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Overview of Carbon Footprint Assessment in Typical Electric

Generation Industry

YUAN Dianhong', WU Gang?, LIU Hanxiao?**",SUN Li?, GU Pengxi', YIN Haoran'
(1.CHN Energy Taizhou Power Generation Co., Ltd., Taizhou 221008, China;
2.Feida Environmental Protection Technology Co., Ltd.,
Key Laboratory of Coal Fired Flue Gas Purification Equipment Research of Zhejiang Province , Zhuji 311800, China;

3.Zhejiang Environmental Protection Group Eco—Environmental Research Institute , Hangzhou 310030, China)

Abstract : In order to cope with the challenges of global warming and green barriers in international trade , the construction of a
scientific carbon footprint assessment system has become the core path to realize the goal of the “dual carbon” strategy,
especially in the electric power industry, which accounts for more than 40% of the carbon emissions, the urgency is even
greater. Since the carbon footprint assessment of electric power is still in its infancy in China, this paper focuses on the current
situation of insufficient systematic research on the carbon footprint of China’ s power generation industry. Based on the
knowledge of the current situation and development of the carbon footprint, this paper constructs a whole life cycle carbon
footprint assessment system, systematically analyzes the carbon emission characteristics of typical power generation modes
such as thermal power and new energy, and proposes a whole chain assessment model covering the acquisition of raw
materials , processing and transportation , operation and maintenance , and disposal of wastes. It also proposes a whole chain
assessment model covering raw material acquisition, processing and transportation, operation and maintenance, and waste
disposal , and combines the current carbon emission status of the power generation industry at home and abroad to put forward
the direction of low—carbon development of the power generation industry in China and the corresponding suggestions and
measures.Finally , on the basis of analyzing the current situation of carbon footprint in China’ s power generation industry , this
paper puts forward some suggestions from the construction of a standard mutual recognition system, comprehensive carbon
footprint assessment of new power generation technologies , and the combination of carbon footprint assessment and information
technology , so as to provide methodological support and technical route guidance for the promotion of collaborative governance
of pollution reduction and carbon reduction in the power industry.

Keywords:life cycle ; carbon footprint ; carbon neutrality ; power industry ; greenhouse gas
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Table 4 Life cycle greenhouse gas emissions from

selected nuclear reactors in China!®®!

S5 ML

o 7 FHHLLE (10 kW) BRHEHE F/ (2/kWh)
CNP1000 Zilzm 871.2 11.83~14.03
HlE—% LIy ) 232.2 11.57~13.14
CNP650 B 370 15.41

AP1000 =W 500 10.86~10.87
VVER RERECY AN 400 11.34~12.59

3 ARERBENXEEIEIT L

BT R ) R G0 LA A I 7 Y R VR R
fiE ARYERFIEAN ], 20 =25 DR DBk EER
AN P R R AR BER 5 2) K L A L AR P RE Y T
TR BR Z 05 L 7 5 3) A5 TH A 01 R 4 15 e Ak A7 g
U5 & AL . AR R TR B AR R & FE 2
BN A BRI AN R S BRI K R AR N
g i v 5K, LBk fL B A2 R G 7 i O
AU & B 5 3, 5 LE 1000 o/kWh 2247, 111 75 1%
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FBr o 2024 4% JEAR AN XU & L a4k e
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Table 5 Comparison of carbon footprint per unit of
electricity generated by different forms of power generation

A g/kWh
3l TR AU, Jetk KA HE
k[ 68] 950~1 250 43~73  43~73 1~34  2.8~24
k(69 ] 740~910 7~35  26~63  5.6~28 3.7~110
SCHik[70] 1084 23 41 24 15
k(711 230~800(F CCUS)  7~17  15~34  17~22  9~70
CHR[72] 838~839 7.1~8.6 15.9~29.2 40.6~44.4 10.9
SCHk[73] 820 11 48 24 12

4 HE R DRI

HL AT L2 Tl 25 % e i A% 0 AR AL, TS i
JELVTERBE Tl A R R AR, #S R
BAESE . o8 UK sk R AR A 1.5 CHY B As,
L AT 2253 7k B R HE . 2023 4E4HFH LA
IR SR B8 b X R T B HE R B AN S BT
TN o AEREL I RRHE R B V- YAy 480 o/kWh, EJEE
A [ B ok T O S4E L 4300 713 ¢/kWh
581 o/kWh'”", IR &K | U 78 S5 kR o B AR X
B, S/ N T SO

SRyt ] R T Bl OO R A AR
Z IR B, Xt 2023 AT 4Bk 25 ZERHE T E S ol X
kA RE IS FIE TE BB IR & L 7 LU EAT T URAT, 25 S 4o
Kl 6 fTow , vl LA SRR A B0 R L o L /N
33%, H A W 3 i Re R & i A T 50%
A REVR & S 65% UK TENEE . (4R
REVR 2 v, 32 2050 o I S A SRR e e H L 31X —
T AR S RO B IR & AU RS BaR EE T iy
W, HRHEROE W I RE TR Y 10 52 1 T IR E
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Fig.6 The portion of power generation models in major
carbon emitting countries around the world

x6 EERHKERNTUGEITHE

Table 6 Statistics on China’s electric power industry in

recent years BT kW
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From Organic Amines Absorption Liquids
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Abstract: The greenhouse effect caused by the massive emission of CO, has become a global climate problem, and thus the
reduction of carbon emission is imperative. Carbon capture , utilization and storage (CCUS) technology is one of the key
technologies to reduce carbon emissions, but the energy consumption for amine regeneration in carbon capture process is
serious , which limits its further application.How to reduce the energy consumption for CO, desorption and amine regeneration
is an important research direction at present, among which abundant studies have been conducted by introducing specific
catalysts.In light of those circumstances , this paper firstly analyzes and identifies the sources of high energy consumption in
the absorption process, and then proposes relevant strategies on the key factors and demonstrates the feasibility of using solid
acid catalysts to reduce energy consumption.Based on that, this paper further introduces and summarizes various solid acid
catalysts currently under research, and thus provides technical reference for the research on the development of low energy—
consumption catalyst for CO, desorption.

Keywords:energy consumption for CO, desorption ; solid acid catalysts ; proton transfer ; decomposition of carbamate
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Fig.1 Diagram of carbon capture process using
chemical absorption

it R 3 R g 5y

MEAH* + H,0 — MEA + H,0"

MEACOO™ + H,0* — MEA + H,0 + CO,

T SEEE MEAHT Y 25 57 - (H') o 2 Al 2 2k
TR PG 1 o3 ff et A, T 2243 3 S8 HOM MEA E#6 R 45
H,0 fl MEACOO ™ H' N-C f Wi %4 . XF TR kit
MEA fBPE 28 58 T H,0, R M7 A Jiti i #h 1 1915

17



5553 (R 3403))

L g ) H A

2026 455 31

PR A S ORI LR A o AR Shi Y
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it A i /A AEX AR A
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2 fELFI LB (Co)FnBE (O-H) HE{EA T MEACOO i N-C# KL
Fig.2 Change of N-C bond length in MEACOO™ under the co—action of L-acid (Co) and B—acid (O—-H)""!
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Fig.3 Schematic diagram of the improvement pathway of
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W ARTE H,S0, 8 W HI2 35 4 h, % Tio, HEAT HBR IR 1k
AbBE Ifgead i uE TR DL 500 CREBESER SO, 1E
TiO, FTH B 748 . A T 25 A IR, 7E A [R) 451
T, H CO, f# W 33 2K M\ 3.50x 107 mol/min I Tt &
4.20x107% mol/min, P11 fif ML 1 408.2 kJ/mol [ &
1 167.8 kJ/mol™ . 1% A1 BA A 1 202 Zo/Al He il 48 T
— R 5 S0.77x0, 1 # 1) v - ALO, (SO /Zr0,/y -
ALO,, SZA) AL, I & T 78 5 A fb 57 (3 Fh
SZA AR TR FT 2 F i AR A0 R ) 43 i AR IR EE
98 °C H. CO, T fif >~ 0.5 mol/mol 1) 254 F 5 mol/L
MEA 3% ¥ 0 F AR Rk 45 IR W, 3 Ff SZA i
A0 00 B AL TS PR B TR iR ) . b RS L
HF 11 HARZ B RO S MR A fLRIRL SZA
A SR R PERE 5 AL T AR L BT T
36.9% AT
3.2 HFiEELF

Oy TR, SURRIE A AL, = —Fh A
JE S A FIFLIE Y AR AR, o i A LA —
R 1 5 R 5 7 22 3 PR B R I RE M L OF A AP I IR
B PR SRR M | A5 23T 0 44 Ak R B A8 T X
22 SN R LA v 0 PR R e M L Tl A
H KB R 3 RAAEA R o 43T A9 B SR HR
Bk BR B VRS OT R GE O SR I T A, TP A — 4 R
g4, LR R EORIE T B 4L B AL o = R Y
FRIRT MRS T RAERBGERR , 43 F i K] 45
R R AR WA RN T A R

KR A7 S —Fh ELAT IR S AR G5 4 R S fig
I RRZALT W, JE TREARIREE R . KRR WA &
B AE VB RS OT R A G, PR AR DL Y 1 R Y
T 20 i AN 1 B I = e SR R X RS AR
IR e H 2L, (145 W A1 RE 05 W B A28 94 R &= 1
SR BARFNE T A, B R R EL (—OH) L ]
B AR L LA R M, AT 3 o T FLpE AL R . h



JEISIE I, 45 « T AR AEAL R (i A BILIE CO, MR MACTR AR W B 5 2

TRIRU A G ZHE LR — H IR 2, %t
TR SN A AL R AN e R P BB A X A
22, HHEITE CO, W Ty T AH G HIFFE AR 5 /b (H H 3
AT RS AR, A BN IS e 2 AT A Y
BRI

HRRWAARR , N LA BT F a5 i | i
ok RS T A B R IR LG A5 AT AR Y G345
LA KRR IO A R i B, LA Y 431 0 LA G 3 AL
AR FIAR X R 1 L 3 T AR BT 1T B ) 5 S oy ) 42 ik e
72 AT DA e R | v B AR B AR [
i, G AR M RN SR UK P BE PRIE T 43T 0 i Ak
FITE CO, MG e h YA E AR . HRTWPTE R
2 (05 103 T O A AL R 32 AL 5 HZSM -5 HY |
SBA-15 MCM-41 F1 KIT-6 %% .

ZSM=5 43 -1 & — Bl B AT P S P BE i ok 41 70
TR A RE , LI RE 0 b AR 45 R R € P A AL 1 e
TEAL 2 Tolk b o 40 3 22 b A, L5 % Fi Mobil Oil
Corporation BB~ TE 20 22 70 FERE R, ZSM-5
G3 T BA I T FLIE S5 |, ik SEFLIA 7E — 4
Jy 1] FAHE GO RN T 2R M4 AT ZSM-5 A
A LR T AR S Y PG e R . ZSM-5 2
it Z2 W A A BRI, 28 550 C RG4S B
HZSM -5 431~ & H i P i I B IRt 2
— HA RGBSR 2 . HZSM =5 [RIEFEAT
ICHE B R L R A R Y CO, M
AR Z — AL COL M SR AN 4 FIREY,

M& (0=C=0)
NH: Ho NH
/ \C/ + A /C\ / 2
HO H, \O HO ﬁz fift
L
H H Al-§-Al-
%z N QO /CZ\ /I‘\] //O Al
AR AR HO Cp €
0O g @ H o
sEmng | HZSNES Witk T
AN S, ‘
H, I}\I[ /0/’ Q H, E\ //O’rAli
s C =H O C
HO' ~C7 Tp HO C b
Ha > H, [
UL R 5 ARG s
B4 BRAEFBESEFRHZSM-5 E LEETN B &R
{23t CO, R i & Rz #LFE "

Fig.4 Mechanism of CO, desorption promoted by Lewis
and Brgnsted acid sites on HZSM-5 in the process of

amine solvent regeneration®®"!
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Analysis of Multi—objective Low—carbon Optimization Paths for Power

Transmission and Transformation Project Construction
ZHANG Feng!',FANG Jingyu!, LI Chao*,FANG Mengxiang?, CHEN Jing?
(1.State Grid Zhejiang Electric Power Co., Ltd. Construction Branch, Hangzhou 310020, China;
2.College of Energy Engineering, Zhejiang University , Hangzhou 310027, China;
3.State Grid Beijing Electric Power Economics and Technology Research Institute Co., Lid., Beijing 100055, China )

Abstract : Low—carbon implementation of power transmission and transformation project construction is a key enabler of green
and low—carbon transformation in the field of power construction.Focusing on material and technical emission reduction , this
paper develops a low—carbon optimization framework for power transmission and transformation project construction from four
aspects : Low—carbon materials , low—carbon energy , integrated layouts, and prefabricated components.Taking the construction
of a 500 kV power transmission and transformation project as an example, through a quantitative carbon emission model of
power transmission and transformation project construction and non—dominated sorting genetic algorithm 1T (NSGA-II) , a
comprehensive evaluation is conducted on the low—carbon optimization path for power transmission and transformation project
construction based on these low—carbon measures, focusing on the emission reduction level and emission reduction cost, to
identify the emission reduction potential and the most cost—effective emission reduction opportunities of the low—carbon path
for power transmission and transformation project construction.The research results show that 15 low—carbon optimization paths
for power transmission and transformation project construction can be identified. The carbon emission reduction rates of these
optimization paths range from 0.72% to 39.95%, and the emission reduction costs range from —1 350.74 to 280.22 yuan per
ton. These low—carbon optimization paths can provide solution selection and practical reference for the low—carbon
implementation of power transmission and transformation project construction and the low—carbon transformation in the field of
power construction.

Keywords: construction of power transmission and transformation projects; low—carbon optimization; NSGA-Il; emission

reduction effect ; incremental cost

BETE: [ 5L A PR Al BHEITH (5200-202319152A-1-1-ZN).,
Science and Technology Project of State Grid Corporation of China(5200-202319152A-1-1-ZN).
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Table 2 Low—carbon optimization path combinations based on Pareto solution set
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Maintenance Route Optimization for Offshore Wind Farms Using an

Improved Grey Wolf Optimization Algorithm

JIANG Xiqing", WANG Bing, CHEN Yuquan,ZHANG Jinfeng
(College of Artificial Intelligence and Automation , Hohai University , Changzhou 213251, China)

Abstract: The high operational and maintenance (O&M) costs of offshore wind farms necessitate the implementation of cost—
effective strategies to ensure economic viability and stable power output.This paper addresses daily maintenance scheduling by
integrating inspection , preventive, and corrective strategies.Two execution modes—serial and parallel maintenance—are proposed
based on limited resource allocation.A cost—minimization optimization model is established , and an improved grey wolf optimizer
(IGWO) with hybrid strategies is developed for efficient problem—solving.Simulations show that IGWO outperforms conventional
algorithms, such as the Genetic Algorithm, in terms of convergence speed and optimization capability under both modes.
Additionally, the parallel strategy exhibits greater cost—saving potential compared to the serial approach , although it requires more
resources.These results validate the effectiveness and adaptability of IGWO in addressing complex O&M scheduling problems.

Keywords: offshore wind power; maintenance strategy; improved grey wolf optimizer (IGWO) ; serial maintenance; parallel
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Table 3 Optimization results of different algorithms
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Array Optimization for Maximum Power Output of Offshore

Wind-solar-wave Hybrid Systems via Aquila Optimization Algorithm

70U Yijun', GAO Dengke', YANG Bo*>
(1.Shanghai Keliang Information Technology Co., Ltd., Shanghai 201103, China;

2.Faculty of Electrical Power Engineering, Kunming University of Science and Technology , Kunming 650500, China)

Abstract: In the context of the ‘dual carbon’ goals, offshore renewable energy technologies, such as wave energy, floating
wind power, and floating photovoltaic systems, have garnered significant attention.The integration of wave energy converters ,
floating wind power, and floating photovoltaics into an offshore wind—solar-wave hybrid system has emerged as a new trend.
This system leverages the complementary advantages of multiple energy sources to enhance the stability and reliability of
power supply, which is particularly significant for coastal regions. An array optimization strategy based on the aquila
optimization (AO) algorithm is proposed to fully exploit the synergistic effects among hybrid systems, improve power
generation efficiency , and maximize the power output of offshore wind-solar—wave hybrid systems.To validate the effectiveness
of the AO in optimizing the maximum power output of arrays, case studies were conducted using MATLAB and SimuNPS
software for arrays consisting of 5, 8, and 11 hybrid systems.The results were compared with those obtained from the city grid
optimization (CGO) , grey wolf optimization (GWO) , particle swarm optimization (PSO) algorithms and Q-learning
algorithms. Simulation results demonstrate that the AO achieves the highest total power output compared to the other three
algorithms.Specifically , compared to CGO, GWO, PSO, and Q-learning, the maximum power output of 5 array is increased by
18 kW, 15 kW, 53 kW and 57 kW respectively, and the maximum power output of 8 array is increased by 32 kW, 29 kW,
54 kW and 127 kW respectively.The maximum power output of 11 array was increased by 53 kW ,23 kW, 115 kW and 121 kW,
respectively.These results highlight the superiority of the AO algorithm.

Keywords:wave energy converter ; floating photovoltaic ; floating wind turbine ; array optimization ; SimuNPS
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Table 1 Experimental results of five hybrid systems array
obtained by five algorithms

"k G X/m Ym  P/AW P /MW g
1 207 309 $89.238
2 231 431 829.751
AO 3 279 178 826025 4283  1.0466
4 159 30 880.685
5 94 151 857.091
1 214 40 833.062
2 144 309 839.802
€GO 3 400 364 824461 4265 1.0421
4 191 157 909.402
5 337 497 857.771
1 461 15  426.801
2 192 225 426.801
cWo 3 249 500 426801 4268  1.0430
4 71 37 837.674
5 295 379 818.892
1 277 493 826.101
2 331 363 832.841
PSO 3 190 69  817.500 4230 1.0336
4 327 246 902.441
5 148 200 850.810
1 404 90 800.460
2 288 264 795.374
0% 3 129 390 705261 4226 1.0326
4 265 394 790.924
5 483 308 821.840
1.05¢
1.04} [ [ 2
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Fig.4 The g—factor convergence curves of 5 hybrid
systems array optimized by 5 algorithms
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Table 2 Experimental results of eight hybrid systems array
obtained by five algorithms

B 5 Xim Ym o PAW P/MW q

1 662 31 819.740

2 395 8 856.219
3 564 454 857.298
4 511 616  839.162
AO 6.761 1.0326
5 86 722 861.852
6 611 192 814.785
7 390 460  844.075
8 520 313 867.648
1 178 776 876212
2 192 447 854.068
3 39 11 827446
4 118 270 794350
€GO 6.729 1.0277
5 70 634 841.693
6 4890 219 822750
7 255 620  822.862
8 3 118 889.433
1 651 778  847.069
2 244 402 780.091
3 258 496  879.361
4 558 260 845311
GWO 6.732 1.028 3
5 147 264 899.889
6 766 602 822.931
7 192 0 808.282
8 366 77 849414
1 494 688  845.128
2 584 30 834.155
3 591 103 847.438
4 428 591 837.467
PSO 6.707 1.024 4
5 558 295  815.619
6 320 92 799.317
7 22 342 839.931
8 390 490  888.084
1 248 51 760.000
2 383 690  845.972
3 647 283 800.136
247 377 768.383
(O 6.634 1.013 2

291 214 809.500
652 7 806.258
293 174 643.989

o e Y

522 43 739.503
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Fig.7 The g—factor convergence curves of 8 hybrid

systems array optimized by 5 algorithms
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Evaluation of Maximum Access Scale of Wind Turbine Considering
Frequency Modulation Control of Doubly—fed Wind Turbine and

System Frequency Constraint
JIA Yugiao',ZHANG Ningyu', LI Zheng', LIU Yuzheng?, DING Tao?
(1.State Grid Jiangsu Electric Power Research Institute , Nanjing 211100, China;

2.School of Electrical Engineering, Xi'an Jiaotong University , Xi’an 710049, China)

Abstract ; The large—scale integration of doubly—fed induction generators ( DFIGs) into power systems has led to reduced
system inertia and weakened frequency stability.To address this challenge , an accurate method for assessing the maximum
hosting capacity of DFIGs is proposed, providing theoretical guidance and technical support for ensuring the frequency
security of power systems with high penetration of renewable energy.First, a simplified frequency response model for DFIGs
is developed, encompassing the mechanical system, the induction motor and its converter, and the control system.
Subsequently , by integrating this model with the system ’ s primary frequency regulation characteristics , an analytical model
for the primary frequency regulation of a system with DFIGs is established , revealing the key factors influencing system
frequency. Building upon this analysis, and considering two critical security constraints—the Rate of Change of Frequency
(RoCoF ) and the steady—state frequency deviation ( SFD)-—an assessment method for the maximum DFIG hosting capacity
is proposed.The method ’ s effectiveness is validated through simulations on the modified IEEE 9-bus and 39-bus standard
test systems , as well as a practical case study based on the East China Power Grid.The results demonstrate that the proposed
method can not only verify the impact of key parameters on the system ’ s primary frequency regulation capability but also
accurately and effectively calculate the maximum DFIG hosting capacity for different systems under these frequency security
constraints.

Keywords:doubly—fed induction generator ; frequency constraint ; active frequency support ; primary frequency modulation
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Hierarchical Mitigation of Bidirectional Overload in Distribution

Networks via Electric Vehicle—energy Storage Coordination
LI Shichun!-2,ZHONG Chuanzhou'-?",XIE Jiahong'-?,LI Lingxin!-2, YU Jianing!-?, WANG Qiujie!-?
(1.College of Electrical Engineering and New Energy , China Three Gorges University , Yichang 443002, China;

2.Hubei Provincial Key Laboratory for Operation and Control of Cascaded Hydropower Station ,
China Three Gorges University, Yichang 443002, China)

Abstract: To address bidirectional overload issues in transformers and lines caused by the large—scale integration of
distributed photovoltaic (PV) systems and electric vehicles (EVs) into distribution networks. A coordinated optimization
strategy utilizing EV—storage synergy is proposed to mitigate network overloading.First, an electric vehicle disordered charging
scenario is generated using the Monte Carlo method, and a time—of-use electricity price—guided ordered charging model is
established. To comprehensively characterize the real-world diversity in user willingness toward disordered/ordered charging
modes , a load optimization model integrating both charging patterns is developed. A hierarchical governance framework for
bidirectional overload across "0.4 kV feeder — 0.4 kV distribution transformer — 10 kV feeder — 10 kV substation" equipment
is constructed. Based on this framework , abnormal equipment is progressively identified from lower to higher voltage levels
while determining electrochemical energy storage configuration parameters.Finally, case studies on a modified IEEE 33-node
distribution network verify the effectiveness of the proposed hierarchical overload governance strategy for distribution network
equipment.

Keywords: transformer overload; line overload; distributed photovoltaic; electric vehicles; charging optimization ; virtual

capacity expansion
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Method for High-resistance Faulty Line Selection in Distribution

Networks Based on Improved D-S Evidence Theory and CEEMD
ZHANG Ming",LU Min,ZHANG Xin
(Nanjing Power Supply Company, State Grid Jiangsu Electric Power Corporation , Nanjing 210008, China)

Abstract: During high-resistance faults in resonant grounding systems, the system background noise and measurement errors
from transformers can interfere with the acquisition of fault current signals, making it challenging to capture and subsequently
limiting the accuracy of single criteria.Therefore, this paper proposes a novel method for processing fault measurements based on
the D—S evidence theory, which encompasses three core steps: Firstly, the Complete Ensemble Empirical Mode Decomposition is
utilized to eliminate noise from the fault zero—sequence current ; Secondly, the processing of the fault measurements is performed
using the criteria proportion coefficient and feeder fitting coefficient proposed in this paper, which facilitates the generation of
basic probability assignments; Finally, the D-S evidence theory is employed to fuse information from multiple criteria, thereby
deriving the final fault probability value.The simulation results show that this method can accurately extract signal features even
under conditions of —2.8dB noise interference. Compared to traditional methods, it effectively accentuates the probability
characteristics of the faulty feeder, thereby enhancing the reliability of the diagnostic results.

Keywords: high-resistance fault ; noise interference ; faulty feeder detection ; D-S evidence theory
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Table 1 Euclidean distance under feeder fault conditions
d(l.l)

L d() d(l)  d(l) d(1.1)

L 0 102.136 104.635 112.265 109.675
l, 102.136 0 4.601 15.657 11.988
1y 104.635 4.601 0 11.719 8.129

l, 112.265 15.657 11.719 0 4.033

ls 109.675 11.988 8.129 4.033 0

F2 BEMERTTHKES
Table 2 Euclidean distance under busbar fault condition

Ld(lLl) d(ll)

J

d(lul)  d(LL) d(ls.1,)

l, 0 4.671 0 11.480 7.850
l, 4.671 0 4.671 15.507 11.932
Iy 0 4.671 0 11.480 7.850
l, 11.480 15.507 11.480 0 3.976
ls 7.850 11.932 7.850 3.976 0
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Table 3 Th i lue of th | f N Bes =W, ()30,
able 3 The cosine value of the angle under feeder c, = 2/3 S={k|M,(1)>b,) (19)

fault conditions

Lo d(lLL) d(1,1) d(1s,1) d(ly,1) d(ls1)

l, 1.000 0 -0.3658  -0.370 1 -0.3721 -0.3718
l, -0.365 8 1.000 0 0.996 9 0.995 4 0.995 2
Iy -0.370 1 0.996 9 1.000 0 0.997 6 0.997 2
ly -0.3721 0.995 4 0.997 6 1.000 0 0.999 5
ls -0.3718 0.995 2 0.997 2 0.999 5 1.000 0

*4 BEZBEBLTHRARZE
Table 4 Cosine value of the angle under busbar fault

conditions
L d(l,.1) d(ly.1) d(ls.1) d(l,.1) d(ls.L)
L, 1.000 0 0.996 0 0.998 9 0.999 0 0.998 6
L, 0.996 0 1.000 0 0.996 0 0.995 0 0.994 3
I 0.998 9 0.996 0 1.000 0 0.999 0 0.998 6
l, 0.999 0 0.995 0 0.999 0 1.000 0 0.999 5
ls 0.998 6 0.994 3 0.998 6 0.999 5 1.000 0
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Table 5 Normalized fault measure values

W M, (L) ML) M, (L) M,(L) M,(L) M,()
FCI 0.2247

0.8000 0.2395 0.2247 0.2000 0.209 0
FC2 0.3242 0.8000 0.2035 0.2030 0.2000 0.2027

FC3 02236 0.8000 0.2303 0.2211 0.2000 0.2101

R VA — Ak S Bl e ) 3, AR e X (17) — X
(19) , 43 590 ¥y 28 A 00 38 ) = B m il 28, an ] 12
7R .

> 00 ar i)z C2 1 o [:
(b)FC2
B 12 &H|HEFRE R E L&
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Table 6 Mutual difference coefficients and proportion
coefficients of each criterion

®8 WAFHHENEE
Table 8 Fault measure values after fitting

BB M, (L) ML) M(L) M(L) M, (L) M, (L)

FC1 0.0277 03111 0.0262 0.0237 0.0194 0.0211

FC2 0.0373 0.2901 0.0208 0.0199 0.0181 0.0191

FC3 0.0277 03117 0.0253 0.0233 0.0195 0.0212

AR 30 (26) 7+ 5 AR AT L, W3 9 Frow .
Bk 1, AR RED 5 HRBRARKES, 7
W BEAS AT AT RE R 1, KR T BB (HR 5 28 D~
S UEHEHIS AT LA A . 5350 my(O) W v T
m, (@) Fl m,(©) , FUIHAE 2 i) A5 BEEAL, X N Z
Ja BIEEE SRR B T AR B

x99 EFRHESBR

Table 9 Basic probability assignment table

WS m, (L) m, (L) m, (L) m, (L) m,(Ly) m, (L) m,(©)

FC1 0.060 0 0.6724 0.056 6 0.051 1 0.042 0 0.0456 0.072 3

FC2 0.0790 0.614 1 0.0440 0.0422 0.0384 0.0404 0.1419

FC3 0.060 0 0.675 8 0.054 8 0.050 6 0.0422 0.046 0 0.070 5

45 p d.(FCl,p) d(FC2,p) d(FC3,p) a,(p)
FC1 0 0.1333 0.003 6 0.9316
FC2 0.133 3 0 0.129 7 0.868 5
FC3 0.003 6 0.1297 0 0.933 4

AR5 (22) , %25 48 19 I BE AT IE , 1 B AY
EIE IR B BEAE AR 7 FT 7 o

R7 BERRBENEE

Table 7 Corrected fault measure values

BRI M, (L) Mo(L) M (L) M, (L) M, (1) M,(ls)

FC1 02093 0.7453 0.2231 0.2093 0.1863 0.1947

FC2 0.2815 0.6948 0.1767 0.1763 0.1737 0.176 1

FC3 0.2087 0.7467 0.2150 0.2063 0.1867 0.196 1

27 PSRN kIR AL )  H (k) AR
PE(23)—(25), AT LIS 2 480 26 LA T A
B BE , B3 8 T/ .

G D-S IR, tha(27), 7] LA 3] &5k
B S B m (L), 3% 10 Frons .

F®10 EHRLENEEE

Table 10 Composite belief values for each feeder

L m(ly) I m(L,)
I 0.007 2 1, 0.003 7
I 09733 I 0.004 1
I, 0.005 3 m(0) 0.001 7
I 0.004 7

e 10 s, 1, G A BE A R T HAB 4L
H m(0)iZ/NTEBZH m,(0), Ktk a] LU &
L R R 2, X 50 FO B I i dn o — 3, Utk
B Lk T
4.2 FiEERERTEE

R T RIZOTEAR XS TAE S8 D-S T4 FIS 5
15 BEAE A 7 35 R DL 3, B30 e sl 2 A AR {5
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Table 11 Composite belief values for each feeder

generated by traditional methods

I, m(l,) I, m(l,)
1 0.063 4 1, 0.041 0
11 07425 I 0.043 6
I8 0.050 2 m(®) 0.002 4
I 0.056 0
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Fig.14 Comparison between the proposed method and
traditional methods
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Table 12 Comparison between the proposed method and
traditional method in different faulty conditions

e s max(m(l,)) m(@)
R/Q /()
e B R o W R N R [ W R
11200 30 09744 07434 00014 0.0020
fi 2 2800 90 09733 07425  0.0017 0.0024
32500 135 09735 07427  0.0016 0.0023
4 1500 0 09741 07430  0.0015 0.0021
£ 5 2000 60 09737 07428  0.0017 0.0024
6 2600 90 09734 07426  0.0018 0.0025
7 1300 30 09742 07432 0.0015 0.0022
fi 8 1800 120 09740 0,7429  0.0016 0.0021
9 2400 150 09736 0.7429  0.0017 0.0023
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Fig.15 Comparison between the proposed method and

traditional methods in different faulty conditions
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Optimized Dispatch of Electric Heating Loads for Medium—-high

Voltage Distribution Network Security
CUI Chenyu!,ZHANG Junling? , YU Cheng', SHI Xiaohan!”
(1.Key Laboratory Power System Intelligent Dispatch and Control , Ministry of Education
(Shandong University) , Jinan 250061, China;
2.Shandong Luneng Software Technology Co., Ltd.,Jinan 250001, China)

Abstract: Emerging loads, represented by electric heating, possess strong operational flexibility, and utilizing their adjustable
capabilities to enhance the operational security level of medium—high voltage distribution networks has become a key demand for
"source —load interaction" in distribution network scenarios.To address the dual challenges of network parameter identification
difficulties and high complexity of source—load coordination in the safe operation of medium—-high voltage distribution networks ,
this paper proposes a data mining—based optimized dispatch method for electric heating loads.First, a refined regulation model for
electric heating loads is established, integrating thermal dynamic characteristics of equipment and user comfort constraints, to
quantify and analyse their regulation costs.Second, a multi—period collaborative optimization model is constructed , considering the
temporal characteristics of photovoltaic output and network power flow security constraints, enabling dynamic matching of
resources from both the source and load sides.Furthermore, an online identification algorithm for power transfer distribution factor
(PTDF) matrices based on historical operational data mining is proposed, breaking through the dependence on traditional
physical modeling for network parameter accuracy.Finally, a quadratic programming—based efficient solving strategy is designed
to generate optimal regulation schemes that balance grid security and user demands.Simulation results based on the IEEE 30-bus
system demonstrate that the proposed method can effectively prevent overloading of critical lines and transformers while
minimizing regulation costs without affecting user heating, achieving efficient interaction and coordination among sources,
networks, and loads.

Keywords: distribution network security ; electric heating load ; optimized dispatch ; data—driven ; power transfer distribution factor

BT :AARE AR TAFLEE I H (ZR2021QE146) -
Shandong Provincial Natural Science Foundation of China (ZR2021QE146).

97



5553 (R 3403))

L g ) H A

2026 455 31

0 35l

FE IR RE R REIRBOR S T
o3 A1 FOCAR A 73 A 2L IECRT LR 2 L B
FRAR B 4 G R AT HL R A AOBIRR
MU A AT e 3 R R R S 17) , 3 ] RE R AR
S 78 s A A PP AP O AR D e e I B B o
AR IRV 43 67 e A FEL SR I 71 A S 28 Ak 3 1Y
AR, B S TR A TR R G R L 305
LA A R R M T R AR
5 A I P AL, S O OR DR A AR e e 7 £y 30 1)
{0 L TR RS 7 B B P X s AT

FEL SR IR S5 % 07 A E AT ] UL 98 o J7 3 8 L2 R A
KRBT FERE ST, 255 6 A nT 220000 2235 9419 o
T, LA AR ey 0 B ey g R 3 AT P RE DR A
RCIH N A7 T A AR VR T o M) F SR B 97 £ 7Y )
T BE I e HE R RE VST 44 I AR, o T4 T v e T
Hic Fi o5 A3 PERE , )i TE R I 373 57 LT EL Bl Y
FTEHR AL

VR, AT 2 AR SR R 7 i A8 2 5 T L 1)
AT 0 D0 AL 8 B 0 S U A IO o e A
P 5T U, AN [R] 27 3 B H R 28 48 1 4R 0“2 i
ST RIS T 2 e AR A . SRS
BT POV SRR R A — B 22 20 7 R AR, DA B
(11 5L J3E 1 2 PR E B O R AR B SRAE 2 AU R
Mz 2 A4 5 SCHR L6 ] B X 2 HUKFE T Z LA, 81
BTV X SR E R o bR K AR X
PRETHIA ) 2 RERAER L 5 SCHR L7 BE— 28R i
Oy J7 AR — A SR B Y, ST KA I
G A b JBE BAR A A ASEAL 5 SRR 8 T 0 S B (A i A8 )y
BIR 3 5 P P 4RI 23 26 5 SR AR Sl S 0y AR
T A 5 220 i X3l A P SR R A A S T PR AIE

JRHEL {1 20 F7 ] 450 S 0% BF 5 5 B 22 7 1) R i
2. SCHRLO 4R i I 3 [ 2 AR OUALHEZY i i o3
[ DIE A XU R 31 4 e AR R e as AT A fie /MR
bR , 1R s 2 RE A ip 23 SRR A HB AT e 5
SCHR[10-11 101 % 1 % G R e 5 XL R s AT
HREIRY S N7 22 I [1) RUJRE 2 0 9 42 SRS, 38 1od ri R 172
7 1 A& 2 9 55 58 XU HRL 2 S Bl 05 STk
(12 7 LR b AR i XU~ FL i RE 2 AL i P 2

T

98

REFS G R G0, DO S KUAS i AL 19 RE 1002 00
AOAEAY, 38 328 73 591) 22 HE A BT HY A7 OO R AR 7
AR

U B gy i 0 90 R AR 25 AL BOR BR AR . STk
[13JTF it B ds v AR s 24 AR 1 5 A L R R H
DA TVA BENESR , 38 5o N7 fe s N TR 24 T bR B, 1
15 ML 37 50T RS AR mZ R 7 5 SCHR[ 14 TRl P
X1 5 g AN T e A5, B AL R T 81 A= B
SR 1% 10 P, R B2 70 i 1) W 2 ) S Y, S I R R A Ak
[ ) R0 11 1 R 5 SRk [ 15 DAk 7 e 75 R 19 752K
$i HH 3 T D AR 43 A SR 28 1Y L BROK 2 S A TR SR
i 3k B A AR U] 5 43 S A B AR I {1 2 38 75 5K
SCHR (16 13— 28 51 AT 3h 5 A0 He , # d2% &
S I HL A5 5 1 H R DR 5 oK o 7 B AR AR HE SR A
ROFA A far U4 22

L5 BITIR A B %t far O A T P AT T AR
T B R e U T W R P T O R AR ORI
WA O R XU R T A A A, 2 R AR T T R —
R KU DGR -HER B R s AT A R WS ot
F, R I £ 167 P L, 58 TR 5 it vy TG H, I A 22 4 PR 1Y)
)R v N Y T e A S A O (2R (3P
P26 ZHL TR, TS PRI IREE T, BCH I S 800k
DRI HSCHRG A4E 47 AN B Ik 5 g 228 P i e DA VB 2R BB, 3X 45
F, SR 12 071 i D0 A 18 32 5 e 07 P fe PRI o

BEXT B AR (R, AR S 4 b — ol ] b R
P08 <42 4 (1% P, SR 12 B AT e O ) B8 05 1%, 3 ek ) R v SR
1B 7 A FH HL 7 58 sl B G AR DR i A g e 7 ey S T
HL e 3 10, S50 B IR R R A B
RS ] P AR oK, AL A v SR I A T R S A
BUAREERY SRS, LATIC A, I 4 B0 It 8 4 S 29 3,
T S AT OGRS T s e A8 A ) L SR BB 7 77 22 I
BARAC R AR s g — 20, St — M LT I s s 474k
W 42 48 0y o R 5 R or A F (power transfer
distribution factor, PTDF )i P 7 £ B 5 ik, DS
9K 5y 7y 2R HBOE L Y 0 28 IR 240 s, DART ISR
fitf e oA T SR i SSOR A L 26 1 R 11
CRY RN

1 ERXBEREAETRE

PSR B 97 i 5 RGO B AP 2 A



FEFRIAT , A5« T 1) T e T L IR0 22 4 8 LR B2 7 7y B {0 3

pacd

SR W HA R %5 e e HL n] IR BE ) S o, SR S
e P A BT 52
1.1 BERRE

1 ok & IR SR AR e g ML R 2654, R4
R HL R A POK IR B HROKAE EROKR MR
AP AF VAT o H AR JRURE Dy e B ) i R
8 R TR A HEAT TR, O 3 5 il POK R AF AR
FRIKAE Hh 5 FH P AR A0 SR 8 7 K T 2o A R 2R D
JKCAE R IBCHS IR (K 5 R A b X [ 3 A ¥ K AT
PO

SRR Os
» t144 T
0 i H M H gt
i o 7| | B )
] %EE%%XF KA e KR %ﬁ%%fh iR
Ty
SR Or A O AT O

E1 EAXBERBERGSEHE
Fig.1 Schematic diagram of a thermal storage electric

heating system

S AR R I B e A, X 1R R G A
AR ABA « FL B B IO B2 AR R A i BRoK ik
WK AR A TR 5T 5 3 HOKAR N & UREE 15
O35 T RE A A 5 POKFE N 45 K IR FE A
FEAH . YFFSL I H 32 2 50 v B R W 1y AP R
A, b A A S T A Y

P, SR W2 071 g R ABE 1) OC B AE T VR i A8 i BRI
PO TR KR SRS . LGRS B IR
FRA7 i FIE KR B BCAVER M LA F B (4 AR
P, 3 A BT A 7 R AL T SR D R T AR AR R, SR
JE 4G P bRl es 5 AR R YOG R i
SR 1T BUAABEAY
1.2 FTFHEES

P 1 HL R AR GE 4 A8 AT 0, SR I R e A
AR FE LA AR R R, e A R = A
TRAR T IR R AR AL

AT R Ay H S e F BEL T AR R BB R AL A RE 1Y
U

dQ, = P, dt (1)
A Qu R BB s A IEECR s Py, WIS
3 (1) FR B s [R] A H, 8 4 Fi BEL T FE L R % b A

B
FICHA I B — T T D 7 RORCAR BE IR () 1788 PR 05
[ EA

dQs = dQ, + dQ, (2)
T-T,

dQ, = n de (3)
T-T,

dQ, =—p—d (4)

s Qs /KA AP EE B S BCA R ; Q. F1 Q430 oK
FE 5 23 ORI b T 42 ik ) 1R THT ) B T, FAL T,
393 g 223 A M TR EE 5 R, F R, i) KA
23 A 5 T 422 fik ) B TR 5 T R KR N Y P2
K
BRI R 5 — 5 T Ry P P e s 4 s K AR
dQ, =¢f (T, = T,) dt (5)
Ao Qo N A Ay 5/ R ER K AR T T,
SR BRI 5 ¢ 7K B HE R
H R B A 5 R S PR B2 B PR AR K IR 5
i FTBCE R I R EIOC AR o KRBT 7 A 1 i
5 fin e AR ) G ZR BT B 5 RS T R R
dQ¢ = dQ, - dQ, - dOy (6)
B PROKAR At P 22 A mT pl A P K B S5 o
KR AZ R
dQ; = medT (7)
o Qo N E HORAR R s m o ZHOKAE K Y
s pin:o8
A7 2 (1) —30(7) AT A5 H SR I 19 ARp PRS2
medT = nPydt — of (T, = T,) dt = dQy (8)
XA R FEA T B WAL o B T A
T.,. =
) r,-r, T.,-T

£1A
R R t (9)

+T,

nPEH,mt _Cf(Ts - Th)_

g

mc

KT, A HCRIE 0 7E ¢ B ZI KR 5 Py, A HLR
W n AE o I 20 BRI 236 5 A A JINARIRE 5 A o
ZIBIRFR KR A
1.3 ETHARE

Xk L SR R 70 i 1A 81 JEE N, 47 A2 b R e
AP T BE AR e T RE 2 R P EF B . 2R
8 LRI FR AR A bl g 3 DU & JF 2T

99



5553 (R 3403))

L g ) H A

2026 455 31

R A 3R R P AT M . B S,
FH P FH e R 25 A7 A 300 B 0 3o Y ) A5 0, ]
2 s

0.3

0.2

25/ (JC/kWh)

0.1

bR

. . P RAR
0 0.2 0.4 0.6 0.8 1.0
FHH B /kWh
E2 AFRRABEESHRKHAXER
Fig.2 The relationship between user electricity

consumption and marginal benefit

SR R P ) A Qe ) AR P R RE BRAS R
BB AE A, HARTE 5 P 2% H T B4R B
JE IR B T T IR 45 (AN &7 18 B9 PR B A B H g Ik
NNz ey - (AR ] AN & Ty s iR o G A oE
FE I TR PRl gs Ron 38 m 1 kWh HHL S
R P et AR fb i . P F gt 2k s 224k s
FR A 5 0 R 0 2 L 9 AR 2, 3RO P AR Bl
%, PRI AT AR A A faf 199 A, 3R FHP g A2 21 B #b
2. 2 ATAL S PR sE AR AL B S 0 fr AR AL i A
ke &, A RN N AP, W P F AN
a(AP)’ 12,0 HH R, AP R g A8 fb i . R IR S
A S T far A A IR R R, W] R AL R R A
C=e(AP) (10)
K C R B 1T BAS s e A R 28, FRa BRI
#E R pl Rz

2 HAPSERENZEHERERTS
B B 1L R AR A

DGR T R R R 7 A R 12 A B P I, 3 EOB AR
IR K R g W 7 i 3 i) 2 R A s e R e 2 XL
Tl o 308 2ok B A R I 077 T FL 5 56 T HE A
Ao S Ul L S P R o B A T R TR 38 7
A i 3 G e A SR, RO R SR I B T FL T R
JO7 LA A2 FH P B I 5 5K O 295, L[] B ST 1

100

g/ IR — AL SR R R, PRt AR ST DA
WA N AL B AR, L5 5 B IR R A ia AT
S P ET A B 2 AR C L I 22 4 24 SRR U 24
SR, ) T[] F v H T PR O 22 4 1) H SR 12 £ i 22 B
B bR,
2.1 BREH

FHL SR % 170 7 A8 Ak 2 3 BOK IR i #2 F P &7 38 IR
T BEARE RS R B FH P R AT AME . DA H R B
AR i i A8 1, B (10) e/ IMERMEE Bl AR
1530 H bR e ECH

min Z Ze (APy,.) (11)
t=1In=1

Aren, K RIS ZE G ny, S HR B S e, LRI n
B A BB APy, 0 HLR W n 7E ¢ B 21 1 T R AR
feit s
APy = Py = P (12)
KPPy, A HCRIBE n AT BETTTE ¢ 520 9900 i
I
22 HRFHE
1) RS BI TN,
SR R I A 1 4T 29 R AL 46 2 (9) 1 AR SR I Bl
BRI R AN (13) 1 H R B R R
0< P < Pritnma (13)
K Py FHERYT 0 BRI,
2) P PG B2
SR 2 P RIS B T B XK AR N KR AT
2,
T.<T, <T,. (14)
AT, BT, A3 R R A P &4 B ) e IR
TR KR
3) L HL 2 A 2
T FH PO 22 4 24 B 455 TC F I T 14 AN kAR
A5 4T o LR R (B A 29 AR L
1Py, <pP iy (15)
Upin UL < U, (16)
K P, A b SREBRAE « IS 20 D% 0 R SRV HY
LUK R P N b RSB DI U, i
STE ¢ I 2 R R AE ; U B UL R L
RGUIEF B ATHTY 5§ FRVF A e/ NI R F R R A
4) IR R



SR , A5 ¢ TR [ F sy s P P 0“2 ) i SR W 77y e DAL A

T HL O 3 A7 e A O 2 R, Rl R R
NN
P, +j0., = Ui,tZYij ijte—jgu (17)

APy, QL A3 T ¢ N2 A DA
TEAINZ Y, N SRR Y BITTR 50, N1 8
DS R W H AR AR 255 U, ST S AE ¢ N2 H
JENEAE 57 € i 571 a0 i AHEEFER T A T LS.
R D H R B G AN ] I B | 20 AT
FOCRFN K AL AR IR 1l
P =Py, + P, = Puii = D Pu, (18)

J—it':'j :va,i,t ﬂg%‘/'ﬁ i?’{ 12 EH‘%J E‘J%'ﬁtngg;f)(;m jj#j
/"J—i i T:E t EH‘Z'J E/‘Jﬁﬂlﬁ EEMIJJ%;PN(;” ﬂﬂ%)ﬁ TRt
Fisf 221 A A RT3 £ A o

3 ETWRSHALIPANMUEE KR

T 249 SRR RS (1 5K PR W2 97 i 22 B B A
AR S AR VR R, J8 TS i s A . A2 ik
TR AL R T AR et 5C FR 3R 7 AL e I AE A £
SEANA D3 R Te T P 2320 SRR , DT A f
)@ A e kAR -, 75 2 S A Uk s B
P AT SR A0 o R BRI Ak S uf B, 3 ik
TR F, SR I 071 i 45 INF Be D 28, 52 IRAE AN 5 il (L 122 71
I 3k Ao I H, 9 O A E s 2, T N — A TR
TR RT R AR SRR L R A A TG DL A
JE, BRAEAT DA T R LR R R s W I AR
i R O BB 1% 38 o TG D A MR 9 5 R R AE R/
FEL P, T Z2m 5K (16) FL PR 2 B0, HLZR B )R 1T 7R
Ry EL R R ) SR A Ak i R 2t R, SEPRAL AT
31 ETEHERIBMAOEERLE

K B AR Y, 2 B D SR AT AL
TN RN AR R G DA Z

P, =P, +AP (19)

P, =P, +AP,, (20)

K Py, W b AREBSAE ¢ B2 W R DR AP,

Ry HAL SR W T SRR R S BN B b SRR B AE ¢« B 20 A 1)

FARL Py, N TE B Z BRI AT R

AP, AR I D 2R 3 S 300 i i A ¢ B2 E
AR

AR AR D RR T ST AR

LR R YEA A, 44 2 B00] F PTDF iR,
APy, = ShAP,, (21)
Sy SRS S T, I T A
AN ER I kB R ARAL S RN sy, ST SN
PE—2, pr A gD R AR = 5 S A TR
A Ak e R B AR MR

APh],z h“ hln‘ API,I.r
A.PL,Z.[ — E ,.. ; A.PI.Z,I (22)
APy, P APy, .,

. H o PTDF JE 1% 5n, 2RI B AR5
2o 3k BRI A R R B far 22 5 B A AR AR Y BT
faifb A

n, on,
. 2
min Z z e, (APyy,.,)
i=ia=1

X (9) (23)
s.a 20 (12)—= (15)
K (18)—=L (21)
3.2 MEEBSMEFEEELIHR
468 43 A0 R F 1l LIAR B8 W 45 o0 14 S B0k T
R A
H = B.B;! (24)
K. B, A5 AT 5 B S B SN B,
AR SR R S SR
3 (24) I B BN 28 4 oo BBt S B ]
T H, SR, MERR R ATEC F I 45 oo 2 801 E )
o, —J7 TR A TC R ) L R D A 2 R S R R
IO SR i TAER R, N T4edrnl g2
TAEB 22 BUSHRHE 152 5 73— 7 T S B s 27 4
s TR, PRS2 B i e S AN R, B0 i
F S EOR G S sk ABCHLE B R G ; AL
W s AT e iz A7 B R 22 Rl 5 I A T SO
gﬁl{zﬂo
B bR ), AR SO — B R T S as 1 4
PR PTDF i [ 0 J7 2, 38 3 25040 9K 3 7 42 40
Dy 52 508 v A 5 A T H P DT AR REAE , A BTk R IME S
YRR R L RGN SR st ik
FTE I AT A PR AL T I A D 20
PTDF i B ALY 88 A Y) 38 5 26 i 1) 2 1] ¢

101



5553 (R 3403))

L g ) H A

2026 455 31

R, T IEA DR DR At Dy s s vl fi
Flf/h kAT PTDF AEFEXS I TR

TG 0 SR HL A [ I 22 E AR 2k i A4 5
TEATARAEL, THE ARSI 2 DR AR A 4

AP, ., AP, AP,

AP, - APP,Z AP?,Z - APT_Z (25)
ML P AP
AP, ., AP, AP,

MMFMWAaﬁ?MWQ(m
AP AP, e AP

K AP, WERBEDIR AR AP, ., BT
PR R R ;o i RAE ST 240

SRIG AL AP, N HAERERE, DLAP, ...
T RS k5 Sk PR B, W00 H AR R 19 2 kﬂT%?m
NI B AT

h, = (AP, AP,V 'AP! AP, (27)
X :h, 2 PTDF HFE H (955 k5 ;AP i AP, ...,
FERE 2 k5

B FRPER ARG H 5 1,2, 0,
GIVHUE , #5245 BIAS PTDF 4H 04 H

=[h, h, - h,| (28)

3.3 HELPAERE

BT IR 3 ok R R SR B 0 far FH R T 6
G T P D E o 2 . R PR BB R R G R LR
W2 [ sl e it 2k, 2 25 D s P L B B AR
AR P FHELAT R, TR0 vk H R SR B 671 far FH FL AR 0L, []
Pt 5 B L ) 3 A X R TR AN T 47 7 R R SR B 97
ﬁ%iﬁ@%% HE— 25 HEAT B P S T 5,

AFFE A S BIAS o A5 A7 7 Tl 2R st B, )
%%?FiﬁﬁﬁT%K%%%ﬁl¥ﬁ%T%%
P, R I 44 8 i R B £ Ay 22 I B AL AR ASE A, g — 2l
FH TS PR i S8 P R A8OR M o 55 2 T R I A A
P S FH L SR PR HEA T A AR, st 8 AU
TR, BMAGRFEWE 3 FR .

4 EBH)

DL IEEE 30 248 R 1], 5 0F r 45 7 1k i AR .
ARG INNE 4 s, O A5 A L R ST

102

I [ v v P v v e I L ) R G, SRR S B0 555 5

Wk[27 o ASSCHEA T B O : — 23 T 130 MW

AR, RN T 57.6 MW HL R BE g, FEANFE A
EE 4 R HCS IR 1 R

3k AR
i ﬁmm%mﬁﬁt@ﬁ N
A *%J\ T
§| mmﬁﬁﬁﬂﬂ%w Wi i
" o T (2
2|
%?FE&%&ﬁ%KF&%@I?%%
fn iél%
% | R T eI T |
1 v
%| BRI S BLACR
| R T L R BRI R -

B3 fiLkmginiz

Fig.3 Optimization solution process

4 |EEE30T RN RGLKEKE
Fig.4 IEEE 30-bus power system line diagram

®1 HEXEMAXRRSH
Table 1 Parameters of electric heating and photovoltaic

WA FLR B e A B HAREA LMW
23 3 35
24 2 25
26 4 35
30 3 35

B2 B A7 LB 0 2 BRI , A P 5 00k T F



FEFRIAT , A5 « T 1) F e s T L T 22 4 LR M2 7

RALIAE

B B R sh AL . B SEOh  FE TR
4.8 MW, #U032 0.9, /KA fifi 7K 12t 600 t, 43t 1] 7K I B2
532K 70 “CHI 20 °C, B 3 S i Ze AU it B2 40
&5 iR o (AT e FiL B 34k AR A R A
AAEH L AE 21:00 2R H 06: 00 4 5L i BT o,
B

ZFAMIRE/C

K E/(t/h)

]
E5 EHEKREREIIMNEEMLZ

Fig.5 Baseline water flow and outdoor temperature curve

A5 RS G g AG AR H O ORI an ] 6
Fi7R o T MATPOWER JF & I FE i i A
THE R D7 7 A0 A o i ZROR 2SR 4% Rk 200 28 6 0 07
LB AR A 7 PR, B 7 0L, R 6 2R
18 ZR % 38 (2R [ 41 7r I [] 45 H A7 i B £ 3 % IR ol
SR W 671 o 0 T 0k AR BOIRAS , R 30 4k 31
2R % 34 JUI7E M ) RIE /7 Bt B R 2t B IR A
FL ) 28 43847 H B0 A

2 1.0 e,
§0.8 ,,,,,,,,,,,,,,,,,,,, -
;‘20.6
2 0.4
=
R 02 iA
. Z
J@ 0 Q O N Q Q Q
Q Q Q Q Q Q RN RN BN RN
NN EE O RENCENC DN & NG '1:5
A %)
----- ANBIPBT — IR OBik2
— k1 k2

E6 AAHEHEFSLAH 2R %

Fig.6 Typical curves of uncontrollable load and

photovoltaic output

LR
OO i
OO

Q Q Q Q Q Q Q Q Q
@Q \\Q \,,)Q \56 \,\Q \O’Q%\Q %,\_JQ
i 1]
—LRPK6  ——LRIK31 —— kR4l
—— kK34 —ZEPK30 —— 238
B7 Z%igA#EHE

Fig.7 Line load factor

Q\ Q?> Q‘>

2 %18

4.1 PTDFEZLPHATIR

R SEBL AR R A AR, SR 3.2
s, B PTDF PR SCHE T 3 . 7E By i Ze LAtk 1
IS BEAILYE B, B0 171 17 A8 A0 T T I8 R B AT i
AR A A Y 500 A8, $3 IR(27) THE )
REERS A N FHERE H AT R .

Sk Y6 HEEUORS B, X E R X (24) FEFofERR 0T
HSEH RS R SR IR S AR 2R, K8
25T IRy R L s (LR 30 LR 31 R 41) X
N5 AR JE T S TC R A R K 9 s — A
T HH TR AR 2Z G0 h . hIE 9 nl Il
il 75 75 SR 45 19 PTDF 4 B X 0 0T 2 BN #2300 , 94%
HIC R AR 2Z/NTF 5% ,99% T R AXHR2ZE /N T
10% , uE B HE IR S 7ELE HER Y PTDF JE R4 I .

25 26 27
- Eéﬁ =

23 2:4=
T 2R 30( %ITE%MJ [ %E%w(mﬁqﬁ%ﬁﬁz)

2R 31 é&#}é sz) OB 1 (HERR 25D
L @2%41(&&%}3%@3) ] %EE%M({’EE@%%&)

E8 PTDF%ERETTEILE
Fig.8 Comparison of PTDF matrix elements

1.0
0.8
0.6
K04
0.2

0 0.05 0.10 0.15
AHXT R 22
E9 PTDF#EX1RZE 5> &
Fig.9 PTDF relative error distribution plot

PriHkg Fmiﬂ?‘”ﬁﬁﬁﬁ%ﬁ%ﬁﬂﬁ%%/*
SE B AR W N S EORR AR Y AT B
FPTDF Z5 R IR 22 i&%%%iﬁﬁﬁ*ﬁﬁi‘i%
Ir] 5k ] 5 45 0 52 % ) 2 O O i, AT R IR S 3
SRR A PTDF M2
42 MRUREMR

SR FHTT 348 SRS Xof v, SR 182 70 A HEA T A AL SR Ak . 7E
AU o3 A b, A REC B 1, R B B R
il 2 0.8, LA fir 228 Ak S A die /Ny H AR R, 1h 4K
Tt 5K B0 45 3 Dy SR 5 B PR 14 B H, R 48 9 2% 29 RN
TR Al yalmip B H B4 AL, TR eplex 2K

103



5553 (R 3403))

L g ) H A

2026 455 31

fift g TEAT R M, T A5 31 45 H SR 2 £ fur FH L O R4
PE ARG AL . MR T R L 25 I R MATPOWER
(A2 L T AR IR, 145 B 2 s 10 B 380 R A i 3%
Ji 3 2R R st AR i a1 10 s . BB 10 1]
U, LAk e 0 2 % 17 28k i 4 A 1R ) 2 /L B B DA e
DGR R & i B A B 24, 00: 00—
06: 00 i Bt f K 11 3R FE 0.622~0.791 N84k, 11
00—15: 00 W} Bt K 11 2R 7E 0.696~0.773 N7AZ 4k,
17:00—23: 00 B Bz i KA 2R 7E 0.643~0.796 P48
A, U BT 3 R R I 67 17 17 ) PR IS B T 2 B
TR AR BARE LT, TR SR ELI i I
B o il 25 SR LA DR srE ,  30R o 2 s £ 2k R B
il 25 AR T B A

0
Q Q Q Q Q Q Q Q Q Q
Q\Q Q,BQ QSQ Q,\Q@Q \\Q \ﬁ)a \SQ \,\u \qq %\Q @Q
2
—— kK6 ZRPE31 —— k4l 2L%18
—— k34— k30 —— 438
E10 H/EHZ&RMLEREETEME
Fig.10 Load factor curve of overloaded lines after

optimization

B 11 12 3225 T 385 far TR i S D)
R KR dE 1A 12 /W A
P, SR 1% 7 7y P P 7o D B A 5 DA A, AP PP 7 B ]
A5 HLP I B, AT AR 1 4R Bl ey XU o [, 7K
Rk F DI A T %) 21 TP T AR R ) 7P S ) A A R % Sy
ST BO AR, I H I REWE ] B R OK

Sk B AE 1 A R B B i 8 S SR,
15 T PRLA XS LS, — 2 55 pris it 0 B0 0] = 4 5l o
PR HE, R AN ) AT i BT E R W O A JE
POl

BT BRI A 1 T o A RIERAE 21:00 2
UH 06:00 7 F A B B L B o i $4 T 3257 35 4 i 2
42K 24 h I %I B A B A A AR K 2k
B 114 67 2803 T T H R T SR TR e an &1 13 Fn ]
14 ft7n . B 13 A 14 0] 0L, 20 5% G s R e Rk 3
0.81, 45 I {RUF LR 6 22 42 17, A% Fi SR B /K T 240 s
JELH BRI B Al n] R B AR

104

= 20F ‘
E

0
SO @ @ QQ Q° @ @ Q° QQ Q°
ENEENHENCHE AR\ HEN SN HINCHEN SN By fed
it %1

— 23k R 260ALRT

— P E23ME r2efiibE

S W R2MEARHT — - 19 A 30Dk

eArateiiE - - sofiiba

E 11 RREREDRMAWETE R %
Fig.11 Load curve of electric heating load nodes before
and after optimization

100 ¢

0080.
m
IE 60 E=

40t , =
® © I
oSS Q'\Q’@Q\\Q KONGRS OV p® «9“
el ‘
— 23R I RL26 AL
Rl 2610
—= = R4 —-—-- T i 301LAL T
A RR2MiAbE - R0 E
E12 BRESETDSMENETEKEHZE
Fig.12 Water temperature curve of electric heating load
nodes before and after optimization

1.0

QN 0.2

O
b Q”° Q‘>Q6\QQ°’Q\\Q\“>Q\‘>Q\'\Q\QQ’L\Q’L%Q

At %]
— PR £RPR3 1 — R Eke — £k FR41

E13 MNNXIEHFTELBE AR
Fig.13 Line load factor curve of rule—based control method

70

o 60\__\/\/ )
=
B 5l

Q Q Q Q
Q Q Q Q Q Q O Q°,Q

Fisf 1)

— 23 26— k24 — 15530

B 14 NI ET KR 2%
Fig.14 Node water temperature curve of rule—based
control method



SR , A5 ¢ TR [ F sy s P P 0“2 ) i SR W 77y e DAL A

2543 BIPRE T 5 23 1 8 24 1 R 7 fep 14
B AN RLE AT AT DL 2k i B 480 o B i A K OF
(0.8), MLH B AL BA QN ZE 2 fIf7R . & 2 W] L, A
LA LA T7 58 #0000 245 ) O 1 R A AR 1S I T
25% , 4 /N 1T S B S R Ak R R AR 43 S i T
21%.55%.7.5%.5.3% , %W T P #4040 8 B 7 i B
% L S5 /INR A AR A R SR FH T 6

K2 EZMMEATREDARENE

Table 2 Adjustment costs of multiple optimization schemes

AN T
(URWIES AR A

EXIN4 1190.7

R 4 il 1492.8

A5, 23 R 1 440.6
545 24 AN AL 1843.8
78526 ANTT I 1279.9
TR 30 AT 1253.7

5 ZERIE

BEXT b i TR AC L I s A7 M 2 S BO0ER
5 AT P I+ 52 % B2 e ) TR, AR SCHRE ) — T
Bz 48 A R AT DL AR PR BE T vk . Tl A R
SR M T I8 7Y AP 5 MUAS AR Y A G Ay 1 9
LR A K T 22 B A AR BERER, IR %K
P 9K B9y KB PTDF R RF CHE TR 0 T
XIS B 2 B S B AR, 2 i 1SR A S8R AN A
J£ T IEEE 30 R GURY D5 HLA5 R R, Bl K s U7 ik
TELE AR PTDF B PR 3 55 , 30 Jek Xof v >R B 76 119
DL 58 BE A 2030 B 5 B 24 s A1 2% T 4% T i 2k, [
S ) 0 A P P O R TR T /M T B A
S B A i v A% EL Bl DI IR] o
W A5 D1 V1R FE O 2 i 5 TE A P T R O 2
i THC FL 00 2 5 P B A R AT LR S 5 R
A Yy Joral T BEOb A, SCBLRC L M 2R AR A
s SR B NA T, 5 SR F TR 2 £ R I 50K A
AE R BN Al PR BT IR A E 5, TSI AR
PEAT ] R R (R A% R AE 2 B RE R AR 1Y
A TN LEA AT LRI

S22 3Lk

(1]

[10]

XK AT, B R, /N RIS TR FR DR AR IR A A G B I)
RGP ] R L AR, 2022,42(2) £ 515-524.

LIU Yongqi, CHEN Longxiang, HAN Xiaoqi. The key problem
analysis on the alternative new energy under the energy transition
[J].Procecdings of the CSEE,2022,42(2):515-524.

st SE I IR EZ 45, 45 BT X Benders 43+if (14973 A OGAR
AT R L) ] WAL T, 2024, 43(6) :31-40.

CHEN Zhuo, GUO Yinyuan, WEN Yanjun, et al. An integration
capacity planning method for distributed photovoltaic sources
based on generalized Benders decomposition [ J].Zhejiang Electric
Power,2024,43(6) :31-40.

a4 T, AL, 45 M A T St 1 oA I £
PSP ] AR, 2017, 18(4) 1 110-115.

LIU Yanru, YANG Weihong, WANG Ji, et al. Load characteristic
analysis of rural network before and after the coal—to - electricity
project[]].l‘]leclrical Engineering,2017,18(4):110-115.
KONDOH J, LU N, HAMMERSTROM D J. An evaluation of the
water heater load potential for providing regulation service [ C ]/
2011 IEEE Power and Energy Society General Meeting. IEEE,
2011:1-8.

SRR, AR B, A5 A PO — S i 7 S
s fi AL ). L Iy R AL F Bl 2023,47(13) :40-46.
ZHANG Liwei, WANG Huarun, YAN Gangui, et al. Load modeling
of regenerative electric boiler considering inconsistency of heat
transfer [ J ]. Automation of Electric Power Systems,2023,47(13) :
40-46.

NEL P J C, BOOYSEN M J, VAN DER MERWE B. A
computationally inexpensive energy model for horizontal electric
water heaters with scheduling [J]. IEEE Transactions on Smart
Grid,2018,9(1):48-56.

XU Z J,DIAO R S, LU S, et al. Modeling of electric water heaters
for demand response : a baseline PDE model[J ].IEEE Transactions
on Smart Grid,2014,5(5):2203-2210.

ERR, T, SRS T R e R AT A 22 S T X
AW AR ()] ) RS A B4k, 2019,43(7) : 67-73.
WANG Zhiqiang, WANG Shan, ZHANG Xinyue, et al. Load
characteristics modeling of regional electric heating system
considering difference of users response behaviors [ J]. Automation
of Electric Power Systems,2019,43(7) :67-73.

RPHPE, B3 05, JRI T . 5 BB ST SR T B R 53 EE AT 5 b
DA T[T ] WiiTHL ], 2024,43(4) 1 12-20.

ZHU Dandan, JIA Yongyong, ZHOU Qian. A load-source
coordinated scheduling method based on resource flexibility of
load aggregators| J ].Zhejiang Electric Power,2024,43(4) : 12-20.
RELIR A JE T, A5 XU HAR T AL 3 HL 38 P
HL RN AR ] v T3, 2024,45(4) :57-65.

SONG Zhuoran, LI Jianfeng, FAN Yuhang, et al. Multiobjective

planning of electric heating—electric heat storage device access to

105



%

534 (B2 34010)

L g ) H A

2026 455 31

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

distribution network topology under dual carbon target [ J].Electric
Power Construction,2024,45(4) :57-65.

RZN, TR, RIS, 45 2R IR 5 2 5 KR AN iE
Frofems s ], sy RGE OS5, 2021,49(3) :80-87.
SONG Jie, ZHANG Weiguo, LI Shupeng, et al. Research on
operational strategy for regenerative electric heating load
participating in wind power consumption [J]. Power System
Protection and Control,2021,49(3) :80-87.

TR A B, A, 25 R T 4 69 XU - LA R - A
AP S RGRE AL ] T E L TR, 2017, 37
(H701):137-143.

WANG Zhenhao, YANG Lu, TIAN Chunguang, et al. Energy
optimization for combined system of wind—electric energy storage—
regenerative electric boiler considering wind consumption [J].
Proceedings of the CSEE,2017,37(S1):137-143.

KEE B R K URA, A 5 A R B P AT SR A
AR R H AT O B Uik [T ], B R 58 A sk, 2020, 44
(21):15-22.

ZHANG Jiarui, MU Yunfei, JIA Hongjie, et al. Day-ahead optimal
scheduling method for regenerative electric heating considering
thermal demand of users during power outage [J]. Automation of
Electric Power Systems, 2020,44(21) : 15-22.

LAURENT J C, DESAULNIERS G, MALHAME R P, et al. A
column generation method for optimal load management via control
of electric water heaters [ ] |.IEEE Transactions on Power Systems,,
1995,10(3) : 1389-1400.

ALVAREZ M A 7, AGBOSSOU K, CARDENAS A, et al. Demand
response strategy applied to residential electric water heaters using
dynamic clustering [J]. IEEE
Transactions on Sustainable Energy, 2020, 11(1):524-533.

AL-JABERY K,XU Z Z,YU W ], et al. Demand-side management

programming and K-means

of domestic electric water heaters using approximate dynamic
programming[ J ].IEEE Transactions on Computer—Aided Design of
Integrated Circuits and Systems,2017,36(5):775-788.

B, BRI, S I B RE R T BB P [T ).
HL F7 7SR AONAS H, 2021, 23(5) :5-9.

FU Xu, LI Fuchun, YANG Xin, et al. Economic analysis of
alternative electricity for clean heating [J]. Power Demand Side
Management,2021,23(5) :5-9.

Hh T3, VN, R, S DL B RER B U R I B Y
WMFAAFIBIEL ). L T R 5L A 31k, 2016,40(13) :48-54.

QU Ziging, XIN Jieqing, WU Liang, et al. Argument on boundary
conditions of selection electric energy substitution technologies
with electric heating for commercial customers [J]. Automation of
Electric Power Systems,2016,40(13) :48-54.

FAHRIOGLU M, ALVARADO F L. Using utility information to
calibrate customer demand management behavior models [ C ]/

2002 IEEE Power Engineering Society Winter Meeting. Conference

106

[21]

[22]

[23]

[24]

Proceedings.IEEE,2002:26vol.1.

LoV AR A A S oA ROBAR Y Bl C HL IR HLUTE 23 A
AALFERILT]. H Iy A ki, 2021,41(9) : 102-109.

JIANG Tao, ZHANG Donghui, LI Xue, et al. Distributed optimal
control of voltage in active distribution network with distributed
photovoltaic [ J]. Electric Power Automation Equipment, 2021, 41
(9):102-109.

JEB, XUZRBhs , 45 . 2 shc s IR PE e SR E 5 [0 . i g
R A81k,2014,38(9) : 177-183.

YOU Yi, LIU Dong, ZHONG Qing, et al. Research on optimal
schedule strategy for active distribution network [ J]. Automation of
Electric Power Systems,2014,38(9):177-183.

X5, RSO SR, A R TIR AR A I R R 1 £ B
T FBL 1A D)= JE Dy ip i 22 i Be Ak ia A7 [T ). b [ d L AR 2
##%,2014,34(16) : 2575-2583.

LIU Yibing, WU Wenchuan, ZHANG Boming, et al. A mixed
integer second—order cone programming based active and reactive
power coordinated multi-period optimization for active distribution
network[JJ.Pr()(:eedings of the CSEE,2014,34(16) :2575-2583.
CHENG X,OVERBYE T J.PTDF-based power system equivalents
[J].IEEE Transactions on Power Systems, 2005, 20 (4) : 1868-
1876.

ZIMMERMAN R D, MURILLO-SANCHEZ C E, THOMAS R J.
MATPOWER : steady—state operations, planning, and analysis tools
for power systems research and education [J]. IEEE Transactions
on Power Systems,2011,26(1):12-19.

WANG H L,JIAO H,CHEN J M, et al. Parameter identification for
a power distribution network based on MCMC algorithm [ J].IEEE
Access,2021,9:104154-104161.

LI'Y Z,YU C F,SHAHIDEHPOUR M, et al. Deep reinforcement
learning for smart grid operations: algorithms, applications, and
prospects| J ].Proceedings of the IEEE,2023,111(9) : 1055-1096.
ALSAC O, STOTT B.Optimal load flow with steady—state security
[J].IEEE Transactions on Power Apparatus and Systems, 1974,
PAS-93(3):745-751.

s B #5:2025-01-21

&=

B #5:2025-03-05

EEET:

AR (2003) , 55, A LR, ERAFTE T 10 A A ) iE AT

FEARAL il 5

TH

AR (1979), 55, R TR, ERWFET7 15 i Ak A

RE IRl 22 A 1

T OH(2002) 95 B A, BRSSO B LS AT

BEPRAL 2 il 5

i it 7€ (1986) , {5 VE # (shixh@sdu.edu.cn) , 5, i+, B #H#Z,

ERRFTETr 0 A ML) S L R S AT S e

(KAEHmEE  ERR)



WL & H A
9553 340) SHANDONG ELECTRIC POWER 2026 4E55 3 1)

DOI:10.20097/j.cnki.issn1007-9904.250063

I AR T AR T PR T B R 3 F 5
EFHEFLREW L FLK OBELPHEEY

(1.BRZ% LD HATRNS ZBRBARFRIE, 8 A 230022;2. XX KFwAS5 AR, ik KL 430072)

PE SRR R T RIS 2 109 15 £ 7 11 28 22 5 38, 7 038 ) E 0 B 006 S I T 2 B 3% LU T AR
AR E KW 70 e, 38 10 —F0 T ) S ORI 40 2848 T 0 Al SR U Gk B SRR 20 D vk, B — DX R P P 3 I T
P P AL P 1) 22 A S TR0 23 S S TRV AR R (B0 2k ST T PN 2 38 B IR T AR a0 38 o R TR R SRR 73 55 R o8 LI 8
X R BV 85 AFAE 22 5% AP TE A I BE . 25 P 5 B I DR A5 B ) S AR T A R B T A 5 B B Il i AR, 3 37 DAl
2 A AR bR P ERER - ALY, ISR FHORUZ P A 530 & 0 BB 3RS fe gl 25 AR BE R 23 7 58 o b ANE SR DR T REAE
A ARSI 435 58 Mt AR T 1), N2 SR B R NHE P SRR N BB R /DN RS o DABBMILAE B 30 AR5 491, Xof
PR s AR R0 53 D Wk A e 5 G B HEA T U0 U, B340 W) T 4 5 1k B 08 b 8 38 I i UG AR T A K ST, 7 B SRR B i
FIE T Al S IR PN ARG AR K L 1009 FEHb T 44, [ s 2 5900 R T AR 28 /DR A1 5.5% , B 1 3 I 46 T ATt 228845
PSS D RN =S R N R =¥ 54 B R = 8 R AW T 18RS E B S YA i - R YL BT £ 4B o2 HA G RN

FESYZES:TNI02 MERFRERD: A X EHE 1 1007-9904(2026)03-0107-14

Research on the Division of Building DC Interconnection Clusters for

Improving Photovoltaic Consumption Rate
WANG Xuli, WU Aoli?, LING Ru',ZHANG Hui', DENG Qijun®
(1.State Grid Anhui Economic Research Institute , Hefei 230022, China;
2.School of Electrical Engineering and Automation, Wuhan University , Wuhan 430072, China.)

Abstract: In the context of building—integrated photovoltaics, the net load curves of different types exhibit significant
variability , , presenting substantial potential for enhancing PV self-consumption through power exchange via direct current
(DC) interconnection.This paper proposes a clustering method for DC—interconnected buildings aimed at improving PV self-
consumption. The method categorizes multiple buildings within a specific area, originally powered by an alternating current
(AC) distribution network , into distinct clusters. Power exchange is permitted within each cluster but not between clusters ,
thereby enhancing PV self-consumption. Different clustering and intra—cluster interconnection schemes yield varying net
benefits , necessitating optimization.Therefore , this paper establishes an optimization model for clustering based on net benefits ,
considering the gains from increased PV self-consumption enabled by DC interconnection and the costs of interconnection
infrastructure.A bi-level optimization algorithm is adopted to determine the clustering scheme that maximizes net benefits.The
outer layer employs a particle swarm optimization (PSO) framework to generate and evolve clustering schemes, while the
inner layer utilizes an improved topological sorting algorithm to determine the minimum-cost intra—cluster interconnection. A
case study with 30 randomly generated buildings is conducted to validate the effectiveness and rationality of the proposed
clustering method. The results demonstrate that the proposed approach significantly enhances PV utilization , achieving 100%
local consumption of PV generation within clusters following optimal energy storage scheduling. Moreover, it reduces peak
building loads by at least 5.5% , yielding substantial economic and social benefits.

Keywords: photovoltaic (PV) building—integrated design; cluster division; building direct current (DC) interconnection ;

consumption rate of new energy ; particle swarm optimization (PSO) algorithm ; modified topologic queue algorithm
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Science and Technology Project of State Grid Anhui Electric Power Company (B31209230003) ; National Natural Science Foundation of China
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Fig.5 Cluster partitioning and internal interconnection
results under typical cluster numbers without

energy storage
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Table 2 Optimized cluster division under various numbers

of clusters without energy storage
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Fig.8 Cluster partitioning and internal interconnection
results under typical cluster numbers with energy storage
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Table 3 Optimized cluster division under various numbers

of clusters without energy storage
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