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a b s t r a c t

Distillation has emerged as a potential candidate for thermal integration to improve the energy efficiency
performance. In this contribution, a novel heat integrated distillation column (HIDiC) is proposed for
batch rectifiers. Dividing the rectification tower into two sections, an internal thermal integration
arrangement for the HIDiC column configuration is devised by installing a compressor and a throttling
valve for pressure adjustment, and by designing a couple of internal heat exchangers (HEs) to promote
the heat transfer between the trays of two divided rectifiers. Unlike the continuous HIDiC, the batch
column is an unsteady state process that gives rise to a challenging problem in design and operation.
Aiming to operate the batch HIDiC smoothly, a mechanism for heat supply management is proposed.
This, in turn, leads to run the thermally coupled column at the same dynamical response with the
conventional standalone column that is a prerequisite for a fair comparison between them in terms of
energy efficiency, environmental and economic performance. Finally, the techno-economic feasibility of
the proposed batch HIDiC rectifier is explored by simulating a multicomponent system.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Fossil fuels meet 85% of the primary energy requirements in the
United States (US) and it leads to the emission of more than 80% of
the US greenhouse gas [1]. This apart, a worrying statistic is that the
global production rate of petroleum oil is gradually approaching its
maximum level and the world has now started searching one new
barrel of oil for every four it consumes [2]. Keeping these critical
issues in mind, along with finding a new sustainable environment-
friendly energy vector, the optimal consumption of energy in the
existing and matured process technologies has attracted the in-
terest of researchers at large.

Distillation has gained tremendous importance as a separation
unit and today, it accounts for 95% of all fluid separations in
chemical process industries [3]. It shares an estimated 10% of the US
industrial energy consumption and 40e60% of the energy used by a
chemical plant is for distillation alone. Because of very low ther-
modynamic efficiency and high energy consumption, the distilla-
tion has become a potential candidate for thermal integration.

For improving energy efficiency performance of distillation,
there are several thermally integrated configurations proposed in

literature. Among them, the three schemes, namely internal heat
integrated distillation column (HIDiC) [4e7], vapor recompression
column (VRC) [8e11] and dividing wall column [12e14], have
shown their promising potential. Interestingly, all these developed
configurations are specific to continuous flow distillation columns.
It is with this intention that the present work has been undertaken.

Takamatsu et al. [15] are perhaps the first who propose heat
integration in the batch distillation. In their scheme, the batch
column is surrounded by a jacketed reboiler. Then, the heat pump
system is developed and tested on a batch distillation [16e18]. As
far as HIDiC technology is concerned, recently we have started
working on it in batch processing [19]. This article aims to explore
the techno-economic feasibility of HIDiC in the batch rectifiers that
fractionate multicomponent mixtures.

HIDiC configuration involves a major problem associated with
the internal heat exchangers (HEs), which are arranged vertically to
thermally couple the trays of two diabatic sections. This is due to
the space limit existed in the distillation tower, the consequent
complexities and difficulties in process synthesis and design, and
the mass transfer effects between the two phases [20]. Accordingly,
it is proposed to employ a reduced number of internal heat ex-
changers in the batch HIDiC rectifier.

Unlike the continuous HIDiC, the batch HIDiC system operates at
unsteady state condition that makes the distillation operationmore
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complex and challenging. In order to ensure the smooth conduction
of batch processing, a mechanism of heat supply management is
proposed to run the heat integrated batch rectifier at the same
dynamical state with the conventional standalone column. It is
logical to consider this equality condition as a prerequisite for
performing a fair comparison between them.

The key objectives of this work can be highlighted as follows. In
this contribution, a batch HIDiC is proposed for the separation of
multicomponent systems. Thermally pairing a reduced number of
internal HEs between the trays of two diabatic sections, a heat
supply mechanism is derived to operate the transient batch HIDiC
at the same dynamics with its conventional analogous. Finally, the
proposed thermal integration system is evaluated in the aspects of
energy consumption, cost and CO2 emissions.

2. HIDiC in batch processing: the proposed thermally
integrated rectifier

2.1. Basic configuration and operating principle

A conventional batch rectifier (CBR) comprises of a rectification
tower, a large reboiler (or still pot) at the bottom and a condenser at
the top. The basic configuration of HIDiC column suggests to divide
the tower into two sections, which can act as diabatic columns.
Accordingly, the batch HIDiC rectifier is developed with two sec-
tions, namely top rectifier and bottom rectifier, as shown in Fig. 1.
The former section accompanies the overhead condenser and the
later one includes the still pot. Now, aiming to operate the two
divided columns at diabatic conditions, the pressure of top rectifier
has to be elevated keeping that of bottom rectifier at the normal
state. Accordingly, a compressor is installed to pressurize the top
vapor of bottom rectifier before its entry into the bottom of top
rectifier. Here attempt is made to utilize the bottom rectifier as a
heat sink so that one can target to reduce the hot utility con-
sumption in the still. Similar target is fixed for the top rectifier to

use it as a heat source for cutting the coolant duty. Note that in this
heat integrated system, in addition to a compressor, a pressure
reducing valve (i.e., throttling valve) is also connected in the flow
line between top rectifier bottom and bottom rectifier top.

In order to make this diabatic system operational, a set of in-
ternal heat exchangers (HEs) are vertically staged to thermally pair
the trays between the two divided columns. Accordingly, the in-
ternal vapor fractions of top rectifier get condensed in the HEs by
releasing latent heat, whereas the internal liquid fractions of bot-
tom rectifier are vaporized with receiving that heat. Changing their
phases in the internal HEs, both the fractions subsequently return
to their respective stages. As a consequence, the condenser load in
the top rectifier and the reboiler duty in the bottom rectifier get
lowered.

Based on this qualitative analysis, one can comment that the
batch HIDiC is capable of reducing the utility consumption, which
in turn likely to secure the reduction of cost as well as greenhouse
gas emission. However, one should not forget that the HIDiC
structure additionally requires a compressor that involves an extra
cost for the setup and its operation. Therefore, here it is decided to
perform a quantitative analysis before reaching at a conclusion
about the benefit of heat integration.

2.2. Mathematical modeling

2.2.1. Distillation tray
Fig. 2 represents a distillation tray, showing all incoming and

outgoing streams with their flow rates and compositions (mole
fractions). For modeling this equilibrium stage, the following as-
sumptions are adopted:

A1 Perfect mixing on each tray
A2 Constant tray efficiency and that is <100%
A3 No heat loss to the surroundings
A4 Nonideality in liquid phase

Fig. 1. Schematic representation of the proposed batch HIDiC rectifier (R ¼ reflux rate, QR ¼ reboiler duty and QC ¼ condenser duty).
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