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Abstract
This study employs cointegration theory from econometrics to quantitatively
investigate the degree of fluctuation impact among energy consumption, energy
supply, and factors including energy prices, economic development, industrial
structure, population, and urbanization. First, the Augmented Dickey-Fuller
model is adopted to test the stationarity of time series data for indicator vari-
ables. Second, the Lagrange multiplier model is employed to quantitatively cal-
culate the cointegration relationship between energy consumption and energy
supply at the national level and their relevant influencing factors. The results
indicate that both energy consumption indicators and population and urbaniza-
tion indicators have significant impacts on energy supply; energy consumption
is primarily influenced by industrial structure and economic indicators, while
being less affected by energy price fluctuations.
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Abstract
This paper employs cointegration theory from econometrics to quantitatively
analyze the volatility relationships among energy consumption, energy supply,
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and their influencing variables including energy price, economic development, in-
dustrial structure, population, and urbanization. First, the Augmented Dickey-
Fuller (ADF) model is used to examine the stationarity of time series data for
all indicator variables. Second, the Lagrange Multiplier (LM) model is applied
to quantitatively calculate the cointegration relationships between energy con-
sumption and its influencing variables, as well as between energy supply and
its influencing factors. The results indicate that energy supply is significantly
affected by energy consumption, population, and urbanization indicators. En-
ergy consumption is primarily influenced by industrial structure and economic
indicators, while being only slightly affected by energy price fluctuations.
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In April 2017, China’s National Energy Administration released the Energy
Production and Consumption Revolution Strategy (2016-2030), which empha-
sizes that from 2017 to 2020, China’s total energy consumption must be con-
trolled within 5 billion tons of standard coal equivalent [1]. The Energy Work
Guidance issued by the National Energy Administration in 2016 further stated
that the “dual control”task of controlling both total energy consumption and
energy intensity is the primary priority for China’s energy development [2].
Broadly speaking, numerous factors influence energy consumption and supply,
and these factors mutually affect each other through volatility effects. Any
macroeconomic influencing factor can produce volatility effects on both energy
supply and consumption [3]. This paper deeply investigates the volatility cointe-
gration relationships between national energy supply, energy consumption, and
key influencing factors, providing a foundation for subsequent optimization and
development recommendations.

The analysis examines five specific aspects: the impact of energy consumption-
related indicators on energy supply, the influence of economic indicators on
energy consumption, the effect of industrial structure-related indicators on en-
ergy consumption, the impact of energy price-related indicators on energy con-
sumption, and the influence of population and urbanization-related indicators
on energy supply.

1. Indicator Construction and Data Selection
Given that this study aims to investigate the mutual constraints between na-
tional energy consumption, energy supply, and their influencing factors under
conditions of undesirable outputs, we selected a total of 12 indicators across
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four dimensions: energy supply, energy consumption, economy, and industrial
structure. Panel data for these 12 indicators were collected for China from
1990 to 2015. Due to missing data, Tibet, Hong Kong, Macau, and Taiwan
were excluded from the evaluation scope. Data for each indicator were pri-
marily sourced from authoritative publications including the Energy Statistical
Yearbook, China Population Statistical Yearbook, China Industrial Economy Sta-
tistical Yearbook, and China Statistical Yearbook, as well as the National Bureau
of Statistics progressive database [4]. All data were directly collected from sta-
tistical sources, ensuring scientific reliability and quality. The following sections
provide detailed explanations of indicator selection and data collection methods.

1.1 Energy Supply Indicators

Based on all current normative documents referenced, data for“energy available
for consumption in this region”were extracted sequentially from the Energy
Balance Sheets for China from 1990 to 2015.

1.2 Energy Consumption Indicators

Energy consumption comprises four indicators: total energy consumption, en-
ergy price, energy consumption per unit GDP, and per capita energy consump-
tion. Data for all four indicators were collected nationally from 1990 to 2015.
Energy price includes domestic coal prices, international coal prices, and the
raw materials, fuel, and power price index. Per capita energy consumption was
calculated as follows: First, annual total energy consumption from 1990 to 2015
was obtained from the China Statistical Yearbook. Then, year-end total popu-
lation for each year was queried from the National Bureau of Statistics website.
Per capita energy consumption for China from 1990 to 2015 was derived by
dividing annual total energy consumption by the corresponding year-end total
population.

1.3 Economic Indicators

Economic indicators consist of five metrics: per capita GDP, regional GDP
deflator, capital stock, total fixed asset investment, and population and urban-
ization. All five indicators were obtained from the National Bureau of Statistics
website for China from 1990 to 2015.

1.4 Industrial Structure Indicators

The industrial structure subsystem comprises two indicators: the proportion
of secondary industry in GDP and the proportion of tertiary industry in GDP.
Data for both indicators were collected nationally from 1990 to 2015.
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2. Model Specification
The empirical models in this paper are calculated as follows: First, the Aug-
mented Dickey-Fuller (ADF) test model is employed. This model tests the
stationarity of all indicator variable data to determine whether the data can
be applied in subsequent calculations. Second, the Lagrange Multiplier (LM)
model is used with a lag order of 1 to conduct cointegration analysis calculations
for energy consumption, energy supply, and their influencing factors.

2.1 Stationarity Test

In econometrics, stationarity of time series data is a necessary condition, re-
quiring that curves fitted from time series sample data maintain their existing
“inertia”volatility for a future period [5]. If data are non-stationary, it indicates
that the curve lacks continuity characteristics, meaning the new curve fitted
from future time series data will exhibit different volatility patterns than the
current sample fitted curve. Such data cannot be used for further research and
must undergo higher-order differencing before re-evaluation. Since factors af-
fecting energy consumption and supply fluctuate over time, stationarity testing
forms the foundation for cointegration analysis and subsequent model calcula-
tions.

The ADF test model formulas extend from formula (1) to formula (3). Adding
a constant term to Model 1 yields the specification. Adding a trend variable to
Model 2 yields the specification. In these formulas, �Xt represents the difference
of the explained variable (starting from first-order difference); µ, �, �, and �i are
constant terms; t represents the year; k is the lag order of Xt; and �t represents
residuals.

The null hypothesis of this test is: H�: � = 0, indicating that variable Xt is a non-
stationary time series requiring higher-order differencing. If the test statistic
rejects the null hypothesis, the variable is a stationary time series.

2.2 LM Model

Following the time series stationarity test, the LM model is calculated. The cal-
culation model is shown in formula (4), where µ�� µt represents the variance of
�Xt (calculated from formula (3)); xt-i represents the time series of each explana-
tory variable; q is the lag number; and � represents the correlation coefficient.
This model proposes the hypothesis that there is no time series correlation at or-
der p. In this test, p is assumed to equal 1, testing for first-order serial correlation
[6]. If the chi-square calculated value is less than the observed goodness-of-fit,
the null hypothesis is rejected, indicating that the time series values of each
indicator variable exhibit correlation.
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3.1 Data Collection and Processing
First, all indicator variable data were homogenized. In comprehensive indicator
evaluation calculations, each indicator represents different physical meanings,
resulting in dimensional differences and varying magnitude trends. By ana-
lyzing the nature of each indicator variable, six indicators were identified as
inverse indicators: energy available for consumption in this region, total energy
consumption, energy price, energy consumption per unit GDP, per capita en-
ergy consumption, and proportion of secondary industry in GDP. Six indicators
were identified as positive indicators: regional per capita GDP, regional GDP
deflator, capital stock, total fixed asset investment, population and urbaniza-
tion, and proportion of tertiary industry in GDP. Second, since the units of all
indicator variables differ, data dimensionless processing was required.

3.2 Stationarity Test
The ADF test model was applied to calculate stationarity for 12 indicator vari-
ables including total energy consumption, energy price, and energy consumption
per unit GDP. Variable descriptions are provided in Table 1 . Test results are
shown in Table 2 . All stationarity and non-stationarity conclusions in Table 2
were derived at the 5% significance level. The results show that test values are
below the 5% significance level, indicating that all variables have no unit root
and are stationary time series data suitable for further model calculations.

3.3 LM Model Cointegration Analysis
The model first assumes no time series correlation at order p for the variable
time series data. In this test, p is assumed to equal 1, testing for first-order
serial correlation. The chi-square calculated value is less than the observed
goodness-of-fit, thus rejecting the null hypothesis and indicating that the time
series values of each indicator variable exhibit correlation.

1) Impact of Energy Consumption Indicators on Energy Supply
Following the stationarity test in Section 3.2, this study further establishes a
panel data model with the logarithm of energy supply as the dependent variable
and the logarithms of total energy consumption and energy consumption per
unit GDP as explanatory variables. The model specification is:

ln(𝑆) = 𝐶 + 𝛽1 ln(𝑃𝑇 𝐶) + 𝛽2 ln(𝐸𝐺𝐷𝑃) + 𝜀𝑡

where C is the constant term; S represents energy supply; PTC is per capita
energy consumption; EGDP is energy consumption per unit GDP; �� and �� are
coefficients for the two variables; and �t is the residual error term representing
unestimable random disturbance.

After dimensionless and normalization processing of explanatory variables, the
panel data analysis results for the impact of energy consumption-related indi-
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cators on energy supply are shown in Table 3 . The results indicate that all
these variable indicators exhibit a unidirectional strong correlation with energy
supply. Historical data analysis reveals that China’s energy intensity peaked
at 1.6 in 2005, after which it declined rapidly and fluctuated slowly. However,
due to the high growth rate maintained by the total economic volume, energy
consumption remains high. Figure 1 [Figure 1: see original paper] shows the
energy intensity trend from 1990 to 2015, while Figure 2 [Figure 2: see original
paper] illustrates the national energy consumption and economic growth trends
from 1990 to 2014.

2) Impact of Economic Indicators on Energy Consumption
A panel data model was established with the logarithm of energy consumption
as the dependent variable and the logarithms of per capita energy consumption,
per capita GDP, regional GDP deflator, capital stock, and total fixed asset
investment as independent variables. The model specification is:

ln(𝐸𝐶) = 𝐶+𝛽1 ln(𝑃𝑇 𝐶)+𝛽2 ln(𝑃𝐺𝐷𝑃)+𝛽3 ln(𝐺𝐷𝑃𝐷)+𝛽4 ln(𝐶𝐴𝑃𝐼𝑇 𝐴𝐿)+𝛽5 ln(𝐼𝑁𝑉 )+𝜀𝑡

where C is the constant term; EC represents total energy consumption; PTC
denotes per capita energy consumption; PGDP is regional per capita GDP;
GDPD is the regional GDP deflator; CAPITAL represents capital stock; INV
denotes total fixed asset investment; �� through �� are coefficients for the five
variables; and �t is the residual error term.

After dimensionless and normalization processing of explanatory variables, the
panel data analysis results for the impact of economic indicators on energy de-
mand are shown in Table 4 . The “Coefficient”column in the table represents
the degree of volatility impact between the corresponding independent and de-
pendent variables. The model requires taking absolute values of coefficients:
values less than 0.5 indicate weak impact; values between 0.5 and 0.8 indicate
moderate impact; and values greater than 0.8 indicate strong impact. For exam-
ple, the coefficient for regional per capita GDP (PGDP) is 3.435 (greater than
0.8), and the coefficient for capital stock (CAPITAL) is 1.620 (greater than
0.8), proving that economic growth significantly affects per capita energy con-
sumption. In contrast, the coefficient for total fixed asset investment (INV) is
0.473 (less than 0.5), indicating that fixed asset investment has minimal impact
on energy consumption. During economic growth periods, numerous investment
projects with long construction cycles create energy supply shortages, leading to
long-term supply-demand imbalances. During economic downturns, since most
energy consumption originates from industrial sectors and the overcapacity re-
sulting from large-scale investment projects during growth periods, industrial
energy consumption rates decrease, creating supply surpluses [8].

3) Impact of Industrial Structure Indicators on Energy Consumption
A panel data model was established with the logarithm of energy consumption
as the dependent variable and the logarithms of secondary industry proportion
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in GDP and tertiary industry proportion in GDP as independent variables. The
model specification is:

ln(𝐸𝐶) = 𝐶 + 𝛽1 ln(𝑊𝐽𝐺𝐷𝑃2) + 𝛽2 ln(𝑊𝐽𝐺𝐷𝑃3) + 𝜀𝑡

where C is the constant term; EC represents total energy consumption;
WJGDP2 denotes the proportion of secondary industry in GDP; and WJGDP3
represents the proportion of tertiary industry in GDP.

After dimensionless and normalization processing of variables, the calculation
results are shown in Table 5 . The coefficient for secondary industry propor-
tion (WJGDP2) is 1.223, and the coefficient for tertiary industry proportion
(WJGDP3) is 0.829, both greater than 0.8. This proves that both secondary
and tertiary industry proportions currently have strong significant impacts on
energy consumption, with the secondary industry being particularly dominant.

4) Impact of Energy Price Indicators on Energy Consumption
In economic theory, energy price plays a crucial role in affecting commodity de-
mand. If market energy price mechanisms can influence regional energy demand
to a certain extent, it indicates relatively large price elasticity. Therefore, this
section adopts domestic coal prices, international coal prices, and raw materials,
fuel, and power price indices as indicator variables to analyze the impact of price
factors on energy demand.

A panel data model was established with the logarithm of provincial total energy
consumption as the dependent variable and the logarithms of domestic coal
price, international coal price, and raw materials, fuel, and power price index
as independent variables. The model specification is:

ln(𝐸𝐶) = 𝐶 + 𝛽1 ln(𝑃𝐶) + 𝛽2 ln(𝑃𝐼) + 𝛽3 ln(𝐾) + 𝜀𝑡

where EC represents provincial total energy consumption; C is the constant
term; PC denotes domestic coal price; PI is international coal price; K represents
raw material price; and �t is the residual error term.

After dimensionless and normalization processing of variables, the cointegration
results are shown in Table 6 . The coefficient for domestic coal price (PC)
is 0.423, the coefficient for raw materials, fuel, and power price (K) is 0.676
(between 0.5 and 0.8), and the coefficient for international coal price (P) is 0.292
(less than 0.5). This indicates that domestic coal price has a moderate impact
on provincial energy demand, international energy price has minimal impact,
and changes in the raw materials, fuel, and power price index have relatively
large impact. From a computational perspective, these conclusions do not fully
conform to commodity demand theory under market economics. The reasons
are as follows: First, it relates to the current characteristics of China’s energy
market, where energy prices are regulated by the government and not completely
influenced by international market economics [9][10]. Second, the marketization
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of new energy is not fully mature. Since most enterprises in the power system
are state-owned, they can receive government subsidies even when operating at
a loss. Consequently, enterprises lack strong incentives to choose new energy
as an alternative, resulting in weak cointegration between energy demand and
international energy prices.

5) Impact of Population and Urbanization Indicators on Energy Sup-
ply
Population growth, urbanization rate, and employment proportion are all closely
related to energy supply and regional economic growth. This model examines
the cointegration relationships between energy supply, energy consumption, and
their influencing factors through quantitative calculations, analyzing five as-
pects: the impact of energy consumption on energy supply, the influence of
economy on energy consumption, the effect of industrial structure on energy
consumption, the impact of energy price on energy consumption, and the influ-
ence of population and urbanization on energy supply. This section adopts the
proportion of secondary industry employees, urbanization rate, proportion of
tertiary industry employees, population density, and total regional population
as indicator variables to analyze the impact of population and urbanization-
related indicators on energy supply.

A panel data model was established with the logarithm of energy supply as
the dependent variable and the logarithms of urbanization rate, proportion of
secondary industry employees, population density, and total regional population
as independent variables. The model specification is:

ln(𝑆) = 𝐶+𝛽1 ln(𝑈𝑅)+𝛽2 ln(𝑊𝐽2)+𝛽3 ln(𝑊𝐽3)+𝛽4 ln(𝑅𝑂𝑈)+𝛽5 ln(𝑃𝑡𝑜𝑡𝑎𝑙)+𝜀𝑡

where S represents energy supply; UR denotes urbanization rate; WJ2 is the
proportion of secondary industry employees; WJ3 represents the proportion of
tertiary industry employees; ROU is population density; Ptotal is total regional
population; and �t is the residual error term.

After dimensionless and normalization processing of variables, the cointegration
results are shown in Table 7 . During periods of population growth, strong
consumption demand directly affects supply. The coefficient for secondary in-
dustry employee proportion (WJ2) is 1.165, the coefficient for tertiary indus-
try employee proportion (WJ3) is 1.274, the coefficient for population density
(ROU) is 4.848, and the coefficient for total regional population is 4.410, all
indicating strong significant relationships. This proves that these factors sig-
nificantly impact energy supply. The coefficient for urbanization rate is 0.521,
indicating a moderate impact on energy supply under the existing industrial
structure. China’s current urbanization process is in an expansion phase, thus
rising urbanization rates further drive increases in energy supply.
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Conclusions and Recommendations
This study employed cointegration theory and econometric methods from econo-
metrics to analyze the cointegration relationships between energy consumption,
energy supply, and their influencing factors. The following conclusions were ob-
tained: First, both energy consumption and economic indicators currently have
strong cointegration relationships with energy consumption and significantly
influence its trends. Second, industrial structure has a long-term equilibrium
relationship with energy demand. Both secondary and tertiary industry pro-
portions currently have strong significant impacts on total energy consumption,
particularly the secondary industry. Third, the cointegration relationship be-
tween energy price and energy demand is relatively weak, primarily due to
characteristics of China’s domestic market and incomplete maturity of new
energy marketization. Fourth, population and urbanization currently have sig-
nificant impacts on energy supply, and under the existing industrial structure,
secondary industry employees also increase significantly in densely populated
and growing regions.

Based on this research, the following recommendations are proposed: First,
given the current industrial structure, coal still dominates China’s primary
energy consumption. Therefore, technological investment should be increased
to develop clean coal technology to effectively address environmental pollution
from coal utilization. This technology will solve three problems: (1) reducing
pollutant and greenhouse gas emissions; (2) gradually reducing dependence on
imported oil and coal; and (3) improving combustion efficiency of coal. Second,
energy consumption diversification should be promoted. The transformation of
residential energy consumption should be effectively incorporated into renew-
able energy utilization plans, with increased support for commercial markets.
For example, government financial institutions should provide low-interest loans
for energy-efficient equipment investments and residential investments (such as
insulation materials) while implementing tax reduction measures for these de-
vices [11]. Third, new energy transportation should be encouraged. For the
existing new energy transportation industry, the government should implement
corresponding policies and market expansion funding programs aimed at en-
couraging collaborative cooperation through active innovation and systematic
R&D projects, thereby creating closer linkages between the energy sector, trans-
portation sector, and commercial markets in terms of technology and innovation
policy.
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