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Recent insights for better understanding the thermodynamic foundations of separa-
tion processes have renewed the interest in exploring energy-efficient distillation net-
works. Complex column networks have substantial potential for energy savings over
conventional configurations. This article introduces a computational algorithm for syn-
thesizing such complex energy-efficient networks. A robust feasibility criterion drives
the selection of design specification and operating conditions. It will be shown that
columns composed of sections whose liquid stage composition profiles have no gaps
are realizable. To prove the rigor of design computations, numerous separation net-
works were synthesized and validated with the Aspen flowsheet simulator. By using our
computational results as input, AspenPlus simulations converged in a few iterations.
Our method builds on temperature collocation, a thermodynamically motivated search
method for determining feasible operating conditions and design details for achieving
the desired product targets. Our findings suggest that significant energy savings can be
realized with rigorous complex networks synthesis for industrial separation problems.
VVC 2010 American Institute of Chemical Engineers AIChE J, 57: 136–148, 2011
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Introduction

Distillation continues to be the most widely used separa-
tion technique in the chemical and petrochemical industry.
Although distillation requires heat, it still remains a simple
and economic way to separate many multicomponent liquid
mixtures.

Recently, advancements in design and synthesis of separa-
tion systems slowly do away with the myth that distillation
is a mature and thermally optimized technology. We will
review the most relevant work related to this study. Doherty
and coworkers1,2 developed the boundary value method
based on the intersection of stripping and rectifying profiles

in the continuous stage number space. Marquardt3 proposed
the use of rectifying bodies, which are constructed by con-
necting the pinch points belonging to column sections.
According to this method, intersection of the rectifying
bodies between two adjacent rectifying and stripping column
sections implies feasibility. Yet, realizable column profiles
are not necessarily confined in the convex hull spanned by
rectifying bodies, nor do pinch points always come to lie in
real space so as to form a convex geometric object.4

Agrawal and Fidkowski5 proposed a strategy to develop
structural alternatives for complex and simple distillation
networks. Another important advancement is Agrawal’s pro-
cedure for the exhaustive enumeration of complex flow-
sheets.6 They systematically evaluated the energy consump-
tion of so called basic feasible configurations of complex
networks and advocate the energy savings that can poten-
tially be achieved through feasible thermal coupling. Their
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complete synthesis of candidate flowsheet structures is an
important step for a fully automatic separation synthesis.

Lucia and Taylor7,8 studied composition trajectories
related to stationary points and residual composition maps to
understand the separation path in different boundary regions
of composition planes. Recently, they propose a new
approach based on the concept of shortest stripping line dis-
tance to identify minimum energy requirements by minimiz-
ing the length of the stripping profile.9

Glasser and Hildebrandt4,10 developed a design technique
using generalizing column section computations giving rise to
column profile maps encompassing all realizable liquid com-
position profiles for simple as well as complex column sec-
tions. This concept is closely related to residue curve maps
and can be applied for assessing feasible separations.

Zhang and Linninger developed a novel composition
model approach called temperature collocation, replacing the
conventional tray number by the bubble point temperature.11

This thermodynamic variable transformation drastically
reduces the design search space, because this absolute bub-
ble point temperature is independent of stage numbers and
applies to both stripping and rectifying sections. Every new
stage computation which traditionally opens new search
dimensions for its number of stages or section length can be
transformed onto a global and characteristic temperature
scale. This efficient and reliable computational algorithm
based on a bubble point distance criterion, BPD, can estab-
lish the feasibility or impossibility of realizing desired prod-
uct specifications for sharp or sloppy separations of multi-
component mixtures using ideal, nonideal, or azeotropic
vapor–liquid equilibrium models. The BPD criterion was
previously applied successfully for the automatic synthesis
of simple column networks.12,13

This article describes the extension of the BPD criterion
for the design and synthesis of complex column network
configurations. The paper is organized as follows: First, a
methodology for the exhaustive synthesis of complex separa-
tions trains will be introduced. Results and applications dem-
onstrate the rigorous design and analysis of networks of sim-
ple and complex columns to separate a quaternary mixture
into almost pure products. The importance of nonsharp, non-
pinched column sections for energy efficiency will be high-
lighted. All structural alternatives will be evaluated and
designed in detail using the temperature collocation algo-
rithm. All inverse design problem solutions are validated
using an industrial flowsheet simulator AspenPlus, thereby
demonstrating the versatility and robustness of our inverse
design algorithm to solve realistic industrial separation prob-
lems. Finally, this article ends with a brief discussion and
conclusions.

Methodology

Network synthesis

Forward simulation also known as performance calculations
is a popular technique for distillation process design. How-
ever, for difficult separation tasks, it is time consuming and
requires experience to specify key input variables such as
feed composition, feed and product flow rates, feed thermody-
namic state, and column design parameters like number of

stages, feed stages, and reflux ratios. If any of these parame-
ters is assigned improperly, the flowsheet simulation may fail
to converge. On the other hand, the inverse design problem
asks whether a desired product target can be reached with any
network configuration with suitable operating conditions. This
inverse design is harder to solve than the performance prob-
lem, but has the advantage that it can be used to detect infea-
sible specifications. For complex column networks, the rigor-
ous inverse design problem has the following requirements.

(i) Configurations should incorporate any combination of
simple and complex column sections such as prefractionators
or Petlyuk or Kaibel designs.
(ii) Column profile equations model should admit all

liquid–vapor phase equilibrium relationships such as con-
stant relative volatility, ideal, nonideal, and azeotropic
mixtures.
(iii) In feasible designs, liquid composition profiles must

exactly intersect meaning that trajectories of the liquid com-
positions connect continuously all product streams from the
top to the bottom. On the other hand, infeasible design spec-
ification should easily be identifiable by a gap in at least one
pair of composition profiles in adjacent column sections.

These considerations have led to a novel inverse design
methodology based on temperature collocation. The method-
ology has two main elements reviewed briefly in the next
subsection: (i) rigorous profile computations and (ii) bubble
point distance for a network feasibility criterion. A brief
review of the main basics of temperature collocation is intro-
duced next, the mathematical background is given briefly in
the Appendix. A detail derivation of the theoretical basis of
finite element collocation and its application for temperature
collocation is beyond the scope of this article, but is dis-
cussed in depth in a previous publication.11

Rigorous profile computations

The generalized column profile equations discovered by
Glasser and Hildebrand4,10 describe the evolution of liquid
composition profiles along the column length, n, as in Eq. 1
in terms of the generalized reflux, RD, and the difference
point composition for component j in the multicomponent
mixture, XDj. The difference point composition of the j-spe-
cies, XDj, is equal to the distillate or bottom composition in
conventional stripping or rectifying sections. In complex
sections—not producing a single product—it can be inter-
preted as the concentration difference between the vapor
and liquid stream leaving the section. In this sense, XDj,
ensures the operating line conditions in the same way the
product purities normally do. The generalized reflux, RD, is
the recirculation ratio belonging to a column section, with a
role similar to the reflux in conventional columns. The dif-
ference point equation also applies to simple column sec-
tions, thus rendering a single mathematical expression for
all sections in any separation network whether they are
complex or simple.

dxj
dn

¼ 1þ 1

RD

� �
xj � yj
� �þ 1

RD
XDj � xj
� �

with

RD ¼ L=D XDj ¼ Vyj � Lxj
� �

=D: (1)
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Here, xj is the liquid composition, yj is the vapor composi-
tion, n is the number of stages, and D ¼ V�L is the net flow
in the column section. Positive D characterizes an equivalent
rectifying section, whereas D \ 0 in an equivalent stripping
section. Unfortunately, tray numbers tend to infinity in pinch
regions and the problem size is prohibitive for inverse design
problems. Therefore, the temperature collocation11 trans-
forms the continuous column profile equations in terms of
stage number, n, into a new composition profile with respect
to bubble point temperature, T, as new independent integra-
tion variable as shown in Eq. 2. This thermodynamic trans-
formation circumvents the deficiencies of tray numbers as a
design variable in inverse network synthesis problems.

@xj
@T

¼

�
1þ 1

RD

� �
xj � yj
� �þ 1

RD
XDj � xj
� �h i

Pc
j¼1 1þ 1

RD

� �
xj � yj
� �þ 1

RD
XDj � xj
� �h i

Kj

n oXc
j¼1

@Kj

@T
xj:

(2)

Thus, liquid composition profiles are computed for any
column section. The profile equations are solved for each
species j, by global collocation of orthogonal polynomials
over finite elements with temperature as independent vari-
able. A detailed derivation, including the nonideal and azeo-
tropic versions of Eq. 2, the temperature, composition, and
pressure differential expressions for the phase equilibrium
relationship, Kj, are given elsewhere.11

Bubble point distance and global feasibility test

For fixed specifications, the bubble point distance is defined
as the globally minimum Euclidean distance between the liq-
uid composition profiles of two adjacent column sections.
According to this definition, a complex column k is feasible, if
and only if the sum of all minimum profile distances of any
pair of equivalent rectifying, r, and stripping, s, column sec-
tions is within a small e-tolerance of zero, as in expression (3).

The concept of the Euclidean distance between liquid
compositions at an equilibrium stage defined as the bubble
point distance is depicted more clearly in Figure 1. It shows
a ternary complex column made up of four sections alternat-
ing between equivalent rectifying and stripping sections
depicted in blue and red, respectively. From the three prod-
uct nodes, P1–P2–P3, the complex profiles are drawn using

Figure 1. Complex column with four sections S1–S4 for
the separation of mixture of three species A
(blue), B (green), and C (red).

Frame (a) depicts the liquid composition profiles along the
number of stages (left ordinate) and the equivalent bubble
point temperature (right ordinate) for a reflux r ¼ 2.36. This
design is feasible, because the profiles have zero bubble
point distance. Frame (b) plots the liquid composition pro-
files for a different reflux of r ¼ 2. This design is infeasible,
because the composition trajectories have discontinuities
between adjacent section pairs S1–S2; as well as S3–S4.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Table 1. Thermodynamic Properties of Alkane Mixture
Used to Compute the Partial Vapor Pressure by Antoine

Equation

Components
(xA, xB, xC, xD) [Pentane, Hexane, Heptane, Octane]

Antoine Parameter A [6.85221; 6.8702; 6.8938; 6.9094]
Antoine Parameter B [1064.630; 1168.7; 1264.4; 1349.8]
Antoine Parameter C [232.000; 224.2100; 216.6360; 209.3850]

log10[P (mm Hg)] ¼ A–B/[(T�C) þ C].

Figure 2. Global minimum BPD search in the reflux ratio space with fixed purity of xD3 5 0.0081, where a global
minimum BPD (1028) is found at r 5 2.35.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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