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Abstract: Driven by the goal of “double carbon”, the distributed energy sources represented by the photovoltaic (PV), is being integrated into the
distribution power system and the distribution gas system on a large scale. The coupling between the two systems also has become closer, which
brings new opportunities for the construction of low-carbon sustainable energy systems. However, the stochastic nature of distributed energy
sources inevitably creates potential operational risks between the two systems. Based on this, this paper proposed a multi-timescale optimal
scheduling model for regional integrated energy systems with high proportional PV penetration. Firstly, a day-ahead scheduling model of the elec-
tricity-gas integrated regional energy system considering energy storage devices was established under the premise of high PV penetration. The
model was linearized by using the second-order-cone relaxation. Secondly, based on the theoretical basis of the CVaR risk assessment model, the
loss function was established and simplified. Thirdly, the CVaR risk assessment model was considered in the real-time scheduling process. The
real-time scheduling model of the regional integrated energy system considering the CVaR risk assessment was established to balance the risk cost

caused by the renewable energy uncertainty under different risk attitudes. Finally, the two aforementioned models were combined. Thus the re-
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gional integrated energy system day-ahead-real-time multi-timescale scheduling model was established to analyze the interaction and energy flow

between the regional power system and the regional gas system. The model was validated by different load intensity scenarios in the case analysis.

The changes of system power purchase and different parameters of equipment operations under different scenarios were also analyzed. The res-

ults show that the proposed model can effectively mitigate the operational risks caused by the random fluctuations of new energy sources. At the

same time, the operational regulation of the coupled equipment can promote the coupled operation of the regional integrated energy system and

achieve good economic benefits.

Key words: distributed energy sources; energy storage; high proportion photovoltaic; multi-timescale; conditional value at risk (CVaR)

AR, Bl RS RC ARG AWT IR K S, Bl
EZ BBV G A B, PN R BE LAY I 19 &
GEZ 6] (R 5 SN R, AR MR BT , BT

LT i RS SR R G I X R A eI R

CRUBR” FEEE, A 2OGIR L A BE R B EABE M)
ARG, XIRER AT RE IR A2 40 i i A 57 4% b i ORI H A
REVR ZH 1F =2 1E] BT 28, A AT -PEAE BE IR A RE T AT HA
R I 7 L O LRI LR ™ e TR it R M S A

SR, by T XA G AR A AT P2 BE JRAE DA R 1Y
TIAFAE— AT RENE, AL LT R GE KA/
JEBIRZNE, )T RE VR AR 58 2 18] B TR BE AR A, ] B
T RE IR AN 1 R P 2 T 0 R S R (A B e I
WE)EERRARAIRG, ARAIREN L 2Bty
AR

4 i 28 X R RE IR R L Z RE B RO T+
SIS o B A 2 BV S U5 A AN B P DAL, B A
B SR s BE SOk, AL T IR SR RE TR
I BE AR % 1 0 S VR RAR TR S8 i 7
T B D Sl MR A [, B IR LR, IR AR
PEIK S YL L LR, HE S T - R R S
VAR, R T RGNS AR TR AR AT G 2 P R
JRGRL H T BN SE 1, ST T I L e B A Y -
AR ARG O R A A BERE Y, A5 G 1 %A
BT G54k 5 280 o Mao 28 O T —Fh 2 REUE R
GERIRUZ UHRLZ TSR MG, 2B T e 7%, I AE IR
A7 ANV AR P B B S BT 5 T RETR AT SR A9 R
W AT VMR L T — P T X 2R A RE TR R GE D)
)iz A7 14 19 % o A SCRE DR BEAE 2, FR0F 5T 1 XS
% K I BE IR R A2 AT RO R o R 25 Ve
REMH R G A S, 2008 T XUKR” 1 5t T R Z RER
PIRRIEEA, I T e B BT T e B9 A2 D

BEXSTE KB BEUR AN S M DX B2 E R
ZR G0 ) R BE e A, Ly ST T R R SR A
SRR L Y DX 25 5 RE R AR S A T BE AL AR, 495 1
XEZE G REIR R R RGP T RE T, WD T RGEH)
e 2k, B T R KL I AU AE I o Yan S O

TR, LA 7 A S K 5 S B4 SR AR AR e v R Bk &R
G BEAL R QI R T —Fh 2 K5 Al g

FURIR RGN o R SR R, FE ML 29 LA AE
PR g T 5] AR KU A H AR BHRE & LT B 5¢
9B 7 P L S B TN 5% 2% . Gao Ve 5 T —
L )R SRR LR B R LA R BB AR, A 70 2% T
TR AN 5 L A A SR i e 2
SIAZ 0TS, M X LR E S T2
PEARRER, DLREXE X 7 S B sl 7 R AN i o
Pk XA B R T — b Rt A X R
BREVERUZ ALY, T IR R R U 24k is1T,
I8 T A B AR I R SR T e T
A REVR 1Y 3 RS ] B, N7 T — R B B X 3k 2
EHETR RGARALRTY | [l 2 58 o %< (power-to-gas,
P2G ) % B 5 SR I 7%, SEER T BT B TR ) = S0
2 . 12 AU OV Sy T f 4 B R E N B R [ &2
RETL I &, (A2 R R A AT 285 7 K e
ST RGBT S REIR A m ORI L kv gl
FIFH X 38 25 5 BB R 2R G2 R PERRAIE , 87 T 5 18T
B cHE R L BRI R FH AR 1) 2 B AR AL IR BEAR
T, A AR S BOHE R AL SR A TR A A )
HENT T RG-S MR AR P R 8 A A 5 |
A MR , o )25 R H SR G, e T R AT AL
T 8 AU of XRS5 5, $ R T IX
WA RIERE WO BeE B Izt i sy, [Fmf 5]
AGN LY A U A TR R A, 7R 3G 08 R A
PER RIS, SBE T XU T AN BE 1 B B T o A e 20
FEAL T RETRL T REOL AL A OSUZ ALY DL X AT P A
Re PRSI 2 T RN R TR A A% B B, W] B4 iy T W O 4
i T3 B e = e 1 A A 25 o

HREENE, FRYFF AT AR
1) B Ze2i A el RGBT 2 T nT AR re i
B AN 2 P, (HL A RE 57 4% Hb 3 Joit 28 35 14 -5 XU A ML 5
2)%F F i e IR IB 3 T X34 A RE VR 114 8] B2 1]
WEFEAHXS A PR o AT FEAE REVR 19 H 2535 S B i = A= 17
ANE] AR BLAS , 33X 5 0] A BR IR A AN P
Jrats 2 (A RS A 5 o RUBS: # L ( value at risk, VaR ) Fll
S48 XU B ( conditional value at risk, CVaR ) J& Hi,
J1 B GEARAC T BE 3 A B KU A 7 ik P
CVaR A ZEAREIR R G ki et T 5E 8 7
BT mg



523

T &, % BT CVaRIY = L DGR X ER & REIR R S AL 4 99

A SCEST T — BT CVaR B & B AR X 88
LR REIR R G VA BERE Y . 7 S % JE AR RE B A 1Y
H AT - X R A BRI R Eas AT 2, R P B i
At S B R A 2 R AL B 45 51 A CVaR XU PFA 75
¥, R ST S OIE A 8 BE AR o 55451 20 A S8k 1 T
PRI BERE AT ST 1538 A7 A 15 AU, 1A -t ok H
NEFERRIRGEWREMRE TR IZTT

1 EEREEREENXEBGaERRASHA
EERE

H A E RO Ak 78 3 A AR 2 ply X3P 7 F R SRS
Bic ] R e 4 R A R4 1 0, AT T IX e g A
RARTELTE RG0SR, 2 B A 6 — 4 2tk
b B 2 AR AR Y AR L R AR AR R R P
DX 38 L S0 2R 40 R FEAR R BC A48 I, SR FH B A s st
o I, RSB, A% 8 AR5,
PP R UR R S0 iE o BE IR SE 4 4% (energy hub, EH) i
iy
1.1 BFfREH

H A8 2 H b R 5553 500 Ay X8 FeL 2R 56 T IXC 3
B RGBT AR, Ui/MERGis1T A H
b o BAR AR :

24
min| % " (CaiP;, +CuuPl )+

t=1 ieNg

i D CsnlF+ L) (1)

A, ERROFR H AT 55, Coy  Cuyd0 3 43
A AL A S | St I SER L A C,
B E GRS 5 50 U R, P, e
i A s L AT e, P e B 2
AR SR RGN, 12, Kt B 15
I, £, T E SRS, No N5 4

1.2 XGEBERAZAHREH

1) RGET HYPRTA 2R

X XL R R, AT S B
M2 AT LA 2R

P 2P =)= P+ P =

Lj—l Li—>j
0 0 0 0 0
Pyt P+ Pres = PLjc = Penju (2)

Z Q(;l,t_ Z (Q?/t - l?jxij) = Q(I)J,j,t + Q(()},j,t - Q(Ii.j.t ( 3 )
Lj—l ii—>j
X (2). (3, B, st B i b RO R T7, iyl
S LB, PO 5 PO Ay (v B A 9

B AT S, QO o EE - 24 T A K
RS R4 MO TSR, 00 ok B3 i 2 s I 30
9y, Py it BRI J1. P, i B AR
WL B AT IR, P, b B M B2 B
BT DRI, PO, 0 S i et
SIS IS, PP AR e B
A TeU i far

2) ST HLUERETR AR

R S L | R R O 1 A
LIRIr BRI N

US, = U, =2(ry P}, + x; Q0 )+ (rf + X)) (4)

(P))’+(Q0) = UL, (5)
K, U, U9 o3 5 g it B s U BSFT7, iy xs
G301 LR L FELE .
3) HUE RS SRR 4
R o 5 S (A 2. e B ) ) E R BR Y
O3RN A

Ut < U0, < U (6)
min 0 max

Pj" <Py, <P (7)
min 0 max

Qij < Qij,t = Qij ( 8 )

Ao, U Um0 5 s BRI A B LR RR,
P PRFIQN  Qne gyl Ry S A S SRR
TRRE TR TR,
4) G M AT LR
A AT TR BRI
SRR R
P < Py, < P (9)

oM< Q) <O (10)

2, PR PRRRIQR ., Qo i o b BRI E AT T
DI LN BR R T TR L R

5) fEREIR & 2R

i RE IR & 1 AP 20 (0 (11)) AfRE R
FRAH (2R (12)) A/ L TIBRA R (R (13) ~
(14)) A/ PR (0 (15) ) L BRI B
W (16)~(17) )43 HIFRAT

(P(I)E;nz - P(I)Eg,l;t - S%S,tkES) Ar= S(};S,Hl - S%S,r ( 11 )

0 < Sps, < Sp (12)
0< P, < A5 PR (13)
0< Proy < Ay Pis™ (14)



100 TRERp A HEOR

%5 55 %

L+ A <1 (15)

TRtz ) - (16)
t

Tz ) |- e, (17)
1

1)~ (17)H, PR Pre sy 5 Ay ik B A/t 11

AR, Shg vt BAFREH AL, ks HIRFELLH], Spex

P gy Ak R S A A DR E R, A AR A il h
fits S A/ R S A e AR B, T ol FE R L A K
6) B HERA S L PR
S P T B () AT LA e A s st
fEH:
(P°

ijt

Y +(Q5) SULE, = 2P, )+

@0+ (0, -00) <(Us+L,) (18)
1.3 XERSAZAREHE

1) ¥ d2 - A
BRI
fSO,m,t + fl(J),m,t - fL,m,t - f}?}—[,m,t - Z Tg,t =
keGC(m)
Z f;gn,t-i— Z fgk,y ( 19)
neGN(m) keGC(m)
:T:t EF[ ) fL,m,t%tﬂiﬁm%‘;@Eﬂﬁﬁ ) ngvm’,ﬂgtHTJ‘E&?ﬁ/\ﬁE

WRAE LR AR i, 70, B B s B RE , £, R ebf B
KRG Emniii 5, f0,, 4 (I B i o s 3 i 4
GC(m) M ENTT S R m IS I ES, GNm) R S5m
WA S

2)EBAHR
BIESRR B5 T SRR AR 56 R —

ARt RN
2, /(Co) = (2 ) = (72, ) (20)

KX, G, W E Emn ) Weymouth REL, 79, 0 Hym . n
A

3I)RG T AR

T EAERFE AR R R R FR N
ot < < (21)
S < fos S S (22)

o, qmax | gemin g3 B AT AR L RBR, fme | pmingy
AR EEAGE TR,
4) R 2R
e = Cifers (23)
A, 70 s e, C o He sl P 6 R 85

5) B HERA S 2 R
FIE L (20) 0] LA I — B HERA s L AL R .
o N(C) < (0, ) = (10,)* = S /Co)+
(T, =70, = 1) < (), =75 + 1) (24)
14 BEWEFLRENY
HAORGHRRARGE L EHL IS, Ik
HH R BE TR A L AR E B P2GIR £ L AR AE ML (gas
turbine, GT) . #HLB% /*” (combined heat and power,
CHP) ML . AR 4P ( gas furnace, GF ) #4 i, HAK 2y
RIF
1) P2GZ 3R]
HL G B R RS HE H 7 B Ak RBRAC, DTiT 52
A SRR Z MR B AR, FALBIALGN T
Foms = Pl sl s jsm € ©, (25)

o, p M P2GIHE H R R QR L H X 55 1L AT )
P2GHE & T HER

2)GTH R
GTH RIS REFEAL T HLBE, S 20T
POGJJ = fgnl,t/nl" V],m e, ( 26 )

A, n N GTHIFRACR, Q, Bl HL M 5 < MBS
ARG W AES.

3)CHPZJ

CHPYENHRG T S A AR S HABE, b d

L), = Netpee S, (27)

Y, D I CHPHE 4 Ry HLBE A 52 AL RS0, L0 G
T AR K .

4)GFAH

GFYERHEG T s A hEE, S b 2y =X (28) |
(29) 7

L]?,z = Vonchp,hflgH,r +(1- Vo)nghng,r (28)

0<v<1 (29)
(28) . (29)H1, napn I CHPEE il AAE Y FEALRR
nan W GF I 6 380 % , v0 S CHP 5 GF Y 3 i R 4L, L,
SRR AR TR o

2 EEBCVaRNEIHEM XSRS HEIR R
Gre R IE AR EY

5 H AT, T HAR A YRR, TETEXE L
YA TN 0 254 Bk 2 4385 BE DR L1 0 R P B
2R F B [ R JSE AN 8K A o T A SIS 3R o
I JEE IS 1) RE A AR 44 14 SR AL I [ L JE B 777 1T
RS PR , DAt SN B A R BE AR, B
RERS 1t — AL AR R GE R IB AT HE AR o I, A3



523

T &, % BT CVaRIY = L DGR X ER & REIR R S AL 4 101

&R H RS2 B 22 B o) RUBE 5 ik, 43 AT X3k e g 3R
GEHXMRRIREZMMHEERSREERD .
WS TTSEAR TR 1w 0 0B R A S R R 1
H A8 B 7 28, 7 SE Iz 47 e 8 v AR 40 S et 7 0
B S ol b R B R SRR B, A5 B R DR T B SE R
H CVaR XURS: PPAk A 80 (%) B8 LAk, Ry Heml A 21 X
LR BB TR JR G0 0 SR BE A A v O 555 1 L[]
4 18 H iG-S I Z2 1 [a] RUBE DL A0 o BEAE AR, DR 3kt vk
TE BB T AU o
2.1 CVaRX & 1EHIRE

AT XU L G AR S5 T B BRI MR D1 OIS At e
AR ARG HA — & W FRIE N T A BOF i
IS RIS 25 , A SO CVaR T B2 5| A X IR Z5: & RE TR £
SEHBERRL T 20 VR R A B AU Sl Es , AR T
FRAEREUR & B AN E A O, il 2R 58 0E o
Be 5206 07 2 B a1

HESL T — AR R RS (x,y) o Ferboe yd 5l R o
B PR A & 5 HEHLAE &, xeR", y e R, R'FIR" 43
R nfE 5 m4E 0 SRS ] () B R BEATL AR Sy 9 A %
25 PR B0 BN p(v) o IR DR TR AR x5 B (O 12
PR SRS (e, ) I B F AT PR AN T

s [ pOdy (30)

fxy)<6
BRI Fa e (0, DB FFMET, X T 4508 ek AR
tEx, VaRPRE ) R 7 .

Viaree (X) Z2min{S € R : ¢ (x,6) > ) (31)
5% VaR pR A XN Y CVaR BRELUN T -
1
Ve @ — [ flypeidy (32)

FE)2Vyar-a (%)

ORI, AESCRRR LB SRS HR % 1A CVaR
PR o3 RIE, O T ik DR ORI, X CVaR R fift b
HOIAT— SRR T AL, HOiH B B

! .

Fo(x8)=6+r— [ [fxn-6p(dy (33)

-

YER™

A1, [f(xny)-6]" =max{f(x,y)— 6,0}, W CVaR &%
] LAFEAL R .

Vevaroa (X) = mi;? F,(x,0)

i i R S EARHA, AT AR CVaRiH 5 i
frift—A e

(34)

1
No(1-a)

K, No W REA BB 5T B R 8., 15 31 XU 7

F,(x,0)=6+

D=6 (35)

ZN RN

Fa(x,6)=6+m;nw (36)
2.2 BFRERH

T XA TR B RS 2 B A BSOS A
%, B CVaR KU BLIS A AT A X IR EZE 5 RE IR ZR 48 5K
B 9 B v, B AT 45 3] 2% e CVaR KU 4G 1Y X 25 &
AE TR 28 G0 S I BE AR AR | HL H A oA 8 3 S5 5 in A
16 1E Z K0 B3 2 e 1 39 B8 e A R XUSS: s AR i35 47 AL,
i R G A B/ INb, TRL I 25 B OXURS: Bk, 175 CVaR
IRUBS: AL Y H Ay pR AN T

1 No

min((l -B)C,+B

24
Co= D\ D (CaiPl;, +Cuss P, )+

=1 ieNg

24
Z Z CS*’"(f;),m,t + f[(J),m,r)Jr

t=1 meNs

24 N

D2 pu| PP (1= 2+ Dyfy (1= 22,
o (38)
X (37)~(38) ", BAMBUEIE R, p, N F 0l
e, DD 33 Ay LA | 87 ) B D) B AT AR o
23 XEUERGRIFERFIAHEERE
e S R BE B BE, DXL 4 RE IR AR SE I ST
1 TR E 75 O L RSB R AT 1 L
0 245 e v ey S R R L 3 A SURE IR S Bt ) B )
T SRR, LIRIE R G2 R RE 81T o KIER A fiE
IR AR GE S BE AT B A A R AR A I
2P 2L P lr) = P+ Pyt

L j—l Li—j

Pres j, —(1 =20, )Py, — Py, (39)
PRI ADE
I j—l ii—j
Qg,j,r + Qé.j,t -(1- AZj,t)Qi).j,t (40 )
UY, = Up = 2ri Py, + x;00) + (] + X)L, (41)
2P,
208, <UL+, (42)
U -1,
umt < U s Ut (43)
P < Py < P (44)



102 TRBESHA 455 %
o < 0y, < O (45) {it(gﬂ (58)
. st. 2 (38) ~ (57)
Py; < Py, <P (46)
o< g, < (47) 3 BEBISH
P Fn = (= A8 Vo = i = ORGSR O
Z oy Z v Z P (48) i ﬁgﬁwEﬂijC%u%E@IZiﬁiﬁﬁ%nﬁa%ﬁ%%@%ﬁfﬁ
R - P HR | A SO IR T U T 1Y X 45 B R 5 5
BHEAT 15 BT BT, R L5 BB VR 3R 46 H G#E A TEEE 33
2ol Con || o (49) T IXBUBE AL AR G0 RI20H K BURE SR G 7
T 1 45 5 240 B T 4 A 56 AR HL U ( distributed
A< g < (50) photovoltaic, DPV ), 7E 77 #1231 & T CHP, 7£ 15 ;5 91%
. BT ARRE B, 76T 152950 5 B T GTHIP2G,
I < B < I U it et B 8 4 P A A5 46 AF 3 7
7= Cufé (52) AT RS R AR, RN A6
P o imeQ, (53) TGRE%%RT%ﬁ%J%%%%%%%Hﬁ%@T
e PE 2% . 105 AR [ 3% 5 (9 H DPVHE 1 I &3 R o
Pe = fo In Y jmeQ, (54) IEEE 33 15 £ B W 4% 20 1 AR AL
Main grid 1
LY, = Napefi, (55) ,
Ly = V¥ 0ewpnep, + (1 =V )an fip, (56) 3
0<w<1 (57) )
R (39) ~ (57 EbRowm S B 42, 5 .
A2, S L BT S AT DD B R HR A ,
U A B AR X5, AR FREAR .
FESE I E BRI, 2 (39) FiT(40) 43501 3R 5K
FIE 381 B B ) H P A L e By A O AR L 5
(41) F1(42 ) F:[m) 7R S sk 2 st B S 6 i 5 iR 4
P, Y AR 74 3 PR S 1Y OG0 2 (43 ) o S i A B2
IS £ 5 5 Fl AR A B R BR 293 X (44) R (45) 4331 O HHRhEE @ s M Rk (o] A

R S R BE S A R A D R DAL A i TR
A, 3 (46) F(47) 437 2w 5L BT I BE I A 1 2
W A DA TC T DR R R 2R, X (48) R
S EoF ] BT ) SR AR AR 1 A I i A R L 20 (49)
FEoR LA A A R B R R S s T R IR
2 (50) 2 7% 2 9 B 9 R AR 1T s SR B TR 24
R (51) 85 SR BE AT S AR B R RR
o, 3 (52) THE T 52 B R 3 ) A A I e sl is A
SR RE I R AR 20 (53) F /R SR B 1 P2G
WA A Y RE R % e 0C 2R o 5K (54) 2w SR 2 B 1Y)
GTN R BE R 554556 22 o 20 (55) Fe 7 S A ) J3E 1 1Y)
CHPHLAL I R IR FE #5652 o 3K (56) o ST I 52 bif
FIGFIE £ N I RE R L4 X 2 . X (57) F//ARCHP S GF
B (] 1 43 B R A X ]

25 b, Al LIS 32 CVaR KU PEA 1y X I 25 4
A TR 28 G0 S A ] P A RNy

@ sl @ mitn (5] e (o metmp
E1 XEBEEEERRS
Fig. 1 Regional integrated energy system

60
38 | - SR
e SR . A 155
36 | o A\ S\
| | /. .\. l 50
2 el VAR
ﬁ 30 L /. L] 4 45 #E
& A E
2 re \-\ ta T
30t ~ o140
28 | \ J/ 135
.*./
26 | 130

00: 00 04: 00 08: 00 12: 00 16: 00 20: 00 24: 00
i )

B2 Hfafrhizk
Fig. 2 Curves of daily load



5% 2 1 VE 5 ETCVaRIE H B K BULs A R IR 2 B0 0 1 e 103
25 ¢ o 4T LI B3, R B AT T — R L
2ol YT, SR RIS R B S R TR L, LR B A
. 5 B AT TR, 6 TR e S —
§ L3 AR
=0 | EISTI6A MR T RS RGN, 1 R
RE 0s | AT 5 4347 2 U8 ( distributed generator, DG) H 77 .
22 -
() L
L L L L L ) 20 + o 'S
00: 00 04: 00 08: 00 12: 00 16: 00 20: 00 24: 00 ././\ _/ \_
ETJ.ZIJ - 18 + / I\./ \l\
E3 ADPVHEZ = / \
Fig.3 Curves of daily DPV r .4 \
32 AL RS RN "
(T (50 10,9 | R T % & LI\
R AL A S5 AN 1T 7%, h 22 1 AT 0, B2 A
Xﬁtﬂ%/bmj&%i;ﬂiﬁiﬂﬂgﬁ%%’$Httﬁﬁ 1(())0: 00 04:. 00 08:.00 12:.00 16:.00 20:.00 24:.00

7 WU AR B A R T B T o, XA D O A
Wi R RGN T KU A A S BB AR <Y, R Gl

SR 0 R GURA, TR A I 2 Bl 2 A
®1 TRENETRGEHRASREARA

Tab.1 Operation cost and risk cost under different weights
G RYA/S CVaR X i A4s/$
0.1 8 587.722 14 536.70
0.2 8593.262 14 527.04
0.3 8599.120 14 510.44
0.4 8 604.785 14 476.28
0.5 8610.508 14 436.13
0.6 8616.200 14 434.80
0.7 8621.489 14 432.99
0.8 8622.633 14 429.00
0.9 8 628.364 14 396.54
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Fig. 4 Operation status of electric energy storage
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