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%ﬁm Enterprise-wide Optimization (EWO) QG\\I;\DF

EWO involves optimizing the operations of R&D,
material supply, manufacturing, distribution of a
company to reduce costs and inventories, and to
maximize profits, asset utilization, responsiveness .

Grossmann, I. E., Enterprise-wide Optimization: A New Frontier in Process
Systems Engineering. AIChE Journal 2005, 51, 1846-1857.

Varma, V. A.; RekKlaitis, G. V.; Blau, G. E.; Pekny, J. F., Enterprise-wide
modeling & optimization — An overview of emerging research challenges and
opportunities. Computers & Chemical Engineering 2007, 31, 692-711.
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=
L Petroleum industry

Dennis Houston (2003)

Wellhead  Trading Transferof  Refinery ~ Schedule  Transferof  Terminal
Crude  Optimization Products  Products Loading

* The supply chain is large, complex, and highly dynamic

« Optimization can have very large financial payout

Carnegie Mellon



Pharmaceutical supply chain CAPD
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ERING CENTER
Discovery R&D Pharmaceutical industry  (Gardner etal, 2003) Market
Targets Pre-
e clinical Phase 1 Phase 2alb Phase 3 Submission& 1\ Lifecycle
eads Development Approval Management

Candidate
2-5 yrs 0.5-2yrs 1-2yrs 1.5-3.5yrs 25-4yrs 0.5-2 yrs 10-20 yrs

e Pharmaceutical process (snan, 200
+ Primary production has five synthesis stages
+ Two secondary manufacturing
+ Global market
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Key Issues:

|. Integration of planning, scheduling and control

Mutiple models /\g LP/MILP

MI(N)LP
RTO, MPC

M th | months, years
I v Economics
time scales
. l days, weeks . A
Scheduling - | Eiﬁ\s/lebrl;lllty

Secs, mins .
= Dynamic
Performance

e
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CAHPD

I1. Integration of information, modeling and solution methods

CENTER
Scope
Strategic Optimization . . .
I\/Io?jelin pSystem Analytlcal Strategic Analysis
A
A\ 4 IT .
Tactical Optimization | Long‘z\'e”ln Tactical
Modeling System natysis
A 4 A 4
DEee TR Production Planning Optimization Logistics Optimization Short-Term Tactical
Forecasting and Order [« > . NI SvsET Analysis
Management System Modeling Systems g Sy
e i I s i I
Production Scheduling Distributions Scheduling Optimization Ozﬁl/gizal
Optimization Nlogleling Systems Modgling Systems
Transactional IT
Materials Requirement Distributions Requirements
Planning Systems Planning System
A A

Enterprise Resource

Planning System
A

A 4

A

External Data
Management Systems

Carnegie Mellon Source: Tayur, et al. [1999]



@m Research Challenges g%\lg
ERING A

-The modeling challenge:
Planning, scheduling, control models for the various components of the supply
chain, including nonlinear process models?

- The multi-scale optimization challenge:

Coordinated planning/scheduling models over geographically distributed sites, and
over the long-term (years), medium-term (months) and short-term (days, min)
decisions?

- The uncertainty challenge:
How to effectively anticipate effect of uncertainties ?

- Algorithmic and computational challenges:
How to effectively solve large-scale models including nonconvex problems in
terms of efficient algorithms, and modern computer architectures?

Carnegie Mellon
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Enterprise-wide Optimization
Multidisciplinary team:
Chemical engineers, Operations Research, Industrial Engineering

Researchers:

Carnegie Mellon: Ignacio Grossmann (ChE)
Larry Biegler (ChE)
John Hooker (OR)
Nicola Secomandi (OR)

Lehigh University: Larry Snyder (Ind. Eng)

Univ. Pittsburgh: Andrew Schaeffer (Ind. Eng.)
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Examples of EWO problems

Simultaneous Tactical Planning and Production Scheduling

Dow Chemical
Large-scale mixed integer linear programming

Supply Chain Design with Stochastic Inventory Management
Nonconvex mixed-integer nonlinear program

Optimization Under Uncertainty for Off-shore Qilfield Planning

ExxonMobil
Stochastic Programming with variable scenario trees

Carnegie Mellon
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Integration of Planning and Scheduling Q\B\Dﬁ

Decomposition Simultaneous Planning and Scheduling
Sequential Hierarchical Approach Detailed scheduling over the entire horizon
N RN N R RN R E—
P|anning |months, years |

days, weeks

Challenges:
J Challenges:

v'  Different models / different time
scales

v Mismatches between the levels

v" Very Large Scale Problem
v Solution times quickly intractable

Goal: Aggregate Planning model that integrates major aspects of scheduling

10
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Erdirik, Grossmann & Wassick(2007)

Materials:

»Raw materials, Intermediates, Finished products
»Unit ratios (lbs of needed material per Ib of material
produced)

Production Site:

v' Reactors:

Products it can produce

Batch sizes for each product

Batch process time for each product (hr)
Operating costs ($/hr) for each material

Sequence dependent change-over times
/costs

AN N NN

=> [ ost capacity
(hrs per transition for each material pair)

Time the reactor is available during a given
month (hrs)

<\

Customers:
»Monthly forecasted demands for desired products
> Price paid for each product

A
A\
U

Production Planning for Parallel Batch Reactors

Reaction 1

I

-
INTERMEDIATE
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Problem Statement d%\[g

BENERMINE THE PRODUCTION PIEAINE

v Production quantities

v" Inventory levels

v Number of batches of each product

v Assignments of products to available processing equipment
v' Sequence of production in each processing equipment

BEECTIVE:

To Maximize Profit.
Profit = Sales — Costs
Costs=0Operating Costs + Inventory Costs +Transition Costs

12
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Results for Detailed MILP Scheduling Model: 4 reactors,6 products
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Objective Function:

~

Profit=>">'CP,-S, —ZZZZCOP -XB,, .~ ZZCINV -(INV,, + INVFIN, , + INVINT, ) - ZZZZZCTRA (,km,, Z,,k,m,lﬁz,‘,kymy,y,)

Assignment constraints and Processing times:

YW <1 ielM(m),Y e (L(m)NL(t),VYm,Vt

D W= D W, Vie(Lm)N L)l = N(1),Vm,Vt

ielM (m) ieIM (m)
PT,.,, =BT, W, VielM(m)Vle(L({m)NL()),Vm,Vi
X, =R BT W Vi€ IM (m),V1 e (L(m) N L(t)),Vm,Vt

Detailed timing constraints and sequence dependent change :

Ziwnii ZWer AW, =1 Vie M(m), Vi' e IM(m),i* = i,V1 & (L(m) A L(1)),] # Nt, ¥m, vt
= ZZT”.. Loy VL€ (Lm)O L)), 1 # Nt,Vm, Vt
Ziimis ZW i Wt =1 wviji'e M(m),i'# i,V € (L(m) N L(2)), Ym, V1,1 # H,

Te,,, =Ts ,,+ZP,m”+ZZri,k-Zi’k’m’,J+TRTm1,’t—TX +(ZZ¢,, imis)  ¥ml
ik

TRT,, =TRTL,, +TRT2,,, — m.i:
TX,, =TRTL,,, wm. 1,1

TRTL,,, <UPPER-Y,

m,[+1,t

TRT2,,, <UPPER-(1-Y,,.)  vmi:

Vm,l,t
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Mass and Inventory Balances:

X, .. =INVP" + INVINT'Y), icIFINT, VI e (L(m)n L(t)), Vm, vt

INVINTY,, = INVP", + Z AA, o T Z Z AA, ) ey i€ IFINT, VI € (L(m)N L(2)), VI' € L(2), Ym,Ym' # m, V1t
['>1,1'eL(m) m'#m l'eL(m')

X, .. =INVP'" +INVP' + Z AA; e T Z z AA, ,, ) ey 1 €IFINT, V1 € (L(m)A L(1)), VI' € L(2), Ym,¥m'" # m,Vt

I'>1,1'eL(m) m'#m ['eL(m")

) Ve (L(m)n L), VI € (L(m)A L)), Ym,Im" £ m,Vt

t 1,l'\m,m't

Ts,, + > PT, . <Ts,.. +Bigh, -(1-YY,

) Ve (L(m)A L(t),VI' e (L(m ) L)), Ym,Ym' = m, vt

A mom' t

TSmItSTS +ZPT;,m,l,t+B1gVVt(YYI

AA .. SUBOUND, -(YY, ., ,.,) i €IFINT; VI € (L(m)" L(2)), V1" € (L(m )" L(2)), Ym Ym" % m, ¥t

i,m,l,m'l',

AA,

i,m,l,m'l'
m'#m ['e(L(m")NL(t))

. SUBOUND;,-(W,, ) i<IFINT, VI e (L(m)n L(1)),Ym, Vi

A4, ., o, SUBOUND, - (W, | ,) ielIFINT, VI e (L(m)~ L(z), Ym, V1

I'e(L(m)AL(2)) §

A4, ., v SUPBOUND, Z Wiy 1mers) i €IFINT, W1 € (L(m)A (1)), Y1 € (L(m ) L(1)), Ym,Ym" % m ¥t

i'e ENDINT (i',i)

INVIT+> > INVPY => > INVC

i,m,l,t
m le(L(m)NL(t)) m le(L(m)NL(t))

WVNAY S INVE, =S, IV e
m le(L(m)NL(t))

Xt = Za” (INVC..,, .+ z A4, e+ Z Z A4, 0y ) i€ IE, V€ (Lm) L(1), Ym, V1

1"<l m'#=m I'e(L(m")NL(t))
I'e(L(m)NL(t))

INT
+INV, i € IFINT; V't
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@m@ Proposed Aggregate MILP Planning Models 96\77\9

Replace the detailed timing constraints by:

Model A. (Relaxed Planning Model)
v Constraints that underestimate the sequence dependent changeover times
v" Weak upper bounds (Optimistic Profit)

Model B. (Detailed Planning Model)

v" Sequencing constraints for accounting for transitions rigorously
(Traveling salesman constraints)

v Tight upper bounds (Realistic estimate Profit)

16



%ﬁm Key Variables for MILP Planning Model

ERING
YP,, , :the assignment of products to units at each time period
NB,,, :number of each batches of each product on each unit at each period
FP,, :amount of material processed by each task

ﬂ;\g

Products: A,B,C,D, E, F — Reactor 1 or Reactor 2 or Reactor 3

RllAUAUA||B|l| D || B | | E lT‘I

oo JEW (5] e 1[ s || [mempmeen
R3I|F||B| I|F||E|I|C||D|I
< T1 > < T2 > <« T3 »
YPA,reactorl,timel - 1 YPB,reactor2,timeZ — 1

= 3 NBB,reactorZ,timeZ — 2

NBA,reactorl,zimel -

17



e

e : Proposed Model B (Detailed Planning) d\T;\[g

Che
| ENGINIE L

Sequence dependent changeovers (traveling salesman constraints):

v Changeovers within each time period:

1. Generate a cyclic schedule where total transition time is minimized.

KEY VARIABLE:

ZP.  :becomes 1 if product i is after product i’ on unit m at time period t, zero otherwise

ir'mt

P1, P2, P3, P4, P5 PO 2 o= 1

@) 2

2Py pgm7=1

PH)—03

2. Break the cycle at the pair with the maximum transition time to obtain the sequence.
KEY VARIABLE:
zzp .. :becomes 1 if the link between products i and i’ is to be broken, zero otherwise

=>P4—-P5—P1—-P2—-P3

ZZP oy pa M, T 18



MILP Model CARD

CENTER

| According to the location of the link to be broken:

\

P2, P3,P4,P5, P1 ——» ZZP o, pp 1= 1

P3,P4,P5 P1,P2 —» ZZP ,, p3 1= 1 ) . L
The sequence with the minimum total transition time is the

P4,P5 P1,P2,P3 —> ZZP 3 py 7= 1 optimal sequence within time period t.

P5,P1,P2,P3,P4 —> ZZP _, sy 1= 1

P1,P2,P3,P4,P5 —> ZZP o oy 1= 1 )

YP ZZ o Yi,m,t \

lmt Zzumt Vi"m’t
Generate the cycle and break the cycle to find the

YR, N\ [{}ﬁ ,m,] <~ 7B, Vimt optimum sequence where transition times are minimized.
Ylet_ZP”mt Vi’m’t >
ZB, . +YP., <1 Yii'#imt

i,i,m,t

ZP, ., 2YP, —> YR . Vimt

i'#i

ZZZZ > =1 Vm,t

ZZP. P. Vi,i'm,t

i'mt — ii'mt

Having determining the sequence, we can determine the total transition time within each week.
19



Limitation: Large Problems CHED

CENTER

The proposed planning models may be expensive to solve for long term horizons.

ROLLING HORIZON APPROACIE

Problem 1

| II\/Itl)dTI IIBI IModeIA Model A Model A Model A

Week 1

Problem 2
Fixed INIIO?eIIBI IModeIA Model A IModeIA
— [TTT11 I I I

Week 2

Problem 3

Fixed Fixed Model B Model A Model A
L TR

Week 3

v The detailed planning period (Model B) moves as
the model is solved in time.

v Future planning periods include only
underestimations for transition times.

*Ref. Dimitriadis et al, 1997 20



CAHPD

CENTER

EXAMPLE 1: 5 Products, 2 Reactors, 1 Week

Method Number of Number of Number of  Time Solution
binary continuous Equations (CPUs) $)
variables variables
A Relaxed Planning 20 49 67 0.046 1,680,960.0 > % 6.484 Difference
B Detailed Planning 140 207 335 0.296  1,571,960.0
Scheduling 594 2961 2537 150 1,571,960.0
Obj Function Items ($) Relaxed Planning Detailed Planning Scheduling
Sales 2,652,800 2,440,000 2,440,000 Detailed Planning and
Operating Costs 971,840 868,000 868,000 . .
Transition Costs 0 40 40 Scheduling are Identical!
Inventory Costs 0 0 0

21



v' Determine the plan for 15 products, 6 reactors plant so as to maximize profit.

RlL VN Creagonz+—> ©
W X

R2

=
6

Lo
9

99000 ® 0

© e

ic o EXAMPLE 2 - 15 Products, 6 Reactors, 48 Weeks CHPD

ENTER

15 Products, A,B,C,D,E,F,G,H,J,K,L,M,N,O,P
* B, G and N are produced in 2 stages.

e 6 Reactors, R1,R2,R3,R4,R5,R6

* End time of the week is defined as due dates

* Demands are lower bounds

Relaxed planning yields 21% overestimation of profit
R6
number of  number of
binary continuous  number of time solution
method variables variables equations  (CPU s) ($)
relaxed planning (A) 2,592 5,905 9,361 362 224,731,683
rolling horizon (RH) 10,092 25,798 28,171 11,656 184,765,965

22




v Inventory is everywhere

v U.S. inventories*
v" Total value: $1.4 trillion (= 10% U.S. GDP)
v' Estimated inefficiency: 50+ %
v Economic opportunity: $700+ billion

v Gap in optimizing inventories across the entire Supply Chain
v Which location to stock inventory? — Supply Chain Design
v' How much in each location under uncertainty? — Stochastic Inventory

(*U.S. Census Bureau, “Manufacturing and Trade Inventories and Sales in U.S.”, October 2008; Smartops, S. Tayur, 2005)

23



Supply Chain Design with Stochastic Inventory Management

(Shen, Coullard, Daskin, 2003) You, Grossmann (2008)

« Given: A potential supply chain
¢ Including fixed suppliers, retailers and potential DC locations
¢ Each retailer has uncertain demand, using (Q, r) policy

+ Assume all DCs have identical lead time L (lumped to one supplier)

Suppliers Distribution Retailers
.. Centers

L FERING
Carnegie Mellon 24




Problem Statement e,

* Objective: (Minimize Cost)
+ Total cost = DC installation cost + transportation cost + fixed order cost
+ working inventory cost + safety stock cost
« Major Decisions (Network + Inventory)

+ Network: number of DCs and their locations, assignments between
retailers and DCs (single sourcing), shipping amounts

+ Inventory: number of replenishment, reorder point, order quantity,

neglect inventories in retailers

P
PR
Phe ‘1
” // /_
f:'___-;;_ /r///’@
S~ 1.7,
\\\\ TS s
\\/\/\,,* -
\ P2 Vi ~
ll '):'\\/(,\,—’3’
4 X —/ ~ '
: €= A
[ supplier e=l E@ SIS
[—— \,/\\/V\ \ ~~)
o INSS -
@ O retailer RASSENS
-~ SOy
® DC :----m_:\@
= N
SS N
~So AY
SO\ @
~3
ical Supplier Distribution Centers Retailers

3 THERING

Carnegie Mellon 25




EOQ cost ‘jﬂ
D = expected annual demand = Z XY i (S
v(z) = cost for shipping a order of size z from supplier D
h = unit inventory holding cost
F = fixed cost for place an order
n = number of orders per year
X = days per year
L = order lead time
B = weighted factor associated with the transportation cost
8 = weighted factor associated with the inventory cost
v(x)=g + ax
Annual EOQ cost ata DC.: i
D D
F-$n+ﬁ-n-$fu(g)+6’-h- o

1 \ |
@# ordering cost  transportation cost Working inventory cost
[FERING

Carnegie Mellon 26




Working Inventory cost
Annual working inventory cost at a DC:

] P L aDY h-D
F-n+p-n-(g+ %7)+ 0%,

ordering cost transportation cost Inventory cost
7

N—
——
Convex Function of n

The optimal number of orders is:

n* = \/((6hD)/2(F + Bg))

The optimal annual EOQ cost:

Fn+ Bo(2)n + 042 =|\/20hD(F + 8g) + BaD

snical

Carnegie Mellon
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Safety Stock Level

D ~ N(u,0?) ——=> Safety Stock =|z,0| , P(2 < 2z4) = « (Service Level)

Lead time=L —= D ~ N(L-pu,L-0%) =

(Service Level a)

Safety Stock= z,0VL

Safety Stock

Carnegie Mellon

28



Risk-Pooling Effect*

« Single retailer: safety stock = z,0

« Decentralized system:

Retailer

+ Each retailer maintains its own inventory B

=
T
==

Retailer

_
+ Demand at each retailerp, N (i, 02) Wareh
y i arenouse

safety stock = z, 27],\;1 o;

. Warehouse Retailer
« Centralized system:

* All retailers share common inventory =

- Fikh]

* Integrated demans~ p. ~ N(Y 4, 3, 02) =

’ v Lot Retailer

N 9 Warehouse
safety stock = 241/ > ._, 0;
Retailer
Zinical
3 CFERING

Carnegie Mellon ~ GD Eppen, “Effect of centralization in a multi-location newsboy problem”, Management Science, 1979, 25(5), 498 29




Safety Stock Cost for DCs

Inventory Level

. Demand at retailer i ~ N(m;, s2)

. Centralized system (risk-pooling)

‘Lead Time

. Expected annual cost of safety stock at a DC is:

safety stock cost =|h - z, \/ LY o?
i€l

where zq is the standard normal deviate for which P(z < z,) = «

mical
H|{[FERING

(:il.l'll{‘ls_"il.‘ Mellon
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Other Parameters and Variables

I set of retailers indexed by I
];. fixed (annual) cost for locating a DC j

d,; shipping unit cost from DC j to retailer i

{ 1 | if Distribution Center (DC) j is selected
0 if not

B { 1 | if retailer i is served by Distribution Center (DC) j
L 0 if not

@@
LIFERING

® DC

O supplier
O retailer

Carnegie Mellon
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INLP Model Formulation

aall o

_I_

st. » V=1, Viel
jedJ
If.ngXj , viel,jed
X;,Y;;e{0,1} , Viel,jeJ

Z [iX; DC installation cost
jeJ

BY D dijxmiYi; DC - retailer transportation
j€d iel

O supplier™
- @ O retailer
® DC

> [20R(F; + Bgi) > xwiYij +BY D (ajxmi¥i;)  EOQ

jed el 1€l jeJ

Z(Ghza Za?Lz-ng) Safety Stock
jeJ i€l

i
T

SjuawWubISSY

Nonconvex INLP

Supplier

Distribution Centers Retailers

@@
LIFERING

Carnegie Mellon
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lllustrative Example e
"y

« Small Scale Example (solved with BARON)

* A supply chain includes 3 potential DCs and 6 retailers
(pervious slide)

+ Different weights for transportation (8) and inventory (0)

et
Supplier Distribution Centers Retailers Supplier Distribution Centers Retailers Supplier Distribution Centers Retailers
B=0.01, 8=0.01 B=01,0=001 B=001,0=01

* Model Size for Large Scale Problem

¢ INLP model for 150 potential DCs and 150 retailers has 22,650 binary variables

and 22,650 constraints — need effective algorithm to solve it ...
Zinical
H[[FERING

Carnegie Mellon 33




T —— Tﬁ‘ﬂ
Model Properties 2

* Variables Y, can be relaxed as continuous variables (MINLP)
* Local or global optimal solution always have all Y, at integer
* If h=0, it reduces to an “uncapacitated facility Iocatlon problem

+ NLP relaxation is very effective (usually return integer solutions)

jeJ i€l jeJ jeJ jET

min > HXi+ Zd;jl’;:j-l- EKj|/§MY«ij+ Eq\/ 2Y‘&J

st. Y Yy=1, Viel
jed
Vii <X, , Yiel,jelJ
Yij >0 , Veel,jelJ
X;,e{0,1} , VjeJ

@@ where d;; = Bpi(di; + a;), d;° = Lo? K; = \/Zﬁh(Fj + Bg;), @ = 6hz,

L FERING
Carnegie Mellon 34
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Non-convex MINLP




Lagrangean Relaxation 1=-

« Lagrangean Relaxation (LR) and Decomposition
¢ LR: dualizing the single sourcing constraint: 3. ;Y =1,Vie I
+ Spatial Decomposition: decompose the problem for each potential DC |
+ Implicit constraint: at least one DC should be installed, YiesXi>1
— Use a special case of LR subproblem that X=1

min Z {ijj—l—Z(d;j—)\i)Y;j+KjZ1j+qZ?j}—I—Z)\i

JEJ iel iel @
-7

s.t. Yii<X; ,|ViedJliel ‘,_,_z___,_,:,/_,,@
. . SR
Y;; >0 , |ViedJliel __ -1~ NN
Concave i IS
: ViedJ 2 B N
e O MSRTAARAAN
Vied — VLRI
S SR/ X SN
l,l/’,*'<\ \\\\\
Q:._. \ \ \\\
‘\:“‘V\A\— —l@
Vied

Z1; >0, Z2; >0 , |VieJ

Supplier Distribution Centers Retailers
snical
LEERING decompose by DC j

Carnegie Mellon 35




LR Algorithm Flowchart

Initialization

\4

,| Solve the | j | LR subproblem for X,=1,

set V; as the optimal obj. fun. value

Yes Vi > 0,9 NO
Xj* =1 for p;_r:in Xj* =1 for T/j* <0
Update
subgradient |
1 Update LB, adjust step length
parameter, fix all the X variables
'
Solve the reduced NLP to get UB
No m Yes
iteration limi
Zinical
BINETTS

Carnegie Mellon

@

36



Computational Results =

e (Case 2: 88 ~150 retailers

¢ Each instance has the same number of potential DCs as
the number of retailers

Lagrangean Relaxation
Rezci)llers p 4 Upper Lower .

Bound Bound Gap Iter. | Time (S)
88 0.001 0.1 867.55 867.54 0.001 % 21 356.1
88 0.001 0.5 1230.99 1223.46 0.615 % 24 322.54
88 0.005 0.1 2284.06 2280.74 0.146 % 95 840.28
88 0.005 0.5 2918.3 2903.38 0.514 % 51 934.85
150 0.001 0.5 1847.93 1847.25 0.037 % 13 659.1
150 0.005 0.1 3689.71 3648.4 1.132 % 53 3061.2

* Suboptimal solution obtained with BARON for 10 hour limit.

ical

L FERING
Carnegie Mellon 37



Optimal Design of Responsive Process Supply Chain @J

Responsive Supply Chains qﬂ‘

You, Grossmann (2009) Bicriterion MINLP
max NPV, max Responsiveness
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,;TﬁT % Rocha, Grossmann, Poggi de Aragao3 (2009)

iy

e
Exportecd

Grude ol
Imported

Decisions to be optimized:

*  When to offload platforms
«  What class ship and volume Very-large Scale MILP
e Send to which terminal

» Final destination — which refinery
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Crude-oil operations scheduling problem

e Scheduling horizon [0, H] Mouret, Grossmann, Pestiaux (2009)
@ 4 types of resources:

e Crude-oil marine vessels

o Storage tanks

o Charging tanks

o Crude Distillation Units (CDUs)
@ 3 types of operations:

o Unloading: Vessel unloading to storage tanks

o lransfer: Transfer from storage tanks to charging tanks
e Distillation: Distillation of charging tanks

Crude vessels Storage Tanks Charging Tanks CDhU

Global MINLP Optimization

Carnegie Mellon China, September 2007 A4
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Refinery Planning with Nonlinear Models Aatas, Palou, Grossmann

Beyond PIMS NLP model
I 1 Fuel gas
butane
SR Fuel gas #
p .
SR Naphth remium
o ] Cat Ref > |Gasoline
blending
crude1 Reg.
SR Gasoline i
\_’ —>
CDU SR Distillate :
Distillate| Distillate
] blending
Cat Crack —
crude2 — :
» | Gas oil GO
blending
—>
SR Residuum
» Hydrotreatment .
Treated Residuum




Optimal Development Planning under Uncertainty EXenMobil

» Simultaneously optimize the investment and operation decisions  Tarhan, Grossmann (2008)
» Offshore oilfield having several reservoirs under uncertainty

» For a project horizon of 10-30 years g .
» Maximize the expected net present value (ENPV) of the project |

Decisions:
> Number and capacity of FPSO/TLP facilities
> Installation schedule for facilities
> Number of sub-sea/TLP wells to drill
> Drilling schedule for wells

> Oil production profile over time

Uncertainty:
> Initial productivity per well

> Size of reservoirs

~/

Reservoirs

> Water breakthrough time for reservoirs

(endogenous) wells
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Options for Infrastructure ExxonMobil

FPSO: (Floating Production Storage Offloading)
» Small FPSO, converted from oil tanker

> Low capacity

> Less capital cost

> Short construction time

» Large FPSO, grassroots facilities
> High capacity
> Higher capital cost (lower capex/capacity)
> Long construction time

TLP: (Tension-Leg Platform)
> Cannot process oil

> Only drilling and oil recovering capability

Sub-sea well:

» Higher capital cost

» More flexible: can be drilled without any
FPSO or TLP facility

» Connect to FPSO facility

TLP well:

» Less capital cost

» Less flexible: need TLP facility to drill
» Connect to TLP facility

Pictures taken from:

(1) www.wikipedia.org (3) www.offshore-technology.com

(2) www.search.com (4) www.aas-jakobsen.no
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Non-linear Reservoir Model

Initial oil
production

N\

Unconstrained
\Maximum Oil Production

AN
N
™~
\

Water Rate

K O~
/
Tank Cumulative Oil (MBO) \

Size of the reservoir

Single Well Oil and Water Rate (kbd)

Assumption: All wells in the same reservoir are identical.
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Modeling Uncertainty Resolution Over Time

Uncertainty is represented by discrete probability distributions.

o
)

Gradual resolution:
» Uncertainty in initial productivity resolves after
drilling 3 wells (appraisal program)

o
o

Probability
o
i

e
N

Note: Appraisal wells can be used for production. I

o

» Uncertainty in size of a reservoir resolves after
drilling 9 wells OR producing oil for 1 year

300 Mbbl 1500 Mbbl

» Uncertainty in water breakthrough time resolves after
producing oil for 1 year

Discrete time horizon + Discrete distribution — Scenario trees

AN

Probability

Uncertain Parameter Value
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Decision Dependent Scenario Trees d\T/’\R

Assumption: Uncertainty in a field resolved as soon as WP installed at field

Investin F in year 1 Invest in F in year 5

Invest in F Q
Size of F: H M L

@ O O
O © O O
Q©Q O O O

) Investin F

<> <> <> Size of F: H% \L
o O O ®@ © O

Scenario tree
— Not unique: Depends on timing of investment at uncertain fields
— Central to defining a Stochastic Programming Model




Stochastic Programming

scenario
tree

Alternative and equivalent scenario tree structure (Ruszczynski, 1997):

&=1 §=2
WO\ p=0.5
\
§,=2 §,=1
p=0.5 p=0.5/
2 3

t=1

§,=2
p=0.5

t=2

ra

4

t=3

t=1

t=2

() ()
§1:]_ glzl §1:2 §1:2
p=0.25 p=0.25 A \p—0.25 A p=0.25
§2:1 §2:2 §2:1 §2:2
p=1.OOO pzl.OOO Opzl.oo Op=1.00
1 2 3 4

t=3
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Stochastic Programming

Each scenario is represented by a set of unique nodes

&=1 . §=2
p=0.5 p=0.5
\

=1/
p=0.5

3

§,=2
p=0.5

ra

4

t=1

t=2

t=3

t=1

t=2

@ O O
§1:]_ glzl §1:2 §1:2
p=0.25 I p=0.25 A \p—0.25 A p=0.25
§2:1 §2:2 §2:1 §2:2
p=1.00 p=1.00 O Opzl.oo Op=1.00
1 2 3 4

t=3
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Stochastic Programming

=1 §=2 t=1
p=0.5 p=\05

t=2
§2:1 §2:2 §2:1 §2:2
p=0.5 p=0.5 p=0.5 p=0.5
bi t=3
1 2 3 4
Nodes have same amount of information == Nodes are indistinguishable
- —0—0—0 =
§1:]_ glzl §1:2 §1:2
p=0.25 p=0.25 A \p—0.25 A p=0.25 -
t=2
§2:1 §2:2 §2:1 §2:2
p=1.00 p=1.00 p=1.00 p=1.00
O O O O =3
1 2 3 4

Non-anticipativity constraints




Representation of Decision-Dependence Using Scenario Tree

>
>

t=1

t=2

t=3

t=4

t=1

t=2

t=3

1 2 3 4

t=4

>
>

( — )

D
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Multi-stage Stochastic Nonconvex MINLP

Maximize.. Probability weighted average of NPV over uncertainty scenarios

subject to
Equations about economics of the model N
Surface constraints
Non-linear equations related to reservoir performance
cumulative oil produced ’ > For each

size of the reservoir j scenario
> Logic constraints relating decisions

if there is a TLP available, a TLP well can be drilled

> Non-anticipativity constraints /

Non-anticipativity prevents a decision being taken now from using
iInformation that will only become available in the future

Disjunctions (conditional constraints)

vV Vv

Y

WOR :ax[

Problem size increases exponentially with Decomposition algorithm:
number of time periods and scenarios :> Lagrangean relaxation &
Branch and Bound
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Formulation of Lagrangean dual %\Dﬁ

-~
R8|axatlon Max Zps [Z (cltqtﬂ —|— cQtd'g + CSty: + Zc4t,uszf,t)]
» Relax disjunctions, logic g ¢ uf
constraints _ + = E”A,’;,‘é" (b-f; £1— be f,l) {4 up8E (y{ _ y{') 4 dps8’ (d"i _ d{)
 Penalty for equality \__(s.8) luf
constraints [t
b}\s,s' y)\5:s' dys,s - 2. (A‘?'q"rg' + Brdr + CFyz + Euf ‘sz,lrbaf’q-) < af } v(t,s)
uf ’ . =1
Lagrange Multipliers / ] \
Zs,s’
¢
af = 3}" ’
dg+1 — dt 1 \ [ _IZ:’S ] V(t! &, 3’)
3 —
Y1 = 3t+1
| bugetrr =  bypipa Vuf |

e A [ Ti\l (_.b;flf)] V(z,8,8)

ufED(a,
b:lgtf,l — bﬁf .1 V(‘“’f} 8, 3’)
— di

di V(s,s)
\\ vi 4 V(s, 8’)/

[
@
H
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Formulation of Lagrangean dual Q%R

Relaxation d(N) =
» Relax disjunctions, logic
constraints
» Penalty for equality
cons’/[raints
!/ /
b)\i? L UNSS ,d>\s,s :
Lagrange Multipliers

P*(N) =

/
Max ) p° [E (cuqi’ + cordf + catyi + D casupby f,t)]
s uf

t

tE, Eb}\:;;' (b1 — b, 1) + 935 (38 — 3f) + D05 (g — )

5 (AS¢2+ BSdS + C2y2 + Suy D3; by,) <af } V(t, )

=1

Model decomposes: one nonconvex
MINLP for each scenario!

Max p® [Z (can + etdf +cayi + 3 carufbl f,t)]

t uf
+ E;(_l)k(s') I:zj:e bA:’jz'b:f,l + yAs,s’yi + dAs,s’di
8 u

2
[ > (Afqt+ BSdS + Clyf + Sy D5y b5y ) < a;':f} vi

=1

Lagrangean Relaxation: Upper bound for any A
zsjd)s(A) = ¢(\) > (boptimal VA
Lagrangean Dual: Tightest upper bound

Carnegie Mellon ¢rLp = m}\in P(A) > boptimal



Example Branch and Bound Tree &P

CENTER

(1)68.912,65.767 353 CPUsec Root Node
b‘al =0Vs

(2)67.596,65.770 < Optimum

Inferences made at node 2:
211,4 — 211,7 — Zf,S
Z%S — Zfﬁ — Zf’g s <68 6%’,8 > 68.92
Zf’7 — ZfaS — 2?9 ’ . 688 > 68.92
True ’ edg > 68.92

9 nodes, 1683 CPU sec (1% optimality gap)

Carnegie Mellon



One Reservoir Example

Optimize the planning decisions for an oilfield having single reservoir for 10 years.

Decisions:

» Number, capacity and installation schedule of FPSO/TLP facilities
Number and drilling schedule of sub-sea/TLP wells

>
>

YV V V V

Oil production profile over time

Uncertain Parameters Scenarios
(Discrete Values) 1 2 3 4 5 6 7 8
Initial Productivity per well (kbd) 10 10 20 20 10 10 20 20
Reservoir Size (Mbbl) 300 300 300 300 1500 1500 1500 1500
Water Breakthrough Time Parameter 5 2 5 2 5 2 5 2

Wells are drilled in groups of 3.

Maximum number of 12 sub-sea wells per year can be drilled.
Maximum of 6 TLP wells per year per TLP facility can be drilled.

Maximum of 30 TLP wells can be connected to a TLP facility.

Construction Wells Facilities
Lead Time TLP Sub-sea | TLP  Small FPSO Large FPSO
(years) 1 1 1 , y
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Stochastic Programming Approach

RS: Reservoir size

IP: Initial Productivity E[NPV] = $4.92 x 10°

BP: Breakthrough Parameter

Build 2 small FPSQO’s

Drill 12 sub-sea wells
year 1
Low RS High RS
12 subsea wells  LOW 1P High IP
2 small FPSO’s, 4 small FPSQO’s, 5 small FPSQO’s year 2
2 TLP’s 5TLP’s 3TLP’s
3 subsea wells 12 subsea wells

Solution proposes building 2 small FPSO’s in the first year and then add
new facilities / drill wells (recourse action) depending on the positive or negative outcomes.
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Stochastic Programming Approach

RS: Reservoir size
IP: Initial Productivity
BP: Breakthrough Parameter

Low RS
Low IP

ow RS
High IR

12 subsea wells

12 subsea welly

6 subsea wells .

High BP LowBP  High/BP Low\BP

Build 2 small FPSQO’s

O O
1 1
i i
1 2

4

w-—

. Drill 12 sub-sea wells —
year 1
Mean| RS High R H?gh RS
Meary IP Low IP High IP -
2 small FPSQO’s, 4 small FPSO’s, 5 small FPSQO’s year 2
2TLP’s 5TLP’s 3TLP’s -
3 subsea wells 12 subsea wells
C 6 subsea wells, 12 subsea wells, 6subseawells, T
12 TLP wells 30 TLP wells 18 TLP wells | Year3
Mean|BP High BP Low\BP High BP Low BP
0 0 O O year 4
| |
| 1 1
] ]
5 6 7 8 9

E[NPV] = $4.92 x 10°

Solution proposes building 2 small FPSO’s in the first year and then add
new facilities / drill wells (recourse action) depending on the positive or negative outcomes.
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Distribution of Net Present Value

10

(o)

N

Net Present Value ($ x 10°)
n

-2

Scenarios

B Mean Value = $4.38 x 10°
B Stoch Progr = $4.92 x 10° => 12% higher and more robust

Computation: Algorithm 1: 120 hrs; Algorithm 2: 5.2 hrs
Nonconvex MINLP: 1400 discrete vars, 970 cont vars, 8090 Constraints
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Conclusions

1. Enterprise-wide Optimization area of great industrial interest
Great economic impact for effectively managing complex supply chains

2. Two key components: Planning and Scheduling
Modeling challenge:
Multi-scale modeling (temporal and spatial integration )

3. Computational challenges lie in:
a) Large-scale optimization models (decomposition, advanced computing )
b) Handling uncertainty (stochastic programming)
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