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Abstract - Ofishore oil production faces several difliculties caused by oil price decline and unexpected changes in the global petroleum
logistics. This paper suggests a stochastic model r optimizing the ofishore oil production under uncertainty. The proposed model
Incorporates robust optimization and restricted recourse framework, and uses the lower partial mean as the measure of variability of
the recourse profit. Some computational experiments and results based on the proposed model using scenario—based data on the crude
oil price and demand under uncertainty are examined and presented. This study would be meaningfill in decision-making for the offshore
oil production problem considering risks under uncertainty.
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Table 1 Outline of Simulated Offshore fields

Field Field Annual Quarterly # of
Plant Field Capacity Life Production Production Production
(1000 bbls) (yrs) (1000 bbls) (1000 bbls) well
1| 1,100000 | 21 52,381 13,095 6
2 | 1200000 | 22 54,545 13,636 7
West [ 950,000 20 47,500 11,875 5
Africa
4 | 1250000 | 23 54,348 13587 8
5 | 1400000 | 25 56,000 14,000 10
1 | 1050000 | 21 50,000 12,500 6
cufof | 2 | 1,000,000 | 20 50,000 12,500 5
Mexico | 3 850,000 18 47222 11,806 4
4 | 1200000 | 23 52,174 13,043 8
1| 1300000 | 24 54,167 13542 8
“fz‘:i]e 2 | 1250000 | 22 | 56818 14,205 7
3] 1200000 | 19 63,158 15,789 4

Table 2 Crude oil price and Demand Scenarios

Market demands under each | Crude oil price under each
possible economic situation possible situation
X Likelihood
Possible (Unit: Thousand bbls) (Unit: USD) of each
economic .
economic
situation Gulf of | Middle tuati
North Far West | Mexico East Sttuation
Europe . .
America East Africa
(WTD | (Dubai)
Boom 49,000 51,000 57500 | 1125 111.8 111.3 0.1
Good 39,200 40,300 46,000 90 89.44 89.04 0.35
Fair 24,500 25,500 28,750 675 67.08 66.78 0.43
Poor 14,700 15,300 17,250 | 3375 3354 33.39 0.12
5 - . - .
Alue] ol whet H-E diH] oS Suisk A7) HA S
RES F=37] 93 29 oxAAWSTE TSI ol
o] e,
[Data]

Fe,; © Fixed cost of operating field f in OP p ($US)

We,;; - Well cost of well i in the field f of OP p ($US)

P, + Productivity of well i in the field f of OP p (Thousand
bbls)

Re,, + Revenue in scenario s of crude sales from OP p to local



market | ($US/Thousand bbls)

D,,: Demand in scenario s of local market { (Thousand bbls)
He, : Holding cost of crude storage on shore for OP p
($US/Thousand bbls/day)

w,, * weighting penalty for falling short of demand in scenario s
at local market 1($US)

w!, * weighting penalty for exceeding demand in scenario s at
local market ($US)

D, + Design capacity in the field f of OP p(Thousand bbls)
S, Storage capacity of OP p(Thousand bbls)

[Decision Variables ]
y,; - the binary variable to select the operating field f in OP p
w,; + the binary variable to select wells of the field f in OP p
X+ Quantity of crude shipped from plant p to local market !
(Thousand bbls)

Y,, : the amount of crude falling short of demand in scenario s
at local market {(Thousand bbls)

Y} : the amount of crude exceeding demand in scenario s at
local market {(Thousand bbls)
I, The amount of inventory storage in OP p(Thousand bbls)

3.2 &d™A 23 (Deterministic Formulation)
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341 2 ~E HA3 24 (RO-LPM)

Moz Z= Eps [Zzllﬁcspl)(pl - Z (w:lyil +w:rl Y:;) ] - E;Fcpj'ypf
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s P 1
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Table 3 Field selection(stochastic model based on

scenarios)
Field selection decision (1: selected, 0: unselected)
Plant # of Field index
1 2 3 4 5
West Africa 1 1 1 1
Gulf of Mexico 1 1 0 1
Middle East 1 1 1

Table 4 Well selection (stochastic model based on

scenarios)
Well selection decision (1: selected, 0: unselected)
Plant lFicld # of Production well
1 1ttt Jol 1]
West 2 1 1 1 1 1 1 1 |
Africa 3 1 1 1 1 1
4 1 1 1 1 1 1 1 1
5 | 1] 1] 1| 1|1 1] 1]1]1]1
1 R
Gulf of 2 1 1 1 1 1
Mexico 3 0 0 0 0
4 1] 1] 1] 1 T 111
NP N S N S A S S S S I S
Fast |—2 117171 1] 1
3 1 1 1 1
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Table 5 Optimal Solution : Quantity of crude shipped from
plant to local market (stochastic model based on

scenarios) (Unit: Thousand bbls)
Plant Market Europe North America Far East
West Africa 49,000 9,410 6,106
Gulf of Mexico - 38,043 -
Middle East - - 39,804

A9 42 West Africadll 4] Europe2.Z 49,000,000 Y
2, North America® 9,410,000 vl ¥, Far EastZ 6,106,000 wl
= Gulf of Mexicooll 4] North America® 38,043,000 #j &, =1
#]32 Middle EastollA] Far East® 39,804,000 = o]t}

Table 6 Optimal Solution : The amount of crude falling
short/exceeding demand (stochastic model based
on scenarios) (Unit: Thousand bbls)

ScenariosMarket Europe North America Far East
Boom 0 -3,547 -11,500
Good +9,800 +6,653 0
Fair +24,500 +21,953 +17,250
Poor +34,300 +32,153 +28,750
Ame s ggtor], $6E AR G Atelest

B
boom% @i, North America Al J—’F&/l
East A17%4=2.9] 11,500,000 w &y
wE A 27 goodd ‘l"/c'::
A2 9800000 ¥lE, North America A&89
6,653,000 Ml E R Al FaHEo] WA Ayl et
aird w Europe A73<4=2.9] 24500,000 ¥ &, North America
F89] 21,953,000 ¥lE, Far East /‘]XV\ Q o] 17,250,000
Ankg ZIhe] Ay }"35} AlWE] 2.7k poord Europe
429 34300000 ®l¥E, North America A%<
,153,000 "l ¥, Far East /\] Ag=98.9] 28750,000 HHTHE
o] AT FAA RFANA U 7] AU E
a3 ojmje] Ho 7]vjole} $ 1,710,165,441°] .

3547,000 v, Far
A4 239
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4.2 AXMF™H | JICh7Ex|(The Expected Value of Perfect
Information)

AR VY A(EVPDE nlEe o9k f718 e
o o] Aol FAH REYPS AElS W A Aite] Afo]
= vehdrh oabA qum ARl 7l ol ek A

BE Qe 95T gAagne me el g 29
g uigoR YR TFEeliel Bk AL W Aok

A8}

Table 7 The expected value with perfect information

(Unit: $US)
Expected
Scenarios . Probability(B) A*B
profit(A) Y
Boom 7,378,191,590 0.1 737,819,159
Good 3,960,163,092 0.35 1,386,057,082
Fair 658,228,392 0.43 283,038,209
Poor -9,514,260 0.12 -1,141,711
The expected profit under certainty 2,405,772,738

Fr|H o= ﬁ7l*}§’*°] boom% = 0.1, good¥ W 0.35, fair
o uw 043, poord w 0129 &&= el 7Fgshd,
A AAG A= $2,405,772,738 {(7,378,191,590% 0.1)+(3,960,163,092
%0.35)+(658,228 392+0.43)+(-9,514,260+0.12)=  2,405,772,738} 2]
ZldoldS A & Aol

Table 8 The expected value of perfect information
(Unit: $US)

E.V. without perfect
information
(stochastic mode)

E.V. with perfect
information

The expected value
of perfect information

2,405,772,738 1,710,165,441 695,607,297

AR Fask bl BE AT A ARE 2SS}
gtk mebd] Ao eaAge vae] $as frhE
AvdEle FHE FAH 2P AgaS 0 Aol $
1,710, 165,441°]t}.

FAR R AAAAEVPIE o] F Flefelelel zelal
$695,607,298(2,405,772,738-1,710,165,441) o] t}. &3t oS
ARE B 9E F At wREA Ad"on PRNE
WhsaAR FAH 2ge Agsdns 3R ¢ gt

Table 9 Expected Profit based on Expected Production

(Unit: $US)

Profit by scenarios Expected profit

Profit P1 5,342,693,810

Profit P2 2,949,592,358

Profit P3 658,228,392

Profit P4 -2,827,810,8386

Overall (P1+0.1+P2+0.35+P3+0.43+P4*0.12)

expected profit : = $ 1,510,327,608
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4.4 F=AH slie] 74x|(The Value of Stochastic solution)

hS = Tl
4ol 9L AT 20z 48T Wel T Aol A,
FEH WFS G weon WA £t
A Y] Jlellst S WS nels e

65,441-$1,510,327,608=

199,837,332 5 FA1 4 OH-J 7}21 (Value f Stochastic solution)
i gk}, ]W Ta9t fFU7E AEgs] dAE XA
dAHoz FAH HEE s W 4& e AFdH 1
ol
4.5 EHAE zHSITH(RO-LPM)

g3 o]e] 7)<} 7]EH ] E"/} 2} 01949] T
T = WEzke] A%

Table 10 Field selection(RO-LPM)

Field selection decision (1: selected, 0: unselected)
Plant # of Field index
1 2 3 4 5
West Africa 1 1 1 1 1
Gulf of Mexico 0 0 0
Middle East 1 1 1

Table 11 Well selection (RO-LPM)

Well selection decision (1: selected, 0: unselected)
Plant Field # of Production well
index | 1] 2] 3] 4] 5[ 6] 7] 8] 9] 10
1 1 1] 1] o] 1] 1
2 1 1] 1| 1] ] 1] 1]
Z\f[e,St 3 1] 1] 1] 1] 1
nea 4 1] 1]1]1
5 [l a1
1 ol o] o] of o
Gulf of 2 ol o] o] of o
Mexico 3 0] 0] 0] O
4 ol ol ol of of of of 0
Middle 1 1]l 1o
e 2 1111 o] 1] 1
ast 3 1] 1] 1] 1
vl 7kA] Ay e tis] West Africa®] A4 17,
Gulf of Mexico®] A A4+, Middle East2] AAH+-4 2715

7HE3sHA eFskT,

2520 458 West Africacll A Europe2 2 39,016,000 i &,
North America® 25,500,000 ®j2, 18]32 Middle Eastoll 4]
Far East® 39,894,000 v & o]t}

Y
7
it
RS
4
2

% 2

Table 12 Optimal Solution : Quantity of crude shipped
from plant to local market (RO-LPM) (Unit:
Thousand bbls)

Plant Market Europe North America Far East
West Africa 39,016 25,500 -

Gulf  of Mexico - - B
Middle East - - 39,894

AU 2 faird 7499k AlvE] 2 poordd
A, AUE L faird wWleE H 7ldol Rt $ 831,557,706,
AU 2 poord wWlE Hit Z|tho] Kt $ 4,365,185,379 W
A A o] elo] WA gt

Bgele Aae

Table 13 Optimal Solution : The amount of crude falling
short/exceeding demand (RO-LPM) (Unit:
Thousand bbls)

SceanSMarkEt Europe North America Far East
Boom -9,984 -25,500 -17,606
Good -184 -15,300 -6,106
Fair 14,516 11,144 -
Poor 24,316 10,200 22,644

AlU2] 271 boom¥ 7%, Europe, North America, Far East
Aol A Zh2E 9984,000 i, 25,500,000 wl ™, 17,606,000 Hl
go] s fEio] WAtk AU 27t goodd A -g-ell=
Europe, North America, Far East Aol A Z}2F 184,000 #Y
4, 15,300,000 i€, 6,106,000 wjHe] 4= F-Sto] WA}
ShH AU @7t faird -9+, EuropeZ} North America
Al A 242 14516,000 ¥ E ¥} 11,144,000 wiE o] ZFto]
drAstch g AYE 7t poord  A$-9li, Europe,
North America, Far East Aol ZFzF 24,316,000 8Z,
10,200,000 ¥ &, 22,644,000 wide] Z3to] WAy sy,

Wd-aEE EA T 7H0lA §4 & A)EF FE),
A aH]-E 12]aL 95 H] &) HH] &S Algk o] 92 $567,48
94321t}

4.6 2|2A Mgt =ME2 " (RR-LPM)

Aokl egho R B HAE A3t RR-LPML| siE o3
5 14310}04 At o714 e9] g 881,392,0592

]_oﬂ_atq] ol= 9 Ao EHAE HAIJE A 3 5}
%#%ﬁéﬁ = g5 Ao DI, D2 D3 il A2 A
geled HEe Fokol g groltk

Table 14 Field selection(RR-LPM)

Field selection decision (1: selected, 0: unselected)
# of Field index
Plant 1 5 3 5
West Africa 1 1 1 1 1
Gulf of Mexico 0 0 0 0
Middle East 1 1 1
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Table 15 Well selection (RR-LPM)

Well selection decision (1: selected, 0: unselected) References
Field # of Production well
P e [T T2 [ 314567 [ 8] 9] 1w
T T T 111 o111 : [1] Dantzig, G. B. (1955), “Linear programming under
S T I O A A O R | uncertainty”, Management Science 1, pp. 197-206.
Aftica j i i 1 1 1 R [2] Beale, E. M. L.(1955), “On minimizing a convex function
5 111 11 1 11111 1111111711 subject to linear inequalities”, Journal of the Royal
1 0] oOjJo0]JO] O] O Statistical Society B 17, pp. 173-184.
ﬁiil:s i g 8 g 2 0 [3] Birge, John. R.(1982). “The value of the stochastic
4 ol ol o0l o o] o1l o solution in stochastic linear programs with fixed
Middle — 117171 111160 recourse”’, Mathematical Programming 24 314-325.
> 1111 lo]1]1 . )
Bast [— T 1 [4] Mulvey, J. M., Vanderbei, R. J. V. and Zenios, S. A.
o] Aswalel Aol At 73 (1995). “Robust optimization of large-scale systems”,

Operation Research 43(2), pp. 264-281.
[5] Mulvey, J. M. and Ruszczynski, A.(1995). “A new
scenario decomposition method for large-scale stochastic
I 3xel $567,489,4329 LA gkt optimization”, Operation Research 43(3) 477-490.
[6] Vladimirou, H. and Zenios, S. A. (1997). “A stochastic

5 A =2 linear programs with restricted recourse”, Eur.J.Opre.Res.
pp. 101-177.
oLy FHeAAE FART AN BFgsta 1 of=o] »  [7] Nikolaos V. Sahinidis(1998). “Robust process planning under
A ole 9 A3 gtk 7rR el A& rbe] Az} Zolgkal o uncertainty”, Ind. Eng. Chem. Res. 37, pp. 1883-1892.
= NI0EERE S7hF nagde 3 o E7)4 JAow [8] Yu, C. S. and Lj, H L(ZOOO) “A robust (3ptimization
o =] o] ) . .
ioj}igl oﬂ:]—j}}j] ‘ij:%ﬂ %%}j}l —)F/:;E; wsto] A ¢4 [9] Richard .]. Barnes, A.Antonis Kokossis(2007). “.A
ol AT ZolAe 17l SOk AS ANAE AL B mathematical programming approach to the analysis,
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