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Abstract: Energy, economy and ecological environment complement each other. The coupling and
coordination development of them would provide basis for the rational use of energy, economic
development, and the protection and restoration of the ecological environment. In this study,
the coupling and coordination development of the Australian energy, economy, and ecological
environment from 2007 to 2016 were quantitatively investigated by constructing a coupling
coordination model based on coupling theory. Results showed that: (1) Australia’s comprehensive
evaluation index of energy, economy, and ecological environment exhibited an increasing trend.
The rising trend of the energy index was obvious, the economy was relatively stable, and the
comprehensive evaluation index of the ecological environment strongly fluctuated. (2) The
development of energy and the economy, and that of energy and the ecological environment
were gradually coordinated, and many unbalanced development patterns were found between the
economy and the ecological environment. (3) Four types of coordination were observed in the three
subsystems, among them, the barely coordinated categories repeated most often and the coordination
degree of the three subsystems tended to grow from the global perspective. Energy, economy,
and ecological environment interacted, limited, and promoted one another to form a complex system,
through proper coordination, these three subsystems can jointly promote the sustainable development
of society in Australia.

Keywords: energy; economy; ecological environment; Australia; coordination development

1. Introduction

Energy is an indispensable basic element in social and economic systems. With the acceleration
of global industrialization, the contradiction between increasing energy demand and energy scarcity
has become increasingly prominent in economic development [1]. The overloading of energy systems
will inevitably bring tremendous pressure to the construction of the ecological environment [2].
Energy supply, economic development, and ecological environment construction complement one
another and promote the sustainable development of society through proper coordination to create a
coordinated effect. Therefore, the coupling and coordination development of energy, the economy;
and the ecological environment should be investigated to provide basis for the rational use of energy,
economic development, and the protection and restoration of the ecological environment.
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The academic community’s research on energy, the economy, and the environment has experienced
the process of “single system-binary system-ternary system.” Kraft and Kraft [3] first investigated the
relationship between economic growth and energy consumption. Grossman and Krueger [4] observed
thateconomic growth and environment quality exhibit an inverted U-shaped curve, which Panayotou [5]
called the Environmental Kuznets Curve (EKC) relationship. These studies mainly focused on the
binary systems of energy—economy, economy-environment, and environment—energy. With the
increasing awareness on energy, the economy, and the ecological environment, people have realized
that these binary systems are insufficient to comprehensively and systematically investigate the
coordinated development of energy, the economy, and the environment. Therefore, many energy
research and environmental protection institutes have cooperated with economists to construct a
research framework of the three subsystems and conduct comprehensive research on their coordinated
development. In 1995, Hawdon and Pearson [6] investigated the complex relationship between energy,
the environment, and economic welfare by using input-output simulations. Oliveira and Antunes
presented a multi objective model [7] and a multisectoral energy—economy—environment model [8] and
used them to evaluate the effects of economic structure and energy system changes on the environment.
Since then, the study of the relationship between the three subsystems has become a new research
focus and hot spot. Although these studies embedded the three systems into the same framework,
the research on energy, the economy, and the ecological environment is generally lacking because
of insufficient comprehensive indicators and data. The analysis of the coupling and coordination
development of energy, economic, and ecological environment systems should be strengthened to
obtain a deep understanding.

As the sixth largest country in the world, Australia is one of the most important mining and
agricultural exporting countries. Its sparse population, rich resources, and short development history
provide favourable conditions for development [9]. However, Australia has encountered serious
challenges in energy exploration, economic development, and ecological environment protection.
Examples include the promotion of industrialization, animal husbandry development, and mineral
resource mining. Australia has also experienced serious ecological crisis and excruciating historical
lessons, such as grassland degradation, river drought, sharp species decline, water pollution, and land
salinization [10-12].The fragility of the natural ecology and the dominance of the energy economy
objectively require Australia to focus on the sustainable development of energy, the economy,
and ecological environment construction. Nowadays, Australia is in urgent need of those articles
that explore the relationship between energy, economy and the ecological environment as a reference
and theoretical guidance, but due to the difficulty and complexity of this topic, few articles have
been written. Most of them are about greenhouse gas emissions, biomass energy, food and economic
growth [13]. In order to create a coordinated effect among energy supply, economic development,
and ecological environment construction, and promote the sustainable development of society in
Australia, as well as provide guidance for Australia government, the present study quantitatively
evaluates the coupling and coordination development of Australia’s energy, economy, and ecological
environment from 2007 to 2016 through the coupling and coordination model to provide a theoretical
basis for the unification and coordinated development of the three subsystems. The research objectives
after calculation and discussion are the product of the comprehensive evaluation indexes of energy,
the economy, and the ecological environment in Australia, as well as their trends in the period of study
time, and the contrastive relations between each of the two subsystems. Finally, the coordination
degree of Australia’s energy, economy, and ecological environment and their coordinated types are
also obtained, with these objectives, so that the Australian Government can be more effective in
coordinating the relationship between energy, economy and environment, making them interacted,
limited, and promoted to form a sustainable development system in Australia.
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2. Index Selection and Model Construction

2.1. Index Selection and Dimensionless Method

A scientific and reasonable evaluation index system should be established on the basis of the
correlation and complexity of the three subsystems of energy, economy, and the ecological environment.
A comprehensive evaluation index system is constructed by combining the geographical location
of Australia and the characteristics of economic resources (Table 1). Six key indicators are selected
from each subsystem of energy, economy, and the ecological environment from 2007 to 2016. Among
them, the selected indicators of energy mainly reflect the production, consumption, import and
export of energy, with data from the Australian Bureau of Statistics, YearBook Australia 2007-2016,
and Australian Government Department of the Environment and Energy. The economic indicators
are mainly about the country’s economic situation and the proportion of various industries in GDP.
These data are from the Australian Bureau of Statistics, YearBook Australia 2007-2016 and the Word
Bank. The indicators of ecology mainly reflect the utilization rate of various resources, the frequency
of extreme climate and the degree of air pollution. The data are from the Australia Government of
Meteorology, Australian Government Department of the Environment and Energy. These selected
indicators are the most representative and best reflect the development degree of each subsystem.
If they are changed, it may lead to incomplete research on the subsystems, thus affecting the overall
coupling results. For example, when discussing the economic development of Australia, per capita
GDP will definitely represent the current economic situation more comprehensively than the income
of the rural population. In the indicators, Xij refers to jth index in I year for each index, wherei =1, 2,
., 10,j=1,2,...,6.

Table 1. The index of energy, economic and ecological environment in Australia from 2007-2016.

System Layers Index Layers Unit Index Character Weights
Primary energy production Quagfllllhon + 0.1825
. . Quadrillion
Energy subsystem Primary energy consumption Btu - 0.1349
. - M] per dollar of
Energy intensity index CDP - 0.2360
Net energy imports (as a Percentage of % _ 0.1754
energy consumption)
Ores and meta'ls exports (% of % _ 0.1648
merchandise exports)
Carbon dioxide emissions from energy Million Metric Tons _ 0.1064
consumption
Per capita GDP UsD + 0.1394
government final consumption expenditure UsD - 0.1352
Economic Imports (Inflow of goods and services) UsD + 0.1998
subsystem exports (inflow of goods and services) UsD - 0.1196
Agriculture, forestry, and fishing, value o
added (% of GDP) o * 0.3105
Industry (including construction), value o
added (% of GDP) o * 0.0955
water resources use KL per capita - 0.1101
. forest area (% of land area) % + 0.1497
Ecological .
. Australian mean temperature anomaly o
environment C - 0.1494
subsystem (based on 2011)
Australian annual mean rainfall MM + 0.2368
. . Micrograms Per
PM2.5 air pollution, mean annual exposure Cubic Meter - 0.1331
particulate emission damage (% of GNI) % - 0.2209
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As the units of each index are different, and the positive and negative indicators are favourable
to large and small indexes, respectively, a dimensionless method should be constructed by using
Formulas (1) and (2) [14].

Xij” = (Xij — Xmin)/(Xmax — Xmin), (€))]

Xij” = (Xmax — Xijj)/(Xmax — Xmin), (2)

Formulas (1) and (2) are for different characters in the indicators, (1) is used for positive data and
(2) for negative. Where Xij’ is the index value after reducing the dimension of the original data, Xij is
the actual value of the original index, and Xmax, Xmin are the maximum and minimum values of the
jth index in 2007-2016 for each subsystem, respectively.

2.2. Weight

The coefficient of variation is used to obtain the index weight for avoiding the influence of
subjective preference on the evaluation results [15]. In the evaluation index system, the greater the
difference in index value, the better its reflection of the gap of the evaluated unit will be. The formula
is expressed as follows:

1= 6 o
Z? _1Vj
Vj = 0:] (4)
xJ

where Wj is the weight of the jth index, as shown in Table 1.
0j, xj, Vj are the standard deviation, average value, and variable coefficient for the jth
indicator, respectively.

2.3. Comprehensive Evaluation Index

The comprehensive evaluation index can be used to measure the development level of each
subsystem and explain the proportion and importance of the index in the entire system. It can be
obtained through linear weighting as follows [16]:

6 Iy ..
fn(x) = ijl Xij'Wij ()
where fn(x) is the comprehensive evaluation index for each subsystem, where n = 1,2,3.

2.4. Model of Coupling and Coordination

Coupling is a physical concept that refers to the phenomenon in which systems interact with
one another. Coupling is widely used to investigate the relationship between energy, economic,
and ecological environment subsystems because of the objective existence of a causal and mutually
reinforcing relationship.

2.4.1. Contrastive Relation for Coupling and Coordination

The contrastive relation for coupling and coordination is the comparison of the comprehensive
evaluation indexes of the two subsystems. The result can be used to analyse the relationship between
energy and the economy, energy and the ecological environment, and the economy and the ecological
environment in Australia. The formula is expressed as follows [17]:

L(energy/economy) = f1(x)/f2(x) (6)
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L(energy/ecological environment) = f1(x)/f3(x) (7)
L(economy/ ecological environment) = £2(x)/f3(x) 8)

where L is the contrast factor and f1(x), f2(x), £3(x) are the comprehensive evaluation indexes for energy,
the economy, and the ecological environment, respectively.

The degree of the contrastive relation for coupling and coordination is divided into five levels on
the basis of the value of the contrast factor [18]. The specific criteria are provided as follows (Table 2).

Table 2. The classification and distinguishing criterion of contrast factor.

L Level Classifying Criterion Types
I 0.00-0.59 Extreme damage
II 0.60-0.79 Serious damage
I 0.80-0.99 Shortage
v 1.00-1.49 More adequate
\% 1.50 and over Sufficient

2.4.2. Coupling, Coordination Degree, and Types

Many modules are used to calculate the coupling degree. In this study, the following model was
based on the actual situation of Australia and the research of Yang [19] is selected as (9) and given
three subsystems, n = 3, the coupling formulas are expressed as (10) where C denotes coupling.

n

FLE)2(3) .. f(x)

[fl(x)+f2(x)+...fn(x)]” 9)
3
c _ | 1Xf2(x)f3(x) w0
LRI CRIEGIY

The value of coupling can represent strong and weak relationships between subsystems.
A coordination degree model is constructed on the basis of the coupling model to reflect the
level of coordinated development between energy, the economy, and the ecological environment in
Australia [20]. The calculation formula is expressed as follows:

D= VCT (11)
T = ol+f1(x) + a2+f2(x) + ... on* fn(n), (12)

where D is the coordination degree; T is the comprehensive evaluation index of the entire system;
and «l, 2, an. are undetermined coefficients.

The total coefficient of the energy, economic, and ecological environment subsystems is 1. We set n
= 3 to ensure the coordinated development of the three subsystems. Thus, «1 = x2 = &3 = %, and the
formula of T can be expressed as

1 1 1
T = = f1(x) + 5 f2(x) + 5 f3(x), (13)

3 3 3
To comprehensively and intuitively reflect the degree of coupling development, we divide the
coordination degree into seven levels on the basis of the value of coordination degree D [20]. The specific

criteria are provided as follows (Table 3).
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Table 3. The classification and distinguishing criterion of coordination type.

Coordination Level Classifying Criterion Types

I 0.00-0.19 Severely maladjusted

II 0.20-0.39 Moderately maladjusted,
I 0.40-0.49 Slightly maladjusted
v 0.50-0.59 Barely coordinated

\% 0.60-0.69 Moderately coordinated
VI 0.70-0.79 Good coordinated
VII 0.80-1.00 Pre-eminently coordinated

This method helps the three subsystems in Australia to shift a large system from disordered status
to ordered status, and through a certain mechanism, it can explore the characteristics and connections
among energy, economy and the ecological environment in Australia. However, this method still has
some limitations. First, for the convenience of calculation, the coupling method limits the value of
coordination degree between 0 and 1, which may reduce the accuracy of the calculation to a certain extent.
In addition, in order to ensure the coordinated development of energy, economy and the ecological
environment, it is assumed that the development degree of the three subsystems is equal to three,
n = 3, which is not in line with the actual situation. Therefore, in order to fully reflect the relationship
between the three subsystems, some other methods, for example, a new environmental sustainability
assessment tool by using dynamic Autoregressive-Distributed Lag (ARDL) simulations [13] can be
used; the relationships between energy, economy and the ecological environment in Australia can also
be applied to future research.

3. Result Analysis

3.1. Trend of Comprehensive Evaluation Index

As shown in Formula (5) and the weight of each index, the comprehensive evaluation indexes of
the three subsystems of energy, the economy, and the ecological environment in Australia from 2007 to
2016 are calculated, and the results are shown in Table 4. Their variation trend is shown in Figure 1.

Table 4. Coupling and coordination degree of energy, economy and the ecological environment in
Australia from 2007 to 2016.

Ener Econom Ecological
Year f(x)gy f(x) Y Environn%ent f(x) c T D Types
2007 0.3563 0.3232 0.5265 0.8129 0.4020 0.5716 Barely coordinated
2008 0.4059 0.5727 0.5584 0.8992 0.5123 0.6787  Moderately coordinated
2009 0.3308 0.3216 0.5634 0.7301 0.4053 0.5440 Barely coordinated
2010 0.4345 0.3043 0.6094 0.6996 0.4494 0.5607 Barely coordinated
2011 0.2366 0.3438 0.5610 0.5689 0.3805 0.4652 slightly maladjusted
2012 0.5736 0.5536 0.2776 0.6328  0.4683  0.5444 Barely coordinated
2013 0.6290 0.3286 0.2142 0.4100 0.3906 0.4002 slightly maladjusted
2014 0.7435 0.4567 0.3290 0.6001 0.5098 0.5531 Barely coordinated
2015 0.7476 0.2446 0.3483 0.3639 0.4468 0.4033 slightly maladjusted

2016 0.6725 0.5567 0.5359 0.9558  0.5884  0.7499 Good coordinated
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Figure 1. Comprehensive evaluation index of energy, economy and ecological environment in Australia
from 2007 to 2016.

From 2007 to 2016, the overall value of comprehensive evaluation indexes of energy (0.3563
to 0.6724), the economy (0.3232 to 0.5567), and the ecological environment (0.5265 to 0.5359) in
Australia exhibited an increasing trend. The overall upward trend of energy was obvious. After 2011,
the comprehensive evaluation index of energy sharply increased. The value of the comprehensive
evaluation index in 2016 was approximately two times that in 2007. This difference was mainly
due to the publication of the National Energy Security Assessment 2009, Energy White Paper by
the Australian Government in recent years. Such relevant documents made strategic adjustments
to policies to cope with the new changes in the current international and domestic energy [21].
The economic index increased and decreased in the past decade, thus showing a fluctuating trend.
The output of mining, financial services, and professional services increased higher than the average
rate, whereas that of manufacturing was lower than the average rate. Approximately three-quarters
of the economy was related to services rather than the mining economy, thereby reflecting that
Australia’s economy gradually transformed into a service-oriented economy [22,23]. For the ecological
environment, although the comprehensive evaluation index in 2016 was slightly higher than that in
2007, the fluctuation during the decade was intense, especially in 2011. It then showed a turning point
and reached its lowest point in 2013, which is basically consistent with the trend of the ecological
environment pressure calculated by Zander et al. in 2019 [24]. In recent years, the Australian
Government has integrated the protection of the ecological environment into its national strategy.
Other environmental protection measures, such as the comprehensive utilization of water resources
and protection of biodiversity, have also been gradually promoted and implemented in Australia [25].
The impact of global climate change and Australia’s huge carbon emission base, which is an important
cause of extreme climate that leads to sea level rise, high temperatures, and drought, has seriously
damaged Australia’s ecological environment [26].

3.2. Contrastive Relation for Coupling and Coordination

The contrast factor for each of the two subsystems can be obtained by using Formulas (6)-(8),
as shown in Figure 2.
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Figure 2. Contrast factor of energy and economy, energy and ecological environment, economy and
ecological environment.

The comparison of the comprehensive evaluation indexes of energy and economy in Australia
showed that the values of L were low from 2007 to 2012, fluctuated from 0.60 to 1.00 many times,
and then reached the minimum value of 0.6883 in 2011; the latter value indicated serious damage.
This condition was mainly because the excessive development of traditional and unreasonable energy
had seriously hindered economic development. After 2012, all the values of L were higher than 1.6,
especially in 2010, the expanded Renewable Energy Target (RET) promulgated by the Australian
Government had promoted the production, operation and consumption of clean energy through the
implementation of fiscal and tax incentives [27]. Meanwhile, the export of natural gas and other new
energy sources had also increased the huge revenue of the Australian Government [28], which showed
that the development of Australia’s energy and economy was relatively balanced and harmonious.

For the contrast factors of energy and the ecological environment in Australia, the values of L were
low at approximately 0.6 in 2007-2011, and most of them indicated serious damage. In 2011, the L value
was only 0.4218, which indicated extreme damage. This finding showed that the excessive exploitation
of resources caused a sharp decline in environmental quality during this period. After 2012, the L
value sharply increased. Especially in 2016, it remained higher than 2.0, which indicated a sufficient
type. This finding showed that Australia’s energy had been rationally exploited and utilized for the
benefit of the construction of the ecological environment [29].

The comparison of the comprehensive indexes of Australia’s economy and ecological environment
in 20072011 showed that the L value hovered between 0.5 and 1.0 and that severe types of extreme
damage, serious damage, and shortage alternately occurred. This finding showed that unreasonable
economic development led to the destruction of the ecological environment during this period and
that the Australian Government was continuously adjusting the relationship between them [30].
From 2012 to 2014, the contrasting relationship between energy and the ecological environment
exhibited an enhanced and abundant development trend [31]. However, in 2015, the L value reduced
to 0.7, which indicated serious damage. This finding showed that Australia’s re-emergence of
economic development model at the expense of the environment was not conducive to sustainable
development [32].
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3.3. Coordination Degree

The coupling and coordination degree can be calculated by using Formulas (7), (8) and (10),
as shown in Table 4. The types of coordination degree are divided on the basis of the criteria in Table 3.

In 2007-2016, the coordination degree of the three subsystems of energy, the economy, and the
ecological environment in Australia came in four types, five barely coordinated categories (2007,
2009, 2010, 2012, and 2014), one moderately coordinated category (2008), three slightly maladjusted
categories (2011, 2013, and 2015), and one good coordinated category (2016).

In 2011, 2013, and 2015, the coordination of energy, the economy, and the ecological environment
in Australia was not ideal. On the basis of the comprehensive evaluation index, the main turning point
in 2011 was caused by the energy index, comparing with the study from Azad et al., same change
can be observed, which sharply declined and then increased. Net energy imports, and ore and metal
exports sharply increased because of the rising of resource and energy prices. Australia’s resource and
energy exports increased by 15%, accounting for 72% of Australia’s total exports in 2011 [33]. Although
energy exports led to a small increase in economic income, they posed a serious threat to the ecological
environment. In 2011, the index of PM2.5 and the particulate emission damage index changed and
aggravated the ecological environment.

In 2013 and 2015, the low coordination state of the three subsystems was mainly determined
by the uneven change of the economic and ecological comprehensive evaluation indexes. In 2013,
the economic comprehensive index showed a downward trend because of global economic growth rate
reduction, decline of Australia’s industrial investment, and depreciation of the Australian dollar [34,35].
Although the original energy ecological scale was not affected, the reduction of investment scale and
expansion speed in mining led to a decrease in temperature and extreme precipitation frequency
in extreme climate. The comprehensive evaluation index of the ecological environment decreased
and was not synchronized with the changes of the two other subsystems. In 2015, the Australian
economy experienced a severe test, and the country’s economy faced huge challenges. Similar to the
conditions in 2013, commodity prices plummeted, mining investment sharply decreased, and fiscal
policy re-tightened [36], although the index for energy slightly declined. Significant changes were
observed in the comprehensive evaluation index of the ecological environment during the bottleneck
period of economic development. The quality of the ecological environment showed a trend of
continuous improvement, and bare coordination occurred among the three subsystems.

As revealed by the measurement of coordination, the best performance was observed in 2016.
This result was due to the healthy and positive development of energy, the economy, and the ecological
environment. The growth rate of the Australian economy in 2016-2017 as 2.0%. In particular, the rapid
development of agriculture largely contributed to Australia’s economic growth [37,38]. In the energy
industry, local mining was the beneficiary of rising commodity prices [39]. Given the requirements of
environmental protection and sustainable economic development, the utilization of renewable energy
emerged as a new energy development strategy in Australia. For example, it plans that, in 2040,
aging coal and natural gas power plants will gradually fade out of Australia and will be replaced
by lower-cost wind and solar power generation plant which will account for about 59 percent of
energy production [40,41]. Moreover, the ecological environment showed a high coupling relationship
with the two other subsystems under the strategic adjustment of the economy and energy. The forest
cover in Australia increased, and the mean temperature decreased. Rainfall PM2.5 and particulate
emission damage equated to a fundamental improvement in the quality of Australia’s ecological
environment [42,43].

As shown in Figure 3, although the coordination degree of energy, the economy, and the
ecological environment in Australia from 2007 to 2016 was uneven, the trend moved upward. Such
a trend indicated people’s focus on the coordinated development of energy, the economy, and the
ecological environment with time. It also revealed a high coupling and coordination degree for the
three subsystems. Energy, the economy, and the ecological environment have a sensitive coupling
relationship, and are closely related and indispensable.
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Figure 3. Coordination degree of energy, economy and ecological environment in Australia from 2007
to 2016.

4. Conclusions

Energy, the economy, and the ecological environment interact, restrict, and promote one another
as components of a complex system. The coefficient of variation is used to determine the weight of each
evaluation index. After calculating the comprehensive evaluation index, the coordinated development
level of the three subsystems is systematically evaluated by constructing a coupling coordination
model in Australia from 2007 to 2016. The conclusions based on the empirical analysis results are
summarized as follows:

1. During 2007-2016, the comprehensive evaluation indexes of energy, the economy, and the
ecological environment in Australia showed an upward trend. The overall upward trend of energy
was obvious because the Australian Government reassessed its energy structure and adjusted its policy
strategy. Australia’s comprehensive evaluation index for its economy increased and decreased in the
past decade, showing a fluctuating trend. During this period, Australia gradually transformed into a
service-oriented economy. For the ecological environment, the comprehensive evaluation index of the
ecological environment aggressively fluctuated. Although the Australian Government enhanced the
protection of the ecological environment, global climate change and Australia’s huge carbon emission
base posed a threat to the Australian ecological environment.

2. The comparison of the contrastive relations of energy, the economy, and the ecological
environment showed that energy and the economy and energy and the ecological environment
experienced the same changing trend, which indicated serious damage before 2011. Australia’s energy
was reasonably exploited and utilized for the benefit of the construction of the ecological environment.
Especially in 2016, the energy and economy developed well, indicating that they are of sufficient
types. In 2007-2016, many uneven development patterns were observed between the economy and the
ecological environment. These patterns were not conducive to their healthy development, and the
Australian government continuously adjusted the relationship between them.

3. In 2007-2016, the coordination degree of Australia’s energy, economy, and ecological
environment exhibited four types, five barely coordinated categories, one moderately coordinated
category, three slightly maladjusted categories, and one good coordinated category. The slightly
maladjusted categories in 2011 were due to excessive energy exploitation, leading to the fragility of
the ecological environment. For the two other categories, the quality of the ecological environment
showed a continuous improvement trend during the economic downturn in 2013 and 2015. In 2016,
Australia’s energy, economy, and ecological environment showed good coordinated development.
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This condition was due to the quality of Australia’s ecological environment fundamentally improving
under the new strategic adjustment of the economy and energy. Although the coupling degree of
Australia’s energy, economy, and ecological environment from 2007 to 2016 was uneven, the level of
coupling and coordination development of the three subsystems exhibited an increasing trend.
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