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SUMMARY: Promoting the transition to electric energy plays a positive role in driving
industrial modernization forward, which holds considerable importance in enhancing the
efficiency of energy utilization, and is also capable of effectively mitigating environmental
pollution problems and safeguarding energy security. Drawing on the three dimensions
encompassing economic development, technological progress and policy support, the article
constructs an evaluation index system targeting electric energy substitution projects, and
utilizes electricity consumption data from 2016 to 2024 as a study sample, and measures the
capacity for electric energy substitution projects through integrating principal component
analysis. On this basis, the GM gray model along with the BP neural network are introduced,
and GM-BP model is developed by employing the empowerment combination method, which is
used to accomplish the assessment alongside the forecasting of electric energy substitution
potential. It was found that the index of electric energy substitution project potential grew from
0.399 in 2016 to 0.751 in 2024, with an overall increase of 88.22%. When carrying out the
forecasting work regarding the potential of electric energy substitution projects, the prediction
accuracy of the GM-BP model can reach 99.15%, and within the framework of ensuring
economic development, technological advancement and policy support, the capacity
improvement of electric energy substitution projects compared to a single scenario can be up
to 29.02 trillion kWh. Therefore, the full utilization of Al and multivariate data analysis
technology can enable the accurate assessment pertaining to electric energy substitution
projects and facilitate energy conservation, emission reduction and green low-carbon.

KEYWORDS: electricity substitution assessment; principal component analysis; GM model;
GM-BP model

1 Introduction

Supporting energy consumption has become a fundamental requirement for economic growth,
and into the 21st century, a major trend in the development of energy transition is reflected in
the realization of electrification [1]. Compared with the existing electrification model, the new
round of electrification model has significantly improved both in quantity and quality, and
places greater emphasis on the extensive expansion and application of new energy in various
production links, as well as the replacement of fossil energy within end-use energy consumption
with electricity, highlighting its feature as "electricity as the center™ in energy consumption [2-
4]]. Electricity is not only a clean energy, when compared to other energy forms is safer, and has
the advantage of convenience, etc., to carry out the work pertaining to electric energy
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substitution to promote the composition of energy consumption, promote the advancement of
clean energy, etc. are of great significance, but also control the total amount of coal consumption,
improve the share of electric energy within the framework of end-use energy consumption,
reduce atmospheric pollution and serves as an important measure [5-7]. As the economy grows
rapidly, environmental pollution is serious, and the treatment of pollution is imminent, and the
core rests upon the execution of a low-carbon transition strategy, steadily advancing electric
energy substitution, and promoting surplus power consumption [8]. Actively promoting the
electrification substitution initiative carries profound implications for power grid enterprises to
fulfill their social responsibility and support the synchronized progress of the national economy
alongside society.

In addition, China is facing a new situation of industrial restructuring and modernization,
declining growth within electricity demand, accelerating power reform, and is in an external
environment of increasing environmental pollution and national efforts to save energy and
reduce emissions. Actively advancing the expansion of electric energy substitution will be an
opportunity to promote new energy consumption, change the energy consumption structure,
and green development [9]. However, because China's electrification substitution initiatives
remain at an early phase, domestic systematic research outputs focusing on the establishment
and management of electric energy substitution projects are still relatively few in general,
failing to systematically and reasonably guide the project owner to operate the electric energy
substitution project in a sustainable way, so the implementation of electric energy substitution
projects may encounter many unknown risks [10, 11]. As an integral component of the
scientific governance of the project, the post-evaluation work of the electric energy alternative
terminal energy project in the process of the establishment of the electric energy alternative
terminal energy project can not only reflect the problems in the construction in a timely manner,
but also enable a more thorough summary of the lessons learned [12, 13]. The management of
future electric energy alternative terminal energy projects serves as a reference framework, and
its effective implementation can elevate the standard of the project, strengthen the benefits
associated with investment decision-making, and greatly reduce the risk.

In recent years, the accelerating advancement of cloud computing, remote collaboration,
big data and artificial intelligence, Internet of Things and multivariate data analysis alongside
other technologies have offered novel concepts and solutions toward the establishment of
project assessment and early warning systems [14, [15]. These technologies are not only able to
achieve the instantaneous acquisition and analysis of project site data, but also able to break the
geographical limitations, support multi-party collaboration, and jointly respond to complex
situations [16]. These technologies are used to construct an efficient and scientific assessment
framework for electric energy substitution projects, to realize an comprehensive perception of
the feasible factors pertaining to electric energy substitution projects, and to facilitate the further
development of research and practice in related fields.

Within the domain of electric energy substitution research, extensive studies have been
conducted by academics. Literature [17] reviewed a large amount of literature on off-grid
electrification project substitution, summarized the relevant experiences of technology
implementation, methodology application, and practical research in the literature, and then used
a variety of research tools to search for substitution methods for off-grid electrification projects.
Literature [18] summarizes the multiple problems faced by the power sector in Pakistan, which
are caused by the lack of implementation of alternative energy project measures in Pakistan,
and this study proposes a comprehensive strategy for reforming the power sector and
developing alternative energy sources to solve the power crisis. In terms of evaluation studies,
literature [19] developed 60 alternative energy sustainability assessment metrics that capture
the impact of power generation on water, land, greenhouse gas emissions and costs, for which
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energy sustainability scenario experiments were designed with the aim of screening an
alternative energy pathway with the best sustainability. Literature [20] devised a performance
evaluation framework for the sustainable development of energy projects, and applied the
multi-decision technique and hierarchical analysis method to evaluate and prioritize the
sustainable outcomes of energy projects across terms of technology, scale, cost, and
environmental aspects, and validated the feasibility of the proposed method through examples.
Literature [21] developed a region-specific electric energy substitution potential evaluation
framework in China to formulate targeted electric energy substitution projects, calculated the
weights of each index by utilizing fuzzy cloud model and information entropy weighting
approach, and measured its potential through the evaluation model of an approximate ideal
solution ranking method based on connectivity, and the applicability of the assessment
framework was confirmed in the assessment pertaining to electric energy substitution potentials
in 25 regions of China. In addition, literature [22] investigated the benefits of electricity
electrification and the extent of carbon emission mitigation, employing long and short-term
memory networks to forecast the local power generation from alternative energy sources and
estimated its corresponding carbon emissions, the study found that alternative energy power
generation lowers carbon emissions and converts them to electricity production. Literature [[23],
on the other hand, adopted gray model, multivariate regression analysis combined with
backpropagation neural network to establish a prediction model of electricity consumption for
power energy substitution, and the model demonstrates a good forecasting precision, which has
a referential value for the research concerning the advancement of end-use energy substitution
projects within Xinjiang region.

Grounded in the establishment of the indicator framework for gauging the potential
associated with electric energy substitution initiatives, the article measures the three key driving
factors of economic development, technological progress and policy support, and derives the
substitution capacity index of electric energy projects by incorporating the principal component
analysis. Then the GM gray model alongside the BP neural network are introduced, and the
GM-BP model is developed by leveraging the combination of empowerment to accomplish the
assessment and forecasting regarding the potential of electric energy substitution projects.

2 System of indicators for evaluating electricity substitution
projects

For many years, traditional fossil fuels have supported the growth of industrial civilization, and
at the same time brought about ecological contamination, global warming, and other practical
problems affecting the survival and development of mankind. Electric power is a low-carbon,
highly efficient, and easily accessible form of secondary energy, and electricity replacement
serves as a vital path toward fulfilling the goals of reaching peak carbon emissions and
achieving carbon neutrality. Over the past few years, China has placed significant strategic
emphasis on carbon emission reduction, promoting the overall layout of the "Five-in-One" and
the "Four Comprehensives™" in a coordinated manner, and implementing the development
concept of "green mountains are golden mountains” throughout the whole process of economic
and societal development, as well as in all fields. Strong measures have been taken to advance
energy conservation alongside carbon mitigation, and the mode of economic growth has been
transformed from resource-consumption-oriented to green and ecological-oriented.

2.1 Indicators for evaluating electricity substitution projects

Electricity substitution strategy has been upgraded to a national strategy as an important tool
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for improving environmental quality and adjusting energy structure, and related basic research
needs to be carried out urgently, and the assessment of electricity substitution potential is one
of the important references for formulating the implementation strategy of electricity
substitution according to local conditions. How to build a set of practical power substitution
potential assessment index system, so that it is capable of accurately assessing the potential of
power substitution has become a research hotspot.

Following the principle of building the potential assessment indicator framework for
electric energy substitution projects, together with prior studies on electric energy substitution
projects, the assessment indicator framework of electric energy substitution projects is
developed as shown in Table 1. The level of economic development adopts the regional GDP
representing the economic scale, the society-wide fixed-asset investment reflecting the
economic driving force, the per capita disposable income representing the level of social
development and consumption capacity, and the number of population in the region as the
specific measurement indexes. The level of technological advancement mainly includes the
technical performance of electric energy equipment alongside equipment prices, respectively,
the level of electricity utilization efficiency and the pricing structure of electric energy
equipment. The implementation of electric energy substitution projects also requires an series
of related policy support, under the level of policy support is divided into energy structure
adjustment policy strength, electricity price and subsidy policy strength and environmental
protection policy strength.

Table 1: Electrical energy replacement project evaluation index system

Primary index Secondary index Code
Regional gross domestic product EDL1

Economic Total fixed asset investment of the whole society EDL2
development level Residents' consumption level EDL3
Population size EDL4

Technical progress Power utilization level TPL1
level The price level of electrical energy equipment TPL2

Policy support The intens_it_y of energy struct_ure adjl_Jstment p_olicies PSL1
evel El_ectrlc!ty price a_nd subsidy policy _mtenery_ PSL2

The intensity of environmental protection policies PSL3

2.2 Data sources for electricity substitution projects

The data of each numerical indicator in the potential assessment index system of electricity
substitution projects are sourced from the China Energy Statistical Yearbook alongside the
China Economic Statistical Yearbook, whose time span covers 2016 to 2024, and some of the
qualitative indicators are obtained by expert scoring (percentage-based method). As the current
study excludes actual engineering cases and is not supported by relevant projects, the expert
scoring outcomes are obtained by reproducing the corresponding procedures of expert scoring.

2.3 Methodology for the quantification of the main impact factors

(1) Level of technological development

Technological progress serves as the primary impetus for improving the level of power
electrification, and also provides the foundation for effectively carrying out electric energy
substitution. The extent of electrification is defined as the share of end-use energy consumption
accounted for by electric power, and the electrification index reflects the progress of societal
energy use technology. With reference to the measurement index of electrification, the ratio of
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actual electric energy consumption to the sum of actual and theoretical electric energy
consumption is introduced to indicate the level of development of electric energy substitution
technology. Namely:

E: ($)
T(E) =k — 2L
&)=k E:(§)+E(&) @

where k, denotes the sensitivity coefficient of the level of technological development in the
&thyear, T(&) denotes the technological advancement of electricity substitution in the £th
year, E, (&) denotes the measured electricity usage in the &thyear, and E (&) denotes the

converted electric energy equivalent of fossil fuels in year &. Equivalent electric energy
consumption of fossil energy represents the electricity equivalent E, (&) converted by the heat

equivalent method for all fossil energy consumption with the aim of energy use, without
considering the technical feasibility and economic feasibility. Then:

Et(§)=zzai7(ijEij(§) (2)

where E;(&) representsthe energy usage of the J industry derived fromthe i fossil energy
type in the & year, y, is the energy efficiency of the J industry of the i fossil energy

source, and ¢; is the fossil energy-to-electricity conversion coefficient.

(2) Economic Development Factor

Economic growth has a significant impact on the end-use electricity consumption
requirements, and the expansion of the electricity demand corresponds to greater room for
electricity substitution. Economic growth in society affects the energy-use pattern and the
change of terminal energy demand, thereby creating conditions for replacing fossil energy with
electric power. As development advances and income levels rise, people usually tend to place
greater emphasis on the effect of energy conversion, and per capita GDP is regarded as the key
metric of economic development in electricity substitution research. Hence, the economic
development factor of electricity substitution is:

G, () =k,G(5)/ P(5) ®)

where k, denotes the sensitivity coefficient of economic growth in the &th year, G (&)

denotes the per capita GDP of China within the E\xi  £thyear, G(&) represents China's total
Ethyear, P(&) is China's total population in the ¢th year.

(3) Level of Policy Support

The government promotes the development of electricity substitution by improving policy
design and implementation. By continuously strengthening the development of electric power
and consumption facilities, the wide application of renewable energy in the terminal energy
market, the optimization of electricity pricing mechanisms, subsidy policies and special tax
policies, as well as the development of market-oriented mechanisms, can jointly accelerate the
governmental backing for advancing electric energy substitution and advance the shift toward
greener energy use. To analyze the government's input toward the promotion of electric energy
substitution, the policy support factor is:
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. (S)
L+ (O +1,(O)+1,(8) (4)

P(&) =k

where k, denotes the elasticity coefficient of the policy measures in year &, P(&) denotes
the influence index of governmental policies on electricity substitution during year &, and
1.(&), 1.(5), 1,(&),and 1,(&) denote the investmentin new fixed assets in electricity, coal,

oil, and natural gas in year &, respectively.

3 Modeling the assessment of electricity substitution projects

The fast growth of the economy in China led to the severe environmental issues associated with
its coal power structure; for this reason, the State Grid Corporation has implemented the idea
"electricity instead of coal, electricity instead of oil, clean electricity” as the main principle of
the activity pertaining to energy substitution. The electrification substitution implies the
displacement of traditional fossil fuels, including coal, oil, and natural gas, with electric power
in terms of the use of end-use energy in order to improve their consumption and increase
efficiency. As a result, electricity substitution allows the corporation to not only expand the
market of electricity but also minimize negative environmental effects associated with
pollutants released into the atmosphere.

3.1 Quantification of the potential of electricity substitution projects

3.1.1 Principles of Principal Component Analysis

Principal Component Analysis (PCA) is a technique that discovers the relationship between big
samples and samples in multivariables, which seeks to apply the concept of dimensionality
reduction and reduces multivariables to a few variables with lower dimensional observation
space so as to get the essential information.

Let the observed n times data matrix of the original variables X, X,,---, X be:

Xipp Xpr 0ty le
X Xypy 0ty Xy

X= . . . =(X1,X2,"',Xp) (5)
an’ Xn2’ T an

Steps involved in calculating Principal Component Analysis technique are as follows:
(1) Standardize the original data through subtraction of its mean value and division of
standard deviation from the same variable; thus:

. X X ;
X = = (6)

X
L= ™
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(8)

where i=12,---,n;j=12,---,p; )?J. and o are the sample mean and standard deviation of

the jrd variable, respectively.
(2) Find the correlation coefficient matrix M . Then:

my, My, -, mlp

1.« * My My, ooy My,
M=—(X )X =| . . ) ) 9
~(x) : (©)

My Mppy ooy My

and we have m; =m;,m; =1.

(3) Find the eigenvalues and eigenvectors of M . According to the characteristic equation
M of |M-AE|=0 , the p eigenvalues of M can be found
A4,(1=123,-,p), A=2>-->12>0 , and the corresponding eigenvector

U, = (U1i Uiy, Uy )(j =1,2,---, p). Then the extracted principal components are denoted as
Y, = X}‘Uj, e

Y = XUy + XUy + oo+ X, U

_ P (10)
(k:1121'“1n; J :1121”'1n)

(4) Determine the number of principal components m . The variance contribution ratio and
cumulative variance contribution ratio are respectively:

-
= (1)
nmy =27, (12)

The quantity of principal components is determined based upon the accumulated variance
contribution ratio. Typically, if the accumulated variance contribution ratio surpasses 70%-90%,
then the leading M principal components have encompassed the majority of the information
contributed by the P original variables, where the quantity of principal components reaches
m , and the other principal components may be disregarded.

3.1.2 Alternative project potential index

In the potential assessment model pertaining to electric energy substitution projects, the present
study mainly considers technological progress, economic development, and policy knowledge
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as key factors for developing the assessment indicator framework. Integrating the principal
component analysis approach, the subsequent procedures are needed to establish the potential
assessment model for electric energy substitution projects:

(1) Standardized processing. Select n samples of electric energy substitution projects

based on electric energy data, construct the data matrix, which can be obtainedas X, and S?,
and standardize them by using the Z-score method, and its standardized rate of change z; is:

Z; =(% %)/ (13)

where =2 ) S =2 (=% ) /(=D =125 =12 p.

(2) Construction of Data Matrix. N numbers of electric energy substitution projects are
selected using the potential evaluation system of electric energy substitution projects, and a data
matrix of nx5 dimensions can be generated, that is,:

X Xt Xs
Xory Xoo, tt, X

X — 21 22 25 (14)
an’ XnZ' ! XnS

Wy =—7— —— (15)

\/2:4 (% —%) 2] :_1[ %~ 7, ]

The matrix of correlation coefficients can be obtained as:

tll’ t12' ! t"15
T — t21’ t22’ ! t25 (16)
tnl ! 1:n2 ' ! tn5

In the above correlation coefficient matrix, the solution is obtained for the eigenvalues of
the coefficient matrix as well as its corresponding eigenvectors, let us denote the contribution

of the variance of the first m(m<5) principal components as M, which is expressed as:

M- — Zk:lﬁ'k
! p
Zk:lﬂk
Based on the above formula as the standard, the quantity of principal components extracted

will be determined, that is, M;70% is the new extracted variable.
(3) Calculate principal component loadings. Calculate the principal component loadings

(17)



INGEGNERIA SISMICA — INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

based on the new variables extracted by the above formula, so that I; = p(zi,xj)=\/fI & Is
the function of the new variables, which varies in the form of the following:

o=+l +-+x)

(18)
l:-*- =l Hopx ++,x,
where: Z=(z2,2,,-+,2,)", X =(x,x2,---,xp)T.
The above model can be represented as a matrix:
Z=A*X (19)

(4) Define the potential index function. Based on the variance of the principal component
factors extracted and the weight of the linear combination, you can determine the potential

index function F  of electric energy substitution project index as follows:

_ Wz Wz,
W+ W

F

(20)

where z, is the factor function and w,, is the duty weight.

3.2  Electricity substitution potential forecasting model

3.2.1 GM Gray Prediction Model

According to the theory of gray systems, all random variation quantities are regarded as gray
quantities varying in some scope, and stochastic processes are considered gray processes that
vary within some scope and during some time intervals. The gray prediction includes the
transformation of chaotic data series by using cumulative generating operation or cumulative
generating operation on original data, level-ratio generating operation, etc. After that, the
differential fitting technique is adopted to set up differential equations, which describe the
variation rules of data series and achieve the ultimate forecasting objective via prediction and
reduction of data series. GM(1,1) is one of the most widely used and simplest gray models. It
has many advantages such as smaller amount of data needed, non-dependence on the original
distribution law, easy modeling and calculation, and higher accuracy in near-term forecasting.
Assume the sequence data known are as follows:

2% =391, 92, () (21)
One cumulative generation of this sequence yields the generated sequence as:

0 =D (1). Pt (2).-- e (1) (22)

Eq. - x"(k) = Z XNk =12, 7).



Shen et al.

The 1st order univariate linear differential equation shown in Eq. (23) is established for the
sequence (22), i.e.:

dx® /dt+ax® =u (23)

where the constant a is called the gray coefficient and the constant u is called the gray
interaction, reflecting the relationship between the growth rate of the sequence x® and the
change in the data, respectively. Discretizing the differential term dx® /dt , we have:

Ax xP(k+1)—xW(k)

28 :(1)k 1_(l)k:(0)k1 24
A LK X7 (k+1)—x7 (k) =x7 (k+1) (24)

and take the background value in the differential equation (23) as:

x® = BxO(K)+(L- B)XP(k +1) = 29 (k +1) (25)
Among them:
1 1
P e %)

The corresponding gray differential equation can thus be obtained as follows:
xXOk+D)+azPk+1)=uk=12,---,n-1 (27)

where z®(k+1) is called the whitened background sequence and x@(k +1) s called the
grey differential.

Regarding the aforementioned model, the background sequence z®(k +1) can be obtained
from Eq. (25) by taking a fixed value of . Then according to Eq. (27), the original sequence

dataset alongside the ordinary least squares approach can be employed to derive the estimated
values of constants a and u, & and U, and subsequently substituting the computed values
of & and U into the differential equations (23) and solving them can obtain the discrete
solution as:

-

(k1) = [1—{3} (1)—2} e k=012 (28)
[ o
Finally, this solution can be cumulatively reduced to yield the forecasting framework for
the initial series as:

O+ = (7 -1) [x”?' (l)—i} e k=12, (29)

a

Generally take £ =0.5 The model built by the above process is called the GM(1,1)
model.
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3.2.2 BP Neural Network Modeling

Functioning as a category of multilayer forward-propagating network architecture, the BP
neural network consists of forward information transfer and backward information feedback,
and it is a kind of learning model which is very common, theoretically mature, and widely used
at present. The topological structure of BP neural networks usually comprises three layers of
feedforward networks and is made up of three components, namely the receiving layer, the
processing layer, and the result layer. The receiving layer accommodates X,, X,,..., X,, and

other factors, while the output layer is denoted by Y,,Y, and other factors. The nodes within

the receiving layer serve as entry points for acquiring external environmental signals, after
which the processing and result layer nodes receive information by drawing upon signals
transmitted from the preceding layer and analyze, evaluate, and synthesize such received
information through a function.

The specific process for training the model involves first the neural network with the
forward propagation of information through the sampling of the receiving layer during signal
processing, subsequently passing through the intermediate processing layer and arriving at the
result layer; throughout this procedure, in the event that the actual outcome at the output layer
is not in line with the expected outcome established beforehand, then the transfer will take the
form of error back propagation, whereby the parameters of the units will be continually adjusted
till the outcome at the result layer aligns with the expected outcome.

Representing an iterative computational mechanism grounded in error backpropagation, the
BP neural network involves information flowing forward while errors flow backward, and the
steps for its learning process involve the following:

(1) Network initialization

Network parameters: connection weights between the receiving and processing layers are

denoted as W, , connection weights between the processing and result layers are expressed as
W, , thresholds assigned to each neuron across both the processing and result layers b, ,b, .

(2) Input learning samples
Randomized input learning samples X, . where K e{1,2,3---n} and n is the number of

training data points.
(3) Calculate the hidden layer input and output.
The excitation formula for each neuron within the intermediate processing layer is:

hi (k) = Z wyxlk)—b, h=123_p (30)
il
The output of the hidden layer neuron is given by:
ho, (K)=H {Z wx (k) — i':l__-z:|: h=123_..p (31)
i

(4) Calculate the output layer input and output:
The input formula for the output layer neuron is:

vi (k)= Z wyho, (kK)—b.o=123_ g (32)
Fim]
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The output formula for the output layer neuron is:

yoo(k):F{anwhohoh(k)—bo]o:1,2,3...,q (33)

h=1

(5) Calculate the global error, i.e:

1 m g 2
E=—>> (d,(®-,0) (34)

<M ] gal

(6) Correction of parameters and bias terms across every network layer: The trainable
parameters and bias terms throughout every network layer undergo adjustment via a steepest-
descent optimization procedure, and then:

Wi =w +ns0(k)ho, (k) (35)
N-+1 N
Wi ™ = Wy, +776;, (K)X; (k) (36)

(7) Check whether the global error meets the error accuracy requirement, if so stop learning,
otherwise go to (2).

3.2.3 Combined GM-BP modeling

Model concatenation, i.e., model empowerment combination, is the combination of several
prediction algorithms or models with certain rules for a particular prediction problem. First, the
single models required for the study are built separately. Second, the value of weights assigned
to each single model is determined based on some computational method. Finally, the single
models and weights are multiplied and summed to arrive at the combined model, and
predictions are made for the samples used in the study. Based on which, the prediction outcomes
and residual deviations among constituent frameworks as well as their integrated models are
analyzed to check the computational reliability and output consistency of the unified predictive
framework. Within the scope of the current investigation, the integration of the GM model and
BP neural network model is deployed for quantifying the substitutive capacity of electric power.
Presented below is the forecasting expression governing the weighted ensemble framework
developed in the current work:

Feombined = @1 " Fom + @, - Fp (37)

where F_ e Fow» @and Fgo are the output estimates yielded by the GM-BP weighted

ensemble architecture, the standalone GM framework, and the standalone BP neural network
architecture, respectively, and @, and o, are the output coefficients corresponding to the

GM framework alongside the weight allocation parameters governing the BP neural network
architecture.

The architectural design of the GM-BP ensemble framework in this paper is presented in
Figure 1. The nonlinear mapping can be realized by employing the GM-BP model according to
combining GM model and BP neural network model. Numerous factors affecting the
substitution capacity pertaining to electric energy substitution project exist, and there are certain
connections among them. Based on the GM-BP model, the connection can be well managed. In
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the process of learning for the GM-BP model network, even though the number of learning
samples is not enough, it can quickly search for the correct mapping connection for the network.
In addition, the learning samples of GM-BP model network can be very well trained, and the
neural network that has been trained has been equipped with the computational process
dedicated to quantifying the substitution capacity inherent in electric energy substitution
projects, which is very objective and convincing. In order to achieve accurate

GM algorithm Single model
model training prediction
Building a N Input Portfolio modeling
single model sample data and forecasting
BP Neural Network Determine single
Model Training model weights

Figure 1: The construction process of the GM-BP model

4 Application analysis for the assessment of electricity
substitution projects

Serious pollution is caused by unreasonable development of energy, resulting from
accumulation of structural contradictions, to deal with environmental pollution, we should take
measures to improve the energy structure, using less conventional hydrocarbon-based and other
non-renewable fuel resources, controlling overall energy intake and optimizing the
compositional breakdown of energy supply. At that time, the State Grid proposed the strategy
of transitioning toward electrically-driven consumption patterns, making full use of the inherent
competitive advantages of electric power, which can be easily transported, safe, clean and
efficient, paying attention to the end-use market of energy consumption, actively promoting the
model of energy consumption which "uses electric power instead of coal, using electric power
instead of oil, transporting electric power afar". The percentage that electricity occupies within
terminal energy utilization keeps increasing, optimizing the compositional breakdown of the
supply mix, saving energy and reducing emissions, reducing air pollution.

4.1 Electricity substitution project potential index

4.1.1 Electricity substitution implementation of electricity

The application of electricity substitution will effectively promote energy consumption
reduction and improvement in energy efficiency. Previous research found that the relative
weight of electricity within the overall portfolio of terminal energy utilization exhibits a direct
relationship with the degree of energy intensity decrease. At the current stage, under the
international development pattern where climate change concerns are prioritized, the policy
implementation of electric energy substitution becomes a worldwide trend. Given the exclusion
of renewable energy in the calculation of total energy, under such background of "carbon dual
control” and the implementation of electricity market pricing system and other energy-related
policies, it is inevitable that a transition toward an ecologically responsible, emissions-reduced
restructuring of energy utilization patterns will unfold, and the acceleration of deep electric
energy substitution will become an urgent task to raise the penetration rate of electrification
within end-use energy, which is consistent with the goal of energy assessment reform in China.
By drawing on recorded electricity data spanning the period from 2016 through 2024, the
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nationwide trajectory of China's electrification substitution deployment is illustrated in Figure
2 below.

As we can see from the diagram above, from 2016 to 2024, the aggregate volume of
electrically displaced energy is increasing continuously and the degree of electrification
penetration across each region also experiences an overall improvement. By 2024, the annual
electricity substitution volume reached 325.934 billion kW h, which was 14.37% higher
compared to 2023 and 2.16 times higher than 2016. In addition, the proportion of electricity
from electricity substitution projects in the incremental electricity consumption of the whole
society reached 77.62%, consolidating its position as the principal source driving incremental
power uptake, while the adoption of electrification and power-based solutions throughout the
entirety of the broader population continued to grow consistently. From the graph, it is apparent
that within the years 2016-2020, having gone through multiple consecutive rounds of expanding,
the momentum behind electric energy substitution started facing the ceiling, with the year-on-
year growth rate experiencing an inverse trend, gradually growing from 12.73% in 2016 to
30.38%, then reducing to 11.41%. Lack of power supply cleanliness, poor economy, weak
policy framework, need for enhanced energy-saving awareness, among others, have become
more and more obvious. Early 2021, National Energy Board began its "14th Five Year Plan™
power planning activities, further accelerating the development of a clean, low-emission,
dependable, and high-efficiency energy infrastructure network, further promoting electric
energy substitution. As is clear from the graph, since 2021 until 2024, the year-on-year growth
rate of electricity substitution continued to increase, energy conservation, and enhanced energy
efficiency in all processes of integrated economic and societal progression.
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Figure 2: The implementation volume of electric energy substitution in China

4.1.2 Regional potential for electricity substitution

Based on China's electric energy data from 2016 to 2024, China is classified into three
categories, i.e., east, west, and central based on the previous studies available in the literature
and the quantitative evaluation framework targeting electrification replacement initiatives, the
potentials associated with electrification replacement endeavors across China's national and
sub-national territories are estimated. Each variable's total variance is calculated drawing upon
the processing of power utilization records gathered from each region and the principle
component analysis technique with the index system for estimating electric energy substitution
project potentials, as depicted in Table 2 below.

From the table above, the characteristic root of the primary factor stands at 3.218, while the
proportion of variance it accounts for reaches 35.756%. The characteristic root of the secondary
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factor amounts to 1.976, with its corresponding variance proportion reaching 57.712%. The
characteristic root of the tertiary factor equals 1.309, with the aggregated variance proportion
being 72.256%, which is more than 70%, and the eigenvalue is higher than 1.000, so the
principal components number can be determined as the ensuing three.

Table 2: The total variance of each variable

Initial eigenvalue Rotate the sum of squares to load

i Total | Variance/% | Cumulative/% | Total | Variance/% | Cumulative/%
1 3.218 35.756 35.756 3.149 34.989 34.989
2 1.976 21.956 57.712 2.131 23.678 58.667
3 1.309 14.544 72.256 1.223 13.589 72.256
4 0.761 8.456 80.712 - - -

5 0.572 6.356 87.068 - - -

6 0.437 4.856 91.924 - - -

7 0.315 3.500 95.424 - - -

8 0.243 2.700 98.124 - - -

9 0.169 1.878 100.00 - - -

According to the formula of principal component analysis, the rotated loading matrix of
principal component factors can be obtained as shown in Figure 3. Upon examination of the
figure, it becomes evident that the evaluation indexes involved in each common factor have
factor loading values higher than 0.6. Among them, common factor 1 mainly contains
EDL1~EDL4 indexes, common factor 2 mainly contains TPL1~TPL2 indexes, and common
factor 3 mainly contains PSL1~PSL3 indexes.
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Figure 3: Principal component factor rotation load matrix

Through the analysis of the factor loading matrix, China and various regions' data have been
introduced. Then, leveraging the computational expression governing the derivation of the
substitution capacity indicator for electrification replacement endeavors, the corresponding
substitution capacity indicators spanning China and its constituent regions have been derived
and are presented in Figure 4.

Referring to the preceding figure, it is readily observable that the evolutionary trajectory of
the substitution capacity indicator tied to electrification replacement endeavors across China is
mainly divided into two periods, which are 2016~2019 and 2019~2024. The first period can be
found as an upward trend followed by a declining trend. Specifically, from 2016~2019, the
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substitution capacity indicator associated with electrification replacement endeavors is
continuously growing from 0.399 in 2016 to 0.468 in 2018, a total growth rate of 17.29% and
then decreasing to 0.434 in 2019, with a decline rate of 7.27%. However, the second period is
characterized by a sustained increasing process due to the fact that the country focuses on the
significance of electrification replacement endeavors and advances such initiatives through
many different kinds of policy measures and technologies. Thus, from 2019 to 2024, the
substitution capacity indicator linked to electrification replacement endeavors climbs from
0.434 reaching 0.751, an increase of 73.04%. This indicates that the prevailing growth trajectory
of electrification replacement endeavors across China is relatively rapid, providing reliable
support for the realization of green low-carbon and enterprise green transformation.

Moreover, regarding the perspective of regional heterogeneity, the trend in the east region
seems relatively similar to that of the nation trend, but there seems to be an increasing, followed
by decrease and then increasing trend in the overall growth rate which is relatively faster than
the nationwide benchmark. The substitution capacity indicator pertaining to initiatives within
the central region appears closely aligned with the nationwide average substitution capacity
indicator, and the total variation in the potential index of the project of the western region seems
relatively low, about 0.3, and the various regions rank in the following order, from highest to
lowest, East > Central > West. It can be observed that the proximity of the eastern territory to
littoral zones to the benefits of industrialization reforms makes it relatively well-developed
when compared to inland and northwestern territories, whereas the western territory as a whole
is barren in nature and depends heavily on traditional energy sources for generating electricity.
However, with the development of distributed energy resources, the central and western regions
seem promising.
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Figure 4: Power substitution project potential index
4.2 Multi-scenario forecasting of electricity substitution

4.2.1 Electricity substitution project model projections

According to the statistics of the electricity substitution projects from 2016 to 2024, the GM-
BP model was constructed to forecast the evolutionary trajectory of the substitution capacity
for electrification replacement initiatives through the combination of the GM(1,1) alongside the
BP neural network introduced during the preceding section. Under the premise that the
substitution capacity of the electrification replacement initiative in 2015 is designated as the
reference point, the mean absolute error (MAE) serves as the diagnostic metric to assess the
comparative performance across different models.

It is clear from the diagram above that the mean absolute error value of the hybrid GM-BP
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model developed using the integration of GM and BP neural networks technologies is 1.662
and is just 0.85% away from the real value of 1.648. Compared to that, the MAE value of the
GM model and BP model in quantifying the substitution capacity of electrification replacement
initiatives is 1.442 and 1.726, which are 12.5% lower and 4.73% higher than the real values,
respectively. From the above discussion and findings, it is evident that the accuracy of the
hybrid GM-BP model for quantifying the substitution capacity of electrification replacement
endeavors reaches 99.15%. Therefore, the GM-BP framework demonstrates superior capability
in estimating the substitution capacity associated with electrification replacement initiatives,
and the combined model can obtain better forecasting outcomes in comparison to a standalone
individual framework, which provides support to ensure the full release of the substitution
capacity inherent in electrification replacement endeavors.
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Figure 5: The comparison of the predicted value and the actual value

4.2.2 Multi-scenario forecasting of electricity substitution

To achieve more thorough forecast analysis concerning the substitution capacity of
electrification replacement endeavors, the current study incorporates three contrasting
hypothetical scenarios that constitute the analytical foundation for gauging the substitution
capacity of electrification replacement initiatives. In Scenario 1, electric energy substitution
projects have already developed but ignore the influence of scientific advancement and
governmental backing toward the growth of electrification replacement endeavors, which
means that this scenario focuses on the integration between electrification replacement
initiatives and economic expansion. Scenario 2 extends beyond Scenario 1 by embedding the
contribution of scientific advancement into Scenario 1, thus realizing the integration between
electrification replacement initiatives and economic expansion alongside scientific
advancement. Finally, Scenario 3 builds upon Scenario 2 by adding the impact of policy support
into Scenario 2, thereby achieving the integration between electric energy substitution projects
and economic development, technological progress, and policy support.

Using GM-BP to predict the possibility of projects associated with electrification transition,
we obtain the forecasted outcomes derived from the electrification displacement power in
different scenarios, as illustrated in Figure 6 below.

From Figure 6 above, it can be noted that the growth in electricity substitution in Scenario
1 is diminished relative to that of Scenarios 2 and 3. The underlying reason is that Scenario 1
incorporates neither scientific advancement nor policy-driven mechanisms to stimulate the
advancement of electricity substitution. Additionally, the rate of growth in electricity
substitution in Scenario 3 is higher than that in Scenario 2 owing to the increased government
intervention in promoting electricity substitution. Electricity substitution will continue growing
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consistently between 2026 and 2036 up to 2046, after which the growth in electricity
substitution will stabilize owing to market saturation.

Electricity Substitution Under Scenarios 2 and 3 The process of electricity substitution
under Scenarios 2 and 3 is significantly greater than that in Scenario 1. More importantly, the
effect of Scenario 3, in addition to policy support, is significantly more important for the
development of electricity substitution in comparison with Scenario 2 that depends only on the
technological progress to push forward electricity substitution. As we see from Fig. 7, in 2016,
2026, 2036 and 2046, electricity substitution under Scenario 2 amounts to 1.72 trillion kW H,
7.18 trillion KW h, 32.96 trillion kW hH alongside 59.81 trillion kW H correspondingly, which
represents increments in the substitution by 13.16%, 15.62%, 24.61%, and 26.90% in
comparison with Scenario 1. The expansion rate of electrification displacement accelerates
more substantially under Scenario 3 attributable to heightened policy intervention, which
increases the aggregate volume of substituted electricity by 0.39 trillion kW h, 1.81 trillion
KW h, 11.83 trillion kW #h, alongside 29.02 trillion kW h correspondingly, compared to
Scenario 1, with an improvement rate of 25.66%, 29.15%, 44.73%, and 61.57%.
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Figure 6: Different scenarios of electric power replacement
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Figure 7: The potential analysis of electric power substitution projects

During the nascent period of the electrification transition, at this particular juncture within
the evolutionary trajectory of electrification displacement, the major sector of application is
mostly found in the domain of deploying electrical power as a substitute for bulk coal, coal-
powered heating units, electric thermal systems to substitute coal-derived heat, etc. Throughout
the intermediate and advanced periods of the evolutionary trajectory of electrification
displacement, most fields of utilization will focus on the electrification of family activities, the
use of motors to substitute the internal combustion engine and to enable electric vehicles to
replace fuel-driven automobiles. On the one hand, the implementation of governmental backing
mechanisms targeting electrification transition can help to optimize the economic efficiency
pertaining to electrification displacement and steer the wider population toward embracing
environmentally conscious and efficient electric energy to substitute fossil resources.
Conversely, the introduction of policy support can promote the expansion across the sphere of
electrification displacement and accelerate the advancement of technology through project
implementation.

5 Conclusion

According to the statistics about the substitution of electricity between 2016 to 2024, the GM-
BP model is established by using artificial intelligence and multivariate data analysis
technologies to estimate the substitution capacity associated with electrification replacement
endeavors. Through the computational procedure, the total improvement rate of the electric
energy provided by the electricity substitution project of China between 2016 to 2024 can be
estimated to be up to 215.53%. Meanwhile, the forecasting precision of the GM-BP framework
in quantifying the substitution capacity of the electric energy substitution project is 99.15%,
and under the scenario of sustained economic expansion and guarantee of scientific
advancement alongside policy supports, the substitution capacity inherent in the electric energy
substitution project can reach its maximum up to 61.57% higher than that just based on
economic development. This indicates that the application of modern science and multivariate
data analysis technologies contributes significantly to the estimation of potential and promoting
high quality development of electrification replacement endeavors.
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