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The study assessed the influence of green technology adoption on the sustainability of natural
resources (ESI and COz), examining the effects of different categories, as well as the economic
costs and benefits of implementing these technologies. This study employed panel regression
approach using secondary panel data collected from online international databases from 2014
to 2023 across Europe and central Asia. To track the economic impacts of green technologies
on natural resources, sustainability metrics (ESI and CO: per capita) were modeled against
green technology investment, renewable energy share, patent counts, with GDP per capita,
population density, and educational level as control. To ensure data validation, address
endogeneity, autocorrelation, multicollinearity, and model fit, Variance inflation factors,
Durbin-Watson statistics, F-test were employed. Results showed that green technology
significantly enhances environmental sustainability, explaining 67% of the variation in ESI
(R?=0.67, F = 14.89, p < 0.05) and 71.3% of variation in CO2 emissions (R? = 0.713, p <
0.05). Green technology investment had a positive and significant effect on ESI (3 =0.012, p
=0.002) and a negative effect on CO- emissions ( =—0.009, p = 0.028). Innovation, measured
by patent counts, and economic wealth (GDP per capita), also positively contributed to
sustainability (p <0.05). The study concluded that green technology adoption enhances natural
resource sustainability and reduces environmental degradation. Policymakers should prioritize
strategic green investments to achieve long-term environmental and economic sustainability.

1. INTRODUCTION

improves energy efficiency, and encourages resource
sustainability [3]. In an attempt for nations to survive the

In a period characterized by unparalleled global difficulties
due to changes in climatic conditions, exhaustion of natural
resources, and depletion of the environment, it becomes
crucial for nations to reassess strategies that promote
sustainable development [1]. Environmental challenges like
pollution, climate change, excessive deforestation, and loss of
biodiversity have caused havoc to important natural resources,
resulting in an effective modification towards sustainable
practices. As stated, the concentration of the practices is to
promote social obligation, preserve the economy, and
guarantee long-term viability of environmental sustainability
across the world [2]. Among the sustainable practices is the
adoption of green technologies, which involves innovations
that devise a path that minimizes damage to the environment,

4013

challenges, it becomes important to ensure that developments,
progress, prosperity, and uncontrolled consumption patterns
are balanced to ensure environmental and natural resources
stability [4].

When making solid materials, plastic instability often
affects how the final product looks and works. As a result of
this, studying these instabilities is very important for science
and technology. For example, polymer materials like
polyvinyl chloride (PVC) are commonly used in pipes, which
need precise details. That is why it is crucial to understand the
causes of plastic instability so that we can manage and control
them effectively [5].

The role that green technologies play cannot be
overemphasized, providing effective use of natural resources,
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preventing ecological destruction and biodiversity loss [6].
Also, green technologies are essential to guaranteeing a system
of zero wastage but regeneration of nature [7], the reduction of
greenhouse gas emissions, and more efficient energy sources
[8]. Additionally, eco-friendly agricultural practices, waste
recycling, and enhanced utilization of renewable energy
sources without CO- emission are part of the methods used to
preserve economic expansion and sustainability [9]. Green
technology promotes sustainable resource management,
balancing environmental preservation with economic growth,
and reducing adverse ecosystem impacts, attracting nations to
adopt environmentally friendly solutions [10]. Contemporary
entrepreneurship is increasingly confronted with the
imperative to integrate environmentally sustainable practices
to ensure a balance between economic development and
environmental responsibility [11]. To achieve long-term
sustainability and fulfill international commitments such as
the UN Sustainable Development Goals, green technology can
reduce environmental impacts such as pollution, resource
depletion, and climate change [12]. Also, current state analysis
of management of industrial waste and rational subsoil use is
mandatory for adequate planning [13].

Econometric modeling is a powerful tool for evaluating
economic and environmental impacts of green technologies
[14], especially as nations work to meet global sustainable
goals. Using statistical data, econometric modeling aids in
quantifying relationships between variables, enabling
systematic and rigorous assessments of theory and empirical
evidence. This modeling entails several processes that use
statistical techniques to bridge theory and data, thereby
shedding light on the viability of the proposed theoretical
model [15]. Econometric modeling is a reliable and robust
analytical technique for evaluating how green technologies
contribute to the sustainability of natural resources in the
context of this study. This investigation aims to explore the
connections between the utilization of various technologies
and their sustainability measures, like pollution levels (CO»)
and the Environmental Sustainability Index (ESI), by
employing econometric modeling. This methodology
simplifies the understanding of the complex economic
considerations involved in the implementation of different
green technologies, enabling the identification of causal
factors and quantifiable outcomes. Moreover, econometric
modeling aids in recognizing the wider economic benefits.

Among countries of interest, Ukraine provides a compelling
case for inclusion due to its vast natural resource base, ongoing
green transition, and alignment with EU sustainability goals.
Following the disruption of its centralized energy
infrastructure due to conflict, Ukraine has actively
incorporated green technologies into reconstruction efforts. In
war-affected oblasts such as Kharkiv, Mykolaiv, and
Zaporizhzhia, decentralized solar microgrids are replacing
damaged fossil fuel systems. These microgrids offer both
short-term reliability and long-term environmental benefits.

According to the Ministry of Environmental Protection and
Natural Resources of Ukraine, pilot projects demonstrate a 30—
40% reduction in CO: emissions compared to traditional diesel
generators under similar loads. Additionally, these systems
provide energy resilience in regions where the centralized grid
remains vulnerable to attack or damage. These developments
underscore the dual utility of green technologies in fragile
contexts, supporting immediate recovery and contributing to
long-term climate goals outlined in Ukraine’s National Energy
and Climate Plan (NECP). It becomes highly imperative to
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optimize operational methods of cost reduction in operations
relating to open-cast mining, thus adding value to sustainable
development of resources such as mineral deposits [16].

Kazakhstan and Ukraine share common ground in
advancing green technology through the sustainable
management of their natural resource endowments, despite
differences in economic structures and geopolitical contexts.
The decentralization of renewable energy infrastructure
imposes an obligation to align with the objectives of the
European Union in presenting a model for climate-smart
reconstruction, particularly through the deployment of
microgrids for solar power in war-affected regions.
Furthermore, the development of a green economy framework,
driven by both domestic sustainability goals and international
climate commitments, underscores the potential to utilize vast
mineral and energy resources in sustainable ways. This
provides an empirical foundation for analyzing how green
infrastructure contributes to sustainability in resource-rich yet
environmentally challenged regions such as Ukraine and
Kazakhstan, serving as a critical link between recovery and
long-term resilience. In terms of strategic positioning across
Asia and Europe, Kazakhstan is significant as a country gifted
with immense natural resources, which presents both
challenges and opportunities [17]. The study focuses on
Ukraine's significant natural resource endowment, green
transition, and EU sustainability compliance, highlighting its
strong argument for green technology in sustainable resource
management, forest cover, and renewable energy potential.
Also, the advancement of the international community
towards practices that are sustainable places Kazakhstan at a
critical point in ascertaining its economic path [18]. The
economic adventure of Kazakhstan is mingled with natural
resources, mining, and export, more especially in the area of
minerals, and oil, and gas [19]. This is a boost to the growth of
the economy and rightly positions the country as an important
stakeholder in the market of global energy. The idea of the
green economy is at the center of the readjustment of a model
that seeks to unite the sustainability of ecology with the
development of a country’s economy [20]. The ability of
Kazakhstan to channel strategic investments into
infrastructure which are sustainable will, without doubt,
impact the capacity of a nation to be eco-friendly and resilient.
Also, efficient natural resources management is a condition
precedent to achieving a sustainable development plan
narrative [21, 22]. To achieve viability in the long term, proper
and detailed responsibility for assets under the possession of
countries rich in energy, agricultural, and mineral resources,
the need for Kazakhstan to walk through the process is
established in what is acceptable globally, and is extremely
interconnected with socio-economic architecture. Therefore, it
is essential to investigate how Kazakhstan's natural resource
sustainability is affected by the use of green technologies.

The use of bio-diesel is an accepted approach to ensuring
diesel engines are efficient and environmentally friendly. This
contributes to reducing the accumulation of harmful gases
released into the environment and efficiency of engine. This is
achieved by blending bio-diesel chemical and physical details
so as to align with engine [23].

Despite the growing body of global literature and expanding
research in Central Asia on environmental and economic
sustainability [24-26], existing studies tend to focus
predominantly on the environmental implications of green
technologies. However, limited attention has been given to
their economic impacts, particularly within resource-abundant



and environmentally sensitive contexts such as Kazakhstan. In
addition, there remains a lack of empirical evidence on the
performance of different categories of green technologies in
relation to both pollution metrics (e.g., CO2 emissions) and the
ESI. Furthermore, data on the cost-efficiency and economic
returns of implementing various green technologies in the
country remain sparse.

To address these gaps, this study employs an econometric
approach to systematically assess both the environmental and
economic effects of green technology adoption in Kazakhstan.
Specifically, it examines how different types of green
technologies influence sustainability indicators, such as CO:
emissions and ESI, while also considering associated
economic variables such as GDP, patent activity, and
investment levels. This investigation is guided by the
following research questions:

i. What is the quantitative impact of green technology
adoption on the sustainability of natural resources, as
measured by specific indicators such as the ESI or pollution
levels (CO,)?

ii.  How do different categories of green technologies
(e.g., renewable energy sources, energy-efficient systems,
waste recycling technologies) affect the sustainability of
natural resources, and are there significant differences in their
impacts?

iii. ~ What are the economic costs and benefits associated
with the implementation of green technologies, and how do
they influence the overall sustainability of natural resources?

This research aimed to use an effective approach of
econometric modeling to assess the impact of green
technology adoption on the sustainability of natural resources.
Through this model, both the direct and indirect relationships
among variables (dependent and independent variables) will
be estimated to understand how various green technologies
contribute to sustainable development using environmental
and economic factors. This study aims to provide an empirical
data-set on the environmental and economic impacts on
natural resources, thereby contributing to the dearth of
knowledge in environmental and natural resource
management and sustainability. It is expected that the results
of the study will help policymakers, based on the experience
of similar countries, direct investments to specific “green”
technologies, create regulations that stimulate environmental
innovations, and develop sustainable development plans.

2. LITERATURE REVIEW
2.1 Theoretical groundwork of study

The theory of Diffusion of innovation creates an established
basis for well-grounded foundation and good comprehension
of activities of innovation in sustainable technology and its
resulting diffusion within government set-up. With respect to
this theory, technologies which are sustainable such as
innovation diffuse through social structuring which influence
behaviours and practices in organizations [27]. The observable
relationship between innovation in technology which are
sustainable and practices on sustainability resulting to aligning
development of green economics with core canons of diffusion
of innovation theory [28]. The role of government in
embracing sustainable technology can be considered as subset
of the bigger social system where practices of innovation is
diffused to be integrated into daily operational activities [29].
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This framework resonates with Ukraine's national strategy,
like the WINWIN Green-Tech Strategy 2024, so that damaged
infrastructure can be rebuilt with green innovation, especially
in smart grids, renewable energy and digital climate solutions,
which aligns with EU accession and climatic goals. Another is
the National Renewable Energy Action Plan (2024-2030)
where the share of renewable national energy is aimed to be
raised by 27% by 2030 reflecting the adoption of green
innovations and their integration through these policies [30,
31].

The theory also takes a delve into ephemeral aspects of
adopting innovation. Additionally, the Theory of Resource-
Based View is a complement to theory of diffusion of
innovation which emphasizes strategic resource allocation,
especially economic and financial investment in infrastructure
which is sustainable [32]. Relationship between investments
in infrastructures which are sustainable, resulting into
development of green economics is in agreement with the
principle of RBV that there is a contribution to achieving
competitive edge through strategic resources [33].
Depreciated capital stock, especially in energy and agriculture,
is seen as a necessity and opportunity for green investment due
to war damage or outdated status. Thus, attracting domestic
and foreign capital into green infrastructure becomes a
strategic imperative [34].

2.2 Green technologies and environmental sustainability

Through reduced energy intensity, increased manufacturing
process efficiency, and an increase in environmentally friendly
and sustainable products and services, green technology
innovation (GTI) has been recognized as a critical component
in enhancing environmental quality [35]. Green technology is
crucial for sustainable development, addressing the climate
crisis and promoting a more sustainable future [6].
Environmental harm are reduced while improving economic
efficiency, and sustainable development. These technologies
are not limited to trash recycling technologies, energy-
efficient production techniques, and renewable energy sources
like solar, wind, and hydro power.

The acceptance of green technologies as reinforced by
national framing such as Ukraine’s Green Energy Transition
adopted in 2020 as a strategy in the long-run as a substitute to
fossil fuels shift towards sustainable economy [27]. This
acceptance is in agreement with European green objectives
which encourages ecological resilience and energy
independence. Also, agencies of state on energy efficiency in
Ukraine provide support financially in regulatory support,
grants, and technical assistance to achieve acceptance of clean
technologies and improve practices which are sustainable in
every of sectors [28].

The merits of green technology adoption on environment
are affirmed various empirical studies. There is negative
correlation between green technology carbon emissions and
decrease in emissions of carbon, while environmental
sustainability is positively improved [11]. Similar to this,
green technology reduces pollution and conserves resources
[5]. However, its challenges include insufficient cost-
effectiveness or economic ramifications that affect its
implementation.

2.3 Green technological innovation and carbon emissions

The factors influencing the reduction of carbon emissions



have been the subject of an expanding corpus of study in recent
decades. The perspective based on natural resources implies
that GTI can be advantageous for the environment and a useful
corporate resource for creating a competitive advantage [36].
Recent research on the function of green innovation in
promoting the connection between superior economic growth
and environmental sustainability in various nations and
regions attests to this [37, 38]. According to Ganda, R&D
spending has a negative impact on CO, emissions, whereas
patent counts have a positive correlation with carbon
emissions in the OECD nations [39]. GTI and renewable
energy can reduce CO, emissions in N-11 countries over the
long term as opposed to the short term. However, evidence on
the impact of green technological innovation and carbon
emissions is mixed and even contradictory [40]. As suggested,
the market itself may not be able to effectively promote GTI.
Firms may need sufficient incentives or penalties to increase
their willingness to engage in green innovation [41]. This
reiterates the important role played by government
regulations. Further, find that there is an indirect ‘rebound
effect” of green technological innovation: as the green
innovation improves, both the output and energy consumption
levels increase [42]. As previously indicated, GTI might affect
carbon emissions in an indirect and unpredictable way [43].
These environmental regulations help to address the adverse
externalities of environmental deterioration, which might
support the efficacy of technological innovation and serve as
justification for regulatory action.

2.4 Cost-benefit considerations in green technology
adoption

Economic wise, concerning green technologies upfront
investment poses challenges to nations with limited resources
where lower pollution, energy savings, and job creation
usually outweigh the drawbacks. Socioeconomic and
environmental circumstances often improve in countries that
prioritize green investments [44]. More solar energy being
produced is good for the state, even though the state gets a low
return on it investment in building solar power plants. Using
economic and math models, they created a simple relationship
that helps predict how much tax money will come in from
building solar plants and how electricity prices might change.
This supports the idea that investing in solar power is a good
economic choice [45].

This is not the case in Central Asia, where context-specific
economic evaluations are still scarce, and this study uses
econometric analysis to try to close that gap. Former
researchers use B/C, breakeven period, and net present value
to assess green plant projects. After analyzing 33 LEED-
certified green buildings, Kats finds that the overall financial
benefits outweigh the initial investment by a factor of 10.
Green buildings are economical and make financial sense
because energy savings outweigh additional expenses [46].
Through case research, Li and Tian develop an incremental
cost-benefit model for green buildings that reveals
comprehensive benefits and economic viability.

Based on the review from the literature, which shows that
there is a significant and positive reduction of ESI and
greenhouse gas released into the environment by renewable
energy in line with goals of change in climate [37-39]. In the
same vein, evidence on econometrics is in agreement that
investment in green technology (GTI), share of renewable
energy (RES) and patent activity are highly related to
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minimized CO: release and improved sustainability results. On
another note, some research identifies the existence of
association between sustainability and renewable energy as
not always positive. Previous research work identifies effects
of rebound effects, partially setting off environmental gain
[11, 16]. In economy like Kazakhstan which are dependent on
resources, adoption of renewable energy exists side by side
with continuing dependence on fossil fuels, resulting to
constant CO2 emissions even with green initiatives [12-14].
The findings show that differences in region, inconsistencies
in policy and economic structures can affect renewable
technologies effectiveness.

Given these mixed findings, it is necessary to evaluate the
impact of renewable energy adoption and green technology
using a systematic econometric framework from multiple
indicators such as green technology investment, patent
generation, renewable energy share, and environmental
outcomes (ESI and CO: emissions), this study seeks to clarify
whether the observed positive effects are consistent across
diverse economic contexts such as Ukraine, Kazakhstan, and
Austria as they provide balanced representation at different
stages of the green transition.

From the literature, the study observed that much of
previous research is either on environmental benefits of green
technologies or on economic feasibility and intends to fill this
gap by employing the econometric modelling that takes into
consideration both environmental and economic factors to
improve sustainable development. Moreover, the panel data
econometrics employed by the study provides robust cause
effect relationship between the variables of interest, unlike the
cross-sectional and time-series data observed in extant
literatures.

3. METHODOLOGY
3.1 Research design

This study adopts a quantitative approach of research by
employing econometric modeling. The focus is to analyze the
relationship between green technology adoption and
sustainable natural resources. This modeling approach aids in
observing the relationship between dependent and
independent variables in the structural framework.

3.2 Data collection procedure

Secondary data was collected from reputable international
databases, like World Development Indicators, Yale ESI
database, OECD Green Investment Reports. The data scope
includes panel data from 2014 to 2023 from several nations,
with Kazakhstan as the primary case study. This data will help
to assess both the short-term and long-term consequences of
green technology. Finally, the dataset was transformed to meet
econometric assumptions, and variables were standardized to
ensure comparability across countries and years before
analyzing the data.

3.3 Econometric modeling description
The model employed for the study includes the dependent

variables, the independent variables, and the control variables.
These variables are explained as follows:



Dependent Variables: Natural resources sustainability is
measured by indicators like ESI, pollution levels (CO:
emissions per capita) [34].

Independent Variables: Green technology adoption is
measured by metrics such as renewable energy share [11],
green technology investment (in USD), or patent counts.

Control Variables: Gross Domestic Product (GDP per
capita), population density, and education levels.

Green Technology Metrics

Green technologies are environmentally friendly inventions
that encourage resource sustainability. These include
innovations in pollution control, waste recycling, energy-
efficient systems, and renewable energy sources (such as solar
and wind). Indicators like Green Tech Investment (GTI),
Patent Count (PC), and Renewable Energy Share (RES) are
used in this study to gauge the adoption of green technologies.

Sustainability Metrics:

The study measured sustainability using two key indicators:
the ESI and CO: emissions per capita.

ESI refers to a nation's environmental stewardship,
including ecosystem vitality and environmental health. This is
assessed using the ESI, a composite score ranging from 0 to
100.

CO: emissions per capita, measured in metric tons, serve as
an indicator for pollution and environmental deterioration,
with lower numbers signifying improved sustainability
performance.

3.3.1 Econometric model

Two panel regression models were developed to track the
economic impacts of green technologies on natural resources
using the panel data from multiple countries within specific
years [35]. These models were robust and can take into
consideration unnoticed variation in cross-sectional and time
series data [36]. To answer the research questions, the panel
regression models were structured as;

ESlye = Bo + P1(GTIy) + B.(PCy) + B3 (RES;,)

+ B4 (GDPy) + Bs(PDy) (1
+ Be(ELy) + a; + v, + &t

COyzit = Bo + B1(GTI) + Bo(PCy) + B3 (RES;,)
+ B4 (GDPy) + Bs(PDy,) ()

+ B(ELye) + a; +ve + &

where,
i = Country
t=year

o; = Country-specific fixed effect, controlling for time
y: = Time-specific fixed effect, controlling for year
&ir = Error term

The model structure directly answers the research question
by showing the direct effect of using green technologies
(independent variable) on sustainability results (dependent
variable). The coefficient f; shows the amount that
sustainability changes for every unit change in the uptake of
green technology, as calculated using Eq. (1). Furthermore,
using Eq. (2) shows the effects of each different green
technology (independent variables) on CO: Emissions per
capita (dependent variable). The estimated coefficients S,
measure the marginal effect of each green technology category
(renewable energy share, green technology investment) on
CO: emissions per capita. The significance level comparison
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of coefficients [i, through the model will show the
technology category with the strongest or weakest influence.

Furthermore, fixed effects model was employed by the
study to control for unobserved heterogeneities that are
constant over time but vary across countries. Additionally, the
Hausman test was used to assess the suitability of the panel
regression model, which supported the Fixed Effects Model
(FEM), suggesting that individual country effects are related
to the independent variables (y*> = 18.42, p < 0.05).

3.4 Data validity and reliability

To make sure the results were reliable and valid, tests for
endogeneity, autocorrelation, heteroskedasticity, and
multicollinearity were performed. The study used a robust
standard error in cases of heteroskedasticity and a Variance
Inflation Factor (VIF) analysis to look for multicollinearity
among the variables. The panel data's serial correlation was
examined using the Durbin-Watson test. The linearity
assumption was used by the model between the independent
variable and dependent variable; however, data transformation
was applied when the linear assumption was violated.

4. RESULTS AND DISCUSSION
4.1 Dataset description

This study employs panel data from 10 selected countries:
High-income EU nations (Austria, Germany, and France),
transitional and resource-dependent nations (Ukraine,
Kazakhstan, and Poland), and emerging economies within the
BRICS group (China, India, Brazil, and South Africa) are all
represented in the list. The time frame of 2014-2023 selected
for the study is to ensure that data is available across the
selected indicators and ensured that the analysis captures the
most recent pre-pandemic and post-pandemic transitions in
energy use and environmental sustainability. The geographical
scope, time frame, sample, data type, variables, and data
source of the dataset are detailed in Table 1. Furthermore, the
variables, abbreviations, and their measurement are described
in Table 2.

Table 1. Dataset overview

Component Description

10 countries (including Kazakhstan,
other Central Asian nations, BRICS,
and selected OECD countries)
2014-2023 (10 years of annual data)

Geographical Scope

Time Frame

Number of .
Observations 100 (10 countries x 10 years)
Panel data (cross-sectional and time-
Data Type .
series)
. Environmental Sustainability Index
Dependent Variables (ESI), CO: emissions per capita
Independent Variables Green technology investment,

renewable energy share, patent count
GDP per capita, population density,
education level
World Development Indicators, Yale
ESI database, OECD Green
Investment Reports

Control Variables

Data Sources

Source: Author’s development

The characteristics of the data set is detailed in Table 1



including the geographical scope, time frame, sample, data
type, variables, and data source.

Table 2. Variables, metrics, and data source

Variables Abb. Metrics Data Source
Environmental .
S, Composite Yale, ESI
Sustﬁigzzlhty ESI score (0—100) database
CO: Emls'smns COs/capita Measured in WDI
per capita tons
% of total
Renewable RES energy WDI
Energy Share .
consumption
OECD
Annual
Green Tech . . Green
GTI investment in
Investment (million USD) Investment
Reports
Patent Count PC Number of WDI
patents
GDP per Capita GDP Current (USD) WDI
Population N
Density PD People per km WDI
Educational EL (0-1 scale) wDI
Level

Note: WDI = World Development Indicators, Education level used ranges
from 0 to 1, consistent with the WDI and UNDP Human Development Index
framework. The education variable was normalized on a scale from 0 to 1
using the UNDP Human Development Index method, leveraging data from
the World Development Indicators. Mean years of schooling and expected
years of schooling were adjusted to ensure comparability across countries,
with 0 indicating the lowest educational attainment and 1 the highest.
Source: Author’s development

Variable names, their metrics, and data sources used for this
study are shown and detailed in Table 2. Furthermore, the time
variation of ESI, CO: Emissions (CO:), renewable energy
share (RES), green tech investment (GTI), gross domestic
product (GDP), Patent Count (PC), Population Density (PD),
and education index (EI) for Kazakhstan and Austria during
the 2014-2023 period is shown in Figures 1 and 2, respectively.

Kazakhstan
(=)
— 10000
[
3 ° o—0—0—0—0
m 100
2 o ———— 88— ———
<
3 1 *—o—0—0—0—0—o0—o
é 1 2 3 4 5 6 7 8 9 10 11
S
g
on
S
PD (People per km?) GDP (USD)
—&— PA (Count) —&— REC (%)
—@— (02 (Co2/Capita) —o— Edu

ESI

Figure 1. Green technology innovation and sustainability

indices for Kazakhstan
Note: The y-axis is presented on a logarithmic scale to facilitate comparison
among variables with different magnitudes.
Source: Author’s development

Kazakhstan's environmental sustainability indices indicate
steady GDP, rising patent count, changing renewable energy
share, stable CO: emissions per capita, consistent population
density, and minor upward trend in ESI (see Figure 1).
However, inconsistency in renewable energy usage and CO:
emissions which may hinder growth. Future advancements in
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data quality and renewable energy policy may expedite
sustainability outcomes.

Austria

=

% 10000

g o—O0—C—0—0—C0—C—0
5 1000

wn

9

g 100

= o—0—0o—0—C0—0—0—=20
<

é“ 0 o—0—o—o—0—0—0—C—0—0

1 e—eo—o

2023 2022 2021 2020 2019 2018 2017 2016 2015 2014
PD (People per km?) GDP (USD)

—o—PA (Count) —&— REC (%)

—&— C02 (Co2/Capita) —&— Edu

ESI

Figure 2. Green technology innovation and sustainability

indices for Austria
Note: The y-axis is presented on a logarithmic scale to facilitate comparison
among variables with different magnitudes.
Source: Author’s development

Austria's environmental sustainability indices show strong
and stable GDP, consistent investment in innovation, and
increased renewable energy use, all of which contribute to
gradually improving environmental sustainability (ESI) (see
Figure 2). Austria continues to decline in CO: emissions,
demonstrating its commitment to the green transition targets.
The results support Austria's position as a model of balanced
growth and sustainability.

4.1.1 Ukraine case insight

Ukraine’s green transformation occurs in the context of
varying sustainability profiles in other countries like
Kazakhstan and Austria. Ukraine outperforms Kazakhstan in
both ESI and CO: efficiency, reflecting stronger
environmental policy engagement and the effects of EU-
aligned reforms. However, it lags behind Austria, a mature EU
member with deep integration of renewables and long-
standing sustainability frameworks. Ukraine’s RES share has
potential for growth, especially under the “Green Energy
Transition until 2050” strategy.

4.2 Econometric results

Econometric modelling was employed in this study. All
results are a generalization of the model developed in Egs. (1)-

3).

4.2.1 Impact of green technology adoption on Environmental
Sustainability Index (EST)

The impact of green technology adoption on the
sustainability of natural resources indicator of the ESI was
estimated using the panel regression model structured (see Eq.
(1)). Where, i indicates country (i = 1,..., N), and t indicates
year (t = 2014,..., 2023). The regression results are hereby
presented in Tables 3 and 4.



Table 3. Regression results of the impact of green

technology on ESI
Variable Coeii";)ﬂent ESrtr(:)'r Vzll)l-ue Significance
GTI 0.012 0.004 0.002  ** (significant)
PC 0.085 0.029 0.005 ** (significant)
RES 0.174 0.062 0.007 ** (significant)
GDP 0.000 0.000 0.019 * (significant)
PD -0.013 0.007 0.065 (marginal)
EL 5.248 1365 0000 . (highly
significant)
Constant 33.570 4.829 0.000 ok

Source: Author’s development

The regression results in Table 3 show green technology's
influence on the ESI while controlling for other factors like
population density, GDP per Capita, and education level.
Results show that green tech investment (f = 0.012), patent
count (B = 0.085), and renewable energy share (f = 0.174)
all show positive relationships with ESI. The results implies
that a $1 million increase in green technologies, additional
green technology patent filed, and 1 percentage point increase
in the share of renewable energy in a country’s total energy
consumption, leads to a 0.085, 0.012, and 0.174 unit increase
in the ESI respectively, provided all other variable remain
constant. Also, the relationship between green tech investment,
patent count, renewable energy share, and ESI is statistically
significant (p > 0.05). GDP per capita positively impacts
sustainability. However, education level as a control variable
shows a higher statistically significant relationship with ESI.

Table 4. Regression model fit

R? 2 F- P- Durbin- VIF
Adjusted Value Value Watson
100 0.72 0.67 14.89  0.00 1.92 3.1

Source: Author’s development

The regression model fit in Table 4 shows that green
technology accounted for 0.67, representing a 67% variation
observed in the ESI, the remaining 33% will be accounted for
by other factors outside the model. The result also shows that
the regression model is statistically significant (F (8, 100) =
14.89, p <0.05), indicating that green technology significantly
affects the ESI. Furthermore, to assess multicollinearity, the
Variance Inflation Factor (VIF) was calculated, revealing an
average of 3.1, which is acceptable as it is below the threshold
of 5. For autocorrelation, The Durbin—Watson (DW) statistic
ranges from O to 4, with values close to 2 indicating no first-
order autocorrelation, values below 2 suggesting positive
autocorrelation, and values above 2 suggesting negative
autocorrelation. Therefore, DW had a value of 1.92, which is
close to 2, indicating no significant auto-correlation issues in
the models.

4.2.2 Impact of green technology adoption on CO, emission
The impact of green technology adoption on the pollution
levels using CO, emission is estimated using the panel
regression model structured (see Eq. (2)). Where, i indicates
country (i = 1,...,, N), and t indicates year (t = 2014,..., 2023).
The regression results are hereby presented in Tables 5 and 6.
The regression results in Table 5 show green technology's
influence on the ESI while controlling for other factors like
population density, GDP per Capita, and education level.
Results show that green tech investment (S = —0.009),

patent count (8 = —0.064), and renewable energy share
(B -0.217), all show negative relationships with CO-
emission per capita. This result implies that a $1 million
increase in green tech investment, increased patent count, and
1 percentage point increase in the share of renewable energy
in a country, will leads to a 0.009, 0.064, and 0.217 unit
decrease in the CO- emission per capital, provided all variables
remain constant. Consequently, a contry's investment in green
infrastrcuture, eco-frriendly innovations, and renewable
source of energy will significantly lower carbon emissions
which meaningfully reduce environmental pollution. Results
also indicates that there is a negative influence of green
technology adoption on CO, but statistically significant (p >
0.05), indicating that increased funding and innovation in
green technologies are essential strategies for low-carbon
solutions. More so, GDP per capita and population density are
positively associated with CO: emissions, though the GDP
impact is small, implying that unless the use of fossil fuels is
separated from economic growth, nations may use more
energy as their wealth increases. Educational level shows a
significant association with ESI, indicating that higher
educational attainment will lead to decreased CO: emissions.

Table 5. Regression results of the impact of green

technology on CO»
. Coefficient Std. P- -
Variable ®) Error  Value Significance
GTI -0.009 0.004 0.028 * (significant)
PC -0.064 0.021 0.004 ** (significant)
sfekok 1

RES 20217 0.066  0.001 ** (highly

significant)
GDP 0.000 0.000 0.016 * (significant)
PD 0.011 0.005 0.041 * (significant)
EL -3.284 1.213 0.008 ** (significant)

sfekosk 1
Constant 18376 3.022  0.000 ** (highly
significant)
Source: Author’s development
Table 6. Regression model fit
P- Durbin-
2 Adi 2
N  R?Adjusted R Value Watson VIF
100 0.74 0.71 0.00 2.01 2.85
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Source: Author’s development

The regression model fit in Table 6 shows that green
technology accounted for 0.713, representing a 71% variation
observed in the CO: emissions per capita, the remaining 21%
will be accounted for by other factors outside the model. This
indicate that the model is robust enough to capture factors
influencing CO: emissions. The result also shows that the
regression model is statistically significant (p < 0.05),
indicating that green technology significantly affects CO:
emissions. Furthermore, the Durbin-Watson test has a value of
2.01, indicating no autocorrelation among variables, and a
variance inflation factor (VIF) value of 2.85, indicating no
multicollinearity among variables. The Durbin value implies
that the model's estimates are not biased, while
multicollinearity value indicates no auto correlation of the
factors.

4.2.3 Impacts of RES, GTI, and PCs on ESI and CO, emission

The influence of categories of green technologies
(renewable energy share, green technology investment, and
patent counts) on the sustainability of natural resources (ESI



and CO; emission) was estimated using the panel regression
model structured in Eq. (1) and Eq. (2), respectively. Their
impacts are therefore presented in Table 7.

Table 7. Regression analysis of green technology
innovations on sustainable natural resources

CO:

. . P- ESI
Variable per ﬁ;;plta Value ® P-Value
GTI -0.009 0.028 0.012 0.002
PC -0.064 0.004 0.085 0.005
RES -0.217 0.001 0.174 0.007
GDP 0.000 0.016 0.000 0.019
PD 0.011 0.041 -0.013 0.065
EL -3.284 0.008 5.248 0.000
Constant 18.376 0.000 33.57 0.000
Source: Author’s development
Green Technologies
0
0 1 2 3 4
-0.2
-0.4

Effect on CO.  —@— Effect on ESI

Figure 3. Scatter plot of the impacts of GTI, RES, and PC on
ESI and CO»

Regression results in Table 7 show the impacts of each
category of green technology on the ESI and pollution level
(COy) while controlling for other factors like population
density, GDP per Capita, and education level. Results show
that green tech investment (f = —0.009), patent count (§ =
—0.064), and renewable energy share (f =-0.217), all have
negative effect on CO: per capita, indicating that each
additional USD 1 million investment reduces 0.009 tons of
CO: emissions per capita, each additional patent in green
technology corresponds to a decrease of 0.064 tons of CO:
emissions per capita, and each 1% increase in renewables’
share of total energy consumption causes reduction of 0.217
tons of CO: emissions per capita. Also, the effect of green tech
investment (p 0.028), patent count (p 0.004), and
renewable energy share (p = 0.004) on CO: is statistically
significant (p > 0.05), indicating that greater adoption and
innovation in green technologies are effective mechanisms for
reducing carbon emissions. On the other hand, green tech
investment ( § = 0.012), patent count ( S = 0.085), and
renewable energy share (f = 0.174) all have positive effects
on ESI with other factors kept constant, indicating GTI, PC,
and RES positively improve sustainability and that the effect
is not due to other factors. It also suggests that investment in
green infrastructure reduces environmental harm and enhance
the ecological performance of a country or region. Also, the
impacts of green tech investment (p = 0.002), patent count (p
= 0.005), renewable energy share (p = 0.007), on ESI is
statistically significant (p > 0.05). Furthermore, a scattered
plot was used to compare the impacts on various green
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technologies on sustainable natural resource measured by ESI
and CO; as shown in Figure 3.

Positive ESI coefficients indicate an increase in
sustainability index while negative CO- coefficients indicate a
reduction in CO: emissions (Figure 3).

4.2.4 Economic costs, benefits and impacts on sustainability

To assess the economic cost, benefits of implementing
green technologies and how they influence overall
sustainability, the ESI model only was used to measure
sustainability, GTI was used as metric for the economic cost,
while PC and GDP are used as metrics for economic benefits.
Therefore, the panel regression model is structured is given as
Eq. (3), and the results is presented in Table 8.

+ B3 (GDPy) + B4(PDy,)
+ Bs(ELye) + a; + vy, + &

3

For the model,

Sustainability;, = Environmental Sustainability Index
(ESI)

GTI;; = Green technology investment as economic cost

PC;;= Patent count as economic benefits

GDP;; = gross domestic product as economic benefits

Control;= Population density, and education levels

0;= Country-effect

y,= Time-effect, controlling for year

&ir= Brror term

Table 8. Regression analysis of the green technology
economic cost and benefits

ESI Model

Variable Coefficient Std. P- Interpretation
®) Error Value

GTI (cost) 0.012 0.004 0.002 Significant
PC .
(benefit) 0.085 0.029 0.005 Significant
GDP .
(benefit) 0.000 0.000 0.019 Significant

R-Squared 0.723

GTI has shown to be positively associated with

environmental sustainability. When used in the model as
economic cost it enhances sustainability outcomes. It also
shows a positive and statistically significant coefficient (p <
0.05) revealing that an increased investment in green
technology improve sustainability that is it generates a return
in the form of improved environmental outcomes when used
as an economic cost. Also, PC, when used as economic
benefit, shows a positive and statistically significant influence
on sustainability (p < 0.05) indicating that greater innovation
as observed by the number of patents contributes to
sustainability. In other words, more patents lead to stronger
innovation ecosystems that foster more effective and green
technology when PC is used as economic benefits.
Furthermore, GDP per capital was used inform of economic
benefits, it shows a positive and statistically significant
influence on sustainability (p < 0.05) indicating that income
per person is positively associated with better sustainable
outcomes. This also confirms hat wealthier nations or regions
often have more resources or capacity to invest in sustainable
infrastructure.



5. DISCUSSION OF FINDINGS

This study assesses the influence of green technologies on
natural resources across selected countries with ESI and CO2
emissions per capita as metrics for sustainability. The outcome
of the study depicts green technology investment (GTI), patent
count (PC), and renewable energy share (RES) are positively
and significantly associated with ESI, while exhibiting
negative and significant relationships with CO: emissions.
This implies that scaling up eco-friendly infrastructure, clean
energy adoption, and innovation ecosystems enhances
environmental performance and reduces pollution [5, 6, 26].

The positive associations with ESI highlight how increased
investment, innovation, and renewable energy adoption
contribute to improved ecological resilience. Conversely, the
negative coefficients with CO. confirm that these measures are
effective levers for decarbonization and pollution reduction.
This finding is consistent with global literature emphasizing
the role of green innovation in climate mitigation strategies
[26, 37]. In contrast, GDP per capita and population density
are positively related to CO: emissions, reflecting the
environmental pressures of higher output and urbanization
[11]. This underscores the need to replace fossil fuels with
cleaner alternatives to decouple economic growth from
ecological degradation.

Country-level evidence reinforces these results. For
instance, Ukraine’s “Green Energy Transition until 2050,”
waste management reforms, and SAEE incentives illustrate
how targeted policies in GTI and RES can reduce emissions
while supporting resilient reconstruction. Similarly, Austria
demonstrates how a mature green economy, characterized by
high GDP, innovation output, renewable share, and stable CO-
reductions, outperforms transitional economies like
Kazakhstan. Despite progress in patents and renewables,
Kazakhstan continues to face high emissions due to its fossil
fuel dependency [47]. This suggests that sustained investment
in green R&D, renewable integration, and innovation
incentives is crucial for middle-income economies.

The positive relationship between GTI (as an economic
cost) and ESI suggests that environmental spending yields
long-term ecological and economic returns. Likewise, the
influence of PC reflects the importance of innovation capacity,
supported by intellectual property policies and research
funding. Although GDP per capita shows only a small positive
effect on ESI, it indicates that higher income levels may
facilitate access to clean technologies and sustainability
awareness [48, 49].

Broader analysis confirms that, even after controlling for
population, income, and education, green technology variables
(GTI, PC, RES) significantly reduce pollution and improve
sustainability. Education’s positive correlation with ESI
further suggests that capacity building and sustainability-
focused curricula amplify these benefits. For Kazakhstan,
achieving its “Green Economy Concept” and carbon neutrality
by 2060 requires innovation hubs, decentralized energy
planning, and stronger public—private partnerships.

Finally, the study’s reliance on secondary data and panel
modeling introduces limitations. Institutional quality, policy
frameworks, and potential reverse causality between GDP and
sustainability were not fully captured. Future research should
employ primary data and advanced methods such as structural
equation modeling (SEM) to address these gaps.
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6. CONCLUSION

This study shows that green technology investment (GTI),
patent count (PC), and renewable energy share (RES)
significantly improve environmental outcomes by increasing
the ESI and reducing CO- emissions. The findings confirm that
green technology adoption not only supports ecological
resilience but also delivers economic benefits. Policy
measures should therefore prioritize funding and incentives for
renewable energy and green R&D, enforce emission controls
in high-demand regions, and encourage businesses to adopt
clean technologies. Ukraine’s ongoing green transformation
illustrates how decentralized energy systems and innovation-
driven strategies can guide sustainable development.
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