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This paper addresses the problem of determining cost-minimal
process designs for ideal multi-component distillation columns.
The special case of binary distillation was considered in 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, globally. In
the multi-component setting, the mole fraction profiles of single
components may not be monotonic, which is why the bound-
tightening strategy from the binary case cannot be applied. In this
follow-up paper, a model reformulation for ideal multi-component
distillation columns is presented. The reformulation is achieved
by suitable aggregations of the involved components. Proofs are
given showing that mole fraction profiles of aggregated compo-
nents are monotonic. This property is then used to adapt the
bound-tightening strategy from the two-component case to the
proposed model reformulation. Computational results are pro-
vided that indicate the usefulness of both the model reformula-
tion and the adapted bound tightening technique for deterministic
global optimization of ideal multi-component distillation column
designs.



1. Introduction

The focus of this paper is on deterministic global mixed-integer non-linear
optimization of distillation columns, often dominating the cost of chemical
production processes. Despite recent progress in deterministic global opti-
mization (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 high system order. Deterministic global optimization of
distillation processes is, hence, a very challenging task.

In the literature, rigorous deterministic global optimization of distillation pro-
cesses is not well-covered. In a recent publication [19], optimal sequencing
of multi-component distillation columns at minimum reflux using so-called
short-cut models is calculated with deterministic global optimization meth-
ods.

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
computational cost could be reduced by orders of magnitude using a specific
bound tightening strategy, that is based on monotonicity of molar fractions
throughout the column. The application was demonstrated for a hybrid distil-
lation crystallization process for the separation of two closely boiling isomers.
However, an extension to multi-component mixtures is non-trivial because
molar fraction profiles associated with intermediate boiling components typi-
cally show non-monotonic behavior.

In this follow-up paper, a reformulation of a distillation column model is pre-
sented 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 ideal mixtures, 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



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 non-linear
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 non-feasible
solutions 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 [26], 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
[23] [25]). Bounds on the variables can be propagated onto the non-linear
expressions via forward propagation. Also, the other way around, tighter
bounds on the variables can be computed using the bounds on the nonlinear-
ities (backward propagation). This procedure can be iterated until no further
strengthening of the bounds is achieved. The iteration can be formally inter-
preted 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 concept 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 vari-
able 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 [11]. An early reference in which OBBT is applied
in the context of heat exchanger networks is [20]. In [8], a so-called non-
linearities 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 [11], Lagrangian variable bound con-
straints 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 developed
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 [17].

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 as-
sociated with each newly introduced aggregated component fulfill the desired
property of monotonicity. 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 [2} [15], we focus on a tray-by-tray model of a distillation column in
steady state, and assume ideal liquid and gas 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} [15]
and adapted, if necessary. For a general introduction to the topic of thermal
separation processes, we refer to [16].

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 boiling 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, also known as the summation conditions.



/\ D, Xidist

1
- 2
3 3
@ _3
feed-1 rect E xin
feed |V —!
feed+1 |strip
o _—
= 3
w [
2
1 B, xP
\__/

Figure 1: A fixed design of a distillation column. Numbers of trays in the
rectifying and stripping sections are ["“* and [P, The total number
of trays in the column is given by [ = [rect 4 strip 4 1,

A sketch of a distillation column is shown in Figure|l] The mixture enters the
column at the feed tray with molar feed flow F and initial composition X",
i=1,...,n. Atthe top tray (condenser), the distillate molar flow D leaves the
column with composition xf“St, i €{1,...,n}, and at the bottom tray (reboiler),
the molar flow B leaves the column with composition x}"’t, iefl,...,n}. V
denotes the vapor flow that streams upwards through the column. The overall

mass balance equations
Fxit = Dafist 4+ Baot i ef1,...,n} (1)

ensure that the amount of component i 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 numbered
from the top to the bottom by I, = 1,..., ", and trays in the stripping section
are numbered from the bottom to the top by Is = 1,... ISP Variables used
for molar fractions of component i in liquid and in vapor phases are denoted
by x; and y;, respectively. In order to specify the tray a variable is associated
with, we introduce superscripts “feed”, “feed-1”, “feed+1”, “rect” and “strip”.
Trays from the rectifying and stripping sections are additionally equipped
with their associated index as subscript. The mass transfer in liquid and vapor
phase through the column is then described by the component mass balance



equations

ylrt;f-i L= x;;‘;ft +(1-w) yfﬁ“,
£ f — 1 feed-1 i
Vg yieed + xieed = v yieed+ + Vp Vs xieed + (1 _— Vs) x;n’ (2)
strip strip _ strip
ie1 = Vs¥y t(A-ve)x T

forie{l,...,n), L e{l,...,u* and s € {1,..., us"P}, where u"t and ustiP
denote upper bounds imposed on [ and [*%'P, respectively. We remark that
in Equation (2) the subscripts indicating trays formally range to 4™ + 1 and
ustiP + 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 Equation (6))). The auxiliary
variables v;, vs € [0, 1] defined as

_V-D |4

vy = —— and Vszm

- ©)

describe the ratio of upward and downward molar flows in the rectifying and
stripping section.

The separation behavior of component i is given by its volatility. Compo-
nents with higher volatility accumulate in the vapor phase, while components
with lower volatility accumulate in the liquid phase. We assume constant
relative volatilities of the components, expressed by parameters a; > 0, for
i €{1,...,n}. Due to our assumption on the order of the components, we have
that a1 > ap > ... > 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

trip
; arect : yfeed . a; x;
yrect — # yfeed _ L ystrlp _ ’;ls @)
il, — yn rect’ i ~ v feed’ ils = «n strip
oagxt : ot s .
Z4]—1 Il Z]Zl oc]x] Z]‘:l aij,ls
forief{l,...,n},l,e{l,..., u+1}and s € {1,..., usS"P+1}.
Total condenser and total reboiler are modeled by
xtht = yfﬁd and xPot = xilnp, 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 I°! in our model, the following
coupling conditions are imposed.

rect rect

feed 1 Z ﬁrect f(;d' feed Z ‘Brect f?c-t-ll = {1, ., Tl}

strlp strlp (6a)
f d+1 _ stri strl f d _ strip _ stri .
ced Zﬁ PYe, e Zﬁ P e (L. n)
yrect ystrip
lcol Z ﬁrectl + Z ﬁstrlp l + 1
rect
Z et =1, Brete(01), L=1,...,u" (6b)

ustrlp

Z B =1, B el01), k=1, utP,

ls=1

Note that the binary variables ﬁrea and ﬁSt P attain value one if and only if tray

I; of rectifying section and tray l of strlppmg section are chosen to be the trays
above and below the feed tray in the column.

The goal of the distillation column is to separate the more volatile components
from the less volatile components under given purity constraints. Let the
split o € {1,...,n — 1} be the index such that the components 1 to ¢ belong to
the more volatile part and components ¢ + 1 to n belong to the less volatile
part of the mixture, and let 74, 7Pt € [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.

g

n
Z X?iSt > 7Tdist and Z xlioot > 7_(bo’t. (7)

i=1 i=0+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



[15].

cost =17544V + 173.61°! + 2009.7 (0.2378 V + 0.0221 B) I°°!
+ 2364.5(0.2378 V + 0.0221 B)*333 (0.2 1! 4 4)082 (8)
— 171.4(0.2378 V + 0.0221 B)®? [<°l,

This objective function was originally developed for the distillation of dode-
canal and 2-methylundecanal. However, its structure is typical for economical
cost estimation and therefore suitable for the computational studies in our
work.

3. Model Reformulation by Aggregating Components

As already mentioned in the introduction, the molar fractions of a single
component may not behave monotonic in the multi-component setting. Such
a typical situation is illustrated in Figure 2|(a) for component 2 (green curve)
and component 3 (magenta curve). This fact makes it hard to generalize the

T~ T~
—X X
X _X1 + X2
— —
_X3 _X1 + X2 + X3
_X4 _X1+X2+X3+X4
0 > .
\___/ \___/
(a) Molar fraction profiles of single compo- (b) Profiles of transformed variables for ag-
nents (original model formulation) gregated components (aggregated model
formulation)

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

bound tightening strategy for the binary case [2] to the multi-component case,
directly.



We overcome this problem by aggregating, for each 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.

Tobe more precise, let x; and y; (fori € {1, ..., n}) be the variables used for molar
fractions of component i 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 components by
k € {1,...,n} and introduce aggregated concentration variables Xj and Y} for
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
Xk:in and Yk:Zyi, k=1,...,n. 9)
i=1

i=1

Next, we restate the distillation column model from Section 2 in terms of
the aggregated components. For this, we introduce an (aggregated) dummy
component 0 for which the liquid and vapor phase concentrations Xy and Yy
are zero at all positions. By definition and due to the summation conditions
(e Yl xi=Y" yi=1), wehave

0=Xo<X1<...<X,=1 and 0=Yp<Yi<...<Y,=1  (10)

Note that molar fractions do not appear in the Equations (3),(eb) or in the ob-
jective function (8). Hence, they remain unchanged in our aggregated model
formulation. Observe further that the overall mass balance equations (T,
the component mass balance equations (2), the coupling conditions (6a), total
condenser and total reboiler conditions (5) and the purity constraints (7) are
linear in the variables used for molar fractions. Therefore, we obtain the cor-
responding constraints for each aggregated component k by summing up the
corresponding conditions 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. The aggregated model formulation reads
as

o The aggregated overall mass balance equations

FXI" = DX+ BXX®, k=1,...,n. (11)



o The aggregated component mass balance equations:

VAT ol TCR D
Vg Y}f{eed + le(eed = v Yfeed+1 +Vp Vs X}f{eed 14 (1 — v ve) X0,
strip str1p strip
Xiia1 = Vs +(1-vs) X))

forkef1,...,n}, L ef{l,...,u*Y and s € {1,..., ust"P}.
o The auxiliary variables constraints:

V-D 1%
vr:T and VSZV+B'

o The aggregated phase equilibrium equations:

rect _yrect
yrect — ZJ 19 (Xﬂs —Xi 1s)

Y 10‘1(X§7§t X;ecltls)’
Zk 10 (Xfeed Xfeed)

Yyleed _—
k Zﬂ L a](xfeed X;eed)
smp strip
Ystrip ):; 105X X 0)
- stnp stnp
k/ls .:] a](X] s - ] 1ls )

forke{l,...,n},Le{l,...,u*t+1}and s € {1,...,us"P 4+ 1}.

o The aggregated constraints for the total condenser/reboiler:

Xdist = yret and X2 = X3P, ke(l,...,n).

o The aggregated coupling conditions:

Jrect yrect
xfeed Zﬁ;ectxieft, xfeed — Zﬁf“t xet, kefl,...n)
ustrlp ystrip

Yfeed+1 Z ‘Bstnp Ystrlp, Xfeed Z ‘Bstrlp Xstrlp ke{l,...,n

kls+17

10

(12)

(13)

(14)

(15)

(16a)



rect strip
t
lcol Z ﬁ;‘ectl + Z ‘Bs rlpl + 1

u rect

= / 7 7 r=4,... : 7
Z prect et e 0,1}, L=1,...,u% (16b)

strlp

Z ‘Bstnp =1, ﬁltnp € 0 1 ls =1,.. .,ustrip'

o The aggregated purity constraints:

XSt > mdist and (1 - X2O) > mPot, (17)

o The objective function:

cost = 17544V + 173.61°! + 2009.7 (0.2378 V + 0.0221 B) I°°!
+ 2364.5(0.2378 V + 0.0221 B)*333 (0.2 1! + 4)082 (18)
— 171.4(0.2378 V + 0.0221 B)®3 1°!,

It turns out that the concentration variables of each aggregated component
show the desired monotonic behavior, i.e. the overall molar fraction of all
components above each possible split position o € {1, ...,n — 1} change mono-
tonically throughout the distillation column. This is illustrated in Figure 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
concentration values of an aggregated component as a (concentration) pro-

file.
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

11



considered from the bottom to the top. For the rectifying section discussed
in Subsection 4.2, we first apply a suitable transformation. That transfor-
mation traces the profiles restricted to the rectifying section back to the case
of profiles restricted a stripping section. We then conclude that each pro-
tile also behaves non-decreasing in the rectifying section from bottom to the
top.

As the coupling conditions in Equation ensure that, for each profile, the
parts restricted to the stripping section and restricted to the rectifying sec-
tion must coincide at the feed tray, we finally obtain that each profile of
an aggregated components runs monotonically through the distillation col-
umn.

4.1. Stripping Section

We omit superscript “strip” and denote by X := (Xi; )k=0,.n =1, u+1 and
Y := (Yi 1 )k=0,..n,1.=1,..u+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 (I2), we obtain the following subsys-
tem that is satisfied by every feasible solution of our distillation column model
from Section 3.

Z],Ll (X —Xj-15)

X = Vsor—ar———— + (1 —v4)X k=0,...,n
I ls+1 SZ?:l /(X1 —Xj115) ( S) k,1s ’ 1,

S = 1/ /ul
0< Xy, <Xp), <... <Xy, l=1,...,u+1, (19)
Xoi,= 0, X, =1, li=1,...,u+1,

X e IR(n+1)><(u+1), Vs € [0, 1]

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

e In System (19), we impose that all variables X, k > 1, are strictly pos-
itive. This assumption can be made with out loss of generality. Indeed,
when Xj ;. = 0 holds, for some k > 1 and some [;, the recursive formula
already implies that the concentration of component k is zero at every

12



position in the stripping section, and, hence, in the entire column. In
that case we can exclude component k from our considerations.

e To keep the notation simple, we define the following expressions to
denote the denominators appearing in (19).

n

N (X) := Z ®(Xj, ~Xjan), k=1,...u+1.
j=1

Note that N; (X) > 0 holds for all X such that there is a vs € [0,1] with
(X, vs) being feasible to system (19).

¢ Finally, we observe the identities

k k-1
Yoy (X, — Xjoa) = Xis X (@ — aje) + Xl Q-

for k = {1,...,n} and Iy = {1,...,u + 1}, that we will frequently use
throughout the proofs.

For a solution (X, vs) feasible to system (19), we will next show that for each
aggregated component k € {1,...,n}, the sequence {Xj . };‘J;ll is non-decreasing.
More precisely, we will prove a more general statement implying the desired

property.
Theorem 1. Let X € RODXt+D) gnd v € [0,1] be feasible to system for some
aeR" withay >ap > ... > a, >0. Then,

Xipo+1 — Xk, S X1, J+1 — Xkt 1,14
X1, B X1l

(20)
holds for eachk € {1,...,n — 1} and for each I; € {1, ..., u}.

Proof. The statement is proven by induction on I;. We first consider the case
with s = 1. For an arbitrary k € {1,...,n — 1}, system (19) yields

21;21 aj(Xj1 = Xj-1,1)

k2 = &k1 =Vs k,l( N1(X) Xi 1 ) "
k+1
j=1 ij(Xj,l — X]‘—l,l)
Xis1,2 = X110 :VSX““( N1(X)Xk+1,1 ) ),
+1,

13



or equivalently

X2 = X1 v Y ai(Xin = Xjo1,1)
X1 N1(X) X1

k+1
Xir12 = Xkr11 v Yo aj(Xj1 - Xj) ,
Xis11 N1(X) Xis11 v
Thus, in order to prove our statement for s = 1, we show that
k k+1
Yo aj(Xjn — Xj1,1) N Yl ai(Xjn = Xjo10)
Xk - Xk+11 '

Observing that Xj.,11 > Xj 1 and Zl;:l aj(Xj1—Xj-11) —¥+1Xk1 = 0 hold, yields

k41 k
Y X = Xjm1) i ajXjn = Xjo,1) = ar X

Xi+11 Xk+11 T e
. Zlle aj(Xj1 = Xj-1,1) — a1 Xk .\
= X1 Ak+1
Zlle aj(Xj1 = Xj-1,1)
- Xk 1 ’

i.e. for [ = 1, the statement holds for each k € {1, ..., n}.

Now assume that, forsome s > 1, the statement is true foreachk € {1,...,n—1}.
We will show that for [ + 1 the statement is then true foreach k € {1,...,n—1},

as well. For this, we define m; = Xf’;”il for each k € {1,...,n}. By induction

hypothesis, we have that my > m4q holds for all k {1,...,n-1}L

Next, the values of the terms Xj; 11 — Xk, and Xj1 1,41 — Xk+14, are compared.
Using the recursive formula and the definition of m, we obtain for Xy ; .1 — X,
that

k k
Yoo aj(Xj, = Xjoag) Ko (X1 - Xj—l,ls—l)]

¥ _
’ N (X) Nj,-1(X)
k Xigs Xjoas (21)
Y a(Xjn = Xj)  Lj= "‘f( y n]u-l)
V —
’ N, (X) Ni,-1(X)

Moreover, we have that

14



k k
Yo (X —Xjo1) k (X X Yo (X —Xjo1)
<Y . a - < .

my =170\ my mj—1 My

By the intermediate value theorem, there must exist some 7t € [y, m1] with

k
Zk. Xj,  Xjan\ L= (X = Xjoa)
aj - = = . (22)
T \my o min 1
Combining Formula (21) with Formula gives rise to
k
1 1
Xpra1 — Xpp = (Xi - Xi -
klor1 — Xk, = Vs 3 aj( X, — X 1,15)( N N (X))
= ) (23)
_x Yo (X, - Xj—l,ls)( 1 1 )
kA X, N,(X) MmN _1(X)/

Again, using the recursive formula and the definition of 1, the second term
can be rewritten as follows.

k
Yy (X, = Xjo11) + 1 Kt — Xil,)
Xk+1,ls+l - Xk+1,lS = Vs(

N, (X)
k X Xy Xirrgs Xkl
Z‘le oz]( mp mjg + ak“( Mgp1 m_k))
N —1(X)

k ko X X
~ (Z]-:1 (X, = Xjo1p) L= (5 )
- Vs

N (X) - N 1(X) )

Xiats Xkl
((ak+1(Xk+1,lS = Xer) (G~ )
] _

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

Using Formula and the fact that my; < m; < 7 holds, we can further

15



estimate

1 1
X - X = (X:7 — X _
k+1,1s+1 k+1,1 Vsj:Zla]( ils j US)(NIS(X) Mle—l(X))
Xir1gs  Xs
oy ((Ofk+1(Xk+1l = Xki) g ( mkll - m_k))
’ N, (X) Ni,-1(X)

k
1 1
< (X, — X -
< Vs ]:Zl CY]( ils ] 1,15)(le (X) les—l(X))

((ak+1(Xk+1,ls = Xi1,) k1 (Ki1,1, — Xk,ls))
S

N,(X) AN (X)
k+1
1 1
= Z (Xip — Xie -~ .
VS ]:1 a]( ],lb ] LZQ)(NIS(X) les_l(X))

Finally, we exploit that Xj,1 ;. > Xj ;. and that Zl;zl (X, —Xj-1,)— k1 Xk, = 0
holds. This yields

Xy 1,141~ Xkt 1,
k
Yoy (X, — Xjo11) — k1 X,

<Xk+1,1.V + ag
+1, s( Xk+1,ls +1)
‘ ( 1 3 1 )
Ni(X) mN,_1(X)
Zlle aj(Xj, — Xjo11,) — a1 X, (24)
< Xk+1,lSVs( + ak+l)

Xk,

. ( 1 1 )
N, (X)  mN-1(X)
k
ijl aj(Xj,ls - Xj—llls))( 1 _ 1 )
Xk, N(X) N, -1(X)”
From Formulas (23) and (24), we can deduce that

:Xk+1,lsVs(

Xipo+1 — Xk, S X1, J+1 — Xkt 114
Xk, - X411,

holds. O

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

16



Corollary 2. Let (X,vs) be a feasible solution to system for some a € R"
with oy > ap > ... > ay, > 0. Let Y be the matrix consisting of all vapor phase
concentration variables Yy, that are implied by X through the phase equilibrium
equations ([14). Then, for each aggregated component k € {1,...,n}, both sequences
{Xk,ls};:”;ll and {Yk,ls}l”:j 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 I; € {1,...,u}, we obtain from
Theorem [1] that

Xq1,41 — X, 5 Xo 141 — X, > s Xyjo+1 — X,
X1, X X,

ks

=0.

By assumption X, > 0, forallk € {1,...,n}and s € {1,...,u+1}, it follows that
Xij+1 — Xk1, 2 0, for all k = 1,...,n. This proves the statement for sequence

u+1
Xer Ly

Using Equation (12), and Xj .12 > Xi.+1, for all k and Is, we can further derive,
forallk=1,...,nand [, = 1,...,us"P, that

Vs Y41+ (1 =ve) X1 2 vs Vi, + (1 —v) X1 ©  vs(Yir+1 — Yi1) = 0.

This implies that Yy ;11 — Yk, > 0 holds for vs > 0. Moreover, if v = 0, then

we can deduce from equation that Xy1 = X2 = ... = Xkyu41. By phase
equilibrium equations (14), it follows that Yx1 = Yio = ... = Yg41- |

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 :=

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,l,}zj and {Yk,lr}xj are non-increasing foreveryk € {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 sys-
tem (19) of the stripping section, we need the well-known inverses of the phase
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equilibrium equations (14). For each aggregated component k > 1 and for each
tray [, they are given as

k _
Y1 o (Y = Yjm)
Y Offl(Yj,l, -Y1,)

Xe), L L=1,...,u+1 (25)

Using (25), we obtain from the component mass balance equations the
following subsystem

y -y ZI]Ll 0‘;1(Yj,lr_Yj—l,lr)
kl+1 r Z;‘lzl 0(;1 (Y/'Jr _Y]'*l,’r)

+(1=v)Yk1, k=0,...,n,

I,=1,...,u,
0< Yy, <Yy, <...2Yy, L=1,.. u+1, (26)
Yo, = 0, Yy, =1, L=1,...,u+1,

Y € ]R(n+1)><(u+l), Uy € [0/ 1]/

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

Now, we make use of the following transformation rules.

i:=u, P := vy,
Yir = (1= Xuk)),
A ’ kelo,...,n}), le{l,...,u+1}, 27
Xkp =1 =Yyg), { } { ! @7
Ay = a;il_k, kefl,...,n}.

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

. 21;21 ai(X;-Xjo1)

Xk,l+1 = Vs + (1 — 175)Xk,1, k= O,. .., n,

j=1 ai(X;-Xjo1,)
1=1,...,4,
0< Xu<X<...<Xu, I=1,...40+1, (28)
Xoy= 0, X,y =1, I=1,...,0+1,

TR e ROFDX@H) 5o 0,1].

Note that index k appears in the variables }A(kll in reverse order compared with
the variables Yy ; . Therefore, we have that in reverse order

z2a=>...24,>0
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holds when a1 > a; > ... > a, > 0 in the original order. This means that
system satisfies all conditions of Theorem [I] and Corollary 2] We can,
hence, conclude that, for every k € {1,...,n}, both sequences {Xk,l}?:ll and
{?k,l}?;ll are non-decreasing. Using the transformations rules 27), again, we
can draw the following conclusion.

Corollary 3. Let (Y,v,) be a feasible solution to system for some o € R" with
ap > ap > ... > 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 (25). Then, for each aggregated component k € {1,...,n}, both sequences

{Yk,l,}Zj and {Xk,l,}zj are non-increasing.

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 argu-
ments 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 computing the fixed points of the concentration profiles. This method has
already been applied in [15] to the binary distillation case. Both techniques
are implemented in global optimization software and their impact is compu-
tationally 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 prop-
agate 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

er(eli L = " Xlr(elif + (1= vy) YIS, L=1,... uret
strip _ strip _ strip _ strip
Xk,ls+1 = Vs Yk,ls + (1 VS) Xk[] ’ ls = 1, R /]
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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
monotonicin each of their arguments (see also [2] for the binary case). The anal-
ysis is mainly straightforward. Only the partial derivatives

ect strip
ayi,lﬁl _ xrect _ yrect oo g an,ls+1 _ Ystrip _ Xstrip
v, kL k1 s T T kls k1

need special attention. For these, we remark that the monotonicity of the
concentration profiles ensures for each aggregated component k € {1,...,n}
that

tri tri i
X< Xt k=10 and Y 2YF, =105 (29)

hold. As X, > 0, we moreover observe that the phase equilibrium equations
can be restated as follows.

Tect rect

Zk a ( il j—l/iy )
= rect Tec
J 17 Xk/ly Xk,l,:

rect _ yorect
Yk,ly - Xk,l, P Xr‘eld leeclt[ (30)
ect Y (L V1 n (yrect _ yrrect
Xirlr ]':1 a](X;;jcrt X}rflelcrf ) + Z‘]=k+] a](X]/lr Xj—l,lr)

Note further that the numerator in Equation (30) is a convex combination of
parameters ay, ..., ax. From ay < ay_1 < ... < ay, it follows that the numerator
is greater or equal to ay. The denominator is a convex combination of the
numerator and parameters a1, ..., an. As @y < ... < apy < g, We can
conclude that the fractional term in the right-hand-side of Equation (30) is
greater or equal to one. This implies that Y,r(’flft > Xlrflft. In a similar way,

we can verify that Ylsctlrip > X;t;‘ip holds. Combining these results shows that

Stri]
v s, < 0 and X oy, > 0.

Thus, given bounds on the arguments in can be used to compute bounds
on the aggregated concentration variables associated with the consecutive 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 strip-
ping section and Lemma [5 deals with the rectifying section. In both lemmas,
superscripts “strip” and “rect” are neglected for keeping the notation sim-

ple.

Lemma 4. (Stripping Section)
Consider any Is € {1,...,u} and k € {1,...,n}. Assume further that vs ranges on
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lo ,up 1 up 1 up
[ve,vs"], Yy, ranges on [kafls, Yk,ls] and that Xj 1 ranges on [Xk(jl’Xk,l]' Then, lower

lo up ;
and upper bounds X1 o1 Xy pe1 01 X1 are given by

Xlo

_ Joylo _Joyylo up  _up~up _ PP
Klt1 = Vs Yk,ls + (1 -v)X X Vg Yk,ls + (1 - )Xk,l'

k17 kls+1 —

Lemma 5. (Rectifying Section)
Consider any I, € {1,...,u} and k € {1,...,n}. Assume further that v, ranges on
[vﬁ",vf,’p 1, Xk, ranges on [Xle  X'1and that Y} 1 ranges on [yl YZ’;]. Then, lower

kL’ k1’
lo up /
and upper bounds Y1 Vg a1 0 Y41 are given by
lo _ MP~rlo _ L UP\ylo up _ o JoxHP _ Loy HUpP
Yign = Ve X, + A=vOY, Y g =vrX + A=)

Itis worth to mention that Equation does 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 (green curve) in Figure[2|(a). Thus,
Lemma {4{and Lemma 5|are not applicable in that case.

The purity constraints already provide (strong) valid bounds on the con-
centration variables at the condenser and, hence, at the first tray of the recti-
fying 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 cal-
culations from Lemma [ and Lemma [} This procedure defines the bound
tightening strategy.

However, a re-use of the formulas from Lemma 4l and Lemma [5] will make it
necessary to translate bounds on the aggregated concentration variables asso-
ciated with the vapor or the liquid phase into valid bounds on the aggregated
concentration variables in the other phase. This is achieved by exploiting
the phase equilibrium equations and their inverses (25), respectively, and
leads to the formulas as given in Lemma [f] (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)
Let I; € {1,...,u + 1} be fixed. Assume further that, for every k € {1,...,n}, lower

and upper bounds Xlio,ls' X;:i on Xy, are given, where

lo lo
X¢, <X

KL, and XZ;; < X' hold fork =1, ...,n.

k+1,1s7

21



Then, for each k, lower and upper bounds Y™ YZ’; on Yy, are given by

ks’
koo _ otk koo — x
o L (X - X, up Ljm (X = X5 )
Yk,ls = n a ‘(Xﬂk _ Xﬂk and Ykl = n ka ka /
JFLEIT L J=Lis ijl aj( ils j—1,15)

where we definefor j=1,...,n

lo . . L[p . .
o . X{.Z%, lf] <k nd X% = w }l{j,lsf lf] <k
jls Xj,ls’ ifj>k, s maX{Xk,ls’Xj(,)ls}’ if j > k.

Lemma 7. (Rectifying Section)
Let I, € {1,...,u + 1} be fixed. Assume further that, for every k € {1,...,n}, lower

lo up i
and upper bounds Y7, , Y}, on Yy, are given, where

< Ylo

lo
Y k+1,1,

ki, and YZ‘; <y? hold fork =1, ...,n.

k+1,1,7

Then, for each k, lower and upper bounds Xllgl/ XZZ on Xy, are given by

k =1va _ o
lo _ Zj:l af (Yf/lr Yj—l,l,)

kl, T yon “1v% _ ik
ey (Y = Yi))

k “1vbe v
L (G Y

Ty “1vbe v !
Yimay (V=Y ))

up
and Xk,l,

where we definefor j=1,...,n

N min(Y', Y0, ), if j <k, P Y9, ifj<k,
RRES w0 o an o= wo ..
il YZZ , ifj >k, il Y;’f, ifj > k.

5.2. Fixed Points

A further way to tighten the model formulation from Section 3 is to deter-
mine the fixed points from the recursive functions given by the component
mass balance equations and the phase equilibrium equations (14). Corol-
laries 2| and [3| imply that, for each aggregated component k, the four infinite
sequences

trip strip rect rect
X ez o) nd (X Y
{ Kl Jiezoy’ Ukl Jiezy, @ d X, Lezoy’ 'kl Jlez,

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
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provides either a lower or an upper bound valid for each element of the
sequence. As done in [15] for the binary case, we can exploit that property
by incorporating, for each k € {1, ..., n}, the following (redundant) non-linear
constraints to the aggregated model formulation.

trip, % trip, % tri
X = v YT 1 (1) X0TE,

k ) strip,x _ strip,x
Zj:la](xj X]‘_l )

Ystrip,* _
k I strip, % strip,x ’
j=1 a](X] _X]'_l )
strip, % strip strip, % strip _ strip
Xk > Xk,ls , Yk > Yk/ls , s=1,...,u +1, (31)
rect,x __ rect, x rect
Yk =X, +(1- vr)Yk,1 ,
Y ar (YR — v
Xrect,* _ =17 ] ]=
k v —1 /y rect, * rect, %/
@ (G =Y57)
X}l;ect,* < Xll;,elft/ YII;ECt'* < Y]rflit' lr — 1, s, 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.

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 ex-ref consists of a mixture of n = 4 components
with initial composition xi“ = i, i €{1,2,3,4}, and with the constant relative
volatilities (a1, ap, a3, s) = (6,4,1.2,1). The number [ of trays that can
be used in the entire distillation column is bounded by 25. Every section
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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™ =
u$MP = 23, Molar flows F, B, D and V are given in terms of mol s™L. The
feed molar flow F is fixed to 1, while the remaining molar flows are variable
and may range as follows. 0 < V <20, 0 < B,D < 1. We choose the
split o to be 2. Recap from Section 3 that ¢ defines the more volatile single
components (1,...,0) withdrawn from the condenser and the less volatile
single components (o + 1,...,n) withdrawn from the reboiler. With respect
to split 0, we call the components ¢ and ¢ + 1 key components, while the
others are called non-key components. The purity requirements are given by
mdist — mbot — ) 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 ex-adisl ex-adis2 ex-adis3
(a1, 0,3, 04) || (12,4,1.2,1) | (12,8,2.4,1) | (24,8,2.4,1)

Table 1: 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 2] shows the concrete specifications.

Instance ex-apos1 ex-apos2
o 1 3
(a1, a0, 3, 4) || (6.67,2,1.5,1) | (8,5,3.33,1)

Table 2: Specification of test instances with changing o

In the third group, we change the initial composition of the mixture as given
in Table[3
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Instance ex-conl ex-con?2 ex-con3
N ,in Adn adn 122 1 12 1 1 1 1 21
O 2 x5 ) || (15,55 10) | (151002 | (2 105/5/2)

Table 3: 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 require-
ments on condenser and reboiler. In addition, we adapt the constant relative
volatilities in order to keep the separation processes approximately as difficult
as the separation process of the reference instance. Table[provides the specific
setting for the changed parameters.

Instance ex-purl ex-pur2 ex-pur3
(rrdist, rbot) (0.95,0.95) (0.99,0.95) (0.95,0.99)
(a1, a0,a3,4) || (3.64,2.42,1.2,1) | (4.62,3.08,1.2,1) | (4.62,3.08,1.2,1)

Table 4: Specification of test instances with different purity requirements

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

Instance ex-compl | ex-comp2 ex-comp3 ex-comp4
n 2 3 5 5
o 1 1 2 1
i i 11 111 11111 111 3 3
o) | G2 | G | G@iess) | (G100
(1,...,an) || (3.33,1) | (4,1.2,1) | (6,4,12,1.1,1) | (6.67,2,1.5,1.2,1)

Table 5: Test instances where the number of components is changed

6.2. Results

For each instance, two MINLP formulations are derived. The first formu-
lation, called MINLP-orig, is based on the original distillation column model
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as presented in Section 2. The second formulation makes use of the model
formulation with aggregated concentration variables introduced in Section 3
and is called MINLP-ref. Both formulations have been implemented using the
following standard reformulation techniques. Due to their redundancy, all
variables that are associated with the (corresponding) last component n as
well as the variables xfhs", x?(’t, i=1,...,n and Xgi“, XEOt, 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 con-
straints.

All MINLPs are implemented and solved within a SCIP 3.2 framework [1] using
CPLEX 12.6.0 [14] as LP-sub-solver and IPOPT 3.12.4 [27]] (incl. HSL-routines [13])
as NLP-sub-solver.

Additionally, we apply several different solution strategies to MINLP-ref. The
first strategy, indicated by w/ Mo, adds the (redundant) conditions on mono-
tonicity from Corollaries 2] and |3l The second strategy takes the fixed-point
equations into account and is labeled by wy/ Fix. In the third strategy, 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 uw/ BT
indicates that the bound tightening strategy is switch on.

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 107%. Symbol
time indicates that the corresponding instance is not solved within the given
time limit.

Our computational results are summarized in Table [f} Using the original
formulation MINLP-orig, most instances are not solved to global optimality
within the time limit (see Column 2 of Table [f). For some instances, this is
also the case when formulation MINLP-ref is used (see Column 3 of Table [6).
Using MINLP-ref we, however, observe less running times for those instances
that are solved within the time limit.

Adding the (redundant) monotonicity conditions and the fixed point equations
(w/ Mo and w/ Mo, Fix) has a mixed influence on the running time (see Columns
34 of Table [f). On the one hand, some instances are solved faster or can
only be solved in the time limit with the additional strategies. On the other
hand, there are instances that need more running time or even exceed the time
limit.
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Ex. MINLP | MINLP | MINLP-ref | MINLP-ref | MINLP-ref | MINLP-ref
-orig -ref w/ Mo w/ Mo, Fix w/ BT w/ Mo, BT
ref time 7151 time 67801 2419 11948
adis1 42117 | 16564 2715 9783 327 2134
adis2 time 84832 2827 5273 1009 541
adis3 time time 3817 1865 1536 483
apos1 71870 6530 49186 3592 8014 2976
apos?2 time time 9911 5494 312 181
conl 31080 8056 1311 27391 1102 352
con2 time time 66749 3178 332 1186
con3 time 9566 20944 28785 1958 789
purl time 72917 70301 12230 26859 2815
pur2 time 23620 38988 70112 1961 593
pur3 time 26157 time time 1126 395
compl 136 62 74 27 12 11
comp2 | 3254 464 281 1066 239 234
comp3 | time time 6534 time 871 562
comp4 | time time 15914 8291 2130 3658

Table 6: Running time in CPU seconds using the SCIP framework. Label time
means that the time limit of 24 hours of computation time is exceeded.

When applying the bounding tightening strategy w/ BT, we first notice that all
instances are globally solved within the time limit (see Column 5 of Table [6).
Our results further show that the use of that strategy has a positive influence
on the running time for all but instance aposl. When the bound tightening
strategy is combined with the strategy that adds the redundant conditions on

the monotonicity (w/ Mo, BT), similar observations can be made (see Column 6
of Table[6).

Comparing our results for MINLP-orig either with the results for MINLP-ref w/
BT or with the results for MINLP-ref w/ BT, Mo, it turns out that on average
the running times are reduced to less than 5% in the latter cases. In these
calculations, the running time is set to the time limit of 24 hours of computation
time for those instances exceeding it.
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6.3. Optimization using Gams

For sake of completeness, we finally investigate the computational behavior
of non-opensource software packages on our MINLP formulations. For this,
we chose the global optimization solvers BARON 16.3.4 [24] and SCIP 3.2 as
provided within the modeling system GAMS 24.7.1[10]. We remark that our
focus is on the question how the solvers work on the different model formu-
lations rather than on comparing the performances of the solvers against each
other.

Again, the computations are carried out on a 3.00GHz Intel Xeon E5450 Proces-
sor with a limit of 30 GB memory space, a time limit of 24 hours of computation
time and relative optimality gap of 1074, for each run. Both solvers are used
with default settings, CPLEX as LP-subsolver and CONOPT (for BARON) and
IPOPT (for SCIP) as NLP-subsolver.

In the following, we consider the model formulations MINLP-orig, MINLP-
ref and MINLP-ref w/ Mo, Fix as defined in Subsection 6.2. We are not able
to implement the bound-tightening strategy in the non-open-source envi-
ronment GAMS, so that this strategy is excluded from further considera-
tions.

As most of the test instances from Subsection 6.1 could not be solved within
the time limit of 24 hours computation time, we derive from our reference
test instance ex-ref a new test set consisting of four simpler separation tasks.
The specifications of the parameters differing from ex-ref are given in Table [/}

Instance exg-ref exg-adis exg-apos exg-fcon
o 2 2 1 2
ucol jyrect fystrip 10/8/8 10/8/8 10/8/8 10/8/8
(a1,a0,a3,4) || (24,16,1.2,1) | (48,16,1.2,1) | (26.67,2,1.5,1) | (24,15,1.2,1)
@) | Gred | @ied | Goed | Gessn

Table 7: Specification of the test setting used for the computations with GAMS

The computational results obtained by applying the solvers BARON and SCIP
are displayed in Tables [§ and [9 respectively. The results indicate that the
proposed formulation in terms of the aggregated components as well as the
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redundant monotonicity conditions and fixed point constraints can have a
quite positive influence on the running time, even though this does not hold

for every test instance.

Instance | MINLP-orig | MINLP-ref | MINLP-ref
w/ Mo, Fix
exg-ref 4649 894 61
exg-adis 183 321 66
exg-apos 140 1612 147
exg-con 1886 2770 141

Table 8: Running time in seconds using the GAMS software, solver: BARON.

Instance | MINLP-orig | MINLP-ref | MINLP-ref
w/ Mo, Fix
exg-ref 529 31 72
exg-adis 391 80 57
exg-apos 44 66 88
exg-con 116 28 36

Table 9: Running time in seconds using the GAMS software, solver: SCIP.

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 onto deterministic global optimization soft-
ware. It was shown that a significant 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 thermodynam-
ics. 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 3|

Consider system with parameters @y > az > ... > a, > 0 and variables
(Y,v,). We show that applying the transformation rules to (Y,v,) and
ai, ..., a,leads to system with parameters @; > d> > ... > &, > 0 and with
variables X, 75 whose feasible solutions satisfy the conditions of Theorem
(and Corollary[2). Note that feasible solutions to system are in one-to-one
correspondence to solutions feasible to via the transformation rules (27).
As we obtain from Corollary [2| that, for every feasible solution (X, 7s), the
sequences {Xk,is}lf:j with k = 1,...,n are non-decreasing, the corresponding

u+1

sequences {Y, }i'T,

k=1,...,n are non-increasing.

The first part of system (26) is given as a combination of the mass balance equa-
tions (I2) and the inverted phase equilibrium equations (25).

k _
Y a; YWY, = Yiy,)
Yig ij_l(Yj,z, -Yj1,,)

Yir+1 =ve Xk, +(1=v) Y1 and Xy =

4

fork € {1,...,n} and I, € {1,...,u}. We apply the transformation rules
to each constraint, separately. Recap that after the transformation, the com-
ponents appear in reverse order. To indicate that, we introduce a new index
m:=n-—k.

Forallke{0,...,n}and alll € {1,...,u}, we obtain

Y1 =viXip+(1=v)Yer © (1=Ye)=1- @ Xir + (1 =v)Yk1)
& (1-Yi)=v(1 =X+ 1 =v)(1=Yg1).

Thus, the transformation rules yield

X1 =05V +(1-0)Xx1,  m=0,...,n, I=1,...,u (32)
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For the inverted phase equilibrium equations, we further derive that

21}21 Offl(Yj,l =Yia) i Oéfl(Yj,l = Y1)
L Y=Y L e (V- Yy
Yier 7= Ry = (1= Ko )

S Xa (- Ry - (1= Rujona)

27 k19 YX—(j-1)1 = Xu=j) Z?:kﬂ Q1= (Kns1-j1 — Xnji)

] 1 0( (Xn (j-1), K- ]l) Z?:l dn+1—j(Xn+l—j,l - Xn—j,l)

Yok =1-Xg=(1-

holds for every k € {1, ...,n} and for every [ € {1,...,u + 1}. By an index shift
p = n+1-j, we derive the equivalence to the non-inverted phase equilibrium
equation (14).

n—k & &
. —1Bp(Xp 1 — X1 1)
Yy ki = ZZ - p(; Xp ) n=0,...,n

p=1 Pr(%p1 = Kp-1 I=1,...,u+1

(33)
. 15;7( X,-11)
< Yo = n+1 ) m=0, ,n
1 B 1 = Xy I=1,...u+1

Combining equation (32) and (33), we obtain the firstline from system (28).

The second line of system (28)) results from the following relation.
Yk+1,lZYk,l/ k=0,....n-1 & Xm—l,ISXm,l/ m=1,...,n

The third line of system trivially holds.

It remains to argue that the transformed constant relative volatilities &, =
a(_nl+1)—m’ m =1,...,n,arestrictly positive and monotonically non-decreasing in
the new ordering of the components. This, however, holdsasa; > ... > a,, > 0

implies that

Now, we can conclude that any feasible solution to system satisfies the
conditions of Theorem [1]and Corollary o
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B. Proof of Lemma 6 and Lemma

We only give a proof for Lemma E] dealing with the stripping section. The
correctness of Lemma |7|can be shown in a similar way.

In what follows, superscript “strip” is omitted, again.

Proof. (Lemma 6]

We interpret the aggregated phase equilibrium equations

Zl;zl aj(Xj, — Xjo1)
Yo ai(X, = Xjo1)

Yy (X) =

as functions in the liquid phase concentration variables. For all k,g € {1,...,n}
and for all [s € {1,...,u + 1}, we consider the partial derivatives 9Yki(X)/ax, ),
where we distiguish the three cases g < k—1,q = kand g > k+ 1. To keep
notation short, we introduce constant «;,,1 := 0.

For g < k-1, we obtain

Yy, (X) _(ag—ags1) Y ai(X, = Xjo1) 21;21 aj(Xji, — Xj—1)(g — age1)
IXg, (T ai(Xj, = Xjo1,)? - (X aj(Xj, = Xjm14))?
(ag = agen) i @K, = X 1)
(Cio (X, = Xjm1))

As (a5 — ag11) = 0 holds, this derivative is non-negative for all k € {1,...,n}
andallls; € {1,...,u+1}.

For g = k we obtain

I, (X) g Lo (X, = Xjo ) = Z?zl aj(Xji, — Xj—1.)(aq — ag+1)
9Xg B (X aj(Xj, = Xjo1,))?
ag Yisgin @j(Xji, — Xjo11) + age Z?zl aj(Xj, — Xj-1,)
) (T /X1, — Xj1, )P ’

(34)

which is also non-negative forallg € {1,...,n}and all [, € {1,...,u + 1}.
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For g > k + 1 we obtain
i (X) 21;21 aj(Xji, — Xj-1,1)(aq — ags1)
Xy, (T (X, = Xjm1,)) '

which is non-positive for all k € {1,...,n} and all s € {1,...,u + 1} due to

(35)

This shows that the phase equilibrium equations are component-wise mono-
tonic. Therefore, we can apply simple interval arithmetic, again, leading to
following lower and upper bounds on the vapor phase concentration variables
Yip41-

T (X7, — X ] ) w | L - X ] )
kl, — yon o and Yy, = b
T KX - X)) h j=1 (X, — X

lo

j- 11)
wherefor j=1,...,n

Xl ifj <k, . [ X, afj<k,
X4 o=9 e and X} =4 Fv (36)
Jis X, ifj>k W Xe, ifj>k,

]rlS, ]rlb‘,

We remark that the upper bound Y;:]; on Yy, is not tight when X;:Il) > X}(?l‘
holds for some k' > k. In those cases, we can compute an improved upper
bound on Yy by finding the maximum of

k
Lijm /(X1 = Xjo14)
i (X1, — Xj,)
restricted to X10 < Xk, < Xpr g, < Xup As i (X)/ax,,, > 0and Vi (X)/ox, . <0,

it follows that Xk 1, = Xj 1, must hold for a solution on that the maximum is
attained. A comparison of Equations (34) and (35) gives rise to the relation

Y. (X) Zn: Y. (X)
s7ts s7ts >0

X X
k,ls j=k+1 Jils

Yy, (X) =

This shows that the maximum is attained when Xj; = X ;. = X;:f Hence, we

can replace the definition of X?’; in Equation by

) Xup if j <k,
Xk =
s max {Xk};,X10 } if j > k.
This completes the proof. O
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