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Modeling risk preference in equilibrium analysis of electricity
markets with wind power
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200072, China)

Abstract Large-scale wind power penetration in power systems will significantly increase the market risk

faced by the conventional strategic generators. In this environment, the conventional generators with differ-

ent risk preferences will balance their market profits and risks through different strategic behaviors. Using

the mean-variance utility theory, a supply function equilibrium model for electricity wholesale markets with

wind power generation was developed taking account of the conventional generators’ risk preferences. The

analytical solution of this model is also presented. The impacts of the uncertainty in wind power output

and the conventional generator’s risk preference on generators’ strategic behaviors and market equilibrium

were investigated by theoretical analysis. Numerical examples were used to verify the reasonableness of the

theoretical analysis. It is shown that under the presence of risk-averse generators, the equilibrium market

price will increase with increasing the uncertainty in wind power output. In addition, as the conventional

generators become more risk averse, the equilibrium market price will also increase.
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��, �)&+�	 (*,�	) 
��'�#$.
$%'+'�&� (�	)
��	��
�	����1)�����,�2�'Æ�<A (Cou-

rnot)	��( [15−19] *=3>8 (supply function)	��( [20−25]. ?��
�
�	���(�'9$
%�	
��##��.

4����� ��
�
B�	, @ (��* - )*"���������	
��##,
$%���	A:�=3>8	�
�	�;, CD)5+$%�	��##
�
�	���(,  
�$����, ���B
"<C���	��##��	��ED
6=. >F����78���
(���
G����"�.

2 LMNO

2.1 PQRS
$%�
B�	2E� n +���	�?F���9. H@G�	:A�B�:�I:A>8H

C:
p = a − bD (1)

�2, p 
�	,I; a � b 
��J
�8; D 
�	:A.
n +J��		�
���	��B�KL�M@>8:

Ci(Qi) = αiQi + 0.5βiQ
2
i , i = 1, 2, · · · , n (2)

�2, Qi 
�	 i 
�B
, αi � βi 
��J
M@�8.
$%���B
��
"<C�����, 
)��
ND�K��, �� �����E�5C
L

E���F;, ������GO, MH ��
����NG��I. �J, MH��PQRO2Q,

)SPKQ�
!, RT'L%U���KQ�,  V<�W
M��,. ��@ S����9N�
	,ITO=, ���9�X@G
B
 Qw $%
��ÆU, JYZ�*
 µw, [>*
 σw 
H5\V
�]. ?��	:A D W@:

D =
n∑

i=1

Qi + Qw (3)

��I:A>8; (1) �HC
:

p = a − b

( n∑
i=1

Qi + Qω

)
(4)

S� n +���	AB�:�=3>8B;J��	
���P[	�:

Qi = xi + dip̄, i = 1, 2, · · · , n (5)

�2, xi � di �^
=3>8
XY�QV; p̄ 
ZR�	,I. @ A=3>8
XY[J8 xi C

�	 i 
���P[ÆU, di S
�_\M@
QV, [ di = 1/βi.


`�����, D"$%���	
B
F;�T��]UUF;.
2.2 TEUFPQVWX

?AMS�%+, ���	 i(i = 1, 2, · · · , n) 
�V�HC
:

πi = p · Qi − Ci(Qi) (6)

�ZR*�)*�^
:
E[πi] = p̄ · Qi − αiQi − 0.5βiQ

2
i (7)

Var[πi] = Q2
i · Var[p] = Q2

i b
2σ2

w (8)

$% n +���	����Ga
##, [�	WR�S�HX�VI�(
�@Y�^�
�
�_�QI. �!, �CDB�Æ��* - )*"��( [11] 
�	 i(i = 1, 2, · · · , n) 
'�#$:

max
xi

Ji = (1 − ri)E[πi] − riVar[πi] = (1 − ri)
[
(p̄ − αi)Qi − 0.5βiQ

2
i

]− rib
2Q2

i σ
2
ω (9)

s.t. p̄ = a − b

( n∑
j=1

Qj+µω

)
(10)

Qj = xj + dj p̄, j = 1, 2, · · · , n (11)
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�2, Ji HC�	 i 
"�>8; ri HC�	 i 
��##�8. ri=0 HC�	��2D; 0 < ri < 1
HC�	��Ga, J ri K�L�	��Ga
�UK�.

n+?; (9)–(11)HC
�	'�#$dM$%�	��##
�
�	=3>8���(.bD
c+���	'�#$
5dI'%+ (KKT %+), �A�X���(
e.

�	 i(i = 1, 2, · · · , n) '�#$
5dI'%+
:

(1 − ri)[Qi + di(p̄ − αi) − βiQidi] − 2rib
2diQiσ

2
ω − λi

(
b

n∑
j=1

dj + 1
)

= 0 (12)

(1 − ri)[(p̄ − αi) − βiQi] − 2rib
2Qiσ

2
ω − λib = 0 (13)

a − b

⎡
⎣ n∑

j=1

Qj+µω

⎤
⎦− p̄ = 0 (14)

Qj = xj + dj p̄, j = 1, 2, · · · , n (15)

;2, λi 
M]; (10) 
fIg^eN.

�; (12)�(13) 2, _` λi, ����	 i(i = 1, 2, · · · , n) 
���B

:

Qi =
(p̄ − αi)Hi

Fi
(16)

�2,

Fi = 2rib
2(G − bdi)σ2

ω + Gβi(1 − ri) (17)

Hi = (1 − ri)(G − bdi) (18)

G = b

n∑
j=1

dj + 1 (19)

h; (16) f�; (14), �A���ZR�	,I p̄ 
:

p̄ =
a − bµω + b

∑n
j=1

αjHj

Fj

1 + b
∑n

j=1
Hj

Fj

(20)

?; (20)����ZR�	,I p̄,f�; (16),���P+�	
���B
 Qi(i = 1, 2, · · · , n),
?; (15) O���P+�	
���P[ÆU xi, [:

xi = Qi − dip̄, i = 1, 2, · · · , n (21)

?; (16), (20) � (21), �aB��ZR�	,I�P+�	
���P[ÆU xi ���B
)*

5d#�
:

∂p̄

∂σ2
w

=
2b3

1 + b
∑n

j=1
Hj

Fj

·
n∑

j=1

rjQjHj

(1 − rj)Fj
(22)

∂xi

∂σ2
w

=
∂p̄

∂σ2
w

·
(

Hi

Fi
− di

)
− 2b2riQiHi

(1 − ri)Fi
(23)

?; (19), G = b
∑n

j=1 dj + 1 > bdj > 0, �� G − bdj > 0. $%� 0 ≤ rj < 1, L?; (17) � (18) �
P, Fj > 0, Hj > 0, j = 1, 2, · · · , n. ?�5g Qj ≥0, L?; (22) �P: ∂p̄

/
∂σ2

w ≥ 0.

?; (17) � (18)  JQ�� di = 1/βi, �a�
Hi

Fi
=

di

2 ri

1−ri
dib2σ2 + G

G−bdi

(24)

?� G
G−bdi

> 1, ?; (24) �� Hi

Fi
< di, L?; (23) �P ∂xi

/
∂σ2

w ≤ 0.

RM, hE���Ga
���	@, ��
��B
"<C� ()*), h�S�	iI����
P[ÆU ([iW,), Z�Y����	,IZR*Mb.
2.3 TUYVZ[WXTEUF\YZ]^

@j�$����, ��	��##�����B
����P[ÆU�ZR�VAk��ZR
�	,I�ED
6=.
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?; (17)–(20), �A���ZR�	,I��	��##�8
5d#�
:
∂p̄

∂ri
=

2b3(G − bdi)2σ2
ω

(1 + b
∑n

j=1
Hj

Fj
) · F 2

i

· (p̄ − αi) (25)

?; (16)–(20), �A��	���B
����##�8
5d#�
:
∂Qi

∂ri
=

2b2(G − bdi)2σ2
ω

(1 + b
∑n

j=1
Hj

Fj
)F 2

i

·
(

1 + b

n∑
j=1, j �=i

Hj

Fj

)
(αi − p̄) (26)

?; (21), �A��	
���P[ÆU����##�8
5d#�
:
∂xi

∂ri
=

∂Qi

∂ri
− di

∂p̄

∂ri
(27)

?� Fj > 0, Hj > 0, j = 1, 2, · · · , n, p̄ ≥ αi, ?; (25) ��: ∂p̄/∂ri ≥ 0; ?; (26) ��: ∂Qi/∂ri ≤ 0.
l�?; (27) ��: ∂xi/∂ri ≤ 0.

AM��Hm, �	��##��h6=�	�����	��ED. �	��Ga�U
# h
�S�ic�B
, Z��[d�	��,I
Mb, ��	��B

�nN�$iI����P[
ÆU ([�$iW,) �jM
.

A�l5k��	��##��ZR�V��V)*
6=. ?; (7), �A��	ZR�V�
���##�8
5d#�
:

∂E[πi]
∂ri

=
∂p̄

∂ri
· Qi + [p̄ − (αi + βiQi)]

∂Qi

∂ri
(28)

�; (12)�(13) 2, _` λi, ���:

p̄ − (αi + βiQi) =
2rib

2Qiσ
2
ω

1 − ri
+

Qib

b
∑n

j=1,j �=i dj + 1
(29)

?; (25) � (26) ��:

∂Qi

∂ri
= − ∂p̄

∂ri
·
1 + b

∑n
j=1,j �=i

Hj

Fj

b
(30)

h; (29), (30) f�; (28), �:
∂E[πi]

∂ri
=

∂p̄

∂ri
· Qi(1 − K) (31)

�2,

K =

[
2ribσ

2
ω

1 − ri
+

1
1 + b

∑n
j=1,j �=i dj

]
·
⎡
⎣1 +

n∑
j=1,j �=i

(
2rjbσ

2
ω

1 − rj
+

1 + b
∑n

k=1 dk

(1 + b
∑n

k=1,k �=j dk)djb

)−1
⎤
⎦ (32)

$%� 0 ≤ ri < 1, ?� lim
ri→1

ri

1−ri
= ∞,  J ri

1−ri
N ri 
l#>8, ��, ?; (32) �P, K 1N ri


l#>8, �J5CE�H+ r0(= 1
2bσ2

ω+1 ), Y�h ri ≥ r0 @, 2ribσ
2
ω

1−ri
≥ 1 MD, [h ri ≥ r0 @, K > 1

oCMD, !@, ?; (31) ��: ∂E[πi]/∂ri ≤ 0.
� 0 ≤ ri < r0 
��p, eL� ri=0 m, h rj=0(j �= i) @, ?; (30) ��

K =
1

1 + b
∑n

j=1,j �=i dj
·
⎡
⎣1 +

n∑
j=1,j �=i

(1 + b
∑n

k=1,k �=j dk)djb

1 + b
∑n

k=1 dk

⎤
⎦ (33)

?�
n∑

j=1,j �=i

(1 + b
∑n

k=1,k �=j dk)djb

1 + b
∑n

k=1 dk
< b

n∑
j=1,j �=i

dj (34)

L?; (33) ��: K < 1. \?; (32) �P, K N rj(j �= i) 
li>8. �!, h rj ≥ 0(j �= i) @, ��[
� ri=0 m, K < 1, ∂E[πi]/∂ri ≥ 0. �] ri 
# , K 1# , ?� K 
S*NO�f�	
��##
rj(j �= i) �^'�g
6=, ���Q ri # �H5I� r0 
*@, K qQ�� 1, [ ∂E[πi]/∂ri ≤ 0.

�!, ����##�8
#�, �	ZR�V5g�L# �iI.
?; (8), �A��	�V)*����##�8
5d#�
:

∂Var[πi]
∂ri

= 2b2σ2
wQi · ∂Qi

∂ri
(35)
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O�rB, ?� ∂Qi/∂ri ≤ 0, L ∂Var[πi]/∂ri ≤ 0, [����##�8
#�, �	�V)*�&%
ic.

Z�	
"�'(M[Hj; (9) 1��5C�UM�e_hED, [h��##�8 (��Ga�
U) �I@, �	
'(M[&�N�ZR�V
I�(; �]��Ga�U
# , �	'(M[2�
V��n�
i�Æ�, [�jk�
`A�V��
no�lmn�ZR�V.

3 _`aa

$%5�
B�	, H@G (1 I@) 
�	I:A>82, a=$80/MWh, b=$1.0/(MW)2h. X@G�
��9
B
YZ�*
 10MW, [>*
 σw 
bn�].
3.1 VUcbdcedXTEUF\YZ]^fe

S�X�	2
���	�s+, J
�p. �	 i(i = 1, 2) 
�M@�8
: αi=$10.0/MWh,
βi=$1.0/(MW)2h.

h 2 +���	$%
��2D (r1 = r2 = 0) @, ����B

 17.14 MW, ��ZR�	,I

$35.71/MWh, J"���B
[>* ("<C�) 
Æ(�Æ(.

$% 2 +���	����Ga
##, S��##�8 r1=0.05, r2=0.15, [G���	 1, �
	 2 qGa��. H 1 VB)"���B
[>* σw ��	��ED
6=. �ArB, �] σw 
#�,
���	�iI����P[ÆU (=3>8
XY), Z�Y��	,IMb. �J����Ga�U�
W
�	, ����P[ÆU� σw # �iI
�U��,  ��G��I
ZR�V��V[>*.

g 1 hijfkglmhnijkoplm
64r6�qs (MW) 1.0 2.0 3.0

947 1

truo;tu (MW) −20.46 −25.43 −31.87

�pvq ($/h) 330.15 398.98 444.65

vq�qs ($/h) 17.28 33.51 45.33

947 2

truo;tu (MW) −22.77 −31.13 −39.07

�pvq ($/h) 303.31 294.74 261.18

vq�qs ($/h) 14.97 22.11 23.72

�p05wv ( $/MWh) 37.74 42.19 46.98

3.2 TUYVZ[WXTEUF\YZ]^fe
S���B
[>* σw=3.0 MW, L$%M5j
 2 +�p���	
rx. s 1�2�3 �^VB

)�	 1 
���P[ÆU����B
AkZR�	,I�s�	��##�8Æ(
rx.

0
0.05

0.1
0.15

0.2

0
0.05

0.1
0.15

0.2

-50

-45

-40

-35

-30

-25

-20

-15

21

/M
W

n 1 hopsmtiq 1 urstkvuplm

0
0.05

0.1
0.15

0.2

0
0.05

0.1
0.15

0.2

-50

-45

-40

-35

-30

-25

-20

-15

21

/M
W

n 2 hopsmtiq 1 tijfplm
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0
0.05

0.1
0.15

0.2

0
0.05

0.1
0.15

0.2
35

40

45

50

55

21
/($
/M
W
h)

n 3 hopsmhnvwplm
Zs 1 �ArB: �	 1
���P[ÆU"y��HX��##�8
# �iI, N���f

�	��##�8
# �iI, ?O�HX��##�8
6=q�. �J, T���2D (ri=0) 
�
	, ����P[ÆUO�t�	��##
6=zI. Zs 2 �ArB: �	 1 
���B
��
HX��Ga�U
# �no, N���f�	��Ga�U
# �# , ?O�HX��##�8

6=q�. Zs 3 �ArB, ���	,I�]�	��Ga�U
# �Mb.

AMEDHm: �]��Ga�U
# , �	��$���P[, Y�HX�B
ic, J�Y�
t	��u
�B
# , ?�B
iI
"3��# 
"3, Z���S�	,IMb.

s 4 VB)�	 1 
ZR�V�s�	��##�8Æ(
rx. �ArB: ����##�8

#�, �	ZR�V5g�L# �iI, _�����N5S
. �J�	 1 
ZR�V���	
��u��Ga�U
# �# .

s 5 VB)�	 1 
�V[>*�s�	��##�8Æ(
rx. �ArB: �	 1 
�V
[>*��HX��Ga�U
# �no, N���	 2 ��Ga�U
# ��vMb. _Hm, 
�	HX��Ga�U
# ��"io��V��;�	��u��Ga�U
# ����V���"
{6=.

0
0.05

0.1
0.15

0.2 0
0.05

0.1
0.15

0.2

100

200

300

400

500

12

1
/($
/h
)

n 4 hopsmtiq 1 Cwxyplm

0
0.05

0.1
0.15

0.2 0
0.05

0.1
0.15

0.2

10

20

30

40

50

60

70

12

1
/($
/h
)

n 5 hopsmtiq 1 xykglplm


)l5k78@ �(, S�X��	2
���	�w+, J
"�p. P�	 i(i =1,2,3)

�M@�8BH 2 xC.

g 2 tiqpxyzz
947 αi($/MWh) βi($/MW2h)

1 12.0 1.0

2 10.0 1.5

3 8.0 2.0
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S��	 1 � 2 
��##�8 r1 = r2=0 ([
��2D), �	 3 
��##�8 r3 �^S

0, 0.01, 0.05, 0.1. H 3 VB)G3
�	��ED. �ArB: �]�	 3 ��Ga�U
# , �HX
���P[ÆU (=3>8
XY) iI, �B
�n, ZR�VLyv# | z�n, �V
[>*�
n. �@, O�	 3 ��Ga�UÆ�
6=, �	 1 � 2 
���P[ÆU�}~iI, ���B
�
ZR�V��V[>*�w# j{. _hED��	�prx�
�>EDN5S
.

g 3 tiq 3 hops{zmijkoplm
947 1 947 2 947 3

94
r6
(MW)

�p

vq

($/h)

vq

�q
s
($/h)

tr
uo
tu

(MW)

94
r6
(MW)

�p

vq

($/h)

vq

�q
s
($/h)

tr
uo
tu

(MW)

94
r6
(MW)

�p

vq

($/h)

vq

�q
s
($/h)

tr
uo
tu

(MW)

xy
94
7{
r6
(MW)

�p

05
wv
($/

MWh)

r3=0 14.37 198.51 43.11 −18.63 12.11 168.52 36.32 −9.90 10.53 152.36 31.58 −5.97 37.00 33.00

r3=0.01 14.57 203.99 43.70 −18.72 12.26 172.76 36.77 −9.94 9.89 152.29 29.67 −6.75 36.71 33.29

r3=0.05 15.19 221.75 45.56 −19.01 12.73 186.49 38.20 −10.06 7.88 144.37 23.65 −9.21 35.81 34.20

r3=0.1 15.72 237.56 47.16 −19.26 13.14 198.67 39.43 −10.17 6.17 128.28 18.50 −11.32 35.03 34.97

4 |M

@ 4����� ��
�
B�	, (��* - )*"���������	
��##,
CD)5+$%�	��##
�
�	=3>8���(. �$�����>Fz|, Hm: 1) ��B

"<C�����	��##��
�	��ED����6=. hE���Ga
���	@, �
�B
"<C�
# , ��S���	{Æ�	���, Y��	,IMb; �J�	
��Ga�
UKW, _}6=|�Km|; 2)�	��Ga�UKW, ��S��$����
, Y�HX�B
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