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Pl on process and equipment level
* integration of reaction & separation
] (e.g. reactive distillation, membrane reactor, ...)
. integration of separation technologies
(e.g. hybrid separation processes, ...)
* integration of heat and mass
(e.g. heat integration, DWC, HiDiC, VRC, ...)
Pl on equipment and transport level
e structurization and miniaturization
(e.g. hollow fibre memebranes modules ...)
>+ enhancement of transport phenomena
: ) (e.g. mass transfer machines, ultrasound, ...)
i ( Molecular] :jPhase & Transport
: PN WoH i R
Pt el B - P = Pl on phase and molecular level
H\C/E\C/H ) : .0. ° " - * innovative solvents (e.g. organics, IL, DES, ...)
H/!\C/J\H HO/CZ\H/OH : o ° * innovative catalysts and their immobilization
.......... LSS S R (e.g. enzyme beads, BDS, ...)
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= “Not only the process has to be intensified, but also the
Drocess d@Slgn methOdOIOQy” Gourdon et al., Oil & Gas Science Technology, 2015. 70 (3) 463-473

= Exploiting the symbiosis between

Process Process
Pl skill area Intensification ) PSE skill area ( Systems
Engineering

— Effective use of resources v

— Equipment and materials oriented

— Experimental techniques enable

— Experiments and modeling

— New processing methods

— Development of processing devices, catalysts, integrated unit operations
— Creation of spatial structures

— Compact and robust structures

— Resolution at microscales and nanoscales

— Bottom-up, phenomena driven, model based

— Efficient use of resources

— Information and software oriented
— Computing technology enables

— Modeling as key approach

— New simulation methods and decision making tools
— Functional, integrated design of product and process
— Control over time events

— Optimization of performance

— Multi-scale integration

— Top-down, system’s view, model based

Moulijn et al.. Comput Chem Eng 2008; 32: 3—11
Keil, Rev Chem Eng 2018; 34(2): 135-200.
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Distillation technology - still young and full

of breakthrough opportunities Misconceptions about efficiency and maturity of distillation

Anton A. Kiss* Rakesh Agrawal © | Radhakrishna Tumbalam Gooty
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MATLAB-based framework

Rectification Body Method Qc, LN
(pinch-based shortcut method) ;
‘/ 2

=

o

=]

w trays

&
sharp splits

operating costs [100k€/a]

o w» ry » o

o

5 10 15 20 25 30
process variants

\ 4

e process variant evaluation
property automatic ’
< data " | evaluatio economic evaluation
- iwaspentech
*open source version report flle PN @propgty model $ eé&Sy to jet UP a prt??'ltem
from AVT.PT/AVT.SVT parser parameters good comparablity

Skiborowski, 2018, Chem. Eng. Trans., 69, 199-204
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= Shortcut Screening!!] = Economic Optimization!(2?3!

A

Qp = 287kW (—27%)
Cop = 657KE (—27%)

+B

I

Cop = 556k€ (—38%) ABC

| I Qg = 245kW (—37%)

o
-

I

operating costs [100k€/a]

minTAC
X,y
l s.t.h(x,y)=0

0 5 10 15 20 25 30
process variant

g(x,y) <0

[1] Skiborowski, Chem. Eng. Trans., 2018, 69, 199-204 _
[2] Waltermann & Skiborowski, Chem. Ing. Tech., 2017, , 89(5), 562—-581
[3] Waltermann & Skiborowski, Comp. Chem. Eng., 2019, 129, 106520
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= Shortcut Screening!!] = Economic Optimization!(2?3!

270.3 kW
Qp = 287kW (—=27%) D =10.008 kimol/hr
_ Pen = V-
_ Cop = 657k€ (—27%) r=277a | iex = 0.001000
8 N1 =7 ’ Xj1qp = 0.000000
w
g . v, =0.245
S — N 5§ =9.990 kmol/hr
=, [ Qg = 245kW (—37%) Ni=12 Xpon = 0.000385
N, =19
— _200 Xigex =0.999000
ﬂ Cﬂp = 5 56k'€ ( 38 /0) F =30 kmol/hr Xj1qp = 0.000615
n - Xpen = 1/3 Ns=21
o XHex = 1/3 :
o _ N;=14
> Xep = 1/3
c vy =0.568
©
(TJ Ng=16
o
o minTAC
Xy B =10.004 kmol/hr
W s.t.h(x,y) =0 B Xp,y, = 0.000000
0 5 10 15 20 25 ‘ gx,y) <0 , [a <10 min \M} Xj1ex =0.001000
process variant — 293.6 kW x,,,, = 0.999000

[1] Skiborowski, Chem. Eng. Trans., 2018, 69, 199-204
[2] Waltermann & Skiborowski, Chem. Ing. Tech., 2017, , 89(5), 562—-581
[3] Waltermann & Skiborowski, Comp. Chem. Eng., 2019, 129, 106520
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= Shortcut Screening!!] = Economic Optimization!(2?3!
. 187 KW

sl Q@ =287kW (—27%) lﬂ 5

g " Cop = 657k€ (—27%) !
w© 6] h,=18m
ug ul - M| d=047m
Sl el L Qg = 245kW (—37%) F,—
2 | _.@Q@..\,.I Cop = 556k€ (—38% . o ,Lﬂ h D,

B 5 517 S o i o [ AR [ Ay A 1 i T g-c s
S .l b o~ o, |h2=265m
2 st “—3}-1.91 bar d, =0.45m
s Lol o-@-
© 16 kW R% O
8- 2 minTAC 23 der DWC
0 W s.t.h(xy =0
0 5 10 15 20 25 80 ‘ a(x, 1) < P
process variant b | [Q < 10min &7 %
B,
227 kW

[1] Skiborowski, Chem. Eng. Trans., 2018, 69, 199-204
[2] Waltermann & Skiborowski, Chem. Ing. Tech., 2017, , 89(5), 562—-581
[3] Waltermann & Skiborowski, Comp. Chem. Eng., 2019, 129, 106520
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Rigorous optimization-based design

¢
\:|an. ABC— B
I Op.
_‘ h. s*c
z -20
< 0 F,—
Q ] 17 QL D,
< ?9/’ 5y [N2=265m
.. v Lol
—>®—>®—> ----- 83% Q
] 16 kW B
o 23 der DWC
EEEQLY FEELLY EERY
g g8 7 o) e g8 > o) e > o)
T I I I | é
direct split indirect split intermediate split 297 KW B,

Waltermann & Skiborowski, Comp. Chem. Eng., 2019, 129, 106520
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tive configurations

R. Agrawal, AIChE J 46 (11), 2211-2224, 2000
Z.Jiang & R. Agrawal, Chem. Eng. Res. Des.,
147,122-145, 2019.

= Combination of thermal coupling and heat integration

side rectifier SR with heat-integrated LOT-SR
(SR) liquid-only transfer (HI-LOT-SR) L&, DWC HI-LOT-SR
(LOT-SR) ABC TAC (k€/a) |203.4 (-14%) |236.1
" AOC (k€/a) | 92.2 (+10%) | 83.8
G AIC (k€/a) |111.2 (-27%) |152.8
o, Y0z (kW) |397.0 (+37%) |252.0
Y0c (kW) |398.0 (+34%) [297.0

. , P ~ L{’ ,, ------ k ===~ ~

= Shortcut screening benzene //DWC wrw ./ HI-LOT-SR .
(80,1°C) ! ol 252 kw |

% heat-integrated direct split ! [ (E@. |

sk heat-integrated prefractionator : 8 B (soec)1 1 B (80°C)

<] partially coupled prefractionator {(condenser) largest MED I 054 Pcor= 1.0 atm : : BTE—]-"° |

> fully thermally coupled f 1 Y He=35m | Peait =_1-U atm |

L1 heat-integrated LOT side-recifier savings (34.4%) I 21| 14| Deo=065m : | et K g“’" - SSSTm :

. ==1 Den=0.

BTE Taweey ! 25 |
>30% less MED L | 20 . Nt E (136°C) |
than best . HI-LOT-SR I : : > T (146°C) !
alternative variant ™ — has lowest | pJ¥s F aw 26 :
>20% less MED —— MED | 10 : : - ﬂcm=22.§2bar |

c = m
than best : 398 kW o 22| Dy=044m :
alternative variant . E (136°c) | \@isa kw o

ethylbenzene toluene \ p \ E (174“0}’
° ° ~ - ~
(136.2°C) (10700 Semm e 27 Nemmmmmm e e - -
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Skiborowski, M, 2020, Comput. Aided Chem. Eng. (48), 991-996.



Evaluation of complex processes

4-product separation with

Kaibel column (13 DDoF)
(dividing wall + 2 side streams)

Multi-DWC (21 DDoF)

(2 dividing walls + 2 side streams)

Waltermann, Sibbing & Skiborowski, Chem. Eng. Process.,
2019, 146, 107688

p

D1 008
= 020 |Hy,=365m
[@E <30 min @3 \\] X {D,=057m
L ‘ g_ié 10 |20
S,
F14~ 9 S
9 [6 1
X A
063
21

3953 kW
By

417 3 kW
B,

0.55

140

6%
120 - 1

100 |
-55%

TAC [KElY]

Bi=941mols |
1% = 0.001
1xw=0.999
=0

1Tp1 =998 °C

-
|

Extraktiv-
rektifikation

O Heteroazeotrop-
rektifikation
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[ TAC213.6 k€/a (+5%) | [TAC204.0k€/a |

RR=49
166.5 kW

MSA-based distillation

R = Extractive distillation
» Heteroazeotropic
o s reace distillation

Waltermann & Skiborowski, Comp. Chem. Eng., 2020,
133, 106676
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= Continuous extension of the design space
= further options for energy integration
» hybrid (membrane-assisted) process concepts

= Integration of MSA selection
= computer-aided molecular design
» solvent-based|process synthesi_s]

= Experimental validation and dynamic control
= |ab-scale experiments with extended Petlyuk configuration
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= Thermodynamic-based process synthesis

Implementation

MATLAB based

framework

Split 2k Generation ":?'

Feed Mixture

topology

feasibility of variants

lffh
(Waspentech | [
property data data
1 |-+
H 7
Report File i - —+ .
——————————— open source Code
Parser XVT.PT/AVT.SVT

Sasi, T., Wesselmann, J., Kuhlmann, H., Skiborowski, M., 2019, Comput. Aided Chem. Eng. (46) 49-54.
Sasi, T., Kruber, K., Ascani, M. and Skiborowski, M, 2020, Comput. Aided Chem. Eng. (48), 1009-1014.
EFCE WP| M. Skiborowski | 08.09.2020

Process Systems
Engineering

TUHH

Butanol
(117°C)

Miscibility gap at
saturation
temperature

Ethanol
(78.3°C)

Methanol (100°C)

(64°C) ‘
M
E B
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= Designing processes from abstract building blocks

Product 1 *=+ | Product np

= Mixer
o Splitter

= Generation of innovative processes

- Phase contact - Energy transfer
- Phase change - Mass transfer
- Phase separation - Stream dividing

—
. PBB
;) - Mixing - Reaction

v v
QP

Kuhlmann and Skiborowski, 2017, Ind. Eng. Chem. Res., 56 (45), pp 13461-13481
Kuhlmann, Veith, Moller, Nguyen, Gérak and Skiborowski, 2018, Ind. Eng. Chem. Res. 2018, 57, 3639-3655

TUHH
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connection of PBB

selection of PBB entities

minTAC
i

L E

| i ||Membrane| |Membrane||Reac” Reacl

LL

translation into real equipment

17
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=  Simple example — Ethanol dehydration

, t
Meeon = 4.3

y
> wgon = 0.996
separation
> Wgeon = 0.05 —
:"“"“": Weion = 0,997 keke! Weion = 0.997 keke” process
eV [ ViRa [V [ViRel -S> ' N I
VP L 55 m? VP 2: 507 m2 Pl V: Ret Fem-mmmnd »( 2_»
V: Perm === 1 |V' Perm gpaste

VP 1: 623 m*

¥ |
b e o — == o

VLI «vb ; Q>

weon = 0.050 keke™

weon = 0.050 kgkg™!

;‘ ..... ’1 VL 1 i
: : L4
v [t] A - 7 >
i ] r = HiGee Stripper Membrane process**
v weog = 0.001 kgkg’l -_ - _—

v 15 E
A r weon = 0.001 keke” '--@4 ,@—P ** Gudena, Rangaiah and Lakshminarayanan, Ind. Eng. Chem. Res.
@J_,@Li B 2013, 52, 4572-4585

= Quio = 1.21 MW
Qhioa = 1.60 MW r . -1 . . .
Quon =098 MW TAC- 4874 Qs = 0.94 MW TAC=38Tkea | =~ Membrane Assisted Vapor Stripping*
* Vane, Alvarez, Huang and Baker, J Chem Technol Biotechnol,
Kuhlmann and Skiborowski, 2017, Ind. Eng. Chem. Res., 56 (45), pp 13461-13481 2008, 831275-1287

Kuhlmann, Veith, Méller, Nguyen, Gérak and Skiborowski, 2018, Ind. Eng. Chem. Res. 2018, 57, 3639-3655
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= There is a need for systematic methods for Process Intensification
» in order to extend the search space and
= in order to evaluate process concepts.

= Thereis “no free lunch” j!\
» no single technology will provide the best process for all applications and

» no single design method will identify the best process variant.

= Biggest impact from symbiosis of PSE and Pl and

integration across disciplines. mm

COLLABORATION
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Thank you for your attention!

| am happy to answer any
guestions.
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