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Energy Flow Calculation Method for Electric-Gas Integrated Energy
System Based on Preprocessed Bi-Conjugate Gradient Stabilized

Restarted Holomorphic Embedding

CAO Yuxin, ZHI Menglei, LI Xue
(Key Laboratory of Modern Power System Simulation and Control & Renewable Energy Technology , Ministry of

Education (Northeast Electric Power University), Jilin 132012, Jilin Province, China)
ABSTRACT: [Objective] Energy flow calculation is fundamental to the planning and operation of integrated energy systems
(IES). The existing holomorphic embedding method requires significant computational effort and long solution times for large -
scale IES due to the need for solving coefficient equations of power series and the Padé approximation process. [Methods]
This paper proposes an energy flow calculation method for electrical-gas IES based on preconditioned bi-conjugate gradient
stabilized (BICGSTAB) restarted holomorphic embedding. The method combines preconditioned BICGSTAB and total
multiplication of polynomial (TMP) for grid-side holomorphic embedding power flow calculation, while employing the
restarted holomorphic embedding method for gas network energy flow calculation. When solving the power flow at the grid
side, the coefficient matrix for solving the power series coefficient equations is first preconditioned ; then, the constant value
dynamic update mechanism in the Holomorphic Embedding Load Flow Method based on constant values is used to solve the
voltage approximation value by using Padé approximation and TMP. When solving the side energy flow of gas network, the
restarted holomorphic embedding method is used to calculate the energy flow of gas network, so as to improve the calculation
speed and convergence of energy flow. Finally, the proposed method is validated using the E39-G20 and E2383-G60 test
systems. [Results] The results demonstrate that the proposed method achieves a maximum relative error of only 0. 051 3%

compared to the Newton-Raphson method, with a maximum computational speedup ratio of 358. 0883. [Conclusions] The
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proposed method enables accurate and efficient energy flow analysis in the electricity-gas IES, maintains high IES energy flow

solution accuracy under various operating conditions, and offers strong robustness, which can provide a new idea for the

efficient calculation of IES energy flow.
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Table 1 The convergence order of the E39-G20 system’s
power flow calculation
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Table 2 Results of power flow calculation on the grid side of the E39-G20 system

A N7 A R I (L /p.u. b PR W (LA T AL EAR A7) B A £

EiRes NR RS 1R22/% NR ARSIk AHXTR22/%
1 1.039 4 1.039 4 0 -13.5375 —13.5375 0
2 1.048 5 1.048 5 0 -9.786 2 -9.786 2 0
3 1.030 7 1.030 7 0 -12.2773 -12.277 4 0.000 8
4 1.004 5 1.004 5 0 -12.627 5 -12.627 6 0.000 8
5 1.006 0 1.006 0 0 -11.193 0 -11.193 0 0
6 1.008 2 1.008 2 0 —-10.409 0 —-10.409 0 0
7 0.998 4 0.998 4 0 -12.756 3 -12.756 3 0
8 0.997 9 0.997 9 0 -13.336 5 -13.336 5 0
9 1.038 3 1.038 3 0 -14.179 2 -14.179 2 0
10 1.017 8 1.017 8 0 -8.171 6 -8.1716 0
11 1.013 4 1.013 4 0 -8.9377 -8.9377 0
12 1.000 8 1.000 8 0 —-8.999 6 —-8.999 6 0
13 1.014 9 1.014 9 0 -8.9307 -8.9307 0
14 1.0123 1.0123 0 -10.716 1 -10.716 2 0.000 9
15 1.016 2 1.016 2 0 -11.346 5 -11.346 5 0
16 1.0325 1.0325 0 —-10.034 6 —-10.034 6 0
17 1.034 2 1.034 2 0 -11.117 6 -11.117 6 0
18 1.031 6 1.031 6 0 -11.987 2 —-11.9872 0
19 1.050 1 1.050 1 0 54117 54116 0.001 8
20 0.991 0 0.991 0 0 -6.823 1 -6.823 0 0.001 5
21 1.0323 1.0323 0 -7.630 0 -7.630 0 0
22 1.050 1 1.050 1 0 -3.184 4 -3.184 4 0
23 1.045 1 1.045 1 0 -3.3825 -3.3825 0
24 1.038 0 1.038 0 0 -9.9150 -9.9150 0
25 1.0577 1.057 7 0 -8.3702 -8.3702 0
26 1.052 6 1.052 6 0 -9.439 8 -9.439 8 0
27 1.038 3 1.038 3 0 -11.363 2 -11.363 3 0.000 9
28 1.050 4 1.050 4 0 -5.929 4 -5.929 4 0
29 1.050 1 1.050 1 0 -3.170 9 -3.1710 0.003 2
30 1.049 9 1.049 9 0 -7.3714 -7.3715 0.001 4
31 0.982 0 0.982 0 0 0 0 0
32 0.984 1 0.984 1 0 -0.189 2 -0.189 2 0
33 0.997 2 0.997 2 0 —0.194 8 -0.194 7 0.0513
34 1.012 3 1.012 3 0 -1.6330 -1.6330 0
35 1.049 4 1.049 4 0 1.7753 1.7753 0
36 1.063 6 1.063 6 0 4.4672 4.4672 0
37 1.027 5 1.027 5 0 -1.5839 -1.5839 0
38 1.026 5 1.026 5 0 3.8918 3.8917 0.002 6
39 1.030 0 1.030 0 0 -14.536 1 -14.536 1 0

http://www. cepc. com. cn



0 A % -

5 OO0 mmm A
~
1 50
"ol pop m m W m
N5 "6 7 12 13 16 19 20
TS
(a) JEZE X
307
o
& 20+
= 10t m m
=0
I
£ 0| CONRE Il m
sm V[ A
fm —20 - - : : . L :
F, F Fyy Foq Fry Fyy Foy Fiipn
ey
(b) B IE I 45 L

BE7 E39-G20 RS WML E SR TEL
Fig.7 Comparison of energy flow calculation results on the
gas side of the E39-G20 system
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Table 3 The error in the calculation results of NR method
and the proposed method in the E39-G20 system

H R T B 8.804 8x10°p.u. 8.3825x10°  1.938 4x10°°
AR £ 3.011 5x107° 5.1335x1072  6.496 6x10°*

S 1734 6x10%bar ~ 4.3253x10°  1.048 7x10°°
B E 6.4225x107MmY/d  7.7864x10°°  2.650 3x10°°

R4 E2383-G60 REt e it EU S &
Table 4 The convergence order of the E2383-G60
system’s power flow calculation
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Table 5 Results of power flow calculation on the grid side of the E2383-G60 system

EPC] 5 A5 R I (B /p.u. Xt 5 A AR 6/(7) AXF
i NR IS §IE BR3% i NR ESTIH A iR%%1%
188 0.934 8 0.934 8 0 91 -0.3719 -0.3719 0
218 0.964 7 0.964 7 0 93 0.1323 0.1323 0
221 0.906 7 0.906 7 0 94 0.130 5 0.130 5 0
230 0.902 0 0.902 0 0 95 —-0.034 8 —-0.034 8 0
240 09110 09110 0 96 —-0.040 1 —-0.040 1 0
340 0.936 9 0.936 9 0 1051 0.245 5 0.245 5 0
401 09114 0.911 4 0 1071 -0.489 1 -0.489 0 0.020 4
414 0.907 5 0.907 5 0 1140 0.383 3 0.383 3 0
434 0.914 7 0.914 7 0 1142 -0.477 3 -0.477 3 0
466 0.897 5 0.897 5 0 1186 0.1519 0.1519 0
1615 0.962 3 0.962 3 0 1188 0.1727 0.1727 0
1699 0.984 0 0.984 0 0 1386 0.053 9 0.053 9 0
1867 0.963 3 0.963 3 0 1396 0.383 3 0.383 3 0
1946 0.966 6 0.966 6 0 1426 0.350 5 0.350 5 0
2124 0.968 8 0.968 8 0 1513 —0.088 7 —0.088 7 0
80 ®7 BEHRTFLATEIN-G20R%NRES
_ 00 = Tjrg‘g . B kit B RiRE
1 .
S ” Table 7 Error in NR method and proposed method
Lﬂj calculation results of E39-G20 system under
50 heavy load conditions
40 e AR TR
10 11 12 16 17 18 19 20 R TR A xR 2% Hi.jt it JF:L] s
. o RZE1% TR Z1%
RS
(a) FUERZE AR LE CERA Y1 3.019 3x10°p.u. 3310 7x10*  1.031 8x10™*
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=
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g Table 8 Error in NR method and proposed method
(b) BB L X calculation results of E39-G20 system under
B8 E2383-G60 ZSS MM Rt EE Rt weak contact conditions
Fig. 8 Comparison of energy flow calculation results on the A B iR R AR A
i BR2E/% BR2E/%

gas side of the E2383-G60 system

H R R 4.444 6x107 p.u. 4.4362x10°  1.587 8x107°

Fz6 E2383-G60 R NRESETIRAEZITEERRE H AT 1.966 4x107° 1.121 010 1.148 5x10™*
Table 6 The error in the calculation results of NR method
and the proposed method in the E2383-G60 system
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Table 10 PV node reactive power exceeding limit AR S

4 NR LT Frg 5T TeYith Iy
- H J1/Mvar H S /Mvar JLE/Mvar
19 -14.27 —14.27 —8~24
32 -16.28 -16.28 —14~42
34 -20.83 -20.83 —8~24
92 —13.96 —13.96 -3~9
103 75.42 75.42 —15~40
105 —-18.33 —18.33 —8~23

F11 PV-POTRVIGETATUSTRENRENRES
FTiRAFEMTEERIRE
Table 11 Error between the NR method and the proposed
method in the calculation results of the 118 node power
system under PV-PQ node switching conditions
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Table 12 Average number of iterations for
solving the system of equations before and after
preprocessing for each system
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Fig. 9 Eigenvalue distribution of coefficient matrix before

and after preprocessing of E39-G20 system
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Fig. 10 Eigenvalue distribution of coefficient matrix before
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Table 13 Time comparison of different methods for
calculating power series coefficient equations
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Case39 ZNIE 3
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Hi 2% 16 AT 0, 0 AE I 1 5 A R AL &

THEAFENS /s
ARG WFLUSME  BibH Jini E
SR fift BICGSTAB

Case9 0.000 097 0.000 558 0.163 1

Case39 0.000 363 0.001 337 02715

Case300 0.021 810 0.016 321 13363
Casel354pegase 1.223 611 0.031 693 38.608 2
Case2383 6.865 099 0.075 550 90.928 5
Case3120sp 17.585 864 0.117 347 149.827 6
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Table 14 Comparison of different methods for calculating
voltage approximation time

THETAERT /s
E i b
PadeiEfl  TMP  Fr{rik

Case9 0.0036 0.0022 0.0048  0.750 0/0.458 3
Case39 0.0055 0.0028 0.0052  1.057 7/0.538 5

Case300 0.0857  AYsL  0.0132 6.492 4
Casel354pegase  0.1889  0.0846  0.0169  11.177 5/5.005 9
Case2383wp 04316 0.0408 0.0238 18.1345/1.714 3
Case3120sp 03320 0.0514 0.0335 9.9104/1.5343
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Table 15 Comparison of different methods for calculating
power flow solution time
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Table 16 Comparison of calculation time for gas network
side energy flow using different methods
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Table 17 Comparison of different methods for solving
energy flow time
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A% NRIE(LU Ik He
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E39-G20 00229 00235 00134  1.7090/1.7537
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