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Fourth Industrial Revolution (Industry 4.0)

* Advanced manufacturing and smart industries

— Computer-based decision-making tools that enhance
system performance

— Models that mimic the behavior of a physical system

— Quickly exchange data and information with the different
systems of the enterprise

Mechanization, Mass production,
water power, steam  assembly line,
power electricity

Computer and Cyber Physical
automation Systems

Aalto University . . .
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EnteranE'WKje Opt|m|zat|0n (Grossmann, ‘05)

* Optimizing the supply, manufacturing & distribution
activities of a company to reduce costs & inventories, &
to maximize profits, asset utilization & responsiveness

— Process Systems Engineering
 Interface of Chemical Engineering & Operations Research

» Scheduling: key element of EWO
— MILP & MINLP models

Wellhead Trading Transfer Refinery Planning & Transfer Terminal
Crude Processing Scheduling Products Loading

o Aalto University . . .
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Optimal operation of manufacturing plants

Models Time scales

months, years

LP/MILP | |
Economics
: days, weeks  Fegsibilit
MI(N)LP Scheduling | ' belvery
seconds,
minutes
RTO, MPC —— Dynamic Performance

Aalto University i i .
November 20, 2019 A‘, Scheduling in the Process Industries - Pedro Castro 4



Seminar outline

« Basic concepts
— Generalized Disjunctive Programming
— State- & Resource-Task Network
— Time representation

 Industrial case studies
— Demand-side management of a steel plant
— Maintenance scheduling of a power plant
— Heat integration of a vegetable oil refinery
— Transportation of refined petroleum products by pipeline
— Blending problems in petroleum refineries

« Conclusions

o Aalto University . . .
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BASIC CONCEPTS



Generalized Disjunctive Programming

* High-level construct for generating MI(N)LPs

(Balas, 79; Raman & Grossmann, ‘94; Castro & Grossmann, ‘12)

— Constraints with just continuous variables g(x)
» E.g. resource balances, capacity constraints

— With just binary variables < Q(Y)
— Binary & continuous < Disjunctions

Constraints h; ; (x) < b; mlnf(x) Inclusive V : At least b _ hold
linked to decision ¥; s.t. g(x) <0  Exclusive v: Exactly| °"€SUPS€t (over i) must ho
Yik T
' vk € K (GDP)

MIAi,kx < bik

LED),

Q(Y) = True
Terms of disjunction k <€—— x € R, x =0,)Y € {False, True}™

Direct correspondence
withY € {0,1}™

9 Aalto University . . .
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Reformulation of linear GDP

- Disjunctions (Balas, ‘85) \/[ vk € K
— Big-M " Aj X < bi k
« Simplest form but yields poor relaxations
Apx < b+ M (1-Y;,) Yk €K,i € Dy
M; = max{A;;x — b ;0 <xl <x<xU} VkeK,i e D,
— Convex hull
« At least as tight as big-M, larger problem size and much harder to derive
AijrXix < birYir Vk € K,i € Dy x = 7 % Vk €K
Tighter —{xL Wi < % <REVik VREK,i€ED = !
bounds L"LR = Lk =Tk Lk ’ . Disaggregated variables

(new set)

> 1if inclusive OR
z Yik {= 1if exclusive OR vk € K

— Common constraint

IEDy

« Logic propositions
— Replace with linear inequalities (Clocksin & Mellish, ‘81)

Aalto University . . .
November 20, 2019 A_ Scheduling in the Process Industries - Pedro Castro 8



Production recipe & environment

— Sequence of tasks W|th known duratlon/processmg rate

Product 48 °C Cp=43.9 MJ/K 45.9 MJ/K 113°C 110°C 45.8 MJ/K 93°C

: =)o -
45.5 MJ/K 45.8 MJ/K 65°C
() - - (-
* Need to consider multiple materials? 5 \04
— No: Identity is preserved = sequential facility )
— Yes: Material-based = network facility < TR0 1o

e Environment

=1 i

o) i (S 9 iy Ml R e

o | M, | © of iIM;,| | ! Mg i ¢} M, [ M, I 7=

ol yi——lyle ol gy e 4 it Mg A

® I | ® ® (" =22, | 1 |® | e— | M. [— — —+@

0 [ | o e} 15N O [ | M. .| O | 211§ | . |

o) I—= ® o) Dol | | Bl (g | o Mg |
= My T T

58
(a) Single-stage (b) Multi-stage (c) Multi-purpose

9 Aalto University . . .
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Time representation

e Discrete time

5 uniform slot size (time units)

| | | | | | | | | | | | |
| I I I I I I I I I I I I |
ITI-3 [TI-2 [T|-1
1 \ / t=|T|
time points

fra frpa finy

ft, ft, ft, ft,

time of each time point is known a priori

o 5
T

e Continuous time

| slot 1 | slot |T|-2
T T |

| T T
2 3 [T]-2 [T|-1
1 ™\ event points e

time slot 2 lslot |T|-1|

Tl T2 T3 T|T|-2 T|T|-l TITI

t t
‘\\ timing variables to be determined by optimization V

— Single time grid for all resources
— Multiple time grids

* Precedence
—General

a i i

Y; i = False

Vi<i

Yo =True

[xl > xl +pl]v[xl > xl

duration of order z

]Vi<i'

—Immediate

AN RNE Yl v

Vi =True Y- =True Y!*'=True

last
Y;

\
Ve
i #Filxp xl+pl Xi = xp+ppViFi

GDP facilitates modeling of
equipment availability constraint

A Aalto University
u

November 20, 2019
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Comparison of representation concepts

» Discrete-time models are more robust
— EXxcel for batch processes with frequent external events

— Reducing data accuracy (T §)
IS a good way to reduce complexity (problem size)

« Continuous-time models
— Better for continuous processes (single grid)

— Can be orders of magnitude faster (multiple grids)

« Results for industrial case study (Castro et al., ‘“14)
— Multistage batch plant with single unit per stage

Time representation Discrete Continuous Continuous

(single, uniform gird) | (single grid) | (multiple time grids)
Time slots (per grid 564 16 4

31583 3584 79

Total variables 60914 4435 141
29372 4435 132

Optimal solution 564 571 564
Computational time (CPUs 217 25252 0.21

9 Aalto University . . .
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State'TaSk Network (STN) (Kondili, Pantelides & Sargent ‘93)

Material balances (multiperiod) S,

o~

Ti
t|= Sse—1 T+ Z z z Pis0iBijt—6 —|PiseolBijt—6) t|Rst — DsdVs,t
T 7 6=0

Product 1

Production Consumption

Material state Raw-material supply
availability & product demand
40% | 2h ik
2 , 60% "\ i i i
Q_ﬁi beatng ol el Reacion2 (92 Equipment allocation constraints
Feed A HotA 60% t+ 1
10% Y . .
Impure E - o Z Wi',j,t' - 1 S M(]_ - Vl/l:,j,t, VL,j, t
Int BC Q—T Separation I—f\) T t=t
i A K’ . . . . ey e
Product 2 Processing time  Assigns start of task i to unit j time t
2h 1h
9%, feaction %] Reaction3 Fewer & tighter t—7i+1
Feed B -— — constraints (Shah,‘ Z Z Wijv <1Vj,t
Feed C Pantelides & Sargent ‘93) - 4
—~ i t'=t
\

* Process representation model

— Complex recipes, multiple processing routes, shared intermediates, recycles
» Material states as circles, tasks as rectangles

— Differentiated treatment between material states & equipment units
* One of most important papers in Process Systems Engineering (PSE)
— 700 citations (I1SI), #5 of all time in Comp. Chem. Eng.

9 Aalto University . . .
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Resource-Task Networ

k (RTN) (Pantelides ‘94)

Hpw,i,0 = —POWeThcc,
* Generalization of STN R
—Tasks P @ ? E
* Rectangles . ] dhce, =60 dige, = 54

— Resources (states, units, etc.)
* Circles

— Structural parameters
* Link tasks & resources
» May be difficult to find

 RTN mathematical model
—Very simple & tight (discrete-time)
* Few sets of constraints

—Magic is in excess
resource balances!

_____ 0 setupce, = 50
- --0 powery cc, =7 powery cc, =7

Cast_G,_CC,
Duration= 154 min

S

My cpin = —1 Brpiz =1 § = 60 min = 7,=3
T
i 6=0
1
Casting task Nijo=1
Z R R A —— >
t= 10 g / 11
=0 1
Hour= 15:30 16:30

November 20, 2019
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Scheduling roadmap
(adapted from Harjunkoski et al. “14)

Gather Info
Plant topology & Production recipe

~N

A9 Aalto University
u

Network

Sequential

)

Production
Environment

i Digester |,

Standard Network

" "
| I

P I

i Task (1,M)) |— > Task (M) [—4—

.......................... o
:. :.

T I L Tl (o

i  —— [ ) B -

P Task {1, M) [— Task {1, M o) [—

) I—A—j ' ;A—l I

i Digester |, [, S

Stage 1 Last Stag

(Describe Process as STN/RTN\

__________________

o
|l Use GDP to Derive Difficult Constraints }
I [Atmep V Comep V Femep Bentp V Demp V Et,m,tp] 1
vt,m,
: [ TSem = CDh ]\/[ TSy < EDE; t,m, tp r
|\E.g. time-dependent pricing & availability of resources,I
L -

1

'S - N
Discrete-time

2 3456

7

(c

ontinuous-time

\

\.Single time grid /

1 2

[(Zontinuous—timg

34

3 4

. \_ Unit-specific /

STN/RTN-based Models

__________________

Mathematical Model
Key Aspect: Time Representation

Precedence

ol viEn

__________________

4

A

~

e ——————

~
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STEEL INDUSTRY

RWITHAACHEN TE oot
UNIVERSITY m TER”I

I&EC

research

Resource-task network formulations for industrial
demand side management of a steel plant.
Ind. Eng. Chem. Res. 2013, 52, 13046—-13058



http://dx.doi.org/10.1021/ie401044q
http://www.google.pt/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=kENQR-Aq3ob_qM&tbnid=Bh2n1rZRDYUbHM:&ved=0CAUQjRw&url=http://www.win.tue.nl/~vinh/&ei=VL5zUqyTOcLC4APTrIDoBg&bvm=bv.55819444,d.cWc&psig=AFQjCNGnUaT2h1Wyr_dxn7Ugub9I-XahJA&ust=1383403454463480

Steel Supply Chain

Most energy intensive step

Continuous Casting

Hot Rolling Mills

Central Operation

Market and Monitoring

Cold Rolling Mills

Processing Lines
Warehouse

Aalto University i i i
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Steelmaking process

Electricity costs

. S
4 stages, 2 units in parallel 50-100 MElyear
4§ suw A 2mw 8 2mw P 7 mw
Electric Arc Furnace:  Argon Oxygen Decarburization: Ladle Furnace: Continuous Casting:
melts scrap steel adjusts the chemistry adjusts the temperature  creates steel slabs

* Industrial Demand Side Management

— Electricity provider gives economic incentives to industry to alter
their electricity usage behavior
— Price-based approach
(» epexspot day-ahead market)

 Customers switch production
to low-priced periods

o Aalto University . . .
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EAFs have multiple operating modes

* Flexiblility to select power mode for a steel heat

* Decision not easy due to tradeoff between:
— Production speed (|‘ more tasks in a low-cost period)

— Energy efficiency
— Electrode replacement frequency

. Energy and maintenance costs are comparable

Power consumption pwy=1 ,, (MW)

Duration for steel heats H;-Hg, H,5-H;, H,;-H,, (Min)

Duration for steel heats Hg-H;,, H,5-H,o (Min)

Electrode mass consumption may,,, for H;-Hg, Hy3-H,7, Hyi-H,, (KQ)

Electrode mass consumption map,, for Hg-H;,, Hig-Hy (kQ)

69 49 41
76 54 45
123.3 131.4 137.4
135.7 144.5 151.2

T Production speed

v

T Energy efficiency

<«

J Replacement cost

<«

Aalto University . . .
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Modelling electrode degradation

* Mass consumed during melting ——
* Need to replace electrode after el

e
a few batches =i —> —>
— How many? Depends on modes selected ;&

— Force execution of replacement task .
when electrode mass becomes negative i =

* Regenerates electrode to allow EAF to resume operation

|MElect H, EAF; M1,0 = —MAy .m | =1
141 1-Mq, 1M1 -
Melt_H, EAF, M, e B BAR MuTh My T
! Duration_EAFy; v,
A
! f—
1 = - e
: |.uElect1,H1_EAF1_M2,O maHl,le Melt_H,_EAF, M, KH, EH, EAR, Myty, .,
________________________________________________________________________________________________
Duration_EAF,
— 1,M2 =
Do . - HH, EHy EAF, M3ty vy 1 !
! 1 M = 1 : | _ d
EAFH, EAF;_M,, =—
! 12 AF Mo TH M) 1| BElect, Hy_EAF; M3,0 maHl,M3’ Melt_H, EAF, M,
__________________________________________________________________________________________
| E Duration_EAFy, v,
! 1
4
E ROect,=Mass i _ . =1 :
v KEAF) Hy EAFy Moty vy = 1 @ HEAF Hy EAF, M3ty my = i
_______________________________________________________________________________
HEar,i0 = —1
1
1
Ro%r,=1 |

E MEAF, Rep EAF,[30/68] = 1
L2

i FElect,Rep EAF,[30/5] ~Mass l ReplaceElect_EAF,
________________________________________________ Duration=30 min

9 Aalto University . . .
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Optimal schedule (discrete-time, 6=10 min)

* # heats in (M,M,,M,) o [0 v | v [ |
_ (e2.20) ov: ] 1551w |

 How does it compare to N BN
]

single mode operation?
— Same to process all heats in M,

LR _IER]
118,146 0.00% N | RN

LF1

122,089 3.34% B o mE
126,675 7.22% o
N |
® ReSUI.tS. Change With 1:2 200 ‘ ® Power (MW) B Energy (MWh)
electricity price profile ol
— 2x average price: 102 € MWh ",
— # heats: (12,9,3) o) o
— Best single mode is now M, o, I o
\_‘ ect2 (kg
- )
0 ,M 174,103 = 400 \
180,646 3.76% L
174,417 0.18% 0 RS- (€118,14
186,436 7.08%

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00

o Aalto University . . .
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POWER PLANT OF A
CHEMICAL COMPLEX

Ciéncias C arnegig Mellon

Optimal maintenance scheduling of a gas engine power
plant using generalized disjunctive programming.
AIChE J. 2014, 60, 2083—-2097



http://dx.doi.org/10.1002/aic.14412
http://www.sasol.com/

Generator maintenance of a power plant

Sasolburg Chemical Complex

Sasolburg Gas Engine Power Plant

18 Wartsila 34 SG engines (140 MW) ' | National
Largest plant of its kind in Africa . N 4 Ny Al Grid
Highly efficient and environmentally friendly facility productlon & R -

Inaugurated July 2013

« Goal: Maintain engines when electricity is cheaper (seasonal prices)
— Perform preventive maintenance after a number of hours online

« Large discrepancy in times = discrete-time not an option Low electricity tariff High tariff
Coperatingsiote | 1 | 2 | 3 | 4 | s | o | 7 s | o |. N T L E
Max online [h] 2500 3000 2500 ... o I N e I N
Min online [h] 2000 2000 2000
shutdown [h] 12 72 12 9 12 120 12 432 12

o Aalto University . . .
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Continuous-time GDP model

Nolde & Morari (‘10)

At,m,tp + Bt,m,tp + Ct,m,tp + Dt,m,tp + Et,m,tp + F, tmtp —

Period tp
tp —1

Winter

Period tp + 1

- cerpr1 = $40 /((MW-h)

Cptp

‘]

Ceétp
period tp-1 Cogztr?gl(; tpglce period
CPtp-1 CPtp+1

Location type

Atmip = True

Btmip = True

Cemiep = True
D¢mip = True
Etmiep = True

Ft’m’tp = True

tp+1

| AT m,ep= Cptp TSt m.
[ Etmip
(Tsgm < Cptp)

Atmtp
TSt = CDfp
TStm < CPip
Term = cppy \/
Term < cPpp
ATt m tp P tm]

Cemep

TStm = CDfp

U
Tsym < CPep

L

(Tetm = cpep)
U

Term = cptp

U

(Tstm < CPep)
L

Term < CPtp

(Teem < cpip)
| ATt,m,tp: O 1

V V

m

_ATt,m,tp = Tet'm

V

Bemtp
L
Tsgm < CPtp
U
(Tst,m = Cptp)

L
Teym = cpep

V

Tetm < CDip
- Cp%p_
tmtp
TStm < CDfp
(Tsem < CPip)
(Teem = cPiy)
Term = CPpy

(Tetm = cpip)

(Teem = cpip)
| ATt,m,tp: O ]

tp

— U L
| ATt tp= CPtp — CPtp ]
Fem,tp
(Tsem = Cpt%p)
TStm = CpE
m tp Vitm,tp

max Revenue = z z Z AT myep * Cetp * PWiy

November 20, 2019
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Maintenance plan for 3 years
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8 163.17 - 345

Il

N

500 5000

7500
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Team not power |————mm——————— = = =~
available demand 12 251.45 1.29 3600 !
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VEGETABLE OIL
REFINERY

Ciéncias TECN|C0
ULisboa L ISBOA

JERONIMO MARTINS

Computers
& Chemical
Engineering Optimal scheduling of single stage batch plants
6 with direct heat integration.
CACE 2015, 82, 172-185



http://dx.doi.org/10.1016/j.compchemeng.2015.07.006

Production recipe for batch plant (STN)

e Subset of tasks i requires heating or cooling

— Heating = Cold task c (stream ps)

— Cooling = Hot task h (stream ps)

— Fixed duration, heat capacity cp,;, initial t,‘;’; & final temperatures to¥*
« Current strategy relies on external cold CU & hot HU utilities

« Test heat integration between tasks of different units

o Aalto University . . .
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Simultaneous scheduling & heat integration

* Scheduling block » Heat integration block

— Finds prOdUCt segquence tin Tpnr TPnr|-1 Tppr| = 5%
» General precedence ; Qnict | | CQnirlct |
Xpp =1 Xpp =0 ; i J\I Qnict \ i QnTlct \ E
[S I | 1 1
Product ‘ V ! o LA N . A\ .
p p y | P p 5 \l\[[ ! : \l\U ocy »E
ISl | | h|T| |
Spa Epli,| Spr By, Sor Spa - i i : |
| Temperature stage 1 i ' Stage |T| i
| | | |
| | | |
[ Ep || < Sp 1] \/[ Ep )iy < Spl p.p°>p,m =3 Tsna Tepy =Tspz Tspr| = Tep,)r|-1 Ten,r|
Epi=Sy;+dy,; Vp,i €l _ Vnter
p.i p,i DL ’ p TSh,t = TSc,t’ Yi:fg
Spi+v1 = Epi Vp,i € [\|1,] \/\/ Tept =Tec \/ Tspt =20 Vt, Vh e
VvV V Tph,t > Tpc,t' + At V Tsc't’ >0Vt
MK = E pilIpl Vp t v Qntet < dne Qntcr =0Vt t
_Qh,t",c,t”' =0Vt #tvt"T £t
o L| nklng COnStraI ntS Cph(TPh,t—1 - Tph,t) = Z Z ,Qh,t,c,t' + Qf(ilg Vht
c t
TSpsa = Zp Zi:psepspisp,i vps Cpc(Tpc,t’ - Tpc,t’—l) = th Qnter + Qé-ItU Ve tf

Tepsm= ) ). Enc Vps T =) > ofY + Z Q. o
1% l:pSEPSp’i - ¢

Aalto University . . .
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Tradeoff makespan vs. utility consumption n

Optimal schedule featuring heat integration (11849.321 MJ, 890 min)

« 26-streams problem [ N T ————— |

M1 11
- . a1 2 | W | 3 w2
85%
% 845% 12 Li i - J
# 2-Stages M 3-stages M2 cs C6 C7 H3

80% +mulh B u '_- |

1 _____ 4 Cc8 C9 Ci10H4

14 i i-
75% .i‘. 1 C11 C12 C13H5
‘ t M3 15 i i i .

70% i$‘ 1c14  c1s c16 He

16 i i i .
C17-C18—C19-+H7

o 0 100 200 300 400 500 600 700 800
62.3% Time (min)

*
e e (890 min, 26.2%)

60% T T T T 59.672 M)
1020.917 MJ
805 905 1005 1105 1205 1305 H3 105C N 92742 °C Q 65°C

65%

Utility Consumption vs. No Integration

Makespan (min) 320.824 M 115.776 MJ 36.8My/K 695 min 710 min 730 min
H6 104°C M) 76812°C 25 2 A 131.373 M) 10.816 M)
E . 1.8Mmyk  220min 234.1 min somin 49°C 82742°C N 94.068°C z 95°C
ne rgy SaVI ngs 11.6 MI/K 695 min 710 min 714.2 min 715 min
_ 1750.227 MJ

- 48°C 66.812 °C g 940 391.411 MJ
*f 3 azomyk 220min\  =¢234f1min 240 min H2 107 °C 104.068 °C ® 65°C
’ N\ -
Z/ 1 5 5 % 3 7 7 0/ 1193.575 M) 44.8 MYk 720 min 714.2 min 740 min
= - . 0 505.001 M) :
—

38.350 MJ 306.800 MJ 115.050 MJ

u7 105 °C Q 101.750 °G7\ 75.750 °C Q 66°C
11.8 MI/K 510 min 515 min 525 min 540 min

D 50 °C 61.250°C @ 88.585 ocg 95 °C
o X X C5
§ ES 18 streams 927 Ha 106 °C 433/0iM;4.329 ;ngw 76oc  36.1MI/K5L3 ’“\ VZS / 533/6 min 535 min
= I’ > )
g- GE_) 26 streams 463 202 , 652 37.1MmyK  345min 358.9 min 370 min el 525min 522.820 MJ
123.789 M) ’ 255.780 M)

o .= o o o o o o
O — 33 streams 171’971 . c17 47 °C 84.329 °C g 95°C N H1 110°C 98.585 CQ 93°C R

11.6 MI/K 345 min ~ 358.9 min 370 min 45.8 MI/K 525 min u533.6 min 550 min

Aalto University i i .
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TRANSPORT OF
REFINED PETROLEUM
PRODUCTS BY PIPELINE

F en e AT TR )
Ulimas® cf‘f%”d»t—ﬁ% @ @) Ta A RF g

Azarbaljan Shahid Madani University

China University of Pefroleum - Beijing (CUPB)

Product-centric continuous-time formulation for

el pipeline scheduling.
Engineering CACE 2017, 104, 283-295
6 Batch-centric scheduling formulation for treelike

pipeline systems with forbidden product sequences.
CACE 2019, 122, 2-18



http://dx.doi.org/10.1016/j.compchemeng.2017.04.023
http://dx.doi.org/10.1016/j.compchemeng.2018.04.027

Multiproduct liquid pipelines

« Advantages
— Carry large volumes & multiple products
— Lower carbon footprint vs. trucks & trains

 Aim is to find volumes & timing of
Injections (from/to input/output nodes)

— Pipeline segments always full, v2 (m3)

— Flowrate bounds can vary between segments Vine

vS = 12100 m?

. eqg. [ Smln, pg max] (m3/h) | «——— Segments -——-— |
LCspsr =0 RCgps; = 4300
« Modelling challenge T
— Track product coordinates in the network o
LCgp3; = 7700 RCgps: = 12100

» To trigger injection/delivery events

Offloading Station Offloading Station Offloading Station

.l Terminal Station
L. 5 First Station
1N

Aalto University
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Alternative product-centric approaches

Batch Volume/Pipeline Volume

Fill = o{ Fill & Empty » Generalized Disjunctive
[« \ Programming (GDP)
Move | Empty — Disjuncti_ons & logic proposit_ions
help derive complex constraints
* Resource-Task Network (RTN) - xsin |
. S,p, [ Snoi
— Larger problem size (factor 3-5) LGy =0 L Xf"i Sy
"""""" Inside Pipeline Segment S \/ f:?s’mln < FSS,.;TZ = f:s‘s’max \/ ?,llj';f : vS p VS, t
) FSin FSin ~ | Fspe=0Vp
S:(;’rlrjl’z:)(sl’tS ;;zr)l’itrl - Lesh
L Ps’ Ps’
Rateowhatowr [ X;';’?t ng:,gftoo
\/ RCs,p,t = Ugg RCs,p,t =0 Vp Vs, t
p [ < Bt < f5m| TRt =0 vp

Fill & Empty_P; i P, IS,
i =

Rate=Whatever
1

— Better computational performance

| CPUs | RTN | GDP | | RTN | GDP_
18000 7884 16.8 1.85

= 16320 111 Ex6 266 051
Ex4 110 6.22 Ex7 137 4.14

Switch Empty B_P, Py | ____ . Switch Fill B_P;_P-
Dur.=Instantaneous Dur.=Instantaneous

Switch Fill A/B_P, P . ____| Switch Empty A/IB_Py Po|g | _______________ E
Dur.=Instantaneous Dur.=Instantaneous

9 Aalto University . . .
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GDP-based model easily extendable |C

« Other configurations & systems with reversible flow

N,Rout N,Min
Pnp Lt np,t

— " ek
vl @ @ & &
N,Si N,Sout FN,Sin FN,Sout
Sin ;
xN.Sin pN.Sin E Xt E Xont Wt ot
np,t npt N,Sout N,Sout . . i
Xnpt Fapt" pggltn Fr{‘fi,s,?ut E : S E Sff FgS;?gut FSLin s’ € S,Ll

Input Output Dual purpose Terminal Intermediate Junction

s'pt

N 5
l Pipeline |, '(N): “| Pipeline l
FS,Rin FS, ,Lout
Left Right Pt SPE o Left  Right

N1 %j N2 N3
Time Market Deliveries %j S1 S2 %j Market

Interval

o (=]
[8.33,33.33] -
E

Deliveries

g

1666.7) 2083.3
5000 5000 6250

[33.33, 66.67] 20000 J[6666:7 8333.3

[66.67,75.00]

5000 1666.7) 2083.3

[75.00,95.00] 3000 @ 40000 5000
300 m3/h
(95.0011167] ) | §000) <1567

[111.67,124.17) [ P50 IRERS

| 400 m3/h
T | O S
253 m3ih 253 m3ih

222 m3/h

3125

[124.17,136.67) |t IRERS

[200.00,222.50] | 0 Ea

[222.50,260.00] | ) - -| 5

000 5000 |
182 m3/h | =14 182 m?/h
[260.00,287.50] 5000 0 Bl [wamm «

100 m/h
[287.50,310.00] @ 5000 (71 P2 BB

3125

5833.3

5000

133 m3/h § 213 m3/h

fattted

o Aalto University . . .
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Tabriz-Urmia Pipeline in Iran

D5  Petrochemical

Ma::agheh 3 6" Company
- | e
Tebriz P Y Rerosene] s i 40,20
Refinery %Ej D1 [40, 50]m’/h /’/ ~ Combined Cycle
@ ____ff_l 230 | 3970 _— Power Plant
10.8" [90, 164] m?/h $3 108" % s4 8" [70,120] mi/h S58'1 D3 City (40, 80]
3 |
[90, 1641 m/h D2 Miandoab City L_[ZO_'EZ_OE___U[“_“E _________
* Treelike system )
. Weekly plan D1 D2 D3 D5 [ ki
—1 input node (R1) yplan | D1 | D2 | D3 | D5 | -

800 2400 4600 -
—5 output nodes (D1-D5) 800 3000 3500 -

900 2100 4000 1800

— 3 products supplied

* Design parameters

—278 km trunk line to Urmia
* 10.8” in first 140 km (Miandoab)
« 8" in segment connecting to Urmia

» Other branches have 6”
— Operating flowrate 4 with diameter

* Plan 1st week November 2017

Aalto University i i i
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Rule-based vs. schedule from

optimization .

s8 s8
Time 3 DEF 2 fomm s6 D5 Time 3 DEF $2 6 D5
Interval 1 163 m¥/h 13 EI:> — '2 - 1 B o4 nteral a1 164 m/h s [0 — 2 n B s
(0,5.45] h ‘ 1460 | s7 [0,10.36] h ]:>[ 3 240093 | E]os &
s1 123mh 53 N 02 917 m!/h D3 o1 < Vg - =
(5451858]h 14 [1036,14.527] h 14 4w/
| 90 mi/h D m 154 mi/h D:>
1182 \:> H ] 390093 (=
90m/h \, 120 m/h 120 m¥/h
5 /i
[18.58,25.73] h 50 m;/ K21 E55) [14.527,24.885] h w“ m;/h
120 mih s52] éﬁ [B] s6¢ mm g | [ =0 |
2040 ) m 005 2658 N [500 -ﬁz@
‘ l120 mi/h ‘ S/h 2 o t 120 m3/h = 120 m3/h
70.3 mi/h
P =~ 2vs. 0 stoppages
=S . [52] - -
£ 150 my/h B — < E 164 m¥/h = _703m¥/h
Bl 42185 18915 \ \ 1T ] 4200 1940 \:5\441 8 858 |
150 m3/h V 120 m3/h 70m/h A 4
(53.98,68.53] h somh [50.494,62.324] h 292m¥h
- P PN B 160 oo -|:,'> ‘ (=]
v/ 6140 < 1458 6140 1800 #ﬁg@
) 50 mi/h ms m/h 88 asmy
[68.53,75.38] h [62.324,74.595] h 74 m;/h 7
_ I e
@ 58 | [ | "‘ e IR 699.4] 1100.51 ]:>D|:>
98 mih P m3 7 116.6 mi/h 116.6 m/
75.38,89.93] h wom /h [74.595,78.860] h
2
N1 T R— = :>:>m E
699.4 2130 3| 1399.07
1458 100 m3/h E’ 70 m3/h %]“a/h 164 m3/h § 70 m3/h 70 m3/h
[78.860,93.287] h
[89.93,95.38] h o w m}/h
131 m/h e  582] 218 E 164 m3/h _
5422 500 2630 [ 2 T / a0 | 3773.98 @ 2130 g m
o1 m;,h 164 mi/h 7 74 mh 74 mih

[95.38,128.45] h

E! 164 m3/h 58]
wy Q
6140 \@ u30  §
3

164 m3/h 90 m*/h

.90 m3/h

[93.287,109.982] h

5| 164 my/h
4
» 5103.91

120 m¥/h

44 m*/h
<o | 582 [ 73456
&
1036.09 50053 2130 TR 555.07 ] M

120 m/h

[109.982,128.888] h

E 164 m*/h
6140

B = pr—E)
Meets product demand,
while transporting 6.2% more
In 91.5% of available time!

P1in D2 (60 m?3)

P1lin D4 (130 m?3)
P3in D5 (30 m3)

A Aalto University
u
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PETROLEUM REFINERY

Imperial College
. o McMaster
Ciéncias University g@

ULisboa
ETH:zurich

IREC

resear‘ch

Global optimization Algorithm for large-scale
refinery planning models with bilinear terms.
Ind. Eng. Chem. Res. 2017, 56, 530-548



http://dx.doi.org/10.1021/acs.iecr.6b01350

Integrated petroleum supply chain

Nationwide model for the Colombian
hydrocarbon supply chain

}i{ \\
Heavy and X-Heavy Crude Oil production
(domestic market and exports)

Crude oil and refined products logistic by
pipeline

Multi-modal transport (trucks, river ship
fleets, marine vessels)

" Conversion refineries (fuels &

petrochemicals) to supply domestic
market and export

The scope is to obtain a near optimal solution for the profit

o)
maximization of the main refinery — petrochemical complex (GRB)

Aalto Uni i
November 20, 2019 A? alto University
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Crude blending network

... *Hydrocarbon market in
Colombia
—17 types of domestic crude oill

« 297 kbbl/day arriving by pipeline

— 7 types of imported crude
« Up to 15 kbbl/day/crude

To cdU1, cdU7 - cdUs,
€dU10 - cdu1l, cdU13

—Homogeneous crude blends with
given quality properties
» Specific gravity, Sulphur content,
total acid number

Crude fractionation system

— 6 distillation columns operating in
a total of 13 modes (logic units)

Tk8
cb8 To cdu2 - cdud,
cdu?, cdu9 - cdulo,
f 12 - cdul3

o Aalto University . . .
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Integrated refinery-petrochemical complex n

ZPEeTROL

Natural Gas Turbo Expander
C1
——>P—>{ Fuel Gas |
Ariel Uribe-Rodriguez
> w 1 T0 Naphtha Mix -
»~ » »
C2 C3 s
To Solvents Production —==—»To LPG
» Debutanized .
C1-C3 Naphtha _ Light Naphtha from ADU
Light Naphtha Hydrotreating Sulfolane
A . .
» » L 2 Virain Platformin Rafinatey,
. Heavy Naphtha - Virgin Naphtha - —gf? —4 Extract i
Crude o > b gz _— >{Aromatics |
> ADU Hvdrotreati . Diesel from ADU Catalytic Reformer -
ydrotreating |je Imported Diesel CLY = Petrochemical
Diesel By , (9 units, 48 models)
AGO ) Diesel - HT C2-C3 from
Turbo Expander Ethylene
RC LCO from FCC Waxes Cracker
AGO from ADU i
H2 Olefins - . e
Distillates _t Domestic FOBE Ene CLV= REflnlng
> >{Tobrcons] Impor ,
LVGO o C2-C2= (36 units, 53 models)
vDU Hydrotreating d £3= \
HVGO HVGO HT - Alkylation
To FCCs > icd-ca= = N
VR > H2y
LPG i
Naptha >
DMOH LCO
> FCC Hydrotreating
FDX Naphtha Mix
Hydrotreating Imported Naphtha
> >
Visbreaking v'60 processes => 125 models
>
/ ]
A NS +30 for crude/fuels blending
Aalto University . . .
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Additional information about the problem

 Demand for 22 grades of fuels

Medium distillate | Fuel Oil | Asphalt
Streams to blend 24 23 25 10 6
Products grade 3 7 6 4 2

Fuel/Quality content ppm) | number RO kPa cp
LPG 1
1 1

1

Medium distillate

e

Fuel Qil
Asphalt

1
1

N
N S ST

* And 26 petrochemical commodities
— BTX, Industrial Solvents, Waxes, Propylene, Polyethylene

* Delivered by pipeline and 4 river fleet routes

Aalto University . . .
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Short-term planning problem for IRPC

* Mixed-integer nonlinear program (MINLP)

— Nonconvex bilinear and trilinear terms
» Opex, pooling equations, correlations for yields & properties

— Binary variables select operating modes PSysst
— Maximize profit Properties Psf voumene
PFyp1 usLPN
\iﬂbﬁgf PF' E — Z >
» Generic unit model T Tl
— Volume balances e i : _—
C QF, = %y T OQuen VU a1 In} Qe
° QSu,s = Zu’ Qu,s,u' Yu,s o QUiN’uN,}

— Property balances (linear rules)
 Volume basis: QF,PFE,,, = Y, s Qu s uPSu sp YU, P

¢ Weight: QFuPFu,pPFu,SPG — Zu'e Zs Qu’,s,uPSu’,s,pPSu’,s,SPG Vu,p

9 Aalto University . . .
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Deterministic global optimization algorithm

Start

* Process units divided into 6 clusters T
— Similar functionality, follows workflow *

Define clusters:
CL=1,.., CLMax

. Physical ¥
cl 8 8

- Logistic &
Crude Allocation Bz

Crude Distillation 6 13

cLt Debut\alli?zueurnc]:flumns 1
cLVv Refining 36 53
cLV Petrochemical 9 48
CcLV! Fuels Blending 22 22
» 2-stage MILP-NLP decomposition [ comsarsor |
— MILP relaxation PR of MINLP problem P o R S I L

* McCormick (‘76) for units outside active cluster

* Piecewise McCormick (Bergamini et al. ‘05)
for cluster units
— Optimal solution as # partitions n —» o

— Optimality-based bound tightening OBBT L .=
» Reduces variables domain & optimality gap

Solve OBBT
Update Variable Bounds

Stopping
Criteria ?

9 Aalto University . . .
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[ CL Capacity Utilization
[ CL Remaining Capacity
[] ATG Capacity Utilization
[ ] ATG Remaining Capacity

[T BRN Capacity Utilization
] BRN Remaining Capacity!

Comparison to comercial global solvers

» Significantly higher profit!

Algorithm ANTIGONE BARON 0
Profit [k$/day] 2064 2634 (-12%) 2687 (-10%)
Optimality Gap 8% 48% 58%

5.7 10 10

CL: Clustering Approach
ATG: ANTIGONE
BRN: BARON

—Very large problem, clusters needed
to improve quality & optimality gap

(= Best Possible Sln This Approach = Best Sln Found This Approach| 0

(= —Best Possible Sin ANTIGONE ~— = Best Sin Found ANTIGONE ATG BRN CL ATG BRN CL ATG EBRN

CL ATG BRN CL ATG BRN CL

CL ATG BRN

T
@
@

4370 I - - Best Possible Sin BARON -~ - Best Sin Found BARON cDhU VDU BTP FCC HDT PTQ
4180 7.50 — Plant
1 4 __ [ This Approach
3990 7.00 m ANTIGONE
T 1 [ BARCN
________________________________ 6.50
& 3800 6.00 -
] | j
> 5.50 o
£ 53610 ]
2 ® 5.00 —
G o 1 =
== > j
T B 3420 T 450 -
o3 ] o ]
2Z B 4004
‘g‘ 3230 = 1
2 ] s 3950
O 40404 ct' cL cL cLV- cLY E 2.00
] 2 j
— 250+
2850 - E
| 2,00
L 1.50
i 1.00 o
T T T T T T T 1 T T T 7/ T -
0 750 1500 2250 3000 3750 4500 5250 6000 6750 7500 8250 32000 0.50 —
Time (s) 0.00 |_I_. T T l_IT.
2

5

Asphalt

T T T
@ %

€ g ]
< = £
E

5 5}
[24] S

hemical

* IRPC capacity = 219 kbbl/day (crude) i ;
November 20, 2019 A? Aalto Unlversity Scheduling in the Process Industries - Pedro Castro 42



CRUDE-OIL BLENDING

F on .
Uiibas® Ml Carnegie Mellon

Global optimal scheduling of crude oil blending operations with
RTN continuous-time and multiparametric disaggregation.
Ind. Eng. Chem. Res. 2014, 53, 15127-15145

Computers
& Chemical

Engineering

&

Source-based discrete and continuous-time
formulations for the crude oil pooling problem.
CACE 2016, 93, 382-401



http://dx.doi.org/10.1021/ie503002k
http://dx.doi.org/10.1016/j.compchemeng.2016.06.016

Crude oil blend scheduling

« Marine vessels unload sequentially following their order of arrival at,,,,

t=20 t = atmy, t = atp,,
Marine vessels (MV) Storage tanks Charging tanks Distillation
(ST) (CT) units (CD)

4B |

* Logistic constraints (within a time slot)
— Either flow-in or out in tanks handling different crudes (blending tanks)
— A charging tank feeds at most one CDU
— A CDU receives crude from a single charging tank
min max

* Mix properties computed assuming linear blending, € [c¢ py Cekpr]
- Crude demand from charging tanks € [d7", dTe*

9 Aalto University . . .
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g _Mva,my,= 1000

RTN process model

 Need for additional transfer tasks

nimvl,mvlzl TCMyg,muy =1
n‘vAinl,mv1=1000 Pt ’@ ------------ H
- 1
-~ - 0 =
RA_le,t=0 - R 5T1_1 JI. RA_5T°1,t=0 RA_c‘r‘l,t‘O
Transfer 1 (MV,,ST,) Transfer Out ST, Transfer 3 (ST,,CT,)
Ratee[0,500] Rate[0,1000] Rate€[0,500]
: [ - _RO,::H:ZSO
! 1 Hold_in_vessel MV. c |
bmmme e » —n_ 1
Duration=1 time slot o Transfer 4 (ST,,CT,)
I 5 ] I Rate€[0,500]
E Rg_criy =0
[ Z8
Rps=1 @ (@)
I £l
X
| 2 O |
______ 1 Hold_in_vessel MV, 8 | Transfer 5 (ST,,CT,)
! Duration=1 time slot Rate<[0,500]
- L= Ruk750
Transfer 2 (MV,,ST,) Transfer OutST, | Transfer 6 (ST,,CT,)
Ratee[o 500] Rate[0,1000] Rate€[0,500]
Re_mv,,t=0 RDST2=1 ? Rg s70,:=0 Rg_cri,, =0

@ ____________ |

Tvym,=1  TMvym,™

Equipment Resources (REQ) Q

Continuous interaction ———»

Fixed Recipe Task I:l

Discrete interaction

Material Resources (RMR) O

Variable Recipe Task (IVR)

Transfer In CT,
Rate[0,1000]

Transfer In CT,
Rate<[0,1000]

| Either I
| flowin I
| orout :

1

0
R% ey

RO, cr,=500

Transfer 7 (CT,,CD)
Rate€[50,500]

%

an

fed by

=500

______
=
2
;
A

Colum
ngle charging t

&

Transfer 8 (CT,,CD)
Ratee[50,500]

—-— o - el

Variable Recipe Blending Task (I8) I:l

November 20, 2019
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GDP model with logic propositions

« Transfer from marine vessel to storage tank

AN TN Yoam 1V Ysn=l V Yo6,mv: O
~
e 1 - T Ymvut = \/ Yy i A \/ Yemy | Yu,my,t
| i \*.-'f.-'f.-'f.-' Ymv,u, 3_]_ .z'.-'f.-'f =

Yim=l V Y, =1V Y =1 m t<tteT t>tt€T
 Single docking station VAVRCETAVAGAT
« Multiple output streams In storage tanks

‘ Storage V Storage \/ Storage VY v Yo io Yu € BN ST, u t
mv at Xtuut X tut

* Charging tanks Wlth single active output stream

‘ Charging \/ Charging ‘ \/ Charging Yiut \/ Yiut \/ YJ,lto Y Yyu€eBNCT,u,t
tank (CT) tank (CT) tank (CT) = =
7 ) '

Aalto University . . .
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Discrete vs. continuous-time

» Advantages of discrete-time » Advantages of continuous-time
— Simpler model — More accurate model

— Tighter MILP-LP relaxation — Fewer slots to represent schedule

— Easier to account for time-varying : : :
inventory costs - 1 nonlinear blending constraints

. Better for cost minimization  Better for gross margin maximization
_

B o 209. 585 210. 537 8 97 7983 7985 4

B2 e 319.140 320.496 8 81 10240 10246 7
97 284.781 287.000 8 49 8542 8574 8
B 319.875 333.331 7 121 13258 13258 7

* Major surprise!
—Zero MINLP-MILP gap from McCormick envelopes for bilinear terms!
» Better than BARON & GloMIQO

|_Approach | | Cost[$] | Gap [ CPUs| | Cost[$] [ Gap | CPUs_
209585 0.0000%  72.6 284781  0.0000% 346
L Ellelel i 209585  0.0001% 1557 [ 284781  11.1% 3600
GBI 209585 0.0001% 305 | 397208 112% 3600
319140 0.0000% 662 322300  7.6% 3600
Celllelel T 319252 109% 3600 || Nosol.  17.6% 3600
C O SGElNl L 319140 385% 3600 || 324746 37.9% 3600

o Aalto University . . .
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FINAL SLIDE!



Conclusions

* Optimization-based decision making
can significantly improve Key Performance Indicators

« Scheduling is not only about equipment availability

— Real-life problems feature other challenging constraints
« Time dependent utility cost and/or availability,
 Logistics, blending

— RTN & GDP are powerful modeling tools
« Both need some time to master!

* Despite progress over the last 30 years, still

— No two problems are the same
— Time representation is critical

* Increased emphasis on nonlinear models (MINLP)

9 Aalto University . . .
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