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Abstract

In this work, we present the modeling, optimization, and conceptual design of a dividing wall col-
umn for the separation of four products, commonly referred to in the literature as a Kaibel column.
For its solution, we propose and validate a rigorous tray-by-tray model, followed by its reformu-
lation to include a mixed-integer nonlinear programming and a general disjunctive programming
formulation to respond to the conceptual design problem attached to these complex configurations.
Considering the validated model and the two formulations, the Kaibel column is solved, obtaining
four high-purity products and new optimal tray locations for the feed and two side product streams,
when the mixed-integer nonlinear programming formulation is applied. The use of these optimally
located side streams showed reductions in the energy consumption when compared to cases were
non-optimal fixed tray locations are used. When the general disjunctive programming problem was
solved, the minimum number of trays needed in the main column and dividing wall are obtained,
showing a great reduction of the remixing effects in the Kaibel column, and with that, a more
energy efficient configuration. The models were coded in Pyomo using the solver IPOPT for the
solution of the nonlinear programming problem, the solver Bonmin for the solution of the mixed-
integer nonlinear programming problem, and GDPopt for the solution of the general disjunctive
programming optimization problem.

Keywords: Kaibel Column, Dividing Wall Columns, Nonlinear Programming Optimization, Mized
Integer Nonlinear Programming Optimization, General Disjunctive Programming.

1 Introduction

Distillation is a well known separation process that consumes 40% of the total processing energy in
the United States alone (U.S. Department of Energy, 2001). Since the use of distillation columns
is unlikely to change, at least for existing plants, process intensification appears as a promising
option to optimize these processes by reducing their energy consumption, as its main goal. In



separation processes, this intensification has implied the creation of new distillation designs that
allow improved separations, especially for mixtures with three or more components (Yildirim et al.,
2011). Among these intensified column designs, we find the Petlyuk configuration (Petlyuk et al.,
1965), which with further integration and modifications were identified as dividing wall columns
(DWC). This column, created by the addition of a wall that physically splits the internal trays of
the column in two sections, has proven to be more energy efficient and thus more sustainable than
their continuous counterpart, generating savings up to 30 % in energy consumption and savings in
capital and investment costs (Dejanovié et al., 2010). Although its construction and control still
represent a challenging but doable task (Kiss and Baldea, 2011; Gomez-Castro et al., 2008), it has
found its use in industry with successful results (Yildirim et al., 2011).

Among the DWCs, different configurations have been proposed depending mainly on the number of
components that are separated or the position and number of dividing walls added to the internal
trays of the column. A Kaibel column (KC) (Kaibel, 1987), as one of these DWC configurations, is
a promising option since it is able to separate more than three products within one single column,
replacing a typical distillation sequence of two, three or more distillation columns (Kiss et al., 2012).
A detailed scheme of this column is given in Figure 1(a). Even though the KCs have been simulated
using commercial software and optimized with the use of external optimization algorithms (Qian
et al., 2016; Tututi-Avila et al., 2017), no validated model has been reported for its simulation
or optimization. A preliminary version of this work, including a proposed model and the NLP
optimization of a KC, is given in Lopez-Saucedo et al. (2018).

The optimization of KCs is not an easy and straightforward task to perform, since it involves not
only a complex mathematical model to predict the behavior of the separation in the column, it
also involves the selection of a large number of parameters for its design. These not only include
the identification of the best intensified configuration to perform a specific task, it also involves the
specification of the number of trays and feed and side product streams location that minimize the
investment and operating costs. The nonlinear programming (NLP) optimization of KCs is used
for the selection of the continuous variables, yielding a performance evaluation (such as operating
conditions and energy consumption in the column), but with no design decisions. For the solution
of the conceptual design problem involving continuous distillation columns (CDC), and for the op-
timal selection of their design parameters, two major formulations involving continuous and binary
variables have been proposed in the literature: a mixed-integer nonlinear programming (MINLP)
model that involves binary variables with the values of “0” or “1” related to the existence of trays or
flows in the column (Viswanathan and Grossmann, 1990), and a general disjunctive programming
(GDP) model that uses disjunctions to define whether trays exist or not in the column. These two
formulations have been successfully applied to the conceptual design of CDCs (Ghouse et al., 2018;
Caballero et al., 2005; Barttfeld et al., 2003, 2005; Yeomans and Grossmann, 2000; Jackson and
Grossmann, 2001), but there is no reference in the literature of their use for the conceptual design
of intensified configurations, such as multi-product DWCs or KCs.

In this paper, we propose and validate a rigorous tray-by-tray model for the optimization and
conceptual design of a Kaibel column. To validate the model, we simulate a multi-product DWC,
followed by the performance study and optimal design of the KC for the separation of four high-
purity products from a methanol-ethanol-propanol-butanol feed mixture. For the performance
study, we first solved an NLP optimization problem with fixed tray locations, followed by the
solution of the MINLP formulation with fixed number of trays and variable side streams locations
to optimally locate a side feed and two product side outlets in the internal trays of the dividing



~

. N
Liquid . A— D
——

distributor  "S< Top section
- 4
-— : R ne ——————— * o
4 2 H
F—f— Y I Dividing Product section

‘Q wall 3)
-—R, Feed section

1 @ X (X S— n

S

,*
7’
e Bottom section
lValpor e B (2)
distributor K K

(a) Kaibel column. (b) Main sections in the Kaibel column.

Figure 1: Kaibel column and its main sections.

wall. For the GDP formulation, the proposed model is reformulated and solved to determine the
minimum number of trays needed in the dividing wall and main column to achieve the desired
separation. The problem statement is presented in Section 2, while the rigorous tray-by-tray model
for the KC, including the MINLP and GDP model reformulations are explained in detail in Section
3. The case studies are given in Section 4, while the results for the model validation, MINLP and
GDP formulations are given in Section 5. Finally, the conclusions are presented in Section 6.

2 Problem Statement

In general, the optimization problem is stated as follows. Given is a feed mixture of NC components
with known composition and temperature that is to be separated into NC high-purity products,
the problem is to obtain the optimal location of a side feed and two side product streams and the
minimum number of trays of a Kaibel column, while minimizing its capital and operating costs. To
accomplish this goal, we examine the following formulations: (a) NLP model with a fixed number
of trays and fixed feed and side product locations to optimize the column performance, (b) MINLP
model with a fixed number of trays for the main column and variable tray location for the feed
and side product streams to determine their optimal location, and (¢) GDP model with a set of
candidate trays to optimize the number of trays in the column. For their solution, the formulations
use the reflux and boilup ratios, the liquid distributor, and the heat duties as the manipulated
variables in the system.

3 Model Equations

The modeling of KCs depends mostly on the column design and the complexity of the system to be
separated. Different from the number of degrees of freedom in CDCs, KCs have six degrees of free-
dom: the reflux ratio, the product outlets (bottom, intermediate, and distillate product flowrates),
and the liquid and vapor flowrates between the two sections of the dividing wall, controlled by a
liquid and vapor distributor on the top and bottom section of the column, respectively. Consider
that these KC degrees of freedom are valid when the pressure and tray location for the dividing



wall and product outlets are known and fixed.

The steady-state equations governing the KC, represented as a DWC with two side outlets in Figure
1(a), were obtained by modifying the mass and energy balances on the internal trays of a CDC.
The tray-by-tray model equations that represent all the continuous variables in the system are
presented in detail in Equations 1 to 8, including the mass and energy balances in Equations 1
to 4, the equilibrium equations and summations in Equation 5, the liquid and vapor enthalpies in
Equation 6, and other equations, such as the reflux and boilup ratios in Equation 8. This set of
equations are considered as the nonlinear constraints in the NLP optimization problem for future
comparisons. To organize the model equations, the KC is separated into four main sections as
shown in Figure 1(b), with trays counted from bottom to top, with the reboiler as tray 1 and the
condenser as tray np. The total annual cost function (TAC) in Equation 9 is used as the objective
function in the NLP and MINLP optimization problems for the KC. It must be noted that, even
though this model describes a KC, it could be easily modified for the solution of different dividing
wall configurations by adding or removing the side streams in the model.

Sets
C= {1anC}
W =1{2,3}
Jp ={l.ns— 1}
Jw = {ns.ne}

Jr = {ne + 1..nT}
J=JgUJw U Jp

Mass and energy balances

Bottom section: j € Jp
Reboiler: 5 =1
Lj+1 Tjtl,e — V} Yje — B Tje = 0, Vee C
Ljs1hj1 = Vi Hi =B hj+ Qe = 0
Vapor distributor: j =ngs — 1

1
Yowew L i e — L Tje + Vi Yj—16 — 2pew Vi Yje = 0, Vel )
2owew Ly Wiy = L hj +Vien Hjor = 3 e ViV Hj = 0
Internal trays: j € Jg \ {1,ns — 1}
Livitjrie—Ljwje+ Vi1 yj-1e = Vi yje = 0, Veel

Ljv1 hjir — Ly hj+Via Hja = V3 Hy = 0

Feed section: j € Jy

Dividing wall starting tray: j = ng

Fjaj, + L?+12$§+1éc -1 g?,c; Vj%l Yji-1le ™ VJZ yfg = 0, Veed
Fyhp+ Ly By — L by + Viiy Hja = VP HF = 0

Dividing wall ending tray: j = n, 2)

Fj :L’fc + L?+121Ij+17c — L? ;’?7024- Vj251 y]2~_2170 — V]Z yig = 0, VeeC
thF"i_Lj-s-lhj-i-l_Ljhj"i_vj—lHj—l_Vj Hj =0

Internal trays: j € Jyw \ {ns, ne}

Fyajet Ui @hie = L5 25 + VL 0= Vi W5 = 0, Ve el
Fyhp+ Liq hijp — L5 hi+ Vil Hiy = Vi HY = 0



Product section: j € Jy

Dividing wall starting tray: j = ng

L, $§’+1 = Liad —Rijal, —Rojal +VP ya.-V>iyl, = 0,
+1 hj+1 Lgh —Rl,]h —RQJ h?+‘/j?:1 Hj,l—Vf’ Hj?’ =0

Div1d1ng wall ending tray' J = ne

L3 x§+1,c - L} x§3 —SRLJ — Ry j x? 3+ V331 Y 1.~ V.Z yji{g = 0,
LthjH—Lh leh—joh +V 31 VjHj = 0

Internal trays: j € JW \ {ns, ne}

L?H x?ﬂ c L3 — Ry j @} RQ»J et V3 1 yj 1~ V'3 yj?",c = 0, VeeC
L h3 L3h lejh R23h3+V3 H} Vﬁﬂf =0

Top section: j € Jr

Liquid distributor: j = n. + 1

Ljt1 Tjt1.e = 2wew Ly Tie+ Dowew Vil1 Yiae = Vivie = 0, Veel

Lja hjer = 2wew L 1+ 2 pew Vw Hiy =V;Hj = 0
Condenser: j = np
‘/j—lyj—l,c — Lj;l’,'jﬁ — ij#; = 0, Vee(C
V}'—l Hj—l _Lj hj - D hj _Qcon =0
Internal trays: j € Jp \ {ne+ 1,nr}
Liv1 Zjrre = Lj je +Vic1 yj—1e = Vi yje = 0, Vee C
Lj+1 hj+1 - Lj hj + ‘/}'_1 Hj_l — VJ Hj = 0

Equilibrium equations and composition summations

Yje = Kj,c Tjcs Vee C

Kje = %e(P™5e/Fj). vee O Lo gy
ZiEC Yje = 1 v
ZieC Tje. = 1

gy, = KU a¥, VeeC

Kv — ~u (“’s“th>,V C .

- e ZM / €Y Vvwew, vjeaw
ceC yj,c =

Zcec 'I?jc =1

where 7; ., ’7]2',0 and 7]3” . are calculated using NRTL.

Liquid and vapor enthalpy

hj = I'JC, }
VieJ\J
H] = y]CuEup j \ w

T )

7 e J Ywe W, VjeJ
Hj = (y]c7 ) / v
hrp = (:I;F07TF7 F) }]

Hr = f(yre.Tr, Pr)

Other equations

Liquid and vapor distributor:
Vo =dy Vo1 with Y0y dp =1
Ly =df Lp,.1 with Y7y df =1
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Internal reflux and boilup ratios:

rr = (Ln,/Vap—1) (8)
b'LL = (Vl/LQ)

Total Annual Cost function:

»
TAC = Cpx Qreb + Co Qeon + % (Csheir + Cint + CuEg)
where C'y = 0.0091, C = 0.00228, Cspepp = 44,000, Cipe = 272,000, and Crr = 4,500 (from

Peters et al. (2003)).
(9)

Since the computational solution of this type of problems depends on the problem structure, the
MINLP and GDP formulations involve the reformulation of distillation models for their application.
There are different alternative column configurations that can be employed to optimize distillation
columns using an MINLP formulation, such as the optimization of the total number of trays or
the optimal location of a side feed by considering variable or fixed heat exchange location in the
column (Barttfeld et al., 2003). Since we are interested in studying the effects of the location of
side streams on the internal sections of the KC, in this work we only consider a configuration with
variable tray location for the feed and product streams with fixed condenser and reboiler location,
i.e. number of trays in the column. This is shown in Figure 2(a), considering the set of trays in
the dividing wall as the candidate trays for the side streams. The MINLP formulation required the
addition of new constraints involving the binary variables z1, z9, and z3 to denote the existence of
the feed and the two side streams, when they have a value of 1. These new equations are given in
Equations 10 and 11.

ZjEJW FJ Z FO
szJW Zl,j =1 (10)
Fj — fmat 21,5 <0, VJ e Jw

Djeny By = R
jew #2, =1 with product constraint Y. ;2o 33;’73 > x5
Rl,j — [mar 29, <0 s Vj S JW
(11)
ZjeJW Ry ; > Rgpec
icaw 73 =1 with product constraint -, z3; %, > 25"
Rz,j — R™Mmar Z3.j <0,VYjeJw

The GDP formulation is based on the work by Jackson and Grossmann (2001) and Barttfeld et al.
(2003), where a disjunction at each candidate tray describes the existence or absence of the tray.
In order to apply this formulation to our proposed KC model and to reduce the number of bilinear
terms, we considered individual flows instead of the total flows used in the MINLP formulation.
For the modeling of the KC under these new assumptions, we considered the four main sections
shown in Figure 1(b), considering that the bottom and top trays for each section are fixed, with
the following permanent trays: the reboiler and vapor distributor in the bottom section, the liquid
distributor and condenser in the top section, the side feed tray and dividing wall starting and
ending tray for the feed side, and the side product trays and dividing wall starting and ending
tray in the product section. This is shown in more detail in Figure 2(b). The remaining trays are
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Figure 2: Kaibel column representations for MINLP and GDP formulations.

considered as candidate trays. The trays in each section are counted from bottom to top, being tray
1 the bottom tray in each section and tray np the top tray in each section, where np is a specified
upper bound for the number of possible trays for each section. For this model, each section has
the same number of possible trays. Since the bilinear terms are greatly reduced with the use of
individual flows, the liquid and vapor distributor are included in the mass and energy equations.
The detailed reformulated model is presented in Equations 12 to 18, including Equation 19 that
considers the number of existent trays and operating costs (condenser and reboiler heat duties)
in the column. This equation corresponds to the objective function for the GDP formulation. To
ensure equal weights to the capital and operating costs, the number of existent trays in Equation
19 is multiplied by a weight coefficient of 1000.

Sets
C={l,nc}
S ={1,4}
W ={2,3}

J1 :J2:J3:J4:{1..np}
J=J1UJoUJsUJy

Mass and energy balances

Bottom section: s=1and j € J;
Reboiler: 5 =1
Ls,j+1,c - ‘/s,j,c —B. = 0, Vee C
ZCGC (L87j+1vc h/S7j+17C - ‘/TS,]',C HS,j,C - BC h57j7c) + QTeb - 0
Vapor distributor: j =np
Ysew Lste = Lsje + Vsjmt,c = D gew dy Vsje = 0, Veel
ZCEC (ZSEW LS,l,C hS,l,C - LS,j,C h‘S,j,C + VS,j*l,C HS,j*l,C - ZSEW dsv VS,j,C H57j7c) = 0
Internal trays: j € J1 \ {1,np}
Lsjt1,c = Lsje+ Vsj—1c = Voje = 0, Veel
C 7‘ ) 7‘ ) - 7‘7 1.1 :._7 7._7 - 1'1 1'1 -
ZEC(LS]—l-lchS]-‘y-lC LS]ChSJC+V9] 1cHsg l,c VS]CHSJC) =0



Feed section: s =2 and j € J,
Dividing wall starting tray: j =1
Ls,j-{—l,c - Ls,j,c + d%/ ‘/l,np,c - Vs,j,c
ZCEC (Ls,jJrl,c hs,jJrl,c - Ls,j,c hs,j,c + d%/ VVl,mo,c Hl,np,c - V;,j,c Hs,j,c)
Side feed: j =np
Fc + Ls,j—i—l,c - Ls,j,c + ‘/s,j—l,c - ‘/s,j,c
ZCEC (Fc hF,c + Ls,j+1,c hs,j—l—l,c - Ls,j,c hs,j,c + ‘/;,j—l,c Hs,j—l,c - ‘/s,j,c Hs,j,c)
Dividing wall ending tray: j = np
d? Latec— Lsjc+ Vsj—t.c— Vsje
ZCGC (d% L4,1,c h4,1,c - Ls,j,c hs,j,c + Vs,j—l,c Hs,j—l,c - %,j,c Hs,j,c)
Internal trays: j € Jo \ {1,np,np}
Ls,j—f—l,c - Ls,j,c + Vts,j—l,c - Vs,j,c
ZCEC (Ls,j+1,c hs,jJrl,c - Ls,j,c hs,j,c + Vvs,jfl,c Hs,jfl,c - ‘/s,j,c Hs,j,c)

Product section: s =3 and j € J3
Dividing wall starting tray: j =1
Ls,j—i—l,c - Ls,j,c + d%/ Vvl,np,c - ‘/s,j,c
ZCGC (Ls,j+1,c hs,jJrl,c - Ls,j,c hs,j,c + d%/ ‘/l,np,c Hl,np,c - V:e,j,c Hs,j,c)

Side product outlet 1: 7 = npg,
Ls,j—f—l,c - Ls,j,c + Vts,j—l,c - ‘/s,j,c - Rl,c
ZCEC (Ls,jJrl,c hs,j+1,c - Ls,j,c hs,j,c + Vs,jfl,c Hs,jfl,c - V:s,j,c Hs,j,c - Rl,c hs,j,c)
Side product outlet 2: j = npg,
Ls,jJrl,c - Ls,j,c + V;,jfl,c - Vs,j,c — R27c
ZCGC (Ls,j-i-l,c hs,j+1,c - Ls,j,c hs,j,c + Vs,j—l,c Hs,j—l,c - Vs,j,c Hs,j,c - R2,c hs,j,c)
Dividing wall ending tray: j = np
d} Lajge— Lsje+ Vej1.c— Vsje
ZCGC (d% L4,1,c h4,1,c - Ls,j,c hs,j,c + Vs7j—1,c Hs,j—l,c - ‘/;,j,c Hs,j,c)
Internal trays: j € J3 \ {1,ng,,nRr,,np}
Ls,j—f—l,c - Ls,j,c + v:s,j—l,c - Vs,j,c
ZCGC (Ls,j+1,c hs,jJrl,c - Ls,j,c hs,j,c + Vvs,jfl,c Hs,jfl,c - ‘/s,j,c Hs,j,c)

Top section: s=4and j € Jy
Liquid distributor: j =1

S S
L57j+17c - ZSGW dL '[/57‘7'7C + ZSGW dV ‘/5777/})70 -
Yocec (Lsjite hsjrie — Yosew 4% Lsje Psje + Y sew & Vonp.e Honpe — Vaje H

Condenser: j = np
%7j_1vc - LSJ,C

ZCEC (VS,jfl,C HSmj*va - LS,j,C h’S,j,C - DC h57j76) -

Internal trays: j € Jy \ {1,nr}

L37j+17c - L37j7c + ‘/;7]'7170 -
>ocec (Lsjrie bsjire — Lsje hsje + Vs j—1,c Hojo1,6 — Vsje H

|
oo

Ve

i)

— D,

QCO’I’L

Ve

s.c)

Vee C

Vee C

Vee C

Vee C

Vee C

Vee C

Vee C

Vee C

(14)



Equilibrium equations and composition summations

ySJ,C stjvc xS,j,C ? VC € C )
stjvc = 'Ys,j,c (P;?TC/P‘gJ) ) vc S C
ZCEC yS,j,C = 1
CEC wszjyc = 1

with ideal activity coefficients ~, ;. = 1.

Liquid and vapor enthalpy

f(T;, Fy)
F(Ty, Fy)

hes e
Hs jc

Other equations

Individual liquid and vapor flowrates:
Lsje
Vsie

Lgj xsj.c
Vi Ys,je

Individual side feed and product flowrates:

F. = Fita TF,c
B. = DBiotal T1,1,c Vee C
D. = Dioal T4np,c

Minimum number of trays equation:

Nimin = (Qreb + Qcon) +w ESES Z]EJE Ns,j
where

Vied K VseS

}VCEC,VjEJ,VSGS

}VceC,VjeJ,VSGS

w = 1000 and Jg is the set of existent trays.

(16)

(17)

(19)

The candidate trays for each section in the KC are enforced with the use of Boolean variables, as

given in the disjunction in Equation 20.

stj \Vi
f(xs,j,67 ys,j,C) ‘/TS,]',C7 stjvc’ Ts7j7 Pszj) = 0

—Zs.j

Ts,j,c = Ts,j+1,c
Ys,j,e = Ys,j—1,c
Ls,j,c = Ls,j+1,c
Vsige = Vsj—1,e
hs,j,c = hs,j+1,c
Hs,j,c = Hs,jfl,c
Ts,j = Ts,j+1

Vjiedo, Vse€S

(20)

where Z,; are the Boolean variables associated with the tray existence for each section in the
column, and f(Zje¢, Yjc: Vjes Lje, Ts,j, Ps ;) contains the mass and energy balances, equilibrium,
enthalpy, and the component and mixture properties equations. When a tray is selected in each
section, Z, ; takes the value of “True” (the tray exists) and all the constraints are enforced along
with product specifications, but if Z; ; is “False” (or the tray is absent), no changes take place and
the flows, compositions, enthalpies, and temperatures entering the tray are set equal to those trays
above or below it. For our KC reformulated model, the permanent trays in all the sections are



enforced to exist, while the set of candidate trays for each section are: Jo = {2..np — 1} for the
bottom and top sections, Jo \ np for the feed section, and Jo \ {ng,,ng,} for the product section.
We also include logical constraints in order to activate the trays above or below a permanent tray,
as given in the logic constraints in Equations 21 and 22. For the feed tray in the feed section these
two equations are used, for the trays to exist above and beyond it, while for the bottom, product,
and top sections, only the logical proposition in Equation 21 is used.

ZSJ — Zs,jfl Vs €S, Vi e Jo (21)

Zs,j—l — Zs,j for s = 2, Vj e Jo (22)

The solution of the two formulations requires not only the specification of certain parameters, such
as the number trays, feed location, etc., it also requires an initialization procedure, which consists
of the next three steps: (i) a preliminary design of the separation considering a sequence of indirect
CDCs to obtain the minimum number of stages with Fenske Equation, (ii) flash calculation for
the feed, and (iii) calculation of variable bounds by solving the NLP problem. For the solution
of the MINLP formulation, this preliminary phase was applied, followed by the solution of the
model Equations 1 to 8 and the objective function in Equation 9, using an MINLP solver. For the
GDP formulation, the preliminary phase was also applied, followed by the solution of the model
Equations 12 to 18, the disjunctions in Equation 20, and the logical propositions in Equations 21
and 22, considering the objective function in Equation 19.

4 Case Study

The validation of the proposed model and optimal conceptual design of the KC is obtained by
performing two different separations. The validation of the model is performed first using the
mixture in Case 1, while the optimal conceptual design of the KC using the MINLP and GDP
formulation are applied to the mixture in Case 2. The details are explained below.

Case 1. For this case, we perform the separation of a feed mixture of benzene (1), toluene (2), and
o-xylene (3) using a DWC, and it is presented first in order to compare and validate the proposed
model in Equations 1 to 8 in Section 3. The DWC model was obtained by removing one of the
side product streams from the mass and energy balances in Equation 3, and it was simulated using
a dummy objective function (objective = 1), with the following product specifications: product
flowrates higher than 300 mol/s and final compositions higher than 0.99 for the three components.
The operating conditions are given in Table 1. For this case, the location of the side feed, side
product stream, and total number of trays for the main column and dividing wall are fixed.

Case 2. For this case, we considered the separation of four high-purity products from a mixture
of methanol (1), ethanol (2), propanol (3), and butanol (4) using a KC. For comparison purposes,
this column is solved first considering an NLP optimization problem with a fixed total number of
trays for the main column, and fixed locations for the feed and side products. The solution of the
NLP problem is followed by the MINLP and GDP formulations, with the objective of obtaining
the column optimal design parameters. The MINLP formulation is applied to obtain the optimal
location of the side feed and two product streams under a fixed total number of trays, while the
GDP formulation is solved to obtain the minimum number of trays for the main column and di-
viding wall, while fixing the location of the feed and side products in the KC. The NLP model
and the MINLP and GDP formulations were solved with the operating conditions given in Table
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Table 1: Data for Cases 1 and 2.
Case 1¢ Case 2

Operating conditions NLP MINLP GDP
Number of trays 46 58° 58° 100°
Side feed tray 25 31 - 12
Dividing wall starting tray 13 8 8 1
Dividing wall ending tray 36 40 40 25
Side outlet 1 tray 26 18 - 8
Side outlet 2 tray - 35 - 17
Side feed flowrate in mol/s 1000 > 200 > 200 200
Side feed temperature in K 358 358 358 358
Vapor distributor to feed section 0.627 0.394 0.394 0.394
Column pressure in bar 0.679-0.375 | 1.20-1.05 1.20-1.05 1.20
Initial liquid composition

(1) 0.30 0.25 0.25 0.25

(2) 0.30 0.25 0.25 0.25

(3) 0.40 0.25 0.25 0.25

(4) - 0.25 0.25 0.25

@ Data from Ling and Luyben (2010), * From Fenske equation
¢ Upper bound for KC, considering an upper bound np = 25 for each section.

1, including the following final product specifications: product flowrates higher than 50 mol/s and
compositions higher than 0.99 for the four components.

The proposed models were written in Python using the package Pyomo (Hart et al., 2011, 2017).
IPOPT (Wachter and Biegler, 2006) was used for the solution of the NLP optimization problem,
while Bonmin solver (Grossmann et al., 2005) was used to solve the MINLP problem using the
algorithm B-Hyb (Hybrid outer-approximation based branch-and-cut algorithm). For the solution
of the GDP problem, we used the new logic-based solver GDPopt (Chen et al., 2018).

5 Results

The validation of the proposed model equations is presented in the results in Case 1, followed by
the MINLP and GDP formulations results for the conceptual design of KC in Case 2.

Case 1. The DWC simulation results for the separation of benzene, toluene, and o-xylene are
presented and compared in Table 2. This comparison between our DWC results with the values
from Ling and Luyben (2010) obtained using the commercial software Aspen, shows differences
of about 2% between the two columns. These small differences could be due to the constant
parameters used for the calculation of the different properties in the system, such as saturation
pressure, heat capacity, etc. Considering these small differences as negligible, we can therefore say
that the proposed model equations in Section 3 give accurate solutions for multi-product DWC.

Case 2. The NLP optimization results for the KC are given in Table 3, and are presented in
order to compare possible benefits of the MINLP solution. The MINLP integer solutions for the
KC are also given in Table 3, showing the next optimal locations: the side feed on tray 25 and
the side outlets 1 and 2 on trays 16 and 34, respectively. The comparison between the NLP and
MINLP solutions shows that, when using the optimally located side streams obtained with the
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Table 2: Case 1 results and comparison with commercial software.

Variable Aspen* Our Code % Error
Distillate in mol/s 303 302 0.33
Side outlet 1 in mol/s 296 297 -0.33
Bottoms in mol/s 401 401 0
pBenzene 0.99 0.9927 -0.27
pLotuene 0.99 0.9902 0

g Loluene 0.99 0.9908 -0.08
Reboiler duty in MW 35.69 35.43 0.73
Condenser duty in MW 37.52 37.52 0
Reflux ratio (internal)  0.7395%  0.7355° 0.54
Boilup ratio 0.7020¢ 0.6901° 1.69

* From Ling and Luyben (2010), ¢ Fixed, ® Calculated.

MINLP formulation, the KC energy consumption in the reboiler is reduced by 11.14%, followed by
a reduction of 11.25% in the condenser. These energy savings can be explained by comparing the
composition profiles for the prefactionator (or feed side) for the MINLP solution in Figure 3(a) with
the NLP solution profiles in Figure 3(b). In Figure 3(a), we observe that the feed mixture enters at
tray 25, where small differences between the tray composition and the side feed composition values
are observed. Since there are no drastic changes in the composition, this new side feed reduces the
mixing losses in the column, thus reducing the energy needed for the separation. This good match
is not observed in the NLP composition profiles in Figure 3(b), where the side feed, with smaller
composition values, enters on tray 31, reducing the total composition in the tray, and increasing
with this the inefficiency in the separation. Smaller reductions on the remixing effects can also
be seen in the composition profiles for the product section in Figure 4(a) for the MINLP solution,
where a slightly sharper peak is observed, for component 2, when compared to the NLP profile
in Figure 4(b). This analysis is consistent with the energy savings observed in the reboiler and
condenser in Table 2 for the MINLP solution.

The GDP formulation results are given in Table 4, predicting a total number of trays for the KC of
46 and a dividing wall of 15 trays. This solution reduces the size of the column when compared to
the 58-tray KC column used for the NLP and MINLP formulation. This GDP solution increases
the efficiency of the separation by decreasing the energy wasted due to remixing effects in all the
KC sections. This can be seen in the liquid composition profiles in Figure 5, where sharper peaks
for the products in Figure 5(a) are observed, while a better composition match is observed in Figure
5(b) for components 2 and 4 in the side feed tray. Note that the constant composition values are
due to the pass through constraints considered in the absent trays.
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Table 3: Results for the MINLP formulation using a Kaibel column.

Optimal solutions NLP MINLP
Number of trays 58 58

Side feed tray 31 25

Side outlet 1 tray 18 16

Side outlet 2 tray 35 34
Reboiler duty in MW 34.019 30.229
Condenser duty in MW 33.672 29.883
Objective value ($/year) 1,441,823.53 1,286,172.52
Solver IPOPT Bonmin (B-Hyb)
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(a) Feed side liquid composition profiles for the MINLP (b) Feed side liquid composition profiles for the NLP
solution. solution.

Figure 3: Liquid composition profiles for the MINLP and NLP solutions for bottoms, feed, and top
sections of the Kaibel column. The light gray shaded areas represent the bottom and top sections
in the KC, while the darker shaded area represents the side feed F'. Components: 1 for methanol,
2 for ethanol, 3 for n-propanol, and 4 for n-butanol.

Table 4: Kaibel column optimal design parameters obtained using the GDP formulation.

Optimal solutions GDP
Total number of trays 46
Dividing wall starting tray 12
Dividing wall ending tray 26
Side feed tray 18
Side outlet 1 tray 13
Side outlet 2 tray 22
Solver GDPopt
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Figure 4: Liquid composition profiles for the MINLP and NLP solutions for bottoms, product,
and top sections of the Kaibel column. The light gray shaded areas represent the bottom and top
sections in the KC, while the darker shaded areas represent the product side streams R; and Rs.
Components: 1 for methanol, 2 for ethanol, 3 for n-propanol, and 4 for n-butanol.
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streams.

Figure 5: Liquid composition profiles for the GDP formulation for the Kaibel column. The light
gray shaded areas represent the bottom and top sections in the KC. Components: 1 for methanol,
2 for ethanol, 3 for n-propanol, and 4 for n-butanol.
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6 Conclusions

In this work, we proposed and validated a rigorous tray-by-tray model for the study of a Kaibel
column, while including rigorous MINLP and GDP formulations into its model to determine its
optimal conceptual design. In order to validate and determine the accuracy of the proposed model
equations, we first compared the results of our model with commercial software results, showing this
comparison differences of about 2% under the same operating conditions. Considering this validated
model, the Kaibel column is solved applying MINLP and GDP formulations, performing with both
the separation of a quaternary feed mixture. With the MINLP optimization, we determined the
optimal location of a side feed and two side product streams, showing its comparison to other
configurations with no optimally located trays, energy savings of around 11% in the reboiler and
condenser. In order to determine the optimal number of trays for the main column and dividing
wall, the GDP formulation was applied, showing the results a highly efficient Kaibel column with
a reduced number of trays for the main column and dividing wall trays, when compared to the
total number of trays used in the MINLP formulation. These results proved how effective these
two formulations are to determine the optimal design parameters in dividing wall columns, where
their application is assuring a minimization of the energy wasted on remixing effects.

Acknowledgments

Edna Soraya Rawlings is grateful for partial support by the Center of Advanced Decision-making
at Carnegie Mellon and CONACyT, Mexico. We would like to thank Jaffer H. Ghouse for his
insightful advice on the initial stages of this work. This effort is part of the U.S. Department of
Energy’s Institute for the Design of Advanced Energy Systems (IDAES) supported by the Office
of Fossil Energy’s Crosscutting Research Program.

Abbreviations

CDC Continuous Distillation Column

DWC Dividing Wall Column

GDP General Disjunctive Programming

KC Kaibel Column

MINLP Mixed Integer Nonlinear Programming
ne Dividing Wall Ending Tray

ng Dividing Wall Starting Tray

NLP Nonlinear Programming

TAC Total Annual Cost

Nomenclature

2 Superindex representing the feed section in Kaibel column
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3 Superindex representing the product section in Kaibel column
B Bottoms in mol/s

bu Boilup rate

C' Set of components

C¢ Cost of cold utility in $§/kWh

Cpy Cost of heat utility in $/kWh

Crpr Cost of heat exchangers in $

Cint Cost of distillation column internals in $
Csnenr Cost of distillation column shell in $

D Distillate in mol/s

d? Liquid distributor for the dividing wall
dy; Vapor distributor for the dividing wall

~v Activity Coefficient

H Vapor enthalpy in J/mol

h Liquid enthalpy in J/mol

Ir Interest rate

J Total set of trays for the Kaibel column

J1 Set of trays for the bottom section of the column for the GDP formulation

Jo Set of trays for the feed section of the column for the GDP formulation

J3 Set of trays for the product section 3 of the column for the GDP formulation

Js Set of trays for the top section of the column for the GDP formulation

Jp Set of trays for the bottom section of the column for the MINLP formulation

Jo Set of candidate trays for the main sections in the Kaibel column

Jg Set of existent trays for the main sections in the Kaibel column

Jr Set of trays for the top section of the column for the MINLP formulation

Jw Set of trays for the dividing walll sections of the column for the MINLP formulation

K Vapor-liquid equilibrium constant
L Liquid flowrate in mol/s

nc Number of components
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np Side feed tray

np Number of potential trays for the GDP formulation
nr Number of trays

ng, Side tray for product outlet 1

ng, Side tray for product outlet 2

P33 Vapor pressure in bar

P, Plant life in years

Qcon Condenser heat duty in J/s

Qrep Reboiler heat duty in J/s

S Set of main sections in the Kaibel column

V' Vapor flowrate in mol/s

w Superindex representing the dividing wall sections
W Dividing wall sections 2 and 3

x Liquid composition in mol/mol

y Vapor composition in mol/mol
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