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Coordinated and optimized scheduling of virtual power plants with wind power-waste

incineration cogeneration considering uncertainty of source and load sides
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(1.College of Electrical Engineering, Shanghai University of Electric Power, Shanghai 200090, China; 2.College of Electronics and

Information Engineering, Shanghai University of Electric Power, Shanghai 200090, China)

Abstract: In response to the uncertainty of wind power and load fluctuations, as well as the insufficient system peak
shaving capacity of cogeneration units during winter heating periods, a virtual power plant consisting of wind farms,
power-to-gas (P2G) conversion plants, and waste incineration power plants within a certain area is formed. Firstly, to
address the low energy utilization efficiency of waste incineration power plants, it is considered to adopt their
cogeneration mode to participate in system peak shaving, improve energy utilization efficiency, and establish a
mathematical model of waste incineration power plants under the cogeneration mode. Secondly, wind farms, P2G, and
cogeneration units are introduced to establish a virtual power plant model with wind power, P2G, and waste
incineration cogeneration. Finally, in response to the uncertainty of the source and load in the system, a fuzzy chance
constraint is used to establish an optimized scheduling model for the virtual power plant with wind power-waste
incineration cogeneration that considers the uncertainty of both the source and load sides. To verify the effectiveness of
the model, two different scenarios are set up, and the model is solved by using CPLEX optimization software. The
simulation results show that the proposed model can effectively promote wind power consumption, improve the energy
utilization efficiency of waste incineration power plants, and reduce the total cost of virtual power plants.
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Figure 3 Flue gas treatment unit

1.3 RKE-P2GHRFREME BKEEBEITEE
¥R g P2G B S b s ] 4l i VPP BX &

IBAT o AER RN RCH M T R AR AR AR B B
B3 BE B T AR A B A SR IR
e NN B R AT A AL B GE RE OR  E —EAk
R A P2G & & 5 b KRR . XA S T35
fufar, ) B e T XU T A RE 0y o b, KUA
TR BEE B R AR B TR AL B P2G R K
LA 2 R B IR AE B R TY H E r BR AL 4
S KL BG4 45 P2G, KR ik 2
HLI . UL -P2G-7 ) 5 be VPP & 48 45 44 G 5] 4,
25 wB oA Ao R

PY =pyNV 4 prGw 4 pew (5)

P} = pYNWI | pPGWI pew (6)
K (5)  (6)H, PN Ry ek 2 K S P
POV 53 50y o B 20 XURR 3 O S AR A B P2G 4R
HERHLEE ;s PN PN A B Ry ¢ I 2 s Bk A e AR
FLIDC 7= HL O AR A AL B A e P2G R Y H B
PV PRy e 2] R B A s 3R SE B I B PR R
Hrib g .

B o >
s JLUN:: 7 EEEERRERE >
¥ v

) =3 |\ |
PG ooy MR A
X r X
S RyERe | N
i )
ERETNE
— U >
Mg ;
v v

T T S -
‘ B POk RIKRL MR ‘

B4 VPPE#MTE
Figure 4 VPP structure

2 EHEAREERE

BRAORFREAHEEST

H T L) &R G s A7 B SE A7 A6 2 R0 A 1 5E T
PR, A4 n] 128 RE IR A I8 Sl M L8] B, A K B A
4 KB A B E PR BRI T R S s AT B AN E
P o XU R T o B Pt A2 B 22 RS A4 R
G LT E W e, AT S BUR T B A
B E ML o XTI e BRI P R AT
h BABEHLE 45 KB S s A AL Tl
AU Bl 3 2 TR 2 AR 5 MR R A 0K o

2.1



#5539 55 6 1]

ERT, A T SRR PN S A0 1 0 XU~ B BE R I 7 R AU L ) R A R 235

T XUHL | B A 1 ) 58S A2 A B IR E S e
S g 0 O (R IR AR ERR AR AR E — iR 2, B
AW 5RO PE . X T BB XU O R K £ A R
BRI, T 58 22 01 hy Wb 2 . SR A% e i BE LA
b5 B Ak 1 Jr i, R A Sy A T Y N B A P
5B o Mk B2 290, 2 5 0] DLE(S BA S
Sy BUTCAR B I B % KR G459 B 10 2 800 sk
Ja& BE R B A R AR S SR . T RG]
SEEAEEE RIS ARH TR RS T,
RE % T 4F s HE AT W O R G LR S ) Rl
M

1 EAE 5 & e 3, P I AL S KU
Te A B, R IE LA D ROE L i AR K S 3
FERI G E T B G A R BB 2 O B i AL
I8, A SCSR FH XUH BB 2 B50OR B0 f BB 2 8K
e AR KUHL R 67 i 1 7, R T BB A ER A 0 A
X RGE , BAS SCvb Bt e T SR R E 1 S
22 AHEMHFER

XoF T RUHE R AR ey T A S B A T RO 2 2
{14 $5e P ) A7) iAo

min f(x, §)
s.t. Cr{g_,-(x,&)gO}?a

AL (2, E) N HIR R B e HIRR AR E NS hE
i ;g (2, E) MR RE; Crief S { et APy AT
fE51E o RGN B AR K.
23 EMSHHBEREERH

JRUHS, H | H A AT Y AR 2 B0RT SR TR IR S )
JE PRER

(7)

Py — P:
ﬁ’ PF3<PF<PF4
1, Pry << Pr << Py
#(Pr): FoxXx L'p~x1'g (8)
M P.<P.<P
PFZ_PFI’ FI~Xx1I'r~x1"r2
0, oAy

K, u(Pr) Ry SR B2 oREL; Pr, R IE SRR B2 S 80,
HHEAXH
Py, =w P (9)
b, o Ry OB R, i KUHL A7 B s B8 i
PPy e ) Z00 XU 7 67 18 TR
IBES U TH M
P.=
(Pyyy Py, Prsy Pey )= P (@, w,, w5, w,) (10)

24 EHMSHWBMEN L KBE
MARER g(x, E)EAWMTFIER .
glx, &)=
filx)&+A(e)E+ -+ ()& + fi(x) (11)
KPS NI S, & =(wn, 0 0, 0y )o
Hip k=1,2, ,t,1€Z" , wy~wy N F B E
ZH

] 2 SCR T 24 PRET
filx), filx)=0
ﬁu%{lfl (12)
0, filx)<<O
0, filx)=0
fi(a)= (13)
—/filx), [i(x)<<0

K, k=1,2, .2 Hf(x)=1, 07 (z)=1,
fi (2)=0;%f(x)=—1,/, (2x)=0,f (x)=1,

MEAF K a = 0.5 I, SO HIL 2 29 A 1 I 45
Hr2k

(2= 20) Slwwfi (2)—wofi (2)]+

(20— 1) Slwufi (2)—wafi ()14 hy(2)<0

(14)

Wl 0 DAy i AT S5 A SIS O R TR A SR A L

JE P R AR B, AT R IR 6 8 SO R SR i 7 ik i 47
RAFITE

3 ZERETABEMNEN VPP AKLRE
A

31 BHEH

AR SC LA XU H, — 7 353 58 B TG 7 400 R T Y AR
BAT WA B /N A AL B BR B AR A 48 XU A
Co, VIR P A Cop, MR AL B 5 WL 55 S W IR i
AT A Cryp, 357 9058 Bk HE TS A Cr, 32 9 HE B
A Cy, FE R A Caw, BB 17 A B H bR ek %L
ﬁu‘F:

C=
min(C, + Cepp + Cyp + Cyr + Cy 4+ Cayw)

1) KUHL BEAS

KRR Al AR R, 78 & il B b AN 75 20N
FERRORL B2 XU B AT T AE TR B AT 4R P iU A, Rk
X h

(15)

=N kPr (16)



236 meooh B %5 HF R ¥ R 2024411 A
Aorp b, KUHL B 17 4E P A R B 0L Pre< pre (26)
2) LI PR AR P <P/ —P”<<PJ° (27)

CHP BLEH A T2 AR A, iAol

Cep = 2 kenV, oy (17)

VPIJY V(HP sz(; (18)
K (17) (1) H1 ke, A RAR W AN HE s V7Y Ry £ f
Z) KRS 3K

3) MEAAL B L e S ) s A7 A o
AL B P2G PRl is 17 A Rk AN

Cypr= E( chzWI + fpsc pr% ) (19)

K, b IS A FGE T A R B, R 19.8 TT /15 kvac
K P2G BT A 280, M 2000 « (MW = h) ',
4) b e BE Bt HEHOUSAS

B AE B HL T oz AT I 7 AR HH B HE A ) 2 T
JAIE AT R R B
Cyi= ZPWI/e e —y") (20)

o, et oyt a3l o by e BE e AR HK P R B A
HE 5o B 5 B F o B HE SO ME R R o Hi et iR
0.96,7 B 0.76.

5) = I HLRAR

el A A NS N s R 0SSN A T ) N
VPP £ A HL G L o I F i A K3k =Xk

(JbZZIef’P}’

Ko &y o o 220 HL R W LA 5 PP Ol T T Dl
L

6) I

(21)

5 A
Caw= 2 kaw (PP — PY)

P, baw R 3 EE ST R B P Sk 5 2] AL H
HURT=RS
32 AREH

1) REY)RFH L0,

(22)

P[loe\d + P,PZG + P,WIN o P,W o
PV — P/ —P/=0 (23)
H/WI + HI(‘,HP — Hllond (24)

G L N & s [ S I <O N | B R
P CHS 435050 CHP ML B HL s Fn il g .
2) WL S 2R
O<P'<<P’"™
3) W SBITAH .

(25)

(26 . (27) 1, PY2 Ny oy B e BB 17 I35
IS P g R R L R TR
4) B SR P T I RA T 25

2PW'< Wk (28)

P <<PM< P (29)

Pl <(PY, —P")<<P} (30)
HW'<<H<H)! (31)
Haw<<(HY', — H")<<H}" (32)
0<<AM'<1 (33)

0<< V"™N<400 (34)

OV sy (35)

IR AR /A (36)

L (28)~(36) 11, Wy by 4 3 A% e B 16 ) /g T
H G J7 5 Poc Pt 23 31 2 5 3 5% 6 $4 v, 166 7 H,
IR RN 5 PP A3 Bk R A e
P I 7 T B R L R T R HOL L
Hoth 43 5 A 437 356 8 AR 6 7 /L ) B B R L B/
P T3 s HY' H, 53 50 Sk 35355 e $ i B 7E H T
(R B A I) b ) R @ Bk Ty R A 3 A e I
7 R T o g e 2 A T L s VYN Oy i) 2
AR E N AR R Ve Sl i AR R A T
R3NP S A I I N R - U

K
5) $HLIE = HLAL A T R Te gk 2 o)
PP <P/ P.f (37)
HOP<<HM™<<HSF (38)
| P — PM|<<AP™ (39)

L (37)~ (39, Pl Pt 43 3 S CHP #LZ Ha
3B CTFRRHG Hal" AR B R AP™ R
CHP HLAL H T e 3 3 2 2 5
33 REAEEREMINSAR
Dy Al H NS 2y
Cr{ P+ pr 4 p¥™—pV—
P —pPr=0}=a
X, Pl oy e 2% 2 G R R S 8 PY g e %)
JAUHR RO S5
V5 Ty 28 5V A 24 TR A SRy 3 RS S
(2—2a,)[PLs— PweltQa,—1)[PL.—
Py..]=PY + P+ pb— pre — pyn
(41)

Wi __
PO o)



#5539 55 6 1]

ERT, A T SRR PN S A0 1 0 XU~ B BE R I 7 R AU L ) R A R 237

:Et':':' ’Pwvfl‘PWvlzjymEE:Egﬁﬁgé%ﬁ;PL,/S\PL,/-lj‘j
A 19 55 I8 B S50

4 OIS

41 EHOIHEBSREE

Ry B UE AR SCASE R, AR SCOR I B S 800 KU
J7AEHLZE R 240 MW, JRUHS TN A | A 6 g7 L FA B
o 7 R AN 18 5.6 7, B T 37 0 e H AR fih 2
B 7R, b Rl T S8 £ 1 iR B8 kR
JES BN 2 fir o R T S 6 s A B AR b
BER, T B B K, WXL SRR JE S U A Y R
JETE L A K HLAL S I AN 8 R . AN
SNERAEE N AR ME R, ARG
P2G AL FRAERE INIE 10 TR . ARG E T 2S5
WGBS AN 11 i . =G HL B an P& 12 i

260

240+

220+

/MW

200

180+

160 . . .
00:00 06:00 12:00 18:00 24:00

i %]

B 5 K& L

Figure 5 Predicted value of wind power

400
350
300

/MW

250
R VIR
——HL A

200

150
00:00 06:00 12:00 18:00 24:00

I %)

Be6 & fi#r. #f AL

Figure 6 Predicted values of electrical and heat loads

90
80+
70t
60t
50t
40+

30 ' ' '
00:00 06:00 12:00 18:00 24:00

I %)

B7 whWFgue s

Figure 7 Electricity prices in electricity market

Hr#s/(IC/ (MW «h) ™)

K1 BERERALHE ) 5K
Table 1 Parameters of waste incineration
cogeneration power plant

W/ Py Py P, af T fitf <
MW MWe (MW et Y BT pY R
[0 B o B e R AR & /m?

500 60 50 50 0.96 0.65 0.4 0.25 400

F2 HBEEMEREELK
Table 2 Trapezoidal fuzzy membership parameters

X¢% w, Wy w3 Wy
P 0.6 0.90 1.10 1.4
Fa, 7 fif 0.9 0.95 1.05 1.1

350 mmCHp Bt CIh S Rer
300 af 1 ol
250+
200
150 1
100

) Z /MW

50

0
00:00  06:00  12:00  18:00  24:00
i %)

B8 kA
Figure 8 Unit output

w40

r

E= 20 5 2 fE A
. Bl
00:00 06:00 12:00 18:00 24:00

it 21
B9 RRASFFTHAULEALAER

Figure 9 Gas changes in gas storage device in

different scenarios

110
100 -
90
80 1
700
601 /

50 ’_/"/ p

40 ¢
30
20 ¢
10 oo
or” v

00:00  06:00  12:00  18:00  24:00
]

—e e VAR HRRERE - s 2 AL R
SR IHRUERERE g2 R

B 10 FR%FTP2GAALEE
Figure 10 Energy consumption of P2G-flue gas

fEFET R /MW

5
S

HEFE
&

treatment in different scenarios



238 L - T - 20244F 11 A
250 S epp—_— P . A SCEEECLLTE 2 Fis 47 3 5T AT 40 B )
200{ 2 A L, B 2 Fdg s T ORI PIL 23 29 SRR oh 8 {F K OF
2 150 «=0.95. A A3 5T 0 LA 5 0 B XS L 45 2R
§ 100} R3IAIR
SOM B BB ORI A R
AV | | SR HL 3 T B 3B L% 1 o K BL AL
01:00 06:00  12:00 18:00  24:00 A
A Wikt 2 RIS R LA R IS R GE AT L BB
B11 RR%FTA%HFRERL A F AR H B P AL 2 A S B AR e T — R R
Figure 11 System curtailment in different scenarios & 5.6 8] H, FE R BE 08:00—18: 00 My Hy 471 faf
200 i v U L AR A b TR AR 5 7E I Be 00 00—
el 07:00.21:00—24:00 Jy HL B B A% 45 301 , 4 70 4o Ak
5 1 TR . 765 5 LR O 2R 59 10 48 60 4
Z 100} i CHP HLAL$ 4t , i T CHP HLAL 4 7 32 w5 9 1)
5 ol o TR L S B . T 8
5 AT ARG 2T R AR R TR
0 : ‘ ‘ ] H R R D I 8 R AT R B BE R LT R CHP AL
P et O L4, CHP BLALH 11 3 F B, 047 2K 6 T
o CHP 9 th 4278 S Y 1 B 3975
12 EAmeE 42 3 .4 TPRCHR T 1 5 0 6 e LT A T A
Figure 12 Power purchased on main network SEAT I HL B A M A A T R G R L R A
42 AREBITH=TH L, HRGE 5 KRR F] 75.54 %o 76 b 3 3 be %
2 & 3 e S5 B N e v R R R e ik R P IR 1 TAERE T, FXORBRAR T 72.67 20, &
T 7 1 ) e KRR R B0 A T A s 1 L S SE PR A AR b Al i, T AR CRRAIR 1 3.32 77 e, I Ul AR
H, P 98] R 0 A OAS SCAN 5 SRS 2 7 L T 1Y FEAL T 57.2 %
F3 FRAHFTRATLER
Table 3 Cost comparison results in different scenarios
g R/ UK/ USRI BT ARET ENe
iy AR/ T3 o0 7ot BAT AR/ TT 0 WA/ TG A/ o AR/ Tt
1 33.66 2.70 18.08 2.64 0.46 9.75 0
2 30.34 10.74 7.73 1.65 0.29 0.37 9.55
®d RRADFTREALER
Table 4 Scheduling comparison results in different scenarios
- BB e AL I L) CHPHLA I A HL AL e
ER D2/ MW P2 HIRERE/ MW MIIS/ MW | [oi2e/MW  P2G-ISafeie/ MW /%
1 1445.0 955.0 5997.6 827.3 436.3 75.54
2 1451.8 48.1 2585.1 4239.4 779.1 2.87

Sy LR TR A ERL T 8T
RGN L AT 8, R G A 0 H T A
AP T 955700, R 11 A A1, 76 4l f T AR =X
T, B 24 1 Z] 5 12:00 5 1400 SR A7 46 7™ B Y
FERELG . 454 - 910 T A, I B A7 7 55K A R <
AL PRREFE IH AN T &8 53 KUHL , P ICFE 12:00,14: 00 1
WRFR, R I AGE E MR 0, k3,

K12 s, AR AE B B8 e o K™ TARBLAT
HH HE 2 e H AR ASE e T T R e B R AR
HR 7 B2 B R T AR B s, T SRS R R A
B AR e Al e A B O AR R, 3 0
WAR m T ARG R A] AR BB S AT AN X XL 17
A7 4 20 % Fi 0 3 B0 R R 4R TR G 4 T R A
nEEE



#5539 55 6 1]

ERT, A T SRR PN S A0 1 0 XU~ B BE R I 7 R AU L ) R A R 239

i b R R T AR R TAERL T A]
LA S50 v e TR 00 R T 208, KRR 2 v XL ) 9 4
o HaikH TAER T B T A L, B
e B8 e v T B R I P A ST F RO A R AR, {3
BT 0 5 ) sl T B B B A i
1A R T AR .

43 AEEEETERIL

F 5K 2 6, v] EAE K F MK 0.65 I IR
B TE 2 0.95 B (4 AR I H X EE . AN R E AR
I B RS R H e A0 1A 13 .14 T

®5 FARERATHERSI

Table 5 Comparison of results at different confidence levels

- BOsA/ MR RA/ g/ Eny Y
J1J6 J1J6 (MW +h) %
0.65 25.27 4.31 552.7 12.05
0.70 25.94 5.02 642.7 10.03
0.75 26.66 5.58 740.2 8.04
0.80 27.56 6.70 872.7 6.82
0.85 28.48 7.64 1005.5 5.51
0.90 29.41 8.60 1140.7 4.14
0.95 30.34 9.56 1275.7 2.87
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Figure 13 Cost at different confidence levels
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