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ABSTRACT
Recently, green energy has been a significant factor in the tech-
nology changes that require researchers’ emphasis. Thus, this
study examines the impact of green energy such as renewable
energy production, energy import and renewable energy con-
sumption on the technological changes. The current article also
investigates the role of economic factors (control variables) such
as economic growth and population growth on the technological
changes. The present research has selected ten developed and
ten developing countries and extracted the data from 2008 to
2019. This article adopted fixed-effect model (FEM), robust stand-
ard error and generalized method of moments (GMM) to examine
the association between the variables. The results indicated that
green energy, such as renewable energy production and renew-
able energy consumption, along with economic factors such as
economic growth, have a positive association with technological
changes. The results also indicated that energy import and popu-
lation growth have a negative association with technological
changes. This article guides the regulators while developing
effective policies regarding technological changes in the country.
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1. Introduction

The use of technology, which is the combination of machines and the related techni-
ques, skills, methods, and processes, has an inevitable role in people’s everyday lives.
In this dynamic world, without technology, life is meaningless. As technology pro-
gresses, it makes both the social and economic spheres of life more convenient.
Technology has become part of social and economic life. But, it is the critical factor
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for the survival of the economy in the quick phase world. The development of novel
technologies is helpful in protecting the work environment, improving the health of
human resources, improving productivity, increasing work efficiency, and making the
economy better (Asongu & Odhiambo, 2020; Chien et al., 2022). The use of technol-
ogy determines how the people and business organizations perform their functions as
it is the technology that determines the change in the communication with everything
around. The benefits of technology are higher than the expectations of individuals
and economies. For a better, standardized economy and social life, attention is paid
to new innovations in technology (Chien et al., 2021a; Chien et al., 2021b; Jokanovi�c
et al., 2017). In emerging countries, technology provides stronger infrastructure, bet-
ter transportation, more productivity, and better sanitation, education, and health
services. Because of the advances in technology, medium and small businesses
increase and spread across countries. Technology innovation provides the power to
organizations to spread their wings. The positive influences of technology on the
environment, society, and economy bring revolution in the world and help reach
heights that have never been thought of Chien et al. (2021c) and Freire (2019).

In economics, the technological change is the change in the technology, or, in
other words, it is the improvement in the efficiency of a technological product like
any mechanic devise, techniques, skills, or processes which brings an increase in out-
put without any increase in inputs. In other words, it is the invention of or value
addition to technology products, processes, or skills that must give a bigger reward
for the application of the same quantity of inputs (Ehsanullah et al., 2021; Ngo &
McCann, 2019). For instance, the computer is a technological product that has passed
through technological change. Different technological changes have occurred to this
product since the invention of its first model, the change that has increased computer
efficiency. The technological products or processes go through technological changes
in three stages of the invention (introduction of an entirely new item), innovation
(put the item invented into use for the first time), and diffusion (the speed by which
others adopt the invented item) (Huang et al., 2021a; Hwang & Shin, 2017). The
change in the technological products, skills, techniques, and processes do have an
impact on our economy in different manners. Technological change through the cre-
ation of products or processes adds positively to the features of technology; for
instance, the telephone at the time of its invention is used for verbal communication
with someone. After technological changes, the ways to communicate have increased
like text, talk, or email (Glover et al., 2019; Huang et al., 2021b). The technological
change increases the efficiency of the product and reduces cost; for example, the
improvement in the manufacturing technology results in the increase in both quantity
and quality of goods with the same input. The increased amount of goods and serv-
ices with improved quality decreases the costs of manufacturing. The technological
changes improve the work environment with improvement in the efficiency of labour
force by reducing the use of efforts or energy and improving health (Huang et al.,
2021c; Li et al., 2021; Zhu et al., 2018).

The main focus of our study is on technological changes and the impact of eco-
logical consequences of renewable energy consumption, renewable energy production,
and energy import along with economic growth and population growth on
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technological changes. This study analyzes the influences of ecological consequences
of renewable energy consumption, renewable energy production, and energy import,
economic growth, and population growth on technological changes in ten developing
and ten developed economies. This study addresses ten developed economies like
Norway, Australia, Switzerland, Netherlands, USA, Germany, New Japan, Canada,
Singapore, and South Korea and ten developing countries like Russia, China,
Pakistan, Indonesia, Vietnam, Iraq, Argentina, South Africa, Guinea, and Saudi
Arabia. In these developed and developing countries, technology is the key driver of
the economic growth of cities, regions, and the overall country. It is technological
development in these countries which accelerate the performance of economic activ-
ities in different economic sectors like agriculture, manufacturing, transportation,
health, food, and education sectors as evidenced by Bamati and Raoofi (2020), in
some developed countries as mentioned above. The technological adoption and devel-
opment bring improvement in manufacturing processes, saves time and costs, makes
efficient use of the resource, and gives high productivity with better quality as ana-
lysed by Omwoma et al. (2017) and Liu et al. (2021a), in some fast-emerging econo-
mies. The study by Liu et al. (2021b) and Shaw et al. (2020) states that the use of
technology and consistent development in technology is an effective source of infor-
mation and communication in Japan, China, and Korea.

All the selected developed and developing economies are engaged in the technol-
ogy evolution, trade, and adoption but in different proportions. Japan is at the top of
the list of countries with technological advancements. South Korea is the 2nd largest
economy in the world for technological development and expertise (Matyushok et al.,
2021; Yousaf et al., 2021). LG, Hyundai, and Samsung are all headquartered in South
Korea. Its modest drop is due to a decrease in production, but this is not a cause for
concern. Germany is one of the advanced technologically advanced countries.
Germany is the 3rd best country in the world with 5th rank in technological experts.
Germany is famed for its engineering, with Volkswagen, Siemens, and other compa-
nies based there. Germany is known for its engineering schools, which produce some
of the top engineers in the world. Germany has also emerged as a global leader in
technology used in medical, military, and infrastructure. Norway is the hub of green
technology ranging from renewable energy industry manufacturing, transportation,
and food production. For instance, Norway sells 39% of electric cars across the world
(Kumar & Samadder, 2017; Moslehpour et al., 2022a). Australia is also famous for
changes in technology adoption. Australian enterprises focus on 10 top technologies
like opportunistic AI extension, cloud-centric infrastructure and applications, edge
acceleration, hybrid by design, digital resiliency, automation, rebuilt relationships
with providers, investment in people, the circular economy, and coping with technical
debt. China is the most populous country focusing on green technology and is on the
3rd among the countries famed for technology expertise. Russia is the 6th advanced
country for its engagement in technical expertise (Moslehpour et al., 2022b; Sun
et al., 2021).

The environmental problems like air, water, or land pollution, global warming, rise
in the level of the ocean, lack in the amount of oxygen in the air, and spreading of
any chemicals etc. are almost in every country because of the rise in the population
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and their social and economic activities. There are several factors that may cause or
remove pollution spreading, like the choice of energy resources for undertaking dif-
ferent activities. Moreover, the modern market is highly competitive, and this is the
age of digital technology. In order to compete against rival businesses, it is compul-
sory to bring improvement in technologies or relevant techniques, processes,
and skills.

Our study put the attention of the readers towards this side by explaining how
positive changes can be made in the technologies or relevant techniques, processes.
The objective of the present study is to explore the influences of green energy such as
renewable energy production, renewable energy consumption, and energy import
along with economic growth and population growth on the technological changes.
The present study has great theoretical significance for removing many literary gaps
with subtle additions. First, in most of the studies green energy has been discussed as
a whole without elaborating the renewable energy production, renewable energy con-
sumption, and energy import while analysing technological changes. Like, Zecca and
Nicolli (2021), has addressed the green energy as a single complete term while analy-
sing the technological changes in the economy. The present study, which analyzes the
ecological consequences of renewable energy production, renewable energy consump-
tion, and energy import as three dimensions of green energy to determine the
technological changes, is a significant addition to the literature. Second, in the prior
research, mostly renewable energy consumption has been discussed for their impacts
on the technological changes. Very few studies have paid attention to renewable
energy production for the technological changes. The current study removes this liter-
ary gap with simultaneous analysis of renewable energy production and renewable
energy consumption impacts technological changes. Third, this is for the first time
that the nexus among green energy such as renewable energy production, renewable
energy consumption, and energy import along with economic growth and population
growth and the technological changes in both developing and developed countries.In
the previous studies, only one or two countries which are either developing or devel-
oped ones are taken as the centre of analysis for the impacts of ecological consequen-
ces of green energy such as renewable energy production, renewable energy
consumption, and energy import along with economic growth and population growth
on the technological changes. The empirical significance of the study much wider as
it is applicable to large number of countries covering both the developed and devel-
oping countries. The developed countries which themselves are proficient in making
technological inventions or exports for high technologies and concerned equipment
and developing countries which are making efforts to bring technological changes.
This study has great significance to the economists how they can promote innovative
technologies within the economy through encouraging green energy such as renew-
able energy production, renewable energy consumption, and energy import. This
study is significant to the environmental regulators for guidance to them that they
with the adoption of green energy, ecological friendly technologies can be promoted
in the market and environment thus can be saved.

This article is structured as follows. The 2nd part briefly discusses the literary
views about the impact of ecological consequences of green energy such as renewable
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energy production, renewable energy consumption, and energy import, economic
growth, and population growth on the technological changes. The third part describes
the procedure to collect data and its analysis for the study results. These results are
compared to and match with the previous studies. The discussion of the study results
is followed by appropriate implications, conclusions, and future recommendations.

2. Literature review

Technological change, which is the change in the technological products, skills, tech-
niques, and processes, is critical to economic progress (Gadeikiene & Svarcaite, 2021;
Rastogi et al., 2018). Technological change improves the efficiency of technology.
This improved efficiency may result in the acquisition of quality information, better
communication, increase in the number of products and improves the quality of
products (the reliability, design improvement, health protection, and durability of
products) (Ma et al., 2021; Moslehpour et al., 2021). The positive changes in technol-
ogy lead businesses towards success as people want innovation and newness. The
change in the technologies can be made for several reasons like ecological consequen-
ces of green energy such as renewable energy production, renewable energy consump-
tion, and energy import (Li et al., 2021; Othman et al., 2020). The environmental
consequences of green energy bring improvement in the efficiency of the technolo-
gies, techniques, skills, and processes in this regard (Hassan et al., 2022; Sadiq et al.,
2021a; Sadiq et al., 2021c). Similarly, economic growth and population growth also
affect technological changes. The influences of ecological consequences of green
energy such as renewable energy production, renewable energy consumption, and
energy import, economic growth, and population growth on the technological
changes have dominant attention in the past literature with the help of which the
study hypotheses are proposed. Green energy is very important from an environmen-
tal perspective because it replaces the negative environmental impact of fossil fuels
with ecological-friendly alternatives (Langkau & Espinoza, 2018; Piligrimien_e et al.,
2021; Sadiq et al., 2021b). As green energy is derived from natural resources, it is
clean and replenishing. They produce no greenhouse gas or reduce the emission of
pollutants, and these are readily available.

The production of energy is critical to society and the economy, as it assures the
undertaking of different domestic and commercial activities, but it may leave impacts
on the environment (Ali et al., 2018; Tan et al., 2021). The nature of the ecological
consequences of energy production is determined by the nature of energy produced
like renewable energy (wind power, hydropower, solar power, geothermal power, and
non-renewable energy. The production of renewable energy like wind power, hydro-
power, solar power, geothermal power, biomass, and biofuel brings positive techno-
logical changes as it does not cause the emission of greenhouse gas, CO2, SO2, and
wastes (Pursiheimo et al., 2019; Xiang et al., 2021). The literary workout of
Przychodzen and Przychodzen (2020) and Xueying et al. (2021) analyzes the impact
of renewable energy production on the environment and technological changes in
transition economies. An extensive data were acquired from 27 transition economies
for the period of 1990–2014 for the analysis of the impacts of renewable energy
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production on environmental quality and the technological changes. According to the
arguments of Przychodzen and Przychodzen (2020) and Zhao et al. (2021) the meth-
ods to produce renewable energy such as wind power, hydropower, geothermal
power, solar power, biomass, and biofuel do not release any harmful gas or chemicals
and do not leave any contaminating wastes within the country. That is why the indi-
viduals or organizations which have environmental concerns change the technology
and the techniques to produce and consume energy. In Lyytim€aki’s (2018) study on
renewable energy production, renewable energy consumption, environmental quality,
and technological changes. The study compares the production of renewable energy
resources like biomass and solar power etc. with the production of non-renewable
energy resources like fossil fuels and nuclear power and states that, unlike non-renew-
able energy, the production of renewable energy does not emit greenhouse gas but
absorbs the heat and carbon dioxide from the air, and excessive water from the earth.
When the country has a clean and healthy environment, the economy has skilled and
active human resources who have the ability to bring improvement in the applied
technology or introduce entirely new technology or technological processes. Abdin
and Zio (2018) argue that wind power, hydropower, geothermal power, solar power,
biomass, and biofuel are examples of green energy techniques or processes that do
not cause pollutants to spread throughout the country. As a result, firms that require
energy to meet their business needs alter the pattern of energy production and con-
sumption, similar to how applicable techniques or technologies are altered. Based on
the above discussions, we can develop the following hypothesis:

H1: Renewable energy production has a positive relation to technological changes.

Energy resources are used to operate different technologies in all business depart-
ments like accountancy, information management, communication network, produc-
tion, and logistics. The choice of energy resources for business operation affects the
environmental performance of the firms, the quality of technology, techniques, proc-
esses, and human resources skills to operate the relevant technology or machinery
(Bilan et al., 2020; Jia et al., 2018). The consumption of renewable energy resources
affects technological development in different manners like; consumption of renew-
able requires specific technology which does not rely on non-renewable energy like
fossil fuels, it ensures the skilled and active labour force who can carry technologies
efficiently, adds value to the technology, or invent new techniques or technology, and
the use of renewable energy reduces the costs or increases profits which are used to
bring technological alteration (Flores & Chang, 2019; Gielen et al., 2019). A study by
Alvarez-Herranz et al. (2017) integrates the relationship between energy innovation,
renewable energy consumption, and technology change. This study collects empirical
data for the association among energy innovation, renewable energy consumption
and low-carbon technology from 17 OECD countries for the period of 1990–1912.
The study implies that innovation in getting the energy from natural resources
ensures the availability of renewable energy, which can be renewed, and do not emit
harmful substances. The use of renewable energy for business operations encourages
technology that emits less amount of harmful gases like CO2 emission. A study of
Overland (2019) analyzes the nexus between renewable energy consumption, environ-
mental performance, and technological changes. The study posits that the
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organizations which use renewable energy resources for operating different business
operations, production, and logistics, provide a clean and healthy environment to the
labour force. The healthy labour force work actively. They can focus on the technol-
ogy, techniques, or technological processes applied and try to improve their efficiency
with some changes in their technology products, processes, or skills to use the tech-
nology. The literary investigation by Garc�ıa-Olivares et al. (2018) reveals that when
renewable energy is used to carry business operations, the quality of resources is bet-
ter, the effectiveness of business operations is achieved, the quality of products and
services improves, wastes are reduced, and there is large marketing. The reduction of
costs and increased profits enhance the financial resources of the firms, which they
can use to make alterations in the technology. The afore-mentioned literary argu-
ments about the renewable energy consumption and technological changes lead to
the following hypothesis:

H2: Renewable energy consumption has a positive relation to technological changes.

The facility to procure energy from foreign countries brings changes in the domes-
tic environment, social and economic progress. The import of green energy or renew-
able energy like wind power, hydropower, geothermal power, solar power, biomass,
and biofuel ensures energy supplies within the country, develops consistency in the
economic activities, improves productivity, and reduces the use of fossil fuels
(Guti�errez & Teshima, 2018; Heinrich et al., 2020). The import of renewable energy
improves the environmental quality without reducing the economic activities and
brings positive changes in the technologies or technological processes, techniques,
and skills. An empirical investigation was made by Huang et al. (2017) to explore the
influences of ecological impacts of green energy import and technological changes
within the domestic organizations. The study implies that the quality of the inland
environment, the work environment inside domestic companies, and the health of liv-
ing beings are all affected by the import of energy resources to meet domestic energy
needs. As a result, the type of technology and techniques utilized in the country for
economic operations is determined by the energy import facility. The study con-
ducted by Dlalisa and Govender (2020) and Shao et al. (2019) investigated the energy
import, energy-saving performance, and technological changes in the presence of
rebound effect. The state-space model with time-varying parameters, IPAT identity
and the Solow residual approach for the analysis of the relationship among the energy
import, energy-saving performance, and technological changes with a rebound effect
in Shanghai, the city of China, for the period of 1991–2016. The study reveals that
the study highlights that there is a reciprocal relationship between energy import and
technological progress. The increase in technological progress enhances the need for
energy within the country, having disturbed the achievement of the target of energy-
saving policies. However, the facility to import green energy improves the quality of
the atmosphere, natural resources, and living beings’ health within the country. This
reduces the overall costs and improves profitability. Thus, it brings positive techno-
logical changes within the country. On the basis of above given literary views about
the energy import and technological changes, we can hypothesize:

H3: Energy import has a positive relation to technological changes.
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Besides the ecological consequences of green energy such as renewable energy pro-
duction, renewable energy consumption, and energy import, economic growth and
population growth also have an impact on technological changes. Agustina et al. (2019)
present their opinion on the role of high economic growth rate in developing technolo-
gies and relevant techniques, processes, and skills. The study implies that when the
country makes fast economic growth, the financial position of the individuals, business
firms, ad government become strong, and they have the capacity to make an invest-
ment in constructive or productive technologies and procedures in this regard. A study
conducted by Han and Lee (2020) highlights that when the country is making rapid
economic progress, agriculture, manufacture of goods, delivery of services, and trans-
portation are all expanding their operations. All these operations will necessitate the
use of new technology, innovative procedures, and enhanced techniques. The increased
financial resources make them successful in bringing improvement in the efficiency of
existing technologies and technological skills or inventing some new technology or
techniques. Based on the above discussions, we can develop the following hypothesis:

H4: Economic growth has a positive relation to technological changes.

Literary research by Mullan and Haqq-Misra (2019), investigates the association
between population growth, global warming, and technological changes. The study
posits that the increase in the population has caused carbon emission in large
amounts, which continue to add to global warming by nature or through an increase
in human activities especially use energy. Over time technology goes through changes
for the de-carbonization of energy production and consumption. For example, old
technology based on the utilization of coal transformed into technology utilizing oil
or natural gas. Another example is the invention of energy-efficient technologies.
Berger (2019) and Koloba (2020), viewed that the fundamental and supplementary
requirements of life are in vast supply in countries with strong population growth
rates. As a result of the increasing demand for goods and services, economic activity
and employment have increased. In order to satisfy the growing demands, technology
is being used, new technologies are being invented, and existing technologies are
being improved. Thus, the increase in the population growth rate causes several
technological alterations. On the basis of the above-mentioned literature review about
the population growth and technological changes, we can hypothesize:

H5: Population growth has a positive relation to technological changes.

The current article has used the theory of change for the development of the study
framework. The theory of change describes the adoption of the best resources, man-
agement, and evaluation in the companies (Jela�ca et al., 2020; Kikulwe & Asindu,
2020; Reinholz & Andrews, 2020). The current article also examines the best resour-
ces, such as green energy’s role in the technology changes that are adopted for the
companies’ success. Many of the past studies also used the theory of change, such as
Douthwaite and Hoffecker (2017), who also examined the impact of the different
resources on the adoption of agricultural innovation. In addition, a study by
Gudanowska et al., (2020) and Vlaev and Dolan (2015) also used the theory of
change to predict the companies’ resource impact of technology and behav-
ioural change.
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3. Research methods

The researchers examine the impact of green energy on the technological changes in
developing and developed countries and also investigate the role of economic factors
on the technological changes in developing and developed countries. The present
study has used green energy as the independent variable. In contrast, economic fac-
tors have been taken as the control variable, and technology changes have been used
as the predictive variable in the study. The researchers have selected the ten most
GDP generated developed such as Norway, Australia, Switzerland, Netherlands, USA,
Germany, Brazil, Canada, Singapore, and Belgium and ten most GDP per capita gen-
erated developing countries such as China, India, Japan, Indonesia, Turkey, South
Korea, Saudi Arabia, Iran, Thailand and Taiwan extracted the data from 2008 to
2019. The present study has used secondary sources like WDI and extracted the sec-
ondary data from the mentioned source. In addition, the article also executed the
robust standard error to test the associations among understudy constructs because
the data are cross-sectional dominant. Moreover, the article also used the FEM to
examine the association between the variables. The equation of the present study is
mentioned below:

HTEit ¼ a0 þ b1REPit þ b2RECit þ b3EIit þ b4EGit þ b5PGit þ eit (1)

where HTE¼ high technology export; i¼ country; t ¼ time period; REP¼ renewable
energy production; REC¼ renewable energy consumption; EI¼ energy import;
EG¼ economic growth; and PG¼ population growth. The current article has used
the technology changes as the predictive variable and measured as the high technol-
ogy export (% of manufactured exports). In addition, the current study has also used
green energy as the predictor and measured as the renewable electricity production
(% of total electricity production), energy import (% of energy use) and renewable
energy consumption (% of total energy consumption). Finally, the current study also
used the economic factors as the control variables and measured as GDP growth
(annual %) and population growth (annual %). These variables with measurement
have been mentioned in Table 1.

The current article has executed the descriptive statistics that show the variables
minimum and maximum values and the total observations. In addition, it also shows
the mean and standard deviation of the understudy constructs. Moreover, the current
article also shows the correlation among the understudy constructs using the matrix
of correlation that provides just direction, not the significance. Additionally, the cur-
rent study also checks the multicollinearity using variance inflation factor (VIF) that

Table 1. Measurements of variables.
S# Variables Measurements

01 Technology changes High technology export (% of manufactured exports)
02 Green energy Renewable electricity production (% of total electricity production)

Renewable energy consumption (% of total energy consumption)
Energy import (% of energy use)

03 Economic factors GDP growth (annual %)
Population growth (annual %)

Source: WDI.
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indicated the correlation among the predictors. If the values of VIF are not higher
than five, then the multicollinearity assumption proved as valid. The equations for
VIF are mentioned below:

R2YYit ¼ a0 þ b2X2it þ b3X3it þ b4X4it þ b5X5it þ eit (2)

j ¼ R2
Y , R2

X1, R2
X2, R2

X3, R2
X4,R

2
X5 (3)

Tolrance ¼ 1� R2
j VIF ¼ 1

Tolerance
(4)

In addition, the article also executed the robust standard error to test the associa-
tions among understudy constructs because the data are cross-sectional dominant
(countries are more than years). Moreover, a robust standard error has been used
because it adjusts the “model’s heterogeneity issues” that generally exist. This model
is also suitable when the data have heteroscedasticity and auto-correlation issues. In
addition, past studies such as Chin et al., (2021) and Kahan (2014) investigated that
non-robust standard errors estimates can be highly misleading, and in this case,
robust standard errors perform well. The equation for robust standard error estima-
tion is mentioned below:

HTEit ¼ b1REPit þ b2RECit þ b3EIit þ b4EGit þ b5PGit þ Ɛit (5)

The study also executed the Hausman test to select the suitable regression model
among FEM and random model. If the Hausman test probability value is not less
than 0.05, then the random model is appropriate, but if the probability value is less
than 0.05, then FEM is suitable. The equation for the Hausman test is mentioned as
under:

H ¼ ðb1 � b0Þ ðVar b0ð Þ � Var ðb1ÞÞ ðb1 � b0Þ (6)

In above equation, “H” stands for Hausman test, b0 shows the null hypotheses
about the random effect is appropriate, while b1 shows the alternative hypotheses
about the FEM is appropriate. In addition, the current study has used the FEM
because in this model, model parameters are fixed, and it also allows to control for
all “time-invariant” omitted constructs. This model is particularly essential when the
constructs are difficult to observe. In FEM, the researchers can estimate the number
of additional parameters. Thus, the equation for FEM is mentioned below:

Yit ¼ b1i þ b2X2it þ b3X3it þ b4X4it þ b5X5it þ uit (7)

In the above equation, subscript (i) highlighted the individual country that made
different countries with respect to their features. This FEM formulated using current
research constructs is mentioned below:
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HTEit ¼ b1i þ b2REPit þ b3RECit þ b4EIit þ b5EGit þ b6PGit þ uit (8)

The article has investigated the relationships between the understudy constructs
using the GMM because the model usually has heterogeneity issues. The GMM equa-
tion is given as under:

Yit ¼ dYi, t�1 þ b1X1it þ b2X2it þ b3X3it þ b4X4it þ uit þ Ɛit (9)

In addition, the GMM model is considered the appropriate model when the model
have autocorrelation along with heteroscedasticity issues and the estimation equation
for GMM model with understudy variables are given as under:

HTEit ¼ dHTEi, t�1 þ b1REPit þ b2RECit þ b3EIit þ b4EGit þ b5PGit þ uit þ Ɛit

(10)

4. Research findings

The results show the descriptive statistics of all the constructs with respect to the
years. Table 2 shows that in 2008, HTE was 17.44%, while in 2019, it was 18.59%. In
addition, the findings also show that in 2008, REP was 24.10%, while in 2019, it was
16.25%. Moreover, in 2008, PG was 1.35%, while in 2019, it was 1.01%, while in
2008, EI was �58.56%, while in 2019, it was �12.54%. Finally, in 2008, REC was
18.95%, while in 2019, it was 16.34%, while in 2008, EG was 3.43%, while in 2019, it
was 2.22%.

The results show the descriptive statistics of all the constructs with respect to the
selected counties. Table 3 shows that Belgium was at the top where HTE was 31.15%,
while Saudi Arabia was at the bottom where HTE was only 0.76%. In addition,
Norway was at the top where REP was 97.40%, while Saudi Arabia was at the bottom
where REP was 0.00%. Moreover, Japan was at the top where PG was 2.85%, while
Brazil was at the bottom where PG was only �0.11%. Furthermore, Singapore was at

Table 2. Descriptive statistics (Years).
HTE REP PG EI REC EG

2008 17.44 24.01 1.35 �58.56 18.95 3.43
2009 18.68 24.23 1.25 �53.68 18.69 �0.71
2010 18.14 25.04 1.18 �46.55 18.35 5.07
2011 17.43 25.46 1.15 �55.25 18.23 4.35
2012 18.19 26.09 1.31 �53.05 18.51 3.63
2013 17.98 26.69 1.27 �49.27 18.77 3.20
2014 17.99 26.14 1.25 �55.70 18.79 2.71
2015 18.69 27.13 1.20 �57.31 18.44 2.91
2016 18.67 12.07 1.18 �56.32 18.45 3.42
2017 18.77 12.56 1.06 �21.76 18.47 3.24
2018 18.52 17.04 1.02 �32.76 17.75 2.81
2019 18.59 16.25 1.01 �12.54 16.34 2.22

Here, HTE represents high technology exports, REP means renewable energy production, PG represents population
growth, EI stands for energy import, REC means renewable energy consumption and EG stands for eco-
nomic growth.
Source: Researchers’ estimations.
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the top, where EI was 97.77%, while Norway was at the bottom, where EI was only
�568.76%. Additionally, Thailand was at the top where REC was 76.06%, while Saudi
Arabia was at the bottom where REC was only 0.00%. Finally, Belgium was at the top
where EG was 7.99%, while Switzerland was at the bottom where EG was only 0.47%.

The current article has executed the descriptive statistics that show the variables
minimum and maximum values and the total observations. In addition, it also shows
the mean and standard deviation of the understudy constructs. The statistics have
been highlighted that the mean value of HTE is 19.605 while the average value of
REP is 30.195. Moreover, the statistics have also been highlighted that the mean value
of EI is �124.579 while the average value of PG is 1.248. Finally, the statistics have
also been highlighted that the mean value of REC is 21.227 while the average value of
EG is 4.126. The total observation of the study was 240 (20 countries x 12 Years).
These values are mentioned as under in Table 4.

Moreover, the current article also shows the correlation among the understudy
constructs using the matrix of correlation that provides just direction, not the signifi-
cance. The statistics have been shown that REP, REC, PG and EG have a positive
association with HTE. However, the results also indicated that EI has a negative asso-
ciation with HTE. The results also show that if 1% changes in REP, the HTE will
change by 25.6% in the same direction. Moreover, the results also investigated that if
one unit increase in PG, then the HTE will also increase by 0.005 units. The results
also show that if 1% changes in EI, the HTE will change by 28.7% in the opposite
direction. Moreover, the results also investigated that if one unit increase in REC,
then the HTE will also increase by 0.119 units. Finally, the results also show that if
1% changes in EG, the HTE will change by 53.9% in the same direction. These values
are mentioned as under in Table 5.

Table 3. Descriptive statistics (Country).
HTE REP PG EI REC EG

USA 21.77 11.56 0.72 16.79 8.69 2.63
Norway 21.17 97.40 1.06 �568.76 58.20 1.09
Australia 18.31 10.88 1.64 �157.97 8.66 1.73
Netherland 24.91 10.81 0.48 18.84 5.21 1.25
Switzerland 23.14 57.62 1.06 50.86 22.17 0.47
Germany 16.78 21.29 0.08 60.70 13.29 1.69
Brazil 18.20 11.67 �0.11 88.32 5.58 4.31
Canada 15.64 62.55 1.11 �58.62 22.28 3.08
Singapore 51.31 1.45 1.81 97.77 0.58 1.47
Belgium 31.15 1.39 0.50 81.75 2.06 7.99
Iran 11.31 16.33 0.09 �82.48 3.33 3.68
China 30.82 19.72 0.49 12.32 12.46 5.40
Taiwan 1.88 31.01 2.13 23.50 45.74 6.18
Indonesia 9.40 13.16 1.27 �93.77 30.27 5.61
India 28.40 38.33 1.01 �18.53 34.35 1.00
Japan 0.86 7.47 2.85 �252.82 1.03 1.54
Turkey 7.74 29.58 1.04 2.92 9.17 5.33
South Korea 6.13 0.99 1.46 �15.01 10.69 3.23
Thailand 2.35 69.48 2.45 0.73 76.06 1.69
Saudi Arabia 0.76 0.00 2.57 �217.15 0.00 1.12

Here, HTE represents high technology exports, REP means renewable energy production, PG represents population
growth, EI stands for energy import, REC means renewable energy consumption and EG stands for eco-
nomic growth.
Source: Researchers’ estimations.
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Additionally, the current study also checked the multicollinearity using VIF that
indicated the correlation among the predictors. If the values of VIF are not higher
than five, then the multicollinearity assumption proved as valid. The statistics have
found that all the values are lower than five, showing that the multicollinearity
assumption proved as valid.

The results of robust standard error indicated that green energy, such as renewable
energy production and renewable energy consumption, along with economic factors
such as economic growth, have a positive association with technological changes in
developing and developed countries. The results also show that if 1% changes in REP,
the HTE will change by 83.4% in the same direction. Moreover, the results also inves-
tigated that if one unit increase in REC, then the HTE will also increase by 0.287
units. In addition, the results also investigated that if one unit increase in EG, then
the HTE will also increase by 0.012 units. However, the results also indicated that
energy import and population growth have a negative association with technological
changes in developing and developed countries. Thus, the results also show that if 1%
changes in EI, the HTE will change by 44.4% in the opposite direction. Finally, the
results also show that if 1% changes in PG, the HTE will change by 23.3% in the
opposite direction. The R-squared value also exposed that 47.50% changes in HTE
are due to all predictors selected by the researchers. These values are mentioned as
under in Table 6.

The study also executed the Hausman test to select the suitable regression model
among FEM and random model. The results exposed that the probability value is not
bigger than 0.05, which shows FEM is suitable. If the Hausman test probability value
is not less than 0.05, then the random model is appropriate but if the probability
value is less than 0.05, then FEM is suitable.

Table 4. Descriptive statistics (Overall).
Variable Obs Mean Std. Dev. Min Max

HTE 240 19.605 5.574 0.679 53.437
REP 240 30.195 8.208 0.000 97.771
EI 240 �124.579 31.644 �568.77 97.786
PG 240 1.248 0.260 0.087 2.946
REC 240 21.227 9.834 0.000 77.399
EG 240 4.126 0.331 0.423 7.999

Here, HTE represents high technology exports, REP means renewable energy production, PG represents population
growth, EI stands for energy import, REC means renewable energy consumption and EG stands for eco-
nomic growth.
Source: Researchers’ estimations.

Table 5. Matrix of correlations.
Variables HTE REP EI PG REC EG

HTE 1.000
REP 0.256 1.000
EI �0.287 �0.302 1.000
PG 0.005 0.072 �0.489 1.000
REC 0.119 �0.400 0.657 �0.373 1.000
EG 0.539 0.005 �0.070 0.001 0.264 1.000

Here, HTE represents high technology exports, REP means renewable energy production, PG represents population
growth, EI stands for energy import, REC means renewable energy consumption and EG stands for eco-
nomic growth.
Source: Researchers’ estimations.
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The results of FEM indicated that green energy, such as renewable energy produc-
tion and renewable energy consumption, along with economic factors such as eco-
nomic growth, have a positive association with technological changes in developing
and developed countries. The results also show that if 1% changes in REP, the HTE
will change by 101.9% in the same direction. Moreover, the results also investigated
that if one unit increase in REC, then the HTE will also increase by 0.204 units. In
addition, the results also investigated that if one unit increase in EG, then the HTE
will also increase by 0.012 units. However, the results also indicated that energy
import and population growth have a negative association with technological changes
in developing and developed countries. Thus, the results also show that if 1% changes
in EI, the HTE will change by 69.8% in the opposite direction. Finally, the results
also show that if 1% changes in PG, the HTE will change by 45.9% in the opposite
direction. The R-squared value also exposed that 57.30% changes in HTE are due to
all predictors selected by the researchers. These values are mentioned as under in
Table 7.

The results of GMM indicated that REP and REC, along with economic factors
such as economic growth, have a positive association with technological changes in
developing and developed countries. The results also show that if 1% changes in REP,
the HTE will change by 0.829% in the same direction. Moreover, the results also
investigated that if one unit increase in REC, then the HTE will also increase by
0.736 units. In addition, the results also investigated that if one unit increase in EG,
then the HTE will also increase by 0.362 units. However, the results also indicated

Table 6. Robust standard error.
HTE Beta S.D. t P> t L.L. U.L.

REP 0.834 0.131 6.390 0.000 0.561 1.107
EI �0.444 0.087 �5.120 0.000 �0.625 �0.263
PG �0.233 0.072 �3.250 0.004 �0.382 �0.083
REC 0.287 0.066 4.360 0.000 0.149 0.425
EG 0.012 0.001 15.470 0.000 0.010 0.013
_cons 2.904 0.927 3.130 0.005 0.965 4.844
R-squared 0.4750 Number of Observation 240
Root MSE 0.4206 Prob. > F 0.000

Here, HTE represents high technology exports, REP means renewable energy production, PG represents population
growth, EI stands for energy import, REC means renewable energy consumption and EG stands for eco-
nomic growth.
Source: Researchers’ estimations.

Table 7. Fixed effect model.
HTE Beta S.D. t-value p-value L.L. U.L. Sig

REP 1.019 0.175 5.82 0.000 0.674 1.364 ���
EI �0.698 0.083 �8.36 0.000 �0.863 �0.533 ���
PG �0.459 0.330 �1.39 0.065 �1.109 �1.191 �
REC 0.204 0.114 1.79 0.075 0.021 0.429 �
EG 0.012 0.002 7.35 0.000 0.009 0.016 ���
Constant 5.320 0.622 8.56 0.000 4.095 6.546 ���
R-squared 0.573 Number of obs 240
F-test 57.100 Prob> F 0.000

Here, HTE represents high technology exports, REP means renewable energy production, PG represents population
growth, EI stands for energy import, REC means renewable energy consumption and EG stands for economic growth.��� p<.01, �� p<.05, � p<.1.
Source: Researchers’ estimations.
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that energy import and population growth have a negative association with techno-
logical changes in developing and developed countries. Thus, the results also show
that if 1% changes in EI, the HTE will change by 0.931% in the opposite direction.
Finally, the results also show that if 1% changes in PG, the HTE will change by
1.829% in the opposite direction. These values are mentioned as under in Table 8.

5. Discussion and implications

The study results have indicated that renewable energy production is in a positive
association with technological changes. The study results are supported by the previ-
ous study of Schmidt and Sewerin (2019), which analyzes the ecological consequences
of renewable energy production and its impact on the economy. The study states that
the techniques or processes to produce renewable energy such as wind power, hydro-
power, geothermal power, solar power, biomass, and biofuel do not cause pollution
spread within the country. That is why the commercial points that need the energy
to fulfil the business needs change the pattern of energy production and energy con-
sumption like the change in the relevant techniques or technology used. These results
are also in line with the previous study of Polzin et al. (2019), which shows that as
the production of renewable energy is an ecological friendly program to produce
energy for both domestic and commercial purposes, this encourages the change in
the technologies, or processes and skills to use technology so that the renewable
energy can be used. These results are also supported by the previous study of
Miremadi et al. (2019), which states that the production of renewable energy is an
effective way to reduce global warming and rise in the ocean level. Thus, a change in
the technology, its qualities or processes to use must be made so that the energy
which can be replenished and does not cause wastes can be applied.

The study results have also indicated that renewable energy consumption is in a
positive relationship to technological changes. These results are in line with the past
study of Fan and Hao (2020) which implies that when there is a trend in the econ-
omy to use renewable energy for the sake of protection of work environment within
the organization and the natural environment for the safety of natural resources and
health of livings, the business organizations focus on the quality of technology used.
They apply such technology, which can be carried on with renewable energy like
machinery, which requires low voltage power. These results are supported by the

Table 8. Generalized method of moments (GMM).
HTE Beat S.D. t-value p-value L.L. U.L. Sig

REP 0.829 0.290 2.86 0.034 0.239 2.309 ��
EI �0.931 0.342 �2.72 0.037 �1.547 �0.532 ��
PG �1.829 0.582 �3.14 0.024 �1.890 �0.327 ��
REC 0.736 0.201 3.66 0.018 0.141 1.577 ��
EG 0.362 0.034 10.64 0.000 0.014 2.020 ���
Mean dependent var 1.563 SD dependent var 0.567
Number of obs 240.000 F-test 63.439

Here, HTE represents high technology exports, REP means renewable energy production, PG represents population
growth, EI stands for energy import, REC means renewable energy consumption and EG stands for economic growth.��� p<.01, �� p<.05, � p<.1.
Source: Researchers’ estimations.
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previous study of Shahzad et al. (2020), which shows the inclination of the business
organizations to consume renewable energy to ensure a clean working environment.
According to this study, for better performance in the competitive market, organiza-
tions need a healthy work environment so that the employees perform efficiently.
This is possible if the renewable energy resources are consumed for energy purposes
as the consumption of renewable energy do not produce harmful gases, chemicals
and leave no contaminating wastes. In order to change the energy sources, the organ-
ization has to bring change in its technology, techniques, methods, and skills needed
for manufacturing or operating other business functions.

It has also been indicted by the study results that the import of energy has nega-
tive impacts on technological changes. These results are supported by the past study
of A�gbulut (2019), which suggests that the import of energy resources for meeting
domestic energy needs affects the quality of the inland environment, the work envir-
onment within the domestic organizations, and the health of living beings. So, the
facility of the import of energy determines the type of technology and techniques
used within the country for economic activities. These results are supported by the
previous study of Lam et al. (2019), which shows that the purchase of renewable
energy resources from foreign countries cannot be a useful way to handle the envir-
onmental issues within the country caused by the expansion of economic activities.
This brings an unfavourable change within the technology and processes used for the
manufacturing of goods, rendering of services and transportation, which is the critical
part of society and economy.

The study results have also shown that the economic growth of the country has a
significant impact on technological changes. These results agree with the study of
Wang and Feng (2019) which examines that the country which is making rapid pro-
gress from an economic point of view, the individuals, organizations, and government
institutions have enough financial resources to spend on the environmental programs,
economic improvement, and construction projects. These financial resources enable
them to bring changes in the relevant technologies and processes for information,
communication and production and for performing different other specific tasks.
These results also agree with the study of Klofsten et al. (2019), which states that
when the country is making economic growth at a high rate, there is an expansion in
the business activities like agriculture, production of goods, rendering of services, and
transportation. For performing all these activities, new technology, innovative proc-
esses, and improved techniques are required. These results are supported by the past
study of Sharma et al., (2021), which reveals that in the fast-emerging economies, the
organizations pay heed to innovation in the technologies, techniques, and processes
and development of innovative knowledge or skills as in this way, sustainability can
be created in the economic development.

The study results have also indicated that population growth has a negative associ-
ation with technology change. These results are in line with the previous study of
Lutz (2017), which shows that in the countries where the population growth rate is
high, the basic and additional needs of life are also in large. In order to meet the
increased needs of people, there is a resultant increase in economic activities and
employment. This gives rise to the use of technology, the invention of new
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technologies, or improvement in the available technologies to meet the increasing require-
ments but due to lack of sources it is not possible for the developing countries. These
results are supported by the past study of Bucci et al. (2019), which highlights that the
increase in the population growth rate, on one side, increases the need for more product-
ivity and more employment while on the other side, it also increases the human resources
for the economy. The skilled and aware human resources bring change in the technolo-
gies, techniques, and processes but it is not possible for the developing economies.

The study carries both theoretical and empirical implications. The current study has a
theoretical significance as it contributes greatly to the ecological and economic-based lit-
erature. The study focuses on technology (products and processes) as an integral part of
society and the economy and shows the importance of technological changes. This study
analyzes the influences of ecological consequences of green energy such as renewable
energy production, renewable energy consumption, and energy import along with eco-
nomic growth and population growth on the technological changes. Mostly, the influen-
ces of green energy on the environment and technological changes have been addressed
without the description of its dimensions, such as ecological consequences of green
energy such as renewable energy production, renewable energy consumption, and energy
import. But the current study describes the ecological consequences of green energy with
three dimensions of renewable energy production, renewable energy consumption, and
energy import while analysing the technological changes within the economy; thus, it is
an addition to the literature. However, the influences of the ecological consequences of
green energy on technological changes have simply been explored without analysing the
presence of economic growth and population growth. So, the present study is an excep-
tion in the literature. Similarly, the analysis of ecological consequences of renewable
energy consumption and renewable energy production at the same time to determine
the technological changes is a new concept in the literature. The current, which is based
on empirical research about technological changes, has a remarkable significance in the
fast-emerging economies developing economies. This study is important to the econo-
mists and environmental regulators as it serves as a guideline to them while formulating
their policies to overcome environmental caused by humans or economic activities and
to put the economy towards innovation to meet the global competition. This study
guides the readers on how ecological improvement and technological development are
possible. This article guides the regulators while developing effective policies regarding
technology changes in the country. This article is also helpful for the upcoming literature
while investigating this topic in future. This study shows that with the encouragement of
green energy like renewable energy production, renewable energy consumption, and
energy import. It also highlights those positive technological changes occur because of
the ecological consequences of such as renewable energy production, renewable energy
consumption, with effective management of economic growth.

6. Conclusion and limitations

Environmental problems as a result of exponential increase in business activities have
the global issue. Almost all the countries are facing problems. Environmental degrad-
ation affects adversely both the society and economy of a country. Moreover, the
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competition in the global market has been increasing at a high rate and the world
getting modern. People want change and newness in everything. They also want agil-
ity along with reliability in the sellers’ products and services. In order to respond to
innovative and environmental requirements of consumers, a change in resources,
techniques, and processes is needed. This study was conducted to remove these issues
of environmental and innovation performance of the economy. The purpose of the
study was to check the role of ecological consequences of green energy such as
renewable energy production, renewable energy consumption, and energy import in
bringing the technological changes and the current study examines the ecological
consequences of green energy along with economic growth and population growth on
the technological changes. In order to achieve study objectives, authors analysed the
impact of ecological consequences of three categories of green energy such as renew-
able energy production, renewable energy consumption, and energy import on the
technological changes and the study also analysed the economic growth and popula-
tion growth in ten developed and ten developing countries. For data collection, the
selected developed countries were Norway, Australia, Switzerland, Netherlands, USA,
Germany, New Japan, Canada, Singapore, and South Korea, and developing countries
were Russia, China, Pakistan, Indonesia, Vietnam, Iraq, Argentina, South Africa,
Guinea, and Saudi Arabia. The results of the study are based on this empirical ana-
lysis. These results revealed that renewable energy production does not cause the
emission of harmful substances or wastes. Instead, it is an effective source to over-
come the environmental issues of global warming, lack of oxygen, and rise in the
level of the ocean. The improvement in the environment encourages technological
changes required for energy production. The results also indicated that renewable
energy consumption for meeting the energy needs of business organizations brings
improvement in technological skills and processes, which enables the adoption of
innovative technologies for production and other business operations. The results of
the study showed that the ability of the domestic business firms to import renewable
energy resources, solar panels, turbines, and biomass, brings a change in the effi-
ciency of technologies within the economy. The results also concluded that the rise in
economic activities, including production of goods and rendering or all sorts of serv-
ices, increases the number of technologies applied and improvement in the efficiency
of technologies and effectiveness of different economic techniques. The study also
inferred that population growth increases the use of technologies or technical proc-
esses both at a domestic or commercial level; thus, it leads to technological changes
but difficult for the developing countries.

Though the current study achieves an exceptional position in the literature and
has success in practical economies, still it has certain limitations. Future can prove
their intellectual power by removing these limitations in future studies. First, the
study analyses the influences of only a single factor ecological consequences of green
energy with three dimensions renewable energy production, renewable energy con-
sumption, and energy import on the technological changes. Many other factors like
green finances, organizational policies, and global competitiveness are critical to
technological changes, but these factors have not been addressed. Thus, the scope of
the study is limited, and future authors are recommended to address the influences
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of more factors on technological changes. This study checks the environmental conse-
quences of only green energy, while the environmental consequences of non-renew-
able energy have utterly been ignored, which are also significant in this regard. The
scope of the study is also limited in this sense. The authors who will be willing to
investigate the technology role in the economy must also analyse the environmental
consequences of non-renewable energy.
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