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1.Introduction




Chemicals Based Products & Their Processes
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Survival of our modern society depends on the products from ChE

I SE Fnr Sustainable Product-Process
% P EE D Engineering, Evaluation & Design

ooooo
e%e%e’e
-----
DO
-----
e%e%e’e
-----
0%e%e’e
ooooo




Motivation to Find New & Improved Solutions

Convert
resources to
products

!

Use energy,
water, ....

Environmental
Impacts (GWP,
OD, HTTP, ...)

Produce
waste Only 25% converted; must be > 40% (Driolli 2007)
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Process Systems Engineering: Main Topics
How? Topic Why?
Numerical analysis => Simulation => Behavior of process-product

Mathematical Programming => Optimization => Synthesis/design

Systems and Control Theory => Process Control => Manufacture

Computer Science => Advanced Info./Computing => Efficient
problem solving

Management Science => Operations/Business => Supply chain

Models of various types, forms & application range play
Important roles in all of the above!
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2. Problem Definition

Which product to make (selection, design, ...)?

How to make it (process synthesis, design,
sustainability, ....)?

Other questions (When? Why?)




The Chemical Product Tree

Refined chemicals & Consumer products (~3000) .
Plastics, Pharmaseuficals, Dyes, Solvents, Ferilizers, Fibres, Dispensers, Cosmetics... ngh
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low  Questions:
what, why
& when
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Intermediate Products (~300) = ° = =
Methanol, Vinyi chloride, Styrene, Urea, Formaldehyde, Ethylene oxide, A ceticaad, E e = &
A aylonifrile, Cvclohexane, Acrvlicacid,...
Basic Products (~20)
Ethylene, Propvene, Butadiene, Benzene, Synthesis-gas, Acetviene,
Ammonia, Sulfuric adi Sodium hydroxide, chlorine, ...
Raw Materials (~10) :
Petroleum, Natural Gas, Biomass, Roack, Sailt, Phosphaie, Low l H lgh
Sulfur, Air, Water, ...
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Chemical Product-Process Design & Application

Process Design

Product Design

Raw Produ Atoms or
material Process @duc}s properties Product molecules
| Flowsheet? ' ‘ molecule/

mixture?
Operating Equipment
condition?[ [ parameters> Product Molecule or
mixture
Product Application Design synthesis?

Product

Application
process?

\ 4

Application [ [
conditions?
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Equipment
parameters?

Integrate Process-Product
& Application




Chemical Process Synthesis-Design
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Chemicals,Biomass, i
co, ... 2

New process design objectives and constraints
Discovery of new technologies (catalysts, solvents, etc.)
Switch to renewable raw materials (biomass, CO,)



3. Mathematical Problem Formulation
Need & role of models
Generic formulation

Various problem formulations




Model Types & Their Role (Verification-Test)

Property models Log P,= A, + [B/(C;+ T)]

Process models

d(;:?i = i — fowi —r(m, T,P)V;i=1, NC
- Operation models " Formulation
-
s 2 TS process
T Process models 3 &+ O model
" E 3 2 =3
V) ~+
= I S5 8
% S % Property-kinetics c'—; %’- N Product
o ; = models w=3a evaluation
= 2 g " model
<) Cost models
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Mathematical (Generic) Problem Formulation

Fobj=min {CTy +f(x, v, U, d, 8) + S¢ + S, + S+ H + Ho} (Eg. 1)

0=nhyXx, V) process constraints (Eq. 2)

0=P(, x,v,d,u,8) process model (Eq. 3)

8=0( x.y) property model (Eq. 4)

l, <g,(%, U, d) <u, process variable constraints (Eqg. 5)

L, <g5(X, V) LU, molecular structure constraints (Eg. 6)
Bx+Cly>D process networks (Eq.7)

X: real-process variables; y integer-decision variables; u:
process design variables; d: process input variables; 6:
property; B, C, D coefficient matrices
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PROCESS ?

I><

Synthesis-Design Issues

Vv

Z) L

Y: decision variables;
Others: real variables
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Which raw materials to use (y, f)
Which products to make (y, p)
Which utilities (y, u)

How many processing steps (y)
For each processing step, how
many alternatives (y)

Values of process variables (x)
Process design specifications (d)
Model parameters (0)
How much waste (w)

How un-utilized utilities (z)




Different Problem Formulations

Eq. 1: Objective function « Process simulation (Eq 3)

Eg % E:ggg: fnoon dsétlrsints Product — Process * Process optimization (Eq 1-3)
Eq. 4: Property models DeSign (ECI-].) CP)rouncf eva(ljuatlolr; (Elqj’g)
Eq. 5: Process variable 7Y 7y ptima pro uc;t_( q9-L .)
constraints * Product + implicit application (E
Eq. 6: Molecular structural - . 4, 6) o
constraints Design Design * Product-process- application (E
Eqg. 7: Processing networks A N
A 4 A 4 -
Product Process Deagr /I_:
Design (Egs.2,3,5,7)

(Egs.4,6)

Feed D >
Integrated

| * Product-Process S

SR 0%

Simultaneous Product — Process Design (multiscale & multidiscipline)
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4. Solution Approach

Decomposition based approach

Multi-stage sustainable design




3-Stages Innovative Design Methodology

Synthesis Innovation ‘ sus":/;?nr:bl x

stage stage process

Processing route Improvement target

Synthesis Stage (find optimal processing route
to convert raw materials to desired product)
Design Stage (perform dtailed process
simulation, analyses and identify targets for
Improvement)

Innovation Stage (find new alternatives that
match the targets for improvement)




Stage-1: Generate & Test - Synthesis of processing routes-1

—+_H20-Purge—| Molecular RECYCLE-T3 vane I
Sieve TOP-T2

Step 1: Analyze

: —‘ TOP-T2 ,L
rorr1—| AL
bI TOP_NO_H20
problem R =
Mixer M P=Eatm
FEED-T2— FEED-T2—|
FEED-T1—

Step 2: Find -
building blocks to -
generate flowsheets Tigﬁr- B e

TOP-T4 ETo PT—

Reactor

P=1atm

Step 3: Enumerate & rank ot
all feasible flowsheets

P=1atm

Step 4: Select highest Foors
ranked for detailed test oo

Advantage: Generates all possible flowsheets; identify the best very rapidly;
can generate superstructure; apply also mathematical programming
Disadvantage: search space defined by known technologies only; needs a lot

of data and/or predictive models
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Stage-1: Generate & Test - Synthesis of processing routes-2

Feedstock Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 EProducts;

 Represent
alternatives as a

— network
)’%{ (superstructure)
A",A — * Develop |
' ‘V« mathematical
‘;«v -4 models for the
)\ s network
1—6- » Solve the

B mathematical
| programming
problem

Similar in concept to enumeration based method but employs mathematical
programming techniques; can also employ enumeration & test
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T=330K P=24atm

T=322 K P=3l.6atm \‘

Purge gas

Recycle H;

CsHs =
100

mixer

H,=907.5
CHy=2.5

T=42121K P=233.2am
T

0

Isothermal
reactor

T=497.2 K
AP=]1 atm

¥

Other data: R-1 (heat of reaction, conversion,
reference compound), E-1 (U & A), SP-1
(purge rate)

Condition: H2/C6H6 in reactor feed=12
methane/H2 halance for purge
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-{;I T=322K

AP=0.5 atm

e

Cyclohexane
product

Design stage-2: Detailed design & analysis

Perform detailed design calculations on the identified flowsheet
Flowsheet for cyclohexane production

* Determine the
design variables of
each task

* Perform analysis
(economic;
sustainability; LCA
assessment)

* |dentify "process
hot-spots”

 Define targets for
process
Improvement




Stage-3: Innovative solution through process intensification

—— O |Methyl Acetate ————— > |
l_O] 1—01 Acetic Acid | Task G
- Distillation
—
Task F
Catal
- } ® Y e
o - =
véater { Reaction |
—O— %—\ & Task A s
e e M'. -
Methano! | Task B
Distllation
D |‘ O Tasks
Cand D
rF: b

Water

Methyl acetate production
(methanol + acetic acid = methyl acetate + water

(Eastman Chemicals, Siirola, 1988)

Water




S3: Sustainable process synthesis-design-intensification

Synthesis ;
Data MR M) sustainable  CACE, Pl-special issue, 2017; CACE, 81, 2015)

process

Represent base case process wrt to operations to phenomena
>

Processing route Improvement target

Processes Operations Stages SPB’s Phenomena

Intensification method:
Starting with a base
case design (synthesis
stage), set targets for
improvement (design
stage), generate new
intensified options that
match design targets
and make the process
more sustainable

(mnovatlon stage) Recombine the phenomena to generate new intensified options
PSE Fnr Sustainable Product-Process
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5a. Application Examples
Process synthesis
Process innovation

Tailor-made blend (product) design




General Problem Definition - Superstructure
Fobj =min{C'y +f(x, y,u,d,8) +S. + S+ Sg+ H, + Hp}
Process model
P =P x.y,d, u, 8)
Process constraints

Raw Materials Process 1 Process 2 Products

0 =hy(X, y) 1 szi : L

Equipment constraints V. > 4 iz E

02>9,(x u,d) : i e
YN,

O 2 g2()_(1 y)

Flowhseet alternatives
2Y.=1lorl>2Y,<2 orsetY,=0




Generic superstructure representation & model

The Processing Step-Interval Network representation is suitable for a wide range of problems

RAW PROCESSING | PROCESSING | PROCESSING
MATERIALS STEP 1 STEP 2 STEP 3 PRODUCTS
7~ w\ /_Iﬁ
1-1 2-1 M— »  P-1
N
RM-1 G : .
eneric processing
1-2 i
P 7 interval
RM-2 <
~——
-3 waste product
Separation separation
_ —>

mixing reaction

Processing Step-Interval

Network (PSIN)
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Optimization Problem

A generic process model can represent multiple process options at various scales

Objective function Z =SPROD _CRAW _cC _cU _ T _ CAPEX/z
SFROP = Zzzpkl,leOD fi‘,'ﬁ CRAW =ZZZPK"?IAW fa‘,’ﬁ c* :ZZZ Plcl:gle cv =ZZZPULIJ,| fuLtJ,T(

Process interval model Composition, availability
ot = > il aa and demand constraints

M =“fi}kN +gM fik o =R
= 0+ 3 B 70 MV MV i
W= R (1) ZFQ’{;,LOC < AVAIL,

gV = £R _ W ZFiYﬁ",LOC < DEM,,
ik = Tik ik i

oUT1 _ ¢W L
fix = fi,ko-i,k

Superstructure connections

< fi(ID(UT ,1S P

OouUT.,2 _ W OuT 1
fi k - fi k fi k 1
fi,k,kk - , k,kk

ul 1 IN
Qutk = 2 ::But,k fik 2 ouT,2 P
: e = fie (Sk,kk _Sk,kk)

/
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Synthesis Framework & Super-O (software)

Super-O: An interface for formulating and solving synthesis problems using superstructure optimization

R FPROCEEEING | PROCEEEING | PROCEEEING
MATERIALE ETEF 1 ETEFZ ETEF 2

/u - ]? = o = o~ )

Superstructure
Problem ofgltematives >[ = ]—g = o = e )
) =N =t

FRODUCTE

/ \ gl Bl
..... e
‘ Database Model
_ Solution ‘
Solution <+«— stratedy  [Gams

B BN Sustainable Product-Process
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Overview of problems & applications

Problem size Model size
Case (problem type) Reference
NF NP NI NC NU NR NL NEQ NV (NDV)

.L': ? de)”Chmark 2 4 12 5 - 2 1 3476 3,235 (120) Quaglia et al. (2012)
-ewater network (d) 2 6 24 15 - 37 1 112,147 108,742 (74) Handani etal. (2014) |
S.ugar_cane molasses 1 3 32 12 - 26 1 76,360 73,141 (52) Bertran et al. (2015a)

biorefinery (b)
.C from CO, (a) 1 5 16 11 - 7 1 8,546 7,985 (26) Frauzem et al. (2015
Biodiesel biorefinery (d) 3 6 46 27 - 91 1 1,210,227 1,193,507 (182) Bertran et al. (2015b)
OO(T)’)DME’ DMCfrom 4 g 13 16 - 14 1 51373 49,573 (60) : .
2

Bioethanol biorefinery (c) 6 1 35 34 3 47 7 175,383 162,798 (1,330)  Bertran et al. (2017)

o8 0B8RS oS
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Overview of problems & applications
The framework is applicable to a number of problem types across various application areas

Process Feed/product Plant Equipment Process
synthesis  Supply chain  selection allocation selection retrofit Blending

Chemical

processes * * *
Biorefineries *

Oil & Gas

Pharma
processes

CO, utilization

X X
x* X
) o
)
).

W astewater .
management
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5b. Software Tools & Application
Examples

Process synthesis
Process innovation

Tailor-made blend (product) design

Sustainable Product-Process
aluatio



Integration: Process synthesis + Process intensification

o Performing Process Synthesis-Design and Process Intensification

together in the early stages of process design
o Current search space of unit operations is extended by generating new

unit operations
o Truly innovative and sustainable solutions can be found

#

Vi
—> — — —>» R-S TASK ) _>4\\I/
__,

Integration of Tasks

Integration of Unit Operations M=C=2phM=PC(VL)=PT(VL)=PS(VL)

%

M=2phM=PC(VL)=PT(VL)=PS(VL) D
M=2phM=R=PC(VL)=PT(VL)=PS(VL) ‘ v 1

—> — ]
M=2phM=PC(VL)=PT(VL)=PS(VL) [X72

o rTAsK| S TASK M=H=2phM=PC(VL)=PT(VL)=PS(VL)

¢

> M=2phM=R=PC(VL)=PT(PVL)=PS(VL) m _BN .
M=2phM=PC(VL)=PT(PVL)=PS(VL)

PPSE ror sounberacroes  INt€Gration and/or enhancement of phenomena*

% P E E D Engineering, Evaluation & Design




R, M,, M;, Mz M,,
2phM, PC(V-L),
PT(V-L), PT(P:V-L),
PS (V-L), D, H, C
13 In total

Reduced from
401758 using
connectivity rules

Connectivity Rules:

1. H+C should not exist in the
same SPB

2. PC phenomena exists
together with PT phenomena

3. SPB can contain
simultaneous R and
separation

I SE Fnr Sustainable Product-Process
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Conversion of tasks to phenomena

SPB Interconnection Phenomena In Out
SPB.1 M 1..n(L) 1(L)
SPB2 M=R 1..n(L) 1(L)
SPB.7 M=R=2phM=PC=PT(VL) 1..n(L,VL) 1(Vv/L)
SPB.8 M=R=2phM=PC=PT(VL)=PS(VL) 1..n(L,VL) 2(Vv;L)
SPB.9 M=R=2phM=PC=PT(PVL)=PS(VL) 1..n(L,VL) 2(Vv;L)

SPB.58 D 1(L;VL,V) |1..n(L;V; VL)

SPB Interconnection Phenomena In

M=R=H=€C I-n)

SPB Interconnection Phenomena In
SPB.7 M=R=2phM=PC=PT(VL) 1..n(L,VL) 1(Vv/L)

SPB Interconnection Phenomena In
SPB.8 M=R=2phM=PC=PT(VL)=PS(VL) 1..n(L,VL) 2(V;L)
SPB.9 M=R=2phM=PC=PT(PVL)=PS(VL) 1..n(L,VL) 2(V;L)

Babi et al. (2015)




Combine phenomena: New unit operations

MeAC

' " *
i P Not feasible
I

| H20
F -
MeAC Feasible*
| -
MeAC
I -
HOAC PM=2 phPM=PC(WL)=PT[VL)
— M V) =C =2 phM=P C{VL)=PT[VL)

M=2phM=R=PC{VL)=PT[VL)

> - .
= MN=PCWLI=PTI{WVL
MeOH M=2phM=PC(VL]=PT(VL) HOAC @h mh HD

I M=2phM=R=PC[VL}=PT{VL)

MeOH M=2th1=PEWLw
H20

M [L)=H=2phM=PC[VL}=PT[VL)

' H20

Y

* With respect to defined targets
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Acetic Acid

TN

: IUﬁhyl Acetate

{
)

;

Task F

Methanol

eactive Zone

Innovative solution

I

Cperation

MW )=C=2phM=PC[{WL)=PT[VL)

M([V-L)=2phM=PC[{VL)=PT[VL)

M([V-L)=R=2phM=PC{VL)=PT(VL)=PS{VL)

@EE i

A

Water

I SE Fnr Sustainable Product-Process

P
Non- reactive Zone

M([V-L)=2phM=PC[{VL)=PT([VL)

M(L)=H=2phM=PC[VL)=PT[VL)
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Other intensified options (methyl acetate production)

MeOAc/MeOH azeotrope

v

—> —

»H20
Recy.-HOAc

—» MeOAC

Recy.-MeOH

MeOH

I SE Fnr Sustainable Product-Process
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TN Pervaporation
membrane

— L

H20 HOAc

Operational Cost'kg
Product

Utility Cost/kg
Product

.\ Energy usagelkg
7 Product

Raw Material costfkg
Product

“—Alternative 3 —s—Alternative 4 —S=Alernative 5 =E=RD

=B ase Case



More examples (synthesis of dioxolane products)

= -
Purchaste cost/kg Product
/— 0%
10%

GWP (CO2 eq) -
7 40%

Utility cost/kg Product

‘..-‘fi : é
70
8
,.-‘19. ) Base case
— Alternativel

eactive Zon /)] =
/ / L+ Alternative3

HTPI (1/LD 50) <~ : "7 Energy usage/kg Product

Non- reactive Z Carboon footprint Profit

i > Landero et al. ESCAPE-27, 2017

I SE Fnr Sustainable Product-Process
% P E ED Engineering, Evaluation & Design




What about operability and control?

Pinch point

K Slope correponding
o toRR

: Slope correponding
D' toRR>RR

EDX :"Fx| F'x B\

5 |P

LL
)
3}
S
o
LL
o
=
=
S
@)

A

00 Y

00 01

T T T T T T T T T T T T T

02 03 04 05 0.6 0.7 0.8

Light compound composition, x.

I SE Fnr Sustainable Product-Process
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T T

0.9

)
1.0

el

Given a mixture to be separated into two products in a distillation column with N
trays. What is the optimal (with respect to the costs of operation) feed plate location
and the corresponding reflux ratio for different product purity specifications ?

N

N. = N(1-D,)

AIChE J. 1999 (design
distillation)

AIChE J. 2016 (desig
control of distillation,
including reactive
distillation)



Controller design of reactive distillation columns

e Controller structure verification

=§? - Controller structure at the maximum driving force:
¢ © Caw? o | |
RR &_DZtillate XnTBE d_y= dRR dRB = DFi 0 & o020 I
| du de dWAB 0 _DFi g 0.15 |
5 | dRR dRB | £ oo
2 - The relative gain array (RGA); T
T : 9.06 -8.06 -0.28 1.28
ma¥ A =| 506 006 [T | 128 02
© | e ' ' Y

e e e e ee e e meeeceeeeceeeeeenaad ' Bottom, Xmtse '

Candidate design alternatives
to the maximum driving force

AIChE J. 2016 (design & control of distillation,
iIncluding reactive distillation)

I SE Fnr Sustainable Product-Process
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Energy consumption reduction

» Separation Processes are indispensable in chemical  orine Crystallization

industry. \ /
> Distillation is one of most used separation techniques i WY 4

among all x s
» 80 % of all the vapor-liquid separations are performed  evporation o v
by distillation. f
» Distillation is among highly energy intensive technigues

with lower thermal efficiency .

» More than 40,000 distillation units alone in US (2005)  Bstater

using nearly 75 million KW of energy

Extraction

I SE Fnr Sustainable Product-Process
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Distillation Analysis — Energy Efficiency
N e

iy w0 g P Product purity o< Energy
5| requirement o< Operating cost
= 600 g

= o =| > Reboiler duty increases

. )ty w00 5 exponentially during last 5-10

o Ry £ :
N /ﬂ"; - 8 % of purity
_rd__“..-—-"" - 200
085 0% 095 , 100
it compos M\\ ) Tulaetal. CACE, 105, 2017
High efficient region Low efficient region
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Synthesis of Hybrid Scheme
ciple: Use separation techniques at their highest efficiencies

14
=« = Membrane separation DF
—#— Distillation DF
=== Reboiler duty ? 13
§
;
[ F12
|
|
|
|
[
§ F F 11
o
LL | |
= |
c
= ‘E
a ! L1
r 0.9
r 0.8
T T r T T T T T T 0.7
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
X Lig mol fraction of Methanol

Reboiler duty GJ/Kg of feed

Efficient operating region for
Distillation

N

Feed

Distillation

Ya=0.85

Efficient operating region for
Membrane

Xa = 0.005
Xb=0.999

>
Ya=0.999
Yb = 0.001
~
Membrane
Xa = 0.001

Xb=0999 " & *

Tula et al. CACE, 105, 2017
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Application of hybrid scheme
S\ W—

Col-3 o> NN Rigorous Simulation data (GJ/hr)
L Distillation | Distillation | Savin
- NButane _ (Region 1) %
= Energy | 32.33 | 17.98 | 44.
entrne ' (C4 col)
St Energy 89 55.5

(C5 col)

E-NPentane

Tula et al. CACE, 105, 2017




ba. Software Tools

ProCAFD (process synthesis, design,
analysis, Improvement)




e D
/ 0
AFD (software tool) || compounddaabase |  iesonas
[ Solvents database j Stream Summary™ |
rated software tool (ot aase ) [
- €action database \_Simulation tools /
rocess synthesis, Prosessgows |
- - database - v ~ .
; Visulization
Ign, analysis e e e
" lots)
P
. [ Energy Index J Property Resul
atabase library Frovery P S -
[ Carbon Foot print ] <Tool output— Azeopro
Flowsheet pro pe rty i . (Azeotropic mixtures) )
[ Product Recove%/ User Interface I —Input data—» p -
models \ _ T Method data Propred
[ Proce%}éﬁy J Method solutions l . (Property prediction)
- - 7 | - ~
E |ronmenta| Ve N\ SFLIES generatOI’
SyntheS|S1 deS|gn1 PI [/m{lmpact J [ CAMD j . (Flowsheet line notation) )

Flowsheet Property models

methods

Process simulation
Utility tools (LCA,
ECON, ProPred, etc.) |cetion o )

\_ Methods Y,
I SE Fnr Sustainable Product-Process
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- - N
[Separation SM/ Alternatives generator

. (flowsheets generattor)

rocess p -
intensification ECON, SustainPro,Lcsoft

(Process Analysis)
[ Hybrid separations ] -

\_ Inhouse tools




gration of ProCAFD & Super-O: problem definition in ProCAFD

,_-.‘5‘ ProCAFD - Computer Aided Flowsheet Design

DNEEHS & 2R @)=

1:Problem Definition 2:Mixture Analysis 3a:Process-group selection 3b:Process-gruops options 4:Generation of flowsheets 5:Ranking 6:Design & Analysis 7:Rigorous simulation Process A !

Add Compound

Suggested compounds:

CAS no: |uuu:| 00-18-5 |

000098-49-7 p

Chemname: IE

Formula: c12
Selected Compound

h Reaction data

Problem data;
Raw materials

Products ——

Stream definitions |

Hunmi

View Parameters

Benzene
CUMENE Reaction Da

p-DIISOPROPYLBENZENE

-DIISOPROPYLBENZENE-HYDROP]
000100-18-5 p-DIISOPROPYLBENZENE C12H18

fo select compound

b

Reaction data

Add Inlets & Qutlets

Add Inlet Add Dutlet
Value 0
inlet 1
—» | Temp(K) 300
Press(atm) 1
A 0.95
E 0.05
C [1]
D 0
i o e bl
Save
Next step (Mixture Analysis)

O

*

L3

Bx Temperature :600
Bx Pressure :101.3

1A+ 1C+——— =1D + Reaction:1[-10-110][.7S][A]
1A+ 1D + ——— =1E + Reaction :2[-100-1 1] [.15][D]

% P E ED Engineering, Evaluation & Design




gration of ProCAFD & Super-O: problem definition in ProCAFD

4 ProCAFD - Computer Aided Flowsheet Design
DEHS & 2@ efFE
3a:Process-group selection 3b:Process-gruops options 4:Generation of flowsheets 5:Ranking 6:Design & Analysis 7:Rigorous simulation Process Analysis Process Integration Settings

~

Inlet/Outlet PG's

Separation PG's 148
Reaction PG's

Total PG's

Total number of flowsheet
combinations : 3176376

Next Step
[Process-Group options )

Porcess-group Process.group Type Process-group desc
[ B Inlet Process-group Process Inlet stream AB

iC Inlet Process-group Process Inlet stream C
oAB Outlet Process-group Process Qutlet stream AB
ol Outlet Process-group Process Qutlet stream C
oD Outlet Process-group Process Qutlet stream D
oE Outlet Process-group Process Qutlet stream E
reABC/ABCDE Reactor Process-group |Reactor unit op ABC/ABCDE
dlE/DABC Separation Process-gr... | Distillation separation task to separate E/DABC
dIE/DBC Separation Process-gr... | Distillation separation task to separate E/DBC
dlE/DAC Separation Process-gr... | Distillation separation task to separate E/DAC
dlE/DC Separation Process-gr... | Distillation separation task to separate E/DC
dlE/DAE Separation Process-gr... | Distillation separation task to separate E/DAB
dIE/DB Separation Process-gr... | Distillation separation task to separate E/DB
dIE/DA Separation Process-gr... | Distillation separation task to separate E/DA
dlE/D Separation Process-gr... | Distillation separation task to separate E/D
laE/DAEC Separation Process-gr... | Liguid Adsoption separation task to separate E/DABC
laE/DBC Separation Process-gr... | Liguid Adsoption separation task to separate E/DBEC
laE/DAC Separation Process-gr... | Liguid Adsoption separation task to separate E/DAC
laE/DC Separation Process-gr... | Liguid Adsoption separation task to separate E/DC
laE/DAB Separation Process-gr... | Liquid Adsoption separation task to separate E/DAB
laE/DBE Separation Process-gr... | Liguid Adsoption separation task to separate E/DB
laE/DA Separation Process-gr... | Liguid Adsoption separation task to separate E/DA
lagE/D Separation Process-gr... | Liquid Adsoption separation task to separate E/D
pvCD/EAB Separation Process-gr... | Pervaporation separation task to separate CD/EAB
pvCD/EB Separation Process-gr... | Pervaporation separation task to separate CD/EB

----------- >PROPYLENE

----------- =PROPANE

->Benzene
----------- =CUMENE
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gration of ProCAFD & Super-O: Export data to Super-O

" ProCAFD - Computer Aided Flowsheet Design — O

DEHS 400 0F

I Processgroap selection : assijpulation Process Analysis Process Integration Settings
Sno SFILES View 2

[ (iC) [(iAB)] (reABC/ABCDE)(gaEDC/AB)(gaED,C)(czE/D) View Selecti

2 (i0[(iAB)] (reABC/ABCDE)(gaEDC/AB)(gaED /C)(pvD/E) View eetion
3 (iC)[(iAB)] (reABC/ABCDE)(gaEDC/AB)(gaED/C)(1aE /D) View ® ICAS
4 (iC) [(iAB)] (reABC/ABCDE)(gaEDC/AB)(gaED,/C)(d1E/D) View O PRO-2
5 (iC) [(iAB)] (reABC/ABCDE)(gaEDC/AB)(pvC/DE)(czE,/ D) View
6 (iC) [(iAB)] (reABC/ABCDE)(gaEDC,/AB)(pvC/DE)(pvD/E) View O Aspen Plus
7 (i0)[(AB)] (reABC/ABCDE)(gaEDC/AB)(pvC/DE)(1aE/D) View
8 (iC)[(iAB)](reABC/ABCDE)(gaEDC/AE) (pvC/DE)(dIE/D) View
9 (iC)[(iAB)] (reABC/ABCDE)(gaEDC/AB)(1aED /C) (czE/D) View
10 (iC)[(1AB)] (reABC/ABCDE)(gaEDC/AB)(1aED /C) (pvD/E) View
11 (iC)[(iAB)] (reABC/ABCDE)(gaEDC/AB)(1aED /C) (1aE/D) View
12 (iC) [(iAB)] (reABC/ABCDE)(gaEDC/AB)(1aED/C)(dIE/D) View Mathematical-Optimization
13 (iC)[(iAB)] (reABC/ABCDE)(gaEDC,/AB)(d1ED,/C)(czE,/D) View
14 (iC)[(iAB)] (reABC/ABCDE)(gaEDC,/AB)(d1ED/C)(pvD/E) View
15 (iC) [(iAB)] (reABC/ABCDE)(gaEDC,/AB)(dIED/C)(1aE/D) View Data for Super-0
16 (iC)[(iAB)] (reABC/ABCDE)(gaEDC/AB)(d1ED/C)(dIE/D) View
17 (iC)[(iAB)] (reABC/ABCDE)(gaEDC/AB)(czCE/D) (pvL/E) View
18 (iC)[(iAB)] (reABC/ABCDE)(gaEDC/AB)(czCE /D)(1aE/C) View
19 (iC)[(iAB)](reABC/ABCDE)(gaEDC/AB)(czCE/D)(dIE/C) View
20 | (i0)[(iAB)](reABC/ABCDE)(gaEDC/AB)(pvCD,E)(gaD/C) View
21 (iC)[(1AB)] (reABC/ABCDE)(gaEDC/AB)(pvCD/E)(czC/D) View Next Step ( Ranking )
22 (iC)[(1AB)] (reABC/ABCDE)(gaEDC/AB)(pvCD/E)(pvC/D) View
23 | (i0)[(AB)](reABC/ABCDE)(gaEDC/AB)(pvCD,/E)(1aD/C) View .

A PROPITENE

- — ~PROPANE

C- =Benzene

) JE— =CUMENE

E-——x =p-DIISOPROPYLEENZENE
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gration of ProCAFD & Super-O: problem definition in ProCAFD

.. ProCAFD - Computer Aided Flowsheet Design E'
DEHS & B e F

1:Problem Definition | 2:Mixture Analyziz | 3a:Process-oroup selection | 3b:Procesz-gruops options | 4:Generation of flowsheets | 3:Ranki 6:Design & Analysiz| 7:Rigorous simulation | Process Analysiz | Proces| ' | '
¥ group grucps op ng gl ¥ ¥

Rank Process-Alternative Connect Pro-2

View

3 (iC)[(iAB)] (reABC/ABCDE)(dIEDC/ABY(dIED /C)(dIE/D) View | Instructions :
2 (iC)[(iAB)](reABC/ABCDE — =
4 (iC)[(iAB)](reABC/ABCDE =

FLUESAS

= {oroca]
=

B

-:"> ﬁ REACTOR
B C

il
o
'1
ey ()
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ob. Software Tools

ProCAPD (product
synthesis, design, analysis,
Improvement)




Multi-level generate & test according to
a predefined sequence (chemical substitution)

Pre-design Design (Start)

A set of building blocks: A collection of group
"l want acyclic CH3, CH2, CH, C, OH, vectors like:
alcohols, ketones, CH3CO, CH2CO, CHO, 3 CH3,1CH2,1CH,
aldehydes and ethers CH30, CH20, CH-O 1 CH20
with solvent properties +
similar to Benzene" A set of numerical All group vectors
constraints satisfy constraints

Refined property
estimation. Ability to
estimate additional
properties or use
alternative methods.

Rescreening against
constraints.

PSE rnr Sustainable Product-Process
?PE ED Engineering, Evaluation & Design




ProCAPD — The product simulator

There is a need for a product simulator with the same and more useful

. PRO :ﬂ/ features than a typical process simulator. Based on available data,
._ E models, methods and analysis tools, the first chemical product
CAPD = Simulator has been developed: ProCAPD

. Computer Aided Tool for Product DeSIgn ®
| 0 el st S S

Product desngn

Use design templates
(molecule products, formulated prod
roducts emulsified prod

Product analysis

Predict and analyze product be
(identify important

Tropic of Cancer

Product performance
Slmulated product performanc h

Product search

< Search for data, models, properti
,  products, devices, e

Your Logo

I SE rnr Sustainable Product-Process
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ProCAPD — Features & Options

o CAPD PRO

(] g

(e e i o

SRR d

- a - e )
()
&)

5 Computer Aided Tool for Product Design ™
(e = =

Product Design Module

Molecular Design

=
w[ SolventPro ‘ ‘ GAMS Based Tool ‘

Solvent Selection Tool

Propery Prediction Tool

‘ ProCAMD

Database Search ‘

Computer Aided Molecular Design Tool

Modeling Module

@ Model Germeration
Sub Options

) Model Solution

oo =

) Model Validation

MoT ﬁ H Mod Tem -_‘
]

Modeling Tool

Model Template Algorthms

ModDev I-I;i‘

Consistency Check

Model Development Algorithms

Product Design Template

Device

For Pure Compound Properties

Emulsions
T e

Pure Compound Property Prediction Tool

Product Analysis
Sub Options
o Product Performance - -
‘ Property Prediction ‘ Calculation ‘ ‘ Product Verification ‘
TML

Thermodynamic model parameter estimation tool

New Product Template
Sub Option

MNew Template Generator

Copyright® 2015 SPEED Project

Department of Chemical and Biochemical
Engineering. Technical University of Denmark
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ProCAPD: for
design, analysis of
single molecular
product; blend
(surrogate fuels);
formulated
products (paints,
cosmetics,
detergents); &
devices




Conclusions

possible to find new
ovative solutions

ues related to
certainty of data &
odels are important
nd need to be
onsidered

Mutli-disciplinary nature °
of problems need to be
handled

« Golden Era for Chemical Engineering (Westmoreland, 2014) — do somethi
 Focused team-effort needed to meet the challenges
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