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Optimal operation of electricity-gas-heat integrated energy system considering the
risk of energy supply equipment failure

LU Yang', LI Huagiang', LIU Yang', YOU Xiang', CHEN Ying®, LIN Zhaohang®
(1. College of Electrical Engineering, Sichuan University, Chengdu 610065, China;
2. State Grid Sichuan Comprehensive Energy Service Co., Ltd., Chengdu 610021, China)

Abstract: In order to cope with the potential failure risk of energy supply equipment in an integrated energy system, an
equipment failure probability model based on operating conditions and an equipment failure severity model based on load
ratios are established, characterizing the relationship between different operating conditions of equipment and system
safety risks. An IES multi-objective optimization operation model is established by taking the operating cost and risk as
the optimization objectives, considering comprehensively different constraints of a power network, natural gas pipeline
networks, thermal pipeline networks, unit output, etc. Then, the model is processed into a mixed-integer second-order
cone programming model using the second-order cone relaxation, piecewise linearization and tolerant hierarchical
sequence method, and the tolerance is used to characterize the system's acceptance of risk. The analysis of a calculated
example shows that the operating strategy derived from the model can take into account the safety and economy of the
system. This verifies the rationality and effectiveness of the model and method.
This work is supported by the Science and Technology Program of Sichuan Province (No. 2021YFSY0019).
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Fig. 1 Schematic diagram of integrated energy system
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Fig. 2 Equipment failure probability model based on

operating status

plow _pini

L ) 1 ) . i )

pf+gkjgﬁﬂﬁw—ﬂﬁ,¢m<¢Tgﬂw
s s

o ini low  1¢ over
P}"S =1PDs > ¢S \¢S<¢S

over ini
ini p s —-P s tp over over <~ 4l < pmax
P Ao (B =47, SIS
s ¢max ¢over s s N s s
s s

(18)
s Prit FoRE% s 18 (T BN S, rp
s € 0, Qc = {GT,GB,FC,HP} /)% Tl AW [ % 4642
B opM pi™ . p RN A s ISR
MER . R Ek i RN . A K%, 5L
™ BT DU % 1 ) s AT B 3R A, plY R
p W LA E RGBT IR AR E s ¢ R



_38- ® ) EREYF BB

BERRAE 1, BT a5 g™ B g™ J3 s e 4% Ak
FAR SRS BN )5 g™ g™ 43
VIE TN & S U BN AR
g =Cap- 1™
4" =Cap- ™
¢ =Cap- x""
¢ =Cap- x™
A,y TR P AR B A DGR IS AT 1 g
ZHMITRE, ARMNRSE —BREAEAFRKN y =
o WERN, ARG R&N y S0 —RE
K oy™=0.1, =025, =09, y™=1,
2.2 {HEEigEMETmEEIRE
1ERZHH ) RGPS 9T, TP E
IR SE 55 9 S AR B PO T R R R P
TR A IR R bR T O R
MIVHE G IR, BARRERE BN RS B VAl R G0 KUK
EE T ERBCR IR, BB R Lhrigfrd, &
K H AT R RS 1 %% R A e 2 5 S
B ) (R R TR A, X R G R, (R,
ASCHE PP G R A 4 2 I L RE 1 7%
e 1 R AR, P R T A% R R G T
W RESE, [AII, 1At ikt o 1 e 7 s 106
= (20)F7 75

ol
Sev! =1,

(19)

Cap,

I
s,Load

s Sevir N BeAs s 78 1 I 2 5 A st e ™ B
HUE R R B (- AR EBOR, F e, ik
v L KR A A e 32 ol P 7 R JEE B
Kt =g | Cap, » RN s 16 (e W R 57123055 Cap
RN VHE R P RANTE eI 2B s
o L R [ 2R 2R ) A7 A A
2.3 RUGHEE

e —F A B RS 1z FH A R A RN A IS e
P ER SRS R BT BRIt R
2o TR WAL MR 2 SR AR s P T R ABE Y, AT AL R K
2 AL PRI B TR R R s AT RS AR Y Ay

(20)

Risk =Prl"-Sev' 21
T
Risk,, =" Risk! (22)
tp=1 sef)

Koo Risk B4 s 20 1, N 2010 HORERUR G
Risk,, 3 REGUEAT KK

3 HERZRENEH IES £ BirfiiLisiTias
3.1 BirEH
AR LUIBAT A B2 /N UL Sz AT RS B /INVE ARG
WHbR. sty A URBEREINA Gy, « IBYEK
A Copy ~ TFHLSA C FIPI L A C,, o
{min Ji = Risk,

(23)

min f, = CBuy +Coy +C +C¢,,

T T
/s :Z(Férid 'Jé +PGtrid 'Jé)+zzRi¢it +

t=1 t=1 ie2

5i§:nmx{Q(Uf—Lﬁ4)k;+ (24)

t=1 ieQ2

(85, Pl + 8L )

=1
A Q={WT,PV,GT,GB,FC,HP} £ /&L
WA Pl T FL L 7P IZIRAE ¢ N2 RGeS
FEL R A T ) FE R R R AR S s I A I 40 )
FIRAE ¢ I Z AN AT EL A R AR SR R s
TR t R | T DI R FoRis i NisdE
WAL, U RRB& i 2R ENURE, 1
TR THL, 0 RRENL ¢ RoaRE& i IHRIRIFHLL
A S, MSG, s mFoRY) L Bt ar ()46 T A 3R
B, P HVHE, 9P mZosPIdL, #uigrst.
3.2 AREY

1) BT 2R
Biia + Pox + Bic + Py + By = By — R (25)
Hip + Heg + Hy, = Hy g — He,, (26)
Fg = Fér + Fop + Fie (27)

skt PR Bl S BIFERAE £ R ARR AR
P RUH! AV RIERAE NI RS
2) WAt 2ok
Ul.’¢l.mi“ < ¢l.’ < Ul.’¢l.ma" (28)
AU g g S IR VA £ R B M
SN

3) B4R 2R/ B 2
Rli < Pioy <P (29)
Fo < Fopy < Fo (30)

BV SR SN S 1D SN Dol B [ 57N A ) o2
LR RNTAR A IRES A TG R B/ B AR T R F i o

4) R MEHE 2 o
¢,'down g ¢it+l _¢,‘t < ¢iup (31)



b #, 5

5 L& AL BE 10 B U 1) - AR BRI R Ak da AT -39 -

s gl @™ 43 Sl R 7R Be % i IF 1 ISR B e s
WA,
5) RGURSAERFLR

X<yl < x™ (32)
L X RR RN RGORESAR &, FEARET
RUHLR S 1 SRR ARl B DL R 45 % A N
IR RS X R X 3 FRR RGUR SRR
=UNIEVI =N

4 IERIGLIE 5KRRIRAE

4.1 REUEYIELR AL IR

ASCPTEBR S A AR, 8 TR G AR
LR VERRI ), BOESKR A  IRLE, 2 e X AR R
ARLMETRREA T A P o Y o () e 20T BRI T
CURDUAL: WODEIGRAR AR . B
WA RS AR H o bR 2R R OT LA o

1) T AR A, mT DUR S B HERA 5ty
VR B I HERLRIBEAL

2) R PRIV, w] AR5 Bre ik
TP SR ALy e MRS

3) MR R KSR, AR T

HoG, BMARER BT, BACDEN

Risk = Pr - Sev (33)
A, Risk(*) . Pr(*) Fl Sev(*) #l & T & &5 H
T @ (R R B

RIG, KAWL GRS I — AN E
Heom, DIREGRIREC) 0, FRHOM L

In(Risk + m) = In(Pr+ m) + In(Sev + m) (34)

Xof 3(34) R 0 eR AT o B T Ak Ak B

Fri (Risk +m)= f,. (Pr+m)+ f,, (Sev+m) (35)
R, f(%) o5 S R SO A 4 B2k vk e S, T
DU 2RI 35 EA(33).

4) 5 F HARRECP O TFHUAS, WS INZ R

C., =0
’ (36)
{c;,[ = (U, UM,
i
q=iZqJ 37
A, JEURR OO IR O 2
FURIBE

4.2 BETRESEFIIZERS BRI B KR

KAk 2 HARILA IR B Ty ik 32 EATBGE . 4
WL SRR VLA B B0, 8 BIA
PSS 1R P H A R BT A AN (9] (R AN B 2R

B, DAL, AR H s i) o SR SR 96 00 274
TROYRACSRAR, T St H AR B AE LG — DL K
B AR B Ak PR i) e 58 A8 93 J2 Y SN I 2
BRGER 2 HAREAT I 2 e, Joskimiit st
G H AR, PRSI 08 AR S A R SE 4 H b
LR, HEPTH HbrAsiskagt.

A SOR RGBT MBS S AR A A 2 — e 2 H
by REIEAT A S ME D S AR H bR ALK

AR
b, EOERMAE RS H AR,
min f;(u)
st. g w)=<0 (38)
h(u)=0
P._,H. =0

W w FoREfAE, BRI R )R IR
Lt it g (%) B AERAR, RI28)—K
(32): h(¥) FERL A, WRESH—RQ2T). K
b N RGLISAT KB /] .
Wb, BIRERL e, WIMFTAR, X2

ARG HER AT AL

min f, (u)

s.t. g (w)<0

g, ()= fiw)—(1+¢)- f7<0
h(u)=0

T 2SR R 5 /NS AT O AE £, LA RGN
BAEMIBAT R o .

B AR T RGNS (L2 FE 1
BRI TES Iz i AR S B S o0k XU 952
FEBE, 7EHIE RGUSAT RIS, RE HE L 58 2%

ASCRHA Matlab R2018b 4ife, f#H Yalmip 1.5
Fooo IR TR, A CPLEX(V12.9.0):Kfi#
PRV TSRAR . PC il E A Intel i5-6500, RAM 4 16 GB.

5 EHIInE

5.1 EHhgE

AL LAHE TES BT S5 BI 3, Hor Bl
ZECHR[2]. 1% IES 17 GT. GB. FC. HP. WT Al
PV, ZERJUNE 3 FioR. % IES 54N HL R 1)
W i3 {E EBy Al GBy, L JJ IS e e K AR S Ll
HKBN 800 kW, RARIRAS A 18 d KAL S 2 4
300 m’. BURIRSMAE N 2.41 0/m’, PIHL. $ g
(RAETT 9% FH 25000 )4 10 JT/AW F1 9 JUAW, TEAE
H30.5, TRNEEL 0.9, FERIHEEFREL 0.01, (KA
AN R BRSO 2 ) 15 £ 25 £ o

(39)



_40- 2D ELEP DN

1| HB, HB; HB, HB;

(L0 | — — i
¢ GBs | —— RN
GBI GB2 G'B3 0‘1'34

B 3 IES ZHE
Fig. 3 IES structure diagram

5.2 BHISHR

IDRVREAZLE gl

RIA ST ARAGIZAT B R AR A3 51 TES 1)
IBATHEMS, FLAE S INBER AR Pt Dl & 4—
B 6 Frome KNG OR$Z T D5, SEBL T
TR REUR A 4 IR AW UARRE r it A AN L
IR ASEHL, A2 R I I g, AR e 5
IRIRIR AT A, P> RGEIBAT A, 1At
AR LA HL P AR IR 20 BT T N A S Ay 5
Ky RGUSN LI LA T e I B R,
HAN AN o T AR B Ik, w2 4
TR A YRR A R ) A
BRR, AR RS HEOL T 0RO (AR
(R 10—16 I BL il TR, HAR Tl
(R AE LS A AL T3 AR AR, DI 7
IR 25 % AR AR I B I 45 L
UEAh, 72 19—20 NBL, i Fradirid &, O T b
KADIGAT A, HIEPGRENL, LU RSt
Js 35 R R GRS Y 3 AV, R T
FRE RIS AR TN, RIEAE
k%ﬁ%%?ﬁ?%%%&%F%MﬁﬂﬁmﬁT

REsE RN S 7 oKk BIR TR IS AT
2000 1.00
1500 0.75
1000 050 =

E 500 ef=: HHE 025 Z
5 0 annaaananinnuaye B
% o!!!!llll"l"l""l"l" 025 £
-1 000 -0. 50 =
-1500 -0.75
-2 000 -1.00
1 4 8 12 16 20 24
IR Ta)/h
ez e e AL =R

AR OB o A %

E 4 mRETEER

Fig. 4 Schematic diagram of power balance

1500

1000 ORAHED

alB

S W
z A0 a0t nnn
i
= 500

1000

1500

16

S}
=]
[N}
=

I} IEIJ/h

ErRt T

&5 #MEEFEIFR

Fig. 5 Schematic diagram of thermal energy balance

o

300

200
100
0
~100

SN

i = SSSNNN 1
NN

EE NI

Rt m?
==
==
I
= I
[ I
M
R

[ I

MM
RS
NN
= I

-200

=300

1 4 8 12 16 20 24
i [H)/h
IM/MEHL R U R = IR AT I I
E6 RASFEIEFER

Fig. 6 Schematic diagram of natural gas balance

W& 78 70 A TES 2 fg TR S8 2 T RGHTHL
PEEVRTT R, SEBLT IES MtiAiEsT, ik Tk
SER A B

K 7 g R EoR, BRI TR T &
G R, R TFREN TR LA T TR
2871 i [RLAGEL BE S AE RV IR IS ATV N, HEE B I
FHHA 7L IR . ASTITIA RN ) T 2 Redllin
U, MR T E A EZ el m A Ktz 1r
AR, — 7 T e G H I ) SR 2 PR Y
m%,EMéﬁﬂ%ﬁmsmﬁéﬁ B1rs
J7l, RERS R TES %15 i il AR & Y
ﬁ%%&*%%@%,ﬁ%msmi%@ﬁﬂﬁé
RN
2) AIFIZIHRF (PEa AT SR LG43 B

KT ARIUASC PR A s A R,
E3A%Rﬁﬁﬁ%Aﬁ

Z5e 1 B EALRE R A AR BR 1A 40,
Wuﬁmﬁﬁm@ﬁWWWN,T%%ﬂ@Wﬁ
Pt Hbr .

Wit 2 BSALR
R 45 (10t 0 Ja A [, 62 ]
PeAt Hkxo

Yiste 3 SRRSO k. B s fitag
WA IR I E A A, R4 10 H ) Ja LA
(g™, 0™ ], 8 RAE A LA H A5

B R Y A AR
AN R MURAE



b #, 5

5 B RE 1A b AU ) P~ - 5 REUR R LB AT

- 41 -

6
W RIS I/
(2) W3 T RGN LR

Ehthae]

(b) RIRAT RGN AR

L/ C
o]
=

(EEA IS

— 20 ——
2124 — = 24
9121518 3360 nsisA
I /b 1T S I [l /n
(o) M1 F RS ma R

Bl 7 IES & FRFRTSEER
Fig. 7 State variables of IES subsystems

Horr, W5e 1 Al 2 ARIRAL, 53 sk
Rl Ssmiiitisira Rk 1 s, &t
B MR 2 A TE IS AT IR DL & 8 P

R 1 FEIHRRSITRIEIEHRAT b
Table 1 Comparison of operating strategy indicators

in different scenarios

Ykt 1 Y2 Y53
T BE A/ T 16 280.30 16 579.67 16 631.21
BYERNATT 1024.70 985.37 916.00
FEHLSA/ TG 33.2 37.9 37.9
)G fig AR/ 76 0 280.68 0
SIBAT A TG 17 338.20 17 883.62 17 585.19
ARG T W 2.960 25 0.792 91 0.762 60
P4 1 /kW 0 28.07 0
GT 12 0 2
HLAIE R GB 0 0 0
A K/h FC 16 0 1
HP 17 0 0
GT 0 0 0
LA GB 9 0 4
K/ FC 0 0 0
HP 0 0 0

Wi 1 55 3 AL, RO T A AR, HX
B {E B e I 1 B REBE A HA S AT o Ve,
HENS SN 78 70 i R 4 FL iy R e 22 e LA RIS
BETERAF B AP k. (E, M5 1 208 T ie%
R MRS PIRGS, —WRIbiE R A PRk, m&
(s 47 45 R o K B AT I () s AT 7
BERERE, FEERGsT MRER, AR T
RGN LR EIBTT .

Yt 2 B 3 AL, SIsAT AR KU
HiHe Yt 2 HER & K D QR Bs A T
LA DAL eI Bt AR R B st 45 ORI B AR 5 2L
B MR IR B B, BE M R SEiatr MR AR
BTs 1 ARG E2, T2 ks
BATEREE TR, WRE AR, SET RS

IBAT A B2 WA R 3 L T U S (R L
AR T RGN ATEAT. J3—J7m, KSE 2 ik
B M AR T R R RE IR, 7t 2 BOARTE LA
2T RORIE R HL AL AT B, H3X 4704
SUPRIE T ARG R R AL TR AARKF, ANBEFI IR
o 1 PR ) B A T Ao R, bl ol O
P52 SR — 2 R R R 5

500
400
E 300
i: 200
100
04 4 0
1357 911131517192123 1357 0911131517192123
IR 171) /h N[ /h
(a) AL (b) B h
250 250
= 200 sgerr = 200
#‘ 150 \V4 § 150 \
¥ 100 £ 100 i
= = |
50 50 i

357 911131517192123 1357911131517192123

[T /h IR H]/h
(c) BRRLHL (d) Hh A
1000
= 800
e
F 600
=400

200

O1 357911131517192123 0] 357 911131517192123
[N 1) /h [ i) /b
() HLIIREE 2k () RN ER 1
fe-siit1 s

8 TREIAFTHIRE REKE L/ EBIETER
Fig. 8 Equipment and line/pipeline operation in different
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Fig. 9 Running results under different tolerances
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