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Model CANOE — Capacity And Network Optimization and Expansion
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Model parameters:

I Set of Generating Companies (GCs): G(g ∈ G)

I Capacity types: I(i ∈ I = {hydro, pumped , thermal , nuclear , ...}
I Set of nodes: J (j ∈ J )

I Set of seasons: S(s ∈ S = {winter , spring , summer , autumn})
I Set of seasons with peak loads: S](s ∈ S])
I Set of hours: T (t ∈ T = {1, 2, . . . , 24})
I Set of hours with peak load: T ](t ∈ T ])
I Working and Holidays (weekends, days off) loads: dw

jst , d
h
jst , j ∈ J , s ∈ S, t ∈ T

I Numbers of working and weekend days in seasons:
τws (e.g ., 65), τhs (e.g ., 25), s ∈ S

I Generating costs: cgji , g ∈ G, j ∈ J , i ∈ I
I Unit investments: kgji , g ∈ G, j ∈ J , i ∈ I
I Specific fixed costs: bgji , g ∈ G, j ∈ J , i ∈ I
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Model parameters:

I Installed power capacity: z0gji , g ∈ G, j ∈ J , i ∈ I
I Max available power capacity: zgji , g ∈ G, j ∈ J , i ∈ I
I Installed lines capacity: v0jj ′ , j ∈ J , j ′ ∈ J
I Max available lines capacity: v jj ′ , j ∈ J , j ′ ∈ J
I Lines loses: δjj ′ , j ∈ J , j ′ ∈ J
I Daily capacity i usage (e.g, pumped storage power plant): κi , i ∈ I
I Seasonal capacity i usage (e.g., hydropower plant): ωi , i ∈ I
I Year capacity i usage (e.g., hydropower plant): θi , i ∈ I
I Min capacity availability coefficients: αgji

I Max capacity availability coefficients: βgji
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Model parameters:

I Working days generation: xwgjist

I Weekend days generation: xhgjist
I Power capacity: zgji
I Flow: yjj ′

I Line capacity: vjj ′
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Constraints:

I (Generationg ) constraints:

αgjizgji ≤ xwgjist ≤ βgjizgji ,

αgjizgji ≤ xhgjist ≤ βgjizgji ,

I (Capacityg ) constraints:
z0gji ≤ zgji ≤ zgji ,

g ∈ G, j ∈ J , i ∈ I,
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Constraints:

I (Dayg ) generation constraints (pumped storage power plant – pspp):∑
t

xwgj(pspp)st ≤ κ(pspp)zgj(pspp),
∑
t

xhgj(pspp)st ≤ κ(pspp)zgj(pspp)

I (Seasong ) generation constraints (hydropower plant – shp):∑
t

(τws · xwgj(shp)st + τws · xhgj(shp)st) ≤ ω(shp)zgji

I (Yearg ) generation constraints – yhp:∑
s

∑
t

(τws · xwgj(yhp)st + τws · xhgj(yhp)st) ≤ θ(yhp)zgji
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Constraints:
I (Reserve) constraints∑

g

∑
i

zgji +
∑
j ′

ajj ′
(
1− δjj ′

)
ỹj ′jst −

∑
j ′

ajj ′ ỹjj ′st ≥ dw
jst + rjst ,

j ∈ J, s ∈ S ], t ∈ T ],

I (Balance) constraints∑
g

∑
i

xwgjist +
∑
j ′

ajj ′
(
1− δjj ′

)
ywj ′jst −

∑
j ′

ajj ′y
w
jj ′st = dw

jst ,∑
g

∑
i

xhjist +
∑
j ′

ajj ′
(
1− δjj ′

)
yhj ′jst −

∑
j ′

ajj ′y
h
jj ′st = dh

jst ,

j ∈ J, s ∈ S , t ∈ T ,
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Load

0 6 12 18 24 0 6 12 18 24

working days days off

winterwinter spring

summer autumn

load: dw
jst - working days;

dh
jst - weekends;

generation: xwjist - working days;

xhjist - weekends;

s ∈ S - seasons;

t ∈ T = {1, . . . , 24} - hours;
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The model

Costs=(generation)+(power)+(lines)∑
g

∑
j

∑
i

∑
s

∑
t

τws cgjix
w
gjist +

∑
g

∑
j

∑
i

∑
s

∑
t

τhs cgjix
h
gjist +

+f
∑
g

∑
j

∑
i

γgji

(
zgji − z0gji

)
+
∑
g

∑
j

∑
i

κgjizgji +

+f
∑
j

∑
j ′

ρjj ′
(
vjj ′ − v0jj ′

)
+
∑
j

∑
j ′

bjj ′vjj ′ → min
(x ,z,v ,y)

,

s.t. (Generationg ), (Capacityg ), (Dayg ), (Seasong ), (Yearg ), (Reserve), (Balance).
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Dual problem

−f
∑
j

∑
i

γjiz
0
ji − f

∑
j

∑
j′

ρjj′v
0
ji +

∑
j

∑
s]

∑
t]

(
dw
js]t]

+ rjs]t]
)
νjs]t]

+
∑
j

∑
s

∑
t

dwjstλ
w
jst +

∑
j

∑
s

∑
t

dhjstλ
h
jst+

+
∑
j

∑
i

z0jiσji −
∑
j

∑
i

zjiσji +
∑
j

∑
j′

v0jj′ωji −
∑
j

∑
j′

vjiωji → max,

fγji + κji −
∑
s∈S]

∑
t∈T]

s

νjst +
∑
s∈S

αw
jis

∑
t∈T

µw
jist

−∑
s∈S

βw
jis

∑
t∈T

µwjist

+

+
∑
s∈S

αh
jis

∑
t∈T

µh
jist

−∑
s∈S

βh
jis

∑
t∈T

µhjist

− σji + σji = 0, j ∈ J, i ∈ I \ {HP, PHPP}.
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Dual problem
fγj(HP) + κj(HP) −

∑
s∈S]

∑
t∈T

]
s

νjst +

+
∑
s∈S

α
w
j(HP)s

∑
t∈T

µ
w
j(HP)st

−∑
s∈S

β
w
j(HP)s

∑
t∈T

µ
w
j(HP)st

 +

+
∑
s∈S

α
h
j(HP)s

∑
t∈T

µ
h
j(HP)st

−∑
s∈S

β
h
j(HP)s

∑
t∈T

µ
h
j(HP)st

 +

+σj(HP) − σj(HP) −
∑
s∈S

HS
jHPsξjs = 0, j ∈ JSHP.

fγj(HP) + κj(HP) −
∑
s∈S]

∑
t∈T

]
s

νjst +

+
∑
s∈S

α
w
j(HP)s

∑
t∈T

µ
w
j(HP)st

−∑
s∈S

β
w
j(HP)s

∑
t∈T

µ
w
j(HP)st

 +

+
∑
s∈S

α
h
j(HP)s

∑
t∈T

µ
h
j(HP)st

−∑
s∈S

β
h
j(HP)s

∑
t∈T

µ
h
j(HP)st

 +

+σj(HP) − σj(HP) − HY
jHPξ

Y
j = 0, j ∈ JYHP.
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Dual problem

fγj(PHPP) + κj(PHPP) −
∑
s∈S]

∑
t∈T

]
s

νjst +

+
∑
s∈S

α
w
j(PHPP)s

∑
t∈T

µ
w
j(PHPP)st

−∑
s∈S

β
w
j(PHPP)s

∑
t∈T

µ
w
j(PHPP)st

 +

+
∑
s∈S

α
h
j(PHPP)s

∑
t∈T

µ
h
j(PHPP)st

−∑
s∈S

β
h
j(PHPP)s

∑
t∈T

µ
h
j(PHPP)st

 +

+σj(HP) − σj(PHPP) −
∑
s∈S

GPHPPjs

∑
t∈T

θ
w
jst

−∑
s∈S

GPHPP
js

∑
t∈T

θ
h
jst

−
−HPHPP

j

∑
s∈S

ϕ
w
js

− HPHPP
j

∑
s∈S

ϕ
h
js

 = 0, j ∈ JYPHPP.
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Dual problem

τ
w
s cji − λ

w
jst − µ

w
jist

+ µw
jist = 0, j ∈ J, i ∈ I \ {HP, PHPP}, s ∈ S, t ∈ T .

τ
w
s cj(HP) − λ

w
jst − µ

w
j(HP)st

+ µw
j(HP)st + τ

w
s ξjs = 0, j ∈ JSHP, s ∈ S, t ∈ T .

τ
w
s cj(HP) − λ

w
jst − µ

w
j(HP)st

+ µw
j(HP)st + τ

w
s ξ

Y
j = 0, j ∈ JYHP, s ∈ S, t ∈ T .

τ
w
s cj(PHPP) − λ

w
jst − µ

w
j(PHPP)st

+ µw
j(PHPP)st + ψw

js + ϕw
js = 0, j ∈ J, s ∈ S, t ∈ T .

τ
h
s cji − λ

h
jst − µ

h
jist

+ µh
jist = 0, j ∈ J, i ∈ I \ {HP, PHPP}, s ∈ S, t ∈ T .

τ
h
s cj(HP) − λ

h
jst − µ

h
j(HP)st

+ µh
j(HP)st + τ

h
s ξjs = 0, j ∈ JSHP, s ∈ S, t ∈ T .

τ
h
s cj(HP) − λ

h
jst − µ

h
j(HP)st

+ µh
j(HP)st + τ

h
s ξ

Y
j = 0, j ∈ JYHP, s ∈ S, t ∈ T .

τ
h
s cj(PHPP) − λ

h
jst − µ

h
j(PHPP)st

+ µh
j2st + ψh

js + ϕh
js = 0, j ∈ J, s ∈ S, t ∈ T .

1

2
fρjj′ +

1

2
bjj′ −

∑
s∈S]

∑
t∈T

]
s

η̃jj′st −
∑
s∈S

∑
t∈T

η
w
jj′st −

−
∑
s∈S

∑
t∈T

η
h
jj′st + ωjj′ − ωjj′ + πjj′ − πj′ j = 0, j ∈ J, j′ ∈ J.
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Dual problem

ajj′
(
νjst − (1− δjj′ )νj′st

)
+ η̃jj′st > 0, j ∈ J, j′ ∈ J, s ∈ S]

, t ∈ T]
s .

ajj′
(
λ
w
jst − (1− δjj′ )λ

w
j′st

)
+ ηwjj′st > 0, j ∈ J, j′ ∈ J, s ∈ S, t ∈ T .

ajj′
(
λ
h
jst − (1− δjj′ )λ

h
j′st

)
+ ηhjj′st > 0, j ∈ J, j′ ∈ J, s ∈ S, t ∈ T .

λ
w
jst + θwjst − qjψ

w
js > 0, j ∈ J, s ∈ S, t ∈ T .

λ
h
jst + θhjst − qjψ

h
js > 0, j ∈ J, s ∈ S, t ∈ T .

ν
js]t]

> 0, µw
jist

> 0, µw
jist > 0, µh

jist
> 0, µh

jist > 0, σji > 0, σji > 0,

η̃jj′st > 0, ηwjj′st > 0, ηhjj′st > 0, ωjj′ > 0, ωjj′ > 0, ξjs > 0, ξYj > 0,

θ
w
jst > 0, θhjst > 0, ψw

js > 0, ψh
js > 0, ϕw

js > 0, ϕh
js > 0,

s] ∈ S]
, t] ∈ T]

s , j ∈ J, j′ ∈ J, i ∈ I , s ∈ S, t ∈ T .
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Power capacity classification

∑
s∈S

∑
t∈T

λwjstx
w
jist +

∑
s∈S

∑
t∈T

λhjstx
h
jist +

∑
s∈S]

∑
t∈T ]s

νjstzji =

=
∑
s∈S

∑
t∈T

τws cjix
w
jist +

∑
s∈S

∑
t∈T

τhs cjix
h
jist +

+fγji (zji − z0ji ) + κjizji +

+fγjiz
0
ji + σjizji − σjizji+

j ∈ J, i ∈ I .

PCI :σji > 0, σji = 0; PCII :σji = 0, σji = 0; PCIII :σji = 0, σji > 0;
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Power capacity ordering

1. Korea Thermal gas -16451947734.4
2. Japan Thermal1 oil -13085531842.1
3. Japan Thermal2 oil -5009759517.2

. . . . . . . . .
6. Siberia PES Thermal coal -1210690958.4

. . . . . . . . .
Siberia PES HP1 9302267741.0
. . . . . . . . .

48. Japan Nuclear 23623204195.4
49. North China Thermal2 coal 24806784000.0
50. North China Thermal 3 coal 29410180388.6
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Nodal prices

λwjst
τws

= cji −
µw
jist

τws
+
µwjist
τws

, j ∈ J, i ∈ I \ {HP, PHPP}, s ∈ S , t ∈ T .

λwjst
τws

=
µw
j(HP)st

τws
−
µwj(HP)st

τws
+ ξjs , j ∈ JSHP, s ∈ S , t ∈ T .

ξjs — dual variable ∼ water rent.
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Line compensation

j → j ′ : λwjst −
(
1− δjj ′

)
λwj ′st + ηwjj ′st = 0(

1− δjj ′
)
λwj ′st = λwjst + ηwjj ′st

Buyer compensates line and loses,
ηwjj ′st — unit profit of line j → j ′.
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Line capacity expansion

fρjj′vjj′ + bjj′vjj′ =
∑
s∈S]

∑
t∈T ]

s

η̃jj′st ỹjj′st +
∑
s∈S

∑
t∈T

ηwjj′sty
w
jj′st +

∑
s∈S

∑
t∈T

ηhjj′sty
h
jj′st+

+
∑
s∈S]

∑
t∈T ]

s

η̃j′jst ỹj′jst +
∑
s∈S

∑
t∈T

ηwj′jsty
w
j′jst +

∑
s∈S

∑
t∈T

ηhj′jsty
h
j′jst+

+ ωjj′vjj′ − ωjj′vjj′ + ωj′jvj′j − ωj′jvj′j .

e.g.: new line Siberia PES — Mongolia,
payment of Siberia PES — 3%
payment of Mongolia — 97%
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Perfect market model (price p — const.)
Equations:

I GCs g ∈ G profit:

Πg = p ·
∑
j

∑
i

∑
s

(
τws ·

∑
t

xgjist + τhs ·
∑
t

ygjist

)
−

−
∑
j

∑
i

∑
s

(
τws ·

∑
t

cgjixgjist + τhs ·
∑
t

cgjiygjist

)
−

−f ·
∑
j

∑
i

kgji (zgji − z0gji )−
∑
j

∑
i

bgjizgji
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Perfect market model (price p – const.)

p

⇓

(Disconnected) System of LPg ( g ∈ G):

Πg → max,

s.t. (Generationg ), (Capacityg ), (Dayg ), (Seasong ), (Yearg ).

⇓

solution: x∗gjist(p), y ∗gjist(p), z∗gji(p)
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solution: x∗gjist(p), y ∗gjist(p), z∗gji(p)

⇓

Year electricity supply:

Esupply (p) =
∑
g

∑
j

∑
i

∑
s

(
τws ·

∑
t

x∗gjist(p) + τhs ·
∑
t

y∗gjist(p)

)

Capacity supply:
Csupply (p) =

∑
g

∑
j

∑
i

z∗gji (p)
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Constructing the demand function:ED(p) = d − a · p

I Given demand D0
perfect

I Calculate p0 : Esupply (p0) = D0
perfect

I Given elasticity ε0 = ε(p0) = E ′(p0)
E(p0)

p0

I Calculate coefficients: d = (1 + ε)D0
perfect , a = ε

D0
perfect

p0

Esupply (p)

D0
perfect

p0

↓

ED(p)
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From perfect market to oligopoly

I Price p is now variable

I Step I. Model Perfect is substituted by model Cournot

I Step II. Network-Load distribution model
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Cournot model

System of connected linear programming problems:

Πg → max,

s.t. (Generationg ), (Capacityg ), (Dayg ), (Seasong ), (Yearg ),

g ∈ G

+ (connecting) equations:
ET = d − a · p,
ET =

∑
g∈G

Eg .
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Cournot model is a potential game

⇓

from system of connected ! problems to one problem

− 1

2a
ETQE + d

∑
g

Eg − (costs)→ max,

subject to (Generationg ), (Capacityg ), (Dayg ), (Seasong ), (Yearg ),(Priceg ),g ∈ G,

E = (E1, . . . ,E|G|),

Q =


2 1 · · · 1
1 2 · · · 1
...

...
. . .

...
1 1 · · · 2

 � 0.

37



Model Cournot does not consider

I Load curves

I Network constraints
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Scheme of central Russia
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• 50 GCs (UGC1,...,UGK6,TGC1,...,TGC16, Rosatom, Rusgidro, InterRao,...)
• 91 power plants
• 7 capacity types: coal, gas ...
• 4 seasons, 24 hours
• Dimension ∼ 200 000

• Models Cournot and Distribution in GAMS
• Time ∼ 5 minutes.

• Price pperfect=0.068$
• Price pcournot=0.105$
• Perfect electricity supply 422.6 TW
• Oligopoly electricity supply 374.2 TW
• Perfect capacity expansion 28.3 GW
• Oligopoly capacity expansion 15 GW
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In progress.

1. Inverse demand function for each node.

2. Network capacity constraints.

Thank you for attention!
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