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A novel computer-aided design methodology is introduced for synthesizing multi-
component distillation networks. A single-objective unconstrained design problem formu-
lation circumvents numerical challenges regarding lack of robustness and multiple local
minima. A thermodynamically motivated temperature collocation approach drastically
reduces the number of state variables occurring in rigorous column equilibrium and
component balances. A novel chromosome encompassing all column configurations is
proposed to solve the mixed-integer nonlinear programming (MILNP) using a stochastic
genetic algorithm (GA) with minimum user input. The general formulation and robust
performance of the computer-aided design approach naturally extends to multi-compo-
nent mixtures. Applications include solutions to optimal sequencing problems for up to
five species. The massive parallelism of the approach allows for the generation of
complete solution maps classifying the design space into regions of optimality. The
method also applies to optimal sequences of azeotropic columns. The temperature collo-
cation approach constitutes a promising new design framework for synthesis problems
previously not amenable to computer-aided design and analysis.© 2005 American Institute
of Chemical Engineers AIChE J, 52: 1392–1409, 2006
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Introduction

Distillative separation processes constitute a significant por-
tion of the total capital investment, energy requirement, and
operating expenses of most chemical plants. Hence, the devel-
opment of systematic approaches for synthesizing optimal sep-
aration sequences is of practical importance. The optimal sep-
aration synthesis problem can be described as follows: Given a
feed mixture of known species, generate the best distillation
train to achieve specified purity targets at minimum cost. Its
optimal solutions encompass structural decisions like the con-
figuration of columns, succession of intermediate and final
products, as well as continuous parameters determining their
operating conditions such as column reflux and reboil ratios.

Despite its significance, computer-aided synthesis of column
sequences is still not a routine task.

Sargent and Gaminibandara (1976) proposed distillation se-
quences via superstructure optimization. Heat integration of
distillation networks without establishing rigorous column pro-
files were studied by several groups (e.g., Aggarwal and Flou-
das, 1990, 1992; Andrecovich and Westerberg, 1985; Floudas
and Paules, 1988). Other methods determined the feasibility
and minimum reflux in sharp separations based on topological
concepts (Bausa et al., 1998; Doherty and Malone, 2001;
Hauan et al., 1999; Julka and Doherty, 1990, 1993;
Wahnschafft et al., 1992; Watzdorf et al., 1999; Westerberg,
2004; Westerberg et al., 2000). Some researchers proposed
rigorous mathematical programs for optimal feed location and
number of stages (Bauer and Stichlmair, 1995, 1996, 1998;
Viswanathan and Grossmann, 1993). Pantelides (Smith and
Pantelides, 1995; Dunnebier and Pantelides, 1999) deployed a
state task network superstructure with tray-by-tray column mod-
els. Optimal heat and mass transfer networks for azeotropic and
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reactive separation systems were studied by Pistikopoulos (Ismail
et al., 1999, 2001). Shah and Kokossis (2002) developed mixed
integer linear programs (MILP) for the synthesis of complex
distillation systems. Biegler (e.g. Gopal and Biegler, 1999; Lang
and Biegler, 2002) developed smoothing algorithms to eliminate
the need for integer variables limiting column design, such as dry
trays.

Most existing methods deploy simplified vapor-liquid equi-
librium relations (that is, ideal or constant relative volatility)
not applicable to many non-ideal and azeotropic mixtures of
industrial relevance. Separation network optimization with rig-
orous tray-by-tray models challenges numerical optimization
codes, because the dissimilar mixture of structural decisions
and continuous variables introduces discontinuous regions in
the search space (Bauer and Stichlmair, 1995, 1996, 1998; Frey
et al., 1997). Thus, derivative-based optimization algorithms
may fail to locate attractive structural alternatives in separation
synthesis. Moreover, the number of possible column sequences
and state variables explodes with increasing species numbers.
We propose a novel synthesis procedure featuring combinato-
rial exploration of all relevant structural alternatives with rig-
orous column profile computation to advance the capacity of
computer-aided distillation design. Our novel problem trans-
formation valid for sharp and non-sharp splits extends to gen-
eral vapor-liquid equilibrium models for any number of species
due to a massive problem size reduction. It will be demon-
strated how to discover complete separation networks fully
automatically with acceptable computational effort.

In this article we introduce a novel feasibility criterion for
ascertaining the realizability of arbitrary column specifications
based on a thermodynamically motivated transformation of the
column tray equations into a dimensionless bubble point temper-
ature space. The massive problem size reduction also replaces
tray-by-tray vapor-liquid equilibrium and component balance con-
straints with a scalar metric, such that the resulting unconstrained
optimization can be solved robustly by a problem-specific genetic
algorithm. Further, we discuss industrially relevant applications
including: (i) the optimal separation of mixtures of up to five
species, (ii) the creation of complete solution maps for classes of
separation problems with varying feed compositions, and (iii) the
optimal design of azeotropic distillation sequences. The article
closes with a discussion of the results, followed by conclusions.

Methodology

The optimal sequencing problem can be expressed as a con-
strained mathematical program (Eq. 1) in which d stands for the
set of structural and parametric design variables and x are the state
variables, such as the tray liquid and vapor concentrations. The
equality constraints h(d,x) enforce tray equilibrium, component
balances, and the column network connectivity; the inequalities
g(d,x) represent the desired final product purity targets and oper-
ational limitations. For its numerical solution, this article proposes
a novel computational approach combining a problem-specific
genetic algorithm (GA) with a rigorous temperature collocation
distillation design method. A high-level GA constructs different
candidate separation configurations by varying the structural as
well as key design variables (that is, different product sequences
and operating conditions, like reflux ratio, bottoms, and distillate
purities, respectively). The assessment of column realizability is

delegated to a feasibility subroutine based on temperature collo-
cation on finite elements (Zhang and Linninger, 2004). It ensures
the satisfaction of rigorous tray equilibrium and component bal-
ances in a dimensionless bubble point space, thus eliminating the
need for the equality constraints in Eq. 1. The resulting uncon-
strained problem is searched globally with a stochastic GA. The
proposed problem formulation uses the smallest possible design
variable set to completely represent the general sequencing prob-
lem.

min
d, x

Cost

s.t.
h�d, x� � 0 tray balance and connections between columns
g�d, x� � 0 product purities

(1)

Criteria for feasible distillation specifications

The classical performance or rating problem predicts distil-
late and bottom compositions for a given feed and known
column configuration. An inverse design problem, on the other
hand, seeks optimal column dimensions and operating condi-
tions for realizing the desired product purities. Solutions to the
inverse problem are much harder to converge numerically and
may only exist for certain specifications due to thermodynamic
separation barriers. Rigorous proofs for the existence of feasi-
ble column specifications, in particular for complex column
configurations, extractive, or reactive separations, are an open
field of research (e.g., Barnicki and Siirola, 2004; Malone and
Doherty, 2000; Siirola, 1996; Widago and Seider, 1996).

Recently, a unique distillation problem transformation offers
a significant step towards solving inverse design problems
rigorously (Zhang and Linninger, 2004). According to this
novel temperature transformation approach, the realizability of
a given separation target (such as three product purity specifi-
cations and the desired reflux) can be determined with the help
of liquid tray composition profiles expressed in terms of equi-
librium tray temperatures as independent variables, as given in
Eq. 2 for the rectifying and Eq. 3 for the stripping section.
Continuous rectifying profile equations:
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Continuous stripping profile equations:
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The column profile Eqs. 2 and 3 describe the evolution of the
liquid tray compositions, xi

R and xi
S, as a function of the

equilibrium bubble point temperature, T. The stripping profile
emerges from the bottom product composition; the rectifying
profile starts from the distillate. In order to solve this boundary
value problem with unknown intersection, the differential Eqs.
2 and 3 are discretized using orthogonal polynomial approxi-
mation. Multiple finite elements, each with a fixed number of
collocation nodes, are implemented for high accuracy. The
finite elements decompose the temperature range into seg-
ments; the nodes of the orthogonal collocation polynomials
further divide each element according to a predetermined num-
ber of roots. This orthogonal collocation on finite elements
(OCFE) method, also known as Spline Collocation (e.g., Vil-
ladsen and Michelsen, 1978), converts the system of Eqs. 2 and
3 into a set of nonlinear algebraic equations. These equations
are enforced at discrete dimensionless bubble point tempera-
tures �[�,�] defined by Eq. 4:

���,�� �
T � TD

TB � TD
(4)

The discretized profile equations are solved for the unknown
compositions, xi(�[�,�]), according to Eqs. 5 and 6.
Rectifying profiles discretized with OCFE:

AR����,��� xi,��,��
R � fR� xi,��,��

R , r, xD, K, ���,��� � 0 (5)

Stripping profiles discretized with OCFE:

AS����,��� xi,��,��
S � fS� xi,��,��

S , s, xB, K, ���,��� � 0 (6)

�[�,�] refers to the collocation node (i.e., the dimensionless
bubble point temperature defined between the bubble point
temperatures corresponding to the distillate and bottom com-
positions, respectively, TD and TB) in element � at nodes �. AR

and AS are the gradient coefficient matrices of the orthogonal
polynomials at collocation nodes, �[�,�]. fR and fS are the
nonlinear right-hand sides of Eqs. 2 and 3 evaluated at nodes
�[�,�]. xi,[�,�]

R and xi,[�,�]
S represent the unknown weights (i.e.,

composition of species i) at node, �[�,�].
According to this temperature collocation approach, whose

theoretical background is discussed in detail elsewhere (Zhang
and Linninger, 2004), all liquid composition trajectories orig-
inate in bottom and top products and terminate in stationary
pinch points, as illustrated in Figure 1. Feasible column profiles
exist only within a temperature window delineated by the
bubble points corresponding to product compositions and the
stable nodes of the pinch equations. A design specification is

termed feasible or realizable with simple distillation if strip-
ping and rectifying profiles intersect. The bubble point distance
is the Euclidean difference between a stripping and a rectifying
composition profile for a specific bubble point temperature.
The minimum bubble point distance (BPD) is a precise scalar
quantity suitable for formulating a rigorous numerical feasibil-
ity criterion. Thus, column specifications leading to zero BPD
are feasible; infeasible designs have non-zero BPD, as ex-
pressed in Eq. 7:

if min
d,T

BPD � 0 3 d is feasible (7)

In higher dimensions, exact intersection of trajectories is
numerically more difficult to attain than in the two dimensional
case, since the smallest error may cause the two profiles to miss
each other. The use of the minimum BPD constitutes a numer-
ically more robust intersection criterion than the exact equality
of concentrations at the intersection. Moreover, small BPD
function values also indicate closeness to a feasible design, so
that the BPD metric serves as a better guide in the search space
than a Boolean hit-or-miss intersection criterion. Temperature
collocation offers significant benefits over the regular tray-by-
tray models: (i) its independent variable range is finite; (ii) the
profile computations expressed in terms of equilibrium tray
temperatures are not hampered by singular regions (i.e., saddle
and pinch points) requiring infinite numbers of trays to over-
come; and (iii) temperature collocation on finite elements dras-
tically was shown to reduce the problem size by two orders of
magnitude.

The efficiency of the novel thermodynamically motivated
problem transformation has been demonstrated for a wide
variety of sharp and sloppy separation problems (Zhang and
Linninger, 2004). Apart from its robustness, its decisive ad-
vantage is its computational speed. Figure 2 documents a
computational result for executing 10,000 design experiments
for separating a non-ideal mixture with a high-boiling azeo-
trope. This computer simulation required only 1,272 sec on a
Pentium II 450 Hz PC. The temperature collocation algorithm
converges rapidly for both feasible and infeasible specs. For
infeasible specifications, the length of the non-zero BPD can be

Figure 1. Feasible liquid composition profiles in the bub-
ble point temperature space (left) and attain-
able temperature window (right).
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