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Abstract

Newly industrializing economies are ardently striving for rapid development, aspiring to emulate the affluence of Western
nations. However, amidst this relentless economic dynamism, the world grapples with an escalating climate change crisis.
Therefore, it becomes imperative to identify the factors contributing to improving developing nations' environmental quality
while concurrently advancing their sustainable development objectives. In this regard, the present study aims to dissect the
environmental implications of renewable energy consumption, technological innovation, and human capital and examine the
"Load Capacity Curve" (LCC) hypothesis in Turkiye through an extension of the STIRPAT model. To achieve this objective, the
research operates a novel econometric methodology, namely the "augmented autoregressive distributed lag" (A-ARDL)
approach with Fourier terms, to analyze yearly data from 1980 to 2019. The empirical findings substantiate the validation of the
LCC hypothesis in Tiirkiye, both in the short and long term. Furthermore, the results unveil that renewable energy consumption
and human capital significantly bolster ecological welfare over the long term, whereas technological innovation exhibits no
discernible impact on the environment. Additionally, the outcomes display that population growth positively impacts the
environment in the short term; nevertheless, over the long term, it becomes detrimental to environmental quality.
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Yeni sanayilesen ekonomiler, batili uluslarin refah diizeyini yakalama arzusuyla hizli bir kalkinma ¢abasi icindedir. Ancak, bu
gucli ekonomik dinamizmin ortasinda, diinya giderek derinlesen bir iklim degisikligi kriziyle ytzlesmektedir. Bu bakimdan,
gelismekte olan dlkelerin siirdlrllebilir kalkinma hedeflerini desteklerken ayni zamanda cevresel kalitelerini artirmalarina
katkida bulunan faktorlerin belirlenmesi zorunlu hale gelmektedir. Bu noktadan hareketle bu ¢alisma, STIRPAT modelini
genisleterek Turkiye'de yenilenebilir enerji tiilketimi, teknolojik yenilik ve beseri sermayenin ¢evresel etkilerini incelemeyi ve
"YUk Kapasite Egrisi" (YKE) hipotezinin gegerliligini test etmeyi amaglamaktadir. Bu amagla ¢alismada, 1980’den 2019’a uzanan
yillik veriler literatiire heniiz yeni kazandirilan Fourier terimli "genisletilmis gecikmesi dagitilmis otoregresif" (A-ARDL) yaklasimi
kullanilarak analiz edilmektedir. Ampirik bulgular, LCC hipotezinin Turkiye'de hem kisa hem de uzun dénemde gecerli oldugunu
kanitlamaktadir. Ayrica sonuglar, yenilenebilir eneriji tiiketimi ve beseri sermayenin uzun vadede gevresel kaliteyi 6nemli 6l¢lide
artirdigini, teknolojik inovasyonun ise gevre (izerinde istatistiki acidan anlaml bir etkisinin olmadigini ortaya koymaktadir.

Bununla birlikte, bulgular niifus artisinin kisa vadede c¢evre lzerinde olumlu bir etkiye sahip oldugunu, ancak uzun vadede
cevresel kaliteyi dlislirdiguni gostermektedir.

Anahtar Kelimeler

Yenilenebilir enerji, teknolojik inovasyon, beseri sermaye, STIRPAT model, LCC hipotezi
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Introduction

In the wake of the Industrial Revolution, a pivotal epoch that fundamentally redefined the economic structure of Western
nations, global economies have set sail on an unyielding quest for rapid economic growth. However, amidst this fervent
economic dynamism, the globe has been confronted with the crisis of anthropogenic climate change. According to NOAA
(2023), since the advent of the industrial era in the 18th century, human endeavors have escalated atmospheric carbon dioxide
(CO2) levels by 50%, indicating that the quantity of CO, in 2023 stands at 150% of its magnitude in 1750. This
anthropogenically-induced escalation exceeds the natural augmentation witnessed at the culmination of the previous ice age
some 20,000 years ago (NASA, 2024). Moreover, a persistent ascent in global temperatures has been observed since the mid-
1800s, marked by an average uptick of 0.06 degrees Celsius per decade (Lindsey and Dahlman, 2024), accompanied by a rise in
sea levels ranging between 8 and 9 inches (Lindsey, 2022). The intensifying global warming, primarily propelled by fossil fuel
consumption in economic activity, amplifies the incidence of heat-related ailments, exacerbates extreme rainfall and flooding,
worsens water scarcity in already stressed regions and heightens the likelihood of agricultural droughts impacting crops.
Furthermore, it contributes to ecological droughts, heightening the vulnerability of ecosystems, and poses existential threats to
terrestrial and marine species alike (Mishra, 2019; Shahgedanova, 2021; Williamson and Guinder, 2021; EPA, 2023; United
Nations, 2024).

In this milieu, a pressing question emerges: How can newly industrialized countries like Tlrkiye reconcile the urgency of
addressing the climate crisis and its profound ramifications while simultaneously sustaining vigorous growth rates? In the realm
of environmental economics studies, the predominant response to this inquiry often revolves around the adoption of cleaner
energy sources (Dincer, 2001; Menyah and Wolde-Rufael, 2010). Accordingly, governments across the globe, in alighment with
the United Nations, are placing considerable faith in renewable energy (REN) as a pivotal technology for tackling energy-related
environmental challenges while fostering sustainable development (Gross et al., 2003). Indeed, United Nation's seventh
"Sustainable Development Goal" (SDG-7), titled "Affordable and Clean Energy: Ensure access to affordable, reliable, sustainable
and modern energy for all," explicitly targets the promotion of REN development to cope with the multifaceted issues of
climate change and advance global sustainable development initiatives (United Nations, 2024). REN presents myriad economic,
environmental, and social benefits. Firstly, it derives from inexhaustible, naturally replenishing sources such as the sun, tides,
and wind. Secondly, REN sources exhibit cleaner profiles compared to conventional fossil fuels, emitting fewer greenhouse
gases over their life cycles (Cheng et al., 2019). Thirdly, by diminishing reliance on imported conventional energy sources
(Carfora et al., 2022), REN can enrich energy security and mitigate the price volatility associated with oil imports (Menyah and
Wolde-Rufael, (2010). Fourthly, REN technologies engender a stimulative effect on employment by propelling the emergence of
new business ventures and bolstering production efficiency (Markandya et al., 2014; Dastan, 2024). Finally, many REN sources
are readily accessible to remote, coastal, or isolated communities (U.S. Department of Energy, 2024).

While transitioning from conventional energy to sustainable alternatives offers a promising resolution to environmental
issues, the extent to which REN is utilized within the broader energy consumption landscape remains below ideal in many
developing countries, including Tirkiye. This shortfall can be attributed to a multitude of facets, including entrenched reliance
on fossil fuels, prohibitive costs associated with REN infrastructure, insufficient knowledge and technological capabilities, and
regulatory hurdles (Shabani, 2024). In this regard, progress in human capital (HCA) and technological innovation (TEI) can exert
considerable influence in surmounting the barriers to both the generation and usage of green energy, thereby resulting in a
tangible drop in environmental pollution (Tang and Tan, 2013; Zafar et al., 2019; Cheng et al., 2021). As posited by Shabani
(2024), proficient or highly educated labor forces are instrumental in driving down costs, fostering technological progress, and
spearheading the development of REN solutions. This ultimately improves the availability and affordability of clean energy
sources. Furthermore, TEl holds the potential to expedite the adoption of REN to fulfill energy requirements and reshape the
energy consumption landscape (Chen and Lei, 2018). Similarly, Alvarado et al. (2021) asserted that employing knowledge and
utilizing sophisticated human resources like technology and innovation holds promise in reducing fossil fuel usage. This
potential can expedite the transition toward sustainable development, as highlighted by Tang and Tan (2013).

Against this backdrop, the present investigation endeavors to analyze the environmental repercussions of REN consumption
(REC), HCA, and TEl in a newly industrialized nation, Turkiye, spanning the years from 1980 to 2019. Since the early 1980s, the
country has sustained an average per capita GDP growth rate of 4.8 percent and a population (POP) growth rate of around 1.6
percent (World Bank, 2024). This substantial and rapid expansion in both the economy and POP has not only pushed robust
growth in energy demand but has also increased import dependence. According to the Ministry of Foreign Affairs of the
Republic of Turkiye (2024), among OECD countries, Tirkiye has experienced the most rapid increase in energy demand over the
past two decades. During this period, Tirkiye ranked second globally, following China, in terms of growth in electricity and
natural gas demand. However, the country remains highly dependent on imports, meeting 74% of its energy needs through
external sources. Consequently, Tiirkiye has sought to reshape its energy strategy to manage energy demand growth, lessen
energy costs, and mitigate the acceleration of import reliance. These reforms have encompassed initiatives aimed at
modernization, liberalization, and the augmentation of domestic production capacity. Significantly, Turkiye has substantially
diversified its energy portfolio over the last decade. Renewable electricity generation has tripled during this period, and the
establishment of Tirkiye's inaugural nuclear power facility is poised to further diversify the nation's energy sources (IEA, 2021).
However, fossil fuels remain the backbone of Tirkiye's economy, with a pronounced reliance on imports, particularly of oil and
gas (see Figure 1, Panel A). Concurrently, Tlrkiye's per capita carbon emissions from fossil sources and industry have risen from
approximately 1.2 tons to 5.1 tons since the 1980s (see Figure 1, Panel B). In addition, Tlrkiye has made commendable efforts
to advance HCA development and foster TEIl. As per the "Penn World Table" devised by Feenstra et al. (2015), Turkiye's HCA
index, gauged by years of schooling and education returns, has nearly doubled since 1980 (see Figure 1, Panel C). Moreover,
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the count of patent applications, often indicative of technological advancement in academic literature, has increased by over
1000 percent, rising from 661 to 8,476, based on World Bank statistics (see Figure 1, Panel D). It is also worth noting that
Tilirkiye acceded to the "Kyoto Protocol" in 2009 and signed the "Paris Agreement" in 2016. Subsequently, in 2021, the nation
ratified the Paris Agreement with the vision of moving towards net-zero emission target by 2050 and committing to reducing
global emissions by a minimum of 50% by 2030 (Dastan and Eygti, 2023). In parallel with these developments, Tirkiye initiated
a comprehensive array of green economy initiatives within the same timeframe. These initiatives were strategically designed to
bolster the adoption of REN sources, enhance energy efficiency practices, and optimize resource allocation, all within the
framework of aligning with the objectives outlined in the "European Green Deal" (Kligiik and Yiice-Dural, 2024).

Figure 1.

Energy mix, CO, emissions, technological innovation, and human capital in Turkiye
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From a theoretical standpoint, the interplay between GDP growth and environmental quality (EQ) is frequently scrutinized
through the lens of the "Environmental Kuznets Curve" (EKC). Within this analytical framework, the majority of empirical
studies utilize "CO, emissions" and "ecological footprint" as primary environmental indicators. Although these metrics provide
insight into the scale of human-induced environmental degradation, they fall short of comprehensively recognizing nature's
resilience to such degradation. Indeed, while “CO, emissions” are confined to evaluating atmospheric pollution, the "ecological
footprint" serves as a mechanism for monitoring the environmental influences of human activity. Thus, these indices overlook
the inherent regenerative capacity intrinsic to natural ecosystems (Guloglu et al., 2023). To bridge this disparity, Siche et al.
(2010) put forth the notion of the "load capacity factor" (LCF), which quantifies the ratio of "biocapacity" to "ecological
footprint." By encompassing both the supply ("biocapacity") and demand ("ecological footprint") dimensions of the ecological
system, the LCF emerges as the prevailing indicator of EQ within contemporary scholarly discourse. Employing the LCF as an
environmental gauge, Dogan and Pata (2022) introduced the concept of the "load capacity curve" (LCC), presenting an inverted
counterpart to the EKC. The "LCC hypothesis" posits that in the nascent stages of economic expansion, EQ undergoes a notable
decline due to the predominance of fossil fuel-driven economic activities. However, upon reaching a certain threshold of
prosperity, economic endeavors transition towards clean energy sources and witness a surge in demand for eco-friendly
products. Subsequent to this pivotal transition, the "ecological footprint" diminishes while "biocapacity" experiences a parallel
increase, mirroring the trajectory of per capita income growth (Caglar et al., 2024a). This "U-shaped" correlation between
economic progression and LCF, depicted in Figure 2, epitomizes the "LCC hypothesis."
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Figure 2.
Load Capacity Curve Hypothesis
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The present investigation adds to the extant literature in several aspects. Firstly, the research probes the environmental
ramifications of REC, TEl, and HCA in Tlrkiye by expanding the STIRPAT model. Secondly, it utilizes LCF as a metric of EQ, which
offers a complete assessment of ecosystem compared to "CO, emissions" and "ecological footprint", as it encompasses both
the supply and demand extents of the nature. Thirdly, it evaluates the validity of the "LCC hypothesis" and employs an
innovative econometric methodology, the "augmented autoregressive distributed lag" (A-ARDL) approach, using Fourier terms.
Therefore, the research constructs a second-order model incorporating per capita GDP and its square and controls for smooth
changes to ensure more reliable results. Lastly, the research presents practical policy recommendations tailored specifically to
the context of Turkiye.

The succeeding sections of the paper unfold as follows: Section | delves into the literature review, delineating the gaps in
existing research and underscoring the significance of this paper. Section Il exemplifies the data and model. Section Il outlines
the econometric procedure, and presents the empirical findings, while Section IV concludes by highlighting policy
recommendations.

1. Literature Review

Following the investigation of Grossman and Krueger (1991), a plethora of research has delved into the environmental
ramifications of diverse variables, with particular emphasis on economic growth, as factors influencing EQ under the scope of
the "EKC hypothesis." Exploring the interplay between the REC, TEl, HC, and EQ, numerous studies have utilized "CO2
emissions" and "ecological footprint" as proxies for assessing environmental deterioration (i.e., Bilgili et al., 2016; Solarin et al.,
2017; Koc and Bulus, 2020; Pata and Caglar, 2021; Ozbek and Naimoglu, 2022; Yang et al., 2022). Nonetheless, building on the
work of Pata (2021), recent research endeavors have started to investigate the driving factors of the LCF (Pata and Isik, 2021;
Abdulmagid Basheer Agila et al., 2022; Liu et al., 2022; Caglar et al., 20233, Yang et al., 2023a; Guloglu et al., 2023; Awosusi et
al., 2023; Sun et al., 2024). Regarding the role of GDP growth on the environment, studies have produced divergent findings
contingent upon geographical regions, nations, time periods, and econometric methodologies. For instance, some authors find
that economic prosperity can result in environmentally favorable outcomes, confirming the accuracy of "LCC hypothesis"
(Dogan and Pata., 2022; Wang et al., 2024; Caglar et al., 20244a,b; Sun et al., 2024; Aydin and Degirmenci, 2023; Erdogan, 2023;
Moussaid et al., 2023; Fang et al., 2024, Dai et al., 2024), others posit that the environmental degradation effect of economic
growth may remain persistent over the long term (Pata and Tanriover, 2023; Alola et al., 2023; Deng et al., 2024; Shahzad et al.,
2024; Caglar et al., 2024c).

Regarding the impact of REC on LCF, numerous investigations evince a positive link between the two variables (Guloglu et
al., 2023; Yang et al., 2023b; Khan et al., 2023; Hakkak et al., 2023; Dai et al., 2024). For instance, Guloglu et al. (2023)
scrutinized the impact of REC on LCF across 26 OECD countries spanning the years 1980 to 2018, employing the QMG
estimator. Their analysis revealed a notable enhancement in the LCF attributable to REC. Similarly, Khan et al. (2023) explored
the environmental ramifications of REC in the G7 and E7 nations, drawing upon data spanning the years 1997 to 2018. Findings
from regression analysis underscored that the incorporation of renewable energy into energy infrastructures holds promise for
bolstering EQ by elevating the LCF. Utilizing the ARDL model, Hakkak et al. (2023) dissected the connection between REC and
LCF in Russia, analyzing data from 1992 to 2018. Their inquiry yielded compelling evidence suggesting that renewable energy
manifests short-term and long-term ecological advantages. Nevertheless, there exists a subset of studies positing that REC may
diminish the LCF (Abdulmagid Basheer Agila et al., 2022; Xu et al., 2022; Huilan et al., 2024) or, alternatively, exert no
discernible environmental impact (Dastan and Eygi, 2023).

HCA stands out as another crucial factor with the potential to enhance the trajectory of the LCF. Utilizing the "dynamic
ARDL simulation", Pata and Isik (2021) examined the elements influencing the LCF in China from 1981 to 2016. Their
investigation unveiled that HCA significantly contributes to the upgrade of EQ. Based on the "augmented ARDL" model,
Camkaya and Karaaslan (2024) uncovered that a higher level of HCA bolsters the LCF, whereas REC has no significant influence
on EQ in the United States for the period 1965-2018. Pata and Ertugrul (2023) employed the "augmented ARDL" approach,
incorporating a dummy variable to track the impact of the "Kyoto Protocol" from 1988 to 2018. Their findings underscored the
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pivotal role of HCA as an environmentally friendly factor in India. Similarly, Caglar et al. (2023b) analyzed the interaction
between REC, HCA, and LCF in APEC nations for the period 1992-2018 by using the "Cup-FM" and "Cup-BC" estimators. The
authors showed that REC and HCA significantly elevate the level of EQ.

Another facet of the extant literature has directed attention towards exploring the potential influences of TEI on the LCF.
Awosusi et al. (2022) studied the nexus between TEl, globalization, and EQ in South Africa, utilizing data from 1980 to 2017.
Based on the ARDL approach, the authors proved that TEl and globalization enhance LCF. Aydin et al., (2024), analyzed the
environmental impact of TEl in the high investment freedom economies between 1995 and 2019 using the "regularized
common correlated effects" estimator. Specifically, the authors observed that TEIl exerts a negative effect on the LCF in
Singapore, while conversely amplifying it in Germany. Mehmood et al., (2023) evaluated the synergies among TEI, green
energy, digitalization, and environmental dynamics employing the CS-ARDL model across G8 nations from 1990-2018. Utilizing
the MMQR model, Jahangar et al. (2023) illustrated that TEI and REC contribute to the enhancement of the LCF in the foremost
ten nations aligned with the SDGs for the period 1994-2018. In contrast to the aforementioned results, employing the CS-ARDL
model, Zhao et al. (2023) demonstrated that TEIl does not significantly impact the LCF in BRICS-T countries from 1990 to 2018.
Additionally, Ozkan et al. (2024) delved into the dynamic influences of financial development, energy efficiency, GDP growth,
and TEl on EQ in India spanning from 1980 to 2020. Findings derived from the "dynamically simulated ARDL model" unveil that
TEI manifests an adverse impact on the LCF.

It is important to note that Caglar et al. (2024b) are the sole researchers who have undertaken an investigation into the LCF
concerning Turkiye. The authors prove the accuracy of the "LCC hypothesis" by utilizing the "augmented ARDL" model with
Fourier terms from 1986 to 2022. In addition, they discerned that HCA augmentation positively influences EQ, while natural
resource utilization contributes to environmental deterioration. The authors also identified that the energy efficiency has no
significant environmental impact. In contrast to the research conducted by Caglar et al. (2024b), this current investigation
directs its attention towards examining the intricate interconnections among REC, TEl, HCA, and LCF, and employs the STIRPAT
model which is widely implemented by empirical studies to investigate the factors influencing the EQ.

2. Model and Data

This study delves into the assessment of Tirkiye's EQ, analyzing data spanning from 1980 to 2019, a timeframe determined
by data availability constraints’. The focal point lies in the examination of the LCF, a composite variable that concurrently
considers both the supply and demand facets of the nature. Beyond the exploration of the environmental ramifications
associated with REC, TEIl, and HCA, the research also scrutinizes the accuracy of the "LCC hypothesis". To measure the driving
forces of environmental pressure, the study utilizes STIRPAT model introduced by Dietz and Rosa (1997) which is stochastic
form of the Ehrlich and Holdren's (1971) IPAT approach. The model is presented as follows:

I = yPrATT e €Y
where t, ¥, W illustrate the time dimension, model coefficient, and error term, respectively. n, a, and z show elasticities.
I: Environmental impact (i.e., the LCF in our case)
P: Population
A: Affluence (per capita GDP)
T: Technology
By taking natural logarithm on both sides of the Equation 1, the model can be rewrites as follow:
L(I,) =y +nL(P,) +aL(4,) + zL(T,) + w; 2

Given the STIRPAT model's versatility in accommodating additional variables, the study extends Equation 2 to investigate
the "LCC hypothesis" and the environmental ramifications of REC and HCA in Turkiye, as depicted below:

LLCF, = 8, + 8,LGDP, + 8,LGDPS, + 85LPOP, + 8,LREC, + 8sLTEIl, + 8,LHCA, + &, (3)

where L denote the logarithm, §, and &, represent the intercept and residual term, and GDPS is the square of per capita
GDP. 4 ... 56 show the estimated parameters. Table 1 demonstrates the data sources, abbreviations, measurement units of
the variables.

Table 1.

Definitions and sources of the variables

Variable Abbreviations Measures Source

L Bi ity/E i
og (Biocapacity/Ecological Global Footprint

Log (Load capacity factor) LLCF Footprint, per capita, global Network (2024)
hectares)
Log (Gross Domestic LGDP Log (Per capita Gross Domestic World Bank (2024)

! Data on the TEI variable is available from 1980, while the data on the HCA variable ends in 2019.

Van Yiiziincii Yil Universitesi Sosyal Bilimler Enstitiisii Dergisi, Yil: 2024- Sayi: 65



Dastan, The Role of Renewable Energy, Technological Innovation, and Human Capital on Environmental Quality in Turkiye: ... 82

Product (economic Product-GDP (2015, USS))
growth))
(L;E)gp()sq”are of per capita LGDPS Log (Per capita GDP (2015, USS)
Log (Technological LTEI Log (Total patent applications
innovation) (resident and non-resident))
Log (Population) LPOP Log (Population, total)
Log (Renewable energy LREC Log (Per capita renewable energy Our World in Data
consumption) consumption (kWh-equivalent)) (2023a)
Log (Human capital index, "based on
Log (Human capital) LHCA years of schooling and returns to Feenstra et al. (2015)

education")

3. Methodology and Findings

The empirical inquiry in this study initiates by identifying the stationary properties of the examined variables. In pursuit of
this objective, the study uses both conventional and "Fourier Augmented Dickey-Fuller" (F-ADF) unit root tests, recognizing the
prevalence of structural changes within most macroeconomic series. The F-ADF approach, pioneered by Enders and Lee (2012),
incorporates smooth transitions through the utilization of sine and cosine functions. Consequently, it eliminates the necessity
to ascertain the quantity and type of structural shifts (Naimoglu, 2022; Caglar et al., 2024b). As depicted in Table 2, the two
tests produce consistent outcomes, except the GDPS, POP, and REC, and confirm that all the variables are stationary, at least at
their first differences.

Table 2.

Unit root test results

Level
Variables

ADF Fourier-ADF

test-stat. test-stat. Fourier (k) Lag F-stat.
LLCF -4.889*** -5.150*** 4 0 2.196
LGDP -2.633 -2.764 1 3 8.006*
LGDPS -2.498 -4.944%* 1 3 9.189*
LPOP -4.003** -0.671 1 0 9.099*
LREC -3.010 -4.282* 1 0 4.642
LTEI -2.833 -2.153 4 0 3.748
LHCA -4.339*** -4.778** 1 2 2.557

First Differences
ALLCF - - - - -
ALLCF -6.409*** -6.391%** 1 0 0.558
ALGDPS _6.375*** - - - -
ALPOP - -4.646%* 1 0 8.645*
ALREC -7.649%** - - - -
ALTEI -4.842%** -5.351%** 4 0 2.632
ALHCA _

Note: The notation "A" is used to denote the first difference. The symbols *, **, and *** indicate statistical significance at the 1%, 5%, and 10%
levels. The critical values for the ADF test statistic at the 1%, 5%, and 10% significance levels are -4.21, -3.52, and -3.19, respectively. The number of
frequencies (k) is determined based on the smallest sum of squared residuals. Regarding the Fourier-ADF test statistics, the critical values at the
1%, 5%, and 10% significance levels for (k=1) and (k=4) are (-4.95, -4.35, and -4.05) and (-4.29, -3.65, and -3.29), respectively. The critical values for
the F-statistic corresponding to the 1%, 5%, and 10% significance levels are 12.21, 9.14, and 7.78, respectively (see Enders and Lee, 2012).

In the second phase, the investigation delves into the long-term relationships between the variables through the utilization
of the A-ARDL model integrated with Fourier terms. For this purpose, the study formulates the following equation:

2kt 2wkt
ALLCFy =6 + 01sin ( T ) + 6ycos ( T ) + O3LLCFf_1 + 04LGDPyr_1 + 05LGDPS¢—q
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+ 96LPOPt 1+ 67LRECt—1 + 0gLTElt—1 + O9LHCAt—1 + 010 Z ALLCFe—j+ 011 Z ALGDP¢_j
=1
+012 Z ALGDPS¢—j + 613 Z ALPOP¢_j + 014 Z ALRECt—j + 015 Z ALTEI¢—j
i=1 i=1

+ 916ZALHCAt_i + ut )
i=1
where 8;and 6, denote the amplitude and displacement, respectively. k, t, and T stand for trigonometric counts, trend,
and time. 85 ... O, illustrate the long-term coefficients, whereas 6, ... 8,4 represent short-term coefficients. The variables in
the model have been converted to natural logarithms to diminish the extent of fluctuations within the series and alleviate
concerns associated with multicollinearity.

The A-ARDL model assesses the presence of cointegration using three distinct test statistics: "F-test for all variables"
(Fovera), "F-test for the lagged independent variables" (Fyp), and "t-test for the lagged dependent variable" (tpep). Foveran and
toepr tests are provided by Pesaran et al. (2021). The tpgp test is crucial since the standard ARDL model requires the dependent
variable to be stationary at the first difference. Nevertheless, researchers may overlook this condition, potentially resulting in
misleading outcomes (McNown et al., 2018). In response, McNown et al. (2018) and Sam et al. (2019) propose a new F-test for
lagged levels of explanatory variables (F ) within the model. Thus, if all three tests provided in the following equations yield
significant results, one can attain a comprehensive and reliable conclusion confirming a cointegration relationship among the
variables under examination.

Foveraw; Ho =03 =0, = 05 =05 =0, =03 =0, =0
toep, Hp = 03 = 0
Fino, Ho =0, =05 =05 =0, =03 =0, =0

Table 3 presents the cointegration results derived from the A-ARDL model with Fourier terms. Given that all three test
statistics surpass the upper bounds of critical values, the null hypothesis of "no cointegration" can be rejected at the 1%
significance level. The study also performs several diagnostic tests, encompassing the "White test" for heteroscedasticity, "LM
test" for serial correlation, "Jarque-Bera test" for normality, and "Ramsey-Reset test" for functional misspecification.
Furthermore, the study assesses the stability of the parameters through the examination of "Cusum" and "Cusum of squares"
graphs. As depicted in Table 3, all diagnostic tests confirm the absence of "serial correlation", "heteroscedasticity", and
"misspecification" problems within the model. The "Jarque-Bera test" indicates that the residuals adhere to a normal
distribution. Additionally, the "Cusum" and "Cusum of squares" graphs demonstrate the stability of the parameters, as
illustrated in Figure 3.

Table 3.

Cointegration test results

Critical values

Model statistics test-stat. Decision
%10 %5 %1
(1,0,0,1,0,0,1) Foverat 13.762 3.599 4211 5.643
k=1 toep -8.854 -4.040 -4.380 -4.990 Cointegration
Fino 12.189 3.490 4.150 5.740
Diagnostic tests stat. prob.
White test for heteroscedasticity 0.883 0.558
LM test for serial-correlation 1.816 0.183
Jarque-Bera test for normality 1.559 0.458
Ramsey-Reset test for functional misspecification 1.472 0.153
Cusum Stable
Cusum of squares Stable

Note: k is the Fourier number that precisely minimizing the residual sum of squares. The tests statistics for FoverarL, toer, and Finp are obtained from
Narayan (2005), Pesaran et al. (2001), and Sam et al. (2019), respectively.
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Figure 3.
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Having satisfied the prerequisite for establishing long-term connections among the variables, the study proceeds to
estimate Equation 4, aiming to evaluate the short and long-term influences of REC, TEIl, HCA, and POP on the LCF within the
scope of the "LCC hypothesis". The findings from the analysis are reported in Table 4.

Table 4.

Estimation results

Panel A. Long-run results

Variables Coeff. Std. Err. t-stat p-value
LGDP -18.265 4.169 -4.381 0.000
LGDPS 0.331 0.078 4.218 0.000
LPOP -1.352 0.702 -1.924 0.065
LREC 0.055 0.029 1.890 0.070
LTEI -0.012 0.013 -0.920 0.366
LHCA 1.758 0.603 2.917 0.007

Panel B. Short-run results

ALGDP -21.442 5.976 -3.588 0.001
ALGDPS 0.388 0.112 3.454 0.002
ALPOP 11.291 6.231 1.812 0.081
ALREC 0.064 0.041 1.564 0.130
ALTEI -0.014 0.019 -0.752 0.458
ALHCA -3.277 1.859 -1.763 0.089
ASin -0.053 0.014 -3.706 0.001
ACos -0.112 0.013 -8.399 0.000
C 321.782 29.663 10.848 0.000
ECT -1.174 0.108 -10.851 0.000

Concerning the impact of economic prosperity on EQ, the outcomes affirm the accuracy of the "LCC hypothesis" in Tirkiye,
both in the short and long term. Specifically, the estimates of GDP and GDPS are negative and positive, respectively, suggesting
that after a specific level of affluence is attained, rapid economic activity may indeed function as an environmentally friendly
factor. This result aligns with the outcomes drawn by Caglar et al. (2024b), who also suggested that "LCC hypothesis" applies in
Tlrkiye.

Moreover, the findings suggest that POP has a favorable influence on EQ in the short term. However, in the long term there
is a robust negative interaction between POP and the LCF. To be precise, a 1% rise in POP is accompanied by an approximately
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1.35% reduction in LCF. This finding is in line with the results of Dimnwobi et al. (2021), Pham et al. (2020), and Khan et al.
(2021), indicating that population growth revs the depletion of natural resources, thereby diminishing biocapacity, and
heightens conventional energy consumption, consequently reducing ecological welfare.

Regarding the environmental impacts of REC, the results depicts that there is a positive but statistically insignificant
correlation among REC and LCF in the short run. Nevertheless, in the long run, REC emerges as a significant contributor to EQ.
More specifically, a 1% rise in REC correlates with a 0.055% upgrade in LCF, underscoring the crucial role of clean energy in
tackling the diverse challenges posed by climate change and achieving Tirkiye's long-term sustainable development objectives.
The outcome is in line with that of Guloglu et al. (2023), Khan et al. (2023), and Hakkak et al. (2023), who similarly
demonstrated that REC serves as an effective tool for enhancing LCF in OECD nations, E7-G7 countries, and Russia, respectively.

Furthermore, the estimated results of the A-ARDL model with smooth shifts reveal that TEI has no significant impact on EQ
in TUrkiye both in the short and long term. This result corroborates the observation made by Chen and Lee (2020), who argued
that TEI has no significant mitigating effect on environmental deterioration across a panel of 96 countries. It also supports the
observations of Zhao et al. (2023) who provided evidence demonstrating that there is no significant interaction between TEI
and LCF in BRICS nations. However, the outcome contradicts with our expectations and findings of Awosusi et al. (2022) for
South Africa, Jahangar et al. (2023) for top ten SDG nations. One plausible explanation for this finding could be that the
predominant strategies in TEl initiatives in Tlrkiye prioritize the production of energy-intensive technological products. Indeed,
a wide array of technological progressions, ranging from electronic devices to transportation infrastructure, require
considerable energy consumption. Frequently derived from conventional energy sources, this energy utilization is a major
driver of greenhouse gas emissions, thereby hindering the capacity of TEI to function as an environmentally sustainable factor.
Another possible explanation for this finding is that the research measures TEI using patent applications, a metric that may rise
with increased manufacturing activity in countries, particularly in newly industrializing nations like Tirkiye. The escalation in
industrial capacity, fostering greater technological advancement, could be linked to an upsurge in the production of non-green
products. Consequently, this scenario suggests that TEl may not necessarily yield a positive impact on EQ (Sinha et al., 2020).

Additionally, while a short-term negative correlation is observed between HCA and EQ, the coefficient of HCA is found to be
positive in the long-term. Specifically, a 1% upsurge in HCA results in a 1.758% rise in LCF, suggesting that long-term progress in
HCA stands as one of the significant determinants of EQ in Tlrkiye. This result is consistent with the observations of Pata and
Isik (2021) for China, Gamkaya and Karaaslan (2024) for the United States, Pata and Ertugrul (2023) for India, and Caglar et al.
(2023b) for APEC nations.

Finally, the findings indicate that the estimation of the "error correction term" (ECT) takes negative value (-1.174) and
statistically significant, implying that any discrepancies within the series can be rectified within approximately one year and that
the analyzed series convergence toward long-run equilibrium. Besides, both smooth and abrupt breaks demonstrate
statistically significant impacts on the LCF.

Conclusion

This investigation examines the influence of renewable energy consumption, technological innovation, and human capital
on ecological welfare of Tiirkiye from 1980 to 2019 by extending the STIRPAT model. In doing so, it utilized the "load capacity
factor" as a measure of ecological welfare, which offers a more reasonable evaluation of environmental stress compared to
"CO2 emissions" and "ecological footprint", it takes into account both the input and output dimensions of the ecosystem.
Moreover, the research tested whether the "load capacity curve hypothesis" applies in Tirkiye.

In the empirical investigation, the study commenced by scrutinizing the stationarity characteristics of the variables through
the application of standard ADF and Fourier ADF tests. The outcomes unveiled that, for the most part, the variables exhibit
stationarity at the first difference. In the subsequent phase, the study assessed the presence of a long-term interactions among
the analyzed variables by utilizing the A-ARDL approach with smooth transitions. It was established that cointegration exists,
and the model successfully passed several diagnostic tests. After assessing the long-term interactions between the variables,
the study proceeded to estimate the short- and long-term environmental impacts of per capita GDP, the square of per capita
GDP, population, renewable energy consumption, technological innovation, and human capital.

The empirical findings indicated that economic development becomes an environmentally friendly factor after reaching a
specific output level, thereby validating the LCC hypothesis. Moreover, the findings illustrate that population growth positively
influences LCF in the short-term, whereas in the long-term, it harms the environmental well-being. The outcome suggests that
population growth amplifies the dependence on fossil fuels and the depletion of natural resources, ultimately degrading the
ecological welfare in Tirkiye. Hence, Turkish policymakers ought to develop and enhance incentive systems aimed at boosting
demand for green products within the country, fostering the adoption of sustainable practices across society, and mitigating
the environmental degradation associated with population growth. The outcomes also revealed that advancements in
renewable energy consumption and human capital significantly contribute to ecological welfare in the long run. Therefore,
Tirkiye should augment its investments in renewable energy and education. Indeed, allocating resources to renewable energy
sources can decline reliance on fossil fuels, strengthen energy security, stimulate employment, and enhance production
efficiency. Undoubtedly, expanding the usage of renewable energy plays a crucial role in relieving Tlrkiye's vulnerability to
fluctuations in foreign energy prices. Furthermore, well-educated individuals are more attuned to environmental issues and
integral role in the dissemination of green energy, given their propensity to develop and utilize cutting-edge technologies.
Nevertheless, the results suggest that technological innovation has not yielded a significant impact on Tirkiye's environmental
welfare. This outcome may stem from the prevailing focus within Tirkiye's technological innovation sector on advancing
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conventional energy technologies. Therefore, for technological advancement to emerge as a catalyst for environmental
sustainability in Tirkiye, there is a pressing need for innovations to be more closely aligned with environment-related
technologies. Given that the study employs patent applications as a metric for technological innovation, a measure that could
potentially escalate with heightened industrial activity, it becomes imperative to juxtapose these results with recent findings
from research utilizing clean energy or environment-related innovations as indicators of technological development.
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Arastirma ve Yayin Etigi Beyani

Arastirmacilar verilerin toplanmasinda, analizinde ve raporlastiriimasinda her tirli etik ilke ve kurala 6zen
gosterdiklerini beyan ederler.

Yazarlarin Makaleye Katki Oranlari
Makale tek yazarli olarak hazirlanmistir.
Cikar Beyani

Yazarin herhangi bir kisi ya da kurulus ile ¢ikar gatismasi yoktur. Ayrica herhangi bir potansiyel ¢ikar ¢atismasi
bulunmamaktadir.
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