it would require very large quantities
of both salt and water and would be unrealistically expensive. In the case of Ag2SO4, at the minimum,
it requires approximately 7 kg for every kilogram of water produced while nearly 15 kg of CaSO4 is
required to produce a kilogram of water. This methodology is given not to suggest that dissolution
reactions are a practical way to extract energy, but rather to illustrate a method for evaluating the energy
release in an arbitrary chemical reaction.
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Figure 9. Least amount of salt needed when letting a salt dissociate to equilibrium as
a function of recovery ratio for CaSO4 and AgSO4. Feed water is at T0 = 25 ◦C and
yf = 35 g/kg.
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5.3. Electrochemical Reactions

Consider a system that is powered by an oxidation-reduction (REDOX) reaction in a fuel cell [36,37].
As with chemical equilibration reactions, the Gibbs free energy of reaction is:

∆Gr =
∑
i

νiµi = ∆G◦r +RT lnQ (55)

The electromotive force (voltage) generated by a REDOX reaction is found by noting that
∆Gr = −neFE where ne is the number of electrons transferred per mole of reactant and F is Faraday’s
constant. Therefore,

−∆Gr

neF
= −∆G◦r

neF
− RT

neF
lnQ (56)

E = E◦ − RT

neF
lnQ (57)

Equation (57) is known as the Nernst equation. At 25 ◦C, it is equal to:

E = E◦ − 0.059

ne
logQ (58)

The power drawn from an electrochemical cell is found by multiplying the current drawn by the
voltage. The current is the charge drawn per time,

I =
charge
time

=
neeNaN

t
=
neFN

t
(59)
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where ne is the number of electrons per mole of reactant, e is the electron charge, F = eNa, and N is
the number of moles of reactant.

Ξ̇in =
∑

reactants

ṅiµi −
∑

products

ṅiµi = −Ṅ
∑
i

νiµi = −Ṅ∆Gr = −N
t
neF

∆Gr

−neF
= IE (60)

Therefore,

Ξ̇in = IE = ṄneF

(
E◦ − RT

neF
lnQ

)
(61)

Note that for an electrochemical reaction, the change in Gibbs free energy of the reactants minus the
products is equal to the current times the voltage difference (power), which is exactly equal to the power
associated with electrical work.

If the products of the fuel cell reaction are allowed to come to chemical equilibrium with the
environment, then the reaction quotient will be a function of the activities of the products and reactants at
ambient conditions. Under such conditions, Equation (61) reduces to the exergetic value of fuels as seen
in the combustion case and Equation (33) can be used to evaluate the least mass of fuel required when
driving a separation process using a fuel cell. Therefore, Figure 8 also represents the least amount of fuel
needed to drive a separation process when the fuel is used in a fuel cell. This result is expected since the
exergetic value of a fuel is independent of the manner in which the chemical energy is extracted.

5.4. Limitations

In order to use this methodology as described in the preceding sections, it is essential that the process
streams do not exchange mass with the fuel and exhaust streams. If mass exchange were allowed between
the process streams and the fuel and exhaust streams, then it would be impossible to clearly define the
change in Gibbs free energy of the process streams and the change in exergy of the fuel/exhaust streams
as shown in Equation (10), since conservation of mass over these summations would not be maintained.
For systems in which there is mass exchange between the process streams and the fuel/exhaust streams,
some care is needed in how each of the streams are classified. In order to illustrate how to apply this
methodology to such systems, a work-driven system with a chemical energy assist stream is considered
in the following section.

6. Least Work of Separation for a Separator with a Chemical Energy Assist Stream

Some chemical separation processes use an additional process stream in order to assist the overall
separation process and reduce the amount of energy input required. One such process is RO coupled
with an FO-based energy recovery device (ERD), as shown in Figure 10 [12,38,39]. In this system, high
salinity brine from the RO module is passed through an FO module in which H2O from a chemical energy
assist stream (denoted a) of a different chemical composition is transferred through the FO membrane
from the assist stream to the concentrated brine. The additional H2O transferred to the brine stream
allows for a higher volumetric flow rate through the pressure exchanger, thus reducing the amount of
feed that must be pressurized through the high pressure pump prior to entering the RO module and
reducing the amount of electrical work that must be provided to the system [13].
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Figure 10. Schematic diagram of a typical single stage reverse osmosis system with a
forward osmosis and pressure exchanger energy recovery devices.
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This RO-FO system, and any other type of chemical separation process that relies on an additional
process stream, can be abstracted to a variation of the simple black box separator model that has been
used in Section 3. In this abstraction, the ERD is called a salinity gradient engine (SGE) to account for
the fact that the net chemical energy difference between the feed and the assist might be greater than
the energy required for the separation process, resulting in positive work output from the system. Note
that the FO module and pressure exchanger shown in Figure 10 are only capable of energy recovery,
not power production. However, there are SGEs [e.g., pressure retarded osmosis (PRO) and reverse
electrodialysis (RED)] that are capable of net power production [40]. A control volume drawn around
such a system reduces to a separator with an SGE, four process streams (feed, product, concentrate,
and assist), a work input, and heat transfer with the environment (Figure 11). Even though the assist
stream is used for providing additional energy into the system, the assist stream cannot be considered a
“fuel” stream since part of it is blended into the product stream. Therefore, it is counted as an additional
process stream.

Figure 11. A control volume for an arbitrary black box chemical separator powered by work
and a salinity gradient engine.
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Equation (11) is expanded in terms of all four process streams:

Ξ̇least =
∑

out−in

ṁg(T0, p0, Ni) = ṁpgp + ṁcgc − ṁfgf − ṁaga (62)
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Because there are two material input streams, two parameters are required to fully define the mass flow
rates of each of the stream. The first parameter is the recovery ratio, as defined in Equation (13). The
second is the ratio of the mass flow rate of the energy recovery stream to the mass flow rate of the
feed stream:

ra ≡
ṁa

ṁf

=
mass flow rate of energy recovery stream

mass flow rate of feed
(63)

Conservation of mass for both the solution and the salts is written:

ṁf + ṁa = ṁp + ṁc (64)

ṁfyf + ṁaya = ṁpyp + ṁcyc (65)

Equation (62) can be rewritten in terms of the two mass flow rate ratios by combining Equations (13),
(63) and (64). Normalizing by the product flow rate gives:

Ẇleast

ṁp

= (gp − gc)−
1

r
(gf − gc)−

ra
r

(ga − gc) (66)

Provided the salinities of the product, feed, and energy recovery stream are known, the salinity of the
concentrate may be evaluated by combining Equations (13) and (63) to (65):

yc =
yf + raya − ryp

1 + ra − r
(67)

Note that when ra = 0, Equations (62), (66) and (67) reduce to Equations (12), (15) and (17).
Equation (66) can be equated to Equation (10) to express the generalized least energy of separation
for a black box separator that includes an SGE and an assist stream. Additionally, all of the conclusions
found from the previous sections can be applied to systems of this nature. For brevity, only work input
will be considered for the example in this section.

Equation (66) is a function of the salinity of each of the four streams, the recovery ratio, the ratio of
the mass flow rates of the assist to the feed, temperature, and pressure. For standard seawater at ambient
conditions and pure product water, the equation is still a function of r, ra, and ya.

First, consider the effect of varying the mass flow rate of the assist stream while holding the salinity
of the assist fixed and equal to that of the feed (i.e., ya = yf = 35 g/kg). Additionally, for the sake of
simplicity, it is assumed that the assist stream has the same ionic composition as the feed water and that
seawater properties may be used [30,33]. Since the assist has the same salinity (and composition) as
the feed water, the total feed to the system can be considered the sum of ṁf and ṁa while the product
flow rate is fixed. Therefore, as ra increases, the least work of separation will decrease, as is observed
in Figure 12. In the limit as ra → ∞, the least work of separation approaches the minimum least work
of separation, regardless of recovery ratio, since this situation corresponds to the case of infinitesimal
recovery [cf., Equation (18)].

The case of varying the salinity of the assist while holding ra fixed results in more interesting (and
useful) observations. To examine the effect of varying assist salinity, the flow rate of the assist is held
fixed and equal to the flow rate of the feed (i.e., ṁa = ṁf , or ra = 1). The least work of separation
under these conditions with the salinity of the assist varying from 25 to 45 g/kg is shown in Figure 13.
Additionally, the least work without the SGE (i.e., ra = 0) is also shown in black for reference. Several
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important observations can be made from Figure 13. First, at higher recovery ratios, the least work of
separation for the system with an SGE decreases with decreasing assist salinity. In all cases, the least
work is less than the base case without an SGE since the process is effectively treating a greater amount
of feed at a lower recovery ratio than the base system. Second, for all assist streams that are at a salinity
that is different than the feed salinity (both greater and less than), as recovery ratio approaches zero, the
least work approaches negative infinity. This occurs because the difference in salinity between the assist
and the feed represents a chemical energy potential that can be used to drive the separation process.

Figure 12. Least work of separation for a black box separator with a salinity gradient engine
as a function of feed salinity, recovery ratio, and ratio of the energy recovery stream to the
feed. Feed water is at T0 = 25 ◦C and yf = 35 g/kg.
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As the recovery ratio approaches zero, however, the chemical energy potential exceeds the work
requirements, and therefore, the system becomes a net work producing system with negative values of
work of separation. The tendency toward infinite work production is an artifact caused by plotting least
work divided by product flow rate when product flow rate approaches zero. This apparent singularity is
not observed in the base case of no assist (ra = 0 kg/kg) since the rate at which the least work approaches
zero is faster than the rate at which ṁp approaches zero. However, in the present case of a system with an
assist, the least work is a function of both the amount of energy required to produce ṁp and the amount
of energy that can be produced as a result of the chemical energy difference between the feed stream
and the assist. While the work required to produce ṁp approaches zero in the limit of infinitesimal
recovery, the chemical energy difference between the feed and assist remains finite and therefore, the
ratio of Ẇleast/ṁp tends toward negative infinity. Finally, for assists that are at a greater salinity than the
feed, there is a recovery ratio at which the least work requirement is exactly equal to the least work of
the system without an SGE that corresponds to the point at which the least work curves are tangent to
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the base case least work. For recovery ratios near this critical point, the use of an SGE does not lead to
significant energy savings.

Figure 13. Least work of separation for a black box separator with a salinity gradient engine
as a function of feed salinity, recovery ratio, and salinity of the energy recovery stream. Feed
water is at T0 = 25 ◦C and yf = 35 g/kg.

0 10 20 30 40 50 60 70
0

1

2

3

4

5
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Introduction of an additional material stream that mixes with the process streams changes the overall
system performance characteristics. As shown in this example, under certain conditions, it is possible for
the least exergy of separation to be negative when there is an additional energy carrying stream provided
to the system. When the least exergy is negative, the system is work producing and the magnitude
of Ẇleast represents the maximum amount of work that can be produced from the four streams under
reversible operation (e.g., the reversible work produced by an osmotic power plant). It is not possible for
least work to ever be negative if the only process streams are the feed, product, and concentrate, as was
discussed in Sections 3 to 5.

7. Second Law Efficiency

Second Law (or exergetic) efficiency (ηII ) is employed as a measure of the thermodynamic
reversibility of a desalination system [13]. Unlike First Law efficiency, which measures the amount
of an energy source that is put to use, Second Law efficiency measures the extent of irreversible losses
within a system. As a result, a completely reversible system will have a Second Law efficiency of 1 even
though the First Law efficiency is likely to be lower. Bejan [16] and others [9,35] define the exergetic
efficiency as the ratio of the exergy of the process products to the process fuel. In other words, the
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exergetic efficiency is the ratio of the useful exergy of the outputs of the process (Ξ̇out,useful) to the exergy
of the process inputs (Ξ̇in):

ηII ≡
Ξ̇out,useful

Ξ̇in

= 1− Ξ̇destroyed + Ξ̇lost

Ξ̇in

(68)

The second equality in Equation (68) is valid since the useful exergy out is equal to the exergy in minus
the sum of the exergy destroyed (Ξ̇destroyed) and the exergy lost (Ξ̇lost). Exergy destroyed represents lost
available work due to irreversibilities within the system. Exergy lost represents lost available work due to
discarding exergy carrying streams to the environment. Note that when the material inputs to the system
are taken to be at equilibrium with the environment, Ξ̇in equals Ξ̇Ẇsep

, Ξ̇Q̇sep
, or Ξ̇fuel, depending on the

energy input.

7.1. Second Law Efficiency for a Chemical Separator

As discussed by Mistry et al. [13], the useful output from a desalination system is the amount (mass)
of purified product water that is created. Exergetically, the mass of the product water is represented by
the minimum least work of separation, which is the least work of separation at infinitesimal recovery:

Ẇmin
least ≡ lim

r→0
Ẇleast = lim

r→0
Ξ̇least (69)

Similarly, the minimum least heat of separation is at infinitesimal recovery:

Q̇min
least ≡ lim

r→0
Q̇least = lim

r→0

(
1− T0

T

)−1
Ξ̇least (70)

A new parameter called the minimum least fuel of separation may also be introduced:

ṁmin
least ≡ lim

r→0
ṁleast = lim

r→0
ξ−1fuelΞ̇least (71)

Using the minimum least work, heat, and fuel of separation, the Second Law efficiency can be defined
in three different ways:

ηII =
Ẇmin

least

Ẇsep

, ηII =
Q̇min

least

Q̇sep

, ηII =
ṁmin

least

ṁsep

(72)

A more general way to define Second Law efficiency is simply to use exergy:

ηII =
Ξ̇min
least

Ξ̇sep

(73)

Note that Equation (73) reduces to the three special cases given in Equation (72) depending on which
energy inputs are used.

It is important to ensure that control volume selection is consistent for all systems being considered
in order to fairly compare the Second Law performance. While Equation (73) is straightforward to
evaluate for systems with only one source of energy input, some care is required when using it to evaluate
systems with multiple energy inputs. First, consider the numerator, which is defined by Equation (18).
The minimum least exergy of separation is fixed and is a function of the environmental temperature and
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pressure as well as the salinities of the feed, concentrate, and product streams only, regardless of the
energy input.

The denominator is a little less straightforward to evaluate and is highly dependent on how the control
volume is drawn. For a standalone desalination system in which some combination of work, heat, and
fuel is used to power the separation process, the denominator is simply the left hand side of Equation (8):

Ξ̇sep = Ẇsep +

(
1− T0

T

)
Q̇sep + ξfuelṁsep (74)

since this represents the sum of the exergy of each of the various energy inputs provided to the
desalination system. To illustrate the evaluation of Equation (73) using Equation (74), ηII is calculated
for various standalone desalination systems that are driven using a combination of electrical and thermal
energy input. Relevant values of Ẇsep, Q̇sep, and other parameters for HDH [25] and FO [20] are taken
from literature and the results are provided in Table 2. Note that the optimal energy requirements for
HDH are not a strong function of feed salinity and the Second Law efficiency for HDH systems will scale
approximately linearly with the minimum least work of separation, which itself is purely a function of
feed salinity [13,41].

Table 2. Second Law efficiency for various standalone experimental desalination systems.
Values marked with * are estimated. Values marked with † are evaluated using estimated
figures. Note that Ξsep is a strong function of TH and ηII is a strong function of TH and yf .

System yf Ẇsep Q̇sep TH Ξ̇sep ηII

[g/kg] [kJ/kg (KWhe)] [kJ/kg] [◦C] [kJ/kg] [%]

HDH [25] 35* 1.44 (0.40) 848 (GOR = 2.6) 90 153 1.8†

HDH (extraction) [25] 35* 1.62 (0.45) 551 (GOR = 4.0) 90 100 2.7†

FO [20] 73 30.6 (8.50) 990 (275 KWht) 100 [42] 230 2.5

Equation (74) should not be used for desalination systems in which those energy inputs (i.e., Ẇsep,
Q̇sep, and ṁsep) are not of the same form and quality as the energy inputs to the larger cogeneration
system. It is essential that ηII be evaluated in terms of primary energy sources (i.e., in terms of the energy
inputs to the larger system control volume, not just to the desalination plant control volume) in order to
properly account for all thermodynamic losses that occur, including those in energy conversion processes
such as the generation of electricity from heat. Given that many large-scale desalination processes are
done in a cogeneration scheme in which some form of primary energy (typically fuel) is used to generate
both electricity and desalinated water, ηII for those systems should be evaluated in terms of the primary
energy input for the cogeneration system as is discussed in the following section.

7.2. Second Law Efficiency for a Desalination System Operating as Part of a Cogeneration Plant

Since many large-scale desalination processes are done in a cogeneration scheme, it is useful to
consider the amount of additional energy that must be provided to the power plant in order to generate
the required amount of heat and work to power the desalination plant. In order to do so, consider a
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cogeneration system in which a power plant is connected to a desalination plant as shown in Figure 14.
In this system, a heat input (Q̇H) is provided to a power plant. This heat input is equal to the amount
of heat necessary to drive the power plant (Q̇pp) plus the additional amount necessary to generate steam
and electricity for the desalination plant (Q̇d to produce Q̇sep and Ẇsep). The power plant produces a net
amount of work equal to the desired plant work production (Ẇpp) plus the amount of work necessary
to drive the desalination plant (Ẇsep). Note that typically, fuel, rather than heat, is the primary energy
input to cogeneration systems and therefore, the analysis should be done in terms of the amount of fuel
required to drive the power plant plus the additional amount of fuel required to produce the heat and
work necessary to drive the desalination plant (ṁfuel = ṁpp + ṁd). However, for simplicity and with the
goal of highlighting the difference between work and heat driven systems, the control volume for this
analysis is drawn under the assumption that heat, and not fuel, is transferred into the system. The effect
of including the combustor is discussed briefly below.

Figure 14. The power plant converts heat input into work output, work for the desalination
plant, and heat for the desalination plant. It is assumed that the power plant operates at a
Second Law efficiency of ηpp.
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The following derivation is based on the work of El-Sayed and Silver [5]. The First and Second Laws
of Thermodynamics are written about the power plant control volume:

Q̇pp + Q̇d = Q̇sep + Q̇0 + Ẇpp + Ẇsep (75)

Ṡgen +
Q̇pp

TH
+
Q̇d

TH
=
Q̇sep

Ts
+
Q̇0

T0
(76)

Multiplying the Second Law by T0 and substituting into the First Law to eliminate ambient heat
transfer (Q̇0) gives:

Ẇpp + Ẇsep =
(
Q̇pp + Q̇d

)(
1− T0

TH

)
− Q̇sep

(
1− T0

Ts

)
− T0Ṡgen (77)

In order to deal with the irreversibilities within the system, it is assumed that the rate of entropy
generation is proportional to the amount of work produced by a reversible power plant operating within
the same heat transfer loads. That is,

T0Ṡgen ∝
(
Ẇpp + Ẇsep

)
=
(
Q̇pp + Q̇d

)(
1− T0

TH

)
− Q̇sep

(
1− T0

Ts

)
(78)
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Letting the constant of proportionality be (1− ηpp), where ηpp = η/ηCarnot is the Second Law efficiency
of the power plant,

T0Ṡgen =

[(
Q̇pp + Q̇d

)(
1− T0

TH

)
− Q̇sep

(
1− T0

Ts

)]
(1− ηpp) (79)

Substituting T0Ṡgen into Equation (77) gives:

Ẇpp + Ẇsep =
(
Q̇pp + Q̇d

)(
1− T0

TH

)
ηpp − Q̇sep

(
1− T0

Ts

)
ηpp (80)

Since the goal is to determine how much additional heat is necessary to drive the desalination system,
Q̇d must be independent of the amount of work produced by the power plant. To do so, first consider the
same power plant in which the desalination system is not operating and the power plant is producing a
net output of Ẇpp. Then, setting Q̇d, Q̇sep, and Ẇsep to zero, Q̇pp is found to be:

Q̇pp =
Ẇpp(

1− T0
TH

)
ηpp

(81)

Substituting this back into the above equation results in Q̇pp and Ẇpp canceling out. Solving for Q̇d,

Q̇d =
Ẇsep(

1− T0
TH

)
ηpp

+ Q̇sep

(
1− T0

Ts

)
(

1− T0
TH

) (82)

In order to evaluate the Second Law efficiency of the desalination plant, one might think to use
Equation (74) for the denominator in Equation (73) since it represents the energy inputs to the
desalination system. While this would be correct for a standalone system, Ẇsep and Q̇sep do not
represent the true energy inputs for separation system shown in Figure 14. Instead, the energy input
for the desalination system is the extra heat transfer provided to the power plant, Q̇d. Therefore, the
Second Law efficiency should be evaluated based on this quantity. Substituting Equation (82) into
Equation (73) gives:

ηII =
Ξ̇min
least

Ξ̇sep

=
Ẇmin

least

Ẇsep

ηpp
+ Q̇sep

(
1− T0

Ts

) (83)

The important difference between using Equation (74) and Equation (82) is the fact that the work
input (Ẇsep) is divided by the Second Law efficiency of the power plant. This effectively accounts for
the fact that the work is not produced reversibly from the heat source, and therefore, cannot be directly
compared with the thermal exergy value. If there is no work input, then Ẇsep = 0 and Equation (83)
correctly reduces to Equation (73). Similarly, if there is no heat input, then Q̇sep = 0 and Equation (83)
reduces to:

ηII = ηpp
Ẇmin

least

Ẇsep

(84)

In the limit of reversible operation for the power plant (i.e., ηpp = 1), Equation (84) reduces to
Equation (73). The Second Law efficiency of the power plant is present in Equation (84) since the
work used to power the desalination plant is produced irreversibly. Had the losses in the combustor
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been included in this analysis, both Ẇsep and Q̇sep in Equation (83) would be divided by the Second
Law efficiency of the combustor, ηII ,combustor. This would have the effect of reducing the Second Law
efficiency of the desalination process in proportion to the Second Law efficiency of the combustor. Both
the heat and work terms are affected equally since the losses occur prior to the power generation process.

In order to better understand the energetic behavior of both membrane and thermal systems, a
parametric study of Equation (83) is conducted in the following three sections for systems using standard
seawater as the feed source (35 g/kg, 25 ◦C). Under these conditions, the minimum least work of
separation of seawater per kilogram of product is 2.71 kJ/kg [13]. The Second Law efficiency is
evaluated under three different conditions: (1) work is the only input, (2) heat is the only input at varying
temperatures, (3) heat at 100 ◦C is the primary input and the amount of pumping work is varied.

7.2.1. Desalination Powered by Work

For desalination systems that are powered entirely using work, Q̇sep = 0 and Equation (83) reduces
to Equation (84). As a result, it is clear that unless the power plant operates reversibly, a work powered
desalination system can never achieve 100% Second Law efficiency, even if the desalination process is
conducted reversibly. This is a direct result of the fact that the primary energy source in the cogeneration
scheme is heat to the power plant, not electricity to the desalination plant. For the following study, it
is assumed that the power plant is a representative combined cycle plant operating between 1400 and
298.15 K with a First Law efficiency of 52.8% and a Second Law efficiency of 67.2% [43]. The Second
Law efficiency of a work-driven desalination plant is shown in Figure 15 as a function of Ẇsep starting
at a minimum value of Ẇsep = Ẇleast.

Figure 15. The Second Law efficiency of a work-driven desalination system operating in
a cogeneration scheme can never reach 100% unless the power plant operates reversibly.
Typical values for current reverse osmosis systems are highlighted. Feed water is at
T0 = 25 ◦C and yf = 35 g/kg.
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All work-driven systems in this cogeneration scheme pay an energetic penalty on efficiency since the
initial energy source (heat) must go through a conversion process (power plant) that operates irreversibly,
and therefore, the limiting Second Law efficiency as Ẇsep → Ẇleast is ηpp, not 1. If the primary source of
energy was considered to be mass of fuel, then the limiting Second Law efficiency would be equal to the
product of the Second Law efficiencies of the combustor and the power plant. That is, ηcombustor

II ηpp. The
typical range of operation for current RO technologies is in 2.5–5 kWh and is highlighted in Figure 15.
RO systems with energy recovery tend to be on the lower end of this range while systems without energy
recovery tend to be on the higher end of this range. Exact values are a function of system design and feed
water characteristics [44–49]. This represents Second Law efficiency values ranging in approximately
10%–20%.

7.2.2. Desalination Powered by Heat

Nearly all large-scale thermal desalination systems are connected to a power plant since large
quantities of steam are required to provide heating to the feed. For a thermal desalination plant powered
purely using steam at Ts, Equation (83) reduces to the heat based definition of the Second Law efficiency
as given in Equation (72):

ηII =
Q̇min

least

Q̇sep

(85)

Note that this expression is not a function of the high temperature heat source, TH . This is a result of
the assumption made that the entropy generated in the power plant is proportional to the reversible work
produced by the power plant operating between two set temperatures. Additionally, the effect of the
entropy generation is reflected by ηpp in the work portion of the energy input, which is equal to zero in
this case.

Unlike the work powered case, the thermal desalination plants do not experience the same energetic
penalty that is attributed to the irreversibilities within the power production process. Therefore, it is
theoretically possible for a reversible thermal desalination plant operating within a cogeneration scheme
to achieve 100% Second Law efficiency. This is shown in Figure 16 in which the Second Law efficiency
approaches 100% as Q̇sep → Q̇least, regardless of steam temperature (TS). Note that infinitely large heat
exchangers and infinitely many stages would be required for a thermal plant to achieve such efficiencies.

Several observations are made from Figure 16. First, at fixed heat of separation, the Second Law
efficiency increases with decreasing steam temperature. This is expected since the exergetic value of
heat increases with increasing temperature and if the same amount of higher temperature heat (fixed Q̇sep

with rising Ts) is required for a separation process, then the process is utilizing higher exergy heat less
efficiently. Second, the minimum heat of separation is a function of steam temperature as is indicated
by the fact that it is a function of Carnot efficiency. Third, the rate of increase of Second Law efficiency
with respect to a decrease in the heat of separation (−dηII/dQ̇sep) is most significant at lower values for
the heat of separation.

Typical heat requirements for modern MED and MSF plants are shown as grey bands in Figure 16.
MED and MED-TVC systems typically have performance ratios from about 10 to 13 and operate with
steam around 80 ◦C [44,45,50]. MSF systems typically have performance ratios from about 6 to 9 and
operate with steam around 100 ◦C [44,45]. This translates to Second Law efficiencies in 7%–9% for
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MED and less than 5% for MSF. Based on the second observation above, it might seem that operating
at a lower steam temperature would enable higher energy efficiency. However, for both MED and MSF
plants, the number of effects (or stages) that can practically be built is related to the trade-off between
capital and operating expenses [50]. While increasing the number of effects results in increased energy
recovery, and therefore increased efficiency and reduced operating costs, it also results in increased
capital costs as a result of the increased heat transfer area. As the steam temperature decreases with
fixed environment temperature, the temperature pinches in each effect decrease, requiring additional
heat transfer area and increased capital cost. At lower steam temperatures, the number of effects that
can economically be built is reduced, resulting in higher overall energy requirements and lower overall
Second Law efficiency.

Figure 16. The power plant converts heat input into work output, work for the desalination
plant, and heat for the desalination plant. Feed water is at T0 = 25 ◦C and yf = 35 g/kg.
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Comparing Figures 15 and 16, it is clear that from a purely energetic point of view, work-driven
systems are able to operate more efficiently than thermally driven systems. This point is made even
more convincing when it is considered that nearly all thermal systems require substantial work input for
running pumps and other equipment. This case is considered subsequently. The comparison between the
two figures can only be made because the Second Law efficiency of both the work-driven and thermal
driven plants is evaluated using the common energy input, Q̇d. If ηII for the two plants were not evaluated
using the same primary energy input, the comparison between the two figures would not be meaningful.

7.2.3. Desalination Powered by Co-Generated Heat and Work

The Second Law efficiency of a thermal desalination plant operating using steam at 100 ◦C with pump
work requirements ranging in 0–4 kWh is shown in Figure 17. In the case of zero pump work, 100%
Second Law efficiency is theoretically possible. However, once pump work is required, the possible
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Second Law efficiency drops substantially (e.g., approximately 50% for 0.5 kWh of electrical work to
drive pumps). Clearly, regardless of what the required heat of separation is, the additional requirement
of pump work results in a decrease in the Second Law efficiency.

Figure 17. Second Law efficiency for a thermal desalination plant requiring work for
pumping. Lines for pump work are in increments of 0.5 kWh. As the pump work increases,
the Second Law efficiency decreases. Feed water is at T0 = 25 ◦C and yf = 35 g/kg.
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The results shown in Figure 17 are generated based on the assumption that all energy provided to
the desalination system originally comes from a common energy source, Q̇d. This value of heat input
is then substituted into Equations (73) and (74) to get Equation (83). Should a desalination plant have
energy inputs from multiple primary energy sources, then the analysis to derive the correct form of ηII
will change slightly. All energy inputs should be traced to their primary sources (as was done for Ẇsep

and Q̇sep from Q̇d) and then each primary input should be combined based on the exergetic value as done
in Equation (74).

Based on Figures 15 to 17, it is clear that for a desalination plant operating as part of a cogeneration
scheme, the work-driven systems (based on currently available technology) always behave in an
exergetically more favorably manner than the thermal driven systems (i.e., higher ηII ). This is true
even when accounting for the energy penalty that comes from converting the source heat to work, and
it is even further exemplified when considering that thermal systems typically require large amounts of
electrical work for pumping (these are sometimes as high as the work requirements for an RO system).

While it can be concluded that current membrane systems are more efficient from a Second Law
point of view, it should not be concluded that there is no role for thermal systems. It should, however,
be concluded that exergetically, current work-driven systems are better performing than current thermal
systems. Ultimately, several factors are considered when selecting a desalination technology including
capital and operating costs, quality of feed water, and existing expertise and infrastructure. While the



Entropy 2013, 15 2076

work systems are favored energetically, these other factors can lead to thermal systems being more
desirable for a given location or application.

8. Conclusions

In this paper, the following conclusions have been reached:

(1) The least exergy of separation is equal to the change in Gibbs free energy of all of the process
streams involved in the separation (typically, feed, product, and concentrate). The exergy inputs
can be in the form of work, heat, chemical energy (fuel), or some combination thereof.

(2) The least exergy of separation is strictly a function of the composition of the feed and product as
well as the recovery ratio and environmental temperature and pressure. If there is an assist stream,
it is a function of the assist composition as well. It is not a function of the specific separation
process used.

(3) Least work of separation is equivalent to least exergy of separation. Least heat of separation is a
strong function of the source temperature related through Carnot efficiency. Similarly, least mass
of separation is inversely proportional to the chemical exergy of the fuel.

(4) When separation systems have material input streams in addition to the feed stream, it is possible
for the least exergy to be negative. Under such conditions, the separator becomes a work producing
system and the magnitude of the least exergy represents the maximum amount of work that can be
produced through reversible operation. RO with an FO-based energy recovery device is one such
system that relies on an additional material input stream.

(5) Second Law efficiency for a chemical separation process is defined as the useful exergy of the
product divided by the actual exergy input. When evaluating the Second Law efficiency, it is
essential that the control volume is selected in such a way that only primary energy sources are
considered and that all process streams are allowed to come to thermal and mechanical equilibrium
(restricted dead state).

(6) In a cogeneration scheme where the primary energy input is heat, a work-driven separation process
can never achieve 100% Second Law efficiency unless the power plant is also reversible, since the
work is created through an irreversible process.

(7) Based on currently available technology, work-driven desalination systems are able to achieve a
much higher Second Law efficiency than thermally driven systems. From a purely exergetic point
of view (based on primary energy input), it is always favorable to produce work to drive an RO
system rather than to use MED or MSF. Factors such as cost, feed quality, robustness to difficult
conditions, and existing infrastructure may still result in thermal systems being preferred.
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