505 1
2026 F 1 H

CIN CE 5 NS

Power System Technology

Vol. 50 No. 1
Jan. 2026

XEHS: 1000-3673 (20260 01-0039-11

RESES: TM 721

ZRERA T KN NS/

AN MY

XHMFERD: A

RIEGR A RER RS

ZRMREG: 470-40

EIRIZSmE R A

MR, T, FTEF
(BB RFELATARLRE, KOE HET 710049)

Collaborative Repair and Restoration Method for Integrated Energy Systems Considering

Integrated Demand Response and Gas/Heat Inertia

JIANG Mingxuan, BIAN Yiheng, LI Gengfeng
(School of Electrical Engineering, Xi’an Jiaotong University, Xi’an 710049, Shaanxi Province, China)

ABSTRACT: Current methods for post-disaster integrated
energy system (IES) repair and restoration mostly neglect to
consider the impact of gas/heat dynamics on objective
multi-timescales and do not adequately exploit the load-side
flexibility resources, the lack of a heat network model, and its
coupling relationship as well. A heat network fault repair and
restoration model that considers heat loss is proposed. Based
on the transient models of gas and heat networks under faults, a
specific method and calculation process for quantifying the
gas/heat inertia are proposed, with an optimisation calculation
model constructed. An integrated demand response framework
applicable to the IES repair and restoration process is
constructed, and based on the mechanism of user participation
in load restoration, a calculation model for different types of
loads participating in integrated demand response is proposed.
The necessity of considering gas/heat inertia and the
effectiveness of the proposed method, considering integrated
demand response, are verified with examples. The example
results demonstrate that the proposed method can effectively
reduce the economic loss of IES after a disaster, reduce the
load loss, shorten the load restoration time, and optimise the

repair and restoration strategy.
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Fig. 1 Calculation process of considering the effects of gas
and heat inertia in IES collaborative repair and recovery
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Fig. 3 1ES loads restoration results under scenario 1
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& B1 BN
Table B1 Loads data of electricity network in IES
R a2/ T/ HREFIR, AR EE: a2/ To/ PAIRGR, AR
Eiks MW Mvar (JL/MW) g J97 5 74 s MW Mvar (JL/MW)) ) Jo; Y
1 0 0 0 1 9 0.24605 0.19684 19000 1
2 0 0 0 1 10 0.24605 0.19684 18000 1
3 0.354651 0.2837208 18500 1 11 1.219325 0.97546 19000 3
4 0.57855 0.46284 18500 3 12 1.670575 1.33646 18500 2
5 0.459812 0.3678496 18000 1 13 0.459812 0.3678496 18000 4
6 0.54605 0.43684 18000 1 14 0.14525 0.1162 18000 1
7 0.5325 0.426 18500 2 15 0.18525 0.1482 19000 1
8 0 0 0 1 — — — — —

T GO FORMRBEM 1 FoRiZ AR E U, 2 FoRiZ A IR, 3 FOR IR A R A, 4 FRIZ SR Al B AR S A

* B2 EMMEHIE
Table B2 Branches data of electricity network in IES

B R BH-K L Hi/pu L FH/pu RRKBFEEMW | XRS5 H-K L i/pu HLFH/pu BREE/MW
1 1-2 0.001927903 0.000656271 5 9 9-10 0.00064343 0.00065741 5
2 2-3 0.000559393 0.000356356 5 10 10-11 0.000981542  0.000515418 5
3 3-4 0.000895029 0.00057017 5 11 9-12 0.000165816  0.000168841 5
4 2-5 0.0006359 0.0004837 5 12 9-13 0.000654187  0.000321674 5
5 6-6 0.000559393 0.000356356 5 13 13-14 0.000482186  0.000355418 5
6 6-7 0.000385495 0.000376092 5 14 13-15 0.000165481  0.000658415 5




7 2-8 0.0004851 0.0005324 5 15 7-14 0.000391847  0.000215641 5
8 2-9 0.001927903 0.000656271 5 16 4-11 0.000657744  0.000347841 5

& B3 HIREIE
Table B3 Generators data of electricity network in IES

AR 5 TR KU ERMvar T FRMvar U ER/MW  HIFRMW X EhastR NEIERT R

1 1 35 -2 35 0 0 4 DG
2 2 2.7 -15 2.7 0 0 2 GT
3 8 12 -1 12 0 -1 3 CHP
4 9 25 -2 2.5 0 0 0 DG
= B4 SWHTHIE
Table B4 Loads data of gas network in IES
A o714 B/ HRALUE/ AR BEFERR FEER VIGERR Jiilak =) R
e (Sm’/h) (bar) (bar) (J&/Sm’/h) mm (bar) (B iy %7 2 70
1 100 105 170 175 300 140 2 1
2 80 135 200 180 300 150 3 1
3 120 70 170 180 300 140 3 3
4 0 150 240 0 400 160 0 1
5 0 100 180 0 400 160 0 1
6 200 140 200 160 350 150 4 2
7 150 140 195 160 350 145 3 2
8 75 120 170 160 300 140 1 1
9 80 135 200 270 300 150 2 3
10 0 110 180 0 400 160 0 1
11 50 120 170 250 250 140 1 4
12 80 100 180 250 300 145 2 4

T GO FORMBEM S, 1 FoRZ AR E A, 2 FoRiZ A IR, 3 FOR IR A R A, 4 FRIZ SR Al B AR S A

R B5 SHMEHE
Table B5 Pipes data of gas network in IES

YRS H-K EEIEERB(SmYh/bar) K E/(Sm/h) ST GRS YK EEBRER(S /Wbar) KRR (Sm/h)
1 2-1 2560.36 800 6 7-8 1640.25 800
2 2-6 1406.25 800 7 9-7 2134.44 800
3 4-3 2510.01 800 8 10-9 2352.25 800
4 5-6 2052.09 800 9 9-11 2510.01 800
5 6-7 1892.25 800 10 9-12 1892.25 800

#Bo SIRHIE
Table B6 Gaswells data of gas network in IES

SERT AR WA ERRASmMYh)  H T T RRA(Sm/h) X Ak bR Y A bR SIEHEA
1 4 0 500 5 4 GS
2 5 0 600 5 1 GS
3 10 20 210 2 0 P2G

*x BT ANGEHIE
Table B7 Loads data of heat network in IES

TGS RIFEMW  BEZFHR/CUMW)  BRYIRIREARE S (C)  BFSERKE/Mm  HPEEES)  HEETRmR KR

1 0 0 5 400 0 1
2 0.5 16000 24 350 1 2
3 0.6 18000 25 400 1 3
4 0.8 14000 25 525 2 1
5 0.3 16000 24 225 0.5 1
6 0.5 16000 24 350 1 1
7 0.75 18000 25 500 2 3
8 0.6 16000 25 400 1 1
9 0.5 16000 24 350 1 1
10 0 0 5 400 0 1
11 1.5 18000 26 900 3 2
12 0.75 16000 25 500 1.5 1
13 0.75 16000 25 500 1.5 3
14 0.5 22000 24 350 1 4




15 0.5 16000 24 350 2
16 0 0 5 400 0 1
7 B8 AWML L
Table B8 Pipes data of heat network in IES
Py e H-K K /m BFRmm AR ERR/(kgs) | HHT H-K K /m FiRmm KRR (kg/s)
1 1-2 1000 400 60 9 4-10 500 300 40
2 2-3 1000 400 50 10 4-11 1000 300 20
3 3-4 1000 400 40 11 5-12 1000 200 20
4 4-5 1000 400 40 12 5-13 500 200 20
5 3-6 1000 400 40 13 6-14 1500 200 20
6 6-7 1000 400 30 14 6-15 1000 200 30
7 2-8 500 200 30 15 7-16 500 300 30
8 3-9 1500 300 30 — — — — —
#= B9 WIEHIE
Table B9 Thermal stations data of heat network in IES
MRS R A EIR/MW 13 FR/(Sm*/h) X AR AR N ET T HIERA
1 1 4.5 0 -6 1 TS
2 8 0.8 0 -4 0 EB
3 9 1.5 0 -2 ) HP
4 10 1.3 0 -1 3 CHP
5 16 1.2 0 1 3 GB
£ B10 IESIBEERESH
Table B10 Coupled equipments data of IES
W% S ZHE B S ZHUE
MRS a; =105, b,=5 FERCR Nyp; =25
BRREHLGT) AT 25 8 IE(HP) L el A 15-# 9
H 7 ETRIR 2.7 MW, 0 MW H 7 ERIR 1.5 MW, 0 MW
TAERER T ER R RN AR Nep.; =0.9
CER YR e =13 HL 447 (EB) L e L 14-34 8
S HLAL(CHP) LR newp. ; 0417 ) - ¥R 0.8 MW, 0 MW
TR H 8- 1-#4 10 fit B AR Np2G.; =085
HLR H /) B IR 12 MW, 0 MW Hifil) R %% (P2G) AR . 10-5 10
Fam 7 B R IR 1.3 MW, 0 MW 7 E IR 210 Sm*h, 20 Sm’/h
THEEE A =2 e AR Nge.; =0-9
HLBK ) FE A AL ME KRR H 5 E C1 RS HA A (GB) AT F2-# 16
R4S H ¢, =0.00042 ) BRI 12MW, 0 MW
% B11 1ES 24h fafarEsR
Table B11 1ES load demand in 24h
, bR A 2R/ % i B S 7 3K/ %
i H %1
H = # i & #
1 65.36 71.416 98.5254 13 100 88.49558 80.36
2 64.446 62.566 96.9209 14 94.5254 84.0708 81.446
3 61.719 65.027 98.8776 15 82.19401 80.95575 83.719
4 60.158 62.912 100 16 79.07161 76.72566 80.158
5 60.55371 65.22124 98.76246 17 88.7627 89.38053 83.55371
6 62.51041 78.18584 96.08659 18 96.08659 92.0354 84.51041
7 67.56869 92.30089 95.71191 19 95.71191 92.0354 94.56869
8 84.20899 94.38053 95.56869 20 94.56869 100 97.20899
9 86.0791 92.15044 94.56869 21 82.56869 98.23009 92.0791
10 94.9209 95.0354 83.6761 22 78.6761 96.46018 94.7627
11 96.8776 94.26549 82.43547 23 77.43547 79.38053 96.07161
12 99.6045 98.86332 80.5612 24 66.5612 75.41593 97.19401







18 e WIET SR HIBERG /RN AT/ AL 27 6 REIR R GE Wb [FISe 2 SRR 5 vk

I 52 4 4 HA& —
A =50%
AEBR GG 20 11. 15 Lo
" el i =10000 TH/MW
hmax _
Spre =0.2 MW
] R g 3.7, 13 S, =02 MW
k" =0.1
R AT 13-12 o, =0.2MW
e L B RAYAY () 12-11-14 ik =0.IMW
wo [ EMw | Lo Bt e
—e— St J6/(100-Sm’/h)
—— A oMW
800 o [ 800
= 9 e -
*
&= 6004 600
s 480
2 % 350 380 % [400
220 210 \
2004 [ 200
0 T T T T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20 22 24

] (h)
E B6 IES 73BTRERMNE
Fig. B6 1ES energy prices at different times
R B16 MMM R

Table B16 Price elasticity matrix coefficients

, [ SR R R
TRG AR e o PP
H -0.15 0.012 0.01 0.016
it -0.2 0.025 0.02 0.03
# -0.15 — — 0.024

& B17 HEHAMEIMEIRE
Table B17 Compensation rates for gas and heat supply
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Fig. BS Load curve of IES in 24h
R B12 IES iR THEYH
Table B12 Damaged equipments data of IES
TRS TSR ST TSR
G L1. L2, L4, L5. L6+ L10. L13. L14 G1. G2. G4
a P2. P3. P4. P7. P9 Wi. W2
# H2. H4. H5. H6. H10. H13 S1. S3
& B13 IES 2 CEIE
Table B13 Repair Depots data of IES
FiRERS  GESS  XHhAbR Y fhAkks N6y
1 -3 -2 1
H 2 -1 3.5 1
3 2 1 1
= 4 4 3 1
5 -1 2 1
1 6 —4 2 1
7 0 -1 1
7 B14 1ES THFFRIEERTE
Table B14 Components repair time of IES
v Ex=aingia v & ST 1)/
?A ?Dﬁ: B A +R% ?1:14: (Ex=Li|
R4 pScl h KM h
i P B 1 HiE 1
H DG 2 P, 3
GT 2 EB 2
CHP 2 e HP 1
R4 25 CHP 2
i Il 1 GB 1
Ik 2 il 1
P2G 3 — —

& B15 1ES 5548 FKMN G HHE
Table B15 Load data for IES participation in integrated
demand response

provisions
RS BME X *MEEA /M)
>F 0
0.95 R~ P 60
0.9 B ~0.95 R, 120
A 0.85 B ~0.9 R, 180
0.8 B ~0.85 R, 240
Pyin ~0.8 R 300
< Fuin 360
=T, 0
0.75( Ty = Tnin )~ To 50
" 0.5( Ty = Tyin )~0.75( Ty - T ) 100
0.25( 75 = Tinin )~0-5(Tg - Tigin ) 150
Tnin ~0-25( Ty — Tyin ) 200
<T 250

min

% B18 FEBHSYIES

Table B18 Environmental parameters and physical

FiBAS iR R JirZ4
I R 1 i HA —
RS =20%
TR G A 7. 12 P
" ¢Sy =12000 TL/MW
S5 =0.2 MW
] He R B g 4. 11 Siite; =02 MW
K€ =0.1
J&] 3 71 4 HA —
AL =30%
AT 757 6. 7 ;3
. 8, ;=75 Sm’h
=
S =20 Sm’/h
] Fe R B g 3.9 SSipex =20 Sm’/h
k€ =0.1

quantities
ik SRR HARHE

o T R 36.87°
yime i FRR 1.05 pu
y i W LR R IR 0.95 pu
Biin AR bR dE 0.75 R,
change.! LR 1RO AR AR L 5
change L AR P RO TT SRR 10

v ARSI IEAE <3m/s
K, TP 1 T AT RE 20
Vi BB A IR ORI 10 m/s

m




T A A AL 363 K(90°C) Oinvy RIRREHE 37.62 MJ/Sm®
T, AT o v [ Al P 343 K(70°C) C, RIS B 4200 )/ (kg-C)
Ve e e R 368 K(95°C) C, S 1.005 kJ/(kg-K)
T AR R 358 K(85°C) Ry TR M B R R T 520 J/(kg-K)
Ty HIMBIRET IR 278 K(5°C) N AR AR G A R 1.74x10° MW/m-K
Tin AR AR 287 K(14C) d, Rk R 0.3m
7, RIS E 273 K(0°C) o TR E T B R AL 0.01
Sm RINRGRABEEUAL  93.75 Sm¥/(h MW) 0 A A 0°
Py HERAIE AN 25 1000 kg/m® NP 2R ML B 5
Py KRR E 0.7174 kg/m® g ESpR)I 195 9.8 m/s”
Pa R 1.29 kg/m’
MisR C EHIHFER
Fz C1 HREEELENF
Table C1 Sequence of repair of damaged equipment
S HAE )T (1B 56 U 18 h)
B HWEGHE 1 HWBBIE 2 MG 3 HIE O 4 HEBHES HWEBFE 6 B G 7
B 1 LI4Q-LIE GI1(3)-L1(5)-L5(7)- L4(3)-L2(5)-G4 W1(3)-P3(5)-P4 P2(3)-P9(7)- S1(5-H2(9)-H4  S3(5)-H5(9)-H6
L6(10)-G2(15) (9)-L10(13) (9)-W2(13) P7(10) (12)-H10(14) (11)-H13(15)
58 2 L14(2)-S3 L12)G1(5)-H100) P4(4)-L10(2)-L2 W2(4)-W1(9)- L5(1)-G2(4)-H5 S1(5)-H2(9)-H4 G4(3)-P9(5)-
(6)-L13(9) (7)-P2(8) P3(11)-L4(14) (6)-H6(8) (12)-L6(14) HI13(7)-P7(9)
1(3)-L1(5)-L5(7)- L4(3)-L2(5)-G4 P3(2)-W1(5)- 1(5)-H2(9)-H4 H6(5)-H5(7)-
BE3 LI4Q)LI3E) G1(3)-L1(5)-L5(7) (3)-L2(5)-G 3(2)-W1(5) P2(3)-P7(6)-PO) S1(5)-H2(9) (5)-H5(7)
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