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Abstract

With the growth of the digital economy, the sustainable growth of rural energy

has become crucial. However, traditional rural energy models have the drawback

of not considering digital technology and renewable energy. Therefore, there

is an urgent need for rational planning and development of rural energy. Accord-
ing to this, a multi-energy coupling model for rural energy systems was established
by considering equipment capacity planning and operation scheduling optimization
based on a multi-energy coupling structure. At the same time, considering the bio-
mass resources in rural energy systems, an optimized configuration model for bio-
mass coal-fired coupled power generation units was established. The results showed
that the energy consumption cost in County A accounted for only 3.3%. County C
focused mainly on tourism and emphasized economic efficiency, with investment
costs 8.6% and 10.3% lower than other rural areas. The system utilized time of use
electricity prices to optimize operation. The low storage stage was from 1:00 to 8:00,
while the high incidence stage was from 12:00 to 14:00 and from 7:00 to 21:00. In
the actual scenario, the multi-energy coupling model can be combined with intel-
ligent technology to realize the real-time monitoring, prediction and optimal control
of the energy system. Through the introduction of advanced digital technology,

the model can be more flexible to deal with the diversified energy sources and com-
plex operational scheduling situations involved in rural energy systems. This can
improve the response speed and adaptability of the system, making the energy system
more resilient and efficient.

Keywords: Digital economy, Rural energy, Multi-energy coupling, Typical scenarios,
Reasonable planning

Introduction

In rural areas, with the rapid rise of the digital economy, in-depth research on the multi-
energy coupling (MEC) model of energy utilization has become a hot topic in the cur-
rent academic and industrial circles. By integrating interdisciplinary methods such as
data science, energy economics, and information technology, it is possible to gain a more
comprehensive understanding of the complex interrelationships between different forms
of energy in rural areas (Vijay et al. 2022). However, under the current digital economy
in rural areas, rural energy faces problems such as uneven development, low techno-
logical level, information asymmetry, and unstable energy supply (Cao et al. 2020). The
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current research mainly focuses on system modeling, operation strategy selection, opti-
mization index selection and optimization methods. However, the research on energy
system model construction, planning, configuration and operation optimization in typi-
cal rural scenarios is relatively insufficient. On the other hand, the MEC model serves
as a model that comprehensively considers the interaction between multiple forms of
energy. This type of model typically includes various forms of energy such as electric-
ity, thermal energy, and gas, and achieves efficient integration of energy systems by cou-
pling their production, conversion, transmission, and utilization processes (Usman and
Abdullah 2023; Wu et al. 2023). The design of this model aims to maximize the overall
performance of the energy system, optimize resource utilization, reduce environmental
impact, and improve energy utilization efficiency (Decheng et al. 2023). Based on this,
the study proposes to use a MEC model to systematically evaluate and optimize energy
utilization in the context of rural digital economy, and to carry out equipment capacity
planning and operation scheduling optimization. Meanwhile, considering the biomass
resources in rural energy systems, the study also establishes an optimized configura-
tion model for biomass coal-fired coupled power generation units. A two-layer algo-
rithm is used to solve the programming analysis model. At the upper level, improved
particle swarm optimization algorithms are used to deal with planning problems, mainly
equipment selection and capacity optimization. YALMIP mixed integer linear algorithm
is used to solve the problem of operation and maintenance layer. The upper and lower
models are interconnected, and optimal planning ensures that the system can determine
the best operational strategy. The research aims to provide scientific and quantitative
support for rural energy planning and management. The study innovatively analyzes the
rural energy MEC model and optimizes equipment planning and operation scheduling
through digital technology. This study is composed of five parts. The first part intro-
duces the research background, problems, and solutions of rural energy under the digital
economy in rural areas. The second part summarizes the research achievements of rural
energy under the digital economy in rural areas and the difficulties and shortcomings of
methods. The third part introduces the design optimization method of the rural energy
MEC model under the rural digital economy. The fourth part designs performance veri-
fication experiments to prove the performance of the proposed planning analysis model
in empirical analysis of typical rural areas. The fifth part summarizes the research meth-
ods, analyzes the experimental results, and proposes the shortcomings and prospects of
the methods.

Related works

The rural energy system under the digital economy in rural areas is showing a new
development trend. Under the catalysis of digital technology, energy production, distri-
bution, and consumption in rural areas are undergoing profound changes. Li and other
researchers proposed to build a comprehensive energy system for rural electrification
in China, with rural distribution networks as the core, by increasing the proportion of
electricity consumption. The aim was to address the challenges of low efficiency and
insufficient infrastructure in China’s rural energy system. The experimental results indi-
cated that this system provided suggestions for the growth of rural energy and refer-
ences for the building of rural energy systems in similar countries (Li et al. 2021). Jarno
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et al. proposed using Analytic Hierarchy Process (AHP) to rank sustainable development
standards, aiming to address the high dependence of Finland’s heating sector on fossil
fuels. The results indicated that age and education level had an impact on the respond-
ents’ emphasis on environmental standards and renewable energy (Raghu et al. 2023).
Yimen et al. proposed integrating biomass power generation technology into distrib-
uted hybrid renewable energy systems, aiming to replace diesel generators, reduce sys-
tem costs and environmental impacts. The results indicated that the integration of BPT
could effectively reduce costs and promote sustainable development goals (Yimen et al.
2022). Li et al. used the biogas carbon emission trading plan as an example to explore
the impact of internet access on farmers’ willingness to participate in renewable energy
electricity market incentive policies and their expectations for carbon prices, aiming to
address the issue of farmers’ willingness to participate in carbon markets and PCT plans.
The results indicated that internet access increased farmers’ willingness to participate in
PCT programs and their expectations for carbon prices (Li et al. 2023). Pelz supported
the Fair Energy Supply Improvement Program through data collection and analysis. It
also described an effective method for collecting and analyzing spatially representative
household energy access survey data. The study found that there were geographic and
wealth-related inequalities in energy supply and related burdens. These results helped
urban planners understand the scale and spatial dimensions of supply shortfalls, under-
scoring the importance of disaggregated measurement of transparent and equitable
planning for energy supply improvement (Pelz 2020).

On the other hand, MEC cooperation is a model that integrates different energy types
and systems together, which can comprehensively consider the interaction of different
energy types and optimize the entire energy system. Some scholars have conducted rel-
evant research on it. Witkowski et al. examined the technical characteristics of differ-
ent thermal power generation technologies by analyzing data from seven actual project
cases, aiming to address the challenge of the increasing share of renewable energy in
modern power grids. The results indicated that the coupling of these technologies could
improve their flexibility in the power grid (Witkowski et al. 2020). Researchers such as
Hu et al. proposed a method based on heterogeneous data models, aiming at transform-
ing the situational awareness problem of coupled networks into degree analysis of spec-
tral differences of random matrices. The results indicated that the method was feasible
and effective by verifying the changes under different conditions in the electro pneu-
matic coupling network (Hu et al. 2020). Cao and other researchers developed a price-
based demand response driven multi-energy collaborative system optimization model,
aiming at solving the problem of optimizing system operation modes to improve eco-
nomic benefits. The results indicated that adopting these measures could significantly
improve the economy of multi-energy collaborative systems (Cao et al. 2020). Chen et al.
proposed a novel hybrid vibration energy harvester, aiming at addressing the issues of
low energy conversion efficiency and narrow operating frequency band in traditional
single frequency piezoelectric vibration energy harvesters. The results indicated that the
new hybrid vibration energy harvester could operate over a wider frequency range and
achieve multi-modal vibration energy harvesting (Chen et al. 2021). Hu et al. proposed
a multidimensional electric-gas coupling network situational awareness method based
on heterogeneous data models, aiming to address the problem that energy conversion



Li and Li Energy Informatics (2024) 7:16 Page 4 of 17

between independent energy networks increases the complexity of situational aware-
ness. The feasibility and effectiveness of the proposed method were proved by verifying
the variation of different conditions in the electric-gas coupling network (Hu et al. 2020).

To sum up, there are some limitations in the study of rural energy models, including
uneven resource distribution and high initial investment. At present, some scholars have
proposed a series of solutions through the research of distributed energy system, bio-
mass energy, biomass gasification and other methods. However, there are still challenges
in the practical application of these methods. These include the coordination and man-
agement challenges of distributed energy systems, the sustainable supply and efficiency
of biomass energy, and the technical difficulties and economic feasibility of biomass gasi-
fication. On the other hand, the MEC model can simulate the interrelationship, conver-
sion and optimization process of a variety of different energy sources in the system, and
it has strong potential application value to analyze and optimize various energy systems,
such as smart grid, integrated energy system, urban energy planning, etc. Therefore, the
design of rural energy MEC model under rural digital economy is of great significance,
which is expected to provide strong support for smart grid, integrated energy system
and urban energy planning.

Design of rural energy multi-energy coupling model

The research will combine data science, energy economics, and information technol-
ogy, using interdisciplinary methods to comprehensively understand the complex rela-
tionships between different forms of energy in rural areas. The research aims to use a
MEC model to systematically evaluate and optimize energy utilization in the rural digital
economy environment, providing a basis for scientific and quantitative support for rural

energy planning and management.

Modeling of differentiated development of rural energy models

Rural energy refers to the energy resources supplied and used in rural areas, whose char-
acteristics and demands often differ from those in urban areas. Rural energy encom-
passes various forms of energy, including traditional biomass energy (such as firewood
and straw), fossil energy (such as coal and liquefied petroleum gas), and renewable
energy (such as solar and wind energy). These energy sources are widely used in rural
areas for household life, agricultural production, and rural industries. Figure 1 shows the
traditional rural energy supply model.

In Fig. 1, the traditional rural energy supply model usually adopts a decentralized
and backward approach, mainly relying on traditional energy resources such as bio-
mass energy (firewood, straw, etc.), fossil energy (coal, diesel, etc.), and a small amount
of electricity supply. These supply methods face many challenges, including low energy
utilization efficiency, resource waste, environmental pollution, and unstable energy
supply. Meanwhile, due to limitations in technology and supply networks, traditional
models are unable to meet the growing energy demand, hindering the sustainable devel-
opment of rural areas (Naumann and Rudolph 2019; Nida and Grossner 2019). On the
contrary, modern rural energy systems aim for comprehensive indicators and utilize
advanced energy internet technology to comprehensively utilize distributed power gen-
eration methods (such as biomass energy, natural gas, and wind and light) combined
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Fig. 2 Comparison of two energy supply modes

with energy conversion equipment (such as cogeneration units, water heaters, and heat
pumps) to achieve spatiotemporal complementarity of heterogeneous energy. This inno-
vative energy supply architecture has the characteristics of clean, safe, low-carbon, and
efficient, providing reliable energy solutions for rural areas. The comparison of energy
supply methods between traditional and modern rural energy systems is shown in Fig. 2.

In Fig. 2, traditional rural energy supply methods usually rely on limited resources,
such as biomass energy and a small amount of electricity supply, which have problems
such as low energy efficiency, severe environmental pollution, and unstable energy
supply. The modern rural energy system is based on the comprehensive utilization
of multiple energy sources, utilizing advanced technologies such as energy internet
to achieve spatiotemporal complementarity of heterogeneous energy, providing clean,
safe, low-carbon, and efficient energy supply, which helps to improve energy utiliza-
tion efficiency, reduce environmental impact, and promote sustainable rural develop-
ment. The rural energy system provides different types of energy to terminals based
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on load demand by coordinating the coupled operation of various energy equipment
(Calvert et al. 2021; Oh 2023). The system includes energy production and storage
equipment, whose economic and technical parameters and performance affect sys-
tem planning and optimization. Solar energy is the main renewable energy source.
Photovoltaic (PV) panels convert light energy into electricity through semiconductor
materials, and their output is affected by environmental conditions. The mathemati-
cal expression for output is shown in Eq. (1).

Ppy k,s = P;t‘ikGAC,k,t 14+ K7 (Te ke — Tr)]/GStc~ (1)

In Eq. (1), Gsg represents the light radiation density parameter (under standard test
conditions). G4ck, and T, i, represent the ¢ time respectively, and P;ﬁf’ « represents the
maximum power generation under the marked test conditions of the kth PV panel. The
actual radiation density of the kth PV panel and the actual ambient temperature of the
PV panel. T, and Kt respectively represent the rated reference temperature and rated
power temperature coefficient of the PV panel. Rural energy usually uses multiple PV
panels to construct a distributed PV power generation system, and its total power gen-
eration at ¢ can be expressed mathematically as Eq. (2).

Ppv, k,t = npv - Hs - Ap - N1/Gsy. (2)

In Eq. (2), npy represents the conversion efficiency of a single PV panel. Ap represents
the area of the PV panel. Hy represents the intensity of sunlight. N; represents the num-
ber of PV panels in the system. In general, certain areas in rural areas have a natural
gas network structure, which can be utilized for energy conversion through natural gas
systems (Li et al. 2021). The equipment output model of the system includes power gen-
eration models for gas turbines, gas internal combustion engines, and gas boilers (GBs).
The mathematical model of the power generation output of a gas turbine can be denoted
as Eq. (3).

Pgr = FGr - 6T - q4- 3)

In Eq. (3), Fgr and ngr respectively represent the natural gas consumption and power
generation efficiency of the gas turbine, while g, represents the calorific value of natural
gas. The mathematical expression for the output of waste heat generated by a gas turbine
is shown in Eq. (4).

Qer = Far - ey - 45- (4)

In Eq. (4), nléT represents the heating efficiency of the gas turbine. Compared to gas
turbines, internal combustion engines have more complex power characteristics, but
their working principles are similar. The mathematical expression for the power genera-
tion of internal combustion engines is shown in Eq. (5).

PG = FGE - NGE - 4g- (5)

In Eq. (5), Fgg and Fg respectively represent the power generation efficiency and nat-
ural gas consumption of gas internal combustion engines. The mathematical expression
for the heating power of gas internal combustion engines is shown in Eq. (6).
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Qce = For e+ dg- (6)

In Eq. (6), nléT represents the heat generation efficiency. The mathematical expression
for the output of a GB is shown in Eq. (7).

Qcs = Fe N - dg- (7)

In Eq. (7), Fgp represents the natural gas consumption of the GB. nléB is the power
generation efficiency of the gas turbine. The overall planning of rural energy systems can
effectively address the complementary and coupling relationships of different energy
sources, and compensate for the limitations of separate planning for heterogeneous
energy sources (Baek and Baek 2024; Yong et al. 2021). Among them, solving the cou-
pling relationship between multiple energy sources within the energy system is a key
issue in overall planning. To address this issue, the study adopts an energy hub modeling
method, which abstracts the energy hub as an input—output port model that describes
the relationship between energy conversion and storage within the energy system,
known as the black box model. The specific diagram is shown in Fig. 3.

In Fig. 3, the input—output port model of the energy system is an abstract description
used to reveal the relationship between energy conversion and storage within the sys-
tem. This model treats the energy system as a black box, with input ports representing
the entry of energy and output ports representing the outflow of energy after system
conversion. The energy input of an energy hub is represented by the P vector at the left
end, while the energy output is represented by the L vector at the right end. Its math-
ematical expression can be succinctly expressed as Eq. (8).

L=f(). (8)

Based on the grey prediction model, the study improves the prediction method by
introducing policy fluctuation terms to represent the impact of various policies on rural
load. By analyzing load changes, a clear load boundary is provided for optimizing the
coupling capacity of biomass and coal combustion. The policy fluctuation term is placed
after the exponential growth result after quadratic fitting and mainly plays a role in the
subsequent prediction part. Figure 4 shows the principle process of model prediction.

In Fig. 4, the basic model is first established by using the grey prediction model,
and then improved through the quadratic fitting method and moving average method.

n » u

I P1 L1
O «»| supe S

input e . Conversion
energy Energy hub B H N of energy
output
Pm >> > Lm P

Fig. 3 Input-output port model of energy system
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Fig. 4 Rural load forecasting process considering the impact of energy transition policies

Subsequently, the policy fluctuation term is introduced to characterize the impact of
energy transition policies on load changes and integrated into the prediction model.
Finally, by analyzing the model prediction results, a rural load prediction considering

energy transition policy factors is obtained.

Design of a multi-energy coupling model for rural energy in the digital economy

This study focuses on rural biomass resources and further proposes a biomass coal-
fired coupling power generation planning method to optimize the configuration of
biomass boilers. At the same time, a two-level planning model considering differenti-
ated energy development is established by integrating a multi-level rural energy hub
model. The objective function F with the lowest comprehensive total cost is composed
of the initial investment cost ( f1), operating cost ( f2), economic benefit ( f3), electric-
ity price difference (fi), and environmental benefit (f) of a biomass boiler coupled
with coal-fired power generation. Its mathematical expression is shown in Eq. (9).

minF = x1 x (fl +fz) —x2 xfs—x3 x (fa+/5). ©)

In Eq. (9), x1 represents the economic weight value. xo represents the environmental
weight value. x3 represents the energy-saving weight value. In the planning model,
considering the large proportion of initial investment cost, the study converts the ini-
tial investment cost of equipment into an equal annual value through a discount rate.
The investment and installation cost of biomass coupling equipment technology ren-
ovation is represented by Eq. (10).

D(1 4+ D)N

fl = (Biny S)m

(10)

In Eq. (10), the investment cost per unit capacity of the biomass gasifier is expressed
as Bjuy. The planned unit capacity is S. The discount rate is D. The equipment life of
the biomass gasifier is N years. The mathematical expression for the change in operat-
ing cost of coal-fired power generation units coupled with biomass gasifiers is shown
in Eq. (11).
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f2 = (Cmat,l - Cmat,Z) -S. (11)

In Eq. (11), Cpuar,1 and Cyae2 respectively represent the operating cost per unit
capacity of coal-fired units before coupling and the operating cost per unit capacity
of coal-fired units after coupling with biomass gasifiers. The mathematical expression
for the standard coal consumption of coal-fired power generation units coupled with
biomass gasifiers is shown in Eq. (12).

By = Hi/(m x n2 x 29308). (12)

In Eq. (12), the pipeline efficiency constant is 772, and 11 represents the thermal effi-
ciency of the coal-fired boiler after coupling with the biomass gasification furnace. H;
is the heat generation efficiency of coal-fired units. The mathematical expression for
the standard coal savings after coupling a coal-fired boiler with a biomass gasification
furnace is shown in Eq. (13).

AB = Ab, - (pi/1000) — ABy. (13)

In Eq. (13), Ab, represents the standard coal consumption for biomass gasifica-
tion furnace power generation, and Ab; = (p;/S.) - By. At i time, the power gener-
ation of biomass gasification furnace is represented by p;. The amount of standard
coal increased before and after the coupling of coal-fired units is ABy. The economic
benefits achieved by coupling coal-fired units with biomass gasifiers come from the
mathematical expression of the saved standard coal quantity, as shown in Eq. (14).

f=AB- (Y, —Yo) Ty. (14)

In Eq. (14), Y1 and Y; respectively represent the price of standard coal and the recov-
ery and treatment cost of biomass raw materials. T4 represents the average operating
time of the unit. In the study, policy subsidies before and after coupling coal-fired
units with biomass gasifiers will be included in the consideration of energy-saving
costs in the form of Eq. (15).

fo=Y_ Pilc —Ip). (15)

Ty

In Eq. (15), Ic and Ip respectively denote the on grid electricity price of biomass
energy and the on grid electricity price of the original coal-fired unit. Further research
will use Matlab optimization tools to optimize the total installed capacity of biomass
coupled coal-fired units. The specific optimization is indicated in Fig. 5.

In Fig. 5, the capacity optimization of biomass coupled coal-fired power units
involves first evaluating energy demand and resources to ensure reliable supply
of biomass and coal. Then, considering technical and economic factors, including
investment costs, operational efficiency, and environmental impact, it determines the
optimal capacity configuration using simulation or optimization methods to achieve
optimal resource utilization and cost minimization. Finally, system validation and
risk assessment are conducted to ensure that the selected capacity scheme meets
electricity demand, operates stably, and complies with environmental regulations. To
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Fig. 6 Weight allocation process based on differentiated scenarios

improve the solving speed of rural energy system planning models, the study simpli-
fies the impact of energy conversion equipment on efficiency operating characteris-
tics. Introducing a load rate threshold, when the equipment load rate falls below this
threshold, the system selectively stops the operation of the equipment to simplify the
model and improve overall efficiency. In the planning of rural energy systems, consid-
ering the different focuses of energy transformation in different rural areas and the
differences in demand for indicators among different rural areas, this article conducts
research based on differentiated development scenarios. Figure 6 shows the process
of weight allocation.

Figure 6 shows that weighting is used to consider the indicator needs of each rural
area based on their energy needs and transition priorities. This ensures that energy
system planning adequately meets the development needs of each region. The plan-
ning level involves three decision variables: the planned capacity of energy produc-
tion equipment, the configured capacity of energy storage equipment, and the rated
power of energy storage equipment. At the operational level, there are three deci-
sion variables: the input power of the energy system, the power of the energy storage
equipment, and the energy distribution coefficient. A two-layer algorithm iteratively
solves the programming analysis model. At the upper level, an improved particle
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swarm optimization algorithm is applied to deal with planning problems, mainly for

equipment selection and capacity optimization. The YALMIP mixed integer linear

algorithm is used in the lower layer to solve the operational level problem. The upper

and lower models are interconnected, and optimal planning ensures the system can

determine the best operational strategy.

Effectiveness analysis of multi-energy coupling models based on typical

scenarios

By studying the differentiated development scenarios of rural energy, three typical rural

areas with different development stages, geographical locations, and industrial struc-

tures were selected, combined with their characteristics and energy forms. On the basis

of considering the MEC between various devices, the effectiveness of the constructed

rural energy system planning and analysis model was verified.

Verification of biomass coal-fired coupled power generation capacity planning model

The biomass coal-fired coupled power generation capacity planning model proposed in

the study took into account the results of energy transition policies in rural load fore-

casting as the boundary condition. A comparative simulation verification was conducted

using the farming type A rural area in the central region and the industrial development

type B rural area in the eastern region as examples. A dual-level planning optimization

model for rural energy systems under MEC was studied, and a case study was conducted

with corresponding parameters set A. The typical daily load of two types of rural areas is

shown in Fig. 7.

According to Fig. 7a, the average power load in County A was around 7 MW, and the

average heat load was around 10 MW. The daytime working hours were the main con-

centrated period for various load demands and usage, with peak load usually occurring

in the afternoon, while low load values were relatively stable. According to Fig. 7b, the

average power load in County B was around 9.5 MW, and the average heat load was

around 6 MW, with significant changes in cooling load. County B generally had two peak

periods, morning and noon, with the peak cooling load occurring during the daytime

high temperature period and the peak heating load occurring at night. Figure 8 shows

the daily wind speed and light intensity in three typical scenarios.
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(a) Typical daily load curve of rural area of A county

Fig. 7 Typical daily load of rural areas in types A and B
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(b) Typical daily load curve of rural area of B county
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Table 1 Results of typical rural device configuration planning

Device type WT GB EHP AC ELB CCHP PV BAT
CASE1 10 - - - - - 10 23
CASE 2 0 4.75 4.2 4.8 38 50x2 10 1.2
CASE 3 10 342 2.2 34 26 30x2 37 1.7

According to Fig. 8a, the average typical daily wind speed in County A was around 0.4,
and the average typical daily wind speed in County B was around 0.3. The annual typical
daily wind speed in County A was significantly higher than that in County B. According
to Fig. 8b, the highest annual average light intensity per unit value in County C was 1,
and the average light duration was the longest. The highest annual average light intensity
per unit value in County B was about 6.5, and its typical sunlight intensity was stronger
than that in County A.

Validation of the effectiveness of a multi-energy coupling model based on typical regions
According to research analysis, County A has adopted a hybrid scheme of wind and PV
energy, utilizing the higher wind resources along its eastern coast. Due to its flat terrain
and relatively low wind resources, County B mainly relied on PV power generation and
has not planned wind turbines (W'T). County C took into account both wind and solar
power, as it has windy desert areas and longer average annual sunshine hours. In the
planning, priority was given to the configuration of renewable energy generation units.
Table 1 shows the planning results of typical rural equipment configuration.

According to Table 1, PV is solar photovoltaic, WT is wind turbine, CCH is distributed
combined cooling and heating power production system, GB is gas boiler, ELB is electric
boiler, EHP is electric pump, AC is air conditioning, BAT is battery, HST is thermal stor-
age tank, CWS is cold water station. The configuration capacity of PV under CASE 1 was
3.7, and the configuration capacity of WT was 10. In CASE 3, the data showed that the
configured capacities of PV and WT were both 10BAT. The economic cost and scenario
economic analysis of three types of rural areas, after normalization of target weights, are
shown in Fig. 9.

In Fig. 9, Cinv represents the initial investment cost of the rural energy system.
Cmat represents the annual operating and maintenance cost of the equipment. Cenv
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Fig. 9 Economic cost and scenario economic analysis of three types of rural areas after normalization of
target weights

is the carbon emission cost generated by the energy system. CATC is the full life cycle
cost considering the weighting factors of differentiated development scenarios. Ccsu
is the energy cost. According to Fig. 9a, among the three county towns, the Cinv of
Counties A, B, and C was 3587, 4096, and 1770, respectively. The highest Catc in
County B was 5280. Overall, the various costs of County B, including raw material
costs, capital service costs, environmental costs, and average total costs, were higher
compared to the other two counties. According to Fig. 9b, the economic weight of
Counties A, B, and C was 0.11, 0.14, and 0.63, respectively. The economic cost for
Counties A, B, and C was 0.883, 0.900, and 0.797, respectively. Overall, the main
industries in County A had high demand, developed economy, and focus on energy
conservation, with energy consumption costs accounting for only 3.3%. County C
focused on tourism and economy, with investment costs 8.6% and 10.3% lower than
other rural areas. County A emphasized energy conservation and low costs. County C
was economically cautious and had lower investment costs. Figure 10 further records
the SOC balance of energy storage equipment in the rural energy system of County A.

According to Fig. 10a, the BAT in County A, also known as the battery, had a maxi-
mum remaining energy of 3.4 MWh. According to Fig. 10b, HST, also known as the
water storage tank, had a maximum of 7.2 MWh. The electricity cycle was from 07:00
to 06:00 the next day. Between 01:00 and 08:00, it needed to purchase low-priced
electricity to meet demand. From 09:00 to 24:00, priority would be given to PV and
wind turbines for power generation. Figure 11 shows the dynamic energy storage bal-
ance of the rural energy system in County B recorded in the study.

According to Fig. 11a, the BAT in County A, also known as the battery, had a maxi-
mum remaining energy of 2.4 MWh. According to Fig. 11b, HST, also known as the
water storage tank, had a maximum capacity of 9.2 MWh. Overall, the system uti-
lized time of use electricity prices to optimize its operation. Electricity was purchased
for charging during low electricity prices (1:00-8:00, low storage stage), and elec-
tricity was sold to the grid for discharge during high electricity prices (12:00—14:00
and 19-21:00, high generation stage). In other time periods, arbitrage through low
storage and high issuance strategies was used to ensure the economic operation of
the system. This flexible use of energy storage power stations enabled the system to
achieve significant economic benefits in the face of electricity price fluctuations. The
performance of the model was proposed for further verification. The study randomly
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selected two scenarios to carry out the quantification results of operation benefits
under multiple scenarios, among which, the scenario randomly selected for the study
and scenario 2 was the quantification result of any model. Scenario 3 and Scenario 4
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Residual energy /MWh
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Fig. 12 Quantitative results of multi-scenario optimization operation benefits

were the results after using the MEC model proposed by the research. The specific
results are shown in Fig. 12.

Fig. 12a is environmental quantification, and Fig. 12b is reliability quantification. From
Fig. 12, in the two randomly selected scenarios, the quantification results of operation
benefits reflected were better after the research model was used. The results showed that
the proposed model could produce more economic and environmental benefits, which
had great advantages and could realize the coordination of system benefits with user
expenditure, economic benefits and environmental benefits.

Conclusion

With the rise of digital economy, rural areas are facing a comprehensive transforma-
tion, and rural energy management has become a key issue. At present, traditional rural
energy models have shortcomings in handling the integration and application of renewa-
ble energy. Based on this, the study utilized a MEC model to optimize the energy utiliza-
tion of rural digital economy, including equipment planning and operation optimization.
Simultaneously considering biomass resources, an optimization model for biomass coal-
fired power generation units was established, aiming to provide in-depth insights for
rural energy management. The results showed that the average typical daily wind speed
in County A was about 0.4, while in County B that was about 0.3. The annual typical
daily wind speed in County A was higher than that in County B. The highest annual
average light intensity per unit value in County C was 1, and the average light duration
was the longest. The highest annual average light intensity per unit value in County B
was about 6.5, and the typical sunlight intensity was stronger than that in County A.
County B had two peak periods, morning and noon, with the peak cooling load occur-
ring during the daytime high temperature period and the peak heating load occurring
at night. The MEC model could simulate the advantages of the interrelationship, con-
version and optimization process of various energy sources in the system, and solve the
problems of coordination and management of traditional energy models, technical dif-
ficulties and poor economic feasibility of biomass energy gasification. Compared with
the existing energy models, the research adopted a comprehensive method and HOMER
simulation software, so that the model could more accurately consider the supply and
demand relationship of various energy sources, and carry out economic and reliability
analysis. The optimization of energy utilization in rural digital economy by MEC model
has achieved remarkable results, especially in equipment planning and operation opti-
mization. It is important to note that the planning of rural energy networks may be



Li and Li Energy Informatics (2024) 7:16 Page 16 of 17

constrained in the face of the effects of energy system interactions and construction
times. Future research should focus on multi-regional integrated energy systems, adapt-
ing to the rapid evolution of the digital economy through phased collaborative planning.
In addition, the impact of renewable energy uncertainty on system planning needs to be
considered more deeply. In implementation, researchers need to carefully address the
complexity of the energy system and develop flexible strategies to meet possible chal-
lenges to ensure the long-term effectiveness and viability of the model in the digital
economy environment.
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