Chemical Engineering and Processing 82 (2014) 112-122

Contents lists available at ScienceDirect

Chemical Engineering and Processing:
Process Intensification

journal homepage: www.elsevier.com/locate/cep

Optimal design of cryogenic distillation columns with side heat
pumps for the propylene/propane separation

@ CrossMark

J. Rafael Alcantara-Avila®*, Fernando I. Gomez-Castro®, ]. Gabriel Segovia-Hernandez",
Ken-Ichiro Sotowa?, Toshihide Horikawa®

2 Department of Chemical Science and Technology, The University of Tokushima, 2-1 Minami Josanjima-cho, Tokushima 770-8506, Japan
b Departamento de Ingenieria Quimica, Universidad de Guanajuato, Noria Alta s/n, Guanajuato 36050, Mexico

ARTICLE INFO ABSTRACT

Article history:

Received 23 December 2013

Received in revised form 23 May 2014
Accepted 14 June 2014

Available online 20 June 2014

Propylene is one of the most important products in the petrochemical industry, which is used as raw mate-
rial for a wide variety of products. The propylene/propane separation is a very energy-intensive process
because their boiling points are quite similar. In addition, at atmospheric conditions, their boiling points
are —47.6°Cand —42.1 °C, respectively. To separate this mixture conventional columns which operate at
high pressure and cryogenic distillation columns which operate at low pressure have been used, however,
this approaches are still energy-intensive. This work presents energy-efficient and intensified distilla-

Ic(z(‘;vgf:isc: distillation tion columns which are adiabatic such as the vapor recompression column (VRC) or diabatic such as
Propylene columns with heat-integrated stages. A design and optimization procedure, which minimizes the energy

consumption in the propylene/propane separation is presented. Conceptual design, superstructure rep-
resentation, rigorous simulations and mathematical programming techniques are effectively combined
to assess all the candidate distillation structures, refrigeration cycles, and heat integration possibilities
simultaneously. Results showed that VRC and diabatic distillation columns with heat-integrated stages
can reduce the energy consumption between 58 and 75% when compared with conventional distillation
at high pressure. Furthermore, the proposed synthesis procedure derived simplified optimal distillation
structures with few heat-integrated stages and still attained important energy savings.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction separation of propylene from propane at two feed compositions,

atmospheric and subatmospheric desorption pressures. Plaza et al.

Propylene is used as intermediate in a wide range of chemi-
cal processes to produce fibers, foams, plastics, etc. It is mainly
obtained as coproduct in the ethylene process and as byproduct
in the petroleum refining industry, which in either case, it is mixed
with other gases such as hydrogen, ethylene, ethane, propane, etc.,
but gases lighter than propylene are typically separated at an ear-
lier stage, therefore, propylene is separated from propane in most
cases. Since propylene and propane have close boiling points, and
are gases at room temperature and atmospheric pressure, its sep-
aration is a very energy-intensive process.

Several separation alternatives based on solubility, diffusivity,
and molecular size difference have been researched to alleviate the
high energy consumption in the propylene-propane separation.
Rege and Yang [1] proposed a four-step pressure swing adsorp-
tion (PSA) system, which used AgNO3/SiO, and AIPO-14 for the

* Corresponding author. Tel.: +81 886567425; fax: +81 886567425.
E-mail address: alcantara@chem.tokushima-u.ac.jp (J.R. Alcantara-Avila).

http://dx.doi.org/10.1016/j.cep.2014.06.006
0255-2701/© 2014 Elsevier B.V. All rights reserved.

[2] proposed a five-step Vacuum swing adsorption (VSA) system,
which used Cu-BTC because of its high pore volume and high sorp-
tion capacity, however, the results showed low recovery around
15%. Campo et al. [3] also adopted a five-step VSA system, but
using X13 zeolite as sorbent. The results showed high recovery
around 75% for their separation. Although membrane-based sepa-
rations have been also proposed, most of them simultaneously lack
high permeability and selectivity, having difficulties in scaling up,
and lack of long-term stability due to poisoning of olefin-selective
carriers. Pan et al. [4] studied zeolitic imidazolate frameworks for
the separation of propylene/propane at several feed composition
and temperature conditions. The results showed that the proposed
membrane structure exhibited high permeability and selectivity
for mixtures rich in propylene at temperatures lower than 22 °C.
Although the aforementioned alternatives can certainly attain
energy savings, their capacity and operation time are rather con-
strained by equipment size and maintenance issues. To satisfy the
demand of propylene, distillation is the predominant separation
technology to obtain it at large scale. Intensified distillation-based
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Fig. 1. Candidate distillation structures and heat integration techniques: (a) conventional distillation, (b) vapor recompression column, (c) diabatic distillation, and (d)

distillation column with intermediate heat exchangers.

alternatives have been proposed to reduce energy consumption
in distillation. Petterson et al. [5] reported profitable membrane-
based distillation configurations where a membrane can be located
close to the feed stream or at the bottom of the distillation column.
Benali and Aydin [6] explored several membrane configurations
which could be located at the top, middle and bottom of the distil-
lation column. Their best reported configuration attained economic
savings around 36% where one membrane at the top and one at
the bottom were installed. Approaches based on mathematical pro-
gramming have also been proposed [7,8], and they have shown that
membrane distillation where the membrane is at an intermediate
location can reduce the total annual cost up to 20%. Oluji¢ et al. [9]
studied two heat-integrated distillation columns: the vapor recom-
pression column (VRC) and the heat-integrated distillation column
(HIDiC). VRC and HIDiC were compared in terms of cost and energy
consumption, in which the VRC had higher electricity consumption
than the HIDiC, thus higher equipment cost since the compressor
cost is predominant in this type of heat-pump assisted distilla-
tion structures. In addition, the HIDiC structure exhibited economic
and energy savings of 20 and 25%, respectively, over the VRC. Ho
et al. [10] presented a dynamic simulation for the HIDiC structure
studied by Oluji¢ et al. [9], and they showed that the proposed con-
trol configuration can control the HIDiC very well under various
disturbances.

Despite of the aforementioned intensified alternatives, the
propylene/propane mixture has been conventionally separated by
means of distillation columns which operate either at high pressure
(e.g., >15bar) to ensure the use of water as cooling medium or at
low temperature (e.g. <5 °C) to use a refrigerant as cooling medium.
Regardless of these options, Mauhar et al. [15] have shown that the
energy consumption for the separation of propylene and propane
is inevitably high if the column operates between 15.95 and 12 bar.

If the separation is carried at low temperature, it is referred to as
cryogenic distillation, which requires a refrigerant to provide cool-
ing at a temperature level lower than that at the condenser, thus
a distillation column must be coupled with a refrigeration system.
However, when refrigerants are used as cooling utilities at the con-
denser, its temperature range and cost per unit amount of energy
exchanged have been set at predefined conditions and treated as
parameters in the synthesis problem to derive optimal distillation
structures [7,9,10]. This means that the optimization of operating
conditions in the refrigeration systems has not been included. In
this work the operating conditions of the refrigeration system are
optimized simultaneously with the distillation column in order to
minimize not only the energy consumption in the latter but also in
the former.

Heat integration through intermediate heat exchangers has
been reported recently as an alternative to reduce the energy con-
sumption and cost of distillation columns. It has been applied in
reactive distillation systems with vapor recompression [11], heat
integrated columns for the separation of binary [12,13] and ternary
[14] mixtures.

The aim of this work is to propose a systematic procedure
to solve the synthesis problem for the separation of the propy-
lene/propane mixture at mild pressure and refrigeration conditions
through cryogenic distillation, which embeds a refrigeration sys-
tem to realize heat integration not only at the condenser or reboiler,
but also at several locations in a distillation column. Therefore, the
temperature levels of heat sources and heat sinks in the refrigera-
tion system are treated as parameters, and their amount of energy
exchanged at any location in the column are treated as optimization
variables and embedded in the synthesis problem to find optimal
cryogenic distillation columns.

2. Problem statement

Given a liquid mixture of components with low boiling point
which is subject to cryogenic distillation, the structure and operat-
ing conditions of distillation columns (i.e. process side) as well as
the structure and the operating conditions of refrigeration cycles
(i.e. refrigeration side) are optimized simultaneously.

Fig. 1 summarizes the distillation columns subject to this
research, which comprises conventional distillation columns (CC)
in Fig. 1a, VRC in Fig. 1b, diabatic distillation columns (DCC)
in Fig. 1c, and distillation columns with heat-integrated stages
through the installation of heat pumps (HPC) in Fig. 1d. In DDC all
the stages are heat-integrated because heat is supplied or removed
in them. In the figure, L denotes the light component, and H the
heavy component. CW denotes cooling water and STM steam. gso
(Qsj) stands for heat source (sink) in the refrigeration side. The
arrows without any label entering and leaving heat exchangers
denote a heat medium other than cooling water or steam.

Typically in cryogenic distillation, the stages in the column
are not heat integrated, thus a refrigeration system is coupled to
provide cooling at the condenser, which is at the lowest possible
temperature; and to supply heating at the reboiler, which is at the
highest possible temperature. Therefore, in the refrigeration side,
the temperature difference must be larger than that between con-
denser and reboiler, which results in a large compressor work duty.
Fig. 1c and d exploits the idea of removing heat at locations where
the temperature is higher than that at the condenser and supply-
ing it at locations where the temperature is lower than that at the
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