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Motivation O Geriin
Optimization with thermodynamic calculations

1. Formulate all thermo functions explicitly 2. Function calls to thermo property packages
min f(X) min f(X'Y)
s.t. gx)=0 s.t. glx,y)=0
y = thermo(x)
- Inflated model - Lean models with thermo flexibility
« Complex intialization necessary @
* No easy changes in thermo
calculations (e.g. change from Problem: optimization tools do not usually
ideal to non-ideal liquid phase) provide integrated thermo packages
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Motivation Gl
Development Goal

Generate the interface between
GAMS and CAPE-OPEN thermo property packages

for fast thermo calculations
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|. Mixed-Integer(MI) Optimization for Conceptual Design

Vapor-Liquid-
separation unit

|=L,out I:V,in

for Conceptual Design
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. MI Optimization for Conceptual Design “gf' E
The necessity of calculation speed

FLin Fvout
Number of thermo calls per equilibrium stage (ternary mixture) l T
Calls in GAMS Calls to thermo
property program file package (C++) [
Vapor-Liquid-
single phase 2 8 separation unit
enthalpies
(htand hVY)
distribution 3 18
coefficients K,

- 26 calls/stage

o . F Fvi
For four equilibrium stages per unit; Lout TV.in
- 104 calls/separation unit
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Optimization-based Conceptual Design o Geriin
The necessity of calculation speed

- 624 calls/all separation units mixer nodes
Number of thermo function calls » | .
per mixer node \\\ ’/ (/ » ~
\“w l"v} > )
property Calls to thermo é";ﬁ%’%ﬁ'@:&é}? il )
package (C++) AB,C—» ‘661616]’?};9).?% . ]
: A IO A >l v )
single phase 8 g A
enthalpies v )
(ht and hV) - )
7 7 ; > . f Vi
distribution 18 7 e
coefficients Kc T T e x5 [I t —]

.

= 26 calls/mixer node = 390 calls/all mixer nodes

-> 1014 thermo function calls per iteration |
Calculation speed is vital! -
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ll. Thermo function interface

Number mapping

Residual of f(T,p,X;
(T.p.x) 1 Properties + derivatives
|

1 + df/dT, df/dp, df/dx;
i
i
|

Code Export

d|b|tla

I
M OSA| C modelir:g
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lIl. Optimization Workflow
Overview

1. Model development

g diita . J
EMOSAICmodeling
g

ABC—>
>l v
3w
>

v ]

—
—f]

|

i—b

i—’@: 2. Code export
[

|
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% gms program file g g GAMS

O

Number mapping between external
equations (.gms) and external module

External Module
(C++ file > DLL)

GAMS workspace
Thermo property
package (manager)
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lIl. Optimization Workflow

1. Model Development — Equation System

. Equation System Notation
Equations
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Functions Flowsheet

[ 124220: EQS_6&VL-PBBs [with cc
v [J0-[s] 124221: EQS_VL PBB (
> B0 -[s] 124222: EQS evap
> BB 1-[s] 124217: EQS conds
> .
BB 1-[s] 124221: EQS_VL _PBB (
BB 2 - [s] 124221: EQS_VL_PBB (
Bm 3 -[s] 124221: EQS_VL _PBB (
Bm 4 - [s] 124221: EQS_VL_PBB (
BB 5 - [s] 124221: EQS_VL_PBB (
B 6 - [s] 123506: EQS_DN&flasl

vyvyvVvyYvyYyy

All Subsystems of
the Superstructure

Connected Elements

1
(2)
(3)
4)
(5)
(®)
(7
(8
(9

(10)

_6 .KVLE. Lo X g g
yVL,i,j_ ; VLG, j AVL, i, j

L L trans _ L L
FVL,i-l'hVL,i-l'i'QVL’E =FyL,i*hy,

ans L
F%{L,i.l'xVL,i-l,j'l' VL,i,j = FvL i XvL,i, j
\4 |4 trans 14 |4
Fyr,ivihye ien-Qyp = Fyeithye i
\4 trans \4
FVL,£+l.yVL,,'+Lj-FVL,f,f =FVL’i‘yVL,i,j
nc
Z v =1
) 1
LoVl T
PEB —
Py =Py
ﬁ(-]_:sV—SL
i 1 1

2.0
(st +tio f)'(Fé’L i+l i) -(ter ) =0

System equations
all equations defined generically!

9

instantiated before initialization

C X VA S B T3 (A TR Y ] =—mnv

A,B,C—>

for Conceptual Design
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lll. Optimization Workflow

1. Model Development — Thermo Functions

Equation System Notation

Hierarchy

Equations [N Flowsheet
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Universitat
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Function

Location: 112801: fun_KValues.mosfun

Function Applications

Output Variable

Input Variables

Generic Applied Generic Namespace Applied
eOele2
Py, Py,
VLE
Kyi® Kvi,i,j
elele2
Description: empty function for distribution coefficients (vapor-liquid eqt Tw Tyi,i
No. of usages: 6 Oele2
elele
Location: 111441: fun_enthalpy_vapor.mosfun XL, j XVL.i, j
v ?
h (P’ T, )’j) = Output Variable Input Variables
Generic Applied Generic Namespace Applied
Description: function enthalpy vapor By LLLCF 2
No. of usages: 1 KVE KvD j
Location: 120080: fun_enthalpy_vapor_with_composition&miniscular_pre Ty LU Tvi;
v elele2
XVL, j XVL, i, j
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2. Code Export

1. Model development

T s\

BMOSAICmodeiing

N

% gms program file g g GAMS
——————p

AB,C—>

2. Code export Number mapping between external
equations (.gms) and external module

L N
) é External Module
(C++ file > DLL)

GAMS workspace

Thermo property
package (manager)

@ TEA
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l1l. Optimization Workflow U Gerin
2. Code Export

1. Model development

ik e, =Tl
===..|VI|OS|A|(|:m(])deI|ng N, .gms program file .- GAMS
) 7L ]
N\ -----»
ABC— 2. Code export Number mapping between external
equations (.gms) and external module

_ N
[ “ H “ [ ) é External Module
= (C++ file > DLL)

Thermo property
package (manager)

@ TEA
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l1l. Optimization Workflow O Geriin
Mapping of external equations and external module

W =] M b W N

=x= l*e0e6_h outL mix kl +|43*e0e6 x outL mix kl jl +[44*eO0e6 x outL mix kl j2 +[45Fe0e6 x outL mix k1l j3 + 31*e0s0 T + 37*e0s0_p;
=x= 2%*e0e6_h outL mix k2 + 46*e0e6_x outL mix k2 jl + 47*e0Oe6é_x outlL mix k2 j2 + 48%*e0e6_x outlL mix k2 j3 + 32*e0sl T + 38*eOsl_p:
=x= 3*e0e6_h outl mix k3 + 49*e0e6_x outL mix k3 jl + 50*e0eé6_x outl mix k3 j2 + S5l*e0e6 x outL mix k3 j3 + 33*e0s2 T + 39*e0s2 p:
=x= 4*e0e6_h outL mix k4 + 52*e0eé6_x outL mix k4 jl + 53*e0Oe6_x outL mix k4 j2 -oge x outl mix k4 j3 + 34‘:033 T + 40*e0s3 p
=x= 5*e0e6_h outL mix k5 + 55*e0eé6_x outlL mix kS5 jl + 56*e0e6_x outL mix kS5 j2 Pe6_x outL mix kS 33 +

=x= 6*e0eé h outL mix k6 + 58%e0e6 x outl mix k6 jl + 59%e0e6 x outlL mix ké j2 e I 2 (3 ;\ PV1 S;>
=x= 7*e0eé_h outV mix kl + 6l*e0eé6_x outV mix kl jl + 62*e0e6_x outV mix k1l j2 —gms program f||-e .-

—x= 8*e0e6_h outV mix k2 + 64*e0e6 x outV mix k2 jl + 65*e0e6_x outV mix k2 j2 Ueb_x outV mix k2 j3 + 3Z~eusl T + 3B~eusl p;

Referencing by numbers, e.g. for: ht=1(p, T, Xy, X, X3)

if {icntr[I_Egno] ==[1} {//for the first functicon

std: :vector<double> composition_liquid = { x[42], =x[23], x[34] };
JfExternal Functionm for liquid emthalpy calcdlation

mylocalThermoOb]. setsinglePhasePropResult{enthalpyF, x[3@], x[25] * 1eeced.a@, ligquid, composition liguid);
f[a] = {(x[8] - mylocalThermoOb].getsinglePhasePropResult(a));

/fDerivatives A
//dh/dh External Module
ife] = 1.e; (C++ file > DLL)

fidh/dy_J
mylocal ThermoOb]. setsinglePhasePropResult{enthalpyF_DmoclFraction, =[3@], x[325] * 1eéeoed.8, liquid, composition_ligquid);

d[22] = -mylocalThermoobj.getsinglePhasePropResult{a);
d = -mylocalThermoobj.getsinglePhasePropResult{l};
d[Z8] = -mylocalThermoDbj.getsinglerhasePropResult{2};
Jrdhydp

mylocalThermoOb]. setsinglePhasePropResult{enthalpyF_Dpressure, x[28], x[3&] * 1228208.8, liquid, composition_liquid);
d[36] = -mylﬂcalThermDUhj.getSinglthHEEPrnpﬁesult{E}“laaaaa.E;If[lfbar]*ﬂ

fdh/dT

mylocal ThermoOb]. setsinglePhasePropResult{enthalpyF_Dtemperature, x[28], x[25] * 1éeoea.a, liquid, composition liguid);
d[28] = -mylocalThermoObj.getsinglefhasePropResult{a}; //[1,/K]
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l1l. Optimization Workflow U Gerin
3. Thermo calls to Thermo package via COBIA

1. Model development

ik T
E====MOS'A|(':m?de“ng D .gms program file g g G AM S
T || m————)

|

]_D

i—’@: 2. Code export
|

|

AB,C—>

Number mapping between external
equations (.gms) and external module

—>
. l
“ v
>

—|
—f]

N\
é External Module
(C++ file > DLL)

GAMS workspace

Thermo property
package (manager)

@ TEA
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V. Case Studies — Separation of ternary mixture

via a dividing wall column (DWC)

* Feed specifications:

— n-pentane/n-hexane/n-heptane

— Molar composition ={0.3, 0.3, 0.4} 1l
~ T=325K yL
v
— F=1kmolls AB,C_ .| .|
1|V
- Optimization task: N
find optimal split ratios: Vg, VL, Vy {I/li

* Maximizing objective: sum of
desired product qualities in product

streams
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V. Case Studies — Separation of ternary mixture

Speed of thermo calculations and profiles

A,B,C__,

VR

—> B

A

Fast thermo
calculations

| > 500 thermo
calculations/second

stage [-]
(o]

~

vp=0.4
v, = 0.69,
vy = 0.45
.
LJ
L
L
L
L]
| &Il
a

305 315 325 335 345 355
temperature [K]

stage [-]
P N WA OO N O
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V. Summary

Functioning interface between

GAMS and CAPE-OPEN thermo property packages

For fast thermo calculations

Reducing modelling effort by automatic code generation
with MOSAICmodeling

for Conceptual Design
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Questions and answers
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ll. Results — separation of ternary mixture O Gerin
Il. Optimization of the superstructure in DWC configuration

L. ®n-pentane ®@n-hexane ®@n-heptane
Product flows and qualities: P P

Destillate:

70 @ L ]
®n-pentane ®@n-hexane @n-heptane

« F=0,2752 kmol/s —00 e ¢
8 ® L L D ° L
« Composition = S 3 ° °
7 @ ° ° 2]
{0.958, 0.042, 0.000} 3¢ ° °
6 Le ° o 2 e o o
Middle draw: 1e ‘.
5 ° ° ° 0 0,2 0,4 0,6 0,8 1
* F=0,1kmol/s o molar ratio vapor stream [mol/mol]
(@]
» Composition = £ 4 o o ° en-pentane ®n-hexane @n-heptane
{0.241, 0.726, 0.032} 3 e e o 8 ® ¢ e
7 @ e o
Bottom draw: 2 e o Py .6 o o
+ F=0,6236 kmol/s e° | ° pe
1 ° ° ° D ° L )
- Composition = °c 02 04 06 08 1 ?3 oo o
molar ratio vapor stream [mol/mol] 2 o o ®
{0.019, 0.345, 0.636} 1 L e o o
0 0,2 0,4 0,6 0,8 1
molar ratio vapor stream [mol/mol]
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Il. Optimization of the superstructure in DWC configuration

Product flows and qualities:

Destillate:

« F=0,2752 kmol/s

« Composition =
{0.958, 0.042, 0.000}

Middle draw:

+ F=0,1kmolls

« Composition =
{0.241, 0.726, 0.032}

Bottom draw:

*+ F=0,6236 kmol/s

» Composition =

{0.019, 0.345, 0.636}

0 0,2

®n-pentane ®@n-hexane @n-heptane

® {_J
0,4 0,6 0,8

molar ratio liquid stream [mol/mol]

1

®n-pentane ®@n-hexane @n-heptane

8o e )
70 ) °
_ 6@ ) )
—e oo
g4 @ oo
3 0 ° °
2 @ ) ) :
1le—e o — i
0 0,2 0,4 0,6 0,8 1
molar ratio liquid stream [mol/mol]
®n-pentane ®n-hexane @n-heptane
8 @ © )
7 o0 )
__6 o0 )
j 5 ) ) )
- g4 e °o
23 @ °
2 @ oo
1 e ° ° —_— bg:;c\’lvm
0 0,2 0,4 0,6 0,8 1

molar ratio liquid stream [mol/mol]

21 Mixed-Integer Optimization in GAMS using CO Thermodynamics via MOSAICmodeling and COBIA

for Conceptual Design

D. Krone | CAPE-OPEN 2019 Annual Meeting | 22.10.2019

d|b|t|a

www.dbta.tu-berlin.de



Technische

Il. Optimization Workflow U Gerin
1. Model Development — Instantiation and Initialisation

1E MOSAICmodeling 2019-10-15 10:05  d.krone - (] X

EE' MOSAICmedeling  2019-10-15 10:07  d.krone

Model  Simulation Optimization Miscellaneous  Extras

Meodel  Simulation Optimization Miscellaneous  Extras File six VL-PBBs with DM / 124224: eval DN with six VL-PBBs (half relaxed_V2).moseva Q = B
File six VL-PBBs with DN / 124224: eval DM with six VL- Q (| | Description Keywerds Usages
six WL-PBBs (half relaxed, meaning that the compressor flash equations aren't relaxed anymere in comparisen te the fully relaxed system) in distribution netwerk
Description  Keywords  Usages “
six VL-PBBs (half relaxed, meaning that the compressor flash equations aren't relaxed anymore] | equation System  Specifications Evaluation
Varigbles Parameters Namespaces
< Var Specs six VL-PBBs with DN / 124223: varspec (half relaxed_V2) six VL-PBBs in DN (simulation, all binaries as design variables).mosvar [=] Q m |
Equation System  Specifications Evaluation
Degree of Freedom: 76 Type of Equation System: NLE Get Analysis Results + Import Values Test lteration Cale
- i Differential Variable
EQ System 124220; EQ5_6&VL-PBBs [with compressars] (half relaxed_ Q0 Iteration Variables Design Variables External Function Calls =
itle
. . . NSPC Variable Na... Initial Lower Ba NSPC Variable N Val NS.. Variable... Val
Generic System  Indexing  Instantiated System . A R EFM"E e , . anane e .
edelel B T 0 e0p1 elelel Eoy
L. =inlet_feed_ Start
Namespace  Mame Value Range  Max Symbol  Max Value Description le0e0et § 05 0 e0p1 T 325 s00el o -
n
B <[0]12..c 1.NC MNC 3 Index of com.. leoe0ac rmlet feed_|
R Points
e[0]12422... i 1.l nvl index of equi.. 1
(0112422...§ ! Inmal val ues '.De3|gn values
dor2.i  Instantiation of th@systemwclby epmu »
e[0]12422... i 1.l vl index of equi..| =inlet_feed_ ﬁ
. le0e0eC =1 03 alu
e[0]12422... i 1.mvl vl I n -1| ces index of equi... Tevap 0 -1.0E€ eop1
. . . =inlet_feed_
e[0]12422... i T.nvl nvl 4 index of equi.., la0808C B . e o xj=2 04
e[0]12422... i 1.nvl nvl 4 index of equi.., : | -
=inlet_feed_
i i Xj=3 03
e[0]12422... k 1Mk Mk 15 mixer index o le0e0e( 7 2 oge, | [t Y . .
. < > < b4
Information complete. “
Confirm Index Data T
o
Index Value Specification
Name Space:
Value Meaning

for Conceptual Design

22 Mixed-Integer Optimization in GAMS using CO Thermodynamics via MOSAICmodeling and COBIA d | bltl
D. Krone | CAPE-OPEN 2019 Annual Meeting | 22.10.2019

www.dbta.tu-berlin.de



Technische '
Universitat

Berlin

|. Process synthesis approach

i II) Selection of V)
deﬁmtlot} and phenomena- Optimization: V) VI)
analysis based building generation of Translation into Optimization
foed blocks (PBBs) IIT) Set up of suitable equipment- of equipment
_— ciuct superstructure flowsheet based -based
obiec tiv’e by screening variants flowsheets flowsheets
thtjermo- ? tool, experience (PBB-based)

4 and preference
dynamics

Fig. 1: Process synthesis approach based on the framework by Kuhimann and Skiborowski!

1 H. Kuhlmann, M. Skiborowski, Ind. Eng. Chem. Res. 2017, 56 (45), 13461 - 13481
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