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A robust stochastic optimization model
for petroleum logistic network

Moonjoo Kim

Department of Shipping management
Graduate School of Korea Maritime and Ocean University

Abstract

It is important for major oil companies to make decisions about the
optimization of two-stage petroleum logistic networks which transport crude
oil from loading sources to various other refineries and distribute them to
the global market to satisfy demand. In this paper, a robust stochastic
model of the petroleum logistics network is presented for optimized
transportation refining distribution reflecting the effects of price, cost and
demand fluctuations in the product market. Calculation experiments were
applied to the optimization model using scenario-based data on price, cost
and demand fluctuations in the product market. Based on the results, the
validity of the proposed optimization model is verified and reported.

KEY WORDS: Global major oil company &% 4] W o]*]; Petroleum logistic
network A& FUES F; Refinery plants - 374; Stochastic model FA% =

3; Robust optimization model EH2=E FH A3} =3
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e

Table 1 World’ s largest refineries (source : Oil&Gas Journal, EIA)

No Name of refinery Location (gggg;%)
1 Jamnagar Refinery (Reliance Industries) India 1,240
2 Paraguana Refinery Complex (PDVSA) Venezuela 940
3 SK Energy Ulsan Refinery (SK Energy) South Korea 850
4 Ruwais Refinery (Abu Dhabi National Oil Company) UAE 817
5 Yeosu Refinery (GS Caltex) South Korea 730
6 Onsan Refinery (S-Oil) South Korea 669
7 Jurong Island Refinery (ExxonMobil) Singapore 605
8 Port Arthur Refinery (Saudi Aramco) United States 603
9 Galveston Bay Refinery (Marathon Petroleum) United States 571
10 Baytown Refinery (ExxonMobil) United States 561
-5 -
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Table 2 World’ s Conversion Capacity (source : Oil&Gas Journal)

Refining Topping Conversion capacity (1000B/D) Copver-
No | Countr capacit capacit Thermal Hydro- >lon
Y y Y . FCC . Total | capacity
(1000B/D) | (1000B/D) | cracking cracking %)
0
1 US.A 28,952 18,458 2,700 5,509 2,285 10,494 56.9
2 China 11,700 9,701 418 1,031 550 1,998 20.6
3 Russia 5,994 5122 403 365 104 871 17.0
4 India 5,668 4,751 242 508 166 916 193
5 Japan 4,757 3,817 96 773 71 940 246
6 South 3,684 2,959 19 367 339 725 24.5
korea
Saudi
7 . 3,337 2,907 191 104 135 430 148
Arabia
8 | Germany 3,091 2,189 363 348 191 902 41.2
9 | Canada 2,969 2,058 182 492 237 911 443
10 Italy 2,968 2,117 233 242 375 850 40.2
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Al 37 Ao A3}

3.1 4337 =39 A3 (Deterministic Formulation)

B ARERUENIE 38T $44 mY9 J5E 0o g

[Index]

i : Loading source of crude (i=1,2,3 : North sea, Gulf of mexico, Middle east)
j : Refinery plant (j=1,2,3 : Antwerp, Texas, Singapore)

k : Product market overseas (k=1,2,3 : Europe, America, Far east)

r : Type of product (r=1,2,3 : Gasoline, Distillate, Fuel oil)

p : Level of process intensity (p=1,2 : Low, High)

[Datal]

P, : Price of crude at loading source i ($/B)

SC;; + Shipping cost from loading source i to refinery j ($/B)
RC;;, + Cost of refining crude 4 at refinery j on processing intensity p ($/B)
DG, - Distribution cost of product r from refinery j to market & ($/B)
w,, . Weighting penalty for short of demand about product » a market & ($/B)
IG,; - Inventory cost of product r at refinery j ($/B/D)

S, Crude supply at loading source 4 (B/D)

7; : Maximum throughput at refinery j (B/D)

HD,; : Hinterland demand of product r at refinery j (B/D)

_'IO_
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MD,, : Demand of product r at market k (B/D)

G

iy © Yields rate per barrel of product r refining crude i at refinery j

on processing intensity p

P_ : Price of product r ($/B)

[Decision variables]

X;; © The amount of shipping crude i to refinery j (B/D)

R

- 1he amount of crude 4 refined at j on processing intensity p (B/D)
Y, ;. + The distribution amount of product » from refinery j to market & (B/D)
E, : The amount of product r falling short of demand at market % (B/D)
I, : Inventory of product r at refinery j (B/D)

H,; : The distribution amount of product r at refinery j (B/D)

RM * : Surplus of refinery margin ($)

RM ~ : Deficit of refinery margin ($)

oM FHLFDLS Aol 35 2 FEE, dre ZANE,
of BHinlE, sAglA Ttde] o FFEol U &,

Han o] T Ha3 AVe AS FHoR dHh e FSE] dsiA

_'I'I_

Collection @ kmou



FEAY oA EQ FAR Felo] BE A oM ol: AERE B
slelel A ARIA, Af FEUE, AFR TEE, FANES B ET 4

(92 Hls=3elth

[Formulation]

Min  Z= 2;(3—#50 X, +2223 CiipRijp + EEZD Y,
+ ;;w;kE,;+7ZZIGJL, (1)

s.t. EX < S (for all i) (2)
Z;Rﬁp < T, (for all j) (3)
Z R, —X;=0 (for all i and j) (4)
H,;=HD,; (for all v and j) (5)
Z i+ Bop =MD,y (for all r and k) (6)
EZ GrigpFoip = DYy~ Hyy =4 =0 (for all v and j) (7)
ZXJ_]PTHU+ ZXJJZ P,—DC )Y, ZZ P,+8C;)
—ZEZR R, —RM T+ RM ~ =0 (8)
X, Rijys Yoo B Ly Hoy RM T, RM ~ =0 (for all i,4,p,rik)  (9)

3.2 294 FA4 =¥ A3} (2-stage Stochastic Formulation)

20A FAZA BZA gAEA HFE AR ERT 4 o 94, 19
Al W 4(first-stage variables)= A7 ¥ 4~(design variables)gt1 = 3l Alye] L
of FEFS WA ge FFHFolth 294 WS(second-stage variables)= Ao

_12_
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W2

S Y <(control or operating variable)gtal = st ZF7+o] AluyE] QoA
Halele SdetrHES A= AYd e MEY 2SS o8 #3kd i
o Ayl & 7H8sted AlokA ¢wdte] Wstsles Seu|HE Ztet
197 Wo] A4 S 204 |9 g3 AdstaA 7din &< /Hdsks
HA ZxAE g AZ2(recourse)zt shH, o] H|-&2 FEM<(random variable)©]
ot 294 zrﬁ]?‘* 2yo Rde BT Aol 19A] AA RS 29
5= 3= Aot

E N{FERUEYHIE A4S 20 FA14 ZFZAA AHEH 7S te
I 2o
[Index]

i : Loading source of crude (i=1,2,3 : North sea, Gulf of mexico, Middle east)
j : Refinery plant (5=1,2,3 : Antwerp, Texas, Singapore)

k : Product market overseas (k=1,2,3 : Europe, America, Far east)

r : Type of product (r=1,2,3 : Gasoline, Distillate, Fuel oil)

p : Level of process intensity (p=1,2 : Low, High)

s : Scenario (s=1,2,3 : Good, Fair, Poor)

[Datal]

P, : Price of crude at loading source i ($/B)

SC; : Shipping cost from loading source 4 to refinery j ($/B)

RC,, - Cost of refining crude 7 at refinery j on processing intensity p ($/B)

DC,,;, - Distribution cost of product r in scenario s from refinery j to
market k ($/B)

_13_
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w,,, : Weighting penalty for short of demand about product r in scenario
s at market k ($/B)

IG,; : Inventory cost of product r at refinery j ($/B/D)

S, : Crude supply at loading source i (B/D)

7; : Maximum throughput at refinery j (B/D)

HD,; : Hinterland demand of product r at refinery j (B/D)
MD,,, : Demand of product r in scenario s at market & (B/D)

G, ¢ Yields rate per barrel of product r refining crude i at refinery j

on processing intensity p

P : Price of product r in scenario s ($/B)

[Decision Variables]
X,; + The amount of shipping crude i to refinery j (B/D)
R, : :The amount of crude i refined at j on processing intensity p (B/D)

Y, + The distribution amount of product r in scenario s from refinery j
to market k (B/D)

E,, : The amount of product r in scenario s falling short of demand at
market &k (B/D)

IL,; : Inventory of product r in scenario s at refinery j (B/D)

H,; : The distribution amount of product r at refinery j (B/D)
RM T : Surplus of refining margin in scenario s ($)

RM | : Deficit of refining margin in scenario s ($)

_14_
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(3

AP Qeofo] AlrAolm Ayl E GArkx

k

J

L

) .

Hj
(8l A

J

=
i
s
tp

Al
ZRijp_Xij =0 (forall i and j)

H7,j=HDrj (for all r and j)

YD iRy, < T (for all j)

Z= ZZ(H+5qj)Xij+ZZERijRijp+
X, < S (forall i)

s Al

LR},

Min
Collection @ kmou

[Formulation]

o

o
=



ZY +E,,,.=MD,, (for all v and k) (6)

srijk

ZZ iR Z wit—Hy;—1,;=0 (for all v and j) (7)
EZPW W+EEZPW - ZZ P+ 5C;)

—EZZR R, —RM T+ RM [ =0 (8)
Xijs Ry Yo Borps Ly Hn RM T L RM =0 (for all i,j.p.r.k.s) (9)

33 2W2E A3 =¥ (Robust Optimization Formulation)

2H2E AH5 wye FAH mFNA 2 Pz vige WE I
Wee WIF BFolth JE FAH 2P FAE 294 Pux wge )
o sx Avele 7 gz vge] Wil Aetels teA o
s g AW Bue L AEet 2

Z]
& Aol =g = do. mEpA AR ANAL H Ao 7| hHl &3 g

€9 WEe H=E A FEH(Upper partial
mean)S AHE3H o] 2 #HolA rEkskAl RO-UPM R &olgt stz ol: o
HEZ Q1 A 2]8lol A o] BEAke] ALgS nmAFEAI RS 23t AFAI Y
ot sl F3ke Ao o FAe HA HHIE @A X A=

Mzsn 9ok webd RO-UPM 2adAs 7o eamzs mgeld zssis
s WS ZE AuPedu WS Fass AN Te Yo
Uukn B4 S-S ADT AL A Pas wGoRRE ] 7 Adee
B ulge] g WAE BITh BHPFNME EX pF o] g3t WHe
g mefstach
B AFERUENIE 4488 RO-UPM 39 75t gew 2o,

_16_
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[Index]

i : Loading source of crude (¢=1,2,3 : North sea, Gulf of mexico, Middle east)
j - Refinery plant (j=1,2,3 : Antwerp, Texas, Singapore)

k : Product market overseas (k=1,2,3 : Europe, America, Far east)

r : Type of product (r=1,2,3 : Gasoline, Distillate, Fuel oil)

p : Level of process intensity (p=1,2 : Low, High)

s : Scenario (s=1,2,3 : Good, Fair, Poor)

[Datal

P, : Price of crude at loading source i ($/B)

SC; : Shipping cost from loading source i to refinery j ($/B)

RG,;, : Cost of refining crude 4 at refinery j on processing intensity p (§/B)
DC,, ;. + Distribution cost of product « in scenario s from refinery j to

market k£ ($/B)

w,,, - Weighting penalty for short of demand about product r in scenario
s at market %k ($/B)

IG,; - Inventory cost of product r at refinery j ($/B/D)

S, : Crude supply at loading source i (B/D)

7; : Maximum throughput at refinery j (B/D)

HD,; : Hinterland demand of product r at refinery j (B/D)
MD,, , - Demand of product r in scenario s at market k (B/D)

G,

.y ¢ Yields rate per barrel of product r refining crude i at refinery j

on processing intensity p

_17_
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p : Penalty function

p, : Probability of each scenario s

[Decision Variables]
X,; : The amount of shipping crude i to refinery j (B/D)
R, : :The amount of crude i refined at j on processing intensity p (B/D)
Y, © The distribution amount of product r in scenario s from refinery j
to market k (B/D)

E,, : The amount of product r in scenario s falling short of demand at
market & (B/D)

L,; : Inventory of product r in scenario s at refinery j (B/D)

H,; : The distribution amount of product r at refinery j (B/D)

As :Max EZZD srjk sr]k+zzwsﬂc srk—{_ZZ[C;][sr]
Zps EZZD srjk sr]k—l—ZEwsrk srk+221 T 97]

RO-UPM m&elA ZAFRDE Afo FF L F5u8, Afel FAE
o 194 WFE] Mg AFFe] Bujulg, 3
Bl t@ 9FH g, RAIGe AuPe B2 WEsE 204

q2ET AEA B FE WEY JEES BT G g HAas A7E A
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B2 4 AATHANA L Aol BE AFH T ANFS A7E
ST 7 AvE e a9 AR B 4 Auged A B
[e) 4

3 o 289 UERIT. A0 ¥ etolT

A

EOR
tlo 1o

@

&

[Formulation]

Min Z = ZE(PZ+SC X +EZER l]Z)RLJp+Zp5 EZZD T_/k srjk
i
+Zzw:rkE;rk+ ZZ[CFJ‘[SIJ +PZPsAs (1)
r k r s

s.t. Z (for all i) (2)
ZZ o = T (for-all j) (3)
ERijp_Xij =0 (for all i and j) (4)

EZED srjk sr]k+22wsrk s’rk+22] rj ST‘]
- Zps [ZE;‘DCLmk ijk' + Z;w;LE;k + EZ[CU];U]
s roj k r r

—A, <0 (5)
H,;= HD,; (for all v and j) (6)
Z YT By, =MDy, (for all s,rk) (7)
EZ i Boip = 2 Yarse = Hry = Ly =0 (for all s.7.]) (8)
X Ry YVjio Borpo L jp 2y = 0, AL =0 9)

~ 19 -
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[Formulation]

Min 7= 33 (P +5C) +ZZZR ' W+Zp9 ZZZD e
i i

+ ZzwsrkEsrk+ ZEIQJIST‘]
s.t. 2 = for all 1)

EZRW) < for all j)

E R, —X,;=0 (for all i and 7)

ZZE‘D srjk 5r]k+22wsr/~Esrk+EZ[C [971
_Zpe[ZZZD srjk sr]k+22wsrk srk+221 Tj sr]]

H,,,j :HD,.j (for all r and j)

EY +E.,=MD,, (for all s,rk)

srjk

ZZ Tijp up Z srik ,] [5”':0

X, Ry Yoy Eorps Ly =0, A, =0

ig 2 Hligpr £ srjko srj —

_2']_
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A 473 ANAYE B A3 HE

41 A5 FH|
B A3E Mg A (linear programming) 4l &3 ~(simplex method)e] &t
< olg3dt. AF RO wo|ZRAXEA A xz T
(microsoft office exceD®] aj%7] 7]1%5< o] &a] &Y wo|A {3 Ao &
F71dH &S HAsIH T o i 2k gAAA - HHHE AT
AR7HA(S)E =473 LoldA AFste 20179 F+ A F7HE
st BAESf, AFEALfG, 8ol Frkolf 7HE S A skt ($/B)
AES 7HAP)S vlx ofUA FARAHENL AFH 7HES FHusty 7h&
(gasoline), =5 f(distillate), = &(fuel ol)E TE3 714 A AT AL
g AFf 7HE2(P,) AASEe] RE(fand e 7HEs 7IELE Ay
2 33(good) wWe] 7tAL HEA48e] 1.3u), E3(poond wje] 7H4L B
o

1 BHMIE(DG )2 el 8d(voyage charter)?]
AFHNE F2A &Y A5 dE2AAworld scale)S o] &3te] A4tE i
2 ghatste] A&k ($/B)
B3 H&UC ) AAGEe] s3Y o AFF 7HE9 %= 25T

rj
($/B/D)

V4 F oF 14~17%4&°] AA W& ZA olge ¥ 7H4& FHasiith

BAZEA AERE Aol welow) AAAALT DRAAA G ¥l &o]
=

(high) 1 =3AHAANLR TE3tY 4 ArasdE 2 d7F72 Aoz 4

_22_

Collection @ kmou



FEFHS, HTF HAWALH D)= o=3 H/71dd o
(exxonmobil) 2] B3 stF9 v d(barrels per day) AEE HIEOE

FAAZ 25

rx
i

L=

Table 3 Constraint of Crude supply (B/D)

Middle east
600,000

North sea Gulf of mexico

400,000 300,000

Table 4 Maximum throughput at refinery (B/D)

Antwerp Texas Singapore
400,000 300,000 500,000
BAEEA S o HHD,), NANZe] TR HMD,)S AFEHFZF(5)H 4
T AWAYHKT)e st At Aue el sff e Fa7
(MD, )& 33 W BE AASS Faso 125%, 23U W= BE A4
48} s awre] 10%% =48t
42 AXLR
A AAGE AU E6Lsd, S2:R%, S3ER) 3AHF 2y, Ay
o FES MIET 294 FAZX B¥, FEZ Hee LA 2 BIEH
S 194 "ol wrgst AgAge g S o] 83T olF, AR ER IS

°| RO 2@ RR 2q& o]&st A4tsoith

|4 AR 22d W Al 7HA 3 Eeivle, el a

CEEIEL L
9 AR MFA Y Fat e 2o
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Table 5 Product costs($/B)_S1

Gasoline Distillate Fuel
83.92 82.47 76.65
Table 6 Distribution costs($/B)_S1
From To Europe America Far East
Antwerp 0.99 243 3.52
Texas 2.01 1.77 3.72
Singapore 2.53 3.09 112
Table 7 Demand of market_S1
Product
Market
Gasoline Distillate Fuel
Europe 75,000 56,250 56,250
America 50,000 43,750 31,250
Far East 55,500 52,500 42,000
Table 8 Demand of hinterland
Product
Hinterland
Gasoline Distillate Fuel
Antwerp 120,000 40,000 30,000
Texas 110,000 52,500 67,500
Singapore 70,000 60,000 50,000
oS8 AAA3o] 53 w MS Excel sjzr] T2 138 o] g5t 3+
Z —3]] [¢) 1:].
Table 9 MS Excel Solver Optimal Solution_S1
Name Value Name Value Name Value Name Value
X11 118259 R222 18259 Y211 56250 E-11 0
X12 181741 R231 0 Y212 0 E-12 13764
X13 0 R232 0 Y213 0 E-13 0
X21 281741 R311 0 Y221 0 E-21 0

Collection @ kmou
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X22 18259 R312 0 Y222 43750 E-22 0

X23 0 R321 11043 Y223 0 E-23 0

X31 0 R322 88957 Y231 0 E-31 0

X32 100000 R331 179086 Y232 0 E-32 0

X33 500000 R332 320914 Y233 52500 E-33 0

R111 0 Y111 55583 Y311 32386 11 0

R112 118259 Y112 0 Y312 0 112 0

R121 0 Y113 0 Y313 0 113 0

R122 181741 Y121 0 Y321 0 21 41545

R131 0 Y122 0 Y322 0 122 6228

R132 0 Y123 0 Y323 0 23 30695

R211 0 Y131 19417 Y331 23864 31 0

R212 281741 Y132 36236 Y332 31250 132 0

R221 0 Y133 55500 Y333 42000 33 0

RM+ 13161651 RM- 0 Overall Cost 74,798,581

Ag Ash, AUvgel Ais 9 FATEA FaF 9 9 AF 528

Z2A7)7] A AgE BaloA A=Y= Aoz 1182590, B4
2 AAFFoRZ 18174181, WA|S THol A HELIE A FH O = 281,7414]
g, "As g 182590, F5oA A FAFAOZ 100,000
g, A7tz E AAFFo =2 500,0008 2 55kt

Table 10 Optimal Solution :

Crude supply_S1

Refi lant .
Loading source efinery plants Antwerp Texas Singapore
North sea 118,259 181,741 0
Gulf of mexico 281,741 18,259 0
Middle east 0 100,000 500,000
AESZ AAFHANE Helold 43 dfE nEFTARLo=
118,259u &, WA= "ol A 4 AFS 1=3-FAAH o2 281,741u g, =
Ab2 BAFAAA = EafodA T AdFE 1ESIFAFAFCE 181,741 E
- 25 -
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WA M FEY AFE NEHFYAYOR 182500, FFOIM F5H
YHE I GAFTHRYoR 11,0430, nEstEHTPo = 88,957 E, A
7tx2 AAFZZAME FTEolA FEd dfE IRt AATAEAALo=
179,086M1 4, =3t A o2 320,914 E & A A}
Table 11 Optimal Solution : Refining process_S1
Antwerp Texas Singapore
Process
Intensity | prent witi dubai | brent witi dubai | brent wti dubai
Low 0 0 0 0 0 11,043 0 0 179,086
High | 118,259 | 281,741 0 181,741 | 18,259 | 88,957 0 0 320,914

AAAL S AX dAD AFFES 4 BAZTAAY F8E5 BF
o &Y 9] FoAE EHEAT AEHZ HAlTFlA AddE AFFE
< FHAIRCR 7HEY 55,583 E, S 56,2508 E, St 32 386HH'°§_§, e
A AAEZANM AatE SRFe ot El7I SAE R 43,7500 2 &, A7)

T2 ATEAN AUE ARHES FAAROR JET VAL, FH
=%

23,8642, of vl 2| 7}] F A A0 2 7}2% 36,2360 2 Z% 31,2501 2 &,
AlZo 2= 7F<&9 55,5008 4, 52,5000 8, Zf 42,0000 22 FFslok
i,

Table 12 Optimal Solution : Distribution amount_S1

From Antwerp Texas Singapore
To
Europe |America|Far E.|Europe| America | Far E. | Europe | America | Far E.
Produc
Gasoline | 55,583 0 0 0 0 0 19417 | 36,236 | 55,500

0 0 52,500

o
()
N
w
~
Ul
o
()

Distillate | 56,250 0

23,864 | 31,250 | 42,000

o
o
o
o

Fuel 32,386 0

ofm sl ax ol FA AL THEde] 13764 Po] FEseAch
HE

ol FAFHAY AnE VEAZ FAFTFN ZFA7F AL545Y, bz
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AAEZ SHA7F 622808, ArtEE FAT A

LA, olnf F

Z 557} 30,6958 ol

+GHI-&2 §74,798,581°1 ™, AAIntzle §13,161,651°] .

Table 13 Optimal Solution : Short of demand_S1

Product Market Europe America Far E.
Gasoline 0 13,764 0
Distillate 0 0 0

Fuel 0 0 0

Table 14 Optimal Solution

: Inventory of product_S1

Product Refinery Antwerp Texas Singapore
Gasoline 0 0 0
Distillate 41,545 6,228 30,695

Fuel 0 0 0

Table 15 Product costs($/B)_S2

3 AFF FAT el age s
MEAS ST AANGo] BFY Wsh gol A3,

o 2,

Gasoline Distillate Fuel oil
76.29 74.97 69.68
Table 16 Distribution costs($/B)_S2
From To Europe America Far East
Antwerp 0.90 221 3.20
Texas 1.83 161 3.38
Singapore 230 281 1.02

_27_
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Table 17 Demand of market_S2

Product
Market
Gasoline Distillate Fuel oil
Europe 60,000 45,000 45,000
America 40,000 35,000 25,000
Far East 44,400 42,000 33,600

o2 A BE5Y of MS Excel ailz7] =233 o] &3t 3 F

Table 18 MS Excel Solver Optimal Solution_S2

Name Value Name Value Name Value Name Value
X11 100000 R222 0 Y211 45000 E-11 0
X12 119381 R231 0 Y212 0 E-12 0
X13 0 R232 0 Y213 0 E-13 0
X21 300000 R311 0 Y221 0 E-21 0
X22 0 R312 0 Y222 35000 E-22 0
X23 0 R321 32810 Y223 0 E-23 0
X31 0 R322 140254 Y231 0 E-31 0
X32 173064 R331 141176 Y232 0 E-32 0
X33 426936 R332 285759 Y233 42000 E-33 0
R111 0 Y111 57500 Y311 31400 111 0
R112 100000 Y112 0 Y312 0 112 0
R121 0 Y113 0 Y313 0 113 0
R122 119381 Y121 0 Y321 0 21 51900
R131 0 Y122 0 Y322 0 122 8299
R132 0 Y123 0 Y323 0 123 20716
R211 0 Y131 2500 Y331 13600 131 0
R212 300000 Y132 40000 Y332 25000 132 0
R221 0 Y133 44400 Y333 33600 133 0
RM+ 4646919 RM- 0 Overall Cost 67,666,740

A4 A, Zdn g Hag 8 AT wFA o B e AR

_28_
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8E FZA7171 Al A= FalloA HEHZ A2 100,000H) H,
gtz FAlgdoZ 119381918, HAIE RholA HEQZ AHAFHO=E
300,00081 8, FEolA HALA AATFOZ 173064012, AVIE=2 HAAFAHS
2 426,93601 2 & FEST)

Table 19 Optimal Solution : Crude supply_S2

Loading source Refinery plants Antwerp Texas Singapore
North sea 100,000 119,381 0
Gulf of mexico 300,000 0 0
Middle east 0 173,064 426,936
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Table 20 Optimal Solution : Refining process_S2

Antwerp Texas Singapore
Procejss
Intensity | |5rent wi dubai | brent | wti | dubai | brent | wti dubai
Low 0 0 0 0 0 32,810 0 0 |141176
High |100,000 (300000 O [119381| 0 |140254| O 0 |285759
AARA S AH BAE AFHFES 4 AAFTHAL] 95 EF UEAA
or g3 o] Y FeAZ BEHjEHAT. AEAZ GAFHAA ALk

7HERE FEAIRCRE 57,5008, SR FRAGSE 45000008, TH<

FHAZCR 3140002 S, HA: BAE

o
=2
>
o
2
i
o|N

N il
Ho
rlr
>
3
X
Q
Q)
il

3500001, A7tz= AHAAFAANA AdE THEHE FHAZSRZ 2,5000 ,

_29_

Collection @ kmou



obu 2] 7H) B A 0.2 40,0008] 2,
o2 42000812

25,0001 &,

= O

ST T

FSEAFOE 44,0008) 2,

FHAFCRE 13,6000 E

SEAAO0 R 3360082 4ok Sk

== 0
o‘l’l“l’l‘t‘

o) 2] 7heh &

A1

Table 21 Optimal Solution : Distribution amount_S2

—_L
1 O

E/\] 75}

o2

From

Antwerp

Texas

Singapore

To

Produc

Europe | America

Far E. | Europe

America

Far E.

Europe | America

Far E.

Gasoline

57,500 0

(@]
(@]

2,500 | 40,000

44,400

Distillate

45,000 0

o
o

w
w
o
o
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()

0 0

42,000

Fuel oil

31,400

o
o

13,600 | 25,000

33,600
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Table 22 Optimal Solution : Short of demand_S2

Market

Product Europe America Far E.
Gasoline 0 0 0
Distillate 0 0 0
Fuel oil 0 0 0

Table 23 Optimal Solution : Inventory of product_S2

Product Refinery Antwerp Texas Singapore
Gasoline 0 0 0
Distillate 51,900 8,299 20,716

Fuel oil 0 0 0
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Table 24 Product costs($/B)_S3
Gasoline Distillate Fuel oil
68.66 67.47 62.71
Table 25 Distribution costs($/B)_S3
From To Europe America Far East
Antwerp 0.81 1.99 2.88
Texas 1.65 1.45 3.04
Singapore 207 2.53 0.92
Table 26 Demand of market S3
Product
Market
Gasoline Distillate Fuel oil
Europe 42,000 31,500 31,500
America 28,000 24,500 17,500
Far East 31,080 29,400 23,520

2o AAASo] B3 wl MS Excel &j|z2r] T2 189S

ol g3tel 77 A

5ol o},
Table 27 MS Excel Solver Optimal Solution_S3

Name Value Name Value Name Value Name Value
X11 88921 R222 0 Y211 31500 E-11 0
X12 0 R231 0 Y212 0 E-12 0
X13 0 R232 0 Y213 0 E-13 0
X21 300000 R311 0 Y221 0 E-21 0
X22 0 R312 10043 Y222 24500 E-22 0
X23 0 R321 50453 Y223 0 E-23 0
X31 10043 R322 227537 Y231 0 E-31 0
X32 277990 R331 110266 Y232 0 E-32 0
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X33 311967 R332 201701 Y233 29400 E-33 0
R111 0 Y111 42000 Y311 31159 111 0
R112 88921 Y112 15774 Y312 0 112 0
R121 0 Y113 0 Y313 0 113 0
R122 0 Y121 0 Y321 0 121 64214
R131 0 Y122 0 Y322 0 122 4480
R132 0 Y123 0 Y323 0 123 0
R211 0 Y131 0 Y331 341 131 0
R212 300000 Y132 12226 Y332 17500 132 0
R221 0 Y133 31080 Y333 23520 133 0
RM+ 0 RM- 1754387 Overall Cost 59426597

Ag Ask, o ge Hash FAFTY WFA FaF L 9 AF £a8
EA717] A BN DEYZ A FHOT 889210, AT Thol A
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Table 28 Optimal Solution : Crude supply_S3

Loading source Refinery plants Antwerp Texas Singapore
North sea 88,921 0 0
Gulf of mexico 300,000 0 0

Middle east 10,043 277,990 311,967

AEAE FAZTFAME Blld F48 A7E uERFIFYo=

FAAAME TEAA FEE dFE It AATEAH o= 50,4538, 1L =3}
o7 2271537 d & AARY. JrtEE AN TEANA FF

A2 Ot AAFAAHoZ 110266018, 1E3FAIAH o2 201,701H)
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Table 29 Optimal Solution : Refining process_S3

Antwerp Texas Singapore
Process
Intensity | prent wti dubai | brent | wti dubai brent wii dubai
Low 0 0 0 0 0 50,453 0 0 110,266
High 88,921 | 300,000 | 10,043 0 0 227,537 0 0 201,701

AAFES AA gD AFFES 4 AASH vWFAY F8

AZ o ta3 o] s FaxE Fujdn.

il
5
I

VEYE FAFTEANAN Y48 &AL FHAFOE 42,0000, ofvelzh
EAIGCZ 1577481, S/ FREAZLSZ 31,5008 E,

o= 31150 Po] Rl a, HAlx HA NN AN FRAE ohves
FA%02 245000 Po] ujHth rtme HAFTHANA HAE shEUe of

[e) [e)
8 FPAR

W7t sAZ o= 12,2260, S5A 31080 ES, S/FfFe STAZL
2 29,40081 8, T FRAALeRE 3416jd, olvl gzl SAIF S E 17,5004)
g, SEAZo R 235208 8-S Fujj gt
Table 30 Optimal Solution : Distribution amount_S3
From Antwerp Texas Singapore
To
Europe | America | Far E. | Europe | America | Far E. | Europe | America | Far E.

Produc

Gasoline | 42,000 | 15,774 0 0 0 0 0 12,226 | 31,080

Distillate | 31,500 0 0 0 24,500 0 0 0 29,400

Fuel oil | 31,159 0 0 0 0 0 341 17,500 | 23,520

ofwl HARe] FRE BF FHHUON NENZ FAFF) FFAT
64214102, At AA B FFATE 44800, ATt AR F
#7h 30,695M o] A WA olm F Sn G2 $59,4265070] W A
e -$1,754,3870] .
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Table

31 Optimal Solution : Short of demand_S3

Product Market Europe America Far E.
Gasoline 0 0 0
Distillate 0 0 0
Fuel oil 0 0 0

Table 32 Optimal Solution :

Inventory of product_S3

Product Refinery Antwerp Texas Singapore
Gasoline 0 0 0
Distillate 64,214 4,480 30,695
Fuel oil 0 0 0
422 294 FAH 23
AR &S| dSsk7|7F o HI) WEel JAREA S 4 FA R ol
ol &S oldstel Fgte o] FMoltk WA B FAH mFolA
AAGFol s8d o] BANFES FE 20%, HEY W BAGFS &
50%, B3 wlo] AALES FE 30%2 7IA-sIY 29A FAZ g
A8e £33t tSe AAAe FELS wEd 244 A mdo M
Excel sjzt7] =9 o] &3] 73k H Aot
Table 33 MS Excel Solver Optimal Solution_Stochastic
Name Value Name Value Name Value
X11 100000 Y2111 57500 E-111 17500
X12 30317 Y2112 0 E-112 50000
X13 0 Y2113 0 E-113 11920
X21 300000 Y2121 0 E-121 0
X22 0 Y2122 0 E-122 0
X23 0 Y2123 0 E-123 0
X31 0 Y2131 0 E-131 0
X32 251344 Y2132 0 E-132 25900
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X33 348656 Y2133 43580 E-133 0
R111 0 Y2211 45000 E-211 2500
R112 100000 Y2212 2384 E-212 40000
R121 0 Y2213 4710 E-213 820
R122 30317 Y2221 0 E-221 0
R131 0 Y2222 32616 E-222 0
R132 0 Y2223 0 E-223 0
R211 0 Y2231 0 E-231 0
R212 300000 Y2232 0 E-232 0
R221 0 Y2233 37290 E-233 0
R222 0 Y2311 31400 E-311 0
R231 0 Y2312 0 E-312 0
R232 0 Y2313 0 E-313 0
R311 0 Y2321 0 E-321 0
R312 0 Y2322 0 E-322 0
R321 45973 Y2323 0 E-323 0
R322 205371 Y2331 13600 E-331 0
R331 192286 Y2332 25000 E-332 0
R332 156370 Y2333 33600 E-333 0
Y1111 57500 Y3111 42000 1111 0
Y1112 0 Y3112 15500 1112 0
Y1113 0 Y3113 0 1113 0
Y1121 0 Y3121 0 1121 14306
Y1122 0 Y3122 0 1122 0
Y1123 0 Y3123 0 1123 0
Y1131 0 Y3131 0 131 0
Y1132 0 Y3132 12500 1132 0
Y1133 43580 Y3133 31080 1133 0
Y1211 56250 Y3211 31500 1211 0
Y1212 11134 Y3212 0 1212 0
Y1213 15210 Y3213 0 1213 0
Y1221 0 Y3221 0 1221 44806
Y1222 32616 Y3222 24500 1222 0
Y1223 0 Y3223 0 1223 0

Collection @ kmou

_35_




Y1231 0 Y3231 0 1231 0
Y1232 0 Y3232 0 1232 0
Y1233 37290 Y3233 29400 1233 0
Y1311 31400 Y3311 31400 1311 0
Y1312 0 Y3312 0 1312 0
Y1313 0 Y3313 0 1313 0
Y1321 0 Y3321 0 1321 65400
Y1322 0 Y3322 0 1322 8116
Y1323 0 Y3323 0 1323 7890
Y1331 24850 Y3331 100 1331 0
Y1332 5350 Y3332 17500 1332 0
Y1333 42000 Y3333 23520 1333 31080
RM+1 16475697 RM+2 7180636 RM+3 0
RM-1 0 RM-2 0 RM-3 3998246
Overall Cost 68,176,988
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Table 34 Optimal Solution : Crude supply_Stochastic

Loading source Refinery plants Antwerp Texas Singapore
North sea 100,000 30,317 0
Gulf of mexico 300,000 0 0

Middle east 0 251,344 348,656

PRFEAMN BAFE AEAZ JATFNM BoolA +58 ARFE 2
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Table 35 Optimal Solution : Refining process_Stochastic

Antwerp Texas Singapore
Process
Intensity brent wii dubai brent wti dubai brent witi dubai
Low 0 0 0 0 0 45,973 0 0 192,286
High 100,000 | 300,000 0 30,317 0 205,371 0 0 156,370
AARE = AAH BAEH AFHES AUe 2 ZF AAZH w$Ae 2
g A BT REAAeH TS Zo] 9 oA E FulE

AAGRol TR W AEYZ GA| TN A4t TEIS FRHAIGCR

57,5000 &

° =
TR THAZOE 56,2508, ofm 27t FA1 &2 11,13449)

d, SsAFeRE 152108, S+ FHAZSE 3140008 F53n. g

Ao AABANN ANE FF
3 AEE HAZENA A

52 7ol

5,3508 4,

G oM ANEA G 32,616HEL S48}
AE TtEDe FEAA] 435808, =

37,2000, Ffr= FEAIEA 24,8508, olwl g 7o) F Al
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Table 36 Optimal Solution : Distribution amount_Stochastic_S1

From Antwerp Texas Singapore
To
Europe |America| Far E. | Europe | America | Far E. | Europe | America | Far E.
Produc
Gasoline | 57,500 0 0 0 0 0 0 0 43,580
Distillate | 56,250 | 11,134 | 15,210 0 32,616 0 0 0 37,290
Fuel oil | 31,400 0 0 0 0 0 24,850 | 5,350 | 42,000
- 37 -
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Table 37 Optimal Solution

ojuf sjelFoA FHAZANME THE-] 17,5008 2 o] FH3 A,
HEA Bl A= 7hEd o] 50,0008, F-f7F 259008 Eo] H=3oh.
oAM= 7hEdo]l 11,9200 8 o] Rtk old) A A=
BATAANA SFHF7F 14,3060 2 2] At FAY .

. Short of demand_Stochastic_S1

Product Market Europe America Far E.
Gasoline 17,500 50,000 11,920
Distillate 0 0 0
Fuel oil 0 25,900 0

Table 38 Optimal Solution : Inventory of product_Stochastic_S1

Refinery

Product Antwerp Texas Singapore
Gasoline 0 0 0
Distillate 14,306 0 0
Fuel oil 0 0

NESE AATHAN A hEDe FHAR
140l 45,0000, obvel ke & A el 2,38411 2,

3
Al 47100, FHE FUAZOR 31400 AL FEBT BAs A
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Table 39 Optimal Solution : Distribution amount_Stochastic_S2

From Antwerp Texas Singapore
To

Europe | America | Far E. | Europe | America | Far E. | Europe | America | Far E.
Produc
Gasoline | 57,500 0 0 0 0 0 0 0 43,580
Distillate | 45,000 | 2,384 | 4,710 0 32,616 0 0 0 37,290
Fuel oil | 31,400 0 0 0 0 0 13,600 | 25,000 | 33,600
ol 3T FPAFAAE 7FEA] 2,50080E, of| ] 7Feh F A Aol A

7hE™ol 40,0008, SEAFANAE 7HEdol 8200 H o)
e A

= HEHZ AA A olA

Table 40 Optimal Solution :

== 0
o TT. 1T

H-=35H3
7} 44,8064 2 o A a7t LAY

Short of demand_Stochastic_S2

Product Market Europe America Far E.
Gasoline 2,500 40,000 820
Distillate 0 0 0
Fuel oil 0 0 0

Table 41 Optimal Solution :

Inventory of product_Stochastic_S2

o AAE

Product Refinery Antwerp Texas Singapore

Gasoline 0 0 0

Distillate 44,806 0 0

Fuel oil 0 0 0
AAGRl 2R W HEYZ AATHANA Aad hERS FHAE
42,0008, ot 7kt FA el 1550008, FHFe FHAA el 31,5000 2,
e FRAC 3L400M B & Eatal, Paks FA AN ArkE SR
= o7t A 24,5000 2 & FEIAT. Artze FATAAA Aitd
FEd2 ozt F Al 12,5008, S5l 31,0800 E S, SF/F=
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Table 42 Optimal Solution : Distribution amount_Stochastic_S3

From Antwerp Texas Singapore
To
Europe | America | Far E. | Europe | America | Far E. | Europe | America | Far E.

Produc
Gasoline | 42,000 | 15,500 0 0 0 0 0 12,500 | 31,080
Distillate | 31,500 0 0 0 24,500 0 0 0 29,400
Fuel oil | 31,400 0 0 0 0 0 100 17,500 | 23,520

ojmf & Fov WHIon, AAFAANA AMie AEYZ HATAANA

Table 43 Optimal Solution : Short of demand_Stochastic_S3

Product Market Europe America Far E.
Gasoline 0 0 0
Distillate 0 0 0
Fuel oil 0 0 0

Table 44 Optimal Solution :

Inventory of product_Stochastic_S3

Product Refinery Antwerp Texas Singapore
Gasoline 0 0 0
Fuel oil 0 0 314080

3744 733
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Table 45 Solution of Robust optimization with upper partial mean(p=0.5)

Name Value Name Value Name Value
X11 100000 Y2111 57500 E-111 17500
X12 30317 Y2112 0 E-112 50000
X13 0 Y2113 0 E-113 11920
X21 300000 Y2121 0 E-121 0
X22 0 Y2122 0 E-122 0
X23 0 Y2123 0 E-123 0
X31 0 Y2131 0 E-131 0
X32 251344 Y2132 0 E-132 25900
X33 348656 Y2133 43580 E-133 0
R111 0 Y2211 45000 E-211 2500
R112 100000 Y2212 2384 E-212 40000
R121 0 Y2213 4710 E-213 820
R122 30317 Y2221 0 E-221 0
R131 0 Y2222 32616 E-222 0
R132 0 Y2223 0 E-223 0
R211 0 Y2231 0 E-231 0
R212 300000 Y2232 0 E-232 0
R221 0 Y2233 37290 E-233 0
R222 0 Y2311 31400 E-311 0
R231 0 Y2312 0 E-312 0
R232 0 Y2313 0 E-313 0
R311 0 Y2321 0 E-321 0
-4 -
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R312 0 Y2322 0 E-322 0
R321 45973 Y2323 0 E-323 0
R322 205371 Y2331 13600 E-331 0
R331 192286 Y2332 25000 E-332 0
R332 156370 Y2333 33600 E-333 0
Y1111 57500 Y3111 42000 1111 0
Y1112 0 Y3112 15500 1112 0
Y1113 0 Y3113 0 1113 0
Y1121 0 Y3121 0 1121 14306
Y1122 0 Y3122 0 1122 0
Y1123 0 Y3123 0 1123 0
Y1131 0 Y3131 0 1131 0
Y1132 0 Y3132 12500 1132 0
Y1133 43580 Y3133 31080 1133 0
Y1211 56250 Y3211 31500 1211 0
Y1212 11134 Y3212 0 1212 0
Y1213 15210 Y3213 0 1213 0
Y1221 0 Y3221 0 1221 44806
Y1222 32616 Y3222 24500 1222 0
Y1223 0 Y3223 0 1223 0
Y1231 0 Y3231 0 1231 0
Y1232 0 Y3232 0 1232 0
Y1233 37290 Y3233 29400 1233 0
Y1311 31400 Y3311 31400 1311 0
Y1312 0 Y3312 0 1312 0
Y1313 0 Y3313 0 1313 0
Y1321 0 Y3321 0 1321 65400
Y1322 0 Y3322 0 1322 8116
Y1323 0 Y3323 0 1323 7890
Y1331 24850 Y3331 100 1331 0
Y1332 5350 Y3332 17500 1332 0
Y1333 42000 Y3333 23520 1333 31080
D1 9408776 D2 37494 D3 0
Overall Cost 69,127,240
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Table 46 Solution of Robust optimization with upper partial mean(p=1.0)

Name Value Name Value Name Value
X11 100000 Y2111 57500 E-111 17500
X12 31974 Y2112 0 E-112 50000
X13 0 Y2113 0 E-113 11114
X21 300000 Y2121 0 E-121 0
X22 0 Y2122 0 E-122 0
X23 0 Y2123 0 E-123 0
X31 0 Y2131 0 E-131 0
X32 249838 Y2132 0 E-132 25900
X33 350112 Y2133 44386 E-133 0
R111 0 Y2211 45000 E-211 2500
R112 100000 Y2212 2185 E-212 40000
R121 0 Y2213 4237 E-213 14
R122 31974 Y2221 0 E-221 0
R131 0 Y2222 32815 E-222 0
R132 0 Y2223 0 E-223 0
R211 0 Y2231 0 E-231 0
R212 300000 Y2232 0 E-232 0
R221 0 Y2233 37763 E-233 0
R222 0 Y2311 31400 E-311 0
R231 0 Y2312 0 E-312 0
R232 0 Y2313 0 E-313 0
R311 0 Y2321 0 E-321 0
R312 0 Y2322 0 E-322 0
R321 45728 Y2323 0 E-323 0
R322 204160 Y2331 13600 E-331 0
R331 191336 Y2332 25000 E-332 0
R332 158777 Y2333 33600 E-333 0
Y1111 57500 Y3111 42000 1111 0
Y1112 0 Y3112 15500 1112 0
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Y1113 0 Y3113 0 1113 0
Y1121 0 Y3121 0 1121 14978
Y1122 0 Y3122 0 1122 0
Y1123 0 Y3123 0 1123 0
Y1131 0 Y3131 0 1131 0
Y1132 0 Y3132 12500 1132 0
Y1133 44386 Y3133 31080 1133 0
Y1211 56250 Y3211 31500 211 0
Y1212 10935 Y3212 0 1212 0
Y1213 14737 Y3213 0 1213 0
Y1221 0 Y3221 0 1221 45478
Y1222 32815 Y3222 24500 1222 0
Y1223 0 Y3223 0 1223 0
Y1231 0 Y3231 0 1231 0
Y1232 0 Y3232 0 1232 0
Y1233 37763 Y3233 29400 1233 0
Y1311 31400 Y3311 31400 1311 0
Y1312 0 Y3312 0 1312 0
Y1313 0 Y3313 0 1313 806
Y1321 0 Y3321 0 1321 65400
Y1322 0 Y3322 0 1322 8315
Y1323 0 Y3323 0 1323 8363
Y1331 24850 Y3331 100 1331 0
Y1332 5350 Y3332 17500 1332 0
Y1333 42000 Y3333 23520 1333 31080
D1 9370822 D2 0 D3 0
Overall Cost 70,076,133
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Table 47 Solution of Robust optimization with upper partial mean(p=2.0)

Name

Value

Name

Value

Name

Value

X11

100000

Y2111

57500

E-111

17500
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X12 31974 Y2112 0 E-112 50000
X13 0 Y2113 0 E-113 11114
X21 300000 Y2121 0 E-121 0
X22 0 Y2122 0 E-122 0
X23 0 Y2123 0 E-123 0
X31 0 Y2131 0 E-131 0
X32 249888 Y2132 0 E-132 25900
X33 350112 Y2133 44386 E-133 0
R111 0 Y2211 45000 E-211 2500
R112 100000 Y2212 2185 E-212 40000
R121 0 Y2213 4237 E-213 14
R122 31974 Y2221 0 E-221 0
R131 0 Y2222 32815 E-222 0
R132 0 Y2223 0 E-223 0
R211 0 Y2231 0 E-231 0
R212 300000 Y2232 0 E-232 0
R221 0 Y2233 37763 E-233 0
R222 0 Y2311 31400 E-311 0
R231 0 Y2312 0 E-312 0
R232 0 Y2313 0 E-313 0
R311 0 Y2321 0 E-321 0
R312 0 Y2322 0 E-322 0
R321 45728 Y2323 0 E-323 0
R322 204160 Y2331 13600 E-331 0
R331 191336 Y2332 25000 E-332 0
R332 158777 Y2333 33600 E-333 0
Y1111 57500 Y3111 42000 [111 0
Y1112 0 Y3112 15500 1112 0
Y1113 0 Y3113 0 113 0
Y1121 0 Y3121 0 [121 14978
Y1122 0 Y3122 0 1122 0
Y1123 0 Y3123 0 1123 0
Y1131 0 Y3131 0 [131 0
Y1132 0 Y3132 12500 1132 0
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Y1133 44386 Y3133 31080 1133 0
Y1211 56250 Y3211 31500 1211 0
Y1212 10935 Y3212 0 1212 0
Y1213 14737 Y3213 0 1213 0
Y1221 0 Y3221 0 1221 45478
Y1222 32815 Y3222 24500 1222 0
Y1223 0 Y3223 0 1223 0
Y1231 0 Y3231 0 1231 0
Y1232 0 Y3232 0 1232 0
Y1233 37763 Y3233 29400 1233 0
Y1311 31400 Y3311 31400 1311 0
Y1312 0 Y3312 0 1312 0
Y1313 0 Y3313 0 1313 806
Y1321 0 Y3321 0 1321 65400
Y1322 0 Y3322 0 1322 8315
Y1323 0 Y3323 0 1323 8363
Y1331 24850 Y3331 100 1331 0
Y1332 5350 Y3332 17500 1332 0
Y1333 42000 Y3333 23520 1333 31080
D1 9370822 D2 0 D3 0
Overall Cost 71,950,297

VB B8 BULE AN GE G ARE ST s
7} e

Table 48 Comparison of Robust optimization model with differential weight

Casel(p=0.5) Case2(p=1.0) Case3(p=2.0)
Expected cost 68,176,988 68,201,969 68,201,969
Recourse cost
with upper 1,900,502 1,874,164 1,874,164
partial mean

Weight 0.5 1 2
Overall cost 69,127,240 70,076,133 71,950,297
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B A7 RR EFAME gz v go Mo HEz JAFEd3dS A
|3 o] EfoAE 2dA Hegol B3 A boundE e#to = =AU €
#e 2HZ2E HAZ By (p=DoA EEHE FFE B gz vl

D1, D2, D39 kol z+2t Alygled g&S Fot Y 7k 1,874,164 SHA
o2 AAIAY. a2 €=1,874,164¢ o MS Excel sjz7] 2 15-& o] &
shel ek #2480l k.

Table 49 Solution of restricted recourse with upper partial mean (e=1,874,164)

Name Value Name Value Name Value
X11 100000 Y2111 57500 E-111 17500
X12 31974 Y2112 0 E-112 50000
X13 0 Y2113 0 E-113 11114
X21 300000 Y2121 0 E-121 0
X22 0 Y2122 0 E-122 0
X23 0 Y2123 0 E-123 0
X31 0 Y2131 0 E-131 0
X32 249888 Y2132 0 E-132 25900
X33 350112 Y2133 44386 E-133 0
R111 0 Y2211 45000 E-211 2500
R112 100000 Y2212 2185 E-212 40000
R121 0 Y2213 4237 E-213 14
R122 31974 Y2221 0 E-221 0
R131 0 Y2222 32815 E-222 0
R132 0 Y2223 0 E-223 0
R211 0 Y2231 0 E-231 0
R212 300000 Y2232 0 E-232 0
R221 0 Y2233 37763 E-233 0
R222 0 Y2311 31400 E-311 0
R231 0 Y2312 0 E-312 0
R232 0 Y2313 0 E-313 0
R311 0 Y2321 0 E-321 0
- 47 -
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R312 0 Y2322 0 E-322 0
R321 45728 Y2323 0 E-323 0
R322 204160 Y2331 13600 E-331 0
R331 191336 Y2332 25000 E-332 0
R332 158777 Y2333 33600 E-333 0
Y1111 57500 Y3111 42000 1111 0
Y1112 0 Y3112 15500 1112 0
Y1113 0 Y3113 0 1113 0
Y1121 0 Y3121 0 1121 14978
Y1122 0 Y3122 0 1122 0
Y1123 0 Y3123 0 1123 0
Y1131 0 Y3131 0 1131 0
Y1132 0 Y3132 12500 1132 0
Y1133 44386 Y3133 31080 1133 0
Y1211 56250 Y3211 31500 211 0
Y1212 10935 Y3212 0 1212 0
Y1213 14737 Y3213 0 1213 0
Y1221 0 Y3221 0 1221 45478
Y1222 32815 Y3222 24500 1222 0
Y1223 0 Y3223 0 1223 0
Y1231 0 Y3231 0 1231 0
Y1232 0 Y3232 0 1232 0
Y1233 37763 Y3233 29400 1233 0
Y1311 31400 Y3311 31400 1311 0
Y1312 0 Y3312 0 1312 0
Y1313 0 Y3313 0 1313 806
Y1321 0 Y3321 0 1321 65400
Y1322 0 Y3322 0 1322 8315
Y1323 0 Y3323 0 1323 8363
Y1331 24850 Y3331 100 1331 0
Y1332 5350 Y3332 17500 1332 0
Y1333 42000 Y3333 23520 1333 31080
D1 9370822 D2 0 D3 0
Overall Cost 68,201,969
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med 2wsE Ads w
=

(3 RO E&(p=D), RR(¢=1,874,164) =¥ Az

RO =3oA p=1d wj, RR EHA

FU e o AY dw,

el AN Fa2E S A dae
AL~ A FHO = 31,9748 &,

TENA HAE FAFF

100,000%H &,
Ao & 300,00080 €,

o2 3501121 2 -& S5t

Table 50 Optimal Solution :

(p=De AZse} AR @&

=1,874,164¢ W F =
71t 8o Has B A TR
ool A HES=Z
FIRS PR

ERE]
S 2 249,888u &

Crude supply_RO, RR

= g

N
3

Loading source Refinery jplants Antwerp Texas Singapore
North sea 100,000 31,974 0
Gulf of mexico 300,000 0 0
Middle east 0 249,888 350,112
VEYZ HATFAME B +48 A4S A=dTYRPOR
100,00001 &, #AIS Rl 58 AFE 1E=ssHAF o= 300,000 E S
AL, HA: GAFZNE BN F5d drE L= sEAH o=
3L974M E, T304 59 AFE I AATH AL 45,7288 4, 1L =3}

FAHAF o2 204,1600) B =
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Table 51 Optimal Solution : Refining process_RO, RR

Antwerp Texas Singapore
Process
Intensity | prent wti dubai brent wii dubai brent wii dubai
Low 0 0 0 0 0 45,728 0 0 191,336
High | 100,000 | 300,000 0 31,974 0 204,160 0 0 158,777
AAGRel TR W AEHZ GA| TN AL TEIS FRHAIGCR
57500009, SR FPAGOE 5625002, ofvlelslt) HA 402 10,935

= 56
g, SEANGCE 14737, TR FEAE 314000 E S 5o Gt
2 AAFZAA AdE SR/ =h
A7MEE AT AarE 7bED S SEAAC 4438608, SR S
Aol 37,763v1 8, T Al 24,8500 8, of 2] 7ol & A el 5
LIASEE

4, S5A 42,0008 €& FEeo)
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Table 52 Optimal Solution : Distribution amount_RO, RR(S1)

From Antwerp Texas Singapore
To Europ | Americ Far £ | Europ Americ Far £ | Europ Americ Far E.
Produc € a 5 g ¢ a
Gasoline | 57,500 0 0 0 0 0 0 0 44,386
Distillate | 56,250 | 10,935 | 14,737 0 32,815 0 0 0 37,763
Fuel oil | 31,400 0 0 0 0 0 24,850 | 5,350 | 42,000

ol sjejFA FHAGANE 7HEH] 17,5008 8 F-=3 4, ofw )7l
FAZ A= 7HEdol 50,0000, F#7F 25,9000 H o] F=3)

M= 7hEdo] 11,114 E 0] Bio}%‘t‘r oju FA & A
AFZANA SFHAA7E 14,9788 2 o] A7t Ay ok
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Table 53 Optimal Solution

: Short of demand_RO, RR(S1)

Product Market Europe America Far E.
Gasoline 17,500 50,000 11,114
Distillate 0 0 0
Fuel oil 0 25,900 0

Table 54 Optimal Solution

: Inventory of product_RO, RR(S1)

Product Refinery Antwerp Texas Singapore
Gasoline 0 0 0
Distillate 14,978 0 0
Fuel oil 0 0 0
AR HEd W AEYZ BATHAA AdE ThELS FHAA
5750081, SHFE FEAA] 4500081, ofw g7l S Aol 218581
FEA 423704, T FEAZSE 3140000 HS FESTh A A

A&7l A Ak
S0l A Akd 7t

=z = O

S ot S A2 328158, AVtE= AA|
£ SEAIl 44,3861 H

d, SR F8A 37,763
W, Fa= FHEAIR 13,6008 2, ol 75 Aol 25,0000, =A%
o 33,6008} €S FFFTh
Table 55 Optimal Solution : Distribution amount_RO, RR(S2)
From Antwerp Texas Singapore
To
Europe | America | Far E. |Europe| America | Far E. | Europe | America | Far E.
Produc
Gasoline | 57,500 0 0 0 0 0 0 0 44,386
Distillate | 45,000 | 2,185 | 4,237 0 32,815 0 0 0 37,763
Fuel oil | 31,400 0 0 0 0 0 13,600 | 25,000 | 33,600

ojul el 2A FHAGANM= 7hEd] 25000 &, o 2] 7t F Al A
7H&E" o] 40,000H) E

d, SRS 7HE-o] 14fdo] #=aint. AAls%
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Table 56 Optimal Solution :

Short of demand_RO, RR(S2)

Aol 2547} 4547801 o] A7} LA T}

Product Market Europe America Far E.
Gasoline 2,500 40,000 14
Distillate 0 0 0
Fuel oil 0 0 0

Table 57 Optimal Solution :

Inventory of product_RO, RR(S2)

Product Refinery Antwerp Texas Singapore
Gasoline 0 0 0
Distillate 45,478 0 0
Fuel oil 0 0 0

AAVERol Y wl HEHEZ FAFAAA AAE 7HELE FHAIRA
42,00000 8, ofw )7t FA|Z el 1550081 ¥, SFFE FHAIZel 31,5006,
FHE FYAZO 3LA00MBS FEtT, dalx HATFAN YaE SRA
© ot 7t F Al 24,5000 2 & FEdn. AVtze FATHNA AdE
7tEdL o7t S Al 12,5008, &A%l 31,080M1 €S, FFAE
Al 29400812 g, FH= FEAECN 1008, opm 7t F A Al
17,500HH%*_, S5 A 23,5200 8 & gk
Table 58 Optimal Solution : Distribution amount_RO, RR(S3)
From Antwerp Texas Singapore
Produ:o Europe | America | Far E. | Europe | America | Far E. | Europe | America | Far E.
Gasoline | 42,000 | 15,500 0 0 0 0 0 12,500 | 31,080
Distillate | 31,500 0 0 0 24,500 0 0 0 29,400
Fuel oil | 31,400 0 0 0 0 0 100 17,500 | 23,520
- 52 -
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65,4001 &,

A SFA

SRS

2 7 B Aol A
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Table 59 Optimal Solution : Short of demand_RO, RR(S3)

Product Market Europe America Far E.
Gasoline 0 0 0
Distillate 0 0 0
Fuel oil 0 0 0

Table 60 Optimal Solution

. Inventory of product_RO, RR(S3)

Product Refinery Antwerp Texas Singapore
Gasoline 0 0 806
Distillate 65,400 8,315 8,363
Fuel oil 0 0 31,080

43 A4¥d4dy HE

A= 242 FrH wyes WHI shus AEA s 9}
Aol Wste] me 3o Wt L4, E}% f‘s} = xﬂ‘lr

ANEE HAF

D AEAHTs} ZAFFATY IR=
Objective function’ s Coefficient)

ML
&
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5
PC—)h
g
=
~<
3
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cosbh¥ &8 75 S7Fx|(allowable increase) % &8 75 ZAAX|(allowable
decrease)7} Atk FAHEL(reduced costhE JAPEA WS | H A hol
HA & o= EF5ta 3 G E ¢ AikstA HEA sk 92 E o]
EA G Rt v&e HAst EAAE AESoF st Hd

= BAFse] F7hE oAtk g b F/HA 2 HE Jbs At
=

o

= Bysta 199 E o FEsAl HH 25609)0 HHFS nlgo] TR
=3, HafjolA AEHZ FAFHoZ dfE 75T W J&rts /A 4
X7 2477 0.86, 1.8201 22 & =2 Al 55.66019 HHs)7F WA
W FA ST Wel= 5384914 56.520]t

Table 61 Range of Optimality : Crude supply

Loading source Refinery plages Antwerp Texas Singapore
North Reduced cost 0 0 2.56
or
sea Incrgi‘;ngfease 0.86 / 1.82 1.83 / 0.85 o / 256
Reduced cost 0 1.82 0
Gulf of
mexico Allowable
Increase/decrease 1.82 / e o /182 w /631
Middle Reduced cost 0.86 0 0
east All |
Increasz‘yj:cfease o / 0.86 0.97 / 091 091 / 0.81

ARl HEd W Fg2 2o FANE AR £4oln. AT

AN A go] T EASE AL 2 & ok
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Table 62 Range of Optimality : Refining process

Antwerp Texas Singapore
Process
Intensity brent | wti | dubai | brent | wti | dubai | brent | wti | dubai
Refgscted 183 | 028 | 021 | 084 | 272 0 08 | 917 | o
Low
?r']'(:"r‘évssk’;/e w/ |/ 0/ | w0/ | w0/ 210/ w0/ | o/ 0217
g 183 | 028 | 021 | 084 | 272 | 040 | 080 | 917 | 352
ecrease
Reduced | 0 0 0 0 0 0 | 63| o
cost
High
/I*rl]'cor‘g’::’; 086 /(028 /021 /088 /| 272/ 171 /| 080 /| o/ [139/
g 182 | o | 086 | 085 | 182 | 139 | 256 | 631 | 021
ecrease
AAGE] HEY w §AZ 2y sgArZgeR 5o #3 s E
Holty, F2, A A FHZNA 7 Ao 2 £5T u A gu|go] =2 A
S o & 4 gtk
Table 63 Range of Optimality : Distribution amount
From Antwerp Texas Singapore
To
Europe |America| Far E. | Europe |America| Far E. | Europe |America| Far E.
Product
Reduced | 08 | 358 | 489 | 416 | 772 0 0 0
Gasoline /I*r']'cor‘gaafe';—‘ 08/ | o/ | w0/ | w0/ | w0/ | o/ | 489 | 08/ | 358
docremea| 1318 | 08 | 358 | 489 | 416 | 772 | 08 o oo
Reduced | 06 | 218 | 093 0 236 | 14 12 0
Distillate ?Ag\évaasl‘;)g? 093/ | oo/ 0 / o / 06/ 0 / o / o / | 218/
derassl ] oo 06 | 218 | 093 oo 236 | 14 1.2 oo
Reduced
U 0 08 | 358 | 1.80 | 107 | 463 0 0 0
Fuel oil fowable| 0.8 / | w0/ | @/ | e/ | o/ | e/ | 072/ | 08 |358
detrasct] 072 | 08 | 358 | 180 | 107 | 463 | 08 0 oo
AASEe] REY w A2 g HAH| L @A vigs EHojg. 7}
99 BEto] 199 718 uf EXEF 4& AY ol 7K
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Table 64 Range of Optimality :

Inventory of product

Product Refinery Antwerp Texas Singapore
Reduced
Cost 141.34 145.30 139.94
Gasoline Allowable 0 / w / 0 /
Increase/
decrease 141.34 145.30 139.94
Reduced
cost 0 0 0
Distillate
/I*r']'corvevjsbg/e 06 / 093 / 12/
decrease 0.93 0.6 2.18
Reduced
cost 79.45 80.32 78.05
Fuel ol "Ajiowable o / 0 / o /
Increase/
decrease 79.45 80.32 78.05

@ Ay SuFel
A o 2]

gk

W7ks £ (Range of Feasibility for RHS Value of Each Constraints)

.

1 3}l

H ] .0

S AvEd
300,000(B/D)ell A1 300,001(B/D)Z 3+ T
13139 A&tk FAZIES 5 142,084.39B/D)ol A 323,
o] W oA -13.130.82 IAs}T}.

AFFF A FEFAA Y=

ERER S R
ZANNE BAGE gre

809.52(B/D)

Table 65 Range of Feasibility : Crude supply

North sea Gulf of mexico Far east
Shadow 0 1313 -11.96
Price
?rlwlcc;\(levaasbe!? o / 23809.52/ 60810.43/
180618.91 157915.61 54833.69
Decrease
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Uhae, BAEE Aok oA s E4ott. & AEYZ AATH
o HohA A gl el 400,000(B/D)ol™ 338,197.4(B/D) A 406,849.32(B/D)7HA] ¢

g%
Welel A%, 199 45T 9 LEUOWE gk

Table 66 Range of Feasibility : Maximum throughput at refinery

Antwerp Texas Singapore
Shadow -161 0 0
Price
?r']'cor‘g:g/e 6849.32/ w / o /
D 61802.60 7554.45 73064.46
ecrease
e, AN o Ak SMFIA NGE EAolth A g 2y
e sled 2 FR9 £oE $o g AT FFG S8 doldE g9
#Es Y &, 7tEdY /Y o SUhE 29hE FUHE VMR, =
FRel £ Fke e9nlge) dag etk weA, @ BANAE St
A% Fh9 S8 $Ee SAE A RAET dAEYe D S5 glo
H, S5 19 =& 24P S uHs] B JALAAH EAoltt
Table 67 Range of Feasibility : Demand of market
Product
Market Gasoline Distillate Fuel oil
Shadow 138.04 322 76.52
Price
Europe ?r']'cor‘g:f; 0/ 51900/ 46721.78/
2500 45000 13600
Decrease
Shadow 13855 251 77.03
Price
S Y ; ;
33625.62 35000 1873641
Decrease
Shadow 136.76 -310 7524
Price
Far East ’?Ag‘g’::’e'f 0/ 2071597/ 4672178/
33625.62 0 33600
Decrease
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Table 68 Range of Feasibility : Demand of hinterland
Product
Hinterland
Gasoline Distillate Fuel oil
Shadow 137.14 412 75.62
Price
Antwer
P ’I*r']'corg:fe'/e 0/ 51900/ 0/
2500 40000 13600
Decrease
Shadow 141.10 412 76.48
Price
Texas
/I*r']'or‘”ab'/e 367442/ 829861/ 5657.44/
e 9955.97 0 13268.38
Decrease
Shadow 13574 412 74.22
Price
Singapore
Ingapor ?r']'fr‘gjf; 0/ 2071597/ 4672178/
33652.62 60000 42290.36
Decrease

432 AR R 7]t)7}X|(The Expected Value of Perfect Information)

AR ZHZFA([EVPDE vl o] ARl wE AFw A A
25 A3 45T 5 de W] VIR &H FAH RS A &S W 7o

o

ey

2 Wdoa 7pdskd, AREAdAAE $66,621,065 [(0.2%<74,798,581) +
(0.5%67,666,740)+(0.3X59,426,597)]1¢] 7IthH] &5 AEL Zo|Th

sqt AA el 8L MYs) HAYHe e A ngo o)
[e)

1
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gy, dAFCEE A AAGEE A5 ofH R AFF 7t

CmERA AU E FES
%‘fgi X1]%% 7HAT ATl FAA RES AEeRes W HHY 7
H] 82 $68,176,988¢|t}. wElA FHA MR JIx= F 7|t E9] o]l
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4.3.3 FA3 319 717X (The value of Stochastic solution)

T2l (randomness)®] J3-S thiEste] SEZ HES 1E A g
S HYEs 2y S AAST ole ZF AU E AANYE HEY w9 HF
1S 194 HE9 2 YHsta, 2934 HEE Ajygl ol 352 vyt

{
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Table 69 Optimal Solution_using mean value on 1* stage solution

Name Value Name Value Name Value Name Value
X11 100000 R222 0 Y211 56250 E-11 0
X12 119381 R231 0 Y212 451 E-12 36100
X13 0 R232 0 Y213 0 E-13 0
X21 300000 R311 0 Y221 0 E-21 0
X22 0 R312 0 Y222 43299 E-22 0
X23 0 R321 32810 Y223 0 E-23 0
X31 0 R322 140254 Y231 0 E-31 0
X32 173064 R331 141176 Y232 0 E-32 25900
X33 426936 R332 285759 Y233 52500 E-33 0
R111 0 Y111 57500 Y311 31400 111 0
R112 100000 Y112 0 Y312 0 112 0
R121 0 Y113 0 Y313 0 113 0
R122 119381 Y121 0 Y321 0 121 40199
R131 0 Y122 0 Y322 0 122 0
R132 0 Y123 0 Y323 0 123 10216
R211 0 Y131 17500 Y331 24850 131 0
R212 300000 Y132 13900 Y332 5350 132 0
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R221 0 Y133 55500 Y333 42000 133 0
RM+ 14322680 RM- 0 Cost C1 76,964,835
Name Value Name Value Name Value Name Value
X11 100000 R222 0 Y211 45000 E-11 0
X12 119381 R231 0 Y212 0 E-12 0
X13 0 R232 0 Y213 0 E-13 0
X21 300000 R311 0 Y221 0 E-21 0
X22 0 R312 0 Y222 35000 E-22 0
X23 0 R321 32810 Y223 0 E-23 0
X31 0 R322 140254 Y231 0 E-31 0
X32 173064 R331 141176 Y232 0 E-32 0
X33 426936 R332 285759 Y233 42000 E-33 0
R111 0 Y111 57500 Y311 31400 11 0
R112 100000 Y112 0 Y312 0 112 0
R121 0 Y113 0 Y313 0 113 0
R122 119381 Y121 0 Y321 0 121 51900
R131 0 Y122 0 Y322 0 122 8299
R132 0 Y123 0 Y323 0 123 20716
R211 0 Y131 2500 Y331 13600 131 0
R212 300000 Y132 40000 Y332 25000 132 0
R221 0 Y133 44400 Y333 33600 133 0
RM+ 4646919 RM- 0 Cost C2 67,666,740
Name Value Name Value Name Value Name Value
X11 100000 R222 0 Y211 31500 E-11 0
X12 119381 R231 0 Y212 0 E-12 0
X13 0 R232 0 Y213 0 E-13 0
X21 300000 R311 0 Y221 0 E-21 0
X22 0 R312 0 Y222 24500 E-22 0
X23 0 R321 32810 Y223 0 E-23 0
X31 0 R322 140254 Y231 0 E-31 0
X32 173064 R331 141176 Y232 0 E-32 0
X33 426936 R332 285759 Y233 29400 E-33 0
R111 0 Y111 42000 Y311 31400 11 0
R112 100000 Y112 15500 Y312 0 [12 0
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R121 0 v113 0 Y313 0 113 43320
R122 | 119381 v121 0 v321 0 121 65400
R131 0 Y122 0 Y322 0 122 18799
R132 0 Y123 0 v323 0 123 33316
R211 0 Y131 0 Y331 100 131 0
R212 | 300000 Y132 12500 | VY332 17500 132 0
R221 0 Y133 31080 | V333 23520 133 31080
RM+ 0 RM- | 9729687 Cost C3 67,904,086
(0.2x76,964,835) + (0.5x67,666,740)
Overall Expected Cost +(0.3x67,904,086) = $69,597,563

FAA 2y ZgH| &y FEF HES THSHA &S HFFS 194 A
ol gk ngel Zignl g Hlalgk Zlo] FAIA e r|tirtxolH Fhe
$1,420,574 (= $69,597,563 - $68,176,988)c|t}. o= w|H o] AHET ==& Al
ol 2AH Y B DAY Aol e =xaT
4.3.4 AAu}R Q] H]

B34 1y, FAZA g, EZ HES YA &S HAFHS 194 H
ol MR =W Zh7te] AAvkd e vimehd FAF maelA WAvide) B
#gol A T ¥ 4 ATk E@ A mY, FAH 29, 554 9F
S THEEA e 2P o7 HAupel Ay e R el HAY AH
g B2Y 5 ok

Table 70 Refining margins : Deterministic

Collection @ kmou

Deterministic Refinering margins ($) Refinering margins ($/bbl)
Good 13,161,651 10.97
Fair 4,646,919 4.15
Poor -1,754,387 -1.77
Average 4,429,474 3.74
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Table 71 Refining margins : Stochastic

Stochastic Refinering margins ($) Refinering margins ($/bbl)
Good 16,475,697 15.99
Fair 7,180,636 6.97
Poor -3,998,246 -3.88

Average 5,685,983 5.52

Table 72 Refining margins : Randomness

Randomness Refinering margins ($) Refinering margins ($/bbl)
Good 14,322,680 12.80
Fair 4,646,919 415
Poor -9,729,687 -8.69
Average 2,269,089 2.03
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Table 73 Comparison of stochastic model and Robust optimization model

partial mean

Stochastic RO RO RO RO RO
(p=0.5) (p=1) (p=2) (p=3) (p=4)
Ex;zgg’;ed 68,176,988 | 68,176,988 | 68,201,969 | 68,201,969 | 69,997,047 | 70,830,994
Recourse
cost
with upper 1,900,502 1,900,502 1,874,164 1,874,164 1,074,339 842,962

2]

3,

< 4 EM2E HH3} ¥ (=D ¥E&F7HE24,80)ET i
FA3(26,388)0] ©f =t weEkd Z|dinlE s oy gxZz v§-9
ol Yee EHZE HAS BF(p=DY o FE3 BALE
AT

AT

4

Comparison of stochastic and
Robust optimization model
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=] 140
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B Expected cost = Raourse cost
wkh upper partial mean

Fig. 7 Comparison of stochastic and Robust optimization model
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