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Abstract 

With changes in the competitive structure of the electric energy market and the development of 

distributed generation resources and demand response loads, virtual power plant bidding has 

become one of the key topics. This paper investigates a probabilistic decision-making model for 

optimizing virtual power plant bidding in the day-ahead market, considering the participation of 

demand response loads in intra-day markets. The proposed model includes a three-stage 

programming approach for the simultaneous management of energy and reserve capacity and 

evaluates the impact of demand response load exchanges in intra-day markets on improving the 

plant’s profit while considering risk tolerance. In the proposed model, the participation of the virtual 

power plant in both the energy market and the intra-day market is modeled in detail using an 

innovative method based on the stochastic dual dynamic programming (SDDP) approach. The study 

examines the effect of participation in the intra-day market on changing the virtual power plant’s 

behavior and reducing imbalances caused by production forecast errors. The results show that 

participation in the intra-day market can increase the virtual power plant’s profit by up to 2.5% and 

improve risk management by 2.7%.  
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K� �0f�. �K� 5�#
K�= �,#
K�6.
K
 S� �KKK% 
K
 �
K� �
K.S �# ��0=

�# 5��;�� �
�. ��S
��. ���
	. )�
 �S�� �S
Q. �
9���
 5R����
�� .1��

 �� #��# �=
���KK7 = P
b=� �� S
�
 ��3�. �KK�  �#�. W� 
� �# �KK2 �
�

��3�. �K�  �M#
K7 = �1. �� �� 5�1. R�� ��� ��3�. �# .#0K%  �1. ��

��3�.»��K	 �! 1�
� �S
Q. �
9���
 5�K� � I0K� 0. «1�� S�� � �� #0U #


���UP ��S
K�  � 1K� � S�� �>�
� ��S
K�  �# R��j�� .1K� # �K8 ��� �
KU �$ �

 �.

�� � �#�� X3 �=���3 �
�13�� ���� �� m�K7 b= ��JK2 . � RK% ��

�V �#0� F0.
U �S
� ���� 
�24  R���= �� �� N�! �6�
�.1��  

��3�.» 
� I�# ��3�. �#�
�. ��S��« S� N�! ��
KKK�  W� 
= 5

�f`,#
a. ��
� �, �# .1�# �8��� �� #0U �3iKK� � L�#
��KK	 �! 1�
� �>

 �#0� F0.
U 
� RKK% �� � �#0� mbKK	 . 1�� S�� ��S
� ���; �f`, R��

�=���3 �
�13�� �. t�M 5R��j�� .�K�� �1K% R���= )�
 �# �� #0K%

 .��� �1% mb	. ��-; L�0K� �� )�
 �#
� 13�� �@��U ��3�. R��

 �S
Q. �
9���
 �-���K%  R��$ �# S� �
� ��0AbK� 
! L
.1U 1��U ����

�. I�1K; � �S�� �
K� . ��S
K�  o��Y L
K. 1KU  ��1KB . �
K3  R�� 
K�  .1K� �

S
K� o��Y S� R�._K= XK�
K; �
K� ��0AbKKK� 
K! �K��-; I1K� 
K� �S�� �
K�. ��

����� �1. W� o��Y S� �$ �9� .�KK2 �
 ��-; � �#0� ����� �# �S
KK�

�. Fi= �`-K� F��M ��K�  �# ���A���Q= �
6M� #0K% R��b= ��S
�


.1U ��1B. � #0K% �#SN�! �1K% R�._= �
� ��0AbK�
! L 
� 5##�9 ����

N�! R�� �
3 R���. ����.1%
� 
-U 
� ����� 1
�0=  

      ��3�.» �� 5I0KK�  ��3�. �# ��
�
 �#�
.S � �1�.

 «��;��

�. �� X�
�= �� �� �
� ��0AbKK� 
! L
.1U S� �
�)�. ���A���Q= 5#0KK%

1K
��# F��M �#�� Ii�� ��)�. 5�#
K� 1K3�� 1K� ,0= ��)�. �K� �K@0= 
K� .1K
 �

 �S
Q. �
9���
 5��S
� ���; � �1KKK%  ���1��U �
� ��0AbKKK� 
! L
.1U

 1�
� >�
% 5�=���3 �
�13�� �@��U "�f�= o��Y S� �� #0U �#
�= 1�;

���UP >�
KK% # ��f`, ��S
� �# F��M � 1��U R��j�� � S
KK� ���;�� ��

 .1K� ��K� 3�. R��  S� �,
KU F��M � 1K� �U �K� �; � �#0� �K� �-; I1K�

�
K.S ��S
K� �# �>�
� dK�=�= �K� � I0��. )�
 ��;��1/1  �9/0  �K��; �����

 S�� ��S
��. t�M 1��"��KK7 = 1��V�M .1
#�9 �#
��KK	 �! �1. �# ���9

 X<% �#1 .��� �1% �#�# N�
�
 

٣ - ��	�	���� ���� �������� � 
� [0�4 ��

 �
\J	SDDP  

J2. ���. �� �#
��	�!�.

�� ��J2. W� L�0� �� ��0= �)��

��3�. �� �M#
7=�0.�M ��.#�� �1��  �
���n6. R�� �# ���-; I1�

 �f
 �# R��
! g-� ���A�S
� C�
! � ��S
� ���; 5�#
� 1�,0= 5��J2.

�1% �6M�9.1
�   

 ��J2. u�6b. X�]# �� ��J2. R�� �V X3 �� �#0� �1�j�! ��

A�3 k�0= 1�

. 1��=�1; �
��CPLEX  �Gurobi  �@�0. N,
$ 
� )�


�. �� ��J2. R�� �]
� �91�j�! X�]# .���iU ��S #��0. �# ��0= ��
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:#0�
 

•  �f
 �# �0f�. �� S
�
 #�0. �
�0��
�� �]
� #�1�=

5��J2. ���-; I1� �
��6.��
! I
�= o�;# R6M�9

•  �# "� 5g�`� #1� �
���n6. #�1�= �! �0z3

.-� �# �1. �# "� � �=���3 �
�13�� �
���n6 �`

�
�. ��S
�5�S�� 

•  �� ��J2. W�<�= S� O

. �� �1�j�! �
���n6. #0@�

�. 50��
�� {
�� �� �
h. ��0�� �� 5�6<$0� ��)@�-

51�� S�� ��3�. �
���n6. 1�

. 51
0%

•  �
�1�; #0@� ��
�
 �#��! �� �1�j�! �

.S �
�

�.

�� ��J2. �� �)��A�1<� ���. ka=�. � 1�

. 51���

���UP �# �1% ���UP �>�
� 1�; |�
 �h��13 
� S
�

.�=���3 �
�13�� �@��U N�
� � N��)M� 

C�� ]"�: ��� 	 �������  �,� ���� ������

��� ��3�.
I�# ��3�.

�� ��3�. �� �M#
7= ��J2.

�@��U

•  �� ����� #
��	�!

���S
�

•  m�7b= ��J2. C�
!
 �=���3 �
�13��

 L
���7=
 �� }0��.

�� �f`, ��S
�

•  �� �#
��	�! ���;
 ��S
�IDRX

•  ��S
� �# L]#
a.
��;�� �
.S

...

I0� ��3�.

 L
���7=
 �� }0��.

 ��S
�
�S�� �
�.

 L
���7=
 �� }0��.

1�� S�� ��S
�

]"� $����: ������ ���� �,� 2�A 1 �� 1

��J2. ��-; W= ��3�. ��

 ����� �� _,��	 6�A�AB1IDRX �@��U 
 �8��� ��)�.DR  ����

 ���; 
� �c
�6. F��M
 k�0= �1% #
��	�!

 ��S
� �# ��1��UIDRX

•  �@��U "�f�=
�=���3 �
�13��

]"� $����: ������ ���� �,� 2�A 1 �� 2

��J2. ��-; W= ��3�. ��

 ����� �� _,��	 6�A�AB1IDRX �@��U 
 �8��� ��)�.DR  ����

 ���; 
� �c
�6. F��M
 k�0= �1% #
��	�!

 ��S
� �# ��1��UIDRX

]"� $����: ������ ���� �,� 2�A 1 �� n

��J2. ��-; W= ��3�. ��

 ����� �� _,��	 6�A�AB1IDRX �@��U 
 �8��� ��)�.DR  ����

 ���; 
� �c
�6. F��M
 k�0= �1% #
��	�!

 ��S
� �# ��1��UIDRX

 X<%1 �1. �`-� �# �
6U
� S� �<�=
�% :�#
��	�! 

�91K�j�! �� �1K.V o8
KM �����K�JKKK2 . �]
K� �
K� N�! R�� �# ��

�,
B.  F�� S�SDDP  �
���n6. �S
K� #�SV 
� �� �K� � �1K%  �#
�6K� �

��JKK2 .��S �� �� ��JKK2 . ��06� �1�j�! .#�� "�KK2 B= �6<$0� �
� F��

SDDP �K.
K
�� XK8 
KKK2 . XK3 ���� ~
KU �0Y �K��K�3�. 1K�$ �)�� ��

 F�� S� �M#
KK7 =��3�.1�$ S�1�� ��)Q= .�KK� � �#�� �1�! ��KK� 0= ��

M#
KKK7 = t�M �KU�# �3��Y R��j�� � �K�JKKK2 . �#0� � 
K� 0��
K�KKK�

�. daK�  ~
U ��
6U
K� F�� #0K%SDDP  S�1�� ��)Q= �� �aK2 


��3�. 1�$O��� ��
�
 CK�
! �� ����A�� �# ������� � �= .1�� X�� �=

 F�� �#SDDP � �� I�# X8
KK2 . #��� ���-; I1���JKK2 .��S) 1� (
�

�.�K�0�Q. 
K� �K�JKKK2 .��S �� � #0KKK% S� ��JKKK2 .��S�K� XK�6`. �
K�

�. �91��
�
 #0U �� m6b. /0;� �
�63� W� ����# W� �� �� #0KK%

��JKK2 .��S R��b= �0f�. �� .1�6KK2 � �
���n6. �KK: 
�� 1�.� 5��� �

��JK2 .��S �� �
9�# 1�,0= ���� ��
�
 �# � �1K%  �aK� 
`. X�6`. �
�

�� F���V �A�� �
S� /0�Q. S� S�1�
K%#�1U� �
�63� 
� dK� 
�6. 
� 

�. �#
K� 6KKK� �F�� R�� .##�9 �KKK: 
K� � 1K� .� S� ����b= S�1K� � �
K�

��JKK2 .��S�. �KK� # �� �� 
����� 5��
�
 �# .1��# �� R��
! � ]
� �
�

���� R�� �:
�� 1�.� 5O;�� �# 5"6��0A,� 1����M �Y �# �1.V �K�# � 5
�


 ��
�
 CK� 
! #�0. �# .#0� 1��0U ��JK2 . ����� CK� 
! �K: 
�� 1�.� )�

SDDP ���� �KK: 
�� 1�.� ��#
B. �1KK%  W�#)
 S� �! )�
 � ]
� �
�

�. u;06. ���<= "6��0A,� R��
!.#0%  

�� ��J2. X3 ������3�.� �� ��3�. �� ��� IS] �#
��	�! �

R��� �,#
�. d,
; �# �

9�1@ L�0�8 L�0� .#0% �1�� S�� ��J2. ����

:�%�# "���0U 1�� 

)1( max �� ����� 	
�,�
�	��
��,�,��+ �
�,����� + ��,�,��
���
�,�
����������+ �
�,����� + ��,�,��
���
�,�
����������
− ���−��,��  +	!"��  #�,��  + !$��  %�,��  &� '(
+ )*���
� , ������, ������, ��,��  , #�,��  , %�,��  , !, !+&,

∑ �.���/01�*.2* ≥ UT�#�� )2 (  s.t 

∑ (1 − �.�)��901�*.2* ≥ DT�%�� )3 (  

#�� − %�� = ��� − ���*� 	; 		#�� + %�� ≤ 1  )4 (
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������ ≤ ∑ ���� UR 	� + ∑ ?@A	A )5 (  

������ ≤ ∑ ���� DR 	� + ∑ ?$A	A )6   ( 	
 �V �# ����  ���+  �0��
�� /0;� �
�63� d�=�= ��B ∈ !  � B′ ∈ !′  R��j�� �)*  R��� �,#
�. �# ��� ��3�. ���� �1��V #0� O�
=

�J2. .����
�. �:#0� 1��0U ��S L�0� �� �S�� 

)7(  −
�,�
� + 
̅F,G,�,�
� + HF,G,�,�IJ − HF,G,�,�KJ = 0 

)8(  0 ≤ �F,G,�,�
� ≤ �MF,G,�,�
�
)9(  HF,G,�,�IJ ≤ ?NF,G,�,�
�,IJ

)10(  �F,G,�,�
� − �MF,G,�,�
� ≤ ?(1 − NF,G,�,�
�,IJ)
)11(  HF,G,�,�KJ ≤ ?NF,G,�,�
�,KJ

)11(  
�F,G,�,�
� ≤ ?(1 − NF,G,�,�
�,KJ)

)12(  
HF,G,�,�KJ 	, HF,G,�,�IJ ≥ 0 

��,�O
� = ��
�
)13   (  ��,�O���� = ������
)14   (  ��,�O���� = ������

)15   (  ��,�,�O�  = ��,��   

)16  (  #�,�,�O�  = #�,��   

)17   (  %�,�,�O�  = %�,��   

 �V �# ��)P  R��� �,#
�. �# I�# ��3�. ���� �1��V #0� O�
=

 R��j�� .�����,�O
�5��,�O���� 5��,�O���� ��,�,�O�   5#�,�,�O�    �%�,�,�O�   

��3�. �
���n6. 
� �c
�6. �6�0�! �
���n6.  �$ �9� .1�62� 1�� S��

 �
���n6.��,�,�O�   5#�,�,�O�    �%�,�,�O�    S� R�� 
� 51
� �1% u���= �6�0�! /0


�-��� �� �
3 #0�; �)15 ( 
=)17 ( P
b=� ����
� ���#
B. ���0��

�� #0@� R��j�� .#�� 1���0U � 
���n6. R) #0�;12) 
= (17(  ����

 g�`� #�<���SDDP ����:  ��� �6<
 R�� S� �%

 ��J2. R�� .���

��
! ��0�� �� S�1�� ��)Q= F�� �� F�� ���� �SDDP  R��b= ��

�.

�� �1�� X3��. ��J2. X3 �
zMF�� o��Y S� �)�� S�1�� �
�

 ��� ��1B. �-���% �# 
��= "�. R�� .��� ��06�� I
�= X3 �
zM ��

��J2.��S. 
�XB62  �#
�6�� ��� .1%
� Xa; X3��. "��7= �
���n6. S�

F�� 1�,0= �# ��J2.��S #0U �
@ �� ��J2.��S �
9�# S� )�
 S�1�� �
�

 S� XB62. �
9�# ��J2. X3 �
zM �� ��� X�,# R��� S� �%



 #0�; #0@� I1� .��� Xa; ��3�. "��7= �
���n6.)12) 
= (17 ( d@0.

F�� 1% 1��0U� S�1�� �
��� �1% �M
: �
�. ��3�. ��J2. �%

 �S��

��J2. �
9�# X3 S� �
.S��3�. "��7= �
���n6. X.
% ��;�� S�� �

 "6��0A,� g�`� #�<��� X<	. R�� �� 1%
� 1��SDDP �. X6b. �� -

�.1� 

��J2. ��
�
 �#��3�. ��
.S �:#0� 1��0U ��S L�0� �� ��;�� 

)18( QRS T� ����+ U−���,V,�,�,���  
�,V�  �,V�,�,�+ + 
�,�,��W ��,�,��W
− 
�,�,�� ��,�,�� 

+ 
PX,�
� YPX,�,��WZ [\
)19( −���,V,�,�,�+�  

�,V
−���A,�,�,��J,
 − �A,�,�,��J,� �A+ ��,�,��W − ��,�,�� 
≤���	�  ��,�,�O�  

�
− ��,�O
�

−���],�,�^_`G&]+��F,�,�
�
F+ ��,�,��
�����,�O����− ��,�,��
�� ��,�O����

)20( 

���,V,�,�,���  
V −���,V,��*,�,���  

V≤ UR 	��1 −	#�,�,�O�  &+ ��	�  
)21(  

YA,�,�,��J − YA,��*,�,��J − �A,�,�,��J,� aAJ,� + �A,�,�,��J,

aAJ,
≤ 0
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)22(  

−YA,�,�,��J + YA,��*,�,��J + �A,�,�,��J,� aAJ,�
− �A,�,�,��J,


aAJ,
 ≤ 0
        
� ��� ��P �� IS]�
.S ��3�. �<��� �� �@0=�� ��3�. R��UV ��;

�.

�� S���3�. 1�$ �)�� p1� O�
= �1�� L�0� 
� �G, 5��� ��J2. ��

�
.S ��J2. O�
= 5R��� �,#
�. d,
; �# ��;��)b��3�. �1��V #0� O�
= 5

�
.S .��� �1	
 s
`, �0M L]#
�. �# �G, � �#0� ��� 
� ����� 5��;��  

,� 1����M �# "6��0ASDDP  1�,0= ����F�� X3 �� S
�
 S�1�� �
�

 I0� � I�# ��3�. X8
2. �
9�#����
.S ��J2. �
9�# . �� ��;��

�. ��# �� ��S L�0�.1�V 

)23( 
min	 � �e�,�,��J�K	 	���	�  ��,��  �

− ��
��,�,�+ −���],�,�^_`G&]
+��F,�,�
�

F+ ��,�,��
���������
− ��,�,��
��������(
+�e�,V,�,�,�+�IK ���,��  �M�,V�  &�,V+�e�,V,�,�,�+�I�� fUR 	��1�,V− #�,��  & + ��	�  #�,��  g+�e�,V,�,�,�+�
�� fDR 	��1�,V− %�,��  & + �	�%�,��  g+��eA,�,�,�+J�� �MAJ,�A+ eA,�,�,�+J
� �MAJ,
 + eA,�,�,�+JhI YMAJ
− eA,�,�,�+JhK YAJ&,

 )24(−e�,�,��J�K	 ≥ −����+
�,�,�� 	; 				∀j, B, B′

)25(  

−e�,�,��J�K	 + e�,V,�,�,���IK + e�,�,�,���I�� − e�,��*,�,���I��
− e�,V,�,�,���
�� + e�,V,��*,�,���
��≥ −�����
�,V�  	; 				∀k,Q, j, B, B′

)26(  

eA,�,�,��hJl − eA,��*,�,��hJl − eA,�,�,��hJm + eA,��*,�,��hJm
+ eA,�,�,��JhI − eA,�,�,��JhK≥ 0	;				∀B, B+; 	j∈ {1, … ,23} 

 )27(eA,�,�,��hJl − eA,��*,�,��hJl − eA,�,�,��hJm
+ eA,��*,�,��hJm + eA,�,�,��JhI − eA,�,�,��JhK≥ �����
PX,�
� 	; 			∀B, B+; 	j = 24

 )28(−e�,�,��J�K	 + eA,�,�,��J
� + eA,�,�,��hJl
aAJ,� − eA,�,�,��hJl

aAJ,�≥ 0	;					∀t, j, B, B′ 
 )29(e�,�,��J�K	 + eA,�,�,�+J�� − aAJ,�eA,�,�,��hJl

+ aAJ,�eA,�,�,��hJm≥ 0	;						∀t, j, B, B 

  �V �# ��e�,�,��J�K	 5e�,V,�,�,���IK 5e�,�,�,���I�� 5e�,V,�,�,���
�� 5eA,�,�,�+J��5

eA,�,�,��J
� 5eA,��*,�,��hJl 5eA,�,�,��hJm 5eA,�,�,��JhI  �eA,�,�,��JhK  �
9�# �
���n6.

.1�62�  

�
9�# �J2.�
�. ��
.S ��J2. 1�

�� �2�
� )�
 �S�� �� ��;��

 F�� S� X�
3 ����
� �
���n6. #0@� �
3 R�� 
� .1�V ��#M  da�

 �
 � 5u��: �
9�# k���% �
9�# � ���� ��J2. �
�. �� 1% 1��0U

 
� ����� �
 �
9�# ��J2. C�
! ��1B. �A�# L�
a� �� .1%
� ���;�� 5�0;

= �<�� ���� ��J2.
� 13 W� 
�� �
���n6. #0@� .��� �V ���� ]

��J2.��S �# �6229 F�� �
�SDDP  �� ���� �1@ �
�2� N,
$ W�

�.

�� X8
2. X3 �# F�� R�� ���9�
<���3�. 1�$ �)�� �# .��� ��

�#
�! N�� ! R�� �����M ��J2. X3 ���� ��
<6�� �%�� �,
B. R�� �S
�

� �
���n6. F�� R�� �# .��� �1% ����
�
�. ���� ��J2. 
� �S��

�. #�SV W� � ��� R�� �6�0�! �
���n6. #�SV ��J2. S� �?� � 1
0%

�. �6M�9 �
9�# �1% 1
�� �# �1% #�SV ��J2. �
9�# S� .#0%��2! �

 ���<= "6��0A,�SDDP F�� #
Q�� �����. �#
�6�� S�1�� �
� 
� .#0%

n6. R���= ���� 5��	�! 1
�� �# 5�
3 R�� �
��� ��J2. S� 5�	�
.SV

�S
�#�SV �����. �#
�6�� �1	
 qi�� �� S
�
 F�� R�� �
��� 
� .#0%

 
� ���� ��J2. �
 �1��V #0� O�
= ���S #��# #0@� )�
 ����A�� }�%

�. d��B= �� �1% #�SV ��J2. �<�� 5�6229 �
���n6. S� �
3 R�� 
� .1
S

 F�� R�� S� �1.V ��# �� C�
! �f�. �#; X�
; �<��� ��� .��� �0a

 ��1
� ��
�2� L�
�= ���� ��J2. � �1% �S
�#�SV ��J2. ��
�
 C�
!

�. �
	
 "� 
� �� .1��# ��1B. �� 1�� S�� ��3�. ��
���n6. �<��� I�#

 �a2
 ��6�� �
�2� L����n= 5��� �1. X3 ���� p1� 
� �V �����

�
�. �
���n6. ��. �
	
 #0U S� �S
�#�SV da� �� �S���.1��# 

�.

�� ���� �0M �1. �# �)��9 �� 5S�� �

a% ��16�� ��
� �
@

24 �K6M�9 ���; �#
K�6KKK� � #�0. 5�K�
KKK�1K
�  �6<$0� 
K� 5o��Y R�� S� 
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���8��� �1. W� ���3�.p
-�
� �
��
� R6M�9 �f
 �# 
� �S
Q. �
9���
 ��##
��	�! ���� 1�1@ �����-; I1� � ��G!
�

���� ���	
- ��� ��� ���� � ����� �	�� ! �
� ����� ��� � "�#�
�$ ��
�%3  �!
�! ��
�%40 )��
! 1404 

 �KKK2 �
B. � X3 �
<.� 5#0�; � 
���n6. #�1�= N�
� � ��JKKK2 . �#0�


�VF�� S� �#
�6�� ��1� �V 
�.1%
� �2�. ��)Q= �
�  

����� ��1B. pi6U� ��)�. ��JKK2 . �# p1� O�
= � #�SV � ��KK� �

 d�=�= �� �1K%897.13  �899.98 �� 1.V �K� # �� �]#  �1��# �
K	 


i6U�)�$

 p  #�13 �#32/0% .���

٤ - ����� M�� >%��,-0� ����SDDP 

 "6��0A,�SDDP ��J2. X3 ������ �#
��	�! ���S L�0�  �
��

�.#0%: 

������:�

• �#�#�,_2. �
��6.��
! � "62�� ��
! �
�

• "��7= X3��. #�1�=���9(T)

• �M#
7= �
�0��
�� #�1�=(M)

• %) "��7= �
���n6. � ��,�� k���% �
���n6. X.


(���#�# � �6�0�! 

����5��:

•  � X3��. �.
�= ���� "��7= �
���n6. ����� ��#
B.


�0��
�� 

• �1� O�
= R��
! � ]
� ���� #��V�p

%��,-0� <���	:> 

 R��1��0�� ������8	 :  

1.  ���<= �1
�
�% ���� ��,�� ��#
B. R���=� = 1
2.   ]
� ����%u̅�v = wxyR��
! ���� 5 %z̅{]v = −wxy �

|M* = |MP = 0.

 R��2 :`4,1 _�; �� D���� �1 ���)1 

(`0� ����� ���� ��ab

١. :�1� �.�#� �1	
 oB`. u;0= }�% �� �

.S 
= 

٢. M R� �
b6
� �M#
7= L�0� �� �� 0��
��

٣. //��	�! 1
�� S
eV 

۴.  ����Q = 1,… ,? R� ���<=

۵.  1�� S�� ��J2.��n6. � R� X3 �� �	�
.SV �
�

R� S�� �� �� 1�� S�� 

۶. �
�. ��J2. �	�
.SV �
���n6. � R� X3 �� �S��

�
�.R� S�� �� �� �S�� 

٧. �
.S ��J2.��;�� R� X3 ��

٨. p1� O�
= ��1B. ��3�. �� ��J2. ��%V ���� ��

 �0��
��m ��
�� ��# ��

٩. ���<= �B�3 �
�
!

١٠ .  ��R��
! ���� �

��S��

%z̅{]} 	 = *~∑ %V~V2*
 �� = *~�* �∑  ~V2* �%V − %z̅{]}&P�lm

c(   ���� ��ab��J�

١.  ����Q = 1,… ,? R� ���<=

٢.  ����w = 1,… ,����+ R� ���<=

٣. �
.S ��J2. �
9�# ��;��) �-���23 ( ��S� �� ��

R� X3 �	�
.SV �
���n6.

۴.�B�3 �
�
! ���<=

۵.F�� ��V ��# �� �� S�1�� �
�

۶. ���<= �B�3 �
�
!

٧.  ����Q = 1,… ,? R� ���<=

٨.  ����w = 1,… ,�� R� ���<=

٩.  �
9�#D��	 �
\J	���� ��; ���b )23 (�� �� 

R� X3 �	�
.SV �
���n6. ��S�

١٠. ���<= �B�3 �
�
! 

١١. F��� S�1�� �
� ��J2. �� � ��V ��# �� �

) 1�� S��1 (.R� �M
:�

١٢. 
!���<= �B�3 �
� 

١٣.  ��J2.)1 ( ��1B. ���GA�
@ 
� �� ]
� ���� � X3 ��

�� �1.V ��1� p1� O�
=.R� S��

 (d4,1 ���#	 �����:`
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�1��0
 �
23��13�� ��-7. 5 5 �8���# �0!�
�1�9 
:�1���

���� ���	
- ��� ���� � ����� �	�� !  �
� ����� ��� ���� "�#�
�$ ��
�%3  �!
�! ��
�%40 )��
! 1404 

١.  �6�� mb	. �

6�V W� S� R��
! � ]
� ���� R�� pi6U� �9�

 #�1�= 
� 51%
� "6��0A,� 51%
� �1��� mb	. 13 �� ���<=

�. u;06.#0%.  

٢. % 5L�0� R�� ��e �#���<= �1
�
�	kk  � �6M
� N��)M�

�. ���<= "6��0A,�#0%. 

������ �����7%	 :����	: 

 �1. �0��]0.�M �# g��� L�0� �� ���#�# �
���n6. 5��3�. �� �#

�.

�� #�<��� 
� Nb���S �� � 1
��# �0z31� �)��g�`� # (MIP) 

�. X3#0%. 

�V X3 � ����1. #�a��� � 
���n6. ��
� ��
	. 
� �
��� ���<= 1
�� �#

�.##�9. 

۵ - ���? S��%� <�
L1

 �S
Q. �
9���
��,
-. #�0. .
% ��
Q= �
9���
 W� 5�#
� 13�� W� X

5�=���3 13�� �# ���UP W� S
� 0Ab�
! �
��
� �N�! .��� ����

 1��S�� ��S
� ���; 5R��j�� � 5�#
� 13�� 1�,0= ��)�.�0! #�0
 ��S
� S�9  

Nord Pool )2021 ( X<% �# � �1% ���b6��2  .��� �1% �#�# �
	


�
.S ��S
� �# �>�
� F��M � 1��U ���; ��1B. ����� d�=�= �� )�
 ��;��

1/1  �9/0 .��� �1% t�M 1�� S�� ��S
� ���; �����  }0��. ��M L
�iY�

�=���3 �
�13�� �� ���UPS
�  ���1@ �#1  �2  R��j�� .��� �1.V

�� }0��. L
�iY�  ��6�# �,
��S� 0Ab�
! �
��
�) .� +���/,�1402( 

 .��� �1% ���b6��  

     �,
B. R�� �# 5R��j�� 13�� �@��U R��j�� � 1�� S�� ��S
� ���;

 ���-; I1� �
���n6. ��0�� �� �#
� C�
! � �S��

�. ��3�.

�
.S "��7= ��n6. ��0�� �� ���A���Q= .��� �1% �6M�9 �f
 �# ��;��

�0f�. �� �.

�� ���� S
�
 #�0. �
�0��
�� 1�,0= �� N�! �M#
7= �)��

 5���A���Q= N���� � ��S
� ���; �
�0��
�� ���� �
.�
 O�S0= O��0= S�

 1�,0= ���� �
a�� O�S0= O�
= � �#
� 13�� 1��,0= �� }0��. �
�0��
��

��� �1% �#
�6�� 5�
�63� O�S0= O��0= . �0Y 
� W� �� 5�S
� ��� �� bX�  "�2B= ����1%1
� ) .� 5�1��0
1402.(  S� I�1� �� ��
�
 �#

��2; �f
 �# �=]
�63� #�1U� W� ��0�� �� �0M �
�63� O��0= �
�

 �S��

�. �0��
�� �U�# � �1% �6M�9 
�49=7×7  �U�# � 0��
��

�
.S 
� ��;��7 �. X�<	= 0��
���U�# �# R�� d���= 
� .#0% �U�# 5

��# ��
�
 ��343=7×49  "Q3 N�
� �0f�. �� .#0� 1��0U 0��
��

 ��)�� S� �#
�6�� 
� 5�S��

�. �U�# �
�0��
�� #�1�= 5L
a�
`.

SCENRED2  ��)M� I�
GAMS �� 515  �# .��� �6M
� N�
� #1�

 ����� �1. �# �1% �6M�9 �f
 �# �
�0��
�� X� #�1�= ��
�


105=7×15 

�� �# �� ����.0. �#
��	�! � �6M�9 ���; �#
�6�� #�

.���  ��1@3  #�1�= ���� �1. X3 �;# � ���� R�� �� �2�
B.


�0��
�� u�6b.  R6M�9 �f
 �# ��1�CvaR  {�6�# �# t�M 
� �

 �#0�100%  ��M�cDR .1�# �. �
	
 ��  X3 ����)�
 ��J2.  �A�3 S�

CPLEX v. 12.6 ��� �1% �#
�6�� )GAMS Development

Corporation; 2021 .(R��j��  ��1@ �#4  X3 ���� S
�
 #�0. �
.S

 �1.�1. 
� �#
��	�!#0@0. O@��. �# �1% �8��� �
�  �1% �2�
B.

.���  

���� 1 :�1���� ������� ��& 6�B.�	

 13��

�=���3 

�M	� 
(MW) 

�	 �
(MW)

R�
($) 

t�
($/MW)

k�
)2($/MW 

UR	�
(MW) 

DR 	�
(MW)

!"	�
($) 

!$	�
($) 

UT�
(h) 

DT�
(h) 

 13��1  1.5 0.5 15 35 5 0.25 0.25 20 8 3 2 

 13��2 1  0.2 6 46 1.25 0.125 0.125 14 4 2 1 

���� 1 :��� ���5H ���� ��& 6�B.�	

 �
.1
��

>�
%#  

 �
.1
��

>�
%  

 ��)�. �h��13


% >�

)MWh( 

 �h��13

 >�
%# ��)�.

)MWh( 

 X;�13

 ��M�c

)MWh( 

  �h��13

 ��M�c

)MWh( 

95/0  95/0  1/0  1/0  2/0  5/1  ���UP S
� 

 ����2`
%.	 ���,����� ���#1 ���� �� ��	 ��)
A? :

9×21 7×15 7×11 5×9
 ���#1

,����� 

1500 382 166 94 ) <� D�	�s(

216 31 17 11 ���)1 ���#1 

 �S
� �# ]
� ����93% 

R��
! ���� �
���Y�
��A�� ��A�� ��A�� ����-A� 

6155 6164 6082 6307 
�C�� D��/ 

!�� 2��1 

 ����3 D�	� �J��8	 : �������� ��	 <� ���� E�� ��,	��	 ���,�,	 ��� 

 �1.

�#
��	�! 
[21]  [17]  [15]  [14]  2��	 

120-

420

142-

170
4500< 1500<33-245CPU time 

(s)  
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X<% 2: .���) ,0=�1 13�� #
�� � ;��� ��S
� S�� 1��. 

  5��i�� ���� ����A�� 1
��2  ��� �,
3 �# 5�,
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 I�# �,
3 �# � ��� ����� ��S
�100% X<% �# 5���A���Q= ��M�c 3 


��� �1% �#�# N�
�.  R��
! ���� �:
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� ���� X<% R�� �#

�S
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���Y� �
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! � ]
� ���� ����A��# �� ��S
� �

IDRX �� ���� �� #��1
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� �0Y ��J2. R�� .���

R�� �� �
�. L]#
a. i�� �� ��� �#�# |� X�,# k���% R�� �# �S��

 �6229 �
���n6. �S
�#�SV S� �%

 d��B= �Q�6
 �# � �1% pG3

��3�.�
�. ��1% ��6�. )�
 �S��.���  

��a% S� p1� �1% I
Q
� �S
� ��)�. ��^
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9���
 ��#�� v�
6
 � �1% P
b

�
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� �@��U �1% Fi= 5Nb� R�� �# .��� �S��

 � ��S
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 �# �S
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9���
 ����� �
6M� ���
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