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Abstract: Constructing an integrated energy system char-
acterized by multi-energy coupling is an effective way to
enhance the operational flexibility of the energy system and
enhance the capacity of renewable energy consumption.
Considering the heating (cold) demand of residents and
industrial users, electricity-heat coupling has become the main
form of our country’s integrated energy system. To deal with
the uncertainties of new energy power generation and load, a
certain percentage of reserve capacity is usually allocated when
a dispatch plan formulated, so as to improve the power system
operation flexibility. This paper proposes a two-stage robust
reserve capacity optimization framework for the integrated
electric-heat energy system. The uncertainty model is the
basis of robust reserve capacity optimization for integrated
electric-heat systems. Compared with the traditional robust
reserve capacity optimization, a data-driven hyperplane-based
uncertainty set is constructed, it can effectively explore the
temporal and spatial correlations wind power outputs, which
reduces the conservativeness of operation decision-making.
Considering boundaries of the hyperplane-based uncertainty
sets whose boundaries, which can change dynamically, an
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improved column-and-constraint generation (C&CG) algorithm
is designed. Finally, the effectiveness of the proposed method is
verified in two test systems.

Keywords: data-driven; integrated electric-heat system; robust

reserve; hyperplane; uncertainty set
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Fig. 1  The construction schematic of hyperplane-based uncertainty set

AAHEES . HhEXAE RS TUR
K G AP TR S ORI E RS R B S B
A Dy LB FIT, IR R R SRR DI BR s
F“Ies” X
1 kiR, E4Ess N @ AR E A
S TURIC Ew Y, TR B 22" (A TER
S, BT E VI bR U5 7 s B0 =2 TR A 45 X
SR, S RE A EAS BT . B T — Rk
B2 W)
aw=p,Vx (3
WP et —PEAERARER I p—MriE. 25,
A ML A P A DR S TR DD T A BRI T, A
R E RS — P EARE RS .

y=(x-D)xE+ee=12,--- EVx=12,---,2° (4)
TESR I R G O B b 25 1 XS P T
fF, AT AT IR
1 E

vx, max —| |4, (5
ax’ﬂx’l‘ww;i E! e=1

sta,w, = .a,r<p . Vrel,aw =p. Ve (6
wi—w;=0,Ve,0=l,~~-,e—1,e+1,---,E 7

Ao =V (W —w),), Ve (8
lxle—k/lw$wf‘ze—wf]’e,Ve,VheH(e),xl,x2 eh (9

TE BRI, FAReRE (5) STERIER—
AT T BER R AL DIBR D s e 5 @ U e 2 A Tl
MZIA R ES F X, e, A Sw Dl 22 [ 1 LA
HiEg. SR, (5 BT B R AN E S 14
JERE MR A, G AR T HaX (5) fEA
SRR B IR T ikl

Vx, max HZlnle QL)

X (6) — () BB A 55 50 (6) LT
SCHFI AL R, SR A A0 RV DR 7 S i dhe
HE— @ AEE S W TUTRIERAD 2%, 1
i w MR S S WITE S P H R ISV & €11 Se
(7 FoRUIEIG BT A E 4B A B TR 5 X
o7 #2245 Tl (U7 A — 2 52 8 A s 22
o wi Hlw A B R w R Iw T SR o Ak A 2L (8)
g R LATEE B, I RIK S, RTBARENL, 2wy,
JEw A HERE (I ] . RS, v JBRENTL -1



130 ESSE

REEXRY

sk H2 M

(9 FREUEZ P T 7E G A0 E 55 N
58, hFIH(e) 5y I e BE I S R 2 A I X
6] P RO, Flle, 37 IXTR] 1 5 (90 463 T
A B THU A o
LR B AR T AR L A, AR
PN SR oRARITA TR AR BRSBTS
TE A FAN LA E VA
W = 2V, (W, —W,,)+W,,, Vm,t (1D

mt 2

0<v, <L)y <I (12)
8

L w,, R KU m e B2 17 S BE 2 5TE
4 TN B 2 SR BT s v 3R - T AN o 4
aMEAATE RS RIS L.

2 B-AREHREREFAMEREEERAML
=E

AR SCHEST 1 HL - IR A R IR R Ge e L AL Y )&
T— KM Hr BrE R, oS — i BB B 7
AL ). R RGBT TR, WA RG4S H
TR, TS B B RS TG I B — i BB A i A
ISR BEXT T HENLIZ TS5 T AT, A SRS ANTT AT,
WAz B — 20 2 ORI AR F F S N 2 50— B By . Bk
M, BB BRI B BB 43 ] D2 15 2.2

21 HeERNHER

H 4 G (00 9 RS R (13) FiR,
AT H4r: CHPHLALI BB A . 4 BUHLAL I T
e A FRH I AR, JEr, g my IR
REAAL. WSR2 A 10 I AR
CHPHLALRIH ML s p,, Fm BLAL I B 1L
WG, FRCHPHLALI =4 ry v FRHLAL
BOIE. S MAckt: RY AR, 4R i U 4k
SRR RIS MR K RAE A T

D FS Pyrlu) + S (o)) +

gefc

min Y| > (F () + £ (ror)) + (13)

t geFT

KY (R, +R,,)

H i B 2 265 (14) — (16D
A (14) — A5 ZRIEXH KRR LR, I
H AR s B AR 2k 2 (16) B

KL TH A A BUE IS . o, 2RnZ4y i o Bk
VAL RS B FEROR BB s Mo P P
SO BRI P R B R B, R KU R AL
At
R =Zpu” w, +¢ Nm,t,z=0,1,---,Z (14
R, =i W, +4 Ymt,z=0,1,,Z (15

mitz "~ mt

o<w, <Ww,, W, Sw, <w,,Vm,t (16)

mt> " mt

X (7)) — A FRPLLI & LR K, U,
FORHLAMBTPIRA s P, AP, 43 SR HLAL I iR A

UNE AR R R, 4 B4R B ALK TE
G RN S S GBI R TR

RRIE. AR,
0<r, <Smin{U,P, -p,,U,R;}, Vgt (17)

0<r, <min{p, -U,P, U,R,} Vgt (18)

gr=g’

2rg>st+32ré;>St’,Vz (19)
4

g
X (200 FoRHLAH MK AT FEIZIH
U,P,<p,<U,P, VgVt (20)
X QD — Q22) FoRREHAICH L. Hrd,
RAMRIYBIFR ZALIE ., TUEyRE
(et + ) = (B =) <

b _
Ugth +(1—Ugt)Pg,Vg,Vt Q2D
(ﬁgt + rgt) - (ﬁg(t—l) - rng(t—l)) =

Ug(t—l)RgU +(1- Ug(t—l))Pg , Vg, Vit (22)

X (23) RN RGP A I H LR
N L N N 3 | =4 NV AN N S S
re.rre Yo rko L rP oy siEon 5 i
HERCHPHLAL . HRIHLLL . R HLAL | 2% o 2%

BRSO 109053y R VUBLE RO s D,
RAHTR .
z ﬁgt+zwmt+zﬁl’=
gerfure mel" lery”
> b+ Y. D, ViVt (23)
lert* derP

X Q4) FRB IR D RIEMA LR 6,
O A3 HIFTRE B E « KU F RN
KRACHINR: B2t 240 .

~F,<p,=B. (0, -0 )<F,Lvt (24)

3 (25) — (27) FRCHPHLAL Y oL - BB A 2038,
CHPHLEA YL R g e Al A 4 T R A e ™
k5 N GFR T AT IR R AP RS B 7 g 2 T AT IR



Vol. 5 No. 2 TR, % BTHIRIRDNE - MEOARRARN BRSEE Al 131
TUSXT R AIAT REG Pyd Qi MF R AIATIIOE K RACRHC L .
KR ATHL . AT ]ﬁpsto =7, (fpstl _ T;A) n TtA,Vp,t (35)
Ne
Do =Uy D (X P ) Vg e I, V1 (25 T =y, (TN =T+ T, Vp,t (36)
k=1
Ng T4 A AR Ty
Gy =U (00 Vee e e 22 FIERINRE
k=1 RN -, T N . w2 TN S
Ny H AT ARABTRLR S 1 XU TN E . & H L

0< 72, <LVKD 7, =LVgel vt Q7

k=1

3 (28) — (29) FIRCHPHLAL 5 Hub P AE %
AR, Hoh, by sl O SR A
TR T 50 5745 5 R CHP LA R H 3
b [y B f, 53 B ZAS T 22 CHPHLA RN (1937
fRifks 755 TR M KIS [ s
FE; ORI BIHNE O, et P YA TR

4, = f (3=T"), Vg e I, V)1 (28)
0, =cf, (T3 =T, Yhe 'Vt 29

3 (30) — 31 Fon st FIEA R, Ho,
PRIV TP R I R E SRR 5
WIS fy s fa FR KM

gt

MZCHPHLAL. S Ak IR £

FRL R IR KRR 2 CHPRLAL, I, B
PRt

Sofar X =X e+ > e GO

pel"jl-L heFjH peI"jPJr geff

7R 7R _ 7R 7R .
2 S 2 = 2 St 2 St D
pe]"/P* heF/H peff’ ge]";’

K (32) — (34) FRTAUIRERA AN, Hri
3 (33) FornA8 Tl A G5 AN [R1RBE (1 I AR T A RS
SRR AR, X G4 MR FAH Y SR
B G REEIR G SR T 5 750 Ao
LK 0 A B i AR TR s T 5 7o 435K
I 7K o H ST Sy S A U ) TR

S @SS =15 Y e (32)

pery” pery”

D@ =Ty Y [t (33)
pe["f’ pe]"/P’

P35 =78 7% = R v (34)

3 (35) — (36) FRPIVEE MRS H

h, TAGRIRHIRIE: p, ORISR RAL, H%
—x L

Pk exp{&} o, L, A A 1 W 2

Cf pt

TECL TG I 2R (A s A, RS, TR

HLTH 2N A A S i R P TR B E R S, R SR

TR XA 2 R PR R i A7k, BRI
W

mslxn:ianZ(s; +5;) (37)

s.t. s, =0,s, =0,Vi,t (38)

f)gt -1, <pgt <[3gt +rg+t,Vg,t 39

Z pgf+ Zwmt+zplt:

gEF‘TUrF mEI",W 151*‘[’

+ - .
Z Pyt Z D, +s, =s,,Vi,Vt (40)
ler* derp

L AD—12), SERFARR (21) —(22) F1(24) —(36) (41)

37 ERURAL IR H AR &8, BT
— XD s sy B, SRR
AN ARGy, NIRRRE B SN E T IR
o] u A HA i hts. 5 (38) FRIIDIFRAF-fir /Y
WAL R 20 (39) & Ty B Hmg T /Y S R AILZE 7T 3]
KR X (40) SEEAND AP RS B A )
DAL, LRI AN 5 3 50 AR D 3P A )
s 2 (A1) A KA 2 PR ORI - AR5 e
RAR G HA S T, SEI s AT 2 L E Tl
A2 YRS M BRPTR AT <27 Bl

3 KEHEE

- IR B REIR R G B A A TR 2R M A 23R
Mzt (28) — (29) AR (32)— (33) s, AF|TFR
e T 1 P T B B A AR Y . IR BRI 2y B
JELR I A S A L e R B R B (R R PRI, S
SER FH SCHR[23 ] 3t et — T3 R 25 0 i X 24 G (I 2k
YAk, 25 B C & CGH kL PR A by A A 19 o B
(23 B

3.1 RERFMEN

AFHERIIETE (37) — (41 J UL A A,
ok BRI RN R AR . PG, 2 FERiA



132 ESSE

REEXRY

sk H2 M

PR, R B BN

L=maxminl's (42)
s.t. Au+Bs+Cv<e (43)
Dv<o (44)

K wBORRFEE, P Do o Tas Ty
Jus foun Sfus T~ Tis Ty To0 0 TRty TR
SRR I L DA R A RA S A 5, AdE: s Fls,
viE AT E 7 b, & v, ;4. B, C. D,
e, oJEREULRE.
FRA SCRR[25 T B E TR : A RUE I AR P 2
J& T, D32 IR R ) e IR A s v g BRI AN
EEGMTNZ —o T, B mAEES R
R (120 Al gL
v, €{0.1},> v, <I (45)

ZIe  RRUZ AR (42) — (44) (N2 R) 8
SRECHIIEZ, IR X B R B3 MR KM
AN Al . B2, D nl Rk A BRI T 7 MoK A
i R Y 2R A R B R I, R 28 K
W

L:mgegnge-STr (46)
s.t. [A:B]'é<[07:17]" (47)

My <I<0,-M(1-»)<E-9<0  (48)

A SIEXHBAR L SIS B AL i A B AR
B MIE B HEL

3.2 ETFTCACCEHEERIKERIZ

TERJHC&CGHT 1K At T £ 57 1 P B Bt 8 4 11
PUACEE RIS, RIS TOL A A LA 5 HI A A Tt
TR N B T AN Saa AT SR T R XA I 4
Fil o TP A U 56 XU, 9 90 3 PR A A S ) ~F T A
ek SEgUN AT YD Ky R e 1 Iy S
ANEAT TR AU — 25 ) H I P ) ~F T A
TS TTEIR R, IR IR (49) — (50) P
A 2GR 125 F R, RIS 7 32 PR i — 4 24 iy
PO B3 KR e R 37 55 I o 7 A R SR A e B AR

u ~
@ _ 4 Wy =W, (@ (@ _ 3
Wmi =W + uf’z;) :’” Z vya (Wm‘;y - Wmt) +
(Wmt - Wmt) ye[',':l;l“)

1 a
w. =W ~

—( L’g) :”’) Z v;")(wf,ft; -w,),Vmit,Yas A (49)

(Wmt - Wmt) yelh®

L(a) _ j(a) u,(a)
mt nzz}7FmI _Fmt _le <50)

e afil A G B AT A A U Y e R
(R RORR K T FeR 88 st AR 8 1 AN
AT warl /Wi o wle) Fv® 5351 3o
Fat B T K 9T A S T N A A T
JERNTH A5 2R 8

e, ARG AR A C&CGH R AR A

Exfie U =min f,(z) + f,(w) (51D

.t Hi+Ih<bJw<g (52)
Hrx' + 'Y <b,Jw"" <gVas<A,A=12,--- (53)

T S AR B AT AT YRS IR (46) —
(48).

FE_ LR, g R TR A s wiE KU
A 2R w4 BIURSS A YRR Y IR
Yy I g (32847 P s A8 B R T A A H T
J. b, giEAR (14) — (36) M (49) — (50) By
FEEME . )2 A5 Lh KRR SN (E X R 9 24
H(52) UGS AR B A KU B R g6t i A 24
R (53),

BEJ, SRR LR 2% GurobixR fift iR C&CGHE
HEZR TR ARIRL,  HAARCR R AR AN K2R

Coe D

WMAZE, WafA=0
AR 2 A

w(@) . @ [ 1@ > 7
L) ={yel, W, =W

x
' |
S5 2

LR I n— 21
Xz A8 2

i T

BT WAL I S Bl A
T I AN E S A

i

BTt e R
8 B  FeR
HIAS - Dy S

l

SRR A B S 17 3R s
AR T 4 L

2 BEFC&CGHEZERKRMBEREZE
Fig. 2 The flowchart of solution procedure based C&CG algorithm



Vol. 5 No. 2 FiR, F ETHIERDNE - MEGREFERRARMRSESHEMNNL 133

4 BHISH

S RAEA SO SR AR SR R, AT I
2 KA [a) 114 - R 255 RE R AR e A7 5491 0 )
e Horp, MRS 1 b6 sl I R 567 M
RGANA M -AZE BRI RS Wi RE 1N
11875 s HL ) R GE 540719 sl AT 7 R G5 1 U v -4
AR

ESRWSRINE S W WOk TR AT I P = AR S
(district heating network, DHN) Hfj#faf i A26
v LR e P ML R B AR AL . XU s (WD Fa
PO HLL (CHPIATICHP2). 4155 H I v i 1 2%
(busbar, Bs) 6% . 4l & 240 WLICHk[21]
ML 2 A 250 MW, FERUE ST AR 9% E
LA A e K s i AS . [B13H1: Nd (note)
FRR M G (generator) F/n AZHAL; HES C(heat
exchange station) F/R##ili; CHP (combined heat
and power) FK/RIHE ™ML ; HS (heat station) 7
ZRFRHL

MK AL 1 h, Bs6MINA L 32 5 CHPHLYLE 1%
FEL 77 IO 285 R DX S8 4R ) 25 o HL g I 2 6 45 R 2 L TR
R N220 kV, KEPMEASHIE IR, X
B AR £ i )4 T S RN AR 2 TR

A DXt 2

N
Nd4~ !

3 WK RGHRINEE

Fig. 3 Topological structure diagram of test system I

L AR i 2 S B A 400 2 WL SCHR[21], AR
AR . A R PRI MATLABR Y ALMIP T H
95, IE1GH48 GB RAMAHI2.6 GHz CPUFIiT
B {F FH GurobizK it .

*1 REHEH

Table I  Generator parameters

ZHER FTIHTHR BAWLER BIHTIR

KEH £ /pu

/MW /MW /MW /MW
Gl 200 -80 1.05 200 50
G2 70 -40 1.05 200 10

x2 EEEESY
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2 5 1750 0.8 0.000 5 0.12
3 6 750 0.8 0.000 5 0.12
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Table 3 The comparison of results under the two uncertainty sets
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Fig. 4 The comparison of wind power generation admissible
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