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Appendix A:
KKT conditions of the operational model

In the full-space approach, the results from the slave optimization problem
(operational) are fed back to the master model (tactical) for further optimization.
The oil purchase at the spot market in the operational model is not allowed in the
full-space approach which means that the integrated solution must accommodate

the  uncertainties in  both  planning levels.  Thus, the term

—Z Z Z ZCFPAﬁ,sCGL,E,s is removed from the operational objective function

ceC, ueUC s€S0, . €T

(4.20), the constraint (4.33) is changed to go"* =QocCF", and the constraint

UCc,s uc,s

(4.34) does not exist anymore. The other constraints remain unchanged.

The solution strategy for the full-space approach was formulated using bilevel
programming. First, the lower level model (operational) was reformulate by
including the KKT optimality conditions and these conditions were added to the
tactical model, resulting in one single model. The KKT multipliers Ae and A
were attributed to the equality and inequality constraints, respectively. Slack
variables (s/, sl 20) were added to the inequality constraints in order to have a
mathematical model with only equality constraints. Then, complementarity
constraints (A*s/ =0) were added to the model. Finally, the operating margin

(4.17) plus the sum of the k operational constraints multiplied by their related

K
KKT multipliers, i.e., oM +Z|:(/1k +Ae; )*Constraintkl were derived
k=1

according to each one of the operational model variables presented in Table 7.
Because the operational model is a maximization problem, the KKT multipliers of
the inequalities constraints (A ) must be negatives. The KKT multipliers of the
equalities constraints ( Ae) can be positives or negatives.

Let K the set of k=1,2...,27€ K constraints of the operational model, the s/

(sl >0) is the slack variable, and Ae and A are the KKT multipliers of the
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equality and inequality constraints, respectively. The KKT conditions of the

operation model proposed in this thesis can be formulated as follows:

Process constraints and material balances

g = D 40 =0 Vue UPUUTUUD.Vee C, VieT.¥sc" e SC°

u’

(u',c',s)eF
qis, ey — 45 e =0 Vue UPSUUTUUDUUE,Vee C, Vse SI, .Vt e T, sc” < SC°
(u',ceF
Lt{:.LY z quLw Pl Vue UPUUTUUDUUC,Vce C,,Vse SO, . ,Vte T, Vsc’ € SC°
(u'\c"eF

VoS¢ —yolThee _ qi” se” Z qol¥ =0 Yue UANVce C,,VteT,Vsc’ e SC°

u,c u,c u c u.c,s
580,

u,c

Z qo”‘ gi*" =0 Yue UDUUM ,Yce C,,Vte T,Vsc’ € SC’

u,c,s L{ C
s€80, .

u,c?

qole, — Z qisi ™ .YUPS, ., =0 Yue UPS,Yce C,.Vse SO, .Vie T,Vsc’ € SC°
s'esl,,

=0 Yue UPC,Nce C,,Vse SO, . ,NteT,Vsc’ e SC°

t,s¢’ t sc’
QO s — YurcC u> u,c

uc u,c,s

u',c',s,u,c u,c

(u'cheF
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Stock constraints

—vol 4 D sl =VOLL, Vue UA,Yce C,,Vie T,Vsc’ € SC°
k=17e K
vo + Y sl =VOLUL, Yue UA,Yce C,,Vte T,¥sc’ € SC°
k=18eK

Property constraints

t 1 t 1—1 .t,5¢” t t.s¢” t t.s¢”
Vo, - (POLu c.p POLu c,p ) +ql POLu cp Z (qu',c',x,u,c) POEu c. p Z s‘lk u,c,p
(u';c's)EF k=19 K
=0 Yue UANce C,,Vpe PVMC,VIETVYC e SC’
1— lvc -1 t t,5¢° t,sc’ t t,5¢”
Vo, (POUu cp OUu,c,p) POUu op + z (qu c's.u C)POEM c.p + z ‘Ylk,u,c,p
(u'c',s)EF k=20cK
=0 Vue UA,Yce C,,Vpe PV, Vte T, Vsc’ e SC°
1 1
o (POLL,  POL,, ,~ PO POL )+ aits POL,, POL,, ,~ Y (¢, ) PO, ,POEL,,
(u'c's)eF
+ Y sk, =0 Vue UAYce C,,Vpe PM, Vi T,Vsc € SC°
k=2leK
1 sc”
vo, 2 (PoULL POULL - POUS, POUL,. ) -qils POUL, ,POU, , + Z (6035 s JpOEL  POEL,
(u' e s),eF
+ Y sl = VueUA,Vee C,,Vpe PM, ., Vie T,Vsc’ € SC°
k=22¢K

Non-negativity constraints

l sc’ E 1,5¢ _
UM ,c'\s,u,c + s‘lk aelsaue T 0
k=23K

Yue UPUUT UUDUUEUUC,Vce C,,Vse SI,  USO, ., Vie T,Vsc” e SC*

u,c?

—qiso+ Y sl =0 Yue UPSUUTUUD,Vee C,,Vse 81, V1€ T, Vsc € SC°

kou,c,s u.cr
k=24eK
—qigs + Y sl =0 Vue UPUUT UUD,Vce C,,Vie T,¥sc’ € SC°
k=25¢ K

—qoS + Y sl =0 Wue UPUUTUUDUUC, Vee C, . Vse SO, . Vie T.Vsc"  SC°
k=26e K

—vo 4 D sl =0 Vue UA,Yce C,,Vte T,Vsc’ € SC°

,C k.u,c u>
k=27eK

109

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)


DBD
PUC-Rio - Certificação Digital Nº 0712526/CA


PUC-RiIo - Certificagéo Digital N° 0712526/CA

KKT for ¢

2 2

sc’eSC teT

u',c'\s,u,c

t,s¢”
-2 2 DA
k=leK YueUPUUTUUD c<C,
t,sc’
oD D VD WP PR e

k=2e K VueUPUUTUUDUUC ceC, seSI

u,c

t,5¢
DI VD J I3

k=3 YueUPUUTUUDUUC ceC, eSO,

t,sc’
DIDID NP IS

k=8 YueUTR ceC, seSI,

uc

uc

2 2 2 2 POEL My

k=19 VueUA ceC, pePV, .

IDID NP IR LA

k=20VueUA ceC, pePV, .

=2 2. 2. D POE, ,POE, A,

k=21VueUA ceC, pePM, .

+2, 2L 2 D POEL POEL AL,

k=22VueUA ceC, pePM,, .

DPINEED D D I

k,u',c',s,u,c
k=23 VueUPUUTUUDUUEUUC ceC, VseSI, USO, .

KKT for gis"*

22

sc’eSC’ teT

u,c,s

DI IED D IPIE

seSl, . ucUE k=2e K YueUPUUTUUDUUC ceC, seSI,

u,c

=3 > vwes,, e

k=6eK VueUPS ceC, s€SO, . s'€SI

uc

t,sc’
DD NP IS

k=9e K VueUE ceC, seSI

u,c

_ t sc’
k u,c,s
k=13e K YueUPSUUTUUD ceC, seSI

uc

t YL‘
DD VD WP
k=l4e K YueUPSUUTUUD ceC, seSI,

u,c

_ t sc’
k u,c,s
k=24e K YueUPSUUTUUD ceC, seSI,

u,c

u,c

t,s¢”
ku,c,s

110

(A.28)

(A.29)


DBD
PUC-Rio - Certificação Digital Nº 0712526/CA


PUC-RIo - Certificacdo Digital N° 0712526/CA

KKT for

)

sc’eSC? teT

KKT for

)

sc’eSC’ teT

KKT for

2 2"

sc’eSC’ teT

.1,5¢°

qlu,c

y) t,s5¢”
ek,u,c

k=leK YueUPUUTUUD ceC,

DD I I

k=4e K VueUA ceC,

DD DI (L

k=7VueUPC ceC, €S0, ,

PIPIPIPI.

k=8 VueUTR ceC, seSI

u,c

t,s¢ trc
DD DI D) VD WD I

k=lle K YueUPUUTUUD ceC,

Al
k

k=15 K YueUPUUT UUD

PIDID NP IR LI

k=19 VueUA ceC, pePV, .

P IDIDNP IR LU e

k=20 VueUA ceC, pePYV,

u,c

+2 DL 2, 2, PO, POL A,

k=21VueUA ceC, pePM , ,

>SN poul, POUL, A,

k=22 VueUA ceC, pePM,, .

-2

k=25YueUPUUTUUD ceC,

ot,sc"
40y c.s

> D D

k=5 K YueUDUUM ceC,

UT. . A

u,c,s”*“k,u,c,s

k=12 K YueUPUUTUUD c<C,

o

RS SR DR i =0

k=16e K YueUPUUT UUD

t,s¢”
k¢

22D A

k=3 YueUPUUTUUDUUC ceC, se SO,

u,c

DNPIDNDIEL D WD WD NP IR o+

k=4e K VueUA ceC, s€ SO0, k=5 K YueUDUUM ceC, s SO,

uc

t,sc” t,sc”
DD ID NI A WD WD IP I

k=6 K YueUPS ceC, s SO, k=7VueUPC ceC, €S0, ,

u,c

uc

t,s5¢”
DD IDND WL e
VueUC s€ S0, . ceC, k=10eK
_ t sc’
k u,c,s

k=26 YueUPUUTUUDUUC ceC, 5seSO

u,c

t,sc’

Vou,c

WIDIDINLC LD NP NP I e

ueUA ceC, 5€ SO, . k=4eK VueUA ceC,

22 DA 2 DAL =0

k=17eK VueUA ceC, k=18 K VueUA ceC,

PIPIPIT

k=27 VueUA ceC,

=0

111

(A.30)

(A.31)

(A.32)


DBD
PUC-Rio - Certificação Digital Nº 0712526/CA


PUC-RiIo - Certificagéo Digital N° 0712526/CA

KKT for vo' ™’

u,c

S IDIP W

k=4eK VueUA ceC,

+20 2 2 2, (oL, —POLL, A,

k=19VueUA ceC, pePV,

u.c

2 2|2 2 2 X (POUL, = POUL, )AL, =0

sc’eSC? €T k=20VueUA ceC, pePV, .

+20 2 2, 2 (PO POL,, —POLL POLL AT,

k=21VueUA ceC, pePM, .

_Z Z Z Z (POUUP U“LP_POUMLP MLP))“IEZLLP

k=22VueUA ceC, pePM, .

Complementarity Constraints

. Vue UPUUT UUDUUA,Vce C, VieT,
Aeslis. =0
’ Vs’ € SC°. ke K [k =11,12,17,18,25,27

Vue UPSUUT UUDUUC UUE,Vce C,,Vse S1,,USO,.,
Vie T Vsc’ e SC°, ke K [k =13,14,17,24,26

ﬂt sc’ t sc’ =0

ko u,c, 53 k JULC,S

A sl =0 Vue UPUUT UUD,Vie T ,Vsc’ e SC° ke K |k =15,16

1sc® tsc” VueUANce C,,Vpe P, . ,VteT,Vsc’ e SC’,
)“kucp lkucp =0

ke K|k =19,20,21,22

£ e vue UPUUT UUDUUEUUC,Vce C,,Vse SI, . USO,.,

//i’ku L', YL{CSlkll Lc'\su,c =0
VieT,Vsc’ e SC° ke K|k=23

/’i‘li ;LL i )‘If’,iﬁz,x’/lli,u,c,x’ /115’,;,:,/” AI?,ZL::’C',A',M,C € gt_ Vk € K|k = {1 1’ 1027}
A A e R Vke K|k ={1,2,...,10}

112

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)


DBD
PUC-Rio - Certificação Digital Nº 0712526/CA


PUC-RIo - Certificacdo Digital N° 0712526/CA

Appendix B:

Tactical oil allocation x quantity/type of fixed oil received at

the operational level

Table 19 illustrated the tactical allocation and the quantity/types of oil from
long-term contracts (fixed oil) that the refinery R3 effectively received in t=1 for
the three case studies. In this Appendix, the results for the other refineries and
periods are presented. Table 27 summarizes the results for R3 in t=2. Tables 28

and 29 present the results for refinery R2, whereas Tables 30 and 31 illustrate the

results for refinery R1.

Table 27. Tactical allocation and oils received by R3 in t=2

Tactical allocation
(thousand m®/ month)

Oils received by the refinery
(thousand m’/ month)

Cases | Scenarios Types of oil Types of oil
F1 | Hl | H2 | H3 | H4 | H5 | A1 | B1 |[F1| H1 | H2 | H3 | H4 | H5
1 77| 908 - - | 236 - - -| 77| 908 - - | 236 -
2 77 - - - 1236 | 908 - -| 77| 908 | 236 - -
1 3 77| 1144 - - - - - - 77| 1144 - - -
4 77 - - - - | 1144 - - 77| 1144 - - -
5 771 951 | 193 - - - - -| 77| 951 193 - -
6 77 - - - | 464 | 680 - -| 77| 680 | 464 - -
1 77 - -| 2441719 | 180 - -1 77 - | 719 | 425 - -
2 77 - - - - 1144 (299 | 845 | - - 77 - - -
> 3 77 - - - - | 1144 - -1 77 - - - 1144
4 77 29 | 1115 - - - 29| 1115 - -1 77 - - -
5 77 - - | 1144 - - - - | 77 - - | 764 | 380 -
6 77| 264 - - | 880 -] 264 | 880 - 77 - - -
1 77 | 1144 - - - - - - | 77| 1144 - - - -
2 77| 1144 - - - - - -126| 381 - - - -
3 3 77| 1134 10 - - - - -1 77| 1134 10 - - -
4 77| 1144 - - - - - -1 26| 381 - - - -
5 77| 726 | 418 - - - - -| 77| 726 418 - - -
6 77| 421 | 723 - - - - -1 26| 140 | 241 - - -
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Tactical allocation Oils received by the refinery
(thousand m®/ month) (thousand m®/ month)
Cases | Scenarios Types of oil Types of oil
Cl | C2|D1]| E1 C1 C2 D1 El
1 197 - - - 197 - - -
2 -1 197 - - 197 - - -
1 3 197 - - - 197 - - -
4 - 1197 - - 197 - - -
5 197 - - - 197 - - -
6 33 | 164 - - 164 33 - -
1 197 - - - 197 - - -
2 -1 197 - - - 197 - -
) 3 197 - - - 197 - - -
4 -1 197 - - - 197 - -
5 135 62 - - 197 - - -
6 197 - - - 197 - -
1 153 | 43 - - 153 43 | 153 43
2 197 - - - 66 - 66 -
3 3 197 - - - 197 - 197 -
4 197 - - - 66 - 66 -
5 138 | 59 - - 138 59| 138 59
6 197 - - - 66 - 66 -
Table 29. Tactical allocation and oils received by R2 in t=2
Tactical allocation Oils received by the refinery
(thousand m®/ month) (thousand m®/ month)
Cases | Scenarios Types of oil Types of oil
Cl1 | C2|Dl1]| E1 C1 C2 D1 El
1 203 - - - - - - -
2 - | 203 - - - - - -
1 3 203 - - - - - - -
4 - | 203 - - - - - -
5 203 - - - - - - -
6 20 | 183 - - - 20 - -
1 203 - - - 203 - - -
2 203 - - - 203 - - -
> 3 203 - - - 203 - - -
4 - | 203 - - 203 - - -
5 203 - - - 203 - - -
6 -1 203 - - 183 20 - -
1 138 | 65 - - 138 65 138 65
2 203 - - - 68 - 68 -
3 3 203 - - - 203 -| 203 -
4 203 - - - 68 - 68 -
5 203 - - - 203 -| 203 -
6 203 - - - 68 - 68 -
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Table 30. Tactical allocation and oils received by R1 in t=1

Tactical allocation
(thousand m’/ month)

Oils received by the refinery
(thousand m®/ month)

Cases | Scenarios Types of oil Types of oil
Al | A2 A3 Al A2 A3
1 26.2 | 2.3 4.5 26.2 2.3 4.5
2 -1 33.0 - 33.0 - -
1 3 274 5.4 0.2 27.4 54 -
4 5.2 278 - 27.8 5.2 -
5 29.0 - 4.0 29.0 - 4.0
6 -1 33.0 - 33.0 - -
1 26.2 | 0.5 6.3 29.5 - 3.5
2 33297 - - 21.6 11.4
> 3 274 5.4 0.2 27.4 5.6 -
4 5.2 278 - - 24.9 8.1
5 23.5 - 9.5 23.5 - 9.5
6 -1 33.0 - - 24.9 8.1
1 26.2 | 0.5 6.3 26.2 - 6.3
2 20.5 - 12.5 6.8 - 4.2
3 3 274 5.4 0.2 274 54 -
4 20.5 - 12.5 6.8 - 4.2
5 23.5 - 9.5 23.5 - 9.5
6 20.5 - 12.5 6.8 - 4.2
Table 31. Tactical allocation and oils received by R1 in t=2
Tactical allocation Oils received by the refinery
(thousand m®/ month) (thousand m’/ month)
Cases | Scenarios Types of oil Types of oil
Al | A2 A3 Al A2 A3
1 334 07 - 34.1 - -
2 - 328 1.3 32.8 1.3 -
1 3 30.7| 3.0 0.4 30.7 3.0 -
4 2.5]31.6 - 31.6 2.5 -
5 30.5 - 3.6 30.5 - 3.6
6 - | 34.1 - 34.1 - -
1 26.8| 24 4.8 23.5 24 8.1
2 - | 34.1 - - 22.7 11.4
> 3 30.7| 3.0 0.4 30.7 34 -
4 2.5]31.6 - - 25.4 8.7
5 25.0 - 9.1 25.0 - 9.1
6 - 23.1 11.0 - 26.0 8.1
1 26.8 | 24 4.8 26.8 2.4 4.8
2 22.5 - 3.9 7.5 - 3.9
3 3 30.7| 3.0 0.4 30.7 3.0 -
4 22.5 - 3.9 7.5 - 3.9
5 25.0 - 3.9 25.0 - 9.1
6 22.5 - 3.9 7.5 - 3.9
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