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Abstract 

Background:  Green economic development refers to reducing pollution emissions and increasing production 
efficiency while promoting economic growth. Although the renewable energy consumption is “green,” it may not 
promote green economic development due to the constraints of existing technical conditions. Therefore, the techno-
logical advancement approach that can help coordinate the relationship between renewable energy consumption 
and green economic development should be identified. That is, determining whether to develop new technologies 
or improve existing technologies should be paid more attention in the context of continuous increase in renewable 
energy consumption.

Results:  (1) The inverted N-shaped relationship between renewable energy consumption and green economic 
development under the existing technical conditions. The degree of renewable energy consumption can merely 
promote green economic development in the interval of 0.67–10.87. That is, the renewable energy consumption (% 
of total energy consumption) is less than 0.67% or greater than 10.87%, which is not conducive to green economic 
development. (2) Developing new technologies can stimulate the positive effect of renewable energy consumption 
on green economic development. However, the improvement of existing technologies fails to exhibit an effective 
impact on the relationship between renewable energy consumption and green economic development. (3) Coor-
dinating the relationship between renewable energy consumption and green economic development can also be 
achieved by reducing the dependence of Gross Domestic Product (GDP) on fossil fuels. (4) The stage of economic 
development might impact the effect of renewable energy on green economic development.

Conclusions:  It is particularly important to improve technological innovation capabilities, especially in countries 
with a high proportion of renewable energy consumption. In addition, the government should guide the funds 
and resources to the renewable energy industry through the credit rationing system to promote the transition of 
the industrial structure to an environmentally friendly direction. For countries with relatively low levels of economic 
development, this does not mean that these countries should reduce their demand for renewable energy. Instead, 
these countries need to take more proactive measures, such as increasing technological innovation capabilities and 
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Background
Although energy consumption is still dominated by fos-
sil energy consumption in recent years, the rapid growth 
of renewable energy consumption indicates that the 
development and use of renewable energy will gradually 
replace fossil energy. Countries worldwide are actively 
developing and using renewable energy to achieve the 
United Nations Sustainable Development Goals [1] and 
to prepare for sustainable development. The European 
Union (EU) holds the world’s leading renewable energy 
technologies and a high demand for renewable energy. 
Therefore, the development and use of renewable energy 
in EU have recently achieved certain results. Figure  1 
illustrates that the proportion of renewable energy con-
sumption has grown rapidly in EU from 2008 to 2018.

To achieve sustainable development, the European Par-
liament proposed in 2017 that the EU’s renewable energy 
consumption should account for 35% of total energy 
consumption by 2030 [3]. The pace of renewable energy 
consumption is predicted to accelerate, and the intensity 
of renewable energy consumption will exceed and con-
sequently replace fossil energy. The BP Statistical Review 
of World Energy classifies renewable energy sources as 

wind, geothermal, solar, biomass and waste, among oth-
ers. As an environmentally friendly resource, renew-
able energy is certainly “green,” but it fails to necessarily 
promote “development.” For instance, fossil energy uses 
considerably more time and a wider range than renew-
able energy, and is more suitable for current production 
technology. That is, the role of renewable energy con-
sumption in green economic development is subject to 
existing technical conditions. Therefore, an investigation 
of whether technological advances help coordinate the 
relationship between renewable energy consumption and 
green economic development must be undertaken. In 
addition, we should determine whether new technologies 
must be developed or existing ones must be improved. In 
the context of the rapidly growing renewable energy con-
sumption, countries struggle to stimulate the renewable 
energy consumption to acquire a positive effect on green 
economic development.

The Organization for Economic Co-operation and 
Development (OECD) defines green economic develop-
ment as the promotion of economic growth while ensur-
ing that the nature can continuously provide resources 
and environmental services for humans’ wellbeing [4]. 

optimizing industrial structure to coordinate the relationship between renewable energy consumption and green 
economic development.

Keywords:  Renewable energy consumption, Green economic development, Global Malmquist–Luenberger, 
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Fig. 1  Renewable energy consumption (% of total energy consumption) in EU. Data Sources: BP Statistical Review of World Energy, 2019 [2]
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However, in some cases, it is difficult to achieve a win–
win situation for economic growth and environmental 
protection due to the intertemporal effects. We believe 
the intertemporal effect in terms of both economic devel-
opment and renewable energy consumption. Therefore, 
due to the existence of intertemporal effects, we need 
to consider the impact of renewable energy consump-
tion on green economic development at different stages 
of renewable energy development and different stages of 
economic development. Green economic development 
should be the focus of research, whether during the eco-
nomic depression or the early stage of renewable energy 
development, even when the use of renewable energy 
generates a lot of costs and has a negative impact on the 
economy. The OECD believes that we must look to the 
future and find new ways to ensure growth and develop-
ment. It is not wise to return to the traditional develop-
ment mode. The final result of the extensive economic 
growth model may increase production costs, curb eco-
nomic development, and cause irreversible problems 
such as excessive use of resources, pollution, climate 
change and loss of biodiversity. Therefore, this study 
believes that the only way to ensure sustainable develop-
ment is to promote economic growth while improving 
production efficiency and reducing emissions. By inves-
tigating the relationship between renewable energy con-
sumption and green economic development, this study 
can provide scientific policy recommendations for imme-
diately achieving sustainable development.

This paper is unique given that it employs the global 
Malmquist–Luenberger index based on slacks-based 
measure (SBM–GML) approach to measure the green 
economic development among the 27 EU Member 
States. This paper aims to analyze whether developing 
new technologies or improving existing technologies can 
coordinate the relationship between renewable energy 
consumption and green economic development. Moreo-
ver, this study integrates the empirical results to outline 
scientific policy recommendations.

The remainder of this study is organized as follows. 
“Literature review” section reviews related studies; “The-
oretical analysis and assumptions” section describes the 
data and the methodology; “Methodology” section com-
bines the empirical results to propose four conclusions, 
and “Results and discussion” summarizes the main find-
ings and proposes scientific policy recommendations.

Literature review
Relevant studies mainly discuss the relationship between 
renewable energy consumption and economic growth, 
but consistent conclusions have not been reached.

First, certain studies have indicated that the renew-
able energy consumption will acquire a positive impact 

on economic growth. This finding was supported by the 
fact that renewable energy consumption can completely 
replace fossil energy consumption and promote eco-
nomic growth along with fossil energy.

Tugcu et al. indicated that renewable and fossil energy 
consumption can likewise acquire a positive impact on 
economic growth in G7 countries [5]. Lin and Moubarak 
proved that China’s economic growth benefits from the 
renewable energy industry. That is, renewable energy 
consumption can support China’s economic growth 
[6]. Apergis and Payne [7], Sebri and Ben-Salha [8], and 
Marinas et  al. [9] proved the long-term bidirectional 
Granger causality between renewable energy consump-
tion and economic growth and found that the renew-
able energy consumption can enhance economic growth. 
Shafiei and Salim [10], Bhattachary et  al. [11], Paramati 
et  al. [12], and Rahman and Velayutham [13] asserted 
that the renewable energy consumption acquires a posi-
tive effect on economic activities. Lnglesi-Lotz pointed 
out that increasing the intensity of renewable energy con-
sumption solves environmental pollution and improves 
the level of economic growth [14]. Alper and Oguz used 
the Auto Regressive Distributed Lag (ARDL) approach 
to prove that renewable energy consumption acquires 
positive effects on economic growth for all EU member 
states [15]. Eren et al. used the Dynamic Ordinary Least 
Squares approach and proved that renewable energy con-
sumption improves India’s economic growth and finan-
cial development [16].

Second, certain studies have emphasized that the 
renewable energy consumption negatively affects eco-
nomic growth. This finding is explained by the notion 
that the development and use of renewable energy gen-
erate substantial economic costs, thereby causing eco-
nomic burden.

Ocal and Aslan used the ARDL model and proved that 
the renewable energy consumption is not conducive to 
economic growth in Turkey [17]. Similarly, Destek found 
that renewable energy consumption is not conducive to 
India’s economic growth [18]. Wang et al. used the Two-
Stage Least Square approach to prove that the renewable 
energy consumption discourages economic growth in 
Pakistan [19]. Khoshnevis and Bahram [20], Sasana and 
Ghozali [21], and Magazzino [22] asserted that renew-
able energy consumption will have an adverse impact on 
economic activities. Ozcan and Ozturk pointed out that 
renewable energy consumption may have detrimental 
effects on economic performance level [23].

Finally, the expanding research has indicated that the 
impact of renewable energy consumption on economic 
growth may change in different situations. Thus, a non-
linear relationship exists between the renewable energy 
consumption and economic growth.
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Destek and Aslan investigated the impact of renew-
able energy consumption on the economic growth of 
17 countries. They emphasized that renewable energy 
consumption can merely promote economic growth in 
Peru, Greece, and South Korea [24]. Narayan and Doytch 
proved that renewable energy consumption in low- and 
middle-income countries can promote economic growth. 
However, renewable energy consumption in countries 
with high-income level exhibits no impact on economic 
growth [25]. Xie et al. used the data from seven countries 
with high energy consumption levels and demonstrated 
a nonlinear relationship between renewable energy con-
sumption and economic growth. Furthermore, they 
pointed out that technological upgrading can stimulate 
the renewable energy consumption to positively affect 
economic growth [26]. Destek and Sinha found the 
U-shaped relationship between renewable energy con-
sumption and economic growth among 24 OECD coun-
tries [27].

Although scholars have focused on the relationship 
between renewable energy consumption and economic 
growth in the relative studies, they failed to analyze the 
relationship between the renewable energy consumption 
and green economic development. As one of the keys 
to achieving sustainable development, green economic 
development should be valued.

Several studies have proved that technological 
advancement can stimulate the positive effects of renew-
able energy consumption on economic development. 
If technological advancement can stimulate the renew-
able energy consumption, will it exhibit a positive effect 
on green economic development? Which technological 
advancement approaches can coordinate the relation-
ship between renewable energy consumption and green 
economic development? Should we develop a new and 
high-tech solution or improve existing ones? This pre-
sent study responds to the requirements of sustainable 
development and analyzes the possibility of coordinating 
the relationship between renewable energy consumption 
and green economic development through technological 
advancement.

Theoretical analysis and assumptions
Threshold effect of renewable energy consumption scale
This paper believes that due to the intertemporal effect 
of renewable energy consumption, the scale of renew-
able energy consumption affects the relationship between 
renewable energy consumption and green economic 
development. The intertemporal effect of renewable 
energy consumption refers to the fact that the advan-
tages of renewable energy cannot be reflected in a short 
period of time, especially in the early stage of renewable 
energy development. This is because, in the early stages 

of renewable energy development, due to technological 
mismatches, the high cost of renewable energy use is not 
conducive to green economic development. However, 
as the renewable energy consumption reaches a certain 
scale, the development of renewable energy technolo-
gies has reduced the cost of using renewable energy. At 
this time, the intertemporal effect of renewable energy 
is also weakened, and renewable energy consump-
tion has shown a positive impact on green economic 
development.

In addition, due to the existing technical conditions, 
this paper believes that when the scale of renewable 
energy consumption exceeds a certain range, it may also 
hinder green economic development. Since fossil energy 
has been widely used earlier, compared with renewable 
energy, fossil energy better complements the needs of the 
production process under the existing technical condi-
tions. With the expansion of renewable energy consump-
tion, the proportion of fossil energy consumption has 
decreased. If the proportion of fossil energy consumption 
is reduced to a certain level, at this time, although renew-
able energy can reduce pollution emissions, it may not be 
conducive to production efficiency, thereby reducing the 
level of green economic development. Accordingly, this 
study proposes

Assumption 1  Under the existing technical conditions, 
renewable energy consumption can only promote green 
economic development if it is in “appropriate range.” Too 
high and too low levels of renewable energy consumption 
are not conducive to green economic development.

Threshold effect of technological advancement
This study believes that the inadequacy of technical con-
ditions and renewable energy production methods is 
an important reason for the uncoordinated relationship 
between renewable energy consumption and green eco-
nomic development. Technology is often considered the 
key to increasing productivity. Because the development 
and use of renewable energy require high-tech support, 
existing technical conditions may restrict the consump-
tion of renewable energy and have a negative effect on 
green economic development, especially when the pro-
portion of renewable energy consumption exceeds a 
certain range. Therefore, we need to coordinate the rela-
tionship between renewable energy consumption and 
green economic development through technological 
advancement.

This paper hopes to further determine whether to 
develop new technologies or improve existing ones. 
Technological innovation should be the key to coor-
dinating the relationship between renewable energy 
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consumption and green economic development. As 
mentioned above, renewable energy cannot be separated 
from high-tech support. When the technological innova-
tion capacity is insufficient, not only the development of 
renewable energy needs to pay more costs, but renewable 
energy also has lower efficiency. At this time, although 
renewable energy consumption reduced pollution 
emissions, it also reduced the level of green economic 
development. Conversely, strengthening technological 
innovation capabilities can help coordinate the relation-
ship between renewable energy consumption and green 
economic development by increasing the cost-effective-
ness of renewable energy.

Improving existing technologies may not affect the 
relationship between renewable energy consumption 
and green economic development. This is because the 
existing production technology is more suitable for fossil 
energy rather than renewable energy. Therefore, although 
the improvement of the existing technology may also 
increase production efficiency to a certain extent, it 
is impossible to coordinate the relationship between 
renewable energy consumption and green economic 
development. In addition, due to the limited technical 
resources available in society, if a large amount of tech-
nical resources is used to improve existing technologies 
instead of the development of new technologies, then it 
is not even conducive to coordinating the relationship 
between renewable energy consumption and green eco-
nomic development. Accordingly, this study proposes

Assumption 2a  Developing new technologies can 
coordinate the relationship between renewable energy 
consumption and green economic development.

Assumption 2b  Improving existing technologies can-
not coordinate the relationship between renewable 
energy consumption and green economic development. 
Excessive improvement of existing technologies will even 
destroy the relationship between renewable energy con-
sumption and green economic development.

Threshold effect of fossil energy dependence
We believe that Path-Dependence [28] also exists in 
energy consumption, which means that once people are 
accustomed to a specific way of energy consumption 
(whether it is fossil energy or renewable energy), they may 
become dependent on this energy consumption. There-
fore, the dependence of GDP on fossil energy is related 
to the relationship between renewable energy consump-
tion and green economic development. If a country’s 
GDP is less dependent on fossil energy, although the 
development and use of renewable energy has changed 

the production mode, it will not reduce production effi-
ciency, and with the reduction of pollution emissions, it 
has promoted green economic development. Conversely, 
if a country’s GDP is highly dependent on fossil energy 
and even energy consumption is “locked in” to fossil 
energy, although renewable energy consumption reduces 
pollution emissions, it also reduces production efficiency, 
which is not conducive to promoting green economic 
development. Accordingly, this study proposes

Assumption 3  Reducing the dependence of GDP 
on fossil energy can help coordinate the relationship 
between renewable energy consumption and green eco-
nomic development.

Threshold effect of economic development stage
Intertemporal effects exist not only in renewable energy 
consumption, but also in economic development. The 
intertemporal impact of economic development refers to 
the different stages of economic development. Batlle [29] 
pointed out that the cost of developing and using renew-
able energy is high and the government should provide 
preferential policies to reduce these costs. When the 
economy is in depression, the reduction in government 
revenue prevents the government from providing effec-
tive preferential policies for renewable energy. At this 
time, the cost of developing and using renewable energy 
cannot be reduced. Therefore, when the level of eco-
nomic development is weak, expanding the consumption 
of renewable energy has high economic costs and is not 
conducive to green economic development. Conversely, 
when the economic development is in the upsurge stage, 
the government has the economic strength to support 
the development of renewable energy. Preferential poli-
cies have reduced the cost of renewable energy develop-
ment and use. In addition, people in countries with high 
levels of economic development also have high require-
ments for the living environment, so they use renewable 
energy spontaneously, which is conducive to the devel-
opment of renewable energy industry. Accordingly, this 
study proposes

Assumption 4  Economic development level will affect 
the relationship between renewable energy consumption 
and green economic development.

It is worth noting that no matter what stage of eco-
nomic development, we should continue to develop 
renewable energy, even in the depression. As the OECD 
points out, it is not wise to return to the traditional devel-
opment mode. Sustainable development is the theme of 
future development. Countries should not reduce the 
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demand for renewable energy consumption. Instead, they 
should find ways to coordinate renewable energy con-
sumption with green economic growth.

Methodology
Data and measurements
Following the OECD definition of green economic devel-
opment, we believe that green economic development 
requires the reduction of pollution emissions and the 
increase in production efficiency while promoting eco-
nomic growth. Therefore, this present study uses the 
SBM–GML approach with desired and undesired outputs 
to measure the increase in green total factor productivity 
among the 27 member states of the EU and expresses the 
level of green economic development.

Combining with the study of Luenberger [30], Chung 
et al. [31] applied the direction distance function to the 
Malmquist approach. He used the Malmquist–Luen-
berger index based on Slacks-Based Measure (SBM–ML) 
approach to measure the total factor productivity with 
undesired outputs. Using the ML approach, Yoruk and 
Zaim [32], Kumar [33], and Feng and Apostolos [34] used 
GDP as the desired output and pollutant emissions as the 
undesired output. Oh [35] built the global Malmquist–
Luenberger (GML) approach based on SBM-ML 
approach. Compared with the SBM-ML approach, the 
SBM-GML approach can address the unsolvable problem 
of linear programming.

This paper uses the SBM–GML approach to measure 
the green economic development (Green) levels among 
the 27 EU member countries. The desired output is GDP, 
whereas the undesired output is carbon dioxide emission. 
Moreover, the input factors include capital stock, total 
labor force, and total energy consumption. Table  1 pre-
sents the green economic development index evaluation 
system.

Through the SBM–GML approach, we can obtain the 
green economic development level of each country. In 
fact, when using the SBM-GML method, we can treat 
technology factors as an “intangible element” that has 
an impact on output in addition to the input factors, 
because it does not actually exist in the index evaluation 
system. Technology factors include the technological 

progress rate and technical efficiency. The technological 
progress rate reflects the ability of technological innova-
tion by indicating the changes of the production frontier. 
Technical efficiency reflects the existing technology pro-
duction efficiency by comparing the actual output level 
with the theoretical optimal output level. Therefore, we 
can obtain the technical progress rate and technical effi-
ciency by decomposing the result of SBM-GML.

Independent variable Renewable energy consump-
tion (REC) indicates renewable energy consumption (% 
of total energy consumption). In the statistics of renew-
able energy consumption, this paper believes that there 
is no doubt that the water cycle process is infinite, and 
water resources can be replenished through atmospheric 
precipitation after being used. However, unlike other 
renewable energy sources, the amount and rate of natu-
ral regeneration of water resources are limited. In addi-
tion, due to the limited storage of global water resources, 
water conservation needs to be emphasized, especially 
in some water-scarce countries. From the perspective of 
hydrodynamic balance, if the amount of water used in a 
period exceeds the recharge amount, the water balance 
will be destroyed, and a series of environmental problems 
will become more prominent. Therefore, the statistics 
of renewable energy consumption in this paper do not 
include hydropower consumption. This paper draws on 
the practice of the 2019 BP Statistical Review of World 
Energy to count renewable energy consumption, which 
is based on gross generation from renewable sources, 
including wind, geothermal, solar, biomass and waste, 
and not accounting for cross-border electricity supply.

Threshold variable Technological innovation (TC) is 
a decomposition term of the Global Malmquist–Luen-
berger index that indicates the technological progress 
rate. Technical efficiency (EC) is a decomposition term 
of the Global Malmquist–Luenberger index that denotes 
the existing technology production efficiency. Fossil 
energy dependence (FED) refers to the contribution of 
fossil energy consumption to GDP, which is indicated by 
fossil energy consumption (% of GDP). GDP per capita 
(PGDP) indicates different stages of economic develop-
ment. Due to the large value range of PGDP, to prevent 
the existence of heteroscedasticity, this study performs 

Table 1  Green economic development Index Evaluation System

Category Variable Description Unit

Input factor Capital stock Total capital formation of the countries Current US dollar

Total labor force Total labor force of the countries People

Total energy consumption Total energy consumption of the countries Million tons oil equivalent

Desired output GDP Gross Domestic Product of the countries Current US dollar

Undesired output Carbon dioxide emission Carbon dioxide emissions of the countries Million tons of carbon dioxide
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logarithmic processing on PGDP. We also use REC as the 
threshold variable to analyze the optimal range of renew-
able energy consumption that promotes green economic 
development under the existing technology conditions.

Controlled variable The population density (DEN) is 
measured by the logarithm of the number of people per 
kilometer of land area. Since population density is closely 
related to resources and the economy, we believe that 
population density will also affect the green economic 
development. Economic theory takes the labor force 
represented by population density as an important vari-
able to promote economic development [36]. However, 
at the same time, the increase in population density may 
cause an increase in the consumption of energy, and an 
increase in emissions of pollutants such as the atmos-
phere and solid waste [37]. Therefore, when we study the 
green economic development, we use population density 
as a control variable.

Government intervention (GOV) is measured by the 
total government financial expenditure (% of GDP). 
The government can make up for the shortcomings of 
the market through appropriate administrative inter-
vention and enhance the standardization of the market 
mechanism through administrative means to guide the 
direction of economic development [38]. In addition, 
government intervention can guide the adjustment of the 
industrial structure and gradually eliminate backward 
polluting industries [39], thereby promoting the green 
economic development.

Unemployment rate (UNE) is measured by the total 
number of unemployed (% of total labor). The unemploy-
ment rate reflects the total number of unemployment in 
a country. This study points out that when studying the 
relationship between renewable energy consumption and 
green economic development, the unemployment rate 
should be used as a control variable. Rising unemploy-
ment will inevitably have an adverse impact on economic 

development [40]. The products and services obtained by 
workers in economic activities are lost as the unemploy-
ment rate rises [41]. If the economy is under-employed, 
it indicates that the unemployment rate has a great nega-
tive impact on social productivity.

The empirical analysis employs the annual panel data of 
the 27 EU member countries (excluding the Republic of 
Malta) from 2008 to 2017. All data are gathered from the 
2019 BP Statistical Review of World Energy and World 
Bank WDI Database. Table 2 reports the summary statis-
tics of the variables.

The Green economic development Index in this study 
is obtained by adding the undesired output through the 
directional distance function in the process of calculating 
total factor productivity (TFP). During calculation, the 
Green economic development index is obtained by com-
paring the growth rate of TFP in a specific period and the 
previous period. Therefore, the Green economic develop-
ment Index must be greater than 0. When the Green eco-
nomic development Index is greater than 0 but less than 
1, it indicates that the level of green economic develop-
ment is decreasing. When the Green economic develop-
ment Index is greater than 1, it indicates that the level of 
green economic development is increasing. The calcula-
tion process of Technological Innovation (TC) and Tech-
nical Efficiency (EC) is similar to the Green economic 
development Index, and they are decomposition terms in 
the calculation of total factor productivity. Therefore, the 
ranges of Technological Innovation (TC) and Technical 
Efficiency (EC) are the same as those of Green economic 
development index.

Modeling
This study constructs the threshold models based on the 
threshold regression proposed by Hansen [42]. The thresh-
old model aids in investigating whether developing new 
technologies or improving existing technologies can affect 

Table 2  Statistical description of variables

Variables (units) Observation Average value Standard 
deviation

Minimum value Maximum value

Green (–) 270 1.022 0.138 0.661 1.674

REC (%) 270 3.387 3.711 0.003 20.439

TC (–) 270 1.025 0.187 0.439 1.819

EC (–) 270 1.012 0.124 0.617 1.661

FED/(million toe/billions of 
US dollars)

270 0.106 0.056 0.034 0.312

PGDP 270 10.214 0.650 8.831 11.686

DEN/(people) 270 4.612 0.774 2.861 6.231

GOV/(%) 270 38.991 7.068 17.616 62.381

UNE (%) 270 9.496 4.653 2.750 27.466
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the relationship between renewable energy consumption 
and green economic development.

The construction process of the threshold models is as 
follows:

In formula (1), where i represents sample countries; t 
denotes the year; Yit pertains to the dependent variable; 
xit refers to the independent variable; qit represents the 
threshold variable; γ stands for the threshold value to be 
estimated; eit denotes a random disturbance item; µit is 
used to remove individual-specific means; β ′

1 and β ′
2 are 

coefficients to be estimated for independent variable; eit 
refers to a group of control variables; I(.) pertains to the 
indicator function: when the condition in parentheses is 
satisfied, it is taken as 1, otherwise, it is taken as 0.

For a given threshold value, we can estimate the model 
using the ordinary least square (OLS) regression method to 
obtain the sum of the squared errors, while the sum of the 
squared errors calculations is as follows:

where Y ∗
it = Yit − Ȳit , x∗it = xit − x̄it , and e∗it = eit − ēit.

γ can be estimated by least squares and can be easily 
determined by minimization of the concentrated sum of 
the squared errors (2). The least squares estimators are as 
follows:

After γ̂ is obtained, the residual variance is as follows:

Only one γ value exists in formula (1); thus, formula (1) 
is a single threshold model. If multiple threshold values are 
present for the threshold variable, then we can construct 
a panel threshold model with multiple threshold values. 
Thus, formula (2) is expressed as

The threshold models above can be implemented in 
Stata14.

(1)
Yit = µit + β ′

1xit I(qit ≤ γ )+ β ′
2xit I(qit > γ )+ eit .

(2)

S1(γ0) = ê
∗(γ )′ê∗(γ )

= Y
∗′
(

1− x
∗(γ )′

(

x
∗(γ )′x∗(γ )

)−1
x
∗(γ )

)

Y
∗

(3)γ̂ = arg min
γ

S1(γ0).

(4)σ̂ 2 =
1

n(T − 1)
ê∗ê∗ =

1

n(T − 1)
S1
(

γ̂
)

.

(5)

Yit = µi + β ′
0zit + β ′

1greenit I(qit ≤ γ1)

+ β ′
2greenit I(γ1 < qit ≤ γ2)

+ β ′
3greenit I(qit > γ2)+ eit .

Results and discussion
The Hausman test is initially employed to detect the 
endogeneity between Green and REC. Table  3 reports 
the test results. Evidently, given that the error coeffi-
cient is insignificant, we cannot reject the null hypoth-
esis of endogeneity. Therefore, the threshold model can 
provide robust results without endogeneity.

The Bootstrap approach is used to calculate the 
threshold value in this study. All the data are repeatedly 
sampled for 300 times through the repeated Bootstrap 
approach to obtain robust values. Tables 4 and 5 indi-
cate the calculation results of the threshold value.

We performed a significant test on the threshold val-
ues, and the test results are shown in Table 4. Evidently, 
when REC, TC and PGDP are used as the threshold 
variables, two threshold values pass the significance 
test. In addition, when EC and FED are used as the 
threshold variables, only a threshold value passes the 
significance test.

We calculate the corresponding threshold values 
after the number of thresholds is determined. Table  5 
presents that the threshold values of the REC are 0.67 
and 10.87; the threshold values of the TC are 0.75 and 
1.23; the threshold value of the EC is 1.03; the threshold 
value of the FED is 0.13; and the threshold values of the 
PGDP are 9.10 and 9.17.

The impact of renewable energy consumption on 
green economic development is subsequently ana-
lyzed through the threshold regression models. Table 6 
reports the results. Models 1, 2, 3, 4 and 5 indicate that 
REC, TC, EC, FED and PGDP are used as threshold 
variables.

The following conclusions are derived from the 
empirical results of Models 1, 2, 3 and 4.

1.	 Model 1 reveals the inverted N-shaped relationship 
between renewable energy consumption and green 
economic development under the existing technical 
conditions. Assumption 1 is confirmed. In particular, 
when the REC level is lower than 0.67, the renewable 
energy consumption exhibits a significant negative 
impact on green economic development, while the 
marginal coefficient is − 1.649. The REC level that is 
higher than 0.67 but lower than 10.87 indicates that 
the renewable energy consumption has a significant 
positive impact on green economic development, 

Table 3  Threshold value estimates

Coefficient p value H0: no endogeneity is evident

REC 2.87 0.579 The null hypothesis of endogeneity was not 
rejected
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and the marginal coefficient is 0.033. By contrast, 
when the REC level is higher than 10.87, the renew-
able energy consumption exhibits a significant nega-
tive impact on green economic development, while 
the marginal coefficient is − 0.003.

	 When the degree of renewable energy consump-
tion is less than 0.67, the scale of renewable energy 
consumption is small. Zwaan and Rabl [43], Kobos 
et  al. [44], and Klitkou et  al. [45] indicated that if 
energy consumption reaches a certain scale, then it 
can reduce the cost of energy use. That is, if renew-

able energy consumption fails to reach a certain 
scale, then the cost of developing and using renew-
able energy tends to be high. Thus, the low degree of 
renewable energy consumption generates great eco-
nomic costs. At this point, the renewable energy con-
sumption has reduced pollution emissions, but it is 
not conducive to green economic development.

	 The increased intensity of renewable energy con-
sumption indicates that when the renewable energy 
consumption degree is greater than 0.67 and less 
than 10.87, the renewable energy consumption has 
reached a certain scale. Thus, the cost of renewable 
energy development and use is reduced. At this point, 
the renewable energy consumption has reduced the 
burden on the economy, which can promote green 
economic development.

	 The increasing proportion of renewable energy con-
sumption indicates that when its degree exceeds 
10.87, the proportion of renewable energy consump-
tion increases while the proportion of fossil energy 
consumption decreases. Since fossil energy has been 

Table 4  Test for threshold value

Variables Test for single threshold value Test for double threshold value

F value p value BS 10% 5% 1% F value p value BS 10% 5% 1%

REC 16.87 0.00 300 8.01 9.81 12.64 4.34 0.08 300 12.81 16.54 21.11

TC 55.49 0.00 300 10.53 13.79 18.47 48.15 0.00 300 10.13 13.11 17.08

EC 12.10 0.03 300 7.21 9.15 14.56 1.38 0.91 300 9.72 12.17 18.75

FED 16.90 0.01 300 10.15 12.09 16.16 8.12 0.13 300 9.81 12.18 15.14

PGDP 17.15 0.00 300 7.81 10.34 14.17 11.37 0.03 300 8.63 10.45 13.35

Table 5  Calculation result of threshold values

Variables Threshold value 1 [lower 
upper]

Threshold value 
2 [lower upper]

REC 0.67 [0.29 0.83] 10.87 [10.84 10.88]

TC 0.75 [0.73 0.77] 1.23 [1.20 1.24]

EC 1.03 [1.01 1.05]

FED 0.13 [0.12 0.14]

PGDP 9.10 [9.03 9.12] 9.17 [8.85 9.21]

Table 6  Threshold model regression results

*** represents that the regression result is significant at the 1% level; ** represents that the regression result is significant at the 5% level; and * represents that the 
regression result is significant at the 10% level

Green Fixed effect model Panel threshold model

Model 1 Model 2 Model 3 Model 4 Model 5

REC 0.006** (0.004) − 1.649** (0.014)
(REC ≤ 0.67)

− 0.109*** (0.000)
(TC ≤ 0.75)

− 0.053 (0.330)
(EC ≤ 1.03)

0.054** (0.011)
(FED ≤ 0.13)

− 0.006*(0.074)
(PGDP ≤ 9.10)

0.033*** (0.000)
(0.67 < REC ≤ 10.87)

− 0.008* (0.077)
(0.75 < TC ≤ 1.23)

− 0.142***
(EC > 1.03)

− 0.029*** (0.004)
(FED > 0.13)

0.005* (0.082)
(9.10 < PGDP ≤ 9.17)

− 0.003*** (0.001)
(REC > 10.87)

0.028*** (0.000)
(TC > 1.23)

0.021** (0.043)
(PGDP > 9.17)

DEN − 0.158*** (0.000) − 0.198*** (0.000) − 0.141** (0.048) − 0.196** (0.037) − 0.153** (0.032) − 0.141* (0.052)

GOV 0.002*** (0.000) 0.002* (0.076) 0.00*** (0.000) 0.003* (0.065) 0.001*** (0.000) 0.002** (0.027)

UNE − 0.004* (0.076) − 0.003 (0.370) − 0.002*** (0.001) − 0.003*** (0.000) − 0.002** (0.028) − 0.003*** (0.000)

Cons 1.514*** (0.000) 2.312*** (0.000) 2.454*** (0.000) 2.043*** (0.000) 1.923*** (0.000) 0.319

obs 270 270 270 270 270 270

F test 34.46 35.47 27.84 32.56 34.11 30.52
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widely used earlier; therefore, compared with renew-
able energy, fossil energy better complements the 
needs of the production process under the existing 
technical conditions. Therefore, if the proportion 
of fossil energy consumption is reduced to a certain 
extent under the existing technical conditions, then 
production efficiency and resource utilization rates 
will be reduced. At this point, the renewable energy 
consumption is conducive to green economic devel-
opment.

	 In summary, under the current technical conditions, 
the renewable energy consumption can only promote 
green economic development when it is within the 
range of 0.67–10.87.

2.	 Model 2 shows that when the TC level is lower than 
0.75, the renewable energy consumption exhibits a 
significant negative impact on green economic devel-
opment, while the marginal coefficient is −  0.109. 
Notably, the TC level that is higher than 0.75 but 
lower than 1.23 weakens the negative impact of the 
renewable energy consumption on green economic 
development, and the marginal coefficient is − 0.008. 
However, when the TC level is higher than 1.23, the 
renewable energy consumption has a significant pos-
itive impact on green economic development, while 
the marginal coefficient is 0.028. Assumption 2a is 
confirmed.

	 The results of Model 2 prove that technological inno-
vation can stimulate the positive effect of renewable 
energy consumption on green economic develop-
ment. The development and use of renewable energy 
require new and high-tech support [46]. Thus, when 
the technological innovation capability is insuffi-
cient, renewable energy fails to adapt to the existing 
production technology. At this point, although the 
renewable energy consumption reduces pollution 
emissions, it also reduces production efficiency and is 
not conducive to green economic development. The 
increase of technological innovation capability has 
supported renewable energy by improving its cost-
effective use. Thus, the renewable energy consump-
tion exhibits a positive impact on green economic 
development.

	 In summary, new and high-tech support is the key 
to improving the efficiency of renewable energy use. 
Enhancing technological innovation capabilities can 
help mediate the relationship between renewable 
energy consumption and green economic develop-
ment.

3.	 Model 3 shows that when the EC level is lower than 
1.03, the regression coefficient of renewable energy 
consumption for green economic development fails 

the significant test. Therefore, improving existing 
technology will not affect the relationship between 
renewable energy consumption and green economic 
development. By contrast, when the EC level is 
higher than 1.03, the renewable energy consumption 
reveals a significant negative impact on green eco-
nomic development, while the marginal coefficient is 
− 0.142. Assumption 2b is confirmed.

	 This finding occurs because the existing production 
technology is more suitable for fossil energy than 
for renewable energy. Although the improvement of 
the existing technology can effectively improve the 
efficient use of fossil energy, it will not affect renew-
able energy. Therefore, appropriate improvements to 
existing technology will not affect the relationship 
between the renewable energy consumption and 
green economic development. However, excessive 
improvements to existing technologies consume a 
substantial amount of technical funds, personnel, and 
equipment. Thus, great economic costs are required, 
and a crowding out effect on technological innova-
tion is present. Improving existing technology cannot 
mediate the relationship between renewable energy 
consumption and green economic development.

	 In summary, appropriate improvements to existing 
technologies fail to mediate the relationship between 
renewable energy consumption and green economic 
development. Furthermore, excessive improvements 
to existing technologies may consequently yield neg-
ative impact in the relationship between renewable 
energy consumption and green economic develop-
ment.

4.	 This study also investigates whether the degree of 
fossil energy dependence affects the relationship 
between renewable energy consumption and green 
economic development. Assumption 3 is confirmed. 
Model 4 reveals that when the FED level is lower 
than 0.13, the renewable energy consumption exhib-
its a significant positive impact on green economic 
development, while the marginal coefficient is 0.054. 
By contrast, when the FED level is higher than 0.13, 
the renewable energy consumption has a significant 
negative impact on green economic development, 
and the marginal coefficient is − 0.029.

	 The dependence of GDP on fossil energy is related 
to the relationship between renewable energy con-
sumption and green economic development based 
on path-dependence theory in energy consump-
tion. Path-dependence theory posits that when the 
country or region’s energy consumption is “locked” 
to fossil energy, its GDP exhibits high dependence 
on fossil energy consumption. Thus, fossil energy 
consumption promotes economic growth, which 
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is similar to “inertia.” In countries or regions where 
the degree of fossil energy dependence is high, the 
renewable energy consumption fails to induce eco-
nomic growth. Therefore, although pollution emis-
sions are reduced, green economic development 
lacks improvement.

	 In summary, the relationship between renewable 
energy consumption and green economic devel-
opment can be mediated by reducing the GDP’s 
dependence on fossil fuels.

5.	 Model 5 shows that the stage of economic develop-
ment will impact the effect of renewable energy on 
green economic development. Assumption 4 is con-
firmed. When PGDP is less than 9.10, the regression 
coefficient of REC is − 0.006. However, when PGDP 
exceeds 9.10 but is less than 9.17, the regression coef-
ficient of REC becomes positive, which is 0.005. As 
PGDP continues to increase, when GDP exceeds 
9.17, the regression coefficient of REC increases to 
0.021.

	 Empirical results show that the stage of economic 
development will affect the relationship between 
renewable energy consumption and green economic 
development. In countries with low levels of eco-
nomic development, the government cannot provide 
preferential policies for the development of renew-
able energy, resulting in high renewable energy usage 
costs that are not conducive to green economic 
development. In addition, countries with low levels 
of economic development are also unable to provide 
advanced technologies for renewable energy, result-
ing in the use efficiency of renewable energy can-
not be improved. Conversely, countries with a high 
level of economic development can reduce the cost 
of renewable energy development through corre-
sponding preferential policies, and provide advanced 
technologies for improving the efficiency of renew-
able energy use, thereby helping to coordinate the 
relationship between renewable energy consumption 
and green economic development.

6.	 Although from the perspective of threshold effect, 
the impact of renewable energy consumption on 
green economic development is non-linear. In some 
cases, renewable energy consumption may even have 
a negative impact on green economic development. 
However, the 27-member fixed-effects model shows 
that without considering the threshold effect, the 
overall increase in renewable energy consumption in 
the EU can promote green economic development.

7.	 We selected 9 representative countries and divided 
them into 3 groups to determine whether the empiri-
cal results are robust. The first group is countries 
with a high levels of renewable energy consumption 

(% of total energy consumption), including Sweden, 
Austria and Latvia. The second group is countries 
with moderate levels of renewable energy consump-
tion (% of total energy consumption), including Ger-
many, France and Italy. The third group is countries 
with low levels of renewable energy consumption (% 
of total energy consumption), including Netherlands, 
Luxembourg and Belgium.

	 The results in Table 7 are the same as those of Model 
1, demonstrating the robustness of the threshold 
regression. The results of group regression also show 
that countries with high levels of renewable energy 
consumption (% of total energy consumption) such 
as Sweden, Austria and Latvia need to pay attention 
to coordinating the relationship between renewable 
energy consumption and green economic develop-
ment. Under current technological conditions, 
renewable energy consumption may not be condu-
cive to green economic development. In these coun-
tries, technological innovations related to renewable 
energy need to be valued.

	 In addition, although the level of renewable energy 
consumption in the second group of countries is in 
the “appropriate range”, the proportion of renewable 
energy consumption will continue to increase in the 
context of sustainable development. Therefore, these 
countries should also pay attention to the techno-
logical innovation of renewable energy in advance to 
prevent the technological level from not adapting to 
the development and utilization of renewable energy 
in the future.

	 For the third group of countries, the relationship 
between renewable energy consumption and green 
economic development is not coordinated because 
the development and use of renewable energy have 
not reached a certain scale. Renewable energy is 
inseparable from sustainable development. There-
fore, these countries should actively adjust their 
industrial structures and promote the environmen-
tally friendly industries to increase the renewable 
energy consumption, while focusing on the increase 
in technological innovation capabilities.

Table 7  Robustness test

*** represents that the regression result is significant at the 1% level; ** 
represents that the regression result is significant at the 5% level; and * 
represents that the regression result is significant at the 10% level

REC DEN GOV UNE

Group 1 − 0.032** − 0.382* 0.001 0.002**

Group 2 0.017*** − 1.434** 0.007*** 0.014

Group 3 − 0.091** − 0.70* 0.003* 0.005**
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8.	 By analyzing the regression results of the controlled 
variables, we find that population density (DEN) 
has a negative impact on the green economic devel-
opment. This shows that although a higher level 
of population density has brought labor for eco-
nomic development, it will also make the problems 
of resource exhaustion and environmental pollution 
more prominent. Taken together, population den-
sity is not conducive to green economic growth. At 
this time, the importance of renewable energy con-
sumption is more prominent. How to coordinate the 
relationship between renewable energy consumption 
and green economic development should be paid 
more attentions.

	 Government intervention (GOV) has a positive 
impact on green economic development. This shows 
that to realize the green economic development, the 
government can guide the adjustment of industrial 
structure through appropriate policies, and gradually 
phase out the backward environmentally polluting 
industries.

	 The unemployment rate (UNE) has a negative impact 
on green economic development. Unemployment 
rate can judge the employment situation of all work-
ing people in a certain period of time. A rising unem-
ployment rate in a country represents a lack of social 
productivity. At this time, economic development is 
in a slowdown and recession stage, and the level of 
green economic development will also decline.

Conclusions and recommendations
This study measures the green economic development 
level among the 27 EU member countries through the 
SBM–GML approach. In addition, this study identi-
fies the technological advancement approaches that can 
mediate the relationship between renewable energy con-
sumption and green economic development. Thus, the 
following conclusions are obtained, and corresponding 
policy recommendations are proposed.

1.	 Under the existing technical conditions, the degree 
of renewable energy consumption can only promote 
green economic development in the interval of 0.67–
10.87. That is, the renewable energy consumption is 
subject to the existing technical conditions. When 
the proportion of renewable energy consumption is 
less than 0.67%, the renewable energy consumption 
hinders green economic development because small-
scale renewable energy development and use cost is 
a substantial amount. Renewable energy reduces pol-
lution emissions, but it is not conducive to produc-
tivity and economic growth. Similarly, when the pro-
portion of renewable energy consumption exceeds 

10.87%, the renewable energy consumption fails to 
induce green economic development. This finding 
is supported by the fact that renewable energy con-
sumption exhibits a crowding effect on fossil energy 
consumption, and existing production technologies 
are more suitable for fossil energy than for renewable 
energy. Notably, no matter whether it is a country 
with a proportion of renewable energy consumption 
in the “appropriate range” under current technologi-
cal conditions, it is worth focusing on increasing the 
technological level to coordinate the relationship 
between renewable energy consumption and green 
economic development. As the OECD points out, we 
must look to the future and find new ways to ensure 
growth and development. It is not wise to return to 
the traditional development mode. Sustainable devel-
opment is the theme of future development. Coun-
tries should not reduce the demand for renewable 
energy even when renewable energy consumption 
is inconsistent with production efficiency. Instead, 
they should continue to actively develop the renew-
able energy industry. Therefore, countries should 
also actively develop new technologies to avoid situ-
ations that are not conducive to green economic 
development as the proportion of renewable energy 
consumption increases, so as to make the economy 
develop in a green direction.

2.	 Increasing technological innovation capability is a 
key to mediate the relationship between renewable 
energy consumption and green economic develop-
ment. Conversely, improving existing technology 
fails to mediate the relationship between renewable 
energy consumption and green economic develop-
ment. Therefore, for countries where the propor-
tion of renewable energy consumption exceeds the 
“appropriate range” under current technological con-
ditions (such as the representative countries selected 
in Table 7: Sweden, Austria and Latvia), more atten-
tion should be paid to upgrading technological capa-
bilities, especially the development of new technolo-
gies. From the perspective of the government, the 
government should increase funding for research and 
development and guide technology resources into 
the renewable energy industry. To achieve sustain-
able development, the government should continue 
to guide renewable energy consumption while pro-
viding research and development funding to prevent 
renewable energy consumption from unfavorable 
to green economic development due to technologi-
cal inadequacy. From the perspective of renewable 
energy companies, after receiving government tech-
nology research and development funding support, 
companies need to actively innovate technologies, 
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rather than “re-absorb” existing technologies. Espe-
cially in countries with a large proportion of renew-
able energy consumption, the existing technical 
conditions are no longer sufficient to improve the 
efficiency of renewable energy use. These countries 
should actively develop new technologies to improve 
the efficiency of renewable energy use, so as to 
ensure that renewable energy consumption can pro-
mote green economic growth.

	 Increasing technological innovation capabilities is 
equally important to other countries. It would be 
unwise to return to an extensive economic develop-
ment model. The proportion of renewable energy 
consumption will continue to increase in the future. 
In countries where the proportion of renewable 
energy consumption is in the “appropriate range” 
under the current technological conditions, the 
development and use cost of renewable energy 
should be reduced by increasing the technological 
innovation capacity, so as to prevent the situation 
that is adverse to green economic development in the 
future when the proportion of renewable energy con-
sumption is increasing. Countries with a low propor-
tion of renewable energy consumption should also 
increase the level of renewable energy consumption 
and technological innovation capabilities to achieve 
sustainable development.

3.	 The relationship between renewable energy con-
sumption and green economic development can also 
be mediated by reducing the GDP’s dependence on 
fossil fuels. For countries with a high dependence on 
fossil energy, the government should actively pro-
mote the optimization of the energy industry struc-
ture and restrict high-polluting industries. On the 
one hand, the government should guide funds into 
green industries such as renewable energy indus-
tries, energy-saving and environmental protection 
industries. The government should also focus on 
long-term investment in renewable energy research 
and development to accelerate the continuous devel-
opment of new technologies and new equipment, so 
as to provide a suitable development environment for 
the renewable energy industry. On the other hand, 
banks can appropriately reduce the lending rates 
through the credit rationing system to promote the 
development of the renewable energy industry and 
transform the industrial structure to a green and low-
carbon direction. By supporting the development of 
resource-saving and environmentally friendly indus-
tries, the government has made the industrial struc-
ture green, thereby reducing the dependence of GDP 
on fossil energy. In addition, countries that are less 
dependent on fossil energy should continue to domi-

nate eco-environmentally friendly industries, further 
enhance the technological innovation capability of 
renewable energy industries, and formulate preferen-
tial policies to support the development of renewable 
energy industry.

4.	 The stage of economic development might impact 
the effect of renewable energy consumption on 
green economic development, especially in countries 
with relatively low levels of economic development, 
renewable energy consumption may even have a neg-
ative impact on green economic development. How-
ever, this result does not suggest that countries with 
relatively poor economic bases need to reduce their 
demand for renewable energy. Under the theme of 
sustainable development, it is unwise to return to an 
extensive economic growth model. Therefore, these 
countries need to take more proactive measures. 
For example, the government should focus on long-
term investment in renewable energy research and 
development and encourage the renewable energy 
industry to develop new technologies rather than “re-
absorb” existing technologies. In addition, the credit 
rationing system can also be used to guide the indus-
trial structure to a low-carbon transition, thereby 
reducing the dependence of GDP on fossil energy.
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it: eit − ēit; γ̂ : Least squares estimation of 

threshold; γ̂ = arg min
γ

S1(γ0); σ̂
2: Residual variance; 

σ̂ 2 = 1
n(T−1)
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