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For a DWC, many degrees of freedom must be fixed...
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Bayer MaterialScience: Neue TDI-Anlage in
Dormagen eréffnet (plasticker.de)

# of Operational DOF: 4 # of Operational DOF: 5
# of Design DOF: 4 # of Design DOF: 5
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... a suitable model structure must be chosen ...

« Thermodynamic equivalent representation of DWC by 4-section column model

Optimization variables
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... the model equations must be written ...

« MESH equations for n = 1 ... Nmax stages:

I/n+1an+1 + Ln—len—l + anFn + LRnxLRn + Rann = anVn + Lnan + SnxSn

Vn+1hVn+1 + Ln—thn—l + E1th + LRnhLRn + RnhRn — VnhVn +thLn + thSn
Mixed-integer and pure integer constraints:

Fn SF"yF,n and ZyF,n =1

Ly, <Ly yp, and ZyLR,n =1

Rn SIe'yR,n and ZyR,n :1

Sn S‘S'yR,n and ZyS,n :1

* Auxiliary model equations:

Ng=D Vpu N= D Vign-n+1 + Pressure Drop Correlations
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... the optimization problem must be set up

» Constraints:

» Equality constraints (model equations) h Z = min f(x,Y)
 Inequality constraints (design specs) g d.y
- Mixed-integer constraints x - My <=0 subject to
* [Pure integer constraints yE = e h(x,y)=0
« Optimization variables: g(x,y)<0
« Continuous variables d x—My <0
» Binary (integer) variables y YE =e
* Objective function f(x,y): XxeR™,y €{0,}"”
» f(x,y) = Total Annual Costs (TAC) Remark:

* (0.2 d is the vector of optimization
. variables and a subset of all cont. x

+ TAC=C,, +5*|Cqqp
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... With special attention to DWC equipment costs ...

* Equipment costs of DWC consists of 4 pressure vessels with
internals plus condenser and reboiler:

Ceqp = Ceqp,D-1 + Ceqp,D-2+ Ceqp,D-3 + Ceqp,D-4 + Ceqp,Cond + Ceqp,Reb

» Overestimation of DWC equipment costs, but consistent with
model structure, easy to implement, and for comparative studies
(probably) sufficient

VVVY
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... and finally, the problem must be solved.

Start
) Franke. M.B. (2019), Comp. Chem. Eng.:
! Modified Generalized Benders Decomposition (mGBD)
-1 NLP Subproblem 1,3 - : : ;
Selection of 3 | — — P2 3. 4 4 5
continuous < ST _ Lo ! ! !
(operating) c 6 . o g 3 1,2 Voo - - :
ablos g L s |3 ! 5 i —NLP
variables 2 e 3 gg 2 vy ; 1 ——MILP
83 (82 Foqq [\l | | | i
S o 5 ® y 1 1 1 1
A2 el 3 S g | 1 1 1
: .| MILP Master Problem 28 |B§ 2 : : :
S_electlon of c | " g5 3 S B : E
binary & R S [3° 10 Hf—mw " A »
. > e, S T TTTLIIT E 8 %3_ | 4¢ \
(design) = il | | g% o L I I :
variables A ES miE < = L | :
W | = e = QE_ 0,9 i L L 1 Ll i 1 :
3 0 10 20 30 40 50 60
# Iterations

Solution
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Thermodynamic Efficiency of DWC

To
3 A CC "I\ o
5 C-1 C-2 C-2
o
@ A+E+
éA = e Back mixi = twofold tion = ineffici
g ack mixing (= twofold separation = inefficiency)
©
(&) @):
~ Bott I
> C ottom
0 Fraction of B 1
Top
A Left side of DWC —\
o a+e+c Ml
=
(]
| " Right side of DWC
Bottom
> 0 Fraction of B 1
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MINLP Results for a Very Prominent Example

RR=1.9

A&,

f&»s (0.99)

RR=2.9

RR=1.6
B (0.99@
D-1 1 T (0.99)
B2 1, D-2 3 7 O e
1 kmol/s »10 = BTX |, [24——T (0.99)
(0.3/0.3/0.4) Q 0.6 lo.4
28§ 22 BR=1.6
avap
&» X (0.99) 49 BR=2.4
T o0
DS DWC
Q/ MW 24.9 24.6 49.5 35.6 28%
No. of stages 28 22 50 49 2%
Rel. OpEx 0.37 0.36 0.73 0.53 27%
Rel. CapEx 202 gL 22y — 127 Ling, Luyben (2009), Ind. Eng. Chem. Res.
Rel. TAC 0.5 0.5 1 0.75 25% Franke (2017), Chem. Ing. Techn.
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Thermodynamic Efficiency of DWC

Conventional Sequence Dividing-Wall Column (DWC)
80°C 80°C
B B

Left side of
DWC

Right side of
DWC

R

Twofold separation = inefficiency

D-2
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Derivation of Extractive Dividing-Wall Column
Extractive Distillation Extractive Distillation Extractive Dividing-Wall
w/ Side Rectifier Column (Ledge Wall)
Entrainer E

Entrainer E

Entrainer E

iy e, 12

R A | A B
B D-1

D-1
A+B
A+B — -— = —
D-2 <

—_—
G L&

TE]

Kiss, Suszwala (2015): Enhanced bioethanol dehydration by extractive and azeotropic distillation in DWC
Czarnecki et al. (2023): Extractive Dividing Wall Column for Separating Azeotropic Systems: A Review
12
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Extractive DWC: 3-Column Substitution Model

N
RR = e

D1

E F1 Nr2
F
|Ns,NLDw,NUDw,NF1,NF2

F

D2

BR Np.J
=
BR
-
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Extractive Distillation in a Dividing-Wall Column (EDWC)

My E=069F  Xec"=099997 e
RR =0.4 EtOH
A GE eon ;
3 1 (0.999) __RR=0.6
D-1 p= 1 bara H20
_ (0.999)
F 31 D-2| p = 0.26 bara
XEtoH
=0.88 39

Kr/éz 155 °C
*Flowsheet optimization variables
ED

Q/kJd/kg EtOH 1401 188 1589

No. of stages 39 14 53

Rel. OpEx 0.71 0.1 0.81

Rel. CapEx 0.16 0.03 = 0.19 197°C

o
Relative TAC 0.87 0.13 1 EG
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Extractive Distillation in a Dividing-Wall Column (EDWC)

E*=

0.69-F

Xgo* = 0.99997

XEtOH
=0.88

D-1

31

&

RR =0.4

p =1 bara

/‘@E@H
3 1 RR=0.6

(0.999)

H20
(0.999)

»
>

D-2| p = 0.26 bara

155 °C

E*=0.72'F
M —
RR=0.6
EtOH
3 (0.999)
=1b
o p ara
s F 27 RR=0.1
T - H20
ol (0.999)
PATA b 38
L.—*
Hﬂ

@:197 °C

ED EDWC
Q/kJd/kg EtOH 1401 188 1589 1664 -5%
No. of stages 39 14 53 42 21%
Rel. OpEx 0.71 0.1 0.81 0.94 -16%
Rel. CapEx 0.16 0.03 0.19 0.2 -5%
Relative TAC 0.87 0.13 1 1.14 -14%
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Thermodynamic Efficiency of EDWC

Conventional 78°C EDWC 78°C
Sequence EtOH p =1 bar EtOH
p=11/0,26 bar /\  Homaz 78°C 3 HomAz 78°C
D-l K Main -
Section

Rectifying
Section

Twofold separation = inefficiency

Although double separation is avoided, the extractive dividing-wall column is not a viable option for separating
near-azeotropic ethanol/water mixtures because the pressures cannot be selected independently.
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Alternative: Side-stream Column

Acetaldehyde Methanol Ethanol Water
-~ | :‘ P i X A e ‘
Acetaldchyde
Methanol sﬂ Methanol 5;3 ) — q“ | Eykae |
Ethanol tages Ethanol EES | Ethanol Siged Glycol, Stages
Walter Water Water . Water
\
Fll
V v v v
— =4 — =4.7. —=I. — =007
Fo TR R R
3 L L5 i . A N '
Water Ethylene Glycol
Ethylene Glycol

Figure 14. Second sequence to separate acetaldehyde, methanol,
ethanol, and water. This sequence has a total of 4 columns, 8 heat
exchangers, 178 stages, and a normalized vapor flow of 10.12.

Table 4. Summary of Design Results for the
Four-Component Separation Sequences

sequence
first second third
stages 178 178 166
shells 5 4 3
heat exchangers 10 8 6
vapor flows X V/Fy 12.19 10.12 9.84

Acetaldehyde Methanol Ethanol
U Sy .y
Acetaldehyde
Methanol S 43 Methanol S 3 > S 44
Ethanol tages Ethanol SWEES | Eihanol tages
Water Water Water
_ - >
: \
Fo
V. ¥ V-
F " 4 Fs =4.75 Fo 09 | 3
Water
T T °

Water  Ethylene Glycol

Figure 15. Third sequence to separate acetaldehyde, methanol,
ethanol, and water. This sequence has a total of 3 columns, 6 heat
exchangers, 166 stages, and a normalized vapor flow of 9.84.

For low-purity specifications of water stream, side-stream
columns can be a viable option.

Rooks, Malone, Doherty (1996): Ind. Eng. Chem. Res., 35,
3653-3664
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Derivation of Azeotropic Dividing-Wall Column

Heteroazeotropic Distillation Heteroazeotropic Distillation

Heteroazeotropic Dividing-Wall
/w Side Stripper

Column

ABE
ﬁlﬁti fo- | & —— Hetero- ﬂ,
op azeotrop op azeotrop

-1 AP = | AP

r
+
o
>
+
o

D-1 ” D-1
D-2

T, : T

Examples:

Sun et al. (2011): Implementation of Ethanol Dehydration Using Dividing-Wall Heterogeneous Azeotropic Distillation Column
Le, Halvorsen, Pajalic, Skogestad (2015): Dividing wall columns for heterogeneous azeotropic distillation

R
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Azeotropic Distillation: 3-Column Substitution Model

NSvNLDW:NUDW:NFhNFZ

BR

» B1

BR

» B2
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Azeotropic Dividing-Wall Column (ADWC)

— R*=0.7-F
ol ™

<

c

o oP

b= 1 1| AP
© 11

T D-1 —
7 L*=0.6-F
2| F—{3

[

o )_(EtOH

=| =085

% 97— BR =22
@ EtOH
< (0.999)

*Flowsheet Optimization Variables

Q / kJ/kg EtOH
No. of stages
Rel. OpEx
Rel. CapEx
Rel. TAC

2020 1483
97 23
0.38 0.28
0.25 0.09
0.63 0.37

AD
3503
120
0.66
0.34
1

ADWC
3197
60
0.59
0.29
0.88

9%
50%
11%
15%
12%

ADWC

=9.
‘éB:R ? H20

L

(0.999)

60/— BR =1.8
\Tjiét ~ EtOH

> (0.999)

The ADWC is an economically
attractive option for separating
near-azeotropic ethanol/water
mixtures.




Conventional Sequence vs. Dividing-Wall Column

p=1atm 78°C 78°C

Main o
Section Stripping

Section

Conventional Sequence Dividing-Wall Column
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Why does the ADWC perform better?

M
1 M
1 OP F = j—
1 |AP XetoH
D-1 =085 |4 ¥
F =—>i32 >
1 <
XEtOH D2
=085 15_ For comparison,
97 number of stages .é): . H20
23 ) has been set to 99 (0.999)
EtOH H20
(0.999) (0.999) ~ EtOH
"~ (0.999)
0,15 i i 35 0,15 i , 3,5
I —s—x("WATER") alpha_WE | 5 I ~o—x("WATER") alpha_WE | ,
1 1 1 1 =
| | i S d 2
§ 01 ¢ 1 1 25% s 01 : - : 2= 8
AN —— : ¢ DN il {2 ¢
E 2 2 &= 1 Left Section | =
%005 \:r‘\.: : 1108 3 |‘ | (#35-#58) ! 115 %.
=" 1 Column D-1 1 11 § = xﬁi : : 11 @
| - |
| (#35-#58) | {05 ; ! 105
0 L | . | I 0 0 L | - 0
0 20 40 60 80 100 0 20 40 60 80 100
Number of stages Number of stages
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Why does the ADWC perform better? — cont’d

—e—x(EtOH) —e=x(CH) =8=x(H20) ——x(EtOH) ——x(CH) —o—x(H20)

Feed: 15th stage ) Dividing-Wall
Section

(# 35 - # 58)

0,8

0,6

0,4

Water profile
of conventional column

Liquid-phase concentration / mol/mol

i

0 10 20 30 40 50 60 70 80 90 100
Top No. of stages Bottom
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Why does the ADWC perform better? — cont’d

—o—x(EtOH) =—e=x(CH) =e=x(H20) X(CH)=0
1 — 0'95 X(CH) =0,2
I ——x(CH)=0,5
. O
e Cyclohexane profile B g TN O
£ 08 of conventional column 5
S 5
g 2085
~ >
c oﬂ“"’“
2 0,6 = 038 R
ju [ 0,8 85 09 095 1
S e XEtoH CH)
e -t 1
9 0,4 b
() '\ 0,8 r
) e
g -».-n"'.l : P
S 0.2 Water profile O 06 +
- of conventional column \ g
5 < 04 x(CH) =0
'5 .“...."'o..i“ po e \ 5 X(CH) = 0,2
0 N e 202
0 10 20 30 40 50 60 70 8 90 100 - em=e
No. of stages 0 02 04 06 08 1
XEtoH (W/O CH)
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DWC Gives Rise to Alternative Designs

M
0,8-F
M
BR[95 100
> (0,999)
SRI"8 EtoH EtOH | H20
(0,999) (0,999) (0,999)
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Conclusions

DWoC is not always the best choice

Fair (optimization-based) comparison needed

Visual inspection of concentration profiles not sufficient

Pressure is an important (but often neglected) optimization variable (degree of freedom)

04.10.2023 Design of Azeotropic and Extractive DWC

26



