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a b s t r a c t

The article deals with the separation systems’ mean boundary from the perspectives of finite-time ther-
modynamics. We obtained the lower-bound estimates of the minimum energy input for the separation
systems that have a specified separation. It is shown that these inputs do not tend toward zero while
the concentration of one of the separated mixture’s components tends to one. Separation systems using
heat power have ultimate performance. The article provides examples of the obtained estimates’
application.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Industry spends a significant part of the world’s energy con-
sumption on separation processes. Such processes are very diverse
by the nature of the energy used and their design. The absorption-
desorption and adsorption-desorption cycles, distillation, strip-
ping, drying, etc. use heat energy (they are called thermal systems
of separation); centrifuging, membrane separation use mechanical
energy (such systems are called mechanical). Boshnyakovich noted
that most non-production energy losses in the industry are associ-
ated with chemical and metallurgical processes [1]. For example,
oil separation uses only about 6% of the energy contained in it.

The energy loss analysis in these industries is an important
component of their exergy analysis (see [2]). The exergy approach
allows identifying the losses caused by the irreversibility in an
engineered or operating system. However, this approach says
nothing about the limit, to which these losses can be reduced with
account of the limited dimensions of the apparatuses and their per-
formance. The minimum energy required to separate the mixture
of a certain composition can be estimated by reversible thermody-
namics methods.

However, such estimates are insufficiently precise and do not
take into account kinetic factors (the regularities and coefficients
of the heat and mass transfer, system performance, etc.).

The purpose of the article is to obtain a lower-bound estimate
for the separation work, which would take into account the listed

factors and to identify the difference between the shape of the
boundary between the feasible modes for the separation systems
that use mechanical and heat power.

We keep to the general finite-time thermodynamics methodol-
ogy in this article (see [3–18]). The sequence of such tasks’ solution
comprises two stages:

– finding the minimum possible entropy production rmin as a
function of the flux intensity at specified limits (for the surfaces
of the heat and mass transfer, for the intensity of certain fluxes,
etc.);

– expressing the sought estimates through the entropy produc-
tion or increase using equations of the thermodynamic balances
by substance, energy, and entropy.

Thermodynamic balances of separation systems using mechan-
ical and heat energy (mechanical and heat systems) are different.

In the first case, the flux of the energy used is not associated
with the entropy flux and is not part of the entropy balance. Usu-
ally, processes in mechanical systems can be treated as isothermal.
In the second case, the energy flux is supplied to the system at one
temperature and removed from it at a different temperature and is
conjugated with the entropy supply and removal. The irreversible
estimates obtained below differ from the reversible ones not only
by quantity, but also by quality. For example, for lean mixtures,
in which the concentration of one of the components is close to
1, the irreversible estimate unlike the reversible one tends to a
finite margin dependent on kinetic coefficients, but not to zero.
This fact is confirmed in real apparatuses, in which the actual
energy input is hundreds of thousands of times higher than their
reversible estimates [19].
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For thermal separationprocesses, the accounting the irreversibil-
ity factors allows not only obtaining an estimate for the minimum
heat input, but also finding the thermodynamic margin of the pro-
cess rate, which it cannot exceed at any heat input. The dependence
of the maximum systems performance on the energy input or mini-
mum energy input on the performance is the thermodynamic
boundary of the feasible process mode set (the feasible set).

The article deals with building a feasible set boundary for
mechanical separation systems in the first part, and for thermal
ones in the second part.

2. The feasible set of mechanical separation systems

Assumptions and task statement. Consider an initially reversi-
ble isothermal separation process and assume that the mixture and
its components’ properties are close to those of ideal gases or ideal
solutions, so the chemical potential of the ith component can for-
mulated as:

liðT; P;CiÞ ¼ l0iðT; PÞ þ RT lnCi; i ¼ 1; . . . ; n; ð1Þ
where Ci – is the i-th component concentration, R – universal gas
constant, T and P – are the temperature and pressure in the system.
Ideal solutions differ from ideal gases by the form of l0iðT; PÞ in
expression (1).

Let’s assume that the temperature and pressure in the system
before and after the separation process have not changed and the
system is adiabatically isolated (the heat is neither supplied nor
removed). The separation work in such a system at as low process
rate as can be is equal to the change in its Gibbs energy, i.e. for one
mole of the mixture to the aggregate increment of the chemical
potentials [1]. This work can be expressed through the initial
concentration vector C0 ¼ ðC01; . . . ;C0i; . . . ;C0nÞ and the mixture
concentration vectors in m separation products
Cj ¼ ðCj1; . . . ;Cji; . . . ;CjnÞ; ðj ¼ 1; . . . ;mÞ.

Under mixture separation on two products the energy change is
equal to:

DA0 ¼
Xn
i¼1

cC1iliðT; P;C1iÞ þ ð1� cÞC2iliðT; P;C2iÞ � C0iliðT; P;C0iÞ
� �

:

ð2Þ
In this case, the share of the mixture supplied to the first pro-

duct be denoted through c, and to the second one through (1� c).
If we substitute expressions for chemical potentials in (2) and

take into account that for any component the mass balance condi-
tions are true:

cC1i þ ð1� cÞC2i ¼ C0i; i ¼ 1; . . . ; n; ð3Þ
then terms l0i will be reduced and expression (2) will be formu-
lated as follows:

DA0 ¼ RT
Xn
i¼1

cC1i lnC1i þ ð1� cÞC2i lnC2i � C0i lnC0i½ �: ð4Þ

Separating the mixture into n rather than two parts results in a
similar expression. In case of complete separation, when one com-
ponent is taken to each product, its share ci ¼ C0i, concentration
Cii ¼ 1 by formula (4) we obtain the work of mixture separation
into pure components in a reversible process:

A0 ¼ �RT
Xn
i¼1

C0i lnC0i: ð5Þ

From comparison (4), (5) it follows that the reversible work of
incomplete separation is equal to the difference between the rever-
sible work of the source mixture separation and the mean reversi-
ble work of the mixture separation with weights c and ð1� cÞ in
products 1 and 2:

DA0 ¼ A0 � cA01 � ð1� cÞA02: ð6Þ
The energy inputs for the separation, found by this method, are

the lower-bound estimate of the actual inputs. At the separation of
a two-component (binary) mixture, this estimate depends on the
C0 concentration of one of them in the source mixture as is shown
in Fig. 1 (curve A0).

However estimates obtained do not take into account kinetic
factors. They depend only on the mixture composition before and
after the separation. At the same time, taking these factors into
account results in the irreversibility of the processes, and, subse-
quently, to a rise in the energy input.

The separation work in an isothermal process for an adiabati-
cally isolated system can be expressed by the Stodola’s formula
[1] through reversible work A0 and the system’s entropy increment
DS, as:

Ar ¼ A0 þ TDS ¼ A0 þ dA; ð7Þ
where T is the ambient temperature in K.

To estimate the energy input in the separation, we need to find
the minimum entropy increment at the given process duration,
heat and mass exchange coefficients, and use formula (7).

Consider the calculation diagram (Fig. 2) consisting of a con-
tainer with the source mixture, m subsystems, where the fluxes
are directed to after being separated, and the apparatus, which per-
forms the separation process (hereinafter referred to as the ‘‘work-
ing body”).

The working body receives energy from outside and creates the
substance fluxes. Assume that the source mixture composition C0

and the mixture composition in every j-th subsystem Cj, the total
quantity of moles N0, subject to separation, and the quantity of
moles Nj, supplied to each subsystem, as well as the process dura-
tion s are given and meet the mass balance conditions (3). The
driving force creating the substance fluxes is the chemical poten-
tial difference between the working body and the source mixture
container and between the subsystems and working body. In an
isothermal process, the chemical potential value can be controlled
by changing the pressure.
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Fig. 1. The dependence of the reversible A0 and irreversible Ar estimates of the
minimum work of a binary system separation on the concentration of one of the
components.
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Fig. 2. The diagram of the mixture separation into m subsystems.
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