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Abstract: With the popularization of energy conversion

equipment such as combined heat and power units, heat pumps,

AL SRR 7 [P BB X AR T T7 1) T L

electric boilers, and air conditioners, energy conversion and *?ﬁﬁl: TFERETR: PR REIRAR S AL AR
information interaction between electric power systems (EPS) A

and district heating systems (DHS) have become increasingly

close, gradually forming integrated electricity and heat systems 0 ?,I —l%l—

(IEHS). Combined heat and power dispatch (CHPD) can

promote renewable energy accommodation and improve the

flexibility of EPS. First, the composition of IEHS is introduced,

including electric power networks, district heating networks and
coupling equipment. On this basis, the development history of
IEHS modeling is reviewed from the perspectives of energy hub,
network topology and energy circuit theory. Subsequently, based
on analytical methods and artificial intelligence algorithms, the
similarities and differences of existing research on combined

heat and power dispatch are reviewed. Among them, stochastic

optimal operation of IEHS considering uncertainty and robust T A e Er e AL A e

optimal scheduling of IEHS are included. Finally, the key
scientific issues of CHPD are summarized and the future
research prospect are proposed.

Keywords: renewable energy; integrated electricity and heat
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Fig. 1 The structure of integrated electricity and heat systems
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Fig.2  Muti-area interconnected power system
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Fig. 3 Operation feasible region of combined heat and power units

FATRE R T o A e A AR ARG ) A S5 O 1o i
TR YA BT A . AR T L R A B R i s A
K I ORPHBE MR AR O A BEE, 35 S T HR
e, BT RESIHAEREE, $RHLIGE. W
Byl AR AR -
Pep = MepFes 2
e e NEERFAIACR: o MARBLAYIRIN AR Py
SIS FER HLE

1.3 HIHEN

HEPAE X 53— U8 R A e — I T
ARG 22 Bl i R/ D RS I, BT ) R
A FL IO s A IR A A R R Rt TR KA
M, ZERIT R RGEECE R . P — i AR
IKEZEVR AL A B et SRS P DA S8 R it 3
TWE M . He RISy, I
A JETT (constant flow-variable temperature, CF-VT)
FIE T (variable flow-constant temperature, VF-CT)
RPN R SRR ORI 2% ) (ORI A S
T o8 A O 5% v P AT P K T R R R A A A R K
Jo ] DU OR AR HE A R 28 O PR K S B AN, i i 2
PR 28 AR KIR A 2 FH AR B AT oK

AL 0[] i, T R 28— K, B R SR 5l
SR fEHR -SRI RS, BUE s i)
DA -1l R AT ) R GE BT R 3E Tinv J) R G i R 3G
PEo AT L AR, BRI A i ELAT B I A R SRR
i PG o B R i B AT P A B e I ], A
REAY LT AS G F B —FERT BT b b SF- A, LA R ]
LR BB AAAA R . I0Ah, PARBAEAL fn i R v [v]
FEAAAERAFE . 08 R4tk (element method) F1
7% (node method) >R 2 il FR R Ik B2 Bl AR . SC



386 ESSE

REEXRY

CERECR R

BRLI3THR G Tk, JHErp gl Hh 1 o o ok
13k B AT I AR T3 . SCRR[ 14188 Hh 1E A2 73 fif
T R D SR it A 853 7 BRI R] AT b — T 22
Gridie W REI A STAR . DFE 2 RBE I 551
T PR R I B A PR M2 5 R
A B T8 Y R s Q7% IBPIRFER 2500 T )
it B A IR A

IY YL RN SOE ROR AR BBy, ER R
LR AR BN RSB R AMX A 2. BidTr
TEAE IR I R 2 N o ZRRORE B R e . #hd A
A PIRSSFE BT e L a M. AURBEAR I
PR ECE B AL, T ELE TR R S . HIE, B
RRRUANE F T 52 st b (AL R SR . 2345
EHLEE CHNERAE T 455 IRIAFR0 YRR &, SCHR[16]
Pt T — Rt B RLEE AR A PR SRR, A
RIS e b, P R 2R i 5 R, Al
Peils BRI INAS I, BB A e O BRI A T AR
A E

2 R-REARERZEER

L —FER G e TR AR 0 A A H B 5 A B 1 R
fille HAT, H-ERERRIE RGBT FRAT LIS h 32
DT HREEAXAL (energy hub, EH) #J#E i -#EEGHE
RRGAR, QA ILH S RGWT, F T AR
IRITIERY, HE A AT AR, BTE Z ]
REETF, %R FREIR F IR RE LR S —Re A AL .

2.1 BEEIXA

20074, PRERIHERFR I T 24 BE i Goran Andersson
EENE VAR TREEARA LS. BERHX B RLE
WIEE T A0 RE s A A DG R A e R A
KR, HARRTIFR N

Poutl Cll C12 e Cln Pinl
e S Y ) REY
Poutn Cnl CnZ o Cnn Pinn

L Py P, 53 50 R A S 1R A BB S R0 i 1
AEft; C OGS R HAET, A KRR T RERAX A
BERIWETE . SCHR[18]2E T AERAR AL U 25 5 REIR R G i
B, JHGA LRSS T RER R AL A B, SCRR[19]12E T
Vo /A HL T SRON RE d A AL R AT 48— RN e I B
SCHR[201£5 65 70 B 1 COLHEMUM i BEHE B 1) RE i HX 4L

itz tr. SCHR[2112E T3 R e X A 2E A7 L -2
FREIR ARG . SCRR[2218E0 T — M HESE,
K 2220 R AL R B IR R — S XU Z R e 3L
AYiH. SCHR[23 41 T ZR A REIR R 4t 5 RE X AL Ty
s A7 KL 7

SR, T RERAX AL A9 LR 5 RE IR AR SR i ]
TR, JOEMERIZh A R R, H
AW LR RE P EE A2 T 25 R
ZEK, TR MERFE, AE I TR T B4
FREEAZIL LI T AR B

2.2 REEEHRMEE

ST LI 0 (1) A B FK TR, KL
ARG, TR G W e — T
. 2 HH )1 R SiKirchhoffi i iE At . Kirchhoffr &
SEA BRIBERE, ) RGAAAE T SR A [
FEFI A ARSAR R R . i A -7 e b vk T LA
AR RGO B RGN R G
A e an g2 R,

x2 BARGFMANRGT RELENH
Table 2 Comparison of node types between electric power systems
and district heating systems

KA B P
PO HYD) P R IR {E Y
' EIEQ ARG
\ A AshRP ARG

: 15
RS PVERC gy o
. WIEIRY AP
& WIEMfMO B
P MK IR T, POKIELEET,
A Ay IKSkH
, - PARIREET, [IKIREET,
PIAE TOVR o, K
: BOKIREET,  EUKIRET,
AT K HshE

SCRR[24)45 & PO RIK IR, 13T L -4
AR RGN . SCHR[251 R T RE AR AR, #4
-SRI R, 2 T AR R SIR
G . SCHR[26]7% 58 2 T A REVR A4 1k )
M, BT H-ES IR RS X AR . SCER[2 7161
S8 T O IC H O SR 1) XIRER B RR VR R S i AR TR A
WAk . SCHR[2810 0T T HL—#ALE A RE IR R GE bR 1
Tio SCHR[29T7E [BIERE v FEAE RRUS . &5 HRORN HL I L A7y



Vol. 5 No. 4

KER, Fi B - MEERERFNHIEESIR 387

AR EOLT . TR ARROCIEIE . SCHK[3012E Ty
ST R BERR REAL, ST TR REIR R e i

BB . SCHR[31FR T TR MU — R ER G RETR R G
TR Tk

SR, AR IR R 5 220 T AR 14 e
It R B ARk, B 008 i AR AE I A £ fE
P, ARG R ) R RIENE, ek n] AR RE
DRI AN o FAHIBCA I RS AR MR R 2 Bh At e A
PR, BRA T 255 REIR R G RS8R

2.3 H—RERIEL

AR REML R . R IMEZFEEIE M
KRG & T MRS 225 eI R 40
PeAbis 7 2R . ) 28 S B B bR
HHE. BR. A2 TR, GRsFeE. Lk
by IS B R F R TR AT g 2 B ], W]
YNGR “Y7 B R AR R, IR
W& T SCRR[321ART T RETEAS LI 0l 1 fig 1 I
KO EEARTNE, K A R A A,
Sr— RIS 1 E S T HER .

FRT 7 I 265 300 o0 457 T R BRE A B e 226 B A AL AT
AR R RI K ) TR . I 28 AT 4 1%
ARG &  HE B Gr, EBR R R
RYREIEAA R, 5 RS Rl AR A8 I v i P S e
SPHE . BT TS R ) R R AR A R . T
1 AR . IR RE RSP, IR AT
eS|
em——e——+¢6T=0 (4)
X e Ty py Ay mo ey tRIxZ R I, TR E .
WL BRI, PiE . HOAREL BHRIAIN . 2
b me O o

Ox

FIARGE Lh
p=cmT (D)
LISETIEGS

6)

BRGNS RGBT . n LA
R RGURI) RGP Bl S, (HEECHE
X ERA R LIE.

*3 BARGEMHRNRZHIELL
Table3 Analogy of electric power systems and district heating systems

2] #
YIER: G e R P12 sE R
U_gu-cW @ pa or
N o ot ox ot
BeE it
ou ol or pAop &
——=-RI-L— T APV 4
Ox ot ox cm” 0t cm
iR U T
P 1 v
FH. R g/c*m?
%" C cpA
S G &
& L pAfem®

"]
T

SCHR[16] D\ EELASEARL A J3 X6 FAH 2 A% 36 JE 3R 647
AR, AERE R PR I T N RRE S A
ICHEZRAYJER |, BRI T I B SEROAY, ST 1A
BEZG TP SR Z [ IR i o 1 DG &R o SCHR[33 ] T
HEAPE E AU B P S KBS, R TR
HEAFIEE AT TR AR R, il Fourier 84t
F 28 1 i 11 4B SBT3 7 AR BRI R
s B, GERKEE S AR TR R 2K 1Y S
B SN, TR S T K T4 T RE TR
JIMZE IR . SCHR[34]2E T 48— REBK 10 S B L — 4 -
SRR RGEMNACTI L, 45 R/ KW, ZITEAL
AR RGBT R, AT DIRIRR R Iis 1T
A, BAG R SR AR R A AR ARG

G —Re BB SE i ) R AR “ AR 1Y
K, W2 2R IR T BRI i B TR R AR
o Si—RERMIRLE I “ om0 " R, AT RAYEE 2L
IS 26T, SRIERR MBS R, S - IR S

AR Z W R R PL IR, & FHTE )z
SR, Gi—RERELEAIE TR R E RS

3 HERSHERE

PR IR 5 ] AR AR BT A3 S HEAS ] AR A
IR ARG ARG PR EER AL 2 O R P R R (Y B
CIRE 2 EiE



388 ESSE

REEXRY

CERECR R

3.1 EXFEERE

TR I 5 BEAS R AR R D i/ NIs AT AR i R AT
FHEREIRA AR Hbneki®l, LRI RS, R
i MRS TCIFSF AR, R4 .

x4 B-ARESHRERSE—MRIAERE
Table 4 General dispatch model of integrated electricity and
heat systems

N —
R Sl B g
. RN PR ST
Slal AR
T v
LTS TR v o
e KIS 0
i TSt TTTS o
D RRHELAR KRR X
; PR KRR R X
WAL R v o
PRI PR L TR vy
SRR T A LRI vy
e RN, WK 6
IATHER oy einrs v
‘ R rUBLALH 4 R AR
£ ;
. HERERR A e e v
B sy TESHIERTEE, SL%AL )
7 R pem o
4 A B S 925 1 AN 3
s AR AR
AL
BLELH A B AR H ) 1
4 PZ3
LA 2 TR v o d
P WREAE, A
ﬁ LB WHREHLAE, 7k e
28

o PRBOTHLAL AR AR

3.2 ERERRGKREMUAIEEER

LIRS B T AR R RS R TG, (et nl AR
REVRI A . 40 RO R R MR AEE R . # A
YT RERERY -

BB L, PARE AL f HAT 0 A I A
PEPAE Al DL e BN 75 AR R B BEA . X
BR[35-3 713 T4 s d5Z2m 1 BERAAE ) B9 JLIE ~F sh 2y
P, BRI TasAT A, st 7K IHgN . SCHR[38]H:
T 2B IR RE RS S SR E R HL - IR B BE IR R U

IR EE T

PTE B R T, ARG ALY 2y
FORLEPER), & —™N KA (convex quadratic
programming, CQP) [Alfl; FEHEIATIRIET, HpEK
BV BEA T IR KB AR A AT (mixed-
integer nonlinear programming, MINLP) [n]fl, 72
U I S vl A %G 2N S i N gl < P [ 2 L G 5
%I (nonlinear programming, NLP) [}, HyjFE%E
AL G R T E AR R R 2 . RSB CF
R A AT (quasi-Newton method, QND . {54
3k (trust region, TR &4 —IRMKIEE (sequential
quadratic programming, SQP). JET¥E (filter) Z7,

SCHR[4 11058 T 58 TR G B ALK (mixed-
integer conic programming, MICP) [F{J# BG4 0%
VEEE . SCRR[42]32 TR T2 E R (semidefinite
programming, SDP) AUMH G L FHE . X
BR[431318 12 T2 IEE B ALt (semidefinite
programming relaxation, SDPR) 777k [Y F shfc i (W 5
XA R G  RILAE T, SCER[44105T T 2
TR B LA A RS 2855 B

FER R, IS I8 AT DU IR
MINLPRH, #R71, MINLPAIE iy F7E W24 3
Hh A S RO B AR SR A O T RRARSR AR 52 A B
VR SCHRER D TR R A =0 SCik[451f# FH0-1748
B RBUE . SCER[241 R[4 1158 13 28 A Eh 0t
FRIHER T OCAA B rh )RR i o SCBR[24] P RO T 1%
Al RESs R BE TR RGEREAY, AR T LU ) J )
TR, HIXSFER-AEGE IR RS LU R 2
FHE A AT 4T (infeasible) o fifbR XA A Ay
TR LAy AW RS, — At F D s B5cdl A pe ol 2
SR W A AR s ik, RV ik S 3R B k1
TELMALTT e AR, (HIHE5 ST Be 432 2] ff Bt
PRI AT S (R A e, G R TE R[] 648 BE kA
T, SCHR[48125% 1A TR K sl i 25 & REIR R 48 )
SEVEVHAE s Oy —FOR TR L, — 2SOk
ST BV AR AR AL IR T SRR A A TR A, AR
T AR TG 125 YRty sz e i 5 i PR 1 -2 i R
RGERTE

e GEALF RN T7 AT SR AR S E R0 [R] R FH
2 SRR R vk, TR ) R 4 sy B AL A
(global optimum, GO). Ht, —Ee2ZF L T (At
(convex relaxation, CR) Mg skt 2 ok, 5
XA A] 3B MG HA 2 B Ze Vel T, 30l B Ao



Vol. 5 No. 4

KER, Fi B - MEERERFNHIEESIR 389

EE TR HEAh, AR AR B A AR
SEUT R, QAT PRAIE AT AL e A A 1 P A 7
EARERITH . 1, SCERISOTAI[S 1]FASH 1 ik TR A
ZUSfe, PR A 7 FRR ML LT AR PR AE R A 2
TR, SCHR[4 1AL TR A 0. SCHR[45]4%
T IR X Bender 43 i 5 12 e b BT A% -
T PR R P (R R M 2B, R X A T A
RV OE VIR AT T Rifk,  ASBEORIEDE B 1) %
SVERERACYE . SCHERIS2]HE T etk i AV T A A R
TH PR ECR R AN R, T4 T i o0 i
T7 R SR A BAT A M L AR A AR AAS RS, K B e Ak A
UG A ST T 1 2 ) 2 I BRI 7 ) 2
[, AR T

B T ULV IE A SRS AR, B hAg
—ERERERIN o SCHR[S4VBIFSE T 2% R KU AN E M1
P T EIEE T TR G . SCHR[SS1FR M S A AL B
FIZEA REIR RS RERS SCIRE IR S BEAL & . A RUFEAIL
RGBT . SRR A RAFRERERY, RZ
ORI R AT . SCHR[S615HXT £ M i
B TR IS ARG T LR I, AR T — R A
SR 5 1 P PR T8 8 240 ok 00 Rl e TR T L AV
PHEE . SCERISTIHE M T —FhZr G el R ny ik
IBATHSIIRY, AT DX sl A o) 266 8 S 40 Y AV
HISE A, DA X 4R

3.3 FEAMEMRRAIRETLIEEERE

ELA 5 25 AN 2 R %) T AR BRI RSS2 A HRL I,
25 L) ZR G R UG | RIATURT A e S5 R IRk AR
I, TR E MR -GS R R A bis 7o
TiFZ2EE W) R . A EMENLE (optimization
under uncertainty, OUU) HUEBIA— AT LR

{nﬁn f(x.€)
st. h(x,&)<0,VéeU

e f(x,E) REREEG h(x, &) RAREKL: 2
PR SRAESEG URAHESE (uncertainty
set, US).

ANH R PR AR AT DL R 305 ST o B vk A =R
JE BTk FHRETATIE FEAEEM AL (fuzzy
programming, FP) FIBEHLFLKI (stochastic optimization,
SO); FJFmirik FEAE RHEH T (sensitivity
analysis, SA) FIE-#{1k (robust optimization, RO). {H
fR—4EnE, AEA 7% (modelling to generate
alternatives, MGA ) & — I AHf 1 Ab 35 92:55,

@)

T RN 2 TR - R S e R R i fbiz i —
P T LA 3 Ay AL A ] AN B IG5 B AT
GBI RBIT R R TR e, WA
X SEE A B TR . RS G AT L
FEMRH - ARG Re IR R G T XU, [H 2 I B2 SR i AH
XRSF, BB, RESIE T T AR S KR
Tt SCHRI6 1S T BRIk 3l L —IREE G R R e AT
TGP A AR SCHR[62]32 h - AZE G TR R
GrEREIUILIREE T, AR BE T A 4 B AN o
PR, $em T H-REEG IR RS G EE. SCHk[63]42
P — A T ] AR 2 ) AR 2 A AR AR L BB -
BETT

HEBIAAFE R, BEALOL b i WE 2% 1 pRi
# (probability density function, PDF) /R Z A
FEME . BEHLOCAL —RRT Lo A R Cexpectation
model, EM) FIH 22 T4 (chance constraints model,
CCM) 2ff. i TSl -G A REIR RS L 24 TiE
17, ML 2RI A BEALIR B RIbLZL 20 & = —Fh
AP S . H RIS 1 AT A2 XU A DX ],
RN RIS, B8 RGOS TR

SCHRI6519™ 41 T 25 IS 32 PEBE A i 4 XU HL IR 25 A4
KAk B PIBT B HL - R EZE G RE TR R G BENL I Ais T, X
BRI6611 18 1 4% Ay i B (L A ri, 1) 8 kA 2L ) 22 B P
XUZ AR o« SCHR[671318 1 3 it 34 FL 3K Bl AL
P SCHR[68175 JE 2 n] FEAL R I & Fa AR IR 5 oK 1Y
AWENE, $RH TR EE IR R G R AR NLIE T T
Bio SCHR[6914R M 1 — 2% R IT Zh 4835 Bl~F-1 1) vl
AR R PRSI AL G . LAk, A B EILE S
BEALAC AL BV EES A . SCRR[ 7014 H 3 S v e =ORs At
IR 255 RE IR R G B LI AL IR B o SCRR[71]
P& 1 I T M AT T8 0 42 o A el IX 255 R TR R 4
PR BEAAL . BRI, BB AN 2 P S HOME AR A1)
PR AT . Az, X BALAR Gt (9 b 32 P R 5 B
GINE RN PS5

4 PEBRGEHEMLLTE

DAL —RER A RE TR R G B D Jmil, AT —20
P AL IR S DA TR R 3 PR R AL T i, FR IR AR
WTTEE AT LA M AT A T BE TS

4.1 fRETE
AR IR IR e i JRE 7 3T A3 D £ v S JEE R



390 ESSE

REEXRY

CERECR R

AR o A P UK L R AR 5 O Al —
AREARAETY, SRR SERT TSR B e I I8 )
FE, L DR D e S R RS R i 5 R . A U2
5 FEL PN RIAR O > AHOAS (] A, FE SR A B 8 2 )
LD N S A R T B = S
4.1.1 4EHR

PRI R B ) — i 42 R L R AA R
FE— AR, TRk, “HEh” Kig,
SCHR[41] [441F0[46]. SR, PR EAFTELL R A
2 OFERGEATHARBEIFMNE ST, REMBIRLK,
A rp 0 BT RE S R AR, AT REEAR @A
[ REIR AR AT I XA E 25 5, W B a0 S 1Y) F,
NRGAAS) ZGEBAE IR E Gk Gm T
NEGMRN ZG R T AR FA, -Gl R
e 4 v FE RS LA TE — 5 1R R o i R o R A
S AR AT TP AN 5] A4 ] 115 S AL,
WS BITIRE . WSS, 28 LNk, “4
Hh SR RLIBE S B TR I s 2Pk, IR AR —Fh
SEHRIATI T . R, A R LIS O R H T
WAL
412 AR

a3 A AT 2 R BCRT LA 43 T i ) 288 5 fie 3
7% (primal decomposition, PD) FIX {8 [ & 53 fiff 559
(dual decomposition, LD) 2Ff, JELf ] @143 83k
BEF X IR A S R A A8 B (complicating variable,
CV) HUIEDL s X o R4 i B 12k 32 LX) 1 ) i 4
TRE I (complicating constraint, CC) AYIF .

AL AT DUMRIE 2 FRME BT, A
FARE HRA B EINFE R, R -AER G REIR R
G o A UL EE o oA HOR g AE L Il 4R
— e AR L IC G R B Ay r PR R R . L R
AL LR AR i, P ) R i i LA,
A A 15 B A 26 P D o R AR X 0 5 2 52 64
KA, BRI T RIS, AR AR .

L

UL JRER
Eq0s (£35S

R

B4 Sz

Fig. 4 Distributed optimization framework
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Table 5 Common heuristic algorithms for combined heat and
power dispatch

BEAR 3of oz 3L Rk
WEH Y (genetic algorithm) [79]
RFHETL (particle swarm optimization) [80]
Z 5L (differential evolution algorithm) [81]
FHB2RA YL (group search optimizer) [82]
A S RE Y (cuckoo search algorithm) [83]
BARALTEIE (grey wolf optimizer) [84]
FiFs# 2R 57% (harmony search algorithm) [85]
N T IERER YL (bee colony optimization) [86]
WL (invasive weed optimization) [87]
HEAAFA: (teaching learning-based optimization ) [88]
N T A5 (artificial immune system algorithm) [89]
#J AL (firefly algorithm) [90]
BRIFEEEYL (krill herd algorithm) [91]
HYHEEE LI (erisscross optimization algorithm) [92]
HIBASE 532 (line-up competition algorithm) [93]
LT 5% (exchange market algorithm) [94]
5| 148 R E ¥ (gravitational search algorithm) [95]
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Table 6 Comparison of optimization algorithms for combined heat and power dispatch
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