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Abstract: [Objective] Inner Mongolia is actively promoting the development of clean energy heating to achieve
environmentally friendly and sustainable winter heating goals. However, the uncertainty of wind and solar power
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output, coupled with fluctuations in heating demand driven by temperature variations, leads to supply-demand
mismatches and challenges in power supply reliability and security. These issues have become critical bottlenecks
restricting the development of clean energy heating. To enhance the economic viability and feasibility of clean
heating, this paper proposes an optimal dispatch method for a new energy heating system that integrates green power
direct supply security constraints with the collaborative dynamic planning of supply, usage, and storage. [Methods]
First, the K-means clustering method is employed to consolidate historical data from the heating season in Inner
Mongolia into typical energy supply and demand scenarios, with the optimal number of clusters determined
comprehensively. Second, constrained by voltage deviation, time-series power flow simulations are conducted to
determine the hourly charging/discharging schemes for energy storage batteries, capacity configurations, and
forecasted wind and PV output values under different scenarios. On this basis, leveraging the green power
consumption strategy of the clean heating system, a multi-scenario integrated electricity and heat energy system is
constructed. Electric boilers are selected as the core equipment for electro-thermal conversion, primarily powered
by supporting wind and PV stations, with gas boilers configured as a backup heat source. Finally, using the
distribution network simulation results as boundary conditions, an economic optimization dispatch model is solved,
aiming to minimize operational and environmental costs. [Results] A case study validates the feasibility and
effectiveness of the proposed collaborative heating optimization model, which integrates time-series simulation with
economic dispatch. For a high-proportion new energy system with a penetration rate of 134%, and under the
established grid structure and energy flow direction, the model achieves optimized electrochemical energy storage
configuration and refined collaborative operation of electro-thermal equipment. A multi-scenario energy storage
configuration scheme and operation strategy are proposed, with storage capacity accounting for 10.88% to 43.52%
of the installed capacity of the wind and PV stations. Ultimately, a safe and stable heating strategy based on an
unstable power supply is formulated. [Conclusion] The proposed method can effectively suppress voltage
violations, reduce voltage fluctuations, and replace traditional CHP units with a combination of “wind
power/photovoltaics, electric heating, and electro-thermal hybrid storage”. This significantly enhances renewable
energy consumption capacity, voltage stability control, and the system’s economic and environmentally friendly
operational performance.

Key words: voltage quality; integrated electricity and heat energy system; new energy heating; combined heat and
electricity storage; energy storage strategy
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Fig.1 Operational optimization framework under dual
constraints

http://rlfd.cbpt.cnki.net

- ]

i ‘ l |
: ‘ MJI\F“.}\“\”WE[%"{FTHHJ ok !
Mﬂ_ﬂ'M,{i,;_.lmmlk-ﬂ[g.ﬂrp | \ i li wl‘lh‘u-:,%ﬂ'ﬁ'ﬁﬁwl *’*—*’x:\*w-”m

it G R (TRW)

0 15 30 45 60 75 90 105 120 135 150 165 180
2022.10.15—2023.04. 1 5{1L 0% /R
a) {IEF4 7 o

g 1] 121 1/ 21 34 4)
© 100 billdgr o0 : | : :UH‘ il \'nf‘\ ‘4“1
e —18 Ul J*.‘f“v[‘l""“‘w.““: il 1l \!ﬁ,u‘.",“@!“‘uw",““'.‘l‘\"w»‘“‘""\”»t"l‘v‘:"‘l“"ﬁ"'wf‘ "'H:.'\“Vl"l"
;;,20[ P, A g R

-30 1 | |1

A s A L il s ' L il L i s
0 15 30 45 60 75 90 105 120 135 150 165 180
2022.10.15—2023.04. 1 5HE BZ Z/K
b) 5 il

&5 A 124 1A 20 3 4f

I

| i\

)

‘ ‘:“H\“\g‘ )

1
(i1 Ko
| Kl ‘!‘HHI”
(T SHAHAMHe
(A

AL
I ul (il
I 1 |
[ I i),

1 il 1 1l 1 1 1 al 1 il il
30 45 60 75 90 105 120 135 150 165 180
2022.10.15—2023.04. 154 ig Z/ K

c) A H g B8 2

%
o
[Ty =




88 kHE R 2026 4
114 12“ 1H 2” ”J 45 121 —I 5t 52 Y523 i7 54
~ 20 I | | 1 I I L
2 16f | T : : | )
B 12 o ] 1|4 i \ g oM
= Shifhe : WA 0 : I ‘ b1y WA e b M ,“‘w il ! (“i‘“”v”‘a 4
2 5 I9ine g LR R R o
=x i AL LR N il pA ' i .
0 15 30 45 60 75 90 105 120 135 150 165 180

2022.10.15—2023.04.1 54 % 7=/ K
d) KU

B2 #IEEag. MERE. BRE. NENTLES
Fig.2 Trends of heating season load, ambient temperature,
solar irradiance, and wind speed

AT B AFER R — R WS X
2022 4 10 F 15 H % 2023 4F 4 H 15 H it
Top I /NI S K, 1% DX A Hp R R A A T AR
264.79 73 m?; —J& . NASAPOWER ¥ %2 3K i1
FEIERE . USRI IR 3 /N G e 24 (1419,
PAZERE 40.89° N. 4% 112.57° E NEHEIRIUA .
IR EE R O RS 1 B R N

SHTE 2 AT X R T R AR b B g
HE, i U AR AR 10.28 fiF; A PRAE M 4t
B 7 oK S Al AR A e 35, SRS I B =i 15.85 °C,
KT R E E Dh2s AT I 261 (IR R BT R
B . BT RREERE TR RS, R E 3 iR,
R LRI R R 0 T ORI SURHE

12 — 51 52 —HRE3 4

0 04:00  08:00 12:00 16:00 20:00 23:00
i %]
a) 144 B i

Il Il 1 1 1 ]
0 04:00 08:00 12:00 16:00 20:0023:00
N 1
b) i F

1100 —dg 51 —E2 —% 53 7 54

1000+
900}
8001
7001
6001
5001
400
300+

K BH % 8 /(W -m )

D
(=
=]

T

100F

0 04:00 08:00 12:00 16:00 20:00 23:00
I %
¢) K I 4R 1 PE

16~ — i — s — 3 e

HE A 3k

DN E

1 1 I

1 1
0 04:00 08:00 12:00 16:00 20:0023:00
it %1
d) JAL i

B 3 imBRER

Fig.3 Results of scenario clustering

71 HEHERIAFHHE
Tab.1 Characteristics of typical heating scenarios
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Tab.2 Environmental protection costs
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Tab.3 Operating parameters and operation and
maintenance costs of each device
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Tab.4 Storage strategies with power quality constraints
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EL51/% 1%
1 59.99~115.73 41.67 0.953 4~1.092 8 19.68 27.20
2 2.88~63.85 12.50 0.890 4~1.018 9 30.86 10.88
3 0~50.68 54.17 0.891 3~1.039 5 26.13 43.52
4 20.15~205.67 54.17 0.906 8~1.123 3 35.86 43.52
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Tab.5 Optimization scheduling results of each scheme
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Tab.6 Scenario costs and continuous heating capacity requirements

Yt BARRDT CPRIRCRDT GB RIS RE I /IMW

24h N GB R RIEHFE1/(MW h?)

48 h Py GB e KCHEFE F1/(MW ht)

1 -1735.42 —1200.76 0
2 4 633.95 5298.70 2.81
3 6477.35 7 487.80 3.73
4 —27799.86 —27137.84 0

0 0

0 231
2.47 3.19

0 0

BEXDHTRE VRN B 43.529% CEL:A#BE K
2h) FEHBMEREMIBIR RS, SR T IREE T %,

D it L mskrm i, (R K] e 4
A, BAFAEEREI e BB AR . VO 62.5%H
A BRI 24, (FIa R, FERYED
A, RHEBRK LR,

2) Iyt 2. SRHF RIS, HEMERTI
AR T O AR SOBURT REIR . I UOR T 25% 01 L
M B A AR R AL BEE A3% M R T
M, FEREAGEA EI SR AL,

3) it 3: RO REGT, fERERFE M LR
HARSS . VAR G, 4R 60%3))
IR, JFHA 1000 i# Re B R

4) Iyt 4 OGRS, fi#HE At R i i X
2, (FEUREA, SRR LM,

645 it

0T A 5 DXORT REIR IR 2R S A6 1 1]
AL R T ROGGE R RGO SR, TSI A
AESBTHRBIFALEE, HEZHREZAR
FA T AR A REIR R R AT, 5P
E T PR A R, TR T A I A e S A
VR B E . EEESR T

D M T B IE R KOG REE AR, sk
FURLHT REE I I S A BT R R B TER B, X
R HL B2 UE TN R R A R A P AR BT 22,
JeAR I B BAT W] FRINAE K0XE AR A, T REVR
JIHE AR e s e Bl o e DA R S i 7 Dy 440 PR ik
iR, SRRk RERE I, SEEl

http://rlfd.cbpt.cnki.net

IR G AC, ] PRI IF M L R

2) GIANTIFRBIERAR NS VA IR UL AR
SRR, W TEM TR REE MR R S TIRE
BRI~ HTEMEEBIREN A U WA R 5
NSRIN D R RATRESE, R R T R PR XU B
Flo ZYFRAERY], RMESI GBS
RIFF P GAT, T ER T H PR RS, 3 H s A
ZE R RERLRITT R R A S BEE, DUWTRETR R
JE 5 LA RE DD 2 FL SR AT MR

3) TEMRAL R BERIAY iR N T RS GH AL i E SRS
S ERAR, MG EBIRE TN, 22
BT T RBATHE S HREEH MRS, REIBK T
I A SR TR R L 2 E LA 2 A iR
SRR .

[& # 3 #K]

[1] Werner S. International review of district heating and
cooling[J]. Energy, 2017, 137: 617.

[2] Bird L, Lew D, Milligan M, et al. Wind and solar energy
curtailment: a review of international experience[J].
Renewable and Sustainable Energy Reviews, 2016, 65:
577.

[3] fEuti, kTR, RuH 5. HWAPERT LA IR

REMV ST HET LR B RGH ML
2025, 49(13): 16.
Ren H B, Zhang Y C, Wu Q, et al. Research review of
planning and operation dispatch of integrated energy
system for resilience enhancement[J]. Automation of
Electric Power Systems, 2025, 49(13): 16.

[4] Wang H C, Duanmu L, Lahdelma R, et al. Developing a
multicriteria decision support framework for CHP based
combined district heating systems[J]. Applied Energy,
2017, 205: 345.

[5] HaoJH, Chen Q, He K L, et al. A heat current model for
heat transfer/storage systems and its application in




98

A% &

2026 4

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

integrated analysis and optimization with power
systems[J]. IEEE Transactions on Sustainable Energy,
2020, 11(1): 175.

Karimi M, Mokhlis H, Naidu K, et al. Photovoltaic
penetration issues and impacts in distribution network—a
review[J]. Renewable and Sustainable Energy Reviews,
2016, 53: 594.

PN, T PR, R4, 55, & misid oA 206
T HRL Y, R PR AR R D VA AR IR [J]. AR )
2024, 41(2): 302.

Sun W W, He G Q, Liu C, et al. A review of solutions for
voltage beyond limits in distribution networks with high
penetration distributed photovoltaics[J]. Modern Electric
Power, 2024, 41(2): 302.

Yang Y, Li H, Aichhorn A, et al. Sizing strategy of
distributed battery storage system with high penetration of
photovoltaic for voltage regulation and peak load
shaving[J]. IEEE Transactions on Smart Grid, 2014, 5(2):
982.

Tewari T, Mohapatra A, Anand S. Coordinated control of
OLTC and energy storage for voltage regulation in
distribution network with high PV penetration[J]. IEEE
Transactions on Sustainable Energy, 2021, 12(1): 262.
Nielsen M G, Morales J M, Zugno M, et al. Economic
valuation of heat pumps and electric boilers in the Danish
energy system[J]. Applied Energy, 2016, 167: 189.
Zhang Y J, Hao J H, Ge Z H, et al. Optimal clean heating
mode of the integrated electricity and heat energy system
considering the comprehensive energy-carbon price[J].
Energy, 2021, 231: 120919.

Okazaki T. Electric thermal energy storage and advantage
of rotating heater having synchronous inertia[J].
Renewable Energy, 2020, 151: 563.

VT, BRAR, BREEE, 55 BIE ARG RN
AE TR S PRAL [J]. KBARE SR, 2024, 45(4): 475.
Sun W T, Chen Z, Chen H X, et al. Simulation and
evaluation of photovoltaic  absorption  capacity
considering load characteristics[J]. Acta Energiae Solaris
Sinica, 2024, 45(4): 475.

Chen Y J, Xiao J W, Wang Y W, et al. Regional wind-
photovoltaic combined power generation forecasting
based on a novel multi-task learning framework and TPA-
LSTM[J]. Energy Conversion and Management, 2023,
297: 117715.

Mayer M J, Gr& G. Extensive comparison of physical
models for photovoltaic power forecasting[J]. Applied
Energy, 2021, 283: 116239.

EAefE, ska, P, S A FORIFM RS H K
7 R IR B B 1 U R A D). R I 5 3 v AR TR, 2024,
40(3): 128.

Wang H J, Zhang Y, Yin S L, et al. Voltage instability and
harmonic risk for the distributed photovoltaic grid-
connected system[J]. Power System and Clean Energy,
2024, 40(3): 128.

FEXEDE, 5KJ0, 5L, 5. 5T A REETH A0 R
GERIRE ARG OATA G RERA]]. LERZESEAR
2023, 55(2): 160.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

http://rifd.cbpt.cnki.net

Ren J G, Zhang L, Jin L, et al. Day-ahead economic
dispatch model of building integrated energy systems
considering the renewable energy consumption[J].
Advanced Engineering Sciences, 2023, 55(2): 160.
BRI, X7, BRI S T RUE SR
HORA R B[], A LRERIR, 2024, 43(3):
172.

LiJJ, LiuZY, Bai Y L, et al. Optimized configuration of
electro-thermal hybrid energy storage capacity based on
wind power scenario probabilistic[J]. Electric Power
Engineering Technology, 2024, 43(3): 172.

Goswami S K, Basu S K. A new algorithm for the
reconfiguration of distribution feeders for loss
minimization[J]. IEEE Transactions on Power Delivery,
1992, 7(3): 1484.

BB, HAESE ARER, & FETIRIE R XIRAC F M 4y
A KOGARIE R AN EE 13 BT P]. I RF A S
2017, 41(21): 105.

Zhao B, Xiao C L, Xu C, et al. Penetration based
accommodation capacity analysis on distributed
photovoltaic  connection in regional distribution
network[J]. Automation of Electric Power Systems, 2017,
41(21): 105.

BN, TR, T, S5 R T OERL T RESE KR
M2 BFsUAGTREE]. BRI S TR, 2021, 37(3): 1.
Li X S, Zhang J, He Y, et al. Multi-objective optimization
dispatching of microgrid based on improved particle
swarm algorithm[J]. Electric Power Science and
Engineering, 2021, 37(3): 1.

FRM%E, 21, 4557, & HENARF R HEEED].
THRNL LR 5B, 2016, 52(7): 50.

Zhou L J, Peng W, Zou F, et al. Particle swarm
optimization based on self-adaptive mutation[J].
Computer Engineering and Applications, 2016, 52(7): 50.
ARIE, gk, ERelE, SF BT EE N AR TR
ER S HER RG] R[], BMECR, 2015, 39(1):
63.

Niu LY, Zhang D, Wang X F, et al. An adaptive particle
mutation swarm optimization based electric taxi charging
guidance[J]. Power System Technology, 2015, 39(1): 63.
TRIE. =5 R8I 99 R FE- SR B RETR R G LA B AT 0T
F[D]. B HhRHECR, 2019.

Xu Y. Research on optimal operation for power-heat
integrated energy system considering wind power
utilization[D]. Wuhan: Huazhong University of Science
and Technology, 2019.

R, EEM, DER, & FRMILEMERERNIZE
i AL S L B At 7 et e [J]. R EOR, 2022
46(12): 4954.

Li J L, Cui YL MasS L, etal Operation mode
optimization and economic benefit analysis of demand-
side shared energy storage[J]. Power System Technology,
2022, 46(12): 4954.

GuiEgitE FE)




