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The first chapter is the dissertation9s comprehensive introduction. The fundamentals of 



•

•

•

•



l9aumento di produzione da FER 

per l9indipendenza con l9andamento del

fornisce un9introduzione

dei moderni mercati elettrici dell9energia 



un9ampia per evidenziare i rispettivi stati dell9arte. 

a un9analisi di investi-

ll9investitore.

Nell9ultimo capitolo viene trattato un caso studio reale al fine valutare le strategie dell9ope-

ratore del sistema di trasmissione dal mercato dell9energia a quello in tempo re

•

• i energia per gestire efficacemente l9ap-

• prospettive dell9operatore del sistema e dei partecipanti del 

•





9

<

=.

9



9



, the so called <market zones=,

9

•

•

•



9

9

9





9

9



3

ed as <A mathematical 

constraints of the power system= 

the ED is defined as <The optimization of the incremental cost of de-

incremental generating costs and incremental transmission losses=.

maxăÿ,Ā,ĉĀ (Ċā), ăÿ,ÿ,ĉă (Ċā)∑[∑∑āÿ,Ā,ĉĀ (Ċā) ăÿ,Ā,ĉĀ (Ċā)āþ
ĉ=1

ā�Ā
Ā=1 2∑∑āÿ,ÿ,ĉă (Ċā) ăÿ,ÿ,ĉă (Ċā)āþ

ĉ=1
ā�ÿ
Ā=1 ]āā

ÿ=1āč āÿĀ āÿăāĆ āÿ,ÿ,ĉĀ āÿ,Ā,ĉăĉ Ā ÿ ĐĊā



∑∑ăÿ,Ā,ĉĀ (Ċā)āþ
ĉ=1

ā�Ā
Ā=1 2∑∑ăÿ,ÿ,ĉă (Ċā)āþ

ĉ=1
ā�ÿ
ÿ=1 + ∑ ăÿ,ĂĊÿĒ Ă∈ā�� = 0    ∀ Đ, ∀ Ă ∈ Ωÿč

0 f ăÿ,Ā,ĉĀ (Ċā) f ăÿ,Ā,ĉĀ,ăĎý   ∀ Đ, ∀ Ā, ∀ ĉ, ∀ Ċā0 f ăÿ,ÿ,ĉă (Ċā) f ăÿ,ÿ,ĉă,ăĎý   ∀ Đ, ∀ ÿ, ∀ ĉ, ∀ Ċāăÿ,ĂĂď f ăÿ,ĂĊÿĒ(Ċā) f ăÿ,Ăċď   ∀ Đ, ∀ Ċā, ∀ Ă ∈ Ωÿčăÿ,ĂĊÿĒ Ă ĐΩÿč ⊂ āÿ ăÿ,Ā,ĉĀ,ăĎý ăÿ,ÿ,ĉă,ăĎý 9ăÿ,ĂĂď ăÿ,Ăċď

9

3



California independent system operator (CAISO) defines the UC problem as <the pro-

ancillary services in the near future= āăĊā āć
minăþ(Ċā), �(Ċā)[ÿĂ(Ċā, ăþ, �) + ÿĆý(Ċā, ăþ, �) + ÿĆĀ(Ċā, ăþ, �)]ÿĂ ÿĆý ÿĆĀ āă 9 ăþ�)



ăÿăċÿ ÿþÿĂ(Ċā) = ÿÿ ċÿ(Ċā) + Āÿ ăÿă(Ċā) + āÿ ăÿă(Ċā)2ċÿ ÿÿ Āÿ āÿÿ ÿ = 1, …, āă

āÿĆĈ
þÿĆĈ(Ċā) = āÿĆĈ(ċÿ(Ċā) 2 ċÿ(Ċā 2 1))þÿĆĈ  Ċā

āÿĆĀ
þÿĆĀ(Ċā) = āÿĆĀ(ċÿ(Ċā 2 1) 2 ċÿ(Ċā))þÿĆĀ Ċā

Ćÿă,ăÿĄċÿ(Ċā) f ăÿă(Ċā) f  Ćÿă,ăĎýċÿ(Ċā)ĆÿăÿĄ ĆÿăĎý ÿ



(ĊÿĈ 2ĀĈćÿ)(ċÿ(Ċā) 2 ċÿ(Ċā 2 1)) f  0(ĊÿĀ 2Āÿćÿ)(ċÿ(Ċā) 2 ċÿ(Ċā 2 1)) g  0ÿ ĊÿĈ ĊÿĀĊā ĀĈćÿ Āÿćÿ
9 ąĈÿąĈÿ 9

ăÿă(Ċā) 2 ăÿă(Ċā 2 1) f ąĈÿ ċÿ(Ċā)ăÿă(Ċā 2 1) 2 ăÿă(Ċā) f ąÿÿ  ċÿ(Ċā)
∑ăÿă(Ċā) = ăĀ(Ċā)āÿ
ÿ=1ăĀ

3



9

Ωăminăþ ÿĂÿĂ ÿ2 ÿ2 = 1, …, āă2
þÿ2Ă = ÿÿ2 + Āÿ2  ăÿ2ă + āÿ2  ăÿ2ă2

Ċā



∑ ăÿ2ăÿ2∈Ωÿ = ăĀ
Ćÿ2ăÿĄ f ăÿ2ă f Ćÿ2ăĎý

3 āþ Ωăþ ΩĀþΩÿþ ĀĀ = 1, …, āþ 9 Ā
Ąď,Đ = ýď,Đ(�ď 2 �Đ)   ∀ ā ∈ ΩÿþĄď,Đ Ā ā ýď,ĐĀ ā �ď �Đ Ā ā

Ąď,ĐăÿĄ f Ąď,Đ f Ąď,ĐăĎý    ∀ ā ∈ ΩÿþĄď,ĐăÿĄ Ąď,ĐăĎýĀ ā



∑ ăÿ2ăÿ2∈Ωÿþ 2 ∑ ăĀĀĀ∈ΩĀþ = ∑ Ąď,ĐĐ∈Ω�þĀ = 1, …, āþ 9

3

3
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called <Unit Commitment and Dispatch Optimization= and the authors of [52] and [53] en-

SAInt has a feature named <Security Constrained Unit Commitment and Eco-

nomic Dispatch= to evaluate coordinate electricity 3

based on <Optimal Power Flow=
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āăāč āą āĆ āćĊā ā = 1, 2, …, āć
= 1, …, āă

þćĊā minăþ(Ċā)[þć(Ċā , ăþ)] Ċāăþ(Ċā) = [ă1ă(Ċā),& , ăÿă(Ċā),& , ăāÿă (Ċā)]ć
þć(Ċā, ăþ) =∑∑āÿ,ĉăÿ,ĉă (Ċā)āþ

ĉ=1
āÿ
ÿ=1ăÿ,ĉă (Ċā) ĉ ÿĊā āÿ,ĉ ĉ ÿ



∑∑ăÿ,ĉă (Ċā)āþ
ĉ=1

āÿ
ÿ=1 2∑ăĂĊÿĒ(Ċā)āā

Ă=1 =∑ăÿĀ(Ċā)āā
ÿ=1ăĂĊÿĒ ăÿĀ

ng zone (z = 1, 2…, 

∑∑ÿĔ,ÿ ăÿ,ĉă (Ċā)āþ
ĉ=1

āÿ
ÿ=1 2∑ĀĂ,ÿ ăĂĊÿĒ(Ċā)āā

Ă=1 = ăÿĀ(Ċā)    ∀ Đ ∈ āč
ÿĔ,ÿ ą ĐĀĂ,ÿĂĐ

0 f∑ăÿ,ĉă (Ċā)āþ
ĉ=1 f ăÿ,ĉă,ăĎý    ∀ ÿ ∈ āă

0 f ăÿ,ĉă (Ċā) f ăÿ,ĉă,ăĎý    ∀ ÿ ∈ āă , ∀ ĉ ∈ āĆ



ăĂĂďăĂċď ăĂĂď f ăĂĊÿĒ(Ċā) f ăĂċď     ∀ Ă ∈ āą
3

ăÿă(Ċā) =∑ăÿ,ĉă (Ċā)āþ
ĉ=1     ∀ ÿ ∈ āă

āþĊā

{  
  
   
 ăď(Ċā) = ąă( 

 Čď∗(Ċā)(Čď(Ċā)ďďď +∑ČĐ(Ċā)ďďĐāþ
Đ=1Đ≠ď )) 

 
Ąď(Ċā) = Ąă( 

 Čď∗(Ċā)(Čď(Ċā)ďďď +∑ČĐ(Ċā)ďďĐāþ
Đ=1Đ≠ď )) 

 ,    ∀ Ā ∈ āþ

ďďď Ā ďďĐĀ ā Čď ČĐĀ ā ăďĄď Ā



{   
   ăď(Ċā) = ∑ ăăăāăÿ

ă=1 (Ċā) 2 ∑ ăăĀ(Ċā)āăĀ
ă=1Ąď(Ċā) = ∑ Ąăăāăÿ

ă=1 (Ċā) 2 ∑ ĄăĀ (Ċā)āăĀ
ă=1

,    ∀ Ā ∈ āþ

āďă āďĀĀ

9
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the electricity markets. For the sake of simplicity, the term <original= is referred to the IEEE 

bus system, and <new= is referred to the modified version.



ĆĀă =∑Ćÿ,ĀăāĀÿ
ÿ=1     ∀ Ā ∈ āĀă

ĆĀă Ā Ćÿ,Āăÿ Ā āĀăĀ
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1 Cg

2 Cg
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₋

₋



₋

₋  











Ċā



āþ āÿ āăāč āąāĆ āć
Ċā

āÿ,ĉ
minăþ ∑∑ăÿ,ĉă (Ċā) āÿ,ĉāþ

ĉ=1
āÿ
ÿ=1 Ċā



∑∑∑Āÿ,ď Āď,ÿ ăÿ,ĉă (Ċā)āþ
ĉ=1

āÿ
ÿ=1

āþ
ď=1 +∑ĀĂ,ÿ ăĂĊÿĒ(Ċā)āā

Ă=1 =∑Āď,ÿ ăďĀ(Ċā)āþ
ď=1    ∀ Đ ∈ āč

0 f ăÿ,ĉă (Ċā) f ċ̅ÿ,ĉ(Ċā) ⋅ ăÿ,ĉă,ăĎý(Ċā)   ∀ ÿ ∈ āă , ∀ ĉ ∈ āĆ
ċÿ(Ċā) ⋅ ăÿă,ăÿĄ f∑ăÿ,ĉă (Ċā)āþ

ĉ=1    ∀ ÿ ∈ āă
ċÿ(Ċā) g ċ̅ÿ,1(Ċā) g ċ̅ÿ,2(Ċā) g ⋯ g ċ̅ÿ,āþ(Ċā)ăĂĂď f ăĂĊÿĒ(Ċā) f ăĂċď     ∀ Ă ∈ āą

• ÿ ĉ ăÿ,ĉă
• Đ ăĂĊÿĒ
• ĉ ÿ ċ̅ÿ,1
• ċÿăďĀ(Ċ)Ā Āÿ,ď ÿ ĀĀď,ÿ Ā ĐĀĂ,ÿ Ă ĐĐ ăÿ,ĉă,ăĎý

ăÿă,ăÿĄ ÿ
ăĂċď ăĂĂď



ąÿÿ f∑ăÿ,ĉă (Ċā)āþ
ĉ=1 2∑ăÿ,ĉă (Ċā21)āþ

ĉ=1 f ąĈÿ    ∀ ÿ ∈ āă

ċÿ(Ċā) + ∑ ċÿ(ćā)Ċā21
ćā=Ċā2ĀĈćÿ g ĀĈćÿ    ∀ ÿ ∈ āă

ąĈÿ ąÿÿ ÿ ĀĈćÿÿ
3 ÿÿ(Ċā)Đ ÿ(Ċā)

ÿ(Ċā) =∑(ÿÿ(Ċā)∑(ăďĀ(Ċā) ⋅ Āď,ÿ)āþ
ď=1 )āā

ÿ=1
∑ăďĀ(Ċā)āþ
ď=1  

ĂĆ(Ċā) =∑∑∑∑(ÿÿ(Ċā) 2 āÿ,ĉ) ⋅ Āÿ,ďĀď,ÿăÿ,ĉă (Ċā)āþ
ĉ=1

āÿ
ÿ=1

āþ
ď=1

āā 
ÿ=1
ĈĆ(Ċā) = (� 2 ÿ(Ċā)) ⋅∑ăďĀ(Ċā)āþ

ď=1
þą(Ċā) =∑|ăĂĊÿĒ(Ċā)| ⋅∑|ÿÿ(Ċā) ⋅ ĀĂ,ÿ|āā

ÿ=1
āā
Ă=1ĆĊ(Ċā) = ĂĆ(Ċā) + ĈĆ(Ċā) + þą(Ċā)



�

ÿ ăÿăĊā
ăÿă(Ċā) =∑ăÿ,ĉă (Ċā)āþ

ĉ=1    ∀ ÿ ∈ āă
Ā ăďă(Ċ)

ăďă(Ċā) =∑ăÿă(Ċā) ⋅ Āÿ,ďāÿ
ÿ=1    ∀ Ā ∈ āþ

Ċā
ă(Ċā) 2 ăÿ(�(Ċā), þ(Ċā)) = ÿĄ(Ċā) 2 Ąÿ(�(Ċā), þ(Ċā)) = ÿă Ą

€



ăÿ(�, þ) Ąÿ(�, þ)


ĉď �ď ăĀĂ ĀĀ ăĀÿ Ā ā ĊāĈĀ ĎĀĀ
ăĀÿ(Ċā) = |ĉď(Ċā) 2 ĉĐ(Ċā)|2 ⋅ ĈĀĈĀ2 + ĎĀ2     ∀ Ā ÿĄ āÿ

Āÿ ÿ
Āÿ(Ċā) =∑ăĀÿ(Ċā)ā�

Ā=1 ⋅ ÿ(Ċā)
ĊāăĀĂ ăąĀĂĂÿĀ ăĀĂ g 1.2 ăąĀĂăĀĂ f 21.2 ăąĀĂ

Ċā Ā∗
Ā∗(Ċā)    ∍ ′ |ĂÿĀ∗(Ċā)| = ăÿĎĀ (|ăĀĂ(Ċā)| 2 1.2 ⋅ ăąĀĂăąĀĂ , 0)



Ā∗ ĂÿĀ∗+ ĂÿĀ∗2ĊĀ∗+, ĊĀ∗2
�Ā∗+ = [� ⋅∑ăÿĎ (0, ĂÿĀ∗(Ċā))āÿ

Ċ=1 ] ⋅ 1ĂÿĀ∗+
�Ā∗2 = [� ⋅∑ăÿĄ (0, ĂÿĀ∗(Ċā))āÿ

Ċ=1 ] ⋅ 1ĂÿĀ∗2 Ċā,Ā∗+ , Ċā,Ā∗2ĀĀ /ď,Ā ĀĀ
Ā ăĀĂ Ċā
ăĀĂ(Ċā) = ∑ăď(Ċā) ⋅ ℎď,Āāþ

ď=1 Ā∗/ď,Ā∗ > 0 /ď,Ā∗ <0

|ĂÿĀ∗(Ċā)| = 0



ÿ ăÿă,ĈĒđ(ĊĀ∗+) ĀăďĀ,ĈĒđ(ĊĀ∗+)
�đÿĉ

�ăđÿĉ,ÿ+ (ĊĀ∗+) = ăÿĎ(ăÿă,ĈĒđ(Ċā∗+ ) 2 ăÿă(ĊĀ∗+), 0)    ∀ ÿ ∈  �đÿĉ�ăđÿĉ,ÿ2 (ĊĀ∗2) = ăÿĎ(ăÿă(ĊĀ∗+) 2 ăÿă,ĈĒđ(ĊĀ∗+), 0)    ∀ ÿ ∈  �đÿĉ�ĄđĈ
�ăĄđĈ,ÿ2 (ĊĀ∗+) = ăÿă(ĊĀ∗+) 2 ăÿă,ĈĒđ(ĊĀ∗+)    ∀ ÿ ∈  �ĄđĈĀ�ăĂąĎ,ď2 (ĊĀ∗+) = ăďĀ(ĊĀ∗+) 2 ăďĀ,ĈĒđ(ĊĀ∗+)    ∀ Ā ∈  āþ

Āđÿĉą (ĊĀ∗+)ĀĄđĔą (ĊĀ∗+) ĀĂąĎą (ĊĀ∗+)
āÿ+ āÿ2



ČąĂĂ
Āđÿĉą (ĊĀ∗+) = ∑ (āÿ+  �ăđÿĉ,ÿ+ (ĊĀ∗+) + āÿ2 �ăđÿĉ,ÿ2 (ĊĀ∗+))ÿ∈��ÿĀ
ĀĄđĔą (ĊĀ∗+) =∑ÿÿ(ĊĀ∗+) ⋅∑ ∑ Āÿ,ďĀď,ÿ�ăĄđĈ,ÿ2 (ĊĀ∗+)ÿ∈���ÿ

āþ 
ď=1

āā
ÿ=1

ĀĂąĎą (ĊĀ∗+) = ČąĂĂ ⋅∑�ăĂąĎ,ď2 (ĊĀ∗+)āþ
ď=1

�ĆĊ �Āÿ�Āąđÿĉ �ĀąĄđĈ �ĀąĂąĎ
�ĆĊ = ∑ � ⋅ ĆĊ(Ċā)āÿ

Ċā=1
�Āÿ = ∑ � ⋅ Āÿ(Ċā)āÿ

Ċā=1�Āąđÿĉ =∑[�Ā∗+ ⋅ Āđÿĉą (ĊĀ∗+) + �Ā∗2 ⋅ Āđÿĉą (ĊĀ∗2)]Ā∗�ĀąĄđĈ =∑[�Ā∗+ ⋅ ĀĄđĔą (ĊĀ∗+) + �Ā∗2 ⋅ ĀĄđĔą (ĊĀ∗2)]Ā∗�ĀąĂąĎ =∑[�Ā∗+ ⋅ ĀĂąĎą (ĊĀ∗+) + �Ā∗2 ⋅ ĀĂąĎą (ĊĀ∗2)]Ā∗
�ćĀ �ćĀ = �ĆĊ + �Āÿ + �Āąđÿĉ + �ĀąĄđĈ + �ĀąĂąĎ



�ăý
�ăý = �ćĀāĆ 2 �ćĀąĆ Ąþāăĉ

āăĉ = Ąþ 2∑�ăýþ 2 āþþ(1 + ÿ)þāĀ
þ=1ď ÿ āþ āČ

•

•

•

•



Ċāāć

minăþ ∑∑Āÿ,ď Āď,ÿ (ÿÿ  ăÿă(Ċā) + 12 āÿ ăÿă2(Ċā))āÿ
ÿ=1

āā
ÿ=1

∑∑Āÿ,ď Āÿ,ÿ ăÿă(Ċā)āÿ
ÿ=1

āþ
ď=1 2∑Āď,ÿ ăďĀ(Ċā)āþ

ď=1 2∑ĀĂ,ÿ ăĂĊÿĒ(Ċā)āā
Ă=1 = 0    ∀ Đ ∈ āč

0 f ăÿă(Ċā) f ÿÿ(Ċā)ăÿă,ăĎý    ∀ ÿ ∈ āăăĂĂď f ăĂĊÿĒ(Ċā) f ăĂċď     ∀ Ă ∈ āą ÿÿ āÿÿ ÿÿÿ

Ă ăĂċď ăąĀĂ ĀĂ



Ċā ∈ āć Ā ∈ āþ

∑Āÿ,ďă̅ÿă(Ċā)āÿ
ÿ=1 2 ăďĀ(Ċā) 2∑�ďĐČď(Ċā)ČĐ(Ċā) cos(�ď(Ċā) 2 �Đ(Ċā) + �ďĐ)āþ

Đ=1 = 0
∑Āÿ,ďĄÿă(Ċā)āÿ
ÿ=1 2 ĄďĀ(Ċā) 2∑�ďĐČď(Ċā)ČĐ(Ċā) ĉÿĄ(�ď(Ċā) 2 �Đ(Ċā) + �ďĐ)āþ

Đ=1 = 0
ă̅ÿă(Ċā) =  ăÿă(Ċā) + Ăÿ ăÿ(Ċā)    ∀ ÿ ∈  āă

ăÿ(Ċā) =∑ăĀÿ(Ċā)ā�
Ă=1 =∑ąă {|ĀĀ,ď Čď(Ċā) 2 ĀĀ,Đ ČĐ(Ċā)|2ĈĀ 2 j ĎĀ }ā�

Ā=10 f Ăÿ f 1   ∀ ÿ = 1,& ,āă
∑Ăÿāÿ
ÿ=1 = 1   

• ă̅ÿă ą
• �ďĐ �ďĐ Ā āāþ · āþ �
• Čď ČĐ Ā ā
• ĂĔ ÿ
• ăÿ
• ăĀÿ Ā
• ĀĀ,ď ĀĀ,Đ Ā āĀ
• ĈĂ ĎĂ Ā
• j 



4 4

Ā ăĀĂ ĄĀĂ ĆĀĂ
ĆĀĂ(Ċā) = ĀĀ,ďČď(Ċā) [ĀĀ,ďČď(Ċā) 2 ĀĀ,ĐČĐ(Ċā)ĈĀ 2 ĀĎĀ + ďĀĀĀ,ďČď(Ċā)]∗

ĆĀĂ(Ċā) = ăĀĂ(Ċā) + j ĄĀĂ(Ċā)ďĀ = ĈĀ + j ĎĀ

Ċā ∈ āć Ā ∈ āÿ āĀÿ|ĆĀĂ| ăąĀĂ
āĀÿ(Ċā) = |ĆĀĂ(Ċā)|ăąĀĂ āăÿĀ  
Ā āăÿĀ



āăÿĀ = 1āć ·∑Δć(Ċā) ∙ āĀÿ(Ċā)āÿ
Ċ=1

ă
āĀÿ(Ċā) > 1 + ă    ∀ Ċ = 1, & , āć ∀ Ā = 1, & , āÿ

3 ĎăĂĊÿĒ
3 �þĊā Ąýÿ Ď



āć �
Ąýÿ = ∑∑� ăĀÿ(Ċā)ā�

Ā=1
āÿ
Ċā=1 2 ∑∑� ăĀ,ýÿā�

Ā=1
āÿ
Ċā=1    ∀ Ď ∈ āċ

āċ ĎăĀ,ýÿ Ā

ÿ 3 3ăď,�Ā  ăÿ,�ă,ăĎý āć
ăď,�Ā (Ċā) = (1 + 0.01 · ÿ) · ăďĀ(Ċā)  ∀ Ā = 1,& ,āþ    ăÿ,�ă,ăĎý(Ċā) = (1 + 0.01 · ÿ) · ăÿă,ăĎý(Ċā)  ∀ ÿ = 1,& ,āă

ăÿă,ăĎý ÿ āĀ,�ÿ Ā Ċā
ÿý ăýĀąĎ



ăýĀą = ∑ ∑[ăď,��Ā (Ċā) 2 ăďĀ(Ċā)]āþ
ď=1

āÿ
Ċā=1 = 0.01 · ÿý · ∑ ∑ăďĀ(Ċā)āþ

ď=1
āÿ
Ċā=1Ď

ăĂ,ýċď ăĂ,ýĂď �þ ýþ
ĄýĀ = ăýĀą 2 ăþÿĀą

Ā
Ā

3 ăÿ,�ă,ăĎýΩĄđĔāāĀă < āăăÿ,�ă,ăĎý(Ċā) = (1 + 0.01 · Ā) · ăÿă,ăĎý(Ċā)  ∀ ÿ ∈ ΩĄđĔ
ăÿ,�ă 3 Ā āĀ,�ÿ ĀĊā

Āýăýąą)
ăýąą = ∑ ∑[ăÿ,��ă (Ċā) 2 ăÿă(Ċā)]ÿ∈Ωý

āÿ
Ċā=1 Ď





/ ĄĄ × Ą ÿ/ ā/ÿ,Āÿ Ā ÿ Āā/ÿ,Ā ā/ÿ,Ā ā/ÿ,Ā · ā/Ā,ÿ = 1    ∀ ā/ÿ,Ā ∈ ÿ/ÿ/ ÿ/ā
ā/ÿ,Āā = ā/ÿ,Ā∑ ā/ÿ,ĀĄÿ=1     ∀ ā/ÿ,Ā ∈ ÿ/

ÿ/ā Ą × 1 Ā/ /
ĉ/ÿ = ∑ ā/ÿ,ĀāĄĀ=1Ą     ∀ ÿ = 1,& , ĄĀ/ Ą ×ă ĆĆ = [Ā1& Ā/ & Āă]ă × ă ý ăÿ/,ē /Ą ă × 1 ýĄ × 1 �Āąĉÿ ÿ



�Ā = Ć · ý
Ą Ąýÿ ĄýĀ Ąýą ă

ý þą = ÿÿ 2ăă 2 1ÿÿ ý ýý
ÿÿ = 1ă ·∑ÿ/ · ýč/ă

/=1þą þą/ąą ąąþą ýþą < 0.1

� āć

4 4

4 4





āÿ,āþ





3
3



Ā∗
ĂÿĀ∗+ ĂÿĀ∗2ĊĀ∗+ ĊĀ∗2�Ā∗+ �Ā∗2�ăđÿĉ+�ăđÿĉ2�ăĄđĔ2�ăĂąĎ2
Ā∗

ĂÿĀ∗+ ĂÿĀ∗2ĊĀ∗+ ĊĀ∗2�Ā∗+ �Ā∗2�ăđÿĉ+�ăđÿĉ2�ăĄđĔ2�ăĂąĎ2

�ăý



�ăý
Ąþ = ÿ = 0.05 āþ = 0.01 ⋅ Ąþ

900 k€/year, the trend of āăĉ āăĉ = 125.5 M€.

ăĂċď ăĂĂď
ăĂċď





most of the analyzed period, with minimum exchange of −2,361.4 MW, well within Z13

and −2,075.1 MW, and net import is observed for 780 conditions.

3

3 3āĀÿ



ĉĀ
þĀ



ÿ þ Ā ăąĀ,þý ăý,þ�Ā
3 3
3 3
3 3
3 3
3 3
3 3

3 3
3 3
3 3

3 3
3 3

4

4

3 3 3 3 3 3



ÿ þ Ā ăąĀ,þý ăý,þ�Ā
3 3 3 3 3

3 3 3 3
3 3

3 3 3 3
3 3

3 3 3 3
3 3 3

Ąýÿ

Āþÿ ĀþĀ �þ Āþą �þ Āÿþ
[M€]

3 3
3 3

3 3
3 3
3 3
3 3
3 3
3 3
3 3
3 3
3 3
3 3

3 3
3 3
3 3



ÿþÿ
3ĄýĀÿý

3 3

3

Āþÿ = 90
3 Ąýą Āý

3

3

3 3 3

3 3

3

Ąþý



ÿ/
ĎĀ

ĎĀĀþÿ 2 Ā�ÿ ĀþĀ 2 Ā�Ā Āþą 2 Ā�ą ÿ�Ā 2 ÿþĀ

≥60,000 ≥51,000 ≥14,000 ≥530

ąą 
þą Ć



Āþÿ 2 Ā�ÿ ĀþĀ 2 Ā�Ā Āþą 2 Ā�ą ÿ�Ā 2 ÿþĀĄÿÿþąąąþą

ý
1/3. Therefore, a <slightly more importance= level is assigned to one index per time, thus ÿ/,ē 

4 4

4

ý



þą

�Ā



ý
þą þą

�Ā
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ĆĈăþĄă Đ
ĆĈă þĄă





ăă2(Ċā) < ĆĈă ÿÿ2 (Ċā) = ÿÿĂ(Ċā) ăÿĂĂďĐĂÿÿĂ(Ċā) < þĄă < ÿÿ(Ċā) ăă2ăă2(Ċā) < ĆĈă ăă2(Ċā) ÿÿ2 (Ċā) = þĄăÿÿ2 ÿÿ < ÿÿÿĐÿ þĄă < ÿÿĆĈă ÿÿ2
āþ āāĀ

ăď,Ąă (Ċā) = Ăăāď,Ą ∙ ăÿ,Ąă (Ċā)    ∀ Ą ∈ āāĀ , ∀ Ā ∈ āþăďĀ(Ċā) = ÿăāď ∙ ăÿĀ(Ċā)    ∀ Ā ∈ āþĊā ăď,Ąă ĄĀ ăÿ,Ąă Ą Ăăāď,ĄĄ Ā ĀăďĀ ÿăāďĀ ăÿĀ



þđĐ� 2 ăđĐ = 0þđĐ āþ3 āþ3 �āþ3 ăđĐāþ3

āăĉ
āć āČ āăĉ
āăĉ = (ąþ 2 ăþÿ 2Āþ,Ĉ) ∙ (1 + ÿ)āĀ 2 1ÿ(1 + ÿ)āĀ 2 ĄĈÿ

ąþ
ąþ = ∑ ăĄ.Ĉă (Ċā)āÿ

Ċā=1 ∙ ÿÿ2 (Ċā)
ăþÿ

ăþÿ = ∑ ăĄ.Ĉă (Ċā)āÿ
Ċā=1 ∙ þĄă(Ċā)

Āþ,Ĉ ĄĈÿÿ



þÿ



ăď,ĄG,R)(ăÿ,ĄG,R)
Ăăāď,Ĉ = ăď,ĄG,Răÿ,ĄG,R     ∀ Ą ∈ {ăĉ, ĀĄ}, ∀ Ā ∈ āþ

(ăďĀ (ăÿĀ)
ÿăāď = ăďĀăÿĀ     ∀ Ā ∈ āþ

āć



9

zone. The maximum price is 155 €/MWh and only in 65 hours the price is zero. The latter 

’
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ĆĈă þĄă
Ć3ă þ3ă Ć1ă þ1ă
Ćąþ ÿąþ [€/MWh]Ć1ă þ1ăĆ2ă þ2ăĆ3ă þ3ă

ăĈ,Ą



ăĈ,Ą = 1ĆĈă ∑ ăĄ,Ĉă (Ċ)āÿ
Ċā=1       ∀ ĆĈă ∈ Ćąă , ∀ þĄă ∈ þāă

In case of a marginal cost of 50 €/MWh (þ1ă)
ion of three, four, and six times from 50 to 80 €/MWh for 

ÿÿ,ÿ ÿĀþ ÿāþ ÿĂþĆĀþĆāþĆĂþ

he bidding cost 50 €/MWh is 

9 Ć1ăĆ2ă Ć3ă
þĄă  ĆĈă þ1ăĆăĈþăĄĆă3 þă3 Ćă2 þă3) at the peak price, of approximately 113 €/MWh, from hour 





ĆĈă þĄă þ3G



Ć1ă Ć2ă
Ć3ă

Ćÿþ
Ć1ă
Ć2ă
Ć3ă

k€/MW for a combined cycle gas plant 

ÿ āČ
marginal cost 50 €/MWh allow an economic investment profit. In particular, t

Ćÿþ Āÿÿ [M€] ��,� [M€/y] Ć1ăĆ2ăĆ3ă



Ćÿþ ÿÿþ ąÿ [M€/y] ăþÿ[M€/y] þýā [M€]Ć1ă þ1ăĆ1ă þ1ă 3Ć1ă þ1ă 3Ć2ă þ2ăĆ2ă þ2ă 3Ć2ă þ2ă 3Ć3ă þ3ă 3Ć3ă þ3ă 3Ć3ă þ3ă 3





4

4

•

•

•

•



•

•

•

•

•

•

•

•

•



āÿ Ċā = 1,& ,āć

Ćąą(Ċā) =∑(√ÿ ∙ ăĐĀ,Āý(Ċā) + Ā2 2 Ā)āÿ
Đ=1ăĐĀ,Āý ā ÿ Ā

(�ăą)ąăąą(Ċā) = ÿ(Ċā)Ćąą(Ċā) + Ā(Ċā)�ăą(Ċā)�ăą

ćđ  =  ā 24 ∑ ăĀ,Āý(Ċā)24đ
Ċā=1+24(đ21)     ∀ Ă =  1, & ,365

ćþ  =  ∑ ΔăĀ(Ċā)āć+Ċā∈Ωÿ+
Td āĂ Ty ΔăĀĊā Ωć+āć+

|ăĀ,Āý(Ċā) 2 ăĀ,Āý(Ċā+1)| g ćđ     ∀ {Ċā  ∈  [1 + 24 ∙ (Ă 2 1) ÷ 24 ∙ Ă]Ă =  1, & ,365�ăĀ(Ċā) = ăĀ,ąć(Ċā) 2 ăĀ,Āý(Ċā) g ćþ  ∀ Ċā ∈ Ωć+



Ċā Ωą
ćđ �ăĀ Ċā ćþ. �ăą

�ăą(Ċā) = {�ăĀ(Ċā) 2 ćþ    ∀ Ċ ∈ (Ωą + Ωć+)       0              ąĊ/ăĈčÿĉă            
ĆĆąą(Ċā)  =  Ă(Ċā)Ćąą(Ċā)  +  ā(Ċā)ąăąą(Ċā)

ąąą(Ċā) =  3�Ċ(Ċā)�(Ċā) + 3�ăĉ(Ċā)Ā(Ċā) + 3�ÿ(Ċā)Ā(Ċā)+ maxÿ ăÿă(Ċā) ÿ(Ċā)Ċā �Ċ �ăĉ �ÿ

Ċā
minăþ ∑∑ăÿ,ĉă (Ċā) āÿ,ĉāþ

ĉ=1
āÿ
ÿ=1āă āĆ āÿ,ĉăÿ,ĉ ÿ ĉ

∑∑Āÿ,ÿăÿ,ĉă (Ċā)āþ
ĉ=1

āÿ
ÿ=1 ∑ĀĂ,ÿăĂĊÿĒ(Ċā) = ăÿĀ(Ċā)āā

Ă=1      Đ = 1,& ,āč



0 f∑ăÿ,ĉă (Ċā)āþ
ĉ=1 f ÿÿ(Ċā)ăÿă,ăĎý(Ċā)     ÿ = 1,& ,āă

0 f ăÿ,ĉă (Ċā) f ăÿ,ĉă,ăĎý(Ċā)     ÿ = 1, & , āă , ĉ = 1,& ,āĆ
ăĂĂď f ăĂĊÿĒ(Ċā) f ăĂċď     Ă = 1,& ,āą

ăĂĊÿĒĂ ăÿĀĐ Āÿ,ÿ ÿĐ ĀĂ,ÿ ĂĐ Đÿÿ ÿĀĔĀĔ ăÿă,ăĎý ÿăÿ,ĉă,ăĎý ĉ ÿăĂĂď ăĂċď Ă



ăĎą,ăÿĄ ăĎą,ăĎý ăĎĀ,ăÿĄăĎĀ,ăĎý �ăĎą,ĊąĊ  =  ăĎą,ăĎý  2  ăĎą,ăÿĄ�ăĎĀ,ĊąĊ  = ăĎĀ,ăĎý  2  ăĎĀ,ăÿĄ
�ăĎą  =  �ăĎą,ĊąĊāą
�ăĎĀ  =  �ăĎĀ,ĊąĊāÿāą āÿ ÿ

ąÿ,Ď = [ăĎą,ăÿĄ + (ÿ 2 1)�ăĎą ÷ ăĎą,ăÿĄ + ÿ�ăĎą]   ∀ ÿ = 1,& ,āąÿĀ,Ď = [ăĎĀ,ăÿĄ + (Ā 2 1)�ăĎĀ ÷ ăĎĀ,ăÿĄ + Ā�ăĎĀ]   ∀ Ā = 1,& , āÿāÿ,Ā,Ď = {Ċā ∋2 (ăĎą(Ċā) ∈ ąÿ,Ď ∧ ăĎĀ(Ċā) ∈ ÿĀ,Ď)}    ∀ Ċā ∈ ΩćĂ
• ΩćĂ ÿ
• ąÿ,Ď ÿ ÿ
• ÿĀ,Ď Ā ÿ
• āÿ,Ā,Ď ÿ ÿĀ

Ćąąÿ,Ā,a  =  meanāÿ,Ā,Ă (Ćąą(Ċā))    ∀ ÿ, Ā, ÿ



ąăąąÿ,Ā,Ď  =  meanāÿ,Ā,Ă (ąăąą(Ċā))    ∀ ÿ, Ā, ÿĆĆąąÿ,Ā,Ď  =  meanāÿ,Ā,Ă (ĆĆąą(Ċā))    ∀ ÿ, Ā, ÿąąąÿ,Ā,Ď  =  meanāÿ,Ā,Ă (ąąą(Ċā))    ∀ ÿ, Ā, ÿ

ąăąąÿ,Ā,ĎĆĈĒĆĆąąÿ,Ā,ĎĆĈĒ ąąąÿ,Ā,ĎĆĈĒ
3

ăăĀ ăăĀ,Ĉ āą āÿ 3

ÿÿ,Ā,Ď  =  ąăąąÿ,Ā,ĉ
ĈăăĀ,Ĉąăąąÿ,Ā,ĎăĎýăăĀ     ∀ ÿ, Ā, ÿ

Āÿ,Ā,Ď  =  ĆĆąąÿ,Ā,Ď
ĈăăĀ,ĈĆĆąąÿ,Ā,ĎăĎýăăĀ     ∀ ÿ, Ā, ÿ



Ăÿ,Ā,Ď  =  ąąąÿ,Ā,ĉ
ĈăăĀ,Ĉąąąÿ,Ā,ĎăĎýăăĀ     ∀ ÿ, Ā, ÿ

ąăąą̅̅ ̅̅ ̅̅ ̅(Ċā) = ăÿ,Ā,Ďąăąąÿ,Ā,Ď    ∀ Ċā ∈ āÿ,Ā,Ď, ∀ ÿ, Ā, ÿĆĆąą̅̅ ̅̅ ̅̅ ̅(Ċā) = Āÿ,Ā,ĎĆĆąąÿ,Ā,Ď    ∀ Ċā ∈ āÿ,Ā,Ď, ∀ ÿ, Ā, ÿąąą̅̅ ̅̅ ̅̅ (Ċā) = Ăÿ,Ā,Ďąąąÿ,Ā,Ď    ∀ Ċā ∈ āÿ,Ā,Ď, ∀ ÿ, Ā, ÿ

āÿ,Ā,Ď  =  Ćąąÿ,Ā,Ď
ĈăăĀ,ĈĆąąÿ,Ā,aăăĀ     ∀ ÿ, Ā, ÿ

Ćąą̅̅ ̅̅ ̅̅ (Ċā) = āÿ,Ā,ĎĆąąÿ,Ā,Ď    ∀ Ċā ∈ āÿ,Ā,Ď, ∀ ÿ, Ā, ÿĈąą ÿąą Ċā
Ĉąą(Ċā) = Ćąą̅̅ ̅̅ ̅̅ (Ċā) + ąăąą̅̅ ̅̅ ̅̅ ̅(Ċā) + ĆĆąą̅̅ ̅̅ ̅̅ ̅(Ċā) + ąąą̅̅ ̅̅ ̅̅ (Ċā)ÿąą(Ċā) = Ćąą̅̅ ̅̅ ̅̅ (Ċā) + ĆĆąą̅̅ ̅̅ ̅̅ ̅(Ċā) + ąąą̅̅ ̅̅ ̅̅ (Ċā)

•



•

•

•

Ωþ Ā Nþ  Ωă ÿ NăΩÿ Ă NÿΩā Ą NāΩÿĆ ĉ āÿĆ generators9 stepwise bidsΩć Ċ NćΩč Đ Nč
ΩĄ ⊂ Ωă ÿ NĄΩāĀ ⊂ ΩćĄ ÿ NāĀΩą ⊂ Ωă ÿ NąΩćĀ ⊂ ΩćĄ ÿ NćĀΩćĄ ⊂ Ωă ÿ NćĄ



∆ÿĄ,Ċ∆ăĄ,Ċă∆ăĄ,ĊĊþÿĉċ up cost in €þĈĐ curtailment in €/MWhþČąĂĂ: Value of lost load cost in €/MWhÿĄ,ĊĈĊÿÿ,ĊđĎĀÿ,Ċ21ýāď,Ċ0āďăĎýāďăÿĄāĂĂďāĂċďăÿ,ĊĄ,ăĎý c generator9s hourly maximum powerăÿ,ĊđĎăÿ,ĊĈĊăÿ,Ċĉ/ăÿ,Ċĉđăÿ,ĊĉċăÿăĎýăÿăÿĄĆĄ,ďÿÿ,Ċ: Generator9s availabilityāÿ,ĉ,Ċ↑
€/MWh



āÿ,ĉ,Ċ↓
€/MWhāÿ,ĉ: Energy specific cost for each step of each generator in €/MWhāÿ,Ċĉđ down cost in €/MWhāÿ,ĊĉĈ↑ ary Reserve specific cost in €/MWhāÿ,ĊĉĈ↓ Downward Secondary Reserve specific cost in €/MWhāÿ,Ċĉċ up cost in €/MWhăÿ,Ċ Monthly generator9s escalatorāÿÿÿ,ÿăÿÿ,ĂĂĀÿ,Ą∆ăÿ,ĉ,ĊăĎý↑∆ăÿ,ĉ,ĊăĎý↓∆ăÿ,ĉăĎýĆąąĊ
∆ăÿ,ĉ,Ċ↑
∆ăÿ,ĉ,Ċ↓
∆ăÿ,Ċý
ÿĄ,ĊĂĉĀÿ,ĊýāĂ,Ċ



ăÿ,ĉ,Ċ
ăÿ,ĊĀ
ăÿ,ĊĈĐăÿ,ĊĉĈ
ċÿ,Ċ ÿÿ,Ċ = 1 ÿÿ,Ċ = 0
ċÿ,Ċ↑ċÿ,Ċ↓ċÿ,Ċĉđċÿ,ĊĉĈċÿ,Ċĉċ∆āď,Ċ

āč āăāÿ

Ċ ∈ Ωć āć
minăÿ,Ā,ā ∑ ∑ āÿ,ĉăÿ,ĉ,Ċĉ∈Ωþÿÿ∈ΩÿĀ

ăÿ,ĊĀ = ∑ ăÿ,ĉ,Ċĉ∈Ωþÿ     ∀ ÿ ∈ ΩćĄ



0 f ăÿ,ĉ,Ċ f ∆ăÿ,ĉ,ĊăĎý    ∀ÿ ∈ ΩćĄ, ∀ĉ ∈ ΩiĆ0 f ăÿ,ĊĀ f ăÿ,ĊăĎýÿÿ,Ċ    ∀ÿ ∈ ΩćĄ0 f ăÿ,ĊĀ f ăÿ,ĊđĎ    ∀ÿ ∈ Ωą0 f ăÿ,ĊĀ f ăÿ,ĊĄ,ăĎý    ∀ÿ ∈ ΩĄ∑ ăÿ,ĊĀÿ∈Ωÿ 2 ∑ ÿÿ,ĊđĎÿ∈Ωā = 0
∑ ÿÿ,ÿă ăÿ,ĊĀÿ∈Ωÿ 2 ∑ ÿÿ,ĂĂ  āĂ,Ċ = ÿÿ,ĊđĎĂ∈Ω�     ∀Đ ∈ Ωč
āĂĂď f āĂ,Ċ f āĂċď    ∀Ă ∈ Ωÿ

∆ăÿ,ĉ,ĊăĎýăÿ,ĊĀýċ ÿ
ăÿ,ĊăĎý = ăÿăĎý  ăÿ,Ċ∆ăÿ,ĉ,ĊăĎý = ∆ăÿ,ĉăĎý ăÿ,Ċ



Ċ
• ăÿ,Ċĉċ = ăÿĄ{ăÿ,ĊăÿĄ,  ăÿ,ĊăÿĄ 2  ăÿ,ĊĀ }+  ∀ ÿ ∈ ΩćĀþÿ,Ċĉċ = þÿĉċ(1 2 ċÿ,Ċ21) +  ăÿ,Ċĉċ āÿ,Ċĉċ  ∀ ÿ ∈ ΩćĀ

ăÿ,ĊăÿĄ = ăÿăÿĄ ăÿ,Ċ āÿ,Ċĉċ = ÿČą(āÿ,ĉ)ąĊĉċ

þÿĉċ āÿ,Ċĉċ ăÿ,Ċĉċ
ąĊĉċ

• ăÿ,Ċĉđ = ăÿĄ{ăÿ,ĊăÿĄ,  ăÿ,ĊĀ }+    ∀ ÿ ∈ ΩćĀþÿ,Ċĉđ = ăÿ,Ċĉđ ∙ ÿČą(āÿ,ĉ)ąĊĉđ  ∀ ÿ ∈ ΩćĀ
ąĊĉđ

•∆ăÿ,ĉ,ĊăĎý↑ = ăÿĄ{∆ăÿ,ĊĉĊ, ăÿ,ĊăĎý 2 (ĉ ∆ăÿ,ĊĉĊ +  ăÿ,ĊĀ )}    ∀ ÿ ∈ ΩćĀ , ΩĄ, ĉ = 1, & ,āÿĉ↑āÿ,ĉ,Ċ↑ = ąĉ,Ċ↑ āÿ,ĉ↑     ∀ÿ ∈ ΩćĀ , ΩĄ, ĉ = 1,& ,āÿ,Ċĉ↑ , ĉ↑ = āÿ,ĊĆ↑ , & , āÿĆ



∆ăÿ,ĊĉĊ = 1āÿĆ (ăÿ,ĊăĎý 2 ăÿ,ĊăÿĄ)
āÿ,ĊĆ↑ = +ăÿ,ĊăĎý 2  ăÿ,ĊĀ∆ăÿ,ĊĉĊ ,

∆ăÿ,ĉ,ĊăĎý↑∆ăÿ,ĊĉĊ ∆ăÿ,ĊĉĊāÿĆ āÿĉ↑
āÿ,ĉ,Ċ↑ ąĉ,Ċ↑āÿ,ĉ↑

•∆ăÿ,ĉ,ĊăĎý↓ = ăÿĄ{∆ăÿ,ĊĉĊ,  ăÿ,ĊĀ 2 ĉ ∆ăÿ,ĊĉĊ 2 ăÿ,ĊăÿĄ}    ∀ ÿ ∈ ΩćĀ , ΩĄ , ĉ = 1,& ,āÿ,ĊĆ↓āÿ,ĉ,Ċ↓ = ąĉ,Ċ↓ āÿ,ĉ↓     ∀ÿ ∈ ΩćĀ , ΩĄ , ĉ = 1,& ,āÿ,ĊĆ↓ , ĉ↓ = āÿ,ĊĆ↓ , & ,1
āÿ,ĊĆ↓ = + ăÿ,ĊĀ 2 ăÿ,ĊăÿĄ∆ăÿ,ĊĉĊ ,

∆ăÿ,ĉ,ĊăĎý↓∆ăÿ,ĊĉĊāÿ,ĉ,Ċ↓ ąĉ,Ċ↓āÿ,ĉ↓ āÿ,ĊĆ↓
• ăÿ,Ċĉ/ = āĉĈ ăÿ,ĊăĎý  ∀ ÿ ∈ ΩćĀāÿ,ĊĉĈ↑ = ąĊĉĈ↑ÿČą(āÿ,ĉ)  ∀ ÿ ∈ ΩćĀāÿ,ĊĉĈ↓ = ąĊĉĈ↓ÿČą(āÿ,ĉ)  ∀ ÿ ∈ ΩćĀ

the SR power bid is the generator9s secondary reserve halfāĉĈ ăÿ,ĊăĎý





∆ăÿ,ĊĉĊăÿ,ĊĀýċ

āā āþĊ
þđĐ�Ċ 2 ăĊđĐ = 0þđĐ āā3 āā3 �āā3 ăđĐāþ3

āÿ,ĊĆ↓ = + ăÿ,ĊĀ 2 ăÿ,ĊăÿĄ∆ăÿ,ĊĉĊ ,



Ċ ∈ Ωćmin[þĊ↑ 2 þĊ↓ + þĊĆĈ 2 þĊĆĀ + þĊĆą + þĊÿĆ + þĊąÿ]

þĊ↑ = ∑ ∑āÿ,ĉ,Ċ↑  ∆ăÿ,ĉ,Ċ↑āÿ,āþ↑
ĉ=1ÿ∈ΩÿĀ,ΩĀ

þĊ↓ = ∑ ∑āÿ,ĉ,Ċ↓  ∆ăÿ,ĉ,Ċ↓āÿ,āþ↓
ĉ=1ÿ∈ΩÿĀ,ΩĀþĊĆĈ = ∑ þÿ,Ċĉċ  ċÿ,Ċĉċÿ∈ΩÿĀþĊĆĀ = ∑ þÿ,Ċĉđ  ċÿ,Ċĉđÿ∈ΩÿĀþÿ,ĊĆą = ∑ (āÿ,ĊĉĈ↑ 2 āÿ,ĊĉĈ↓)ăÿ,ĊĉĈÿ∈ΩÿĀþĊÿĆ = ∑ þČąĂĂĄ∈Ω� ÿĄ,ĊĂĉ

þĊąÿ = ∑ þĈĐÿ∈Ωý ăÿ,ĊĈĐ
3



∆ăÿ,ĉ,Ċ↓ 2 ∆ăÿ,ĉ,ĊăĎý↓ċÿ,Ċ↓ f 0    ĉ = 1,& ,āÿ,ĊĆ↓∆ăÿ,ĉ,Ċ↑ 2 ∆ăÿ,ĉ,ĊăĎý↑ċÿ,Ċ↑ f 0    ĉ = 1,& ,āÿ,ĊĆ↑ċÿ,Ċ↑ + ċÿ,Ċ↓ f 1
ÿ ∈ ΩćĀ

∆ăÿ,Ċý 2∑∆ăÿ,ĉ,Ċ↑āÿ,āþ↑
ĉ=1 +∑ ∆ăÿ,ĉ,Ċ↓āÿ,āþ↓

ĉ=1 2 ăÿ,Ċĉċċÿ,Ċĉċ + ăÿ,Ċĉđċÿ,Ċĉđ = 0
ăÿ,ĊăÿĄċÿ,Ċ 2 ∆ăÿ,Ċý + ăÿ,Ċĉ/ċÿ,ĊĉĈ f ăÿ,ĊĀăÿ,ĊăĎýċÿ,Ċ 2 ∆ăÿ,Ċý 2 ăÿ,Ċĉ/ċÿ,ĊĉĈ g ăÿ,ĊĀ   , ∀ÿ ∈ ΩćĀ
ċÿ,Ċ 2 ăÿ,ĊĀ + ∆ăÿ,Ċý    ăÿ,ĊăĎý g 0
ċÿ,Ċ = 0  if  ÿÿ,Ċ = 0ċÿ,Ċ 2 ċÿ,Ċ↑ g 0ċÿ,Ċ 2 ċÿ,Ċĉċ g 0ċÿ,Ċ + ċÿ,Ċĉđ f 1ċÿ,Ċĉċ 2 ċÿ,Ċ↑ g 0    if ăÿ,ĊĀ < ăÿ,ĊăÿĄċÿ,Ċĉċ = 0      if ăÿ,ĊĀ g ăÿ,ĊăÿĄċÿ,Ċĉċ + ċÿ,Ċĉđ = 1    if 0 <  ăÿ,ĊĀ < ăÿ,ĊăÿĄ
∑∆ăÿ,ĉ,Ċ↓āÿ,āþ↓
ĉ=1 2∑∆ăÿ,ĉ,ĊăĎý↓āÿ,āþ↓

ĉ=1 ċÿ,Ċĉđ g 0    if ăÿ,ĊĀ > ăÿ,ĊăÿĄ
ċÿ,Ċ 2 ċÿ,ĊĉĈ g 0



ăÿ,ĊĉĈ 2 ăÿ,Ċĉ/  ċÿ,ĊĉĈ f 0
∑ ăÿ,ĊĉĈÿ∈ΩÿĀ g ĆąąĊ

ĆąąĊÿ ∈ ΩĄ
∆ăÿ,Ċý 2∑∆ăÿ,ĉ,Ċ↑āÿ,āþ↑

ĉ=1 +∑ ∆ăÿ,ĉ,Ċ↓āÿ,āþ↓
ĉ=1 = 0

Āÿ,Ċý 2 Āÿ,Ċ21ý + �∆ăÿ,Ċý = 02�ăÿ,ĊĀ f �∆ăÿ,Ċý f ăÿĄ {�(ăÿăĎý 2 ăÿ,ĊĀ ), Āÿ,Ċ21ý }

�
Āÿ,đĀ



Āÿ,Ċ21ý

Āÿ,Ċ21ý = ∑ Āÿ,đ̂Āđ
đ̂=1 2 ∑ �ăÿ,Ċ̂ĀĊ

Ċ̂=1 2 ∑ �∆ăÿ,Ċ̂ýĊ21
Ċ̂=1     ∀ Ċ ∈ Ωć , Ă =  1, & ,āĀ

āĀ

Āÿ,Ċ21ý = ∑ Āÿ,đ̂Āđ
đ̂=1 2 ∑ �ăÿ,Ċ̂ĀĊ

Ċ̂=1 2 ∑ �∆ăÿ,Ċ̂ýĊ21
Ċ̂=1     ∀ Ċ ∈ Ωć , Ă =  1, & ,āĀ

āĄ
0 f ăÿ,ĊĈĐ f ăÿ,ĊĈĊ       , ∀ ÿ ∈ Ωą 0 f ÿĄ,ĊĂĉ f āÿÿĄ,ĊĈĊ       , ∀ Ą ∈ Ωā

∑ [ăÿ,ĊĀ + ∆ăÿ,Ċý ]ÿ∈{ΩÿĀ,ΩĀ} + ∑ ăÿ,ĊĀÿ∈Ω�Ā + ∑[ăÿ,ĊĈĊ 2 ăÿ,ĊĈĐ]ÿ∈Ωý 2∑[ÿĄ,ĊĈĊ 2 ÿĄ,ĊĂĉ ]Ą∈Ωā = 0
āďăÿĄ f āď,Ċ0 + ∆āď,Ċ f āďăĎý    ∀Ā ∈ Ωþ

∆āď,Ċ = ∑ ĆĄ,ď ( ∑ Āÿ,Ą∆ăÿ,Ċýÿ∈{ΩÿĀ,ΩĀ}  + ∆ăĄ,ĊĊ + ∆ăĄ,Ċă 2 ∆ÿĄ,Ċÿ + ÿĄ,ĊĂđ  Ą∈Ω� 2 ∑ Āÿ,Ąăÿ,ĊĈĐÿ∈Ωý )    ∀Ā ∈ Ωþ



9



3



3 3







3 ÿ āą āÿ ąÿ,ĎÿĀ,Ď ÿ Ā = 1, …, 10. On ą1 ÿ1



āÿ,Ā,Ď
R1 R2 3

3

L5 L6 L7

ą1 ÿ1
ăÿą,þÿÿ ăÿą,þÿþ �ăÿą ăÿĀ,þÿÿ ăÿĀ,þÿþ �ăÿĀ

ā

R10 R1



�ăą

ÿ1 ÿ10
ā �ăą

ÿ8 ą6 ÿ2 ą5ā �ăą
�ăąā āā ā



ÿ1ÿ10



�ăą ā



3

3



ÿ8 ą9ÿ10 ą6 ÿ9 ą10
ÿ1 ą2 ÿ1 ą1



ăĎą,ăĎý ăĎĀ,ăĎý

3

3

ăÿą,þÿÿ ăÿą,þÿþ �ăÿą ăÿĀ,þÿÿ ăÿĀ,þÿþ �ăÿĀ



āÿ,Ā,Ď
ÿ5 ą1 ÿ4 ą9

ÿ5 ą10 ÿ6 ą3 ÿ2 ą8ÿ2 ą2 ą1 ą4ÿ6 ą9 ÿ6 ą2
āÿ,Ā,Ď



3 ÿ4 ą9 ÿ3 ą10ÿ5 ą10 ÿ6 ą10ÿ7 ą1 ÿ6 ą3ÿ5 ą2 ÿ6 ą2
ÿ10 ą7

ÿ6 ą10 ÿ10 ą9ÿ7 ą2

ÿ4 ą9ÿ4 ą8 ÿ8 ą7 ÿ4 ą9ÿ3 ą4 ÿ1 ą4ÿ2 ą4 ÿ1 ą4





āÿ,Ā,Ď



ÿÿ,Ā,Ď

�ÿ,Ā,Ď �ÿ,Ā,Ď

Ăÿ,Ā,Ď Ăÿ,Ā,Ď
Ăÿ,Ā,Ď



ăĔ,ĊĀýĀ



−





ST technologies are the most affordable ones, except for <ST Other=, therefore they are 





9

<virtual zone= 

9





āÿ1Ċā ăĆă,ĔĊ ăĆă,ĉĊ

{  
  ăĆă,ĔĊ(Ċā) = ăĆă(Ċā) ĆĆā,ĔĊĆĆā,ĔĊ + ĆĆā,ĉĊăĆă,ĉĊ(Ċā) = ăĆă(Ċā) ĆĆā,ĉĊĆĆā,ĔĊ + ĆĆā,ĉĊ       Ć = 1,& ,ā

ÿ1

ăĆă Ć ăĆĆā,ĔĊ ĆĆā,ĉĊ Ć

ăćă,ăĎýcos(ÿā)
āÿ2 Ċā



{   
  
   ăćă,ĔĊ1(Ċā) = ăć

ă(Ċā) Ććā,ĔĊĆćā,ĔĊ + Ććā,ĉĊ2ăćă,ĔĊ2(Ċā) = 0
ăćă,ĉĊ(Ċā) = ăćă(Ċā) Ććā,ĉĊ2Ććā,ĔĊ + Ććā,ĉĊ2

 ć = 1, & , āÿ2 ∧ ăćă(Ċā) f ăćă,ăĎý

{   
   ăćă,ĔĊ1(Ċā) = ăćă(Ċā) Ććā,ĔĊ2Ććā,ĔĊ + Ććā,ĉĊăćă,ĔĊ2(Ċā) = ăćă,ĔĊ1(Ċā)ăćă,ĉĊ(Ċā) = ăćă(Ċā) Ććā,ĉĊ2Ććā,ĔĊ + Ććā,ĉĊ

 ć = 1,& ,āÿ2 ∧ ăćă(Ċā) > ăćă,ăĎý
ăćă,ăĎý = cos(ÿā) (2 Ććā,ĔĊ + Ććā,ĉĊ)Ććā,ĉĊ

Ċā āĄ ā/ă/
ā/ăĎý(Ċā) = -ă/ă(Ċā)ă/ă,ăĎý .     / = 1,& ,āĄ

ă/,ąă (Ċā) = ă/ă,ăĎý    ą = 1, & ,ā/ăĎý(Ċā)  ∧   / = 1,& ,āĄÿĄ ā/ăĎý(Ċā) < ā/ăă/,ąă (Ċā) = ă/ă(Ċā) 2 ā/ăĎý(Ċā)ă/ă,ăĎý    ą = ā/ăĎý(Ċā) + 1 ∧ / = 1,& ,āĄ
ÿĄ ā/ăĎý(Ċā) + 1 < ā/ăă/,ąă (Ċā) = 0    ą = ā/ăĎý(Ċā) + 2, & , ā/ă ∧ / = 1,& ,āĄ



ā/ăĎý Ċā ă/ă,ăĎýā/ăĎý(Ċā)ā/ăĎý(Ċā) + 1 /

3



ΩčăÿăĄ,ăăÿă,ă Đ
ăÿăĄ,ă(Ċā) = ăÿă,ă(Ċā) 2 ∑ ăÿ,ÿă,ăāÿ,��

ÿ=1 (Ċā)    ∀ Đ ∈ Ωč
) is split from the rest of the equivalent generation (EQ) exploiting the <bell

shaped= daily ăÿăĄ,ă



ăĈ,ĄăĄ,ă(Ċā) = ăĄ,ÿăĄ,ă(Ċā) ăĄ,ĈăĎý∑ ăĄ,ĈăĎýĈ∈Ω�ý      Ą ∈ {ĆĂ, ĀĄ}, ∀ Ĉ ∈ Ωzą , ∀ Đ ∈ Ωč
Ωzą Đ ăĄ,ĈăĎýĄ Ĉ ăĈ,ĄăĄ,ăĄ Ĉ

9

ΩĈþ ⊂ ΩþĂăāď,Ą)ăď,ĄăĄ,ă(Ċā) = ăĈ,ĄăĄ,ă(Ċā) Ăăāď,Ą     ∀ Ā ∈ ΩĈþ, ∀ Ĉ ∈ Ωą , Ą ∈ {ĆĂ, ĀĄ}Ωą Ăăāď,Ĉ,Ą ĀĄ Ăăāď,Ą
∑Ăăāď,Ąāÿþ
ď=1 = 1  ∀ Ĉ ∈ Ωą , Ą ∈ {ĆĂ, ĀĄ}

Ċāă ăĈĀ,ă 9

ăĈĀ,ă(Ċā) = ăÿĀ,ă(Ċā) ĀĈĀ∑ ĀĈĀĈ∈Ω�ý      ∀ Ĉ ∈ Ωzą , ∀ Đ ∈ Ωč



ĀĈĀ Ĉ ăÿĀ,ăă ĀĎĀ Ωą
ăĎĀ,ă(Ċā) = ăĈĀ,ă(Ċā) ĀĎĀ∑ ĀĎĀĎ∈Ωÿý      ∀ ÿ ∈ ΩĈý, ∀ Ĉ ∈ Ωą

ΩĈý Ĉÿăāď,ĎăďĀ,ă(Ċā) = ăĎĀ,ă(Ċā) ÿăāď,Ď     ∀ Ā ∈ ΩĎþ, ∀ ÿ ∈ ΩĈý, ∀ Ĉ ∈ ΩąΩĎþ (ΩĎþ ⊂ ΩĈþ ⊂ Ωþ)
ĄďĀ,ă ĄďĀ,ă(Ċā) = ăďĀ,ă(Ċā) Ċą(ÿď)      Ā = 1,& ,āþ

9

ĉā





Sorgenia9s

āýă(Ċā) = āā,ă(Ċā) Ćą�Ă∑ Ćą�Ăý∈Ωÿ     ∀ Ď ∈ Ωċ
Ωċ āýă Ďă Ćą�ĂĎ





9

9

9

9



þÿ







9

4 4
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•

9

9

•



9

9



9





9

9







�ă(Ċā) ăÿă,ăĉ(Ċā)ÿ Ċā = 17, …, 24

ă′ÿă,ăĉ(Ċā) = ăÿă,ăĉ(Ċā) + ăĀąđă (Ċā)āă(Ċā)     ∀ ÿ ∈ �ă(Ċā) ⋀ ăÿă,ăĉ(Ċā) < ăÿă,ăĎýăĀąđă āăăÿă,ăĎý Ċā



generators9 
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9
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