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This paper quantitatively examines the substitution effects within China’s clean energy sector, focusing on the
hydropower and new energy generation sectors across the top 14 hydropower-producing provinces, which
collectively contribute to over 80 % of the country’s total hydropower output. To provide a comprehensive
analysis of regions that significantly influence national trends, the study utilizes the Cross-Price Elasticity (CPE)
and Morishima Elasticity of Substitution (MES). CPE measures how the quantity demanded of one energy source
responds to a change in the price of another, while MES assesses the sensitivity of the ratio between two energy
inputs to price changes. A Seasonal Autoregressive Integrated Moving Average (SARIMA) model is employed to
forecast energy substitution dynamics, offering robust predictive accuracy. The average MES between clean
energy and thermal power is 0.663, indicating a moderate substitution relationship, with the effect more pro-
nounced in summer. Additionally, the mean MES between hydropower and new energy generation is 2.067,
reflecting a strong substitution effect between these two clean energy forms. Furthermore, the SARIMA model
shows a mean squared error (MSE) as low as 0.0006 in some cases, demonstrating its robust predictive accuracy
in forecasting energy substitution dynamics. These results offer empirical support for policies aimed at reducing

reliance on thermal power and promoting clean energy development in key provinces.

1. Introduction

The Glasgow Climate Pact calls on participating nations to
strengthen their commitments to limit the global temperature increase
to below 1.5 °C, as outlined in the Paris Agreement. Given that the
power sector is the largest emitter of greenhouse gases, it remains a
central focus for most countries(Zhao et al., 2024). The transition from
fossil fuels to renewable electricity is a key solution for addressing
climate change (Attilio et al., 2024). In China, achieving this target re-
quires substantial progress in the power sector’s transition to clean en-
ergy sources, as it is responsible for 39.7 % of the country’s total CO5
reductions(Zhao et al., 2021). Consequently, facilitating a clean energy
transition in the power sector is critical (Chai et al., 2023). This tran-
sition not only entails replacing fossil fuel-based electricity generation
with cleaner alternatives like wind, solar, and hydropower, which pro-
duce significantly lower emissions, but also optimizing waste materials
and biomass utilization for energy generation. Recent advancements,
such as the co-pyrolysis of de-oiled microalgal biomass and waste tires,
have shown potential for enhancing bio-oil production while addressing
waste management issues(Kumar et al, 2022). Furthermore,
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hydrothermal carbonization (HTC) of microalgae and yard waste can
produce clean solid fuels with high energy density by enhancing carbon
content and reducing oxygen and nitrogen levels(Kumar et al., 2024).
Guided by the Sustainable Development Goals (SDGs), many coun-
tries have advocated for a wide range of energy and environmental
policies (Lee and Li, 2024). In recent years, China has played a crucial
role in the global clean energy transition. To ensure the successful
implementation of China’s carbon neutrality strategy and energy tran-
sition goals, the Chinese government has issued a series of policy doc-
uments supporting the development of clean energy. These include the
“Energy production and consumption transition strategy (2016-2030)”
and the “14th Five-year plan for renewable energy development” aimed
at reducing reliance on fossil fuels, increasing the proportion of new
energy, and promoting a green transformation of the energy structure
(Hu et al., 2024). Based on these goals and policy frameworks, China has
proposed several clean energy transition initiatives, including increasing
new energy installed capacity (Chai et al., 2023), investing heavily in
hydropower(Wang et al., 2023), wind energy, and solar energy(Yu et al.,
2021), and nuclear energy (Shang et al., 2021), and advancing techno-
logical innovation and industrial upgrading in clean energy enterprises
(Du et al., 2021; Liu, F. et al., 2024). With the support of government
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Nomenclature
CPE Cross-Price Elasticity
MES Morishima Elasticity of Substitution

SUR Seemingly Unrelated Regression

C-D Function Cobb-Douglas Function

CES Function Constant Elasticity of Substitution Function
ARIMA  Autoregressive Integrated Moving Average

SARIMA Seasonal Autoregressive Integrated Moving Average
ADF Augmented Dickey-Fuller test

PACF Partial Autocorrelation Function
AR Autoregressive

MA Moving Average

AIC Akaike Information Criterion
LCOE Levelized Cost of Electricity

F Thermal Power Generation

C Clean Energy Generation

w Hydropower Generation

N New Energy Generation

CNY Chinese Yuan
kWh Kilowatt-hour

policies and advancements in clean energy technology, China’s clean
energy industry has flourished, providing strong support and valuable
experience for the global clean energy transition(Zahoor et al., 2022).

The first stage of China’s clean energy development was primarily
driven by hydropower. As a representative of clean energy, hydropower
boasts advantages such as low carbon emissions, low costs, stability,
reliability, and operational flexibility, making it an effective means of
combating climate change. Over the past 40 years, China has seen rapid
development in hydropower, which has become a significant pillar of its
early clean energy development (Sun et al., 2021). However, as suitable
sites for hydropower development become limited due to geographical
and environmental constraints, the focus has gradually shifted to wind,
solar, and nuclear power (Guo et al., 2023). These alternative sources of
energy are not only abundant and widely accessible, but also capable of
providing scalable and sustainable solutions to meet the growing energy
demand. The second stage of China’s clean energy development pri-
marily focuses on wind, solar, and nuclear power. With continuous ad-
vancements in new energy technologies and declining costs, wind and
solar power have become the core of current clean energy development.
This stage is characterized by the large-scale development and appli-
cation of wind and solar power technologies(Sun et al., 2024).

This paper focuses on energy generation in the power sector, defining
"clean energy" as environmentally friendly energy characterized by low
pollutant emissions during production and use, with minimal environ-
mental impact. It specifically includes hydropower, wind power, solar
power, bioenergy (such as biogas), geothermal energy (including
ground and water sources), and tidal energy. To provide a robust
empirical analysis, this study focuses on China’s top 14 hydropower-
producing provinces, including Sichuan, Yunnan, Hubei, Guizhou,
Guangxi, Hunan, Qinghai, Xinjiang, Gansu, Fujian, Guangdong,
Chongqing, Zhejiang, and Henan. These provinces were selected due to
their substantial contribution to China’s hydropower generation,
collectively accounting for over 80 % of the national hydropower
output. This high concentration of hydropower production makes these
provinces critical for understanding the broader trends and dynamics in
China’s clean energy transition. Additionally, these provinces encom-
pass diverse geographical and climatic conditions, providing a
comprehensive overview of the regional variations in energy substitu-
tion patterns. It is important to note that based on the theory of energy
development stages, there should be a gradual substitution process
within clean energy. As energy utilization technologies advance, solar
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and wind energy, with their price and application advantages, are ex-
pected to gradually replace traditional clean energy generation (hy-
dropower). For example, in the early stages of clean energy
development, hydropower was predominant, but as energy utilization
technologies progress, there should be a transition from hydropower to
solar and wind energy. This study analyzes the substitution between
clean and traditional energy in China’s top 14 power-generating prov-
inces, revealing regional differences in substitution effects. Further-
more, based on the theory of energy development stages, it explores the
differential substitution characteristics within clean energy, providing
references for formulating more scientific and rational energy policies.

Previous studies on energy factor substitution elasticity have pri-
marily concentrated on the substitution relationship between specific
energy types. For example, Wesseh Jr et al. (2013) demonstrated that
electricity is a substitute for petroleum in Liberia’s industrial produc-
tion. Similarly, Xie and Hawkes (2015) analyzed China’s transport in-
dustry from 1980 to 2010 and found that all energy inputs are
substitutes. Their study highlighted particularly high substitution be-
tween oil and natural gas and noted a significant increase in substitution
elasticity between oil and electricity over time.

Additionally, there is an expanding body of research that examines
the overall relationship between clean energy and traditional fossil en-
ergy, particularly in the context of China. For example, Pelli (2012),
based on a Constant Elasticity of Substitution (CES) Function, used
power production input data from 21 countries to estimate the average
factor substitution elasticity between clean and fossil energy, finding an
average elasticity of 0.51, indicating a substitution relationship. Simi-
larly, Papageorgiou et al. (2017) used energy use data from 26 countries
between 1995 and 2009 provided by the World Input-Output Database
(WIOD) to estimate that the substitution elasticity between clean and
non-clean energy inputs is significantly greater than 1, suggesting that
the development of clean energy is highly beneficial for promoting green
growth.

Focusing on China, Liu and Lin (2017) quantified inter-factor and
inter-energy substitution in China’s building construction industry,
finding that while energy and non-energy inputs are substitutes, indi-
vidual energy inputs are complementary, and that a uniform carbon tax
could reduce CO, emissions by approximately 3 %. Moreover, Xu et al.
(2021) examined the influence of policy scenarios on the levelized cost
of electricity (LCOE) for various power technologies, revealing that with
stringent energy policies, the economic advantages of renewable energy
sources such as wind and solar photovoltaic power significantly increase
over coal power. Conversely, Hou and Song (2022) analyzed the sub-
stitution relationship between thermal power and clean energy in China,
finding that biased technical change is thermal power-using, which
suggests that technological change is not conducive to the improvement
of electricity structure from thermal power to clean energy.

Furthermore, Wang et al. (2022) examined the dynamics of
substituting coal power plants with renewable energy power plants in
China, concluding that renewable energy becomes the main power
source at the mature stage and stressing the importance of reducing the
adoption cost of energy storage and carbon capture and storage tech-
nology. Likewise, Luo and Zhang (2024) estimated the substitution
elasticity between non-clean energy generation (thermal power) and
clean energy generation (hydropower, nuclear power, and other energy
generation) in China from 1993 to 2022, finding that the substitution
elasticity between thermal power and various clean energy forms is
greater than 1. Similarly, Liu, P.K. et al. (2024) explored the energy
security within the dual circulation framework, demonstrating that
Chinese wind power generation is a substitute for imported coal.

Despite significant efforts, existing research often focuses on the
substitution between fossil fuels and clean energy, with limited studies
examining the internal dynamics within clean energy itself. This gap in
the literature is particularly relevant in the context of China, where early
clean energy development relied heavily on hydropower, but recent
advancements have shifted focus towards wind and solar power. As new
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energy technologies gradually develop, the increasing share of wind and
solar power generation may impact the utilization of hydropower. Un-
derstanding the interactions between wind, solar, and other forms of
clean energy, such as hydropower, becomes increasingly important.
Unfortunately, few studies have adequately explored the complemen-
tary and substitution relationships within clean energy sources.

This paper addresses the research gap by examining the substitution
dynamics within clean energy in China’s top 14 hydropower-producing
provinces. Compared to the CES cost function, the trans-log cost func-
tion can better approximate the nonlinear characteristics of the cost
function, allowing us to observe the elasticity of factor substitution and
its periodic variations over time in different provinces of China. The
SARIMA model is effective in forecasting time series with cyclical fluc-
tuations. Therefore, we can not only analyze the historical changes in
factor substitution elasticity across provinces but also predict future
trends, which is significant for providing policy recommendations for
the development of clean energy. Specifically, we analyze how the
growing prominence of wind and solar power may be affecting the
utilization of hydropower in these regions. This study is the first to
explore the internal substitution relationship within clean energy (hy-
dropower versus solar power and wind power) based on the theory of
energy development stages. By revealing regional differences and both
external and internal substitution effects of clean energy, this research
contributes to the literature by providing new insights into the internal
substitution dynamics within the clean energy sector itself.

This study makes three marginal contributions: First, it is the first to
meticulously measure the factor substitution elasticity within clean
energy, particularly between hydropower and new energy generation
(solar and wind power). Using economic models and econometric
methods, we quantify the substitution potential between these two
forms of energy. Second, this study innovatively identifies the cost per
kilowatt-hour of hydropower based on listed company data, using
financial annual report data from Chinese hydropower listed companies
to accurately calculate the cost per kilowatt-hour of hydropower. This
cost analysis based on actual operational data provides a research
framework for future assessments of the economic feasibility of hydro-
power in the energy market. Additionally, by comparing with non-clean
energy costs, this study reveals the cost-effectiveness of hydropower,
providing strong data support for promoting the economic transition of
clean energy. Finally, from a regional perspective, this study establishes
a prediction framework for the internal substitution elasticity of clean
energy based on the Seasonal Autoregressive Integrated Moving Average
(SARIMA) model. The model successfully captures the seasonal char-
acteristics of time series data and provides accurate prediction results,
which are crucial for understanding and addressing regional differences
in clean energy development.

The structure of this paper is as follows: First, it introduces the
importance of clean energy and its development status in China, fol-
lowed by a literature review analyzing existing research on clean energy
substitution. Next, the methodology section describes in detail the factor
substitution theory, the trans-log cost function model, Seemingly Un-
related Regression (SUR), and the Seasonal Autoregressive Integrated
Moving Average (SARIMA) model. The SUR involves a set of linear
regression equations, each of which has its own dependent variable and
potentially different sets of explanatory variables. The key aspect of the
SUR is that, although the error terms of different equations are assumed
to be uncorrelated with the explanatory variables, they may be
contemporaneously correlated with each other (Zellner, 1962). These
models are employed to rigorously analyze the interactions between
hydropower and new energy generation across the top 14
hydropower-producing provinces, with data collected from various
authoritative sources focusing on electricity generation costs and shares
for thermal power, hydropower, and new energy.

Subsequently, the analysis of power costs and shares section com-
pares the costs per kilowatt-hour of thermal power and clean energy
generation, as well as hydropower and new energy generation,
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analyzing the cost shares of different provinces from a regional
perspective. The results section presents the empirical findings, show-
casing the significant substitution relationships between clean energy
and thermal power, as well as within the clean energy sector itself. Using
Cross-Price Elasticity (CPE) and Morishima Elasticity of Substitution
(MES), we reveal how these relationships vary seasonally and region-
ally. The SARIMA model’s predictions offer insights into future trends,
emphasizing the need for targeted investments and policy interventions.

The discussion interprets these findings in the context of China’s
energy policies, suggesting strategic measures to enhance clean energy
capacity and reliability. Finally, the paper concludes by summarizing
the key results and their policy implications, advocating for tailored
regional strategies, technological advancements, and improved grid
management to support China’s clean energy transition. The limitations
of the study are acknowledged, with future research directions proposed
to explore advanced grid technologies, energy storage solutions, and
strategies for ensuring a consistent energy supply (Fig. 1).

2. Literature review and methodology
2.1. Data collection

To ensure data availability and statistical consistency, this study
analyzes the electricity sector data of the top 14 hydropower-producing
provinces in China (Sichuan, Yunnan, Hubei, Guizhou, Guangxi, Hunan,
Qinghai, Xinjiang, Gansu, Fujian, Guangdong, Chongging, Zhejiang,
Henan) for the period from May 2016 to December 2022. These prov-
inces are selected based on their substantial contribution to the national
hydropower output, collectively accounting for over 80 % of the coun-
try’s total hydropower generation. This selection ensures that the
analysis captures the most significant trends and dynamics in the hy-
dropower sector, which are critical for understanding broader national
and potentially global energy substitution trends. Monthly data on
thermal, hydropower, solar, and wind power generation were sourced
from the National Bureau of Statistics’.

The cost per kilowatt-hour (kWh) of thermal power generation is
calculated by multiplying the consumption of coal, oil, and natural gas
in the power sector by their respective prices and then dividing by the
thermal power generation volume. This study utilizes data from the
CEIC database” and the National Bureau of Statistics® for the con-
sumption and generation volumes of coal, oil, and natural gas. Addi-
tionally, the price data for Qinhuangdao coal, Sinopec crude oil average
realized prices, and pipeline gas service prices in 36 cities were sourced
from the Wind database to calculate the cost per kWh for thermal power
generation. The cost per kWh for hydropower generation is based on the
financial reports of 15 listed hydropower companies in China, calculated
as the total cost of hydropower generation divided by the hydropower
generation volume. The cost per kWh for new energy generation,
including wind and solar power, refers to the costs outlined in the "China
New Energy Power Generation Analysis Report" from 2017 to 2023
(Fig. 2).

2.2. Cross-price and morishima elasticity of substitution

The theory of factor substitution aims to analyze the interactions
between different factors in the production process, focusing primarily
on how relative changes in the prices of two or more factors affect their
input ratios. This theory was first proposed by Hicks (Hicks, 1932). In
the context of energy production, factor substitution is evident not only
in the complementary and substitutive relationships between energy,
capital, and labor but also within different types of energy. A core

1 https://www.stats.gov.cn/
2 https://insights.ceicdata.com.cn/
3 https://www.stats.gov.cn/
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Fig. 1. Roadmap for analyzing clean energy substitution in China’s top hydropower provinces.

element of substitution theory is relative price changes, whereby an
increase in the price of one type of energy leads consumers or producers
to switch to a lower-cost alternative. While existing studies often focus
on the complementary and substitutive relationships between non-clean
energy, such as fossil fuels, and clean energy, they tend to overlook the
internal substitution relationships among different types of clean en-
ergy. With advancements in technology and growing environmental
awareness, the costs of generating new energy, represented by wind and
solar power, are gradually decreasing, making the substitution re-
lationships among various clean energy sources more valuable for
research. Therefore, this paper measures the substitution elasticity
concerning both non-clean energy and clean energy, as well as the in-
ternal complementary and substitutive relationships within clean
energy.

Specifically, CPE refers to the rate at which the demand for one
production factor changes in response to a change in the price of another
factor, holding other conditions constant. MES, also known as net elas-
ticity of substitution, assesses the sensitivity of the ratio of two input
factors to changes in prices (Morishima, 1967). Based on CPE and MES,
the complementary and substitutive relationships between factors are as
follows:

MES < 0, CPE < 0,Complementarity
MES < 0, CPE > 0, Uncertainty

MES > 0, CPE < 0, Uncertainty

MES > 0, CPE > 0, Substitutability

@

2.3. Trans-log cost share equation

In comparison to the Cobb-Douglas (C-D) function and the Constant
Elasticity of Substitution (CES) function, the trans-log cost function
imposes fewer restrictions and offers a more flexible model with variable

elasticity. As an application of duality theory, the trans-log cost function
provides a second-order approximation for any arbitrary function of
indeterminate form (Coelli et al., 2005). Utilizing the trans-log cost
function allows for the examination of the elasticity of substitution be-
tween two factors over different time periods across various provinces.
By approximating the cost function using the trans-log cost function,
where C represents the total cost and P denotes factor prices, and F and C
represent thermal and clean energy generation, respectively:

1
InC = ap + aylnY + Zi:ailnPi +3 sz:aﬁlwile )

Here, i,j = F,C. The parameter o; is considered a distribution parameter
used to measure the cost share not directly related to factor prices, while
a; is used to assess the substitution relationships between factors,
measuring the changes in the cost share function with factor price
fluctuations. According to Shephard’s lemma, the demand for a specific
factor can be derived by taking the partial derivative of the cost function
with respect to the price of that factor:

aC

X = —
L oop

3
Where C represents the total cost, P denotes factor prices, and F and C
represent thermal and clean energy generation, respectively. The cost
share of a specific factor is given by:

7Xi'Pi _ aC Pi 7 ac Pi _ ‘%C 7 JlnC

C o C Cop % olnp

Si 4

Combining Eq. (2), we get:
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Fig. 2. Map of hydropower generation in China’s top 14 hydropower-producing provinces in 2022.

_anC

Si= olnP;

=a+» aylnP;, (i,j=F,C) (5)
J

Therefore, the cost share for thermal and clean energy generation
can be expressed as:

(6)

SF =ar+ CIFFIHPF + apclnPc
S¢ = ac + acclnP¢ 4 acgplnPp

The above cost share equations can be used to study the substitutive
or complementary relationships between thermal and clean energy
generation. Similarly, when i,j represent hydroelectric power W and
new energy generation N, the cost share for hydroelectric and new en-
ergy generation is:

{ Sw = aw + awwlnPy + awnInPy 7

Sy = an + axyInPy + aywlnPy

This paper employs SUR model to estimate Eq. (7). First proposed by
Zellner in 1962, SUR improves estimation efficiency by leveraging the
correlation between the error terms across equations (Zellner, 1962).
Subsequently, based on parameter estimation results, the substitution
elasticity for various factors and between factors is calculated using the
following elasticity formula:
dnP; dnp; S
onX;/X; dlnX; olnX;

dnP; ~ dlnP; dInP

CPE; =

®
MES;; =

This paper uses CPE and MES to measure and compare the elasticity
relationships among factors.

2.4. Predictive model

The two most frequently utilized methods in time series forecasting
are Exponential Smoothing and Autoregressive Integrated Moving
Average (ARIMA) models (Brockwell and Davis, 2002). And the Sea-
sonal Autoregressive Integrated Moving Average (SARIMA) model is a
time series forecasting method that captures both regular and seasonal
patterns in data. It extends the basic ARIMA model by adding terms to
account for seasonality, making it well-suited for predicting trends in
data that show seasonal fluctuations, such as energy production (Noor
et al., 2022). By using SARIMA, we can accurately forecast how energy
sources like hydropower and wind power will perform over time,
especially during different seasons.

SARIMA models are widely used for forecasting time series with
seasonality. For instance, Gikungu et al. (2015) utilized the SARIMA
model to forecast Kenya’s inflation rate using quarterly data from 1981
to 2013, demonstrating that the SARIMA model possesses high predic-
tive accuracy. Fang and Lahdelma (2016) combined a multivariate
linear model with a SARIMA model to predict heat demand for district
heating systems. Additionally, Wang et al. (2013) utilized the SARIMA
model to forecast precipitation trends, achieving good fit results.

Considering the seasonal patterns in hydropower generation, this
study employs the SARIMA model to forecast cross-price elasticity and
substitution elasticity. The general form of the SARIMA model is
SARIMA(p, d, q)(P, D, Q, s), where AR(p) represents the autoregressive
component of order p, MA(q) is the moving average component of order
q, I(d) is the integrated component of order d, Seasonal AR(P) is the
seasonal autoregressive component of order P, Seasonal MA(Q) is the
seasonal moving average component of order Q, and Seasonal I(D) is the
seasonal integrated component of order D, with s representing the sea-
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sonal period. The SARIMA model can be expressed as:
(1-¢:B)(1-®B)(1-B)(1-B)y, = (1+6:B)(1+6:,B)e; )

where B is the backshift operator, ¢, and ®; are the parameters for the
non-seasonal and seasonal autoregressive components, respectively, 6;
and ©; are the parameters for the non-seasonal and seasonal moving
average components, respectively, y; is the value of the series at time t,
and ¢, is the white noise error term. To fit the model, the original data is
first subjected to ordinary and seasonal differencing to obtain a sta-
tionary non-white noise series.

The augmented Dickey-Fuller (ADF) test is used to check for statio-
narity. Once stationarity and non-white noise are confirmed, the auto-
correlation function (ACF) and partial autocorrelation function (PACF)
plots of the differenced series are examined to preliminarily determine
the values of p, d, and q for model fitting. By examining the ACF and
PACF plots, the appropriate orders of the autoregressive (AR) and
moving average (MA) components are identified, leading to the deter-
mination of the optimal SARIMA(p, d, q)(P, D, Q, s) model based on
the Akaike Information Criterion (AIC). By following these steps, the
SARIMA model effectively captures the seasonal characteristics of hy-
dropower generation, enabling accurate forecasts of cross-price elas-
ticity and substitution elasticity.

We utilized data from May 2016 to December 2021 as our training
set and data from the entire year of 2022 as our test set. Our objective
was to predict the CES and MES for 2022 and 2023. We conducted
elasticity measurements and predictions for CES and MES from 2016 to
2023 at both the national and provincial levels. The SARIMA parameters
of the national CES and MES average prediction models are detailed in
Table 1, and the results can be seen at Figs. 8 and 9. These model
specifications are designed to capture the seasonal dynamics in the data,
thereby providing robust forecasts for the elasticity measures under
consideration.

3. Electricity cost and share analysis
3.1. General analysis

Considering the stability of energy supply, thermal power generation
has remained a crucial component of China’s energy system. Despite its
relatively high cost per kilowatt-hour and vulnerability to fuel price
fluctuations, it maintains a significant position. The primary costs of
thermal power generation include fuel costs, operational and mainte-
nance costs, and environmental management costs. Among these, fuel
costs dominate, especially when coal prices are high, leading to
increased electricity costs. Additionally, driven by policy and environ-
mental requirements, environmental management costs for thermal
power generation have been rising yearly, requiring companies to
allocate more resources to pollutant treatment and emission control.

In 2021, the significant increase in coal prices was likely due to a
combination of factors: limited coal production capacity, demand

Table 1
SARIMA model parameters.
P d q P D Q s

CPEnw 1 0 2 1 1 0 12
CPEyN 1 0 0 0 1 0 12
MESwn 1 1 0 1 1 0 12
CPEcr 0 1 0 0 0 1 12
CPEr¢ 0 1 1 1 1 0 12
MESgc 2 0 0 1 0 0 12

Note: p and seasonal P indicate number of autoregressive terms (lags of the
stationarized series); d and seasonal D indicate differencing that must be done to
stationarize series; g and seasonal Q indicate number of moving average terms
(lags of the forecast errors); s indicates seasonal length in the data.
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growth spurred by economic recovery, decreased transportation effi-
ciency, environmental policy impacts, and market expectations of future
supply-demand tensions. The interaction of these factors exacerbated
market supply-demand conflicts, driving up coal prices.

In contrast, clean energy generation, such as hydropower, though
initially expensive to invest in, offers relatively stable and lower elec-
tricity costs. The main costs of hydropower are concentrated in initial
construction investment and subsequent operation and maintenance.
Since hydropower utilizes natural resources, its fuel cost is nearly zero,
giving it a clear advantage in electricity cost. Furthermore, with tech-
nological advancements and economies of scale, the cost per kilowatt-
hour of clean energy generation is trending downward (Fig. 3).

As shown in Fig. 4, the cost per kilowatt-hour of hydropower has
remained relatively stable throughout the period, averaging approxi-
mately 0.0887 CNY/kWh. This indicates that hydropower is a relatively
economical method of power generation in China, offering significant
cost advantages. In contrast, the initial cost per kilowatt-hour of new
energy generation was higher, around 0.5283 CNY/kWh, but it has
shown a gradual downward trend. This decline reflects the impact of
technological advancements and economies of scale, bringing the cost of
new energy generation closer to, and potentially below, that of tradi-
tional hydropower.

Overall, the cost per kilowatt-hour for hydropower is significantly
lower than that for new energy generation. However, the rapid decrease
in the cost of new energy generation over time is narrowing the gap.
With continued policy support and technological progress, the cost of
new energy generation is expected to keep declining, further enhancing
its market competitiveness.

Our analysis of the cost per kilowatt-hour reveals that hydropower
currently retains a clear cost advantage. Nevertheless, with the ad-
vancements in new energy technologies and the benefits of economies of
scale, the cost of new energy generation is decreasing rapidly. In the
future, new energy generation may match or even surpass hydropower
in cost-effectiveness, providing strong support for the transformation of
China’s energy structure.

Fig. 5 shows that from 2016 to 2022, the share of thermal power
generation in China generally increased, while the share of clean energy
generation declined. In 2021, the share of thermal power generation
peaked at approximately 77 %, while the share of clean energy gener-
ation dropped to its lowest point at about 23 %. This highlights the
heavy reliance of the power industry on thermal power. Additionally,
the cost shares exhibited clear seasonal fluctuations during this period,
with thermal power shares higher in winter and clean energy shares
lower. This can be attributed to increased heat demand during cold
seasons and reduced hydropower output. Hydropower typically reaches
its nadir in winter, further increasing dependence on thermal power.
Conversely, clean energy generation plays a crucial role during the
summer and rainy seasons, particularly from April to August, when the
cost share of hydropower generally rises.

Fig. 6 indicates a fluctuating decline in the share of hydropower from
2016 to 2022, while the share of new energy generation rose from about
35 % in 2016 to nearly 70 % in 2022. This trend signifies the growing
proportion of new energy generation in China’s energy mix, reflecting
rapid development and policy support in the new energy sector. Sea-
sonal analysis reveals that hydropower shares are typically higher in
summer (June to August) due to the seasonality of water resources, with
increased rainfall favoring hydropower generation. In contrast, new
energy generation, particularly wind and solar power, may see a drop in
winter due to shorter daylight hours and less favorable wind conditions.
However, the overall growth trend of new energy generation shares
appears unaffected by seasonal factors, indicating that advancements in
new energy technology and grid management are gradually overcoming
these limitations. With continued technological progress and policy
support, the share of new energy generation is expected to keep
increasing. Meanwhile, hydropower will need to optimize its scheduling
strategies to better adapt to the evolving energy structure.



Y. Wang et al. Cleaner Energy Systems 9 (2024) 100152

Cost per Kilowatt-hour for clean energy generation — Cost per Kilowatt-hour for thermal power generation

0.6F
= h
= Iy
= (.5F ]
(= |
L) ’
) 1 -
5 04F ! /
] , | \
= /
g o5 I\. | | | VAN
S 03F
= N /\ N ,_\ PR A \ ~ \/
5 “rd TN V- R A M T AN /’ ’
z 02F _ /7 \ \ / v M Y
& / v
|} -— v i
0 l 1 1 1 1 L 1 1 1 1 1 1 1 1 1
v N SN & NS Ny N & N NN Ng
N o N N N N N N o N AN AN AV AV A
AV\\ ,-\,Q N ,\>\ BN q,Q ﬁ/\\ ,-\)\\ N ,-\(Q ’ N7 N N A>\ 7 F\“\\ 7
Date

Fig. 3. Mean cost per Kilowatt-hour for clean energy generation and thermal power generation across all provinces.
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Fig. 5. Mean cost share of clean energy generation and thermal power generation across all provinces.
3.2. Reginal analysis highest proportions of clean energy generation, at 75 %, 74 %, and 73 %,

respectively. These provinces, located in western China, are rich in
Fig. 7 and Table 2 show that Yunnan, Sichuan, and Qinghai have the water resources, and their terrain and climate conditions are also
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Fig. 6. Mean cost share of new energy generation and hydropower generation across all provinces.

favorable for the development of wind and photovoltaic power. In
contrast, provinces like Gansu, Hubei, Hunan, and Guangxi have clean
energy generation shares between 27 % and 38 %. While these regions
have a foundation in clean energy, thermal power still dominates. Sea-
sonal and cyclical variations are more pronounced in these provinces.
For instance, Gansu has abundant wind resources in winter, while Hubei
and Hunan’s hydropower is significantly affected by seasonal rainfall.

Zhejiang and Guangdong have relatively low shares of clean energy
generation, at only 6 % and 7 %, respectively. These economically
developed and highly industrialized provinces have substantial power
demands, leading to a heavy reliance on thermal power. Although they
are actively promoting clean energy projects, progress has been slow due
to infrastructure and policy support limitations.

In the global efforts to combat climate change and promote sus-
tainable development, China is actively transitioning its energy struc-
ture towards clean energy. Hydropower, as a mature clean energy
technology, holds a central position in many provinces. Additionally, the
rapid growth of new energy sources such as wind and solar power is
driving the transformation of the energy structure.

Data analysis from Fig. 7 and Table 2 highlights that provinces like
Sichuan, Chongqing, and Hubei are national leaders in hydropower
generation, demonstrating their proficiency in utilizing water resources.
Sichuan, renowned for its abundant hydropower resources, dominates
its power structure thanks to its mountainous terrain and ample rainfall.
Chongqing and Hubei also perform well, with hydropower not only
meeting local energy needs but also supplying electricity to other
provinces.

While hydropower plays a significant role, the development of new
energy sources like wind and solar power is accelerating. Although the
share of wind and solar power may not be as high as hydropower, these
sources are crucial for diversifying the energy structure and reducing
carbon emissions. Regions like Xinjiang and Gansu, with their unique
geographical and climatic conditions, have become hotspots for wind
and solar energy development.

However, promoting and utilizing clean energy, including hydro-
power, is not without challenges. Seasonal and regional differences
significantly impact hydropower capacity, potentially leading to un-
stable power supplies. Additionally, the intermittent and unstable na-
ture of wind and solar power necessitates advancements in energy
storage technologies and smart grids.

To achieve sustainable development and reduce environmental
impact, China must continue to optimize its energy structure, increase
the share of new energy and hydropower, and develop related

technologies to address fluctuations in energy demand. Furthermore,
policy support and international cooperation are vital for advancing
clean energy development.

4. Analysis of substitution relationships
4.1. General analysis

Following the methodology outlined earlier, this study calculates the
CPE and MES for clean energy and thermal power, as well as hydro-
power and new energy generation for all provinces. The average elas-
ticity values for all provinces are displayed in Figs. 8 and 9.

Additionally, we utilized the SARIMA model to analyze elasticity.
The period from May 2016 to December 2021 served as the training set,
while the period from January 2022 to December 2022 was used as the
test set. The predictive performance of the SARIMA model, as shown in
Table 3, demonstrates high accuracy on the test set, indicating robust
forecasting capability.

According to the results in Fig. 8, there is a clear substitution rela-
tionship between thermal power generation and clean energy genera-
tion. The mean MESgc is 0.663, the mean CPEgc is 0.240, and the mean
CPEcr is 0.423. This indicates that while thermal power and clean en-
ergy generation substitute each other, the degree of substitution is
limited. Seasonal variations play a crucial role in this relationship, with
the substitution effect being more pronounced in summer than in winter.

During the summer, longer and more intense daylight increases the
output of solar and wind energy, effectively meeting peak electricity
demand driven by air conditioning and cooling needs, thereby reducing
reliance on thermal power. Additionally, the rainy season provides
abundant water resources, significantly boosting hydropower genera-
tion and decreasing the demand for thermal power. The high output of
clean energy can also lower wholesale electricity market prices, making
it more economically competitive and further substituting thermal
power generation.

According to the results shown in Fig. 9, the average MESyy is 2.067,
the average CPEyy is 0.974, and the average CPEny is 1.093. This in-
dicates a substitution relationship between hydropower and new energy
generation. In the hot summer months, the value of CPEyy is higher.
During the rainy season, abundant water resources significantly boost
hydropower generation, leading to a decrease in electricity prices and,
consequently, a reduced demand for new energy. In contrast, during the
cold winter months, the value of CPEyy is higher due to scarce water
resources, increasing the use of solar and wind energy to compensate for
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Fig. 7. Cost share of new energy, hydropower, clean energy, and thermal power by province.

the shortfall in hydropower.

Policymakers need to ensure that energy supply can adapt to sea-
sonal demand fluctuations. For instance, electricity demand typically
rises in summer and winter due to increased use of air conditioning and
heating equipment. Policies should incentivize energy companies to
boost production during peak demand periods or develop demand
response programs to alleviate pressure during these times.

Combining the predictive results, all elasticities are expected to

maintain current trends, with thermal power and clean energy genera-
tion, as well as hydropower and new energy generation, continuing their
substitution relationships. The predictive accuracy of the model is
higher when periodicity is more pronounced; actual elasticities during
the test period mostly fall within the 95 % confidence interval of the
model predictions.

Overall, the substitution elasticity between thermal power and clean
energy generation shows less pronounced periodicity and remains
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Table 2 relatively stable in magnitude. The substitution elasticity between new
Ranking of mean cost shares by province. energy generation and hydropower demonstrates more distinct period-
Province Clean Thermal Province New Hydropower icity, with CPENy and CPEyy generally exhibiting cyclic decreases and
energy power energy increases, respectively, while MESyy shows relatively stable cyclical
Yunnan 0.75 0.25 Xinjiang 0.89 0.11 changes.
Sichuan 0.74 0.26 Gansu 0.79 0.21
Qinghai 0.73 0.27 Henan 0.75 0.25
Gansu 0.38 0.62 Guangdong 0.66 0.34
Hubei 0.36 0.64 Qinghai 0.61 0.39 Table 3
Hunan 0.28 0,72 Zhejiang 0.60 0.40 Modelling sufficiency evaluation of all the models (all the statistics are based on
Guangxi 0.27 0.73 Fujian 0.58 0.42 the tested months).
Xm}lang 0.19 0.81 Hurlan 0.40 0.60 MSE RMSE MAE MAPE [%]
Guizhou 0.19 0.81 Guizhou 0.39 0.61
Chongging  0.16 0.84 Guangxi 0.33 0.67 CPEcr 0.0027 0.0523 0.0492 11.53
Fujian 0.15 0.85 Yunnan 0.29 0.71 CPExc 0.0006 0.0243 0.0233 12.18
Henan 0.08 0.92 Hubei 0.22 0.78 MESkc 0.0046 0.0679 0.0615 9.81
Guangdong  0.07 0.93 Chongqing 0.20 0.80 CPEnw 0.0147 0.1214 0.0891 9.42
Zhejiang 0.06 0.94 Sichuan 0.10 0.90 CPEwy 0.0317 0.1781 0.1570 11.97
MESwy 0.0081 0.0902 0.0725 3.50
Actural values =~ SARIMA 95% Confidence interval
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Fig. 8. Elasticity of substitution between thermal power generation and clean energy generation.
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Fig. 9. Elasticity of substitution between hydropower generation and new energy generation.
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4.2. Reginal analysis

Fig. 10 reveals the dynamic relationship between thermal power
generation and clean energy generation across various Chinese prov-
inces during the observation period. In provinces such as Yunnan,
Sichuan, Guangxi, Xinjiang, Hubei, Hunan, Gansu, Fujian, Guizhou,
Chonggqing, and Qinghai, there is a consistent substitution relationship
between thermal power and clean energy generation. This suggests that

Elasticity Elasticity Elasticity Elasticity Elasticity Elasticity Elasticity Elasticity Elasticity Elasticity Elasticity Elasticity Elasticity

Elasticity

- e s

~— Actural values — SARIMA

L

as the price of thermal power increases, the demand for clean energy
generation correspondingly rises, indicating market sensitivity to energy
price changes and a preference for clean energy.

In contrast, the situation in Guangdong, Zhejiang, and Henan is more
complex. During most months of the observation period, these provinces
exhibit a substitution relationship between thermal and clean energy
generation, but there are months when this relationship becomes un-
certain. This fluctuation may be due to various factors, including
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seasonal demand changes, policy adjustments, market supply and de-
mand conditions, and the external economic environment. For instance,
the increased demand for air conditioning in summer and heating in
winter may drive up the demand for thermal power, creating a ripple
effect on the demand for clean energy generation.

Within the clean energy sector, hydropower and new energy gener-
ation generally exhibit a substitution relationship in 14 provinces.
Sichuan, for example, is a significant base for hydropower due to its
abundant water resources, making hydropower a crucial component of
the province’s energy structure. High MES values indicate that as new
energy generation grows, hydropower’s role in meeting energy demand
is enhanced, particularly when new energy supply is insufficient. Simi-
larly, Xinjiang, with its rich wind and solar resources, shows rapid
growth in new energy generation, leading to high MES values. This re-
flects the significant potential of new energy to replace non-clean energy
sources, including hydropower. This substitution relationship demon-
strates not only the market’s adaptability to energy type shifts but also
the crucial role of energy policies and technological advancements in
driving the transformation of the energy structure.

From the predictive results, except for certain elasticity values in
Henan, Zhejiang, and Guangdong that are less than zero, other provinces
maintain a trend of cyclical fluctuations in elasticity values, all greater
than zero, indicating a substitution relationship. The more pronounced
the cyclical changes in elasticity, the better the model’s predictive
performance.

5. Conclusion

This study provides a detailed quantitative analysis of the substitu-
tion effects within China’s clean energy sector, focusing on the dynamics
between hydropower and new energy sources such as wind and solar
power across the top 14 hydropower-producing provinces. The findings
are based on the estimation of cross-price elasticity (CPE) and Mor-
ishima elasticity of substitution (MES), revealing significant substitution
relationships that have substantial implications for energy policy and
strategic planning.

1. Substitution Dynamics Between Clean Energy and Thermal Power
Generation.

Our analysis indicates a moderate substitution effect between
clean energy and thermal power generation, with the mean MES
being 0.663. This substitution effect is more pronounced during peak
seasons, particularly in summer, when the demand for air condi-
tioning drives up electricity consumption. The seasonal variations
highlight the critical role of enhancing the capacity and reliability of
clean energy sources to mitigate peak electricity demand. Policy-
makers should consider prioritizing investments in solar and wind
power infrastructure, especially in regions with high seasonal energy
demands. Enhancing grid integration and storage solutions will
further stabilize the energy supply, reducing reliance on thermal
power during peak periods and aligning with China’s carbon
neutrality goals.

2. Strong Substitution Relationship Within Clean Energy Sector.

The study reveals a strong substitution relationship within the
clean energy sector, particularly between hydropower and new en-
ergy sources, with the mean MES reaching 2.067. This indicates that
as the costs of wind and solar power decrease, these new energy
sources increasingly replace hydropower, especially during periods
of water scarcity. Policies that support technological advancements
and cost reductions in wind and solar power are crucial. Incentives
for research and development, as well as subsidies or tax incentives
for deploying these technologies, will be essential. Additionally,
enhancing grid flexibility and storage capacity will maximize the
benefits of these renewable sources.

3. Regional Disparities in Substitution Dynamics.

The study highlights significant regional

differences in
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substitution dynamics. Provinces like Yunnan, Sichuan, and Qinghai,
with abundant hydropower resources, should focus on optimizing
hydropower generation while gradually increasing the share of wind
and solar power. In contrast, economically developed provinces with
higher energy demands and less favorable conditions for hydro-
power, such as Zhejiang and Guangdong, should prioritize the
development of wind and solar power infrastructure and improve
energy efficiency measures. Tailored policies that consider local
resource endowments and economic contexts will ensure a more
balanced and sustainable energy transition across the country.
4. Predictive Analysis Using SARIMA Model.

The application of the Seasonal Autoregressive Integrated Moving
Average (SARIMA) model in this study provides a valuable tool for
policymakers. The model’s high accuracy in forecasting elasticity
values enables the anticipation of future substitution dynamics,
allowing for proactive policy adjustments. Policymakers can use
these predictions to plan for seasonal and cyclical variations in en-
ergy supply and demand, ensuring a more stable and reliable energy
system. For instance, during anticipated periods of high demand,
policies can be implemented to encourage energy conservation or to
ramp up clean energy production.

6. Limitations and future work

There are several limitations to this study that should be acknowl-
edged, and areas for future research that could enhance our findings.

1. Temporal Scope of the Data: The data used in this study spans from
May 2016 to December 2022. While this provides a solid foundation
for understanding recent trends and dynamics, extending the data to
include 2023 and beyond would offer a more current and potentially
richer perspective on the substitution effects within China’s clean
energy sector. Future research should aim to incorporate the most
recent data to capture ongoing developments and policy impacts
more accurately.

2. Advanced Grid Management: Integrating variable renewable energy
sources such as wind and solar into the grid presents significant
challenges related to stability and reliability. Our current discussion
does not fully address these complexities. Future research should
investigate advanced grid management technologies and strategies.
This includes smart grids, real-time monitoring systems, and
advanced distribution management systems that can handle the
variability and intermittency of renewable energy sources more
effectively.

3. Energy Storage Solutions: The intermittency of wind and solar power
necessitates effective energy storage solutions to ensure a stable
energy supply. Future work should analyze the role of various energy
storage technologies, including battery storage, pumped hydro
storage, and other innovative solutions. These technologies are
crucial for balancing supply and demand and for mitigating the ef-
fects of renewable energy variability.
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