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Abstract

Environmental (ENV) concerns now occupy a central position in policy agendas alongside countries’ economic objectives. Achieving the 
Sustainable Development Goals (SDGs), with a particular focus on affordable and clean energy, requires redirecting investments toward clean 
energy technologies and scaling them effectively. This study assesses ENV sustainability in Germany through the Load Capacity Factor (LCF) 
and investigates the technology and innovation dimension of the energy transition by integrating energy-type-specific R&D budgets (fossil, 
renewable, and nuclear) with demographic ageing dynamics. The analysis utilizes annual data for 1974–2023, including LCF, GDP, 
fossil/REN/NUC energy R&D expenditures, and the population aged 65 and over, and examines both long- and short-run relationships using 
the ARDL bounds testing approach and an error correction model (ECM). The results confirm the existence of a long-run cointegration 
relationship among the variables and indicate that GDP significantly reduces LCF in the long run. Similarly, fossil energy R&D exerts a negative 
effect on LCF, and population ageing is found to weaken ecological sustainability. In contrast, REN and NUC energy R&D expenditures 
significantly increase LCF, suggesting that clean energy innovation functions as a reinforcing channel for ecological balance. Accordingly, the 
findings imply the gradual reduction of fossil-oriented R&D and incentives, the expansion of REN and NUC R&D funding, and the management 
of ageing-induced health and care demand in alignment with green transition standards. 
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Almanya’nın enerji dönüşümünü yeniden ele almak: Enerji ar-ge’si ve nüfusun 
yaşlanmasının yük kapasite faktörünün şekillenmesindeki rolü 

Öz 

Günümüz dünyasında çevresel kaygılar, ülkelerin ekonomik hedefleriyle beraber politika gündeminin odak noktasında bulunmaktadır. Bu 
doğrultuda ülkeler, bilhassa erişilebilir, ucuz ve temiz enerji hedefi başta olmak üzere Sürdürülebilir Kalkınma Amaçlarına erişmek için 
yatırımlarını temiz enerji teknolojilerine yönlendirmek ve bu yatırımları etkin biçimde ölçeklendirmek elzemdir. Bu çalışma, Almanya’da çevresel 
sürdürülebilirliği Yük Kapasite Faktörü (LCF) üzerinden değerlendirerek, enerji dönüşümünün “teknoloji/inovasyon” boyutunu enerji türlerine 
göre kategorize edilmiş Ar-Ge bütçeleri (fosil, yenilenebilir, nükleer) ve yaşlanma dinamiği ile birlikte bütünleşik bir şekilde test etmeyi 
amaçlamaktadır. Analizde 1974–2023 dönemine ait LCF, GDP, fosil/yenilenebilir/nükleer enerji Ar-Ge bütçeleri ve 65 yaş üzeri nüfus verileri 
kullanılmış; uzun ve kısa dönem ilişkiler ARDL sınır testi ve hata düzeltme modeli (ECM) çerçevesinde araştırılmıştır. Elde edilen sonuçlara göre, 
değişkenler arasında uzun dönem eşbütünleşme ilişkisinin varlığını doğrulamakta ve uzun dönemde GDP’nin LCF’yi belirgin biçimde azalttığını 
göstermektedir. Benzer şekilde, fosil enerji Ar-Ge harcamalarının LCF üzerinde negatif bir etki yarattığı, yaşlanan nüfusun ise ekolojik 
sürdürülebilirliği zayıflattığı tespit edilmiştir. Buna karşılık yenilenebilir ve nükleer enerji Ar-Ge harcamaları LCF’yi anlamlı biçimde artırmakta 
ve temiz enerji inovasyonlarının ekolojik dengeyi güçlendiren bir kanal sunduğunu göstermektedir. Sonuçlara göre, fosil Ar-Ge ve teşviklerin 
kademeli azaltılması, yenilenebilir ve nükleer Ar-Ge fonlarının artırılması ve yaşlanmanın artırdığı sağlık/bakım talebinin “yeşil dönüşüm” 
standartlarıyla yönetilmesi yönünde politika çıkarımları sunmaktadır.  

Anahtar Kelimeler; Yük Kapasite faktörü, Nükleer ve yenilenebilir enerji AR-GE, Yaşlanan nüfus, ARDL 

INTRODUCTION 

The condition of the global ecosystem and the health of its constituent components provide strong indications of the 
trajectory of environmental (ENV) sustainability in our atmosphere (Deng et al., 2024). The global rise in emissions has 
prompted policymakers to reconsider and restructure existing growth strategies. This is because a substantial share of 
economic growth to date has relied on energy consumption derived from polluting fossil fuels rather than clean renewable 
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(REN) sources. However, the combustion and oxidation of fossil fuels generate increasing levels of CO₂ and other greenhouse 
gases, thereby intensifying ENV problems, particularly global warming and climate change (Yurtkuran, 2025). In this context, 
growing concerns over climate change have placed ENV sustainability at the center of global policy debates. Even with 
heightened climate change awareness, key economic activities such as industrial production, transportation, and modern 
agriculture remain significant drivers of ecological pressure through their contribution to greenhouse gas and pollutant 
emissions (Bekun, 2024; Jalal, 2025). These ENV challenges are no longer confined to a few industrialized countries; they have 
increasingly become a common issue across both developed and developing economies, where rapid growth has led to higher 
resource consumption and carbon emissions (Pata et al., 2023). 

A substantial portion of empirical studies assessing ENV quality rely on CO₂ emissions as a primary indicator and frequently 
treat it as the dependent variable in ENV analyses (Kartal, 2022; Pata & Kartal, 2023; Hakkak et al., 2023). However, recent 
literature has increasingly shifted toward more comprehensive measures that capture ENV quality beyond emissions by jointly 
considering the supply and demand dimensions of the environment. A notable example of this shift is the ecological footprint 
(EF) indicator developed by Wackernagel and Rees (1997), which enables a more holistic assessment of ENV pressure through 
its subcomponents. While EF measures the demand placed by human activities on natural resources in global hectares (gha), 
biocapacity reflects the capacity of natural systems to meet this demand (Galli, 2015). Accordingly, evaluating EF together with 
biocapacity allows for a more comprehensive analysis of ENV carrying capacity (Świąder et al., 2020). Building on this approach, 
the Load Capacity Factor (LCF), which is calculated as the ratio of biocapacity to EF, has been proposed as an integrated indicator 
combining both dimensions within a single framework (Siche et al., 2010). An LCF value above one indicates that biocapacity 
exceeds EF and that ecological conditions are closer to sustainability, whereas a value below one suggests that EF surpasses 
biocapacity, signaling unsustainable ENV conditions (Yurtkuran & Pata, 2024). An LCF equal to one represents the threshold 
level for sustainability (Çamkaya et al., 2025). In this context, Pata (2021) provides a significant contribution to the ecological 
economics literature by empirically examining the determinants of LCF. 

In light of this evidence, ENV degradation at the global level appears to be significantly shaped by increases in economic 
growth (Özcan et al., 2020; Alvarado et al., 2021). Given the pivotal role of the energy sector in the growth process, ENV 
degradation is closely linked not only to growth dynamics but also to the structure of energy production and consumption 
(Özbek & Naimoğlu, 2025). Indeed, fossil fuels continue to dominate global energy consumption relative to REN and nuclear 
(NUC) sources, accounting for approximately 82% of total energy demand; this high level of dependence constitutes one of the 
principal drivers of ENV deterioration (Özbek & Naimoğlu, 2025). This is largely because fossil fuels are responsible for nearly 
90% of global CO₂ emissions and approximately 75% of total greenhouse gas emissions (Sen et al., 2017; Hakkak et al., 2023; 
Özbek & Naimoğlu, 2025). To mitigate these ENV challenges, it is essential to implement R&D strategies centered on clean 
energy sources, particularly REN and NUC energy (Pata et al., 2023). A substantial share of the ENV damage associated with 
energy use stems from insufficient technological advancement and underdeveloped transmission and grid infrastructure (Heal, 
2010). Conversely, when appropriate technologies are adopted and R&D capacity is strengthened, ENV friendly energy sources 
can play a significant role in improving ENV quality. Within the framework of endogenous growth theory, regardless of sector, 
investments in R&D generate technological progress. Such progress enhances energy efficiency, reduces pressure on natural 
resources, lowers ENV waste, and ultimately contributes to improvements in ENV quality (Churchill et al., 2019). Accordingly, 
R&D promotes ENV sustainability by fostering technological innovation that improves energy efficiency while simultaneously 
supporting economic growth. In this respect, REN and NUC energy sources supported by R&D expenditures can be regarded as 
viable alternative energy options for advancing ENV sustainability (Dong et al., 2018; Petrović & Lobanov, 2020; Polat et al., 
2024; Çamkaya et al., 2025). 

REN energy (solar, wind, hydroelectric, biomass, and geothermal), as a fundamental component of clean energy, relies on 
naturally replenishable resources and is inherently capable of being regenerated within a short period (Yang et al., 2016; Özcan 
& Ulucak, 2021; Zhang et al., 2022; Pata et al., 2023). These sources also possess the potential to enhance energy supply safety 
(Hao et al., 2021; Nathaniel et al., 2021; Polat & Çamkaya, 2025). Although NUC energy is not as widespread globally as REN, it 
is considered among clean energy alternatives due to its low-carbon generation characteristics (Akyüz, 2017; Hakkak et al., 
2023; Çamkaya et al., 2025). However, sustainable access to NUC energy and its efficient utilization are closely linked to 
intensive R&D activities, particularly in terms of safety and technological advancement; R&D investments can improve ENV 
performance by enabling greater energy output from the same resource base (Yurtkuran & Pata, 2024). Globally, REN energy 
sources account for approximately 40% of clean energy production, while NUC energy represents roughly 9% (Graham et al., 
2025). However, despite increasing demand for REN and NUC energy, their widespread adoption remains limited in many 
countries due to high installation costs and technological and infrastructural constraints (Nguyen & Kakinaka, 2019; Çamkaya 
et al., 2025). 

At this stage, the United Nations (UN) has established a common framework for action through the Sustainable Development 
Goals (SDGs), which directly intersect with ENV economics and provide policy guidance at the global level. UN member states 
have committed to acting in alignment with the SDGs adopted in 2015 and targeted for achievement by 2030. In this context, 
achieving ENV sustainability becomes more attainable through integrated policies and institutional practices designed 
particularly around SDG-13 (Climate Action), SDG-7 (Affordable and Clean Energy), SDG-12 (Responsible Consumption and 
Production), SDG-8 (Decent Work and Economic Growth), and SDG-3 (Good Health and Well-being) (Apergis et al., 2021; Yang 
et al., 2022; Kartal et al., 2023; Çamkaya et al., 2025). In this direction, international ENV summits and agreements have 
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reinforced initiatives aimed at increasing the share of clean energy sources such as REN in energy markets dominated by fossil 
fuels; approaches that initially focused on awareness and information have gradually evolved into more concrete actions 
encompassing regulatory frameworks, financing mechanisms, and technology diffusion (Yurtkuran, 2025). Consequently, R&D 
investments in REN and NUC energy have evolved beyond merely responding to ENV concerns and have become a strategic 
transformation domain integrated with goals of energy safety, efficiency, cost-effectiveness, technological progress, and 
sustainable growth (Nathaniel et al., 2021; Hao et al., 2021; Çamkaya et al., 2025). If energy efficiency targets are not sufficiently 
achieved through R&D expenditures, progress toward goals such as SDG-7 and SDG-13 may slow down, potentially generating 
broader effects on employment and living standards (Çamkaya et al., 2025). 

Another critical dynamic within the framework of this study is demographic transformation, particularly the phenomenon 
of population ageing. Ageing can influence ENV sustainability not only through changes in population structure but also via 
channels such as consumption composition, the level and structure of energy demand, public expenditures, and the production 
structure. On the one hand, an increase in the elderly population may create a mechanism that reduces ENV pressure by limiting 
energy demand through its effects on labor force dynamics and the pace of economic growth (Papapetrou & Tsalaporta, 2020; 
Yang et al., 2022; Polat et al., 2025a). On the other hand, rising demand for healthcare services, increased household energy 
consumption, greater use of energy-intensive goods and services, and shifts in transportation preferences may intensify ENV 
pressure. Therefore, the net effect of ageing on ENV quality is context-specific and constitutes an empirical relationship that 
must be tested (York, 2007; Menz & Welsch, 2012; Yu et al., 2022; Li et al., 2024; Polat et al., 2025a). These mechanisms make 
it meaningful to consider ageing a key determinant in models that assess ENV sustainability through supply-demand-based 
indicators such as the LCF. 

Given these considerations, the present study focuses on Germany. As one of Europe’s largest economies, and given its 
prominent energy transition policies (Energiewende) and pronounced demographic ageing, Germany provides a compelling 
case for examining the nexus between ageing, energy technology R&D, and ENV sustainability. Germany’s GDP reached 
approximately USD 4.69 trillion in 2024 (WB, 2026). On the energy side, primary energy consumption declined to 10,529 PJ 
(approximately 251.5 Mtoe) in 2024, representing a 1.2% decrease compared to the previous year (AGEB, 2025). In contrast, 
the share of REN energy in gross electricity consumption continued its upward trend, reaching approximately 54.1% in 2024 
(Umweltbundesamt, 2025). In terms of emissions, a long-term downward trend is also observed, with energy-related CO₂ 
emissions decreasing from 812 million tons in 2000 to approximately 531 million tons in 2024 (IEA, 2026). Indicators such as 
the LCF provide a critical lens for jointly evaluating the supply–demand balance of ENV sustainability. According to the Global 
Footprint Network, Germany’s per capita biocapacity is estimated at approximately 1.6 gha and its ecological footprint at around 
4.2 gha in 2024, implying an LCF of roughly 0.38 (1.6/4.2) and indicating that ecological conditions remain below the 
sustainability threshold 

In this context, the steps taken by Germany constitute an important reference point for the energy transition both globally 
and within the framework of the European Union. Databases and reports of the International Energy Agency tracking energy 
technology R&D budgets and innovation trends indicate that, within the innovation dimension of the Energiewende, REN 
energy, energy efficiency, and system integration (grid flexibility, storage, hydrogen, etc.) stand out as priority areas (Chen, 
2024; IEA, 2025). An examination of the composition of public R&D resources reveals a rebalancing characterized by an 
increasing share allocated to REN energy and energy efficiency, alongside a relative decline in funding directed toward fossil-
based fields (Chen, 2024). This pattern confirms that the R&D agenda places greater emphasis on non-NUC transition 
technologies, while resource allocation to the NUC field continues at a more limited scale (CEW, 2023). According to reported 
data, funding allocated to NUC safety research amounted to approximately €41.61 million in 2022 and €43.29 million in 2023 
(FMEACA, 2024). Moreover, the closure of the final reactors in 2023 and the completion of the NUC phase-out have significantly 
reduced the role of NUC power within the energy system, making the strategic importance of REN and flexibility solutions in 
the energy mix more pronounced. Finally, the Federal Government reported that approximately €1.4 billion was invested in 
energy R&D and energy research in 2024 (FMEACA, 2024; GFN, 2025). 

Although the literature contains a substantial body of research examining the relationship between ENV quality, growth, and 
energy, studies that holistically test the effects of energy-type-disaggregated R&D expenditures (REN, NUC, and fossil) on ENV 
sustainability as measured by a supply–demand-based indicator such as the LCF, while incorporating demographic ageing in 
the case of Germany, remain limited. This study aims to address this gap in the context of Germany. Accordingly, the study 
examines the impact of GDP, fossil R&D, REN R&D, NUC R&D, and population ageing on the LCF in Germany over the sample 
period 1974–2023 using the ARDL methodology. The main research questions of this study are as follows: (1) How do energy-
type-specific R&D expenditures (REN, NUC, fossil) affect the LCF in Germany in the short and long run? (2) Does the relationship 
between economic growth and ENV sustainability yield consistent results within the LCF framework? (3) Does demographic 
ageing have a statistically significant effect on the LCF in Germany? The remainder of the paper is structured as follows: Section 
2 provides a detailed review of the relevant literature while section 3 describes the dataset and the methodological/econometric 
approach and section 4 presents and discusses the empirical findings. Section 5 concludes the study. 

The literature contains a substantial number of studies investigating the determinants of ENV degradation. In most of these 
studies, CO₂ emissions are typically selected as a proxy for ENV quality, while GDP per capita is commonly used as an indicator 
of economic growth. In addition, the ecological footprint indicator, which examines ENV degradation within a broader 
framework, has increasingly been employed in recent years as a proxy for ENV conditions (Özbek & Naimoğlu, 2025). However, 
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although CO₂ emissions and the ecological footprint are widely used as proxy indicators of ENV degradation, these variables 
primarily reflect the demand or consumption dimension of the environment and do not directly account for the supply capacity 
of ecosystems (biocapacity), which has led to increasing criticism in the literature (Aslan, 2025). To address this limitation, the 
LCF, which incorporates biocapacity into the measurement framework, has recently begun to be used as a more comprehensive 
proxy indicator of ENV performance. 

.     

Fig. 1. Major International Conferences on Environmental Issues Held During 1972–2025 

LITERATURE REVIEW  

In this context, one of the first studies employing this variable, Pata (2021), investigated the effects of GDP, REN energy, and 
health expenditures on the LCF in the United States and Japan over the period 1982–2016 using the ARDL method. The findings 
confirm the existence of a cointegration relationship for both the United States and Japan. The long-run results indicate that 
REN energy and health expenditures improve ENV quality in the United States, whereas in Japan the effect of REN energy on the 
LCF is positive but statistically insignificant. In contrast, GDP is found to increase ENV degradation in both countries. Similarly, 
Shang et al. (2022) examined the role of GDP, REN energy consumption, and health expenditures on the LCF in ASEAN countries 
over the period 1980–2018 using the CS-ARDL method. The findings reveal that REN energy consumption and health 
expenditures significantly increase the LCF in ASEAN countries, whereas GDP produces negative effects. In the same year, Dogan 
and Pata (2022) investigated the relationship between information and communication technologies (ICT), research and 
development (R&D), REN energy consumption, income, and the LCF for G7 countries over the period 1986–2017 using the CS-
ARDL method. The results indicate that REN energy, R&D expenditures, and ICT positively affect ENV quality. Ali et al. (2023) 
examined the impact of technological innovation, short- and long-term external debt, and green energy consumption on the LCF 
in MINT countries over the period 2002–2020 using the Driscoll–Kraay method. The findings show that long-term external 
borrowing, REN energy use, and access to clean energy improve the LCF. In contrast, changes in non-REN energy use and 
technological innovation indicators are found to exert a downward effect on the LCF in MINT countries. In the same year, Pata 
et al. (2023) analyzed the effects of REN energy intensity, human capital, REN energy consumption, urbanization, and GDP on 
the LCF in Germany over the period 1970–2018 using the ARDL model. The results suggest that GDP erodes the LCF more 
rapidly in the early stages of economic development, whereas this effect weakens in later stages. Second, while a 1% increase 
in REN energy intensity does not have a statistically significant effect on the LCF, a 1% increase in the share of REN within the 
total energy mix raises the LCF by approximately 0.48%. Third, a 1% increase in urbanization reduces the LCF by 6.52%, thereby 
significantly deteriorating ecological balance. Finally, a 1% increase in human capital raises the LCF by 3.49%, indicating an 
improvement in ENV sustainability. Deng et al. (2024) investigated the effects of REN energy, economic growth, economic 
complexity, and energy safety on the LCF in selected countries (China, Germany, India, Japan, South Africa, South Korea, Russia, 
the United Kingdom, and the United States) over the period 1998–2018 using the CS-ARDL and PMG-ARDL methods. The 
findings indicate that economic complexity, REN energy, and energy safety enhance ENV quality in these countries. In addition, 
robustness checks conducted with the PMG-ARDL approach yield similar results. Yurtkuran (2025) analyzed the effects of GDP, 
energy efficiency, and REN energy R&D on the LCF in Germany over the period 1971Q1–2022Q4 using the Cross-quantilogram 
method. The results suggest that as GDP increases, ENV quality initially deteriorates but begins to improve after a certain 
threshold. While energy R&D expenditures do not exhibit a significant short-run effect on ENV quality, they are found to reduce 
pollution in the long run. In another study, Çamkaya et al. (2025) examined the effects of GDP, REN R&D, fossil R&D, and NUC 
energy R&D on the LCF in France over the period 1985–2021 using the Fourier ARDL and Fourier-based FMOLS, DOLS, and CCR 
methods. The findings reveal that the LCC hypothesis is not valid for France, fossil energy R&D expenditures reduce ENV quality, 
whereas REN energy R&D and especially NUC energy R&D exert strong and positive effects on supporting sustainable ENV 
quality. In the same year, Abdi et al. (2025) examined the effects of the material footprint, information and communication 
technologies (ICT), foreign direct investment, GDP, and imported and exported raw material extractions on the LCF in Somalia 
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over the period 1990–2022 using the ARDL method. The empirical evidence suggests that both material footprint and foreign 
direct investment enhance the LCF in the short and long run, whereas ICT development and raw material exports undermine it 
over the same horizons. Roshid et al. (2026) investigated the effects of resource rents, trade openness, GDP, and energy 
transition on the LCF in seven industrializing countries over the period 1990–2020 using the AMG and Panel Correlated 
Common Effects (PCCE) methods. The findings reveal an inverted-U-shaped relationship between GDP and the LCF. In addition, 
trade openness is associated with a decline in ecological capacity, whereas REN energy consistently exerts a positive effect on 
the LCF. Finally, the downward effect of resource rents on the LCF reflects the extractive dependence of the economic structure, 
while the impact of technological progress appears to be transitional and period-specific across countries. 

In the ENV literature, there is a strong consensus that minimizing pollutants harmful to the environment is essential for a 
livable environment and a sustainable economy. In this context, while many empirical studies employ CO₂ emissions and the 
ecological footprint as ENV indicators, the LCF, which offers a more comprehensive measure, has been examined in relatively 
few studies. However, the LCF offers a more holistic assessment of ecological balance by incorporating both the demand 
dimension, captured through the ecological footprint, and the supply dimension, reflected in the regenerative capacity of 
ecosystems, namely biocapacity. 

Within the LCF literature, the role of R&D expenditures representing the “technology and knowledge production” dimension 
of the energy transition, nevertheless, remains insufficiently visible. A substantial portion of existing studies represent R&D 
through aggregate R&D indicators or general innovation measures, whereas studies that jointly and comparatively test the 
effects of energy-type-disaggregated R&D components, such as REN, NUC, and fossil energy R&D, on the LCF remain scarce. To 
address this gap, the present study employs the LCF as the core indicator of ENV sustainability in the case of Germany and 
examines the determinants of ecological balance in an integrated framework by incorporating GDP, REN energy R&D, NUC 
energy R&D, fossil energy R&D, and population ageing into the model. The analysis is conducted using the ARDL approach in 
accordance with the time-series structure, allowing short- and long-run dynamics among the variables to be evaluated within a 
unified framework. In this respect, the study disentangles the composition of energy R&D components for Germany and reveals 
their effects on the LCF, thereby providing original and policy-relevant evidence on how the relationship between growth and 
ENV balance is shaped from the LCF perspective. Finally, based on the accessible literature and the systematic review conducted, 
no study has been identified that examines the relationship addressed in this study using the same dataset and methodology. In 
this regard, the study fills an important gap in the literature 

METHOD 

Design of the research 

 This section presents in detail, and in a manner ensuring replicability, the methods used to analyze the effects of economic 
growth, fossil, REN and NUC energy innovations, and population ageing on the LCF in Germany. First, descriptive statistics and 
correlation relationships among the variables are presented to provide preliminary insights into the structural validity of the 
constructed model. Unit root tests are applied to determine the stationarity levels of the variables included in the analysis, and 
the time-series properties of the series are evaluated based on these results. Subsequently, the ARDL bounds testing approach, 
a dynamic estimation method, is employed to investigate the existence of long-run relationships among the variables, and model 
specifications developed specifically for this study are introduced. Following the long-run estimations, the error correction 
model (ECM) is addressed under a separate subsection to demonstrate how short-run deviations among the series are 
corrected, thereby completing the analysis. 

 

Fig. 2. Econometric analysis flowchart 
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Unit root tests 

If time-series variables are not stationary, the estimated regressions may produce spurious relationships that do not reflect 
reality. Therefore, it is essential to test whether all series are stationary before constructing the statistical model. In this study, 
stationarity is examined using unit root tests (Gujarati, 2004). For this purpose, the Augmented Dickey–Fuller (ADF) test 
developed by Dickey and Fuller and the Phillips–Perron (PP) test proposed by Phillips and Perron are applied (Dickey & Fuller, 
1981; Phillips & Perron, 1988). 

The ADF test is evaluated under three alternative model specifications. To eliminate autocorrelation, lagged differences of 
the dependent variable are included in the equation, and the appropriate lag length is selected based on information criteria. 
This test addresses autocorrelation parametrically and produces its test statistic accordingly (Dickey & Fuller, 1981). The PP 
test is a widely used alternative approach for testing the presence of a unit root. Its test statistic is calculated using non-
parametric adjustments to correct for serial correlation and heteroskedasticity. These corrections do not alter the asymptotic 
distribution of the statistic; therefore, the PP test shares the same limiting distribution as the ADF test and is often considered 
more robust (Phillips & Perron, 1988). The hypothesis structure is identical for both tests. The null hypothesis states that the 
series contains a unit root, whereas the alternative hypothesis states that the series is stationary. If the null hypothesis is 
rejected, the series is considered stationary; if it cannot be rejected, the series is regarded as containing a unit root. The main 
differences between the ADF and PP tests can be summarized as follows. The ADF is a parametric method, whereas the PP relies 
on non-parametric corrections. In the ADF test, an appropriate lag length must be selected; this requirement does not apply to 
the PP test. Moreover, the PP test is more robust to potential heteroskedasticity in the error terms, which makes it stronger in 
many empirical applications (Phillips & Perron, 1988). 

Autoregressive distributed lag (ARDL) bounds test 

A substantial portion of economic time series is non-stationary in levels and contains a unit root (Johansen & Juselius, 1990). 
Models estimated directly with such series may generate spurious regression problems by producing relationships among 
variables that do not actually exist (Granger & Newbold, 1974). To reduce this risk, the first differences of the series are often 
taken. However, differencing weakens the temporal information embedded in the series and may distort the structural 
relationships among them (Tarı & Yıldırım, 2009). Therefore, even if the series are not stationary in levels, it is tested whether 
they form a long-run equilibrium relationship, that is, whether they are cointegrated. In the literature, approaches proposed by 
studies such as Eriçok and Yılancı (2013) are widely used for this purpose. 

In cointegration testing, the ARDL bounds testing approach stands out due to several advantages. Its primary advantage is 
that it can be applied regardless of whether the variables are integrated of order I(0) or I(1) (Pesaran et al., 2001). This flexibility 
reduces the necessity of determining the exact order of integration in advance. Compared to the Engle–Granger approach, the 
ARDL bounds test offers more favorable statistical properties because it is conducted within the framework of the unrestricted 
error correction model (UECM) (Narayan & Narayan, 2005). This structure makes the method more attractive in practical 
applications. It has also been shown to produce reliable results in small samples. Extensive Monte Carlo simulations 
demonstrate that, in samples with a limited number of observations, the bounds test outperforms the Engle–Granger and 
Johansen tests (Narayan & Smyth, 2005). 

The ARDL bounds test is based on a class of autoregressive distributed lag models. It does not directly resolve endogeneity 
issues, but it follows a three-stage implementation procedure. First, the presence of a cointegration relationship among the 
variables is examined. If cointegration is detected, a long-run ARDL model is estimated in the second stage to obtain the long-
run coefficients. In the final stage, short-run dynamics are estimated using the ECM (Narayan & Smyth, 2006). The ECM equation 

adapted within the ARDL framework for the model used in this study is presented in the following expression. 

∆𝑙𝑛𝑙𝑐𝑓𝑡 = 𝛽0 + ∑ 𝛽1𝑖∆𝑙𝑛𝑙𝑐𝑓𝑡−𝑖
𝑝
𝑖=1 + ∑ 𝛽2𝑖∆𝑙𝑔𝑑𝑝𝑃𝐶𝑡−𝑖 +

𝑝
𝑖=1 ∑ 𝛽3𝑖∆𝑙𝑛𝑓𝑜𝑠𝑅&𝐷𝑡−𝑖

𝑝
𝑖=1 + ∑ 𝛽4𝑖∆lnrenR&D𝑡−𝑖

𝑝
𝑖=1  +

∑ 𝛽5𝑖∆lnnucR&D𝑡−𝑖
𝑝
𝑖=1 + ∑ 𝛽6𝑖∆lnpop65𝑡−𝑖

𝑝
𝑖=1 + 𝛽7𝑙𝑛𝑙𝑐𝑓𝑡−1 + 𝛽8𝑙𝑛𝑔𝑑𝑝𝑃𝐶𝑡−1 + 𝛽9𝑙𝑛𝑙𝑛𝑓𝑜𝑠𝑅&𝐷𝑡−1 + 𝛽10lnrenR&D𝑡−1 +

𝛽11lnnucR&D𝑡−1 + 𝛽12lnpop65𝑡−1 + 𝜀𝑡                       (1)  

In the equations, Δ denotes the difference operator, 𝛽0 represents the constant term coefficient, 𝛽1𝑖 − 𝛽6𝑖  denote the short-
run coefficients, 𝛽7 − 𝛽12 represent the long-run coefficients, 𝜀𝑡 denotes the error terms, and 𝑝 indicates the lag lengths for the 
dependent and independent variables. The F-test employed in the bounds testing approach is sensitive to the selected lag length 
(Bahmani-Oskooee & Goswami, 2003). The optimal lag length for the variables is determined based on information criteria 
(Narayan & Narayan, 2005). 

Once the appropriate lag length is determined, the F-test evaluates whether the level and lagged values of both the dependent 
and independent variables are statistically significant (Narayan & Narayan, 2005). At this stage, it is examined whether the past 
values of the variables included in the model have a significant effect within the model. The primary objective of the test is to 
assess the validity of the null hypothesis that asserts the absence of a long-run cointegration relationship among the variables. 
In other words, this test serves as the main hypothesis test for determining whether a long-run equilibrium relationship exists 
among the series (Tosunoğlu & Uçal, 2025a). The null hypothesis tested in the model is expressed in the following equation. 

𝐻0: 𝛽7 = 𝛽8 = 𝛽9 = 𝛽10 = 𝛽11 = 𝛽12 = 0                      (2) 
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The results of the F-test are compared with the critical values provided by Pesaran et al. (2001). However, since these values 
were developed for large samples, Narayan (2005) provided more appropriate critical values for small samples. If the F-statistic 
exceeds the upper bound, the null hypothesis is rejected and cointegration among the variables is accepted; if it falls below the 
lower bound, the null hypothesis is accepted. If the value lies between the bounds, no definitive conclusion can be reached 
(Narayan & Narayan, 2005). Once cointegration is confirmed, a long-run ARDL model is estimated to obtain the long-run 
coefficients of the independent variables. The lag length of the model is determined according to the Akaike Information 
Criterion, and the resulting model is expressed in the following equation. 

𝑙𝑛𝑙𝑐𝑓𝑡 = 𝛽0 + ∑ 𝛽1𝑖𝑙𝑛𝑙𝑐𝑓𝑡−𝑖
𝑝
𝑖=1 + ∑ 𝛽2𝑖𝑙𝑔𝑑𝑝𝑃𝐶𝑡−𝑖 +

𝑝
𝑖=1 ∑ 𝛽3𝑖𝑙𝑛𝑓𝑜𝑠𝑅&𝐷𝑡−𝑖

𝑝
𝑖=1 + ∑ 𝛽4𝑖lnrenR&D𝑡−𝑖

𝑝
𝑖=1  +

∑ 𝛽5𝑖∆lnnucR&D𝑡−𝑖
𝑝
𝑖=1 + ∑ 𝛽6𝑖lnpop65𝑡−𝑖

𝑝
𝑖=1 + 𝜀𝑡                    (3) 

In the equations, 𝛽0 denotes the long-run constant term coefficient, 𝛽1𝑖 − 𝛽6𝑖  represent the long-run coefficients, 𝑝 indicates 
the lag length, and 𝜀𝑡 denotes the long-run error term.  

Error correction mechanism 

The error correction approach is an effective solution for addressing cointegration within a single-equation framework, 
particularly when the parameters of interest are weakly exogenous (Tosunoğlu et al., 2025). As proposed by Banerjee et al. 
(1998), the test is formulated within an augmented ARDL structure as an ECM test derived from the OLS (Ordinary Least 
Squares) coefficient of the lagged dependent variable. After determining the long-run coefficients through the ARDL bounds 
test, an ECM is constructed to estimate short-run dynamics and the speed of adjustment toward equilibrium (Narayan & 
Narayan, 2005). The error correction equations corresponding to the model used in this study are presented in the following 
expression. 

∆𝑙𝑛𝑙𝑐𝑓𝑡 = 𝛽0 + ∑ 𝛽1𝑖∆𝑙𝑛𝑙𝑐𝑓𝑡−𝑖
𝑝
𝑖=1 + ∑ 𝛽2𝑖∆𝑙𝑛𝑔𝑑𝑝𝑃𝐶𝑡−𝑖 +

𝑝
𝑖=1 ∑ 𝛽3𝑖∆𝑙𝑛𝑓𝑜𝑠𝑅&𝐷𝑡−𝑖

𝑝
𝑖=1 + ∑ 𝛽4𝑖∆lnrenR&D𝑡−𝑖

𝑝
𝑖=1 +

∑ 𝛽5𝑖∆lnnucR&D𝑡−𝑖
𝑝
𝑖=1 + ∑ 𝛽6𝑖∆lnpop65𝑡−𝑖

𝑝
𝑖=1 + 𝛽1𝐸𝐶𝑇𝑡−1 + 𝜀𝑡                (4) 

In the above equation, 𝛽1𝑖 − 𝛽6𝑖  denote the short-run coefficients, p represents the relevant lag length, 𝛽0 indicates the short-
run constant term coefficient, and 𝜀𝑡  denotes the short-run error term. 𝛽1 represents the speed of adjustment coefficient, 
indicating the extent to which a short-run shock is corrected in the long run. If the coefficient of the error correction term ECTt-

1 lies between 0 and -1, the system converges smoothly toward the long-run equilibrium. If the coefficient falls between -1 and 
-2, adjustment occurs through dampened oscillations around the equilibrium. If the coefficient is below -2 or above 0, the 
process diverges from equilibrium (Alam & Quazi, 2003). 

Data collection 

 To measure the effects of economic growth, fossil, REN and NUC energy innovations, and population ageing on the LCF in 
Germany, per capita load capacity factor, per capita GDP (constant 2015 US$), fossil energy R&D budget, REN energy R&D 
budget, NUC energy R&D budget, and total population aged 65 and above are used for the period 1974–2023. Energy R&D 
budgets are obtained from the International Energy Agency (IEA), per capita GDP (constant 2015 US$) and total population 
aged 65 and above from the World Bank’s World Development Indicators (WDI), and the LCF from the Global Footprint Network 
(GFN). The abbreviations, indicators, measurements, model roles, and data sources of the variables used in this study are 
presented in the variable Table 1. 

Table 1. Variables Table 

Abbreviation Variable Measurement Role Source 
lnlcf Load capacity factor (Ecological 

sustainability) 
Biocapacity / Ecological footprint (per 

capita) 
Dependent GFN 

lngdpPC Economic growth GDP (constant 2015 US$, per capita) Independent WDI 
lnfosR&D Fossil energy R&D Fossil energy R&D budget Independent IEA 
lnrenR&D Renewable energy R&D Renewable energy R&D budget Independent IEA 
lnnucR&D Nuclear energy R&D Nuclear energy R&D budget Independent IEA 
lnpop65 Ageing population Population ages 65 and above (% of total 

population 
Control WDI 

In this study, the LCF is treated as the dependent variable and is calculated as the ratio of biocapacity to the ecological 
footprint. This measure is interpreted as an indicator of ecological sustainability. The LCF measures the ratio of biological 
production capacity to consumption pressure. If this ratio is greater than one (>1), the country’s per capita biocapacity exceeds 
its ecological footprint, indicating ecological sustainability. However, if it is less than one (<1), the ecological footprint exceeds 
biocapacity, leading to ecological deficit due to overuse of natural resources. Fig 3 graphically presents Germany’s ecological 
sustainability over the period 1974–2023 based on the LCF.  
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Fig. 3. Ecological Sustainability: Biocap, EFP, and LCF Graphs 

Economic growth is represented by real GDP per capita as an independent variable. This variable reflects the level of welfare 
and productive capacity of an economy. An increase in income levels may raise energy demand and production activities, 
thereby generating adverse effects on ecological sustainability. Energy innovations are represented as independent variables 
by fossil, REN, and NUC energy R&D budgets, respectively. These variables capture the allocation of resources to the respective 
energy forms. The allocation of these resources within a country may generate different effects on ecological sustainability. 
Population ageing is measured as a control variable by the total population aged 65 and above. This variable is one of the 
primary demographic indicators measuring the degree of population ageing. It holds critical importance in studies analyzing 
the level of population ageing, social security burdens, and pressure on health expenditures. All variables are measured within 
this framework. 

This model is developed with reference to the study conducted by Özbek and Naimoğlu (2025) on the UK economy. A 
correlation analysis is conducted to preliminarily assess the direction and strength of linear relationships among the variables. 
This analysis provides a foundational framework for advanced econometric tests by revealing the general pattern of interactions 
among the variables (Tosunoğlu, 2024). Descriptive statistics are reported to provide preliminary information on the 
distributional characteristics of the variables used in the empirical analysis. These statistics allow an initial assessment of the 
mean values, variability, and minimum and maximum observations of the series before proceeding to the econometric 
estimations. The descriptive statistics of the relevant variables are presented in Table 2. 

Table 2. Descriptive StatisticsUTHOR 

Variables lnlcf lngdpPC lnfoR&D lnrenR&D lnnucR&D lnpop65 

Mean 0.094 10.387 4.406 5.304 6.395 16.455 
Standard Deviation 0.088 0.238 1.340 0.848 0.887 0.177 

Minimum -0.082 9.915 0.998 1.024 5.191 16.236 

Maximum 0.316 10.710 6.497 6.173 8.258 16.759 
Number of observations (N): 50 

A review of the descriptive statistics indicates that the variables do not exhibit extreme or outlying values. The effects of 
economic growth, fossil, REN, and NUC energy innovations, and population ageing on the LCF in Germany are examined using 
time-series techniques, namely the Autoregressive Distributed Lag (ARDL) bounds test and the ECM approach. The 
mathematical specification of the model employed in the study is presented below. 

𝑙𝑛𝑙𝑐𝑓 = 𝑓(𝑙𝑛𝑔𝑑𝑝𝑝𝑐, 𝑙𝑛𝑓𝑜𝑠𝑅&𝐷, 𝑙𝑛𝑟𝑒𝑛𝑅&𝐷, 𝑙𝑛𝑛𝑢𝑐𝑅&𝐷, 𝑙𝑛𝑝𝑜𝑝65)                   (5) 

In the above function, lnlcf is the dependent variable of the model, while lngdpPC, lnfoR&D, lnrenR&D, and lnnucR&D are the 
explanatory variables in this study, and pop65 is the control variable. All variables are employed in their natural logarithmic 
form, allowing the results to be interpreted in terms of elasticities (Polat et al., 2025b; Tosunoğlu & Uçal, 2025b). 

FINDINGS 

The main advantage of the ARDL bounds testing approach is that it can be applied regardless of whether the examined 
variables are integrated of order I(1) or I(0) (Pesaran et al., 2001). However, to ensure the applicability of the ARDL bounds 
test, unit root tests are conducted to verify that none of the series is integrated of order I(2). The results of the unit root tests 
are presented below. 

When the ADF and PP unit root results reported in the Table 3 are evaluated, it is observed that, while lnrenR&D and lngdpPC 
show some indication of stationarity at levels, the remaining variables exhibit stationarity at first differences, implying an I(1) 
characterization. Since none of the variables is integrated of order I(2), the ARDL bounds test can be applied. The results of the 
ARDL bounds test are presented in the Table 4. 
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Table 3. Unit Root Test Results 

 ADF PP 
Variables c c/t c c/t 

lnlcf -1.988 -2.079 -1.954 -1.979 
lngdpPC -2.610* -1.321 -7.816*** -1.178 

lnfoR&D -1.584 -1.748 -1.464 -1.372 

lnrenR&D -2.404 -3.030 -7.069*** -7.083*** 

lnnucR&D -0.946 -1.734 -0.861 -1.547 

lnpop65 0.338 -2.527 0.580 -1.735 

Δlnlcf -8.185*** -8.229*** -8.732***  -10.198*** 

ΔlngdpPC -5.986*** -6.746*** -6.354*** -11.487*** 

ΔlnfoR&D -5.621*** -5.571*** -5.564*** -5.506*** 

ΔlnrenR&D -3.295** -3.921** -8.996*** -8.841*** 

ΔlnnucR&D -8.802*** -8.725*** -8.577*** -8.519*** 

Δlnpop65 -2.752* -2.983636 -2.883** -3.137* 

Notes: In the ADF test, the maximum lag length is set to 3 and selected according to the Akaike Information Criterion. Values in parentheses 
(if any) indicate the selected lag lengths. *, **, and *** denote statistical significance at the 10%, 5%, and 1% levels, respectively. In the PP 
test, the Newey–West bandwidth selection method with the Bartlett Kernel estimator is used. 

Table 4. ARDL F-Bounds Test Results 

 
Model 

Optimal Lag 
Length 

F-
stat. 

Bounds Test 
Critical Value 

 
Decision 

I(0) I(1) 
𝑙𝑛𝑙𝑐𝑓

= 𝑓(𝑙𝑛𝑔𝑑𝑝𝑝𝑐, 𝑙𝑛𝑓𝑜𝑠𝑅&𝐷, 𝑙𝑛𝑟𝑒𝑛𝑅&𝐷, 𝑙𝑛𝑛𝑢𝑐𝑅&𝐷, 𝑙𝑛𝑝𝑜𝑝65) 
(3,2,2,1,1,2) 6.837 4.715 6.293 Cointegration 

The Table 4 reports the ARDL bounds test results for the model employed in this study. Accordingly, for the F-statistic 
(6.837), the critical values at the 1% significance level are 4.715 for the lower bound and 6.293 for the upper bound. At the 1% 
significance level, a long-run cointegration relationship among the variables is identified. 

Following the confirmation of a long-run cointegration relationship among the variables through the ARDL F-bounds test, 
long-run ARDL estimations are conducted accordingly. For the results obtained from the F-test to be reliable, the models must 
satisfy certain statistical assumptions. The diagnostic tests conducted to examine these assumptions and their results are 
presented in the Table 5. 

Table 5. Diagnostic Tests of the ARDL Models 

Tests Hypothesis Test stat. 

Ramsey Reset No model specification error. 0.551 (0.464) 

Breusch-Godfrey LM No autocorrelation problem. 0.423* (0.058) 

Breusch- Pagan LM No heteroskedasticity problem. 0.502 (0.931) 

Notes: *, **, and *** denote statistical significance at the 10%, 5%, and 1% levels, respectively. Values in parentheses indicate the 
probability (p-values) of the F-statistic. 

The diagnostic test results indicate that the null hypotheses of no model specification error and no heteroskedasticity cannot 
be rejected. However, at the 10% significance level, the null hypothesis of no autocorrelation is rejected. This implies that the 
model suffers from autocorrelation, while no heteroskedasticity or specification error is detected. Therefore, to obtain standard 
errors robust to autocorrelation, the HAC (Newey–West) covariance matrix is employed in the model estimations. 

Finally, it is necessary to examine the stability condition of the parameter estimates. To assess the stability of the estimated 
ARDL model and investigate the presence of structural breaks, the CUSUM (cumulative sum control chart) and CUSUMSQ 
(cumulative sum of squares) tests developed by Brown et al. (1975) are conducted. Based on the graphs, it is concluded that at 
the 5% significance level no structural break is observed in the coefficients, and the parameters are stable. The results of the 
CUSUM and CUSUMSQ tests are presented Fig 4. 
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Fig. 4. Model 1 CUSUM and CUSUM (Q) Graphs 

Once the ARDL F-bounds test confirms the presence of a long-run cointegration relationship among the model variables, the 
long-run ARDL coefficients are subsequently estimated. The results of the long-run ARDL coefficient estimations are presented 
in the Table 6 below. 

 Table 6. Long-Run ARDL Coefficient Estimation Results 

Variables Coefficients Standard Error t-statistic Probability 

lngdpPC -1.741*** 0.222 -7.828 0.000 

lnfoR&D -0.024** 0.009 -2.547 0.016 

lnrenR&D 0.066*** 0.019 3.434 0.001 

lnnucR&D 0.137*** 0.025 5.487 0.000 

lnpop65 -0.703*** 0.111 -6.328 0.000 

Notes: *, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels, respectively. Robust standard errors are computed using 
the Newey–West (1987) HAC estimator to account for potential serial correlation. 

The Table 6 reports the long-run coefficient estimation results for the specified model. According to the findings, the 
coefficients are statistically significant at the 5% significance level. The results indicate that a 10% increase in lngdpPC reduces 
lnlcf by approximately 17%, a 10% increase in lnfosR&D reduces lnlcf by about 0.2%, and a 10% increase in lnpop65 decreases 
lnlcf by approximately 7%. Moreover, a 10% increase in lnrenR&D raises lnlcf by approximately 0.7%, while a 10% increase in 
lnnucR&D increases lnlcf by about 1.4%. The table below presents the findings of the error correction model, which identifies 
the speed at which long-run deviations are corrected. 

 Table 7. Error Correction Model (ECM) Results 

Variables Coefficient Standard Error t-statistic Probability 

ECTt-1 -0.600*** 0.086 -6.935 0.000 

Notes: *, **, and *** denote statistical significance at the 10%, 5%, and 1% levels, respectively 

The Table 7 reports the error correction model results for the specified model. ECTₜ₋₁ represents the coefficient of the error 
correction term in the model. In the model, the error correction coefficient lies between 0 and -1. According to Alam and Quazi 
(2003), if ECTₜ₋₁ is estimated between 0 and -1, the system converges stably toward the long-run equilibrium.  

The error correction coefficient in the model is found to be statistically significant. However, the probability value is not 
relied upon alone when assessing the significance of the error correction coefficient. In this case, a bounds test for the t-statistic 
is also required. The bounds test conducted for the t-statistic of the error correction term is presented below 

Table 8. t-Bounds Test for the Error Correction Coefficient 

t-statistic Bounds Test Critical Values 

-6.935 
Critical Values at the 1% Significance Level 

I (0) I (1) 
-3.96 -5.13 

The Table 8 presents the t-bounds test results for the error correction coefficient of the specified model. Accordingly, for the 
t-statistic (-6.935), the critical values at the 1% significance level are -3.96 for the lower bound and -5.13 for the upper bound. 
In this case, ECTₜ₋₁ is statistically significant at the 1% level and operates as expected. This implies that a short-run deviation is 
corrected and the system returns to its long-run equilibrium in approximately 1.7 years (1/0.6). In other words, a short-run 
deviation in the model is eliminated and the long-run equilibrium is restored in about 17 months. 
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DISCUSSION AND CONCLUSION 

Environmental quality in Germany represents a critical policy area, as it directly influences public health, sustainable 
economic stability, and the country’s ability to meet its climate commitments. Within this context, the present study examined 
the effects of economic growth, fossil, renewable (REN), and nuclear (NUC) energy innovations, as well as population ageing, on 
the Load Capacity Factor (LCF) in Germany over the period 1974–2023 by employing the ARDL bounds testing approach and 
an error correction mechanism. The empirical findings indicate that economic growth, fossil energy innovation, and population 
ageing reduce LCF, whereas REN and NUC energy innovations improve it. These results suggest that not all drivers of 
development contribute equally to ecological sustainability and that their impacts are clearly heterogeneous.  

More specifically, the results reveal that economic growth exerts the strongest negative effect on ecological sustainability, 
followed by population ageing and fossil energy innovation. This pattern implies that Germany’s current growth trajectory is 
still not sufficiently aligned with environmental sustainability goals. Although Germany is often regarded as a leading country 
in green transition policies, the findings indicate that economic expansion continues to generate substantial ecological pressure. 
In this respect, the study supports the argument that growth without adequate green industrial transformation may undermine 
long-term environmental quality. At the same time, the positive coefficients of REN and NUC R&D suggest that innovation-
oriented energy policies can play a meaningful role in improving ecological sustainability.  

The short-run results further show that the effects of shocks dissipate within approximately 17 months and the system 
returns to its long-run equilibrium path. This finding points to the existence of an adjustment mechanism among growth, energy 
innovation, and demographic structure in Germany. However, the fact that the long-run effects remain environmentally 
unfavorable for growth and fossil-related innovation indicates that sustainability-oriented structural reforms have not yet been 
fully consolidated. Therefore, the evidence suggests that temporary adjustments alone are not sufficient; what is required is a 
deeper and more stable policy realignment toward environmentally compatible development.  

From a policy perspective, the findings carry important implications for Germany’s progress toward several Sustainable 
Development Goals, particularly SDG-3, SDG-7, SDG-8, and SDG-13. The negative role of fossil energy R&D implies that 
policymakers should not merely reduce dependence on fossil fuels at the consumption level, but also reconsider the allocation 
and direction of fossil-related innovation expenditures. In contrast, the positive contributions of REN and NUC energy R&D 
indicate that strategic investment in cleaner and lower-carbon technologies can strengthen ecological sustainability. In the 
specific context of Germany, the positive effect of NUC energy R&D on the LCF should not be interpreted as a recommendation 
to reverse the country’s NUC phase-out policy. Rather, this finding suggests that NUC-related R&D activities may support 
environmental sustainability through channels such as safety research, decommissioning technologies, waste management, and 
the accumulation of low-carbon technological knowledge. Therefore, NUC R&D should not be viewed as a direct call for 
expanding NUC electricity generation, but rather as part of Germany’s broader technological capacity to manage a secure and 
sustainable energy transition. 

Another important contribution of the study concerns population ageing. The results show that an ageing population reduces 
LCF, suggesting that demographic transformation may intensify environmental pressure through rising health, care, and 
resource demands. This finding expands the sustainability literature by demonstrating that ecological outcomes are not shaped 
solely by economic and energy-related variables, but also by demographic dynamics. Accordingly, integrating ageing-related 
public expenditure with energy-efficient and resource-saving standards may help reduce sustainability pressures in the long 
run.  

When compared with previous studies, the findings are broadly consistent with the results reported by Pata (2021), Shang 
et al. (2022), and Çamkaya et al. (2025), particularly regarding the effects of GDP and energy-related variables on LCF. However, 
the results differ from those reported by Yurtkuran (2025). These similarities and differences suggest that the sustainability 
effects of growth and energy transitions may vary depending on country context, variable structure, and methodological design. 
Therefore, the present study not only confirms an important part of the existing literature but also contributes new evidence 
by focusing on Germany and by incorporating population ageing and energy-sector R&D expenditures into the same analytical 
framework. 

.  

      Fig 5. Summary of the results 
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Conclusion 

This study concludes that economic growth, fossil energy R&D, and population ageing exert negative effects on ecological 
sustainability in Germany, while REN and NUC energy R&D improve environmental quality by increasing the Load Capacity 
Factor. Among all variables, economic growth produces the largest adverse impact. Overall, the findings show that Germany’s 
development path has not yet fully achieved compatibility with ecological sustainability, despite the country’s ongoing energy 
transition efforts. These results indicate that technological transformation in the energy sector, together with stronger green 
industrial policies, will be essential for improving long-term environmental performance. 

Recommendations 

Based on the empirical findings, several policy recommendations can be offered. First, Germany should gradually reduce 
fossil energy R&D incentives and avoid projects that deepen fossil-based production structures. Second, a greater share of public 
resources should be directed toward REN and NUC energy R&D in order to support cleaner and more sustainable energy 
production. Third, economic growth strategies should be redesigned within a stronger green industrial policy framework so 
that output expansion does not continue to generate disproportionate ecological pressure. Finally, demographic ageing should 
be integrated into sustainability planning, especially through health, care, and infrastructure policies based on energy and 
resource efficiency. These measures would help Germany align its economic, social, and environmental objectives more 
effectively. 

Limitations and strengths 

The study has both notable strengths and certain limitations. Its main strength lies in bringing together economic growth, 
fossil, REN and NUC energy R&D, and population ageing within a single model to explain changes in the Load Capacity Factor, 
thereby offering a more comprehensive perspective on ecological sustainability. In particular, the inclusion of population ageing 
and energy-sector R&D expenditures adds originality to the literature, as these factors have rarely been examined jointly in 
previous LCF studies. Another strength is the use of the ARDL framework, which enables the distinction between short-run and 
long-run effects and provides a clearer understanding of dynamic adjustment processes.  

At the same time, the study is subject to several limitations. The most important limitation is that the analysis is restricted 
to the period ending in 2023 due to data availability, especially for energy R&D budgets. In addition, the study focuses only on 
Germany, which limits the generalizability of the findings to other countries. The model is also constrained by the selected 
variables, meaning that other relevant drivers of environmental quality, such as digitalization, artificial intelligence, smart grids, 
or institutional quality, are not explicitly incorporated. Future studies may address these limitations by extending the dataset, 
comparing countries through panel-data approaches, and examining emerging technological factors within broader 
sustainability frameworks. 
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