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A B S T R A C T

This thermodynamic study examines the principles governing energy efficiency and specific energy requirement
intrinsic to thermal desalination processes. The practical performances of desalination technologies are in-
vestigated and related to the fundamental physical limitations of the processes. The energy efficiency of any
thermal desalination process fulfils a limitation similar to the well-known Carnot law for heat engines. The
efficiency of a single-effect distiller is limited by a function of the boiling point elevation of the solution. Further
analysis shows that, although this can appear as paradoxical, a higher energy efficiency is obtained by a solution
with higher boiling point elevation. For multiple-effect distillation, the limit also depends on the temperature
drops across the heat exchangers. Comparison with empirical data indicates that these limits are actually ap-
proached in real plants. Our study discusses the thermodynamic framework for understanding the performances
of thermally-driven desalination technologies, emphasizing the role of the boiling point elevation. The results
can be also seen as rules-of-thumb for designing and evaluating the performances of a multiple-effect distillation
unit, based only on the properties of the solution to be distilled, in particular, the boiling point elevation.

1. Introduction

Addressing our global water challenge is one of the most urgent
priorities for the 21st century [1–4]. Water demand is projected to in-
crease by ≈55% in 2050 due to increase in population and living
standards [5]. While seawater desalination can expand our water
supply [6,7], the process is energy intensive and costly and, hence, is
usually considered the “last resort” option [7–9]. To improve the sus-
tainability of desalination, it is imperative to pursue further funda-
mental research on the desalination technologies.

Thermally-driven multiple-effect distillation (MED) and multi-stage
flash (MSF), and membrane-based reverse osmosis and electrodialysis
are the leading desalination technologies [7–10]. Studies have ex-
amined the thermodynamic efficiency of practical reverse osmosis and
electrodialysis processes, and determined the specific energy require-
ment to desalinate seawater [11–13]. Similar investigations looked at
MED and MSF [14–23]. The efficiencies, energy consumption, and
gained output ratios determined from these foundational studies are in
agreement with empirical data of actual thermal desalination facilities
and the findings of these studies advanced the understanding of thermal
desalination processes. However, the role played by thermo-physical
parameters of the solution, such as boiling point elevation, are not

specifically examined, and the relationship with energy efficiency is not
elucidated. Just as the Carnot efficiency, derived from the first princi-
ples of thermodynamics, is the theoretical upper limit for heat engines,
the second law of thermodynamics is also intuitively expected to in-
fluence the limits of separation efficiency for thermally-driven pro-
cesses. Therefore, the efficiency and energy requirement of thermal
desalination processes, i.e., MED and MSF, are fundamentally related to
the temperatures of the heat source and heat sink, and thermodynamic
pathways.

This study presents an analytical approach to explicitly discuss the
effect of some of the thermo-physical parameters (in particular, the
boiling point elevation) and to unveil their qualitative role. This ap-
proach complements existing studies and provides an alternate per-
spective on the principles governing separation by distillation.
Specifically, we describe a thermodynamic framework for under-
standing the principles governing energy efficiency and specific energy
requirement intrinsic to thermal desalination processes. Firstly, the
basis of a Carnot-like efficiency for a thermodynamically reversible
thermal separation process is introduced. The theoretical efficiency of
hypothetically distilling an infinitesimally small volume of water from a
saline feed is then examined. The analysis is then extended to evaluate
the efficiency of a real batch process taking place in a single-effect
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distiller, and compared with the above-mentioned thermodynamic
limit. Next, we describe application of the approach to a multiple-effect
distillation unit with heat exchangers, to model performance of actual
desalination in practical thermal distillation unit operation. Lastly, the
efficiency and energy requirement of thermal distillation is compared
with membrane-based technologies of reverse and electrodialysis. The
results of this thermodynamic study emphasize the importance of the
fundamental governing equations that define the limits of thermal de-
salination efficiency, clarifying the role of some thermo-physical para-
meters and in particular of the boiling point elevation. Our analysis can
be a rule-of-thumb approach for designing and evaluating the perfor-
mance of a multiple-effect distillation unit.

2. Expression of the Carnot law for separation processes

The analysis of distillation processes for desalination in the context
of the second law of thermodynamics has been successfully employed to
identify the sources of entropy generation, with the purpose of mini-
mizing the losses [19–22]. This analysis led to the definition of the
energy efficiency and second-law efficiency of the process, together
with the minimum least work of separation. Analogous definitions of
efficiencies have been given for distillation in liquid mixtures [24].
Here we report a synthetic derivation of the efficiencies for the specific
scope of the present paper; a more detailed discussion can be found in
literature [19,20,20,22].

The solution to be distilled, the brine and the pure solvent are all at
temperature TL. The distillation is driven by a heat source at tempera-
ture TH. We define the efficiency η of the distillation as:

=η G
Q
Δ ,

H (1)

where QH is the heat adsorbed from the heat source and ΔG is the in-
crease of Gibbs free energy from the feed solution to the concentrated
solution and pure solvent, evaluated at TL. In literature, the quantity ΔG
is often expressed as the least work of separation or as the minimum
least work of separation, see Eqs. (4) and (6) of Ref. [19]; similar
concepts are used in separation of any chemicals [25].

From the principles of thermodynamics, we can derive an expres-
sion for the maximum efficiency of the distillation, equivalent to the
Carnot law.

From the first principle:

− =Q Q HΔ ,H L (2)

where ΔH is the variation of enthalpy of the solutions induced by the
distillation and QL is the heat released to the heat sink.

The second principle states that:

+ ≥S SΔ Δ 0,e (3)

where ΔS is the variation of entropy of the solutions induced by the
distillation and ΔSe is the variation of the entropy of the environment.
This leads to:
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By combining Eqs. (2) and (4), we obtain:
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From the definition of ΔG=ΔH−TΔS, at T=TL, we obtain:
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From the definition of η, Eq. (1):
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It is to be noticed that here TH and TL are the temperatures of the
heat source and sink. In literature, this law is often expressed in terms of
the least heat of separation, see Eq. (9) of Ref. [19].

Now we discuss the “second-law efficiency” η2nd-law, or exergy ef-
ficiency [22]. It is connected to the entropy production ΔS+ΔSe taking
place when an amount of heat QH is adsorbed by the process from the
heat source. First we define the “entropy production efficiency” σ as the
ratio between the entropy production ΔS+ΔSe and the maximum
possible entropy production which would take place by simple heat
conduction of QH from the heat source to the heat sink:
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During distillation, the feed is divided into two different solutions
with a concentration difference, hence there is an entropy decrease:
ΔS<0. We thus see that σ is bound between 0 (the total entropy must
increase; the limit is reached when ΔS=−ΔSe) and 1 (heat QH freely
flows from the heat source to the heat sink, thus ΔS=0 and ΔSe=QH

(1/TL−1/TH).
We define the “second-law efficiency” η2nd-law as the complementary

fraction of the entropy production efficiency σ:
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which is 1 when no entropy is produced, i.e. the equality holds in Eq.
(3), and is 0 when no distilled solution is produced, but rather all the
heat QH is transferred to the heat sink at TL.

We can write the second-law efficiency η2nd-law in terms of the ef-
ficiency η. First we write the variation of entropy of the environment
ΔSe as:
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Then we write the variation of entropy of the system ΔS in terms of
the free energy variation ΔG:
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we express ΔG in terms of η from Eq. (1) and ΔH in terms of heats QH

and QL from Eq. (2):
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We finally get:
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i.e. η2nd-law represents the ratio between the actual energy efficiency η
and the efficiency of an ideal Carnot cycle; Eq. (7) is equivalent to η2nd-
law ≤ 1. Analogous expressions have been reported in literature, see Eq.
(17) of Ref. [19], Eq. (72) of Ref. [20], Eq. (4.138) of Ref. [22].

2.1. Alternative derivation

This law can be obtained from a different point of view; an analo-
gous derivation for distillations of liquid mixtures can be found in Ref.
[24]. Consider a black box process that has heat input at TH, and heat
output at TL together with work production (see Fig. 1).

In the process on the left, the black box process is the classic Carnot
cycle:
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In the process on the right, the black box consist of two separate
processes. The 1st is a thermal separation of a saline feed into a high
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