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Table 1 Optimal configuration results of two modes

BEOuRE RHLEC CHPAEHL filifE SRR ARSI EEEE AT RORUMEE Wt/ R/ Bk
X B/KWEH/AG FE/AW FE/ W) BE/To0 #F /o0 BA& /ot BE/w (kW-h) o (kW-h) B kg
1 655 40 200 939 152.173 7 55.703 98 96.46972  141338.7 390559.1 568463 519712.8
2 675 40 150 1014 150.461 7 56.094 86 94.366 87 140366.3 370 192.3 558 656 504 963.7

CHP P i RR TR ALY A B D T 50 kWo 341, 5 20

B 2 BB 1 )R BTG L (AR IS AT AR LE g

1058 1A, AR S I e J LB TT LA 10

TR TS5 I . F 00 R HE A7 T a % || I

Wb, NPT AR 2 B R T R L H
SRR, B2 TR AR BE R AT T AL 1
K7/
5.2 IESIBfTH

TE PBDR T, TES $L781 — Jif] (Y B, 71 oy F145- 14 &
FI LI E B E B, ATLLAE M, 20 FEA AR IR AL
TR FAfrda Rk, fgre it 7o . UAL— TR
BIEAT 30T, Q0 5 BT o AAEIH AT LUE L i g
Tt A\ 06:00 T 4R 7e HL , HL 3] 10:00 7875, A EL 6 FIf 7 1Y)
IR 10:00 2 5, T igRe L 2 /il , &
40 1 U 1) H, 0B |, 5 TG AE 16:00 LS, RO & HL 1 B8
R, DA B s, i LTt JE 7E 17:00— 18:00 7
P, 1) 5 /N IR 2 5 19:00 B 47 £ v s 301 Sk s L IXL
AR TIAS IR B R, S 4 DA P R I
HLANZE 355, R CHP ILZEAT S T AR, [R] A ARR 07 HL |

1000

500

BB,
kW

0
00:00 04:00 08:00 12:00 16:00 20:00 24:00
i %)

s ROt KRR allgm IR
— Hf1 i, sCHP

(a) VL& H Iy B HAT

100 [ 500 2
8 #
3 50 0 =
7 £
0 - - - - - -500 %5
00:00 04:00 08:00 12:00 16:00 20:00 24:00
H Z1
=—S0C, =7 B TR
(b) SOC 5
& 1000
N
= 500
e
X 9
00:00 04:00 08:00 12:00 16:00 20:00 24:00
fif Z1
n AR, m XL
(e) WOt )

Es5 HE—XETHER
Fig.5 Operation condition in a typical day

o

00:00 04:00 08:00 12:00 16:00 20:00 24:00
i %)
w AT R IR, w 2 TR
Eo6 2MEXTERINE
Fig.6 Sold electricity of two modes
AT, CHP A i LA 2 Y HE 2 28l HEL R R 45, Tl CHP
AN DA J2 08 AR i e R U b b 4
R IR A R A% B A Al 7 R, i T
T2 T X ] RO B PR X 78 R, CHP AILZH 12 17 1 []
BV, CHP 2847 7E 5T e WD, SO o 2 AR
o B B 32 B B 7 T 32 CHP A $44 [l i it
JOL, A B p) A7 7 32 e i A7

5 450
)
N
= 300 1
£ 150 ! o
QQE !
=N 0
1 2 3 4 5 6 7
il /d
= CHP, = f¥r, — A5
E7 #oammkEmiggdh

Fig.7 Thermal load and heating equipment output

53 2MEX TEITREIT LD

B AT RS X HE A AT S AR — T B e DL
FIRSTHAEDEA T o 2 A AR Ay H B
DX e an il 6 s , 5 f s B HAE 10:00—16:00,
Z e RN 5, R R G R R & H W
AR B BTk . R0 e B B FL TR
U /D 2 DR kg fi BB 2 1, At Ao B 1 85 f ) SR
DR PR A 5 SR e 07 T R U B2 — 5 A3 1 A e B8 31 1%
A Bz, fh far g SR MG

2 Fofr P AR I H T R L AN & 8 Ur s, T FE
i B 32 A FRAE 00:00— 05:00, H1 T 55 R i i |~ —
T3 1 7 2 B8 2% I B, X 2 119 1) F T SR A 3
T, A5 A5 L A N, (A RE S SR, HUAH
T W B B T fr s L R A AT T R

9N KRS e I CHP S (., /T U
H L 7E 19:00—20:00, B8 2 F , 1 T CHP ML & &
W B T RIS B s s, AH R R AR



E8H BT IR A T RAR RN B SRS RE IR R SR R TR O S AR S o]

350
E 300
S 250
ﬁf 200
R 150
£ 100
E 50

0

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

1 Z1
w AN R SR N | w2 R SR W

B8 2R THWRIE

Fig.8 Purchased electricity of two modes

300
200
100

0

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

CHP
A 1 /kW

A . A LAE R SR HE PR ), BiE S
4R R AR R R B AS LT R, T 2 A —
it I 2 3 24 o A X e I B o e B4 m 4
LA A Frk b o ASRBHER A HT S xHif
fiE M CHP ML f 52 3 il anf8l 11 12 o AL
B el DUE RS0 R B Al HE B i )
U /IN i A 2 1 I 25k B A [ S HE I RR 1)
Bt ST A HE R, A RE 2 (R R 4 K 35 (HUAN [F]
HERC PR ) T AR e A fE 22 5% . B 12 ]
PIAE I A BRHECR T, CHP Bl 25 RS Y
AR E 22 5, MR R RS, Y5mim
i, CHP [ 25 LA i 0 0, 3% B LI 22 2% CHP AN 42
T, DT Sz et SRS AN 5 AR A X CHP e HLZ &
MKW ARG IBITRMBR ., TR0, [
LA AT BEE SN R S, CHP ZEHLZ =3,
TR A2 i 37 B H T 3R A B 24 R AN
KA A A H P 9 I L 2 A TG, A T il
T HE ORI, 3 25 354 fin i B 25 ke sl > 2R e i A
AT R 20 i HE ik 2, AN T 156 B it RE A 1 BB Dk HE
MR RS o A, S BRA Tl A2 A TR HE i 24 R T 75

it %)
— N R SRR, e S5 ST SR ) SO
(a) CHP #4471
. 1loo
£
r S
ﬁg}g 50
Rx
0
00:00 04:00 08:00 12:00 16:00 20:00 24:00
21
= 5541 mCHP
(b) % BT R m B i R ARSI AE =
. 1loo
£
S
ﬁgg 50
Rx
0
00:00 04:00 08:00 12:00 16:00 20:00 24:00
At Z1
w i 45, mCHP

(c) A5 G R ma B B K AR S IH 76

B9 CHPAHNRRASHEHEE
Fig.9 CHP thermal output and
natural gas consumption

AR R AR TR T 2D ORI D CHP HLZEAY
ASUH P 2 v A A DT i 3t 07 A 87 Ay, A LU T A (] 45 K
SR WP A T
54 MBSHEUTHT RSN

WP RN TEE S A 2, I, fE TES
E2R L i A S AY - VR N SR 1 AP0 S g
SUFBCE IR . MAEL S B AR L
A% SEUL AR R G L2 B LB B e i), 77
P Rl P S W R s 2 E S T SIB R %Y €
e[l f = A= SR, LA SR BT A AR 2 o A
MBI A IR 5 Ak 4, [R5 JE 3R T H AR
TESI AT L RS 722 A0S TE B 45 R A R i i B A —
SE BV . PR AR SCHE BT LTS S8 AL
XoF 2R G B DL I B P AR TR 2, BF5E 70 B AS [ Bl
HE AT A AN AR RGBS

P 10 g A TR BB HE i 2 SRR A 0 47 8 B3

B 10 AREBHMARTSNEL
POE: SRS ) #: N0k |
Fig.10 Impact of gas price variation on
annual overall planning cost for
different carbon emission constraints

fEREA (kW -h)

B 11 AREBHARYRTSNELIMEETERR0E

Fig.11 Impact of gas price variation on storage
capacity for different carbon emission constraints



@ ® 0 & #H wE S

#3935

400
300

200
100

CHP LA & /kW

0 480
10152.0253.03.54045505.5
KRR/ (OC-m™)

B 12 AREBHHLARTSHELR
CHP A B BRI
Fig.12 Impact of gas price variation on
CHP installed capacity for different carbon
emission constraints

fith fig s B S /b T CHP MLAL 25 HE A 34 hm, i
TR RS A AR A 28 T DT R SR
HEk -

A3 25 R L I Bl +5 % +10 % 15 %4y
MrHX RE A TR E . B 1318 14 5510 R
[ R HE LT, HA 0% Sl o0 S5 B 2R 0 A F i
MRIRS W FE R . 7T LLE I, B B2k
PA . 1S HaT LU Y [R] A5 a HE 2 R FR il
T, B AR R SAR G T T A A 4R
SR ) A H B S S K n kg, R 14 1
HL T R AR, 5 RS 2R DR R 25, W rE FE 380, DT R AR
SIHFE R, CHP 2EHLA A T BEA S (5% B
HEIB2) 1A T R BRHERC L R, 7 R 2 1 K
He ke Mk £ DL i eSS B, R CHP I 5 IR A
Fhr kB T 0) G 48 9% LA A Pr 388 Jon (o 5% B ]
B3), LA AR Z2 ), v Fe A ] e e 24 AR R
G T I A B T A s o i R AR LA T B
T HE R T DR/ IN B 388 o, 4 S RN s AR BH S k2>

LA VL AS S T, CHP 5 88 4 [

B 13 AREBHEM LR T RN EH G EER I
Fig.13 Impact of electricity price variation on
purchased electricity amount for different
carbon emission constraints

E 14 AREEHEMAR T RMNELS
RASHFERNZM
Fig.14 Impact of electricity price variation on
gas consumption amount for different carbon
emission constraints

_15480  §

B15 AREBSHMZART RN EL
LS Sb ) ®: Nz EA
Fig.15 Impact of electricity price variation on
annual overall planning cost for different
carbon emission constraints

1%, AR TH BV /D, T R e B A7 A 430 1 R 38 Ut
R R RHERC A, B RARRE A Y R TR A AR T
6 5 T AR B A BB A5 % Hh B A7 i AR 7 A 5
&, BEARIE CHP BT 1 BEICHERK £5 , [R) s sk 2D
AEZCRE A . LA B B, 380 CHP MLAL A 2EHLZE
WA T REMNEUT SIS, L fin i 4
e RS . A IS R AR, SAE IA H AR
F14) AR o8 75 5 A2 () S5 B s 24 AR i 7 R A
AT T B {H CHP BT B 2 B R 25 A5 A BAR B, H
it 2 () A B HE R 2 AR PBR T, rR A B R 3 R s i
SRR AR A TN
6 it

A F MG T LE PBRD T X 5 [ES 19 28 35 e
B, ST A SO BLAS R AT, 25 i R e B T

B ARG AR SR A HE R AR TN SR
SRWE P B TR B AR GRS AT BT T B, R B T B R SR



5 8 A

BT IR A T RAR RN B SRS RE IR R SR R TR O S AR S &

VRS IDNEZR0 7 I EZ 0y Eml VAR O N | N 8
TARIBRHE L A A, 3B 73 AR A2 AT &R
S A TR E R . G5 R R B M
REAR L CHP HLAL 1Y 7 B8 Wl AR 2% #5100 45 s 1 AN
T, CHP (ML AR ARAE , S 2 BRI A, 5 0 ik
REA T A TFALeE K . X T HUN AR 1L, LA R
R RN, A it 2 ] S5 HE R BR A, A S 0 AR s
T AT T 300 5 100 P 3 >4 b 5 0, B RS CHP AL
W AT e, A 45 TH298 IES R & Sy 4y
REHES 4
& L AR B 25 (http: / www.epae.cn)

S 230k

[ 1] FhZEmk, SRPR , W M . AR DR T ) « B py 5 i e 22
L] ®mIIRGA BN, 2015,39(19):1-8.
SUN Hongbin, GUO Qinglai, PAN Zhaoguang. Energy internet:
concept, architecture and frontier outlook [J]. Automation of Elec-
tric Power Systems,2015,39( 19):1-8.
[2] BRA, T IRER, G KA RS T EHE
(3], ARG A S, 2015,39(7):198-207.
JIA Hongjie, WANG Dan, XU Xiandong, et al. Research on some
key problems related to integrated energy systems[J]. Automation
of Electric Power Systems,2015,39(7):198-207.
IHEI R ZEAE , T L AF . IR TLIC AE S O R KOk g
BEAIRRII]. WREAR,2015,39(11):3014-3022.
MA Zhao,ZHOU Xiaoxin,SHANG Yuwei, et al. Exploring the con-
cept, key technologies and development model of enegy internet
[J]. Power System Technology,2015,39(11):3014-3022.
B O AT, A RR TR LR I £ e A A AR A DT Bk
RS BT ]. LA, 2018,42(5) £ 1359-1369.
YIN Shuangrui, Al Qian,ZENG Shunqi,et al. Challenges and
prospects of multi-energy distributed optimization for energy inter-
net[J]. Power System Technology,2018,42(5):1359-1369.
B X, RIS R , S . £ REIR R G AR MR I A R
SR REE)]. mLRIHIAR,2018,42(6) :1697-1708.
ZENG Ming, LIU Yingxin, ZHOU Pengcheng, et al. Review and
prospects of integrated energy system modeling and benefit evalua-
tion[J]. Power System Technology,2018,42(6) : 1697-1708.
[ 6] MEI Shengwei, LI Rui, XUE Xiaodai,et al. Paving the way to

smart micro energy grid: concepts, design principles, and enginee-

—
w
[

—
~

[5

[

ring practices [J]. CSEE Journal of Power and Energy Systems,
2017,3(4):440-449.

[ 7 ] JEAE A SRES 45 . T 1 X M 1 25 A B TR R i 2
HprfLfkieitl]. fMEEA,2018,42(6) : 1687-1697.
ZHOU Canhuang, ZHENG Jiehui, JING Zhaoxia, et al. Multi-ob-
jective optimization design of integrated energy system for micro
grid in the park [J]. Power System Technology, 2018, 42 (6) :
1687-1697.

[ 8 ] W, 2], RALE, 55 IR0 B XL b I 190 25 4k st Al e
BT w1 A FEBEE,2016,36(3) :26-32.
DOU Xiaobo, YUAN Jian, WU Zaijun, et al. Improved configura-
tion optimization of PV-wind-storage capacities for grid-connected
microgrid [J]. Electric Power Automation Equipment, 2016, 36
(2):26-32.

[ 9] Akify, Bl Rl G H, 45 . 26T -y 1] B 0 2

REIR AL H AT TF L ()], i) H 3l ka4, 2018,38(6)
138-143,151.

ZHU Chengzhi, LU Shuai,ZHOU Jinhui,et al. Day-ahead eco-
nomic dispatch of integrated energy system based on time-scale
balance between electricity and heat[J]. Electric Power Automa-
tion Equipment,2018,38(6):138-143,151.

[10] Fek, DUBr , skAE W0, 25 . KOG EE LA A R L2 i A et A
BCETTEL ] T ERAL TR, 2012,32(25) :88-98.

XU Lin, RUAN Xinbo, ZHANG Buhan, et al. An improved opti-
mal sizing method for wind-solar-battery hybrid power system[J].
Proceedings of the CSEE,2012,32(25) : 88-98.

(1] B4 55, R, T iam . A s il RE R ST Re At 11k S 1o

AR AT . Ly R4 A B4k, 2009, 33(23) £ 29-36.
LEI Jinyong, XIE Jun, GAN Deqiang. Optimization of distributed
energy system and benefit analysis of energy saving and emission
reduction [ J]. Automation of Electric Power Systems, 2009, 33
(23):29-36.

[12] RFABH, EHOAS, ACRH . TR SR B AT/ Al 4 Bl
MBEIR LAY ], LA, 2018,42(11) :3469-3476.
SONG Yangyang, WANG Yansong,YI Jingbo. Microgrid energy
source optimization planning considering demand side response
and thermal-electrical coupling[J]. Power System Technology,
2018,42(11):3469-3476.

[13] EMSRR, sh PRl SCRER, A5 1T Je 2 i sR ANl 17 14 i H A 21
LA )], 0 3kl #,2017,37(6) : 101-109.

CUI Pengcheng,SHI Junyi, WEN Fushuan,et al. Optimal energy
hub configuration considering integrated demand response[]].
Electric Power Automation Equipment,2017,37(6):101-109.

[14] SKRA TR ARIMAS AAIWEAR, S5 . 5 1B HAR ZE 5 SR 0w Jiz Ay 2t 57 720l
UM L) ], ) A B kit s, 2017,37(7) - 55-62.
ZHANG Youbing, REN Shuaijie, YANG Xiaodong, et al. Optimal
configuration considering price-based demand response for stand-
alone microgrid[ﬂ. Electric Power Automation Equipment,2017,
37(7):55-62.

[15] Diesel. Approximate natural gas generator fuel consumption chart
[EB /OLJ. [2019-02-14]. https:/www. dieselserviceands upply.
com / Natural_Gas_Fuel_Consumption.aspx.

[16] RAMLI M A M, HIENDRO A, TWAHA S. Economic analysis of
PV / diesel hybrid system with flywheel energy storage [J]. Re-
new Energy,2015,78:398-405.

[17] ZHANG Cuo,XU Yan,DONG Zhaoyang,et al. Robust coordi-
nation of distributed generation and price-based demand response
in microgrids [J]. IEEE Transactions on Smart Grid,2018,9(5) :
4236-4247.

[18] KHODAEI A,SHAHIDEHPOUR M,BAHRAMIRAD S. SCUC
with hourly demand response considering intertemporal load
charac-teristics[J . IEEE Transactions on Smart Grid,2011,2
(3):564-571.

[19] HAMED B,RAMEZAN A N. Multi-criteria optimal sizing of hybrid
renewable energy systems including wind, photovoltaic, battery,
and hydrogen storage with &-constraint method[J]. IET Rene-
wable Power Generation,2018,12(8) :883-892.

[20] SOUMAYA A B, BRAHIM A. An improved augmented & -cons-
traint and branch-and-cut method to solve the TSP with profits
[J]. IEEE Transactions on Intelligent Transportation Systems,
2019,20(1):195-204.

[21] MOHSENI-BONAB S,RABIEE A,JALILZADEH S,et al. Pro-

babilistic multi objective optimal reactive power dispatch



® ® 0 & % L B £39%

considering load uncertainties using Monte Carlo simulations [J]. @ A(1987—), F , FRA, &R,
W, @S, LM TAAE N R
LRI 5 RALIEAT 4R A R R A % (E-
mail : xiang@scu.edu.cn) ;

MOt & (1994—) , %, ERA, AL+ #F
KA, ZLHLF WA E T REAR 5K
412 47 (E-mail : xinranyyy@126.com) .

Journal of Operation and Automation in Power Engineering, 2015,
3(1):83-93.
[22] AEMO[EB /OL]. [2019-02-13]. http://www.aemo.com.au /.

A E(1994—), B w@ ) &AL M B A, 2B

SN . . . 3R A
BTy e A LA AR R & el X (E-mail : ccchanhu@126.com) ; RER

Economic capacity allocation and benefit analysis of integrated
energy system considering demand response
CAI Hanhu, XIANG Yue, YANG Xinran
(College of Electrical Engineering,Sichuan University, Chengdu 610065, China)
Abstract:In order to comprehensively evaluate and analyze the economic and environmental benefits of ca-
pacity allocation of regional integrated energy system considering demand response mechanism,a bi-objec-
tive optimization model of both minimum annual total planning cost and minimum annual carbon dioxide
emission is built for grid-connected integrated energy system under PBDR (Price-Based Demand Response).
The price demand elasticity coefficient is used to modify the electricity load curve to transfer the load po-
wer from peak period to other periods. The &-constraint technique is adopted to transfer the bi-objective
planning model to single objective planning problem, which is solved to obtain the optimal Pareto solution
set and the optimal scheme is selected by fuzzy decision-making method. Case results show that the annual
total planning cost and annual carbon dioxide emission of the integrated energy system are reduced under
PBDR,which reflects the economic and environmental benefits of demand response.
Key words: regional integrated energy system;price-based demand response;e-constraint; fuzzy decision;ex-

pansion analysis of gas and electricity price
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Fig.B2 Impact of gas price variation on installed capacity of CHP for different carbon emission constraints
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