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Abstract This paper addresses the problem of determining cost-minimal pro-
cess designs for ideal multi-component distillation columns. The special case of
binary distillation was considered in the former work [2]. Therein, a problem-
specific bound-tightening strategy based on monotonic mole fraction profiles of
single components was developed to solve the corresponding MINLPs (mixed-
integer nonlinear problems) globally. In the multi-component setting, the mole
fraction profiles of single components may not be monotonic. Therefore the
bound-tightening strategy from the binary case cannot be applied directly. In
this follow-up paper, a model reformulation for ideal multi-component distilla-
tion columns is presented. The reformulation is achieved by suitable aggrega-
tions of the involved components. Proofs are given showing that mole fraction
profiles of aggregated components are monotonic. This property is then used
to adapt the bound-tightening strategy from the binary case to the proposed
model reformulation. Computational results are provided that indicate the
usefulness of both the model reformulation and the adapted bound tighten-
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ing technique for deterministic global optimization of ideal multi-component
distillation column designs.

Keywords deterministic global optimization - bound tightening - model
reformulation - distillation

1 Introduction

The focus of this paper is on deterministic global mixed-integer nonlinear op-
timization of distillation columns, often dominating the cost of chemical pro-
duction processes. Despite recent progress in deterministic global optimization
(e.g., see [5] and [7] for recent surveys), those problems are often very difficult
to solve due to high computational effort that is caused by non-convexities and
a large number of variables and equations. Deterministic global optimization
of distillation processes is, hence, a very challenging task.

In the literature, rigorous deterministic global optimization of distillation
processes is not well-covered. Instead, restrictive model assumptions are used
to get so-called short-cut models that are easier to solve. In a recent publication
[19], optimal sequencing of multi-component distillation columns at minimum
reflux, i.e., smallest feasible internal vapor und liquid flows, using short-cut
models is calculated with deterministic global optimization methods.

By dropping simplifying assumptions such as minimum reflux, tray-to-tray
distillation models offer a wider range of validity compared to short-cut mod-
els. The increased computational effort is significantly reduced by applying
problem-specific global optimization strategies as demonstrated for ideal bi-
nary mixtures in our previous work [2]. Therein, it has been shown that com-
putational cost could be reduced by orders of magnitude using a specific bound
tightening strategy based on monotonicity of molar fractions, i.e., fractions of
mole numbers of individual components relative to the total mole number of all
components, throughout the column. The application was demonstrated for a
hybrid process combining distillation and crystallization units for the separa-
tion of two isomers that are difficult to separate by distillation alone. However,
an extension to multi-component mixtures is non-trivial because molar frac-
tion profiles associated with certain components typically show non-monotonic
behavior.

In this follow-up paper, a reformulation of a distillation column model is
presented to overcome this problem. The reformulation is obtained by aggrega-
tion of single components, resulting in a linear transformation of the variables
used for molar fractions. For mixtures with ideal liquid and vapor behavior,
we prove that the transformed variables show the desired monotonic behavior,
which allows us to extend the bound tightening strategy from the binary case
to the multi-component setting.

Bound tightening, also known as domain reduction or range reduction, is
a common strategy in global optimization to reduce the initial domain of the
problem variables without cutting off the optimal solutions. This results in two
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benefits in view of deterministic global optimization. First of all, a reduction
of the search space is achieved. But most importantly, available global opti-
mization software often relies on the use of convex relaxations for nonlinear
mixed-integer optimization problems. In general, such convex relaxations can
be tightened when the underlying domains are reduced.

In the literature, it is mainly distinguished between two basic types of
domain reduction. Feasibility based bound tightening (FBBT) cuts off infeasible
points using the constraints of the underlying problem. Optimization based
bound tightening (OBBT) applies optimization techniques in order to derive
tighter variable bounds. Both types are integrated in many state-of-the-art
global optimization software packages (e.g., see BARON [22], COUENNE [6],
SCIP [20], and GloMIQO [18]).

For FBBT, standard methods are often based on interval arithmetic (e.g.,
see [21]) and the description of nonlinearities using expression trees (e.g., see
[231125]). Bounds on the variables can be propagated onto the nonlinear expres-
sions via forward propagation. Also, the other way around, tighter bounds on
the variables can be computed using the bounds on the nonlinearities (back-
ward propagation). This procedure can be iterated until no further strength-
ening of the bounds is achieved. The iteration can be formally interpreted as
an operator which is shown in [4] to have a limit point. For special problems,
this point can be determined using polynomial time algorithms. In [3], the con-
cept of FBBT is expanded on convex combinations of two linear constraints.
In [9], additional results on constraint satisfaction problems with quadratic
constraints are presented.

The key idea of OBBT is to consecutively minimize and maximize each
variable appearing in the problem on the feasible set. This is in general as hard
as finding the optimal solution of the problem itself, so a common approach
is to only use (linear) relaxations of the feasible set. This procedure can be
iterated multiple times in order to further tighten the bounds. OBBT can be
more effective, but is often much more time-consuming. It is, hence, used very
rarely or only at the root node of the Branch-and-Bound tree. For more details,
we refer to work [I1]. An early reference in which OBBT is applied in the context
of heat exchanger networks is [20]. In []], a so-called nonlinearities removal
domain reduction is introduced by fixing the value of a variable whose domain
is intended to be tightened. Under some assumptions, the equivalence of this
approach to standard procedures is shown, and it is concluded that general
domain reduction techniques are independent in the ordering of the considered
variables. In [I1], Lagrangian variable bound constraints are described, making
it easier to propagate bounds throughout the branching tree. Additionally,
enhancements on the computation of OBBT are given.

According to this terminology, the bound tightening strategy that is de-
veloped in this paper for ideal multi-component distillation column models
belongs to FBBT. We especially make use of interval arithmetics that we apply
to two types of well-structured model constraints. Preliminary results of this
work have already been presented in a conference paper [I7]. The additional
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content in the present publication comprises three points. First of all, a more
detailed description and interpretation of the model and the reformulation is
given. Furthermore, we provide mathematical background and proofs regard-
ing the monotonicity property and the domain reduction strategies. Finally
we present a computational study including a diverse set of test instances and
solver selections.

The remainder of the paper is structured as follows. In Section 2, we present
the ideal multi-component distillation column model we are working with. In
Section 3, we derive an alternative model formulation by introducing suitable
aggregated components. In Section 4, we prove that the transformed variables
associated with each newly introduced aggregated component fulfill the desired
monotonicity property. This is exploited in Section 5 in order to extend the
bound tightening strategy from the binary case [2] to the general ideal multi-
component case. In Section 6, we solve several numerical test examples to
global optimality and experimentally analyze the influence of the developed
techniques on the running time.

2 Distillation Column Model

In this section, the model under consideration is presented. As in previous work
[2L15], we focus on a tray-by-tray model of a distillation column in steady state,
and assume ideal liquid and vapor phase, total condenser and total reboiler,
single liquid feed flow at boiling temperature, and constant molar overflow.
Notation and model description are basically taken from [2[T5] and adapted,
if necessary. For a general introduction to the topic of thermal separation
processes, we refer to [16]. Table [1| displays the name and meaning of all
parameters, variables and indices that we are using in this work.

We are given a mixture consisting of n single components labeled by
1,...,n. The order of the components is defined with respect to the boil-
ing point. Here, component 1 is the component with the lowest boiling point
and component n refers to the component with the highest boiling point. In
the model, the composition of a mixture is given in terms of molar fractions.
Thus, the sum of molar fractions over all components is equal to one at every
position of the column, which is known as the summation conditions.

Table [I] displays the name and meaning of all used parameters, variables
and indices. A sketch of a distillation column is shown in Figure [I} The mix-
ture enters the column at the feed tray with molar feed flow F' and initial
composition z1", i = 1,...,n. At the top tray (condenser), the distillate mo-
lar flow D leaves the column with composition z$it, i = 1,... n, and at the
bottom tray (reboiler), the molar flow B leaves the column with composition
2Pt i =1,... n. V denotes the vapor flow that streams upwards through the
column. The overall mass balance equations

Fgit = Dgdst 4 Bgbet ) i =1,... n, (1)
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Parameters:
u  Upper bound on the number of trays (length)
a; Constant relative volatility of component ¢
o Position of the split between less and more volatile components
7 Purity requirement on the components
Feed molar flow entering the column, given in mols—?!
Variables:
V' Vapor flow streaming upwards through the column, given in mols~!
D Distillate molar flow withdrawn at the condenser, given in mols™!
B Bottom molar flow withdrawn at the reboiler, given in mols™1!
vr  Ratio of downward flow to upward flow in the rectifying section
vs  Ratio of upward flow to downward flow in the stripping section
[ Number of trays in the part of the column specified by superscript
B Binary coupling variable determining the position of the feed tray
zi/y;  Liquid/Vapor molar fraction of component %
Xk/Yr  Liquid/Vapor molar fraction of the aggregated component k
Indices:
in Feed flow
dist  Distillate flow
bot  Bottom flow
feed Feed tray
feed—1  Tray above the feed tray
feed+1  Tray below the feed tray
col  Whole column
rect  Rectifying section
Iy Tray number in rectifying section
strip  Stripping section

Tray number in stripping section

Table 1: List of parameters, variables and indices used in our model

ensure that the amount of component ¢ entering the column coincides with
the overall amount of component i leaving the column.

Rectifying section (above the feed tray) and stripping section (below the
feed tray) can contain several trays. Trays of the rectifying section are num-
bered from the top to the bottom by I, = 1,..., 1" and trays in the stripping
section are numbered from the bottom to the top by s = 1,...,5"P, Vari-
ables used for molar fractions of component ¢ in liquid and in vapor phases are
denoted by z; and y;, respectively. In order to specify the tray a variable is
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Fig. 1: A fixed design of a distillation column. Numbers of trays in the recti-
fying and stripping sections are I"°* and [**"'P. The total number of trays in
the column is given by [0l = [rect 4 [strip 4 1,

associated with, we introduce superscripts “feed”, “feed-17, “feed+1”, “rect”
and “strip”. The script “feed-1" denotes the tray above the feed tray and the
script “feed+1” denotes the tray below the feed tray. Trays from the rectify-
ing and stripping sections are additionally equipped with their associated tray
number as subscript. Mass balances comprising the first tray and a number of
consecutive trays are established for the stripping and the rectifying section
as well as a mass balance comprising the feed tray. The mass transfer in liquid
and vapor phase through the column is then described by the component mass
balance equations

rect _ rect _ rect
Yidoq1 = Ve iy, + (1 Vr)yi,l )

feed feed __ feed+1 feed-1 ;
Vs Yo + %% = vy y; + 1 Vs 2 4+ (1 — vy ) P, (2)
strip strip strip
Tip41 = VsWYig T (1—ws) Li1
fori=1,...,n, I, =1,...,u*" and Iy = 1,...,u’""P where u™°* and u5"P

denote upper bounds imposed on {*** and I°*"'P, respectively. We remark that
in the equations the subscripts indicating trays formally range to u*°t + 1
and uS™P + 1, respectively. This way, two artificial trays are introduced to
the model. These two trays are later used to model the coupling of the feed
tray with the rectifying and the stripping sections (see equations @) The
auxiliary variables vy, vs € [0,1] defined as

I/r:$ and VS:% (3)

describe the ratio of upward and downward molar flows in the rectifying and
stripping section.
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The separation behavior of component i is given by its volatility. Com-
ponents with higher volatility accumulate in the vapor phase, while compo-
nents with lower volatility accumulate in the liquid phase. We assume constant
relative volatilities of the components, expressed by parameters «; > 0, for
i=1,...,n. Due to our assumption on the order of the components, we have
that a1 > as > -+ > a,,. At all trays, the interactions of the mole fractions
in the vapor phase and in the liquid phase are given by the phase equilibrium
equations

_ prect fccd . §trip
yrcct Qi Ly, yfccd G yitrlp Q@ xz,ls (4)
il T n rect ? J1 n feed v Jily T n strip
D1 QT djo1 T Doje1 T

fori=1,....n, I, =1,...,u™" +1and Iy = 1,...,u""P + 1. Note that the
index j is used to indicate the respective component in the sums.

The vapor flow at the top of the column is completely condensed and the
liquid flow fed back to the column at the bottom is completely vaporized. Total
condenser and total reboiler are modeled by

o=t and 2ot = x:tlnp, i=1,...,n. (5)

The total number [°°! of trays used in a distillation column is given by the

number of trays used in the rectifying section, the number of trays used in the

stripping section, and the feed tray. To specify ¢ in our model, the following
coupling conditions are imposed.

ect ect
wree wree

feed-1 __ rect rect feed __ rect rect .
€ —Z . Lilo Z; —Z Tihr, =10,
=1 =1
. (6a)
wStriP uStriP
feed+1 __ 2 : strip strlp feed __ 2 : strip strlp .
yi - ﬂ 9 xi - B zl_t,_la Z—].,...,'fL,
ls=1 ls=1
rect stnp
t
lcol — § 6lrcctl + 2 : /B; l‘lpl + 1
L=1 l=1
wrect
rect rect rect
§ grect = 1, € {0,1}, 1,...,ueeet, (6b)
=1

L StEiP

SoogTP =1, BT e{0,1}, l=1,...,u"P.

ls=1

Note that the binary variables fj°* and ﬂsmp attain value one if and only if
tray [, of the rectifying section and tray I of the stripping section are chosen
to be the trays above and below the feed tray in the column.

The purpose of the distillation column is to separate the more volatile
components from the less volatile components under given purity constraints.
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Let the predefined split parameter o € {1,...,n — 1} be the index such that
the components 1 to o belong to the more volatile part and components o + 1
to n belong to the less volatile part of the mixture, and let 7dist 7bot € [0, 1]
denote the purity requirements imposed on the more volatile components at
the condenser and on the less volatile components at the reboiler. Then, the
purity constraints are given as follows:

o n
E I?lst Z 7rdlst and E I?ot Z 7_rbot. (7)
i=1 i=o+1

The objective function of our column model reflects the total annualized cost
of the distillation process that needs to be minimized. In our work, we make
use of the following cost function that is taken from previous work [I5].

cost =MV + Ml + A3(\V + AsB)I<!

8
+ XMV 4+ AsB) (A7 + Xg)” + Ao MV + AsB)721°, ®

with coefficients as specified in Table 2} This objective function was originally
developed for the distillation of dodecanal and 2-methylundecanal. However,
its structure is typical for economical cost estimation and therefore suitable
for the computational studies in our work.

Coefficent A1 A2 A3 A A5 A6
Value 17544 173.6  2009.7  0.2378 0.0221 2364.5
Unit €a lmol™ls €a! €a~! mol™'s mol™ls €a!

Coefficient A7 s A9 Y1 Y2 Y3
Value 0.2 4 -171.4 0.533 0.5 0.82
Unit €a~!

Table 2: Coefficients for the cost function

The resulting mixed-integer nonlinear optimization problem is given by

min s.t. — . (9)

3 Model Reformulation by Aggregating Components

In the binary case, mole fractions associated with a single component be-
have monotonic through the distillation column. Based on that property, a
problem-specific bound tightening strategy for binary distillation column de-
sign problems has been developed in our previous work [2].

To formalize the notion of monotonicity, we consider the distillation column
tray by tray from the bottom to the top. We say that a component ¢ shows
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monotonic behaviour through the distillation column when the sequence of
respective molar fractions in the liquid phase are either non-decreasing or
non-inreasing, i.e. either

strip strip feed rect rect
xi)l << xi’lscrip < €Z; < xi’lrect <. < xi,l

or

strip strip feed rect rect
T =22 T jaeip > LT 2 Ty rect 2 2 Xy

holds. A sequence of values associated with liquid phase (or vapor phase) mole
fractions of a single component, considered from the bottom to the top, is also
refered to as a mole fraction profile.

However, the molar fractions of a single component may not behave mono-
tonic in the multi-component setting. Such a typical situation is illustrated in
Figure [2|(a) for component 2 (blue-colored dashed curve) and component 3
(yellow-colored dotted curve). This fact makes it hard to generalize the bound

5
- 0 _—
—_X, —X,
- =X, - =X +X,
X3 X+ X, + X,
- memXy o+ Ky + Xy 4 X,
- 1 |
\‘--._______.--"/
(a) Molar fraction profiles of single compo- (b) Profiles of transformed variables for ag-
nents (original model formulation) gregated components (aggregated model for-

mulation)

Fig. 2: The figure shows molar fraction profiles and profiles of transformed
variables in liquid phase for a four component mixture.

tightening strategy for the binary case [2] to the multi-component case, di-
rectly.

We overcome this problem by aggregating, for £k = 1,...,n, the first k
components. This is achieved by summing up the corresponding variables used
for molar fractions at every position of the distillation column.

The driving force for separating the components of a mixture using distil-
lation are differences in the volatilities of the single components. For compo-
nents sorted by decreasing volatility, any group of the first £ components has
an effective volatility larger than that of the complementary group of n — k
components. Therefore, the same direction of the driving force and thus mono-
tonicity of the aggregated molar fractions is expected over the whole column.
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To be more precise, let x; and y; (for ¢ = 1,...,n) be the variables used
for molar fractions of component 7 in the liquid and in the vapor phase at an
arbitrary position. The associated sub- and superscripts indicating the specific
position are omitted for a clean presentation. We label the aggregated compo-
nents by k = 1,...,n and introduce aggregated concentration variables Xy
and Y} for the liquid and vapor phases. The original variables used for molar
fractions and the new aggregated concentration variables are linearly linked
to each other by the following bijective relations.

k k
Xp=> @ and Yi=)Y w, k=1...,n (10)
=1 i=1

We also introduce an (aggregated) dummy component 0 for which the liquid
and vapor phase concentrations Xg and Yy are zero at all positions. Hence we
can formulate the inverse to the relations by

l'iZXi—Xi,l, and yi:Yvi—YVi,h k:L...,’I’L. (11)

By definition and due to the summation conditions (i.e. >, z; = > 0 y; =
1), we have

Note that the equations (3)), and the objective function do not
depend on the molar fractions. Hence, they remain unchanged in our ag-
gregated model formulation. Observe further that the overall mass balance
equations , the component mass balance equations , the coupling con-
ditions , total condenser and total reboiler conditions and the purity
constraints are linear in x and y while using the same coeflicients for every
i =1,...,n respectively. Therefore, we obtain the corresponding constraints
for each aggregated component k by summing up the corresponding condi-
tions associated with the first k single components. Only the phase equilibrium
equations are not linear in the original concentration variables and need
to be adapted by applying the inverse relations . The aggregated model
formulation reads as

— The aggregated overall mass balance equations:
FX* = DX 4+ BXP*', k=1,...,n. (13)
— The aggregated component mass balance equations:
Yirha = v Xp0r + (1 —w) VIS,

Vs kaeed + X"]f:eed = 14 kaeed-‘rl + vy s X]ieed—l + (1 - Vs) )(,icn7 (14)

strip  __ strip strip
Xp =wY, "+ (1—ws) X

fork=1,....m L =1,...,u and [, = 1,... P,
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— The auxiliary variables constraints:

V-D and v, = v
1% V4B

— The aggregated phase equilibrium equations:

Vy =

k r r
yrect _ ZJ 10‘J(Xflcrt Xje—cfz )
- rec rect
I A e
feed __ 195 (X X
Yk — Z;z T (Xf:cd Xfc:d) bl
strip __ Z —1 % (XJS l:p Xj 1‘llpl )

k,ls STy (X XEP) )

fork=1,...,n, 1, =

(16)

1,...,u°% +1and Ig = 1,...,u""P 4+ 1. Note that

in this case also the index j is used to indicate the respective aggregated

components in the sums.

— The aggregated constraints for the total condenser/reboiler:

Xdlst Yrect and XEOt _ thilp’ k=

— The aggregated coupling conditions:

rect

u
feed-1 § rect y-rect
Xk == Blr Xk,lr7 kzl,
=1
wrect
feed __ § : rect yrect _
Xk‘ - ﬁlr Xk,lrJrl? k—].,...
=1
btrlp
t t
yfeed+l = N7 gitrivystrie =
ls=1
uStriP
feed __ strlp strip o
Xfeed = N7 g etin g =1,
ls=1
urect strip
t
lcol _ E Brectl + 2 : 515 rlpl + 1
=1 ls=1
urect
rect rect
E Blr = 1a ﬁlr € {Oa l}a
=1
S(’rip

ST =1, g e{0,1}, k=1,....u

ls=1

— The aggregated purity constraints:

1,...,n.

Xgist Z 7T_dist and (1 _ X};Ot) Z 7_l,bot.

(17)

(18a)

(19)
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— The objective function:
cost = MV + Xl 4+ A3(\yV + A5 B)I!
+ XMV 4+ AsB)7 (A1 4+ Ng)™2 (20)
+ MMV + AsB)21e,
with coefficients as specified inTable

The resulting reformulated mixed-integer nonlinear optimization problem is
given by

min (20) s.t. — ([19). (21)

It turns out that the concentration variables of each aggregated compo-
nent show the desired monotonic behavior, i.e., the overall molar fraction of
all components above each possible split position o € {1,...,n — 1} change
monotonically throughout the distillation column. This is illustrated in Fig-
ure 2| (b), and will be proven in Section 4.

4 Monotonicity of the Aggregated Concentration Profiles

In this section we prove that for each aggregated component, the correspond-
ing concentration variables introduced in Section 3 behave monotonic through
the distillation column. We refer to a sequence of liquid or vapor phase con-
centration values of an aggregated component as a (concentration) profile.

In what follows, we investigate the restrictions of each such profile to the
stripping section and to the rectifying section separately. Subsection 4.1 deals
with the stripping section. We show that each profile is non-decreasing when
considered from the bottom to the top. For the rectifying section discussed in
Subsection 4.2, we first apply a suitable transformation. That transformation
traces the profiles restricted to the rectifying section back to the case of profiles
restricted a stripping section. We then conclude that each profile also behaves
non-decreasing in the rectifying section from bottom to the top.

As the coupling conditions ensure that, for each profile, the parts
restricted to the stripping section and restricted to the rectifying section must
coincide at the feed tray, we finally obtain that each profile of an aggregated
component runs monotonically through the whole distillation column.

4.1 Stripping Section

We omit superscript “strip” and denote by X := (Xk 1 )k=0,....n, lo=1, .. u+1
and Y = (Yi1 )k=0,. n,1.=1,. ut+1 the matrices consisting of all liquid and
vapor phase concentration variables w.r.t. aggregated components (including
the dummy one) and restricted to the stripping section.

With this notation and combining the phase equilibrium equations
with the component mass balance equations , we obtain the following
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subsystem that is satisfied by every feasible solution of our distillation column
model from Section 3.

e (X —Xm1) .
= =T REUEAR R S N

ls=1,...,u,
0< Xl,ls S XQ,ZS S S Xn,l57 lS = 1,...,’U/+17 (22)
XO,lS:07 X’n,ls:l; lszl,...,u+17

X ¢ ROt =gy e [0, 1].

For our analysis, the following remarks are worth to mention.

— In System , we impose that all variables X, , kK > 1, are strictly
positive. This assumption can be made with out loss of generality. Indeed,
when X} ;. = 0 holds, for some & > 1 and some [, the recursive formula
already implies that the concentration of component k is zero at every
position in the stripping section, and, hence, in the entire column. In that
case we can exclude component k from our considerations.

— To keep the notation simple, we define the following expressions to denote
the denominators appearing in System .

NL(X) = (X, = Xjo10), L=1,...,u+L

j=1

Note that N; (X) > 0 holds for all X such that there is a v € [0, 1] with
(X, v5) being feasible to System (22)).
— Finally, we observe the identities

k k—1
D1 (X, — X)) = 20500 Xy (o — o) + X

fork=1,...,nandls =1,...,u+1, that we will frequently use throughout
the proofs.

For a solution (X, 1) feasible to System (22)), we will next show that for
each aggregated component k = 1,...,n, the sequence {Xj . fill is non-
decreasing. More precisely, we will prove a more general statement implying

the desired property.

Theorem 1 Let X € RHDXWH) gnd v, € [0,1] be feasible to System
for some a € R™ with a; > ag > -+ > a, > 0. Then,

X1 — Xg,

> X141 — X1, (23)
Xkl

\ X411,

holds fork=1,...,n—1 and forls=1,... u.
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Proof The statement is proven by induction on ls. We first consider the case
with Iy = 1. For an arbitrary k € {1,...,n — 1}, System yields
k
> je1 (X1 — Xj11)
Ny (X) Xpa
k+1
(EJL aj(Xja = Xj-11) 1)
Ni(X)Xpq11 ’

Xio— Xp1 = Vst,1< — 1) and

Xiv12 — Xit1,1 = Vs Xpy1,1

or equivalently

k
Xgo—Xk1 Vs > e o( X — Xjo11) .
X1 N (X) X1 >

k41
Xit1,2 — Xpy11 _ Vs > e (X — Xj-11) .
X111 N (X) Xky11 °
Thus, in order to prove our statement for [; = 1, we show that
k k+1
2j=10(Xgn = X)Xy (X — Xj)
X1 - Xiyi11

)

ObSGYVil’lg that Xk+1,1 2 Xk,l and Z?:l aj(Xj,l - Xjflyl) - akJr]Xk’l Z 0
hold, yields

k k
S o (X — Xjo1a) 20X = X 1) = app X

— + Oék+]_
Xiy11 Xiy11

k
< 2= — Xiw) — ok Xio
= O41

Xp1
k
> e (X — Xj11)
- )
X1

i.e., for Iy = 1, the statement holds for k. =1,...,n — 1.
Now assume that, for some Iy > 1, the statement is true for each k =
1,...,n— 1. We will show that for /5 + 1 the statement is then true for each
k=1,....,n — 1 as well. For this, we define my := )(‘inl,l for each k =
1,...,n. By our induction hypothesis, we have that my 2 my1 holds for
k=1,...,n—1.

Next, the values of the terms Xy ;. 41 — Xk, and Xpq1,,41 — Xpk41,, are
compared. Using the recursive formula and the definition of my, we obtain for
Xk,ls+1 — Xk,ls that

k k
y (Zj_l o (Xj, — Xjm1,) D=1 @ (Xju—1 — Xj1,151)> _

)

N (X) Ni,1(X) (24

N (X) N1 (X)

k Xijig X1,
(Zf=1 (X, — Xjo10) 2= ( st gt ))
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Moreover, we have that

k k
i 05 (X — X X X.
Zj—l J( Jils J 17ls) SZ%’( Jls A 1,ls)
m;
j=1 7

mi mj;—1

k
> 0 ( X, — Xj-10,)
my ’

By the intermediate value theorem, there must exist some m € [my, m1] with

mij—1 m

k
Zk Xjoo Xjoan\ | 2oj—19(Xju — Xj10)
Oéj — = . (25)
T mj
j=1

Combining formula with formula gives rise to

Xptor1 — Xk,

k
1 1
=14 o (X0, — Xi— ( — = )
; ]( Jsls J 1ylA) NlS(X) leS—l(X) (26)
. S (X, — Xj—l,zs)( 1 1 )
T Xk 1, N (X) MmN (X))

Again, using the recursive formula and the definition of my, the second
term can be rewritten as follows.

Xt 1,141 — Xet1,0,
k
(Zj—l (X1, — Xjo1.) + appr(Xegag, — Xer)

’ N (X)
oo (B = T ) o (B - X
Ni-1(X)
k Xits _ Xj—1s
_, (Zf—l 0 (Xja, — Xjm) = (G — S )>
’ N (X) Ni—1(X)

Kit1,ts Xkl

+ v, ((O‘k+1(Xk+1,ls — Xia) (G - )>

N, (X) Ni,—1(X)
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Using formula and the fact that mp41 < my < m holds, we can further
estimate

Xi10o+1 — Xit1,0.

k
1 1
= Vg OZ'(X'JS —X‘,Lls) — —
j; Y ’ (NZS(X) les—l(X))

Xk sls X t,ls
((ak+1(Xk+1,ls — Xpr)  en(Gany® — S
; N (X) Ni1(X)

k
1 1
< Z/SZO(]‘(X]‘,[S - Xj_l,ls)(Nl (X) - mN, 71(X))
=1 : )
(1 (Xgrt, = Xior,) Qg1 (Xogrr, — X))
s( o 7, )
N, (X) N1 (X)
k+1 1 1
= Vs;aj(Xj,ls - Xjfl,ls)<le(X) B les_l(X))'

Finally, we exploit that Xy, > X, and that Z?Zl (X, — Xj-10,) —
o+1Xg,1, > 0 holds. This yields

Xit10o+1 — Xkt1,1,

Sy 0 (X, — Xjo1a,) — g X,
< Xk+1,lsys( =0 ! + Oék+1>
Xy,
(37 —%)
N (X) MmN, -1(X)
Zkz o (X, — Xi10,) — ap1 Xk, 1. (27)
< Xk+1,lsl/s( =L ! — + Oék+1>
Xk,
(37 —7)
N (X)  mN,-1(X)
i (X, = Xjoa0) 1 1
- R
X, N (X) MmN, 1 (X)
From formulas and (27), we can deduce that
Xito+1 — Xk, S Xit1,0.+1 — Xkt1,1
X1, - X1,
holds. O

We are now able to prove that the concentration profiles behave non-
decreasing through the stripping section.

Corollary 2 Let (X, vs) be a feasible solution to System for some o € R™
with vy > ag > -+ > ay, > 0. Let 'Y be the matriz consisting of all vapor
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phase concentration variables Yy that are implied by X through the phase
equilibrium equations . Then, for each aggregated component k =1,...,n,
both sequences { Xy, }'2) and {Yi,, Z‘ill are non-decreasing.

Proof By definition, we have that X,,;, =1 holds for Iy = 1,...,u + 1. Thus,

the statement holds for k = n. For each fixed l5 € {1,...,u}, we obtain from
Theorem [I] that
Xijgo+1 —Xu > Xojg.+1 — Xoy, > Xojgo+1 — X, _o
X1, Xa. X,

By assumption X;;, > 0, for k =1,...,nand Iy = 1,...,u + 1, it follows
that X ;.41 — Xg,, > 0, for all £ = 1,...,n. This proves the statement for
sequence {X k,ls}?;ll.

Using the equations , and Xy 42 > Xk .41, for all k and s, we can

further derive, for all k =1,...,n and Iy = 1,...,u**"P, that
VYt + (L —vs) Xp1 > Y, + (1 —ve)Xe1 < ve(Yii+1 — Yeu,) > 0.

This implies that Y ; 41 — Y%, > 0 holds for vs > 0. Moreover, if v = 0, then

we can deduce from the equations that X1 = X2 =+ = Xgyus1. By
phase equilibrium equations , it follows that Y1 =Yg 2 =+ = Yi ut1-
O

4.2 Rectifying Section

Next, we prove monotonicity for the profiles when restricted to the rectifying
section. We omit superscript “rect” and denote the matrices consisting of
all liquid and vapor phase concentration variables of aggregated components
(including the dummy one) and restricted to the rectifying section by X :=
( Xk, )k=0,....n, 1i=1,....u+1 ad Y := (Vi1 Jk=0,....n, 1,=1,... u+1-

Recap that in our model description the trays in the rectifying section
are labeled from top to bottom. For this labeling, we show that the sequences
{ Xk, fill and {Ykl};‘ill are non-increasing for every k = 1, ..., n. Therefore,
the profiles considered from the bottom to the top are non-decreasing.

In order to derive a system for the rectifying section that corresponds to
System of the stripping section, we need the well-known inverses of the
phase equilibrium equations . For each aggregated component k£ > 1 and
for each tray [,, they are given as

k _

¥ Zj:l Q; 1(Yj,lr —Yj_11,)
ki, = —

Sy (Y, = Y1)
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Using , we obtain from the component mass balance equations the
following subsystem

k —1

o (Y, —Y-10,)

Y, po =t % il 7ol
kbt o (Y —Yio1n)

—|—(1—l/r)Yk,1, k=0,...,n,

=13
L,=1,...,u,
0<Y1,lr§}/2,lr§"'gyn,lra lrzla"'au+17 (29)
Yo.,=0, Yo =1, L=1,...,u+1,

Y € ROHDx(utl) v € [0,1],

that must be satisfied by every feasible solution of our distillation column
model.

Now, we make use of the following transformation rules.

U = u, Vg 1= 1y,

Vir = (1= X, g2),
NG ’ k=0,....,n, I=1,...,u+1, 30
Xy =1 =Y k), (30)

)

A e o1 _
Gk 1= Qi1 g k=1,...,n.

These rules allow us to restate System equivalently as follows (see Ap-
pendix A, for details).

Xk,l-‘rl = Uy gizi zji;?i:zz:?j; + (1 - ﬁS)Xk,h k= 0,...,n,
N I=1,...,4,
0< X1 <Xoy <o < Xy, I=1,...a+1, G
X0y =0, X, =1, l=1,...,49+1,

X e ROHDx@H) 50 e [0, 1].

Note that index k appears in the variables X %, in reverse order compared with
the variables Y} ;.. Therefore, we have that in reverse order

01> by > > by >0

holds when a; > as > -+ > «a, > 0 in the original order. This means that
System satisfies all conditions of Theorem [1j and Corollary [2, We can,
hence, conclude that, for every k = 1,...,n, both sequences {Xk’l}fjll and
{)A/k,l}?jll are non-decreasing. Using the transformations rules , again, we
can draw the following conclusion.

Corollary 3 Let (Y,v,) be a feasible solution to System for some o €
R™ with oy > ag > -+ > a, > 0. Let X be the matrix consisting of all
liquid phase concentrations variables Xy, ;. , that are implied by Y through the
phase equilibrium equations (28). Then, for each aggregated component k €
{1,...,n}, both sequences {thr}}fill and {Xk,lr}l“;ll are non-increasing.
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5 Domain Reduction Techniques

In this section, we use the results from Section 4 to derive a problem-specific
bound tightening strategy for our distillation column model associated with
the aggregated components (Subsection 5.1). For this, we adapt the arguments
used in previous work [2] for binary mixtures to the multi-component case with
aggregated components. In Subsection 5.2, we moreover restate a method to
derive additional bounds on the aggregated concentration variables by com-
puting the fixed points of the concentration profiles. This method has already
been applied in [15] to the binary distillation case. Both techniques are imple-
mented in global optimization software and their impact is computationally
evaluated in Section 6.

5.1 Bound Tightening Strategy

The monotonic behavior of the aggregated concentration profiles together with
the aggregated component mass balance equations allow us to propagate given
bounds on the aggregated concentration variables at a certain tray to the
aggregated concentration variables associated with an adjacent tray.

For this, recap that, for every k = 1,. .. n, the aggregated component mass
balance equations

rect _ rect rect _ rect
Yoty = Xp + (1 — ) Vi, I, =1,...,u"e°",

strip __ strip strip _ stri
Xem =vwY, "+ 1 —v) X", s=1,...,u"P

associated with the trays in the rectifying and stripping sections form two
families of recursive functions (one for each section). By analyzing the partial
derivatives, one can show that in both cases the recursive functions behave
monotonic in each of their arguments (see also [2] for the binary case). The
analysis is mainly straightforward. Only the partial derivatives

e Xiiin ~ -
sbr — X]gelct _ k}reft and sbs — Ystrlp _ Xstrlp
oy s ’ Ovg kol k.1
need special attention. For these, we remark that the monotonicity of the
concentration profiles ensures for each aggregated component k£ = 1,...,n
that
Xrect < Xrect l _ 1 rect
ki, = k1> r=4...,U )
(32)

strip strip _ strip
ARSI RS WAL

hold. As X}, ;. > 0, we moreover observe that the phase equilibrium equations
can be restated as follows:
xrect  yrect
k July 2lr
Voo | e —
YkreiCt _ X]l;elct 2771 ! (XI‘;e,lCrt Xre?: )

(33)

Xrelct Xrecf !

rect k . doly T g=1,1lp n . rect _ yrect

X i1y Xreer ~ xrect 2 1 @ (X5 =X )
r r
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Note further that the numerator in equation is a convex combination
of parameters aq,...,a. From ap < ap_; < --- < «y, it follows that the
numerator is greater or equal to ay. The denominator is a convex combination
of the numerator and parameters agy1,...,0,. As o, < -+ < gy < ag, we
can conclude that the fractional term in the right-hand-side of equation
is greater or equal to one. This implies that Y,/ > X} In a similar way,
we can verify that Yksflrsip > th?p holds. Combining these results shows that
aykr,ezit+1/8ur < 0 and 8th,§;il/8us > 0.

Thus, given bounds on the arguments in can be used to compute
bounds on the aggregated concentration variables associated with the consec-
utive tray via standard interval arithmetic (e.g., see also [12]). The resulting
formulas are stated in the following two lemmas, where Lemma [4| addresses
the stripping section and Lemma [5]| deals with the rectifying section. In both
lemmas, superscripts “strip” and “rect” are neglected in order to keep the
notation simple.

Lemma 4 (Stripping Section)
Consider anyls € {1,...,u} and k € {1,...,n}. Assume further that vs ranges
on [Vl v¥], Yy, ranges on [Yéf}s,qui} and that Xy 1 ranges on [X,lc"’l,X,:pl}.

s17s

1 up :
Then, lower and upper bounds X;% ., X} 11 on Xy 41 are given by
lo _ lovylo lo lo up __ L upySup up up
Xk,ls-'rl = I/s k.l + (1 — VS )Xk,‘,l’ Xk?,lb+1 = VS kals + (1 — VS )Xk,l'

Lemma 5 (Rectifying Section)
Consider anyl,. € {1,...,u} andk € {1,...,n}. Assume further that v, ranges
on [V}, V], Xy, ranges on [X}% , X | and that Y1 ranges on [V}, V']

roYr

Then, lower and upper bounds Ykl,olr+17 quﬁ-ﬂ on Yy 1,41 are given by
lo _ L upvylo up lo up _ oy up lo up
Yo, =vP X0, + (A=), YT = X1, + (1-v, )Ym.

It is worth to mention that the equations do not hold for the variables
used for the molar fractions in the original model formulation from Section 2,
e.g., see molar fraction profile of second component (blue-colored dashed curve)
in Figure [2| (a). Thus, Lemma [4| and Lemma are not applicable in that case.

The purity constraints already provide (strong) valid bounds on the
concentration variables at the condenser and, hence, at the first tray of the
rectifying section as well as on the concentration variables at the reboiler and
the first tray (in our ordering) of the stripping section. Starting with these
bounds, our next goal is to propagate bounds on the concentration variables
tray by tray through each section by repeatedly applying the formulas for
bound calculations from Lemma [4] and Lemma [f] This procedure defines the
bound tightening strategy.

However, a re-use of the formulas from Lemma |4 and Lemma [5| will make
it necessary to translate bounds on the aggregated concentration variables
associated with the vapor or the liquid phase into valid bounds on the aggre-
gated concentration variables in the other phase. This is achieved by exploiting
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the phase equilibrium equations and their inverses , respectively, and
leads to the formulas as given in Lemma |§| (for the stripping section) and in
Lemma [7| (for the rectifying section). Again, superscripts “strip” and “rect”
are omitted to keep the statements easy to read. The proofs are postponed to
Appendix B.

Lemma 6 (Stripping Section)
Letls € {1,...,u+ 1} be fized. Assume further that, for every k = 1,...,n,
lower and upper bounds X,i?ls, X;:ﬁs on Xy, are given, where

Xl < Xloy, and X < X® ., hold fork=1,...,n— 1.

Then, for each k, lower and upper bounds Y, kl , qui on Yy, are given by

k a a k b
yio _ Zj 1aj(X i _Xjklzs) and VP — ZJ 1a](X 1, kall)
s Z] 1O‘J(Xak Xgaku) ol Z] 1aj(X]l')§g ijkll )’
where we define for j =1,...,n
Xk .— lolvifjgkv and ka — X?§)72fjgk7
gils X“p ifj >k Jls max{X, 7 , X9}, if j > k.
YR ; o X59, J

Lemma 7 (Rectifying Section)
Let 1. € {1,...,u+ 1} be ﬁxed. Assume further that, for every k = 1,...,n
lower and upper bounds Ykl , Yl:i on Yy, are given, where

Vi, <Yy, and YT <Y hold fork=1,...,n—1.

Then, for each k, lower and upper bounds X,lc‘flr, X;"Zr on Xy, are given by

k -1 k —1/vb b
X]iol _ Zj:]_ O[j (}/jalk _ }/jakl I, ) and X]::“Z _ Zj:]. O[j (}/jf, - }/jfl’l7.)
A n 1 dr 1 b b )
Dy (YL =Y ) 21 1(ij1 —Y%)
where we define for j=1,....n
yar . min{yj“lp,ym I Z:fj <k, and v _ ]ul , Z.fj <k,
P o ifi >k, e\ i G2 ke

5.2 Fixed Points

A further way to tighten the model formulation from Section 3 is to determine
the fixed points from the recursive functions given by the component mass
balance equations and the phase equilibrium equations . Corollaries
and |3[imply that, for each aggregated component k, the four infinite sequences

{ Stnp}l €Z>1’ { St“p}l €Z>1 and {XreCt}l €Z>1 { krEiCt}l €Z>1
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must converge since they are monotonic and range on the bounded interval
[0, 1]. Due to the monotonic behavior, the limit of each sequence further pro-
vides either a lower or an upper bound valid for each element of the sequence.
As done in [I5] for the binary case, we can exploit that property by incorpo-
rating, for each k = 1,...,n, the following (redundant) nonlinear constraints
to the aggregated model formulation.

strip,x __ strip,x strip
X, = 1Y, +(1- l/S)Xh1 ,

S o (XS — X

Ystrip,* —
k Zn '(Xstrip,* B Xstrip,*) ’
j=1 QA j—1
strip,x strip strip,x strip _ stri
X, ZXk,ls , Y, EYk,ls , ls=1,...,u%"P +1,

rect,x __ rect,*x rect (34)
Y, =X, T+ (1 =),
k _ , :,
Xrect,* o ijl aj 1(Y'jrect * ericl *)
k Z;‘lzl Oéj—l(}/jrect,* — Y;-rjclt’*) s

X}l;ect,* S X]l;?lcrt’ Y]jeCt’* S Ykr,elft7 lr — 17 e urect + 1.

We however remark that, in general, the fixed points lead to weaker bounds
than the bounds that can be obtained by the bound tightening strategy. This
holds as the bounds obtained by the bound tightening strategy are monotonic
with respect to the section lengths and also bounded by the fixed points.

6 Computational Studies

In this section, we computationally evaluate the impact of the presented tech-
niques on the performance of global optimization software. For this, we con-
sider several numerical test instances dealing with ideal multi-component dis-
tillation processes. The objective of all instances is to find an optimal column
design w.r.t. cost function that separates the more volatile components
from the less volatile components.

6.1 Test Setting

We consider 16 test instances. The reference test instance ref consists of a mix-
ture of n = 4 components with initial composition xt“ = % fori =1,2,3,4, and
with the constant relative volatilities (aq, a2, a3, aq) = (6,4,1.2,1). The num-
ber 1°°! of trays that can be used in the entire distillation column is bounded
by 25. Every section consists of at least one tray, so that the upper bound on
the number of trays used for the rectifying as well as for the stripping section
is given by u'®°t = y5"P = 23, Molar flows F, B, D and V are given in terms
of mols~!. The feed molar flow F is fixed to 1, while the remaining molar
flows are variable and may range as follows: 0 mols™' < V < 20 mols™!,
0 mols™' < B,D < 1 mols~!'. We choose the split o to be 2. Recap from
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Section 3 that ¢ defines the more volatile single components (1,...,0) with-
drawn from the condenser and the less volatile single components (o+1,...,n)
withdrawn from the reboiler. With respect to split o, we call the components
o and o + 1 key components, while the others are called non-key components.
The purity requirements are given by 7dist = 7Pot = .99,

The remaining test instances are defined by changing the values of several
parameters, resulting in five groups of further test instances that are briefly
explained, next.

The first group is defined by varying the constant relative volatilities for
the non-key components from the reference instance. The specifications are
given in Table

Instance adis1 adis?2 adis3

(o1, 00,03, 04)  (12,4,1.2,1)  (12,8,2.4,1)  (24,8,2.4,1)

Table 3: Specification of test instances with change in the distribution of
volatilities

The second group consists of two further instances for that the split o is
changed. Moreover, the constant relative volatilities are adapted in such a way
that the ratios between the volatilities of the key components are the same as
in the reference setting. Table [4] shows the concrete specifications.

Instance aposl apos?
o 1 3
(1,2, 03,4) (6.67,2,1.5,1)  (8,5,3.33,1)

Table 4: Specification of test instances with changing o

In the third group, we change the initial composition of the mixture as
given in Table

Instance conl con2 cond

in ..in ..in .in
($1733271'3a$4 (

Table 5: Specification of test instances by varying the initial composition of
the mixture

Group four consists of the test instances, for that we vary the purity re-
quirements on condenser and reboiler. In addition, we adapt the constant
relative volatilities in order to keep the separation processes approximately as
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difficult as the separation process of the reference instance. Table [6] provides
the specific setting for the changed parameters.

Instance purl pur? pursd

(mdist gbot) (0.95,0.95) (0.99,0.95) (0.95,0.99)
(a1,02,a3,4) (3.64,2.42,1.2,1)  (4.62,3.08,1.2,1) (4.62,3.08,1.2,1)

Table 6: Specification of test instances with different purity requirements

Finally, we define a fifth group of test instances in which different numbers
of components are considered. For each such instance, we adapt split o, initial
composition and relative volatilities accordingly, as summarized in Table [7]

Instance compl comp?2 comp3 comp4
n 2 3 5 5
o 1 1 2 1
i i 11 111 11111 111 3 3
(l711"7---795’7?) (575 (57171) (171717515) (57171*0»4*07@
(a1,...,an) (3.33,1) (4,1.2,1) (6,4,1.2,1.1,1) (6.67,2,1.5,1.2,1)

Table 7: Test instances where the number of components is changed

6.2 Problem Formulation

For each instance, two MINLP formulations are derived. The first formula-
tion, called MINLP-0O, is based on the original distillation column model @D as
presented in Section 2. The second formulation makes use of the model formu-
lation with aggregated concentration variables as introduced in Section 3
and is called MINLP-A. Additionally, we apply several different solution strate-
gies to MINLP-A. The first strategy, indicated by w/Mo, adds the (redundant)
conditions on monotonicity from Corollaries[2land [3] The second strategy takes
the fixed-point equations into account and is labeled by w/Fiz.

All formulations have been implemented using the following standard refor-
mulation techniques. Due to their redundancy, all variables that are associated
with the (corresponding) last component n as well as the variables z{st, zbot
i =1,...,n, and XJ" XPot k = 1 ... n, are eliminated. Moreover, each
rational function appearing in one of the model constraints is expanded by its
denominator and restated by polynomial constraints.

Note that the coupling conditions and involve quadratic terms
including binary variables. We use a standard approach to linearize these types
of equations. We applied several different linearization techniques and found,

)
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based on preliminary computations, that the following one is best suited for
our cases. Consider the first line of the equations ({18a))

rect

u
feed-1 __ rect yrect
Xk _E Blr Xk,lr7
=1

for afixed k € {1,...,n}. Using that Zf:lt 81t = 1 holds, we can reformulate
the equation as follows.

rect y-feed-1 rect yrect rect
IBlr Xk‘ :ﬁlr Xk,lr’ lr:1,...,u .
Next, we introduce a new variable Cy, for [, = 1,..., 4" and demand

__ prect yfeed-1 __ prect yrect _ rect
C, =B X 7, CL =B X50, lp=1,...,u™%

For every I, = 1,...,u" these two quadratic equations are linearized in the
following well-known way.

Clr Z ﬂ;rect + Xlieed—l o 1’ Clr 2 ﬁlrrect + X]l;?lcrt _ 17
Clr S ﬂlrrect7 Clr S leieed—l7 Clr S Xlg?lcrt'

The remaining equations in (18a) and are handled analogously.

All computations are carried out on a 3.00GHz Intel Xeon E5450 Processor
with a limit of 30 GB memory space for each run. Moreover, running time is
limited to 24 hours and the relative optimality gap is chosen to be 1074,

In order to compare different solving strategies for our test instances, we
utilize a standard performance measure. It is given by the geometric mean of
the solution times for each instance relative to a reference strategy. We will
use this as an auxiliary tool in our analysis without relying solely on it, as
the number of test instances is quite restricted. For calculating the average
solution time, we use 24 hours for all instances that have not been solved
during the time limit.

6.3 Results using SCIP

All MINLPs are implemented and solved with SCIP 3.2 [I] using CPLEX 12.6.0
[14] as LP-sub-solver and IPOPT 3.12.4 [27] (incl. HSL-routines MA27 and MC19
[13]) as NLP-sub-solver.

By using SCIP we are able to apply a third solution strategy to MINLP-A.
Therein, the bound tightening procedure as described in Section 5 is used at
every node in the branch and bound tree. This is achieved by implementing
a domain propagation routine as an own constraint_handler in SCIP. The
label w/BT indicates that the bound tightening strategy is switched on.

Our computational results are summarized in the Tables [§] to [L1} Table
shows the running time in CPU minutes for all instances that have been solved



26 Nick Mertens, Christian Kunde, Achim Kienle, Dennis Michaels

in the time limit of 24 hours. Table[9] displays the total number of Branch-and-
Bound nodes needed in the solving process for these instances. Table [I0] lists
the relative gap between upper and lower bound in percentage after 24 hours
for all instances that have not been solved in this time. Table [[I] shows the
geometric mean of the solution times for each instance relative to the standard
formulation MINLP-O and to other formulations, respectively.

Ex. MINLP-O  MINLP-A  MINLP-A  MINLP-A  MINLP-A MINLP-A
w/Mo w/Mo,Fix w/BT w/Mo,BT
ref - 95 61 90 9 6
adis1 280 - 88 123 24 13
adis2 - - 372 122 26 8
adis3 - - 34 40 13 12
aposl 249 - — 92 15 12
apos?2 - 51 34 20 5
conl 232 15 30 74 6
con? - - 36 127 25 45
cond 1038 97 134 - 19 10
purl - - 658 405 64 32
pur2 - - 1331 110 21 12
purs 1373 462 71 - 57 13
compl 1.1 0.4 0.5 0.4 0.2 0.1
comp? 12 14 33 28 3 1
comp3 - 157 290 - 41 46
comp4 481 - 443 - 32 20

Table 8: Running time in CPU minutes using the SCIP framework. Label “—
” means that the problem was not solved during the time limit of 24 hours.
The lowest running time for every instance is highlighted.

First we compare the original formulation (MINLP-O) to the aggregated
one (MINLP-A). By using formulation MINLP-O, eight of the sixteen instances
are not solved to global optimality within the time limit (see column 2 of
Table . The same holds when formulation MINLP-A is used, but with a dif-
ferent subset of unsolved instances (see column 3 of Table . Comparing the
two columns, we see that among all instances that are solved by both formu-
lations, using formulation MINLP-A leads to a lower running time for all but
instance comp?2, and to a lower number of Branch-and-Bound nodes needed for
all these instances (see columns 2, 3 of Table[J). Among all instances that are
not solved by both formulations, the remaining optimality gap is significantly
lower when formulation MINLP-A is used (see columns 2, 3 of Table [10). On
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Ex. MINLP-O  MINLP-A  MINLP-A  MINLP-A  MINLP-A  MINLP-A
w/Mo w/Mo,Fiz w/BT w/Mo,BT
ref - 148 100 119 10 7
adisi 393 - 118 153 31 19
adis2 - - 558 217 31 9
adis3 - - 61 64 16 16
aposl 392 - - 123 19 17
apos?2 - 91 53 34 5
conl 346 19 47 95 6 5
con?2 - - 61 180 31 47
cond 1539 125 216 - 21 12
purl - - 920 514 60 35
pur2 - - 2285 151 24 13
purs 1526 623 110 - 55 14
compl 18 4 5 4 1 1
comp?2 49 48 133 96 8 5
comp8 - 111 219 - 28 24
comp4 327 - 417 - 22 16

Table 9: Branch-and-Bound nodes needed in 1000 for solving the problem
using the SCIP framework. Label “~” means that the problem was not solved
during the time limit of 24 hours. The lowest number of nodes needed for
every instance is highlighted.

average, the running time is reduced to 51.3% as shown in row 2 of Table
These observations suggest an advantageous behavior of formulation MINLP-A
during the solving process. However, we need to mention that applying the
reformulation alone does not always lead to an improvement, since three of
our test instances are solved by using formulation MINLP-O but not by using
formulation MINLP-A.

Next, we discuss the influence of adding the redundant monotonicity con-
straints (w/Mo) to our model formulations by examining the differences be-
tween columns 3 and 4 of Tables [§ and [0} For five of our test instances, the
influence is negative for both running time and number of nodes needed in
the solving process, while the opposite holds for ten instances. Only instance
aposl1 is not solved by formulation MINLP-A w/Mo, but still the remaining op-
timality gap is lower than the one obtained by using formulation MINLP-A.
The average running time is reduced to 42% by using MINLP-A w/Mo instead
of MINLP-A (row 3 in Table. Thus we can conclude that the positive influ-
ence of the additional constraints for a wide subset of our instances dominates
the negative influences. A similar result can be obtained by comparing the
columns 6 and 7 of Tables [§land [0} All but two instances have a lower running
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Ex. MINLP-O  MINLP-A  MINLP-A  MINLP-A  MINLP-A  MINLP-A
w/Mo w/Mo,Fiz w/BT w/Mo,BT
ref 18.36 - — _ _
adisi - 0.33 - - _
adis2 13.02 8.15 — - _
adis3 13.44 0.26 - - _
aposl - 0.27 0.02 - -
apos?2 18.25 - - — _
conl - - — — _
con? 6.11 0.11 - — _
cond - - - 0.33 - _
purl 11.07 0.10 - - _
pur2 20.97 7.9 — _ _
pur3 - - - 1.17 - -
compl - - — — _
comp?2 - - - _ _
comp3 22.62 - - 0.03 — —
comp4 - 0.02 - 0.03 — -

Table 10: Relative gap given in percentage after 24 hours using the SCIP
framework. Label “~” means that the problem was solved with a gap lower
than 0.01%.

relative MINLP-O  MINLP-A  MINLP-A  MINLP-A  MINLP-A  MINLP-A

to w/Mo w/Mo, Fizx w/BT w/Mo,BT
-O 100% 51.3% 21.7% 27.1% 2.9% 1.9%
-A - 100% 42.3% - 5.6% -
w/BT - - - - 100% 66.2%
w/Mo R - 100% 125.0% - 8.8%

Table 11: Geometric mean of the running times relative to selected reference
formulations using the SCIP framework.

time and all but three instances have a lower amount of nodes needed when
the additional monotonicity constraints are added. The average running time
is reduced to 66% in this case (row 4 in Table .

Now we analyze the influence of the fixed point equations (w/Fiz). For this,
we consider the columns 3 and 4 in the Table [§] For two instances (aposl,
pur2), this influence is significantly positive while in four other cases (con3,
purd, comp3, comps ), the respective instances could not be solved in the time
limit. For all other instances, the influence on running time and nodes needed
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(Table E[) is very mixed and differences are not as significant. The average
running time by adding the fixed point strategy is increased to 125% (row 5
in Table . We conclude an overall small, but rather negative influence of
this solving strategy, with a huge impact in some special cases.

At last we focus on our main contribution in terms of algorithmic impact,
which is the problem specific bound tightening strategy (w/BT). Note that the
two solving strategies using this method (columns 6 and 7 in Tables [§] and E[)
are the only ones able to solve all our instances to global optimality during
the given time limit. Furthermore, one of these two strategies is always the
best in terms of both, running time and Branch-and-Bound nodes needed. By
comparing the columns 3 and 6 in Table |8] we can see a huge improvement
in running time by applying the bound tightening strategy to the aggregated
model formulation. On average, the running time is reduced to 5.6% (row 3
of Table . A similar result is obtained by analyzing the influence of the
bound tightening on the model formulation already using the monotonicity
constraints (columns 4 and 7 in Table . The average running time in this
case is reduced to 8.8% (row 5 of Table . These results show a signifi-
cant performance improvement by applying our developed bound tightening
strategy during the optimization process of ideal multi-component distillation
columns.

To summarize the analysis, three of our four proposed solution strategies
have a positive influence on the performance of SCIP on our test set. These
strategies are the aggregated reformulation, the monotonicity constraints and
especially the bound tightening. If we add all three strategies and compare
them to the original model formulation (columns 2 and 7 in Table [§]) we can
derive an average reduction of the running time to 1.9% (row 2 of Table [11]).

6.4 Results using GAMS:BARON

We finally investigate the computational behavior of another global optimiza-
tion solver on our MINLP formulations. For this, we chose the standard solver
BARON 16.3.4 [24] as provided within the modeling system GAMS 24.7.1[10]. The
solver is used with default settings, CPLEX as LP-subsolver and CONOPT as
NLP-subsolver. We remark that our focus is on the question how the solver
works as a black box on the different model formulations rather than on com-
paring the performance with SCIP.

In the following, we consider the model formulations MINLP-O, MINLP-A,
MINLP-A w/Mo and MINLP-A w/Mo,Fiz as defined in Subsection 6.2. We do not
see a way to implement the bound-tightening strategy in the closed-source en-
vironment GAMS, so that this strategy is excluded from further considerations.

Table [12] displays the running time in CPU minutes and Table [13] displays
the number of Branch-and-Bound nodes needed for the solving process. The
single instance that has not been solved during the time limit using formulation
MINLP-O is indicated by the symbol “~” and has a remaining optimality gap
of 19,46% after 24 hours. Table [14] shows the geometric mean of the running
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times relative to MINLP-O, MINLP-A and MINLP-A w/Mo respectively. Again we
will analyze the influence of the different formulations and solving strategies
one by one.

Instance MINLP-O  MINLP-A  MINLP-A  MINLP-A
w/Mo w/Mo, Fizx

ref 240 201 51 80
adis1 46 103 59 95
adis?2 - 307 131 160
adis3 110 220 114 103
aposl 46 68 36 53
apos?2 131 29 83 41
conl 117 55 41 242
con?2 43 185 23 34
con3 232 174 163 121
purl 376 559 88 78
pur 332 126 190 178
pur3 392 172 36 53
compl 0.8 0.7 0.7 0.4
comp?2 4 14 22 15
comp3 596 156 304 234
comp4 56 182 355 590

Table 12: Running time in CPU minutes using GAMS:BARON. Label “-”
means that the problem was not solved during the time limit of 24 hours.
The lowest running time for every instance is highlighted.

Using the reformulation MINLP-A instead of MINLP-O has a rather insignif-
icant influence on the solution time of our test instances. Nine of the sixteen
instances are solved faster while the other seven are solved slower (columns 2
and 3 in Table . On average, the running time is reduced to 91.4% as shown
in row 2 of Table However, it is important to note that all instances are
solved by using MINLP-A, and that all but one instance needed a lower amount
of Branch-and-Bound nodes.

Next we analyze the effect of adding the monotonicity constraints (w/Mo)
to our model formulation (columns 3 and 4 in Table. Although there are six
instances with a higher running time using this solution strategy, the overall
influence is very positive. On average, the running time is reduced to 66%
(row 3 in Table

Further, adding the fixed point equations (w/Mo,Fiz) to this formulation
has a small negative influence on the performance of the solver on our test
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Instance MINLP-O  MINLP-A  MINLP-A  MINLP-A
w/Mo w/Mo, Fizx

ref 47 11 6 7
adis1 20 13 12 13
adis2 - 37 28 24
adis3 22 11 5 13
aposl 9 7 7 8
apos2 3 0.2 14 3
conl 24 15 8 19
con2 18 30 3 5
cond 53 16 28 5
purl 25 14 5 1
pur 35 7 19 17
purd 46 3 5 0.3
compl 1 0.3 2 0.1
comp?2 3 3 17 5
comp3 18 5 9 8
comp4 12 9 17 12

Table 13: Branch-and-Bound nodes needed in 1000 for solving the problem
using GAMS:BARON. Label “~” means that the problem was not solved dur-
ing the time limit of 24 hours. The lowest number of nodes needed for every
instance is highlighted.

relative MINLP-O  MINLP-A  MINLP-A  MINLP-A

to w/Mo w/Mo,Fix
-O 100% 91.4% 60.4% 69.2%
-A - 100% 66.1% -
w/Mo - - 100% 114.5%

Table 14: Geometric mean of the running times relative to selected reference
formulations using GAMS:BARON.

set. Half of the instances perform better and the other half performs worse in
terms on running time (columns 4 and 5 in Table. On average, the running
time is increased to 114.5% (row 4 in Table .

The differences between the performance of our problem formulations are
considerably smaller using GAMS: BARON as a solver instead of SCIP. Neverthe-
less, we can detect the same general tendencies. The aggregated formulation
has a small positive influence and the monotonicity constraints a significantly
higher one. The fixed point equations tend to reduce the performance of the
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solvers. Unfortunately, we are not able to compare the influence of the bound
tightening strategy on the solver GAMS:BARON.

We observe that some of our instances benefit a lot from our solution
strategies while others are rather disturbed. We assume that this holds for
the following reason. Adding additional constraints on the one hand tightens
the model formulation, but on the other hand increases the problem size. The
respective trade off in terms of solver performance varies among the instances
and leads to the observed behaviour.

7 Conclusion

This article introduced a reformulation of the variables used for mole frac-
tions of ideal multi-component distillation column models. The reformulated
variables turned out to be monotonic, which allowed us to design a bound
tightening strategy and to apply it within deterministic global optimization
software. It was shown that a reduction in running time is already given by
using the reformulated model. Further significant reduction was achieved with
the proposed problem-specific bound tightening strategy. Focus in the present
paper was on simple column configurations and ideal thermodynamics. Future
work will focus on global optimization of more complex column configurations,
including hybrid separation processes as well as non-ideal thermodynamics.
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A Proof of Corollary

We show that applying the transformation rules (30) to (Y,vr) and ai,...,an leads to
System with parameters &1 > &2 > -+ > &y > 0 and with variables X, Us whose
feasible solutions satisfy the conditions of Theorem [1| (and Corollary . Note that feasible
solutions to System are in one-to-one correspondence to solutions feasible to via
the transformation rules . As we obtain from Corollarythat, for every feasible solution

Consider System (29 with parameters a1 > as > -+ > ayn > 0 and variables (Y, 1y).

(X, Us), the sequences {Xk i };ftll with k£ = 1,...,n are non-decreasing, the corresponding

sequences {Yy 1, }}‘rill, k=1,...,n are non-increasing.
The first part of System (29) is given as a combination of the mass balance equations (14))
and the inverted phase equilibrium equations (28)).

Siieg (Y, —Yio1,)

foioy (Y',lr—Yj—l,zr)

Yin+1 = X, + (1 =) Y1 and Xp =

)

fork=1,...,nand l; =1,...,u. We apply the transformation rules (30) to each constraint,
separately. Recap that after the transformation, the components appear in reverse order. To
indicate that, we introduce a new index m :=n — k.

Forallk=1,...,nand alll =1,...,u, we obtain

Yeurn = weXpr+ (L= m)Via & (1= Yigsn) = 1= (wXeu + (1= )Y )
s (1- Yk,l+1) =u(l— Xi,1) + 1—=)(1 - Yi1)-
Thus, the transformation rules yield
Xpgg1r = 0sVia + (1 — 06) Xp 1, m=0,...,n, l=1,...,u. (35)
For the inverted phase equilibrium equations, we further derive that

V=1 X, =1— Z?—1 Ofi(yj,l = Y1) _ Z] k41 Q5 ( —1,1)
’ ' gy (Y= Y1) im0y 1(Yj,l - iju)
. > —kt1 aj_l(l - anj,l - (1- Xn—(j—l),l))
COYe 0= X — (1= X on)0)
Y k1o Kamgmng = Knmgt) g dn—i (Kngr—j0 = Xnoj)
o, o N (X —1y = Xn—j1) Y g1 (K- — Xnji)

holds for every k = 1,...,n and for every [ = 1,...,u. By an index shift p:=n+1 — 5, we
derive the equivalence to the non-inverted phase equilibrium equations (16)).

Y/n—kl _ p 1 p({( {(p—l,l)
Zp:l Bp(Xp,1 — Xp—1,1)

. (36)
. > et Bo(Xpy — Xp_14)

g Ym,l: = = s sz,...,n
EnJrl BP(X prl,l)

l=1,...,u+1

Combining the equations and , we obtain the first line from System .
The second line of System results from the following relation.

Vit > Yoy, k=0,...,n—1 & X, 1, <X, m=1,...,n
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The third line of System trivially holds.

It remains to argue that the transformed constant relative volatilities &m = a(n1+1)7m,
m =1,...,n, are strictly positive and monotonically non-decreasing in the new ordering of
the components. This, however, holds as a1 > - -+ > ay, > 0 implies that
0<al=an < - <azl=a.

Now, we can conclude that any feasible solution to System (31)) satisfies the conditions
of Theorem [[] and Corollary [2} O

B Proof of Lemma [6l and Lemma

We only give a proof for Lemma @ dealing with the stripping section. The correctness of
Lemmam can be shown in a similar way.
In what follows, superscript “strip” is omitted, again.

Proof (Lemma@)
We interpret the aggregated phase equilibrium equations

k
Zj:l aj(Xj;ls - Xjflvls)

Yi 1, (X) =
‘ =10 (X, — Xj-1,)

as functions in the liquid phase concentration variables. For all k,q = 1,...,n and for all
Is =1,...,u+1, we consider the partial derivatives Yk is(X)/6x, ;. where we distiguish the
three cases ¢ < k—1, g = k and ¢ > k + 1. To keep notation short, we introduce constant
ap41 = 0.

For ¢ < k — 1, we obtain

i1, (X)
6XQals
k
~(ag —ag) 2T o (X — X)) 2o (X, — Xjo1)(0g — agq1)
- 2 - 2
(Xm0 (Xj0, — Xj-14,)) (Xho (XG0, — Xj-10,))

(0g — ag1) 205y 0 (Xjug — Xj—1,0,)
J .
(351 (X0, — Xj-1,1,))

As (ag — ag+1) > 0 holds, this derivative is non-negative for all & = 1,...,n and all
ls=1,...,u+1.
For ¢ = k we obtain
Yy (X)  og 2o (X, — Xjo1u,) — 200 g 0 (X0, — Xj-1,1,) (g — vg41)
2
X g1, (XCh1 0 (X0, — Xjo1.))

(37)
g T (X, — Xjon) o 00 0 (X, — Xj-10,)
= = ,
(X5=1 (XG0, — Xj-1,.0.))
which is also non-negative for all g =1,...,nand all g =1,...,u+ 1.
For ¢ > k 4+ 1 we obtain
k
g (X))  — =105 (X — Xjo1,1.) (g — age1) (38)
= o ,
0Xq1, (X710 (X0, — Xj-10))

which is non-positive for all k =1,...,nand all s = 1,...,u+ 1 due to (g — ag+1) > 0.
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This shows that the phase equilibrium equations are component-wise monotonic. There-
fore, we can apply simple interval arithmetic, again, leading to following lower and upper
bounds on the vapor phase concentration variables Y ;_41.

k X ay a k X by by
ylo — =1 G0 = X R) e 2= 2 (XG0 XGE )
s n . ak  _ yOk k,ls ™ b b ’
=105 (XGF = X35 0) S (X =Xk )
where for j =1,...,n
Xlo if j <k X" ifj <k
ag . _ lg> =" b _ Js? ="M
Xils = {Xf‘l’s, i >k 24 X {Xf.ols, if j > k, (39)

We remark that the upper bound YkUIl)S on Yy ;. is not tight when XEI;S > X};} .. holds for

some k' > k. In those cases, we can compute an improved upper bound on Yj ;_ by finding
the maximum of

k
251 05( X5 — Xj-1,1,)
2o (X, — Xj-1,)
restricted to X35 | < Xy, < Xpr g, < X L As 0Yi, (X)/0x5 1, > 0 and 0¥k, (X)/0X s, <

0, it follows that Xk,ls = X}, must hold for a solution on that the maximum is attained.
A comparison of the equations (37) and (38) gives rise to the following relation.

Yi,1, (X) =

Wit (X) 5~ e (X)
axk,ls Fiarai) 6Xj,ls =
This shows that the maximum is attained when Xy ; = X/ ; = X,‘ES. Hence, we can
replace the definition of ij’jb in the equations (39) by

be XM i G <k,

Xjts = { max { X, X191, if 5 > k.

This completes the proof. m}
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