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Abstract: The proactive utilization of self-built biomass reactors by rural residents, photovoltaic equipment, and solar
thermal equipment in energy supply can facilitate the development of low-carbon micro-integrated energy systems with
islanded autonomous operation capabilities for individual users, thereby reducing their reliance on centralized power
supply. To address the ambiguity in carbon emission pathways resulting from the diversified green energy production
equipment and complex energy consumption behaviors in rural areas, a multi-layer physics-informed convolutional neural
Network (PI-CNN) embedded with primary and secondary knowledge was proposed. Through deep interaction between
primary and secondary knowledge bases, the model uncovered the mapping relationships between user energy consumption
behaviors and carbon emissions, enabling precise tracking of carbon emission paths. Based on the learning outcomes of the
PI-CNN network, appropriate weights were assigned to carbon emission pathways, radial distribution network power
flows, and time-of-use heat and electricity pricing. An energy management strategy evaluation model was then designed by
considering operational integrated carbon emissions, global power flow uniformity of the grid, and total benefits of user
energy consumption, to quantify the quality of energy solutions. To address the challenges in solving centralized
heterogeneous multi-objective optimization problems, an integrated energy management strategy was developed to balance
economic efficiency, low-carbon performance, and robustness by combining adaptive gradient algorithms for mathematical
problem solving. Simulation analysis conducted in a village in southern China verified the feasibility of PI-CNN and
demonstrated the advantages of the proposed energy management strategy.

Keywords: rural house; low-carbon operation; convolutional neural network ; integrated energy system; adaptive gradient

algorithm; carbon emission pathway
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Fig.1 Schematic diagram of a rural micro-integrated energy

system
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Fig.7 Optimization performance of different methods

SR, T PI-CNN [ 2% Bl AR £ Ak AL ER 43 i o
B157 SR W B e AR 285 SR S % B CNN ., BP il
25 W28 e A EAL S 0] B AR, 3X 2 T BP Al
25 0 246 TC ) LA AR AU A R B i R . A L2
LR E R ] B B s S YR R ) B AE
WSS B e 24 A B AT A B B PI-CNN 3515 53
FiEH T2 Bintifl B T R R, m &
45 B FaE PEAS T PI-CNN, 3 B3R 2047 , 3631
BP 1 22 [ 2 XAk B A 10 5 1) 2 7 A S =7 ) ol
FH G 7 50 5080 42 0 PN e 0 B0, UE B PI-CNN [
Yk

PLAC,,=0. 1% Jy FiURELRE 2 — 36 30 B4 D% 2 i
T, O3 AN RSO E PAEE  XT PI-CNN 4l R 5
BESEAT AT, S5 R a0 E 8 IR o

SRR R X N3 NI €/ T3 SL BB =
Wil o BP P 4R 0 2 SR B o 1 22 B B IE 2
S GEFL KA (Al B Aot 22 00 2 i 1 235 S i g o
P AR A & A Bl i B G 5 R 8 ik — B
L CNN W AF7E 2 2% ) 2, BOR W Y H AN,
H R 5t iR 22 BE B 45 2% S J2 Ju o W . TR B 24 2T
2538 1) 22 J2 p 28 T B OB R LA 0 52 2 AR AL
7 3 1 B30k DU o B4 4R 3 86 oot e S LA 119 4
JafliAt . PI-CNN WIZE N Py BRI 5 51 52
IR LA B AE P S BORTS B B T
JIN, RS PRUE 27 2 25 SR flad R R i st

o BP #HA M 4% ; AVRIESSIR%% ; = R CNN ;
8L 5% m PI-CNN %%

8 HEEFRBETRFEIETHAHSR

Fig. 8 Scatter plot of system operating costs under dynamic

confidence intervals

4 #Hig

AR SC AR H — ol k32 DA 4 BT ) PI-CNN,
T el i 43 BT CNN AR5 BB SALH 1525 P 2
HIRBLER I T L R AW I T R G HE Y 8 T B
% B S AE AR R R FH RE A 5 25 B BB IR R Sk
HEBL 25 BUAS B0 i A B 56 2R 14 o3 T AR AR
FEUC LA b, 38 2k 4 A7 D SR 85 R AE , X P 2R A
AT AR | 2R G HE O B8 RS R 5 b S g L
SR TR AL, S T 2GS F TR BR G AL
i, B AFRE T F o M H# L2 HARZEA PEAR K%L,
KB 4 JR A8 2R A8 J1 1Y E A R Bkt
TR I O B0 RS BIE T PI-CNN 7 )
AR IR LIRSS

(1)CNN 4] 83 A 808 A 17Ok BA
FIINGEE S5 Z R e RE =X, Seast Wo il Al Ak 4 A e 2

© Editorial Department of Integrated Intelligent Energy. This is an open access article under the CC BY-NC-ND license.



% 34 KM, IR RTINS AR e BRI R M R A R R - 63 -
M BE A LI Chenyang, ZHANG Shenxi, CHENG Haozhong, et al.

(2) &% 4 A s i A R b 5 e R R 2
T T BRI R FRE RO 2% I T 568
U5 B A G A0 B ARRAIE , ff D T FFNERCHE Ok L
VR b 22 X 4 4 1) [ R, B T T RS A6 R R 5 2K
AR 53 BT R T

(3) & 7 3F PI-CNN i i 7 HAT B )
BRI AL S, AR £ A0 T AL S 3 T 2K bLAR
%3] )7 %, PI-CNN 7E R 1k | AT fie ek 2 1k g
05 LB 2 A

SE Lk

[HJSRENG . S XU H AR ia B B4 e IR 2 Y400 20 11

(1. Fan RS s, 2024, 43(2): 8-14.
ZHANG Yugqing. Thinking of constructing new-type energy
system for fulfillment of carbon peak and carbon neutrality
goals[]]. Petroleum Science and Technology Forum, 2024,
43(2): 8-14.

[2]WU S. The evolution of rural energy policies in China: A
review [J]. Renewable and Sustainable Energy Reviews,
2020, 119: 109584.

[3]ar kiR, RALE, BHE, 5. TR0 R F g IE MR R -6-

BRI OL AR B (). g AS il R4, 2023, 57
(1): 10-16.
YU Fagiang, ZHANG Mingjie, CHENG Yu, et al. Optimal
sizing of grid-connected wind-solar-biogas integrated
energy system considering demand response [J]. Journal of
Shanghai Jiao Tong University, 2023, 57(1): 10-16.

(4 1B, FhKHE, AR, &5 S -0 T RGN

XA G RRIR ARG L st ] B R85 A 2
fk, 2019, 43(12): 76-84.
ZHONG Yongjie, SUN Yonghui, XIE Dongliang, et al.
Multi-scenario optimal dispatch of regional integrated
energy system with power—heating—gas—cooling subsystems
[J]. Automation of Electric Power Systems, 2019, 43(12):
76-84.

[5]REN L, ZHOU S, PENG T D, et al. A review of CO,
emissions  reduction  technologies and  low-carbon
development in the iron and steel industry focusing on China
[J]. Renewable and Sustainable Energy Reviews, 2021,
143: 110846.

[6]ZHANG Z D, ZHANG D X, QIU R C. Deep reinforcement
learning for power system applications: An overview [J].
CSEE Journal of Power and Energy Systems, 2020, 6(1) :
213-225.

[TIBRIR, skvk >, B b, 2 3 MR SC R i v <LK
X LA G REIR R EMR LRI ] i RS H 3
1, 2020, 44(21) : 42-49.

Correlation-based probabilistic multi-energy flow calculation
of regional integrated energy system with combined
electricity and natural gas[J]. Automation of Electric Power
Systems, 2020, 44(21): 42-49.

(8B K, &M, RE%F, . 1T LR M RE A - 7K -4

SRR REIR ARG H TR B ik [T ] T R A bk,
2023, 47(24): 11-21.
MU Yunfei, TANG Zhipeng, WU Zhijun, et al. Optimal
day-ahead scheduling method for electricity—water—heat
integrated energy system considering virtual energy storage
[J]. Automation of Electric Power Systems, 2023, 47(24) .
11-21.

L9124, AR A, sRIRIT . T+ K AR b i 25 5 e IR &R

G0 AR B 28 OF 0 R (J]. £ 5 R ZRAB IR, 2023, 45(8)
72-79.
LI Bohang, LI Hongzhong, ZHANG Minyuan. Low-carbon
economic dispatch of integrated energy systems considering
load characteristics [J]. Integrated Intelligent Energy,
2023, 45(8): 72-79.

[10]ZHANG Y M,SUN P K, JI X Q, et al. Low-carbon economic
dispatch of integrated energy systems considering
full-process carbon emission tracking and low carbon
demand response [J]. IEEE Transactions on Network
Science and Engineering,2024,11(6) :5417-5431.

[11]JSANG Y J, ZHANG W Z, MA ], et al. Low carbon
optimization scheduling of micro grid based on improved
particle swarm optimization algorithm [J]. IEEE Access,
2024, 12: 76432-76441.

[12]BR55, M@, £, . T RY TR S

REUR AR ST T AR PR A BRI D7k [0 ). S 8 SR RE DR
2024, 46(4): 24-33.
CHEN Yong, XIAO Leiming, WANG Jingnan, et al.
Capacity planning method with high reliability for
integrated energy systems with low-carbon emissions based
on scenario expansion [J]. Integrated Intelligent Energy,
2024, 46(4): 24-33.

(13 )ik st , S8 . L THhK 3 Re Ll i KOG AN & L &

G TELT]. SIS R RER , 2019, 35(6)
76-82.
DAI Jiatong, DONG Haiying. Research on the capacity
optimization of the wind—solar hybrid power supply system
based on pumped storage power station [J]. Power System
and Clean Energy, 2019, 35(6): 76-82.

(14 JER50TY, B4R, M2, 55 2 IR SR A~ ~] 193k
Jily 28 5 S e 1o ke SR AL B AL ()], i R g A sl e,
2021, 45(14): 97-103.

XU Hongsheng, LU Jixiang, YANG Zhihong, et al.
Decision optimization model of incentive demand response

based on deep reinforcement learning [J]. Automation of

© Editorial Department of Integrated Intelligent Energy. This is an open access article under the CC BY-NC-ND license.



£ 64 - N

% 48 K

Electric Power Systems, 2021, 45(14): 97-103.

LIS J95RKHT, RPEHE, WAL, 45 . JE T IRBEOR b2 ) IR e

SRR AR AER AR LT ] b E AL TR 2 4R, 2021,
41(16) : 5581-5593.
SU Yongxin, WU Zexuan, TAN Mao, et al. Online
optimization for home integrated demand response based
on deep reinforcement learning [J]. Proceedings of the
CSEE, 2021, 41(16): 5581-5593.

[16]JTAN J J, LI Y, ZHANG X P, et al. Operation of a
commercial district integrated energy system considering
dynamic integrated demand response: A Stackelberg game
approach[J]. Energy, 2023, 274 126888.

(17 Ewits, £, FW, 4. % el 58 5 i H P
RHERO Tk (1] BIRIER , 2024, 48(1): 29-39.
WANG Jingting, WANG Yuyang, ZHOU Ming, et al.
Accounting method of users’ indirect carbon emissions
considering green electricity trading [J]. Power System
Technology, 2024, 48(1): 29-39.

[1815R%, Z=pal, AW, S5 . 2% o 0 2% 249 SRR Air AN Bt o2

YRR X ZR 5 RE TR AR L P I B R OL AL R BE [ ], FL I
HiAR, 2019, 43(9): 3090-3100.
GUO Zun, LI Gengyin, ZHOU Ming, et al. Two-stage
robust optimal scheduling of regional integrated energy
system considering network constraints and uncertainties
in source and load [J]. Power System Technology, 2019,
43(9): 3090-3100.

(197 E R, B, Wi . 56T S B AAL Y 52 H TR & I
WL — R T ()] R 2023,47(10) : 4302~
4313.

LI Guoqing, ZHAO Yanhui, CHENG Long. Branch
model-based unified power flow calculation of hybrid AC/

DC distribution networks [J]. Power System Technology,
2023, 47(10): 4302-4313.

[20]WU L,YIN X Y,PAN L, et al. Economic model predictive
control of integrated energy systems: A multi-time-scale
framework[ ] ]. Applied Energy, 2022, 328: 120187.

[21]DENG Y, LIU Y.Forecasting renewable energy generation
using convolutional neural networks: A case study of wind
and solar energy [J]. Renewable Energy,2021,162: 1445-
1455.

(22]BE AR5 . JT T S bt 22 T 2 11 ) 3 o 6 2 1 R AR AL

L] MR ML Rz 2= 4 CH AR ) , 2024, 40
(1): 25-31.
RUAN Lexiao. Adaptive gradient descent optimization
algorithm for training neural networks [J]. Journal of
Harbin = University
Edition) , 2024, 40(1): 25-31.

(23 Jyas i . 80 B 0 10 S5 far S0 46 O vk 0 B S e L0 ). vy
THA, 2024(9): 4-6.

GAO Ya. Analysis and selection of common methods for

of Commerce (Natural Sciences

smart grid load prediction[J]. Electric Engineering, 2024
(9): 4-6.
(ALorsh: 2RE)

Wrfm H A 2024 - 11 -25; 12 [0 H#3:2025-02-24
LR HE:2025-04-15; Bt R ML : www.iienergy.cn

EE RN

A5 (1982) , 55, i g TR, il -, WNFERT AL ) R4
A RCHT R TR B I A TAE , 2t_211815@163.com;;

Ve 2B P (1974) , 93, s 9% T RE 0, TR 2 W) 2 i 4 1
TAE;

XIBL(1993), L, THRR, FLRIE T T AR,

© Editorial Department of Integrated Intelligent Energy. This is an open access article under the CC BY-NC-ND license.





