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energy in Industry 4.0. In the study, quantitative variables were used for panel data
analysis. This study aims to investigate the effects of energy efficiency between 2011 and
2022 in Turkey and European Union Countries. The results of the analysis show that
technology innovation has an impact on energy efficiency, but on the other hand, Gross
Domestic Product (GDP) per capita doesn’t have any effect.
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ENDUSTRI 4.0 DONEMINDE ENERJi VERIMLILIGININ ETKISi:
AVRUPA BIiRLiGi ULKELERI VE TURKIYE

Makale Bilgisi Ozet
Makale Tiirii Endiistri 4.0 veya diger adiyla Dijital Devrim, dordiincii sanayi devrimine verilen addir.
Aragtirma Makalesi Dijital ve fiziksel teknolojileri bir araya getiren bu kavram, iiretkenligi, esnekligi ve

verimliligi destekleyebilir. Bu nedenle, bu ¢alisma Endiistri 4.0'da enerjinin etkisini analiz

Gonderim Tarihi: etmektedir. Caligmada, panel veri analizi i¢in nicel degiskenler kullanilmisgtir. Bu ¢alisma,

15/11/2025

Tiirkiye ve Avrupa Birligi iilkelerinde 2011-2022 yillar1 arasinda enerji verimliliginin
Kabul Tarihi: etkilerini arastirmay1 amaglamaktadir. Analiz sonuglari, teknoloji inovasyonunun enerji
09/12/2025 verimliligi tizerinde bir etkisi oldugunu, ancak kisi basina diisen Gayri Safi Yurtici

Hasila'min (GSY1H) herhangi bir etkisi olmadigini gostermektedir.
Anahtar Kelimeler:
Endiistri 4.0, Bilgi
ve Iletisim
Teknolojileri, Kisi
Basina GSYIH,
Dogrudan Yabanci
Yatirim, Enerji
Verimliligi.

1. INTRODUCTION

Industrial revolutions have significantly impacted production processes since their inception and will
continue to do so. The First Industrial Revolution, which began with the usage of steam and water power,
was replaced by the Second Industrial Revolution with the usage of electricity for mass production. With
the adoption of automation and digital technologies, the Third Industrial Revolution emerged. So today,
Industry 4.0 is a representation of a transformation by physical and digital technologies into production

(Yang & Gau, 2021; Klingenberg et al., 2022).

In general, Industry 4.0 contributes to environmental sustainability. Environmental contributions include
technologies such as digital twins and big data that make the supply chain process more transparent and
responsive. Therefore allows for the preservation of economic competitiveness while also becoming

more ecologically efficient. (Bai et al., 2020).

Thus, Industry 4.0 is compatible with global sustainability goals (Hidayatno et al., 2019). Because the
integration of renewable energy and smart technologies has enabled production systems to achieve both
operational efficiency and environmental responsibility (Fawna, 2023). Consequently, the widespread

use of smart systems has increased flexibility and reduced energy waste.

As a result, Industry 4.0 aims to ensure both economic and environmental sustainability through
digitalised production systems. However, the adoption of these technologies brings with it certain
challenges, such as high implementation costs, a lack of knowledge, and system integration difficulties.
Despite these challenges, the long-term benefits of Industry 4.0 are of strategic importance in shaping

the future of the industry.
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The Goal of this study is to examine the economic and technological factors affecting energy efficiency
in the Industry 4.0 era. Study examines the relationship between energy efficiency and GDP, ICT,
foreign investment, and technological innovation in Turkey and the European Union between 2011 and
2022. The study used panel data methods to evaluate the long-term relationships and impacts of the
variables. Furthermore, the dynamic link between energy efficiency and the technological innovation
indicator (TECH), derived from brand and patent data, was investigated. The results of analysis shows
that technological innovation and ICT increase energy efficiency, while GDP has no significant impact.
In this respect, the study contributes to the sustainability literature by highlighting the role of digital

transformation on energy efficiency.

The layout of the rest of the paper is as follows: Section II presents the literature review. Section III
describes the method applied in the study. Findings, results and discussions located in the section IV

and V. Finally, conclusions and future works explanations are in section V and VL.

2. LITERATURE REVIEW

Industrial operations and sustainability became global with the birth of Industry 4.0. With this global
effect, Industry 4.0 has become a huge research pool for researchers, especially in the field of energy
efficiency and sustainability models (Cezanne et al., 2020). Besides this huge research pool, with the
integration of technology, Industry 4.0 improved productivity, reduced waste, and customised

production

As mentioned above, Industry 4.0 creates a huge research pool for researchers. Teng et. al. (2021)
propose smart energy savings with digital twin-based infrastructures. Because sensor-related systems
present difficult challenges, it affects collaboration among stakeholders. Similarly, Hidayatno et. al.
(2019) also state that the adoption effects of renewable energy integration in developing countries with
Industry 4.0. The proposed model builds on economic and environmental indicators. This model
emphasises the role of technological investment in clean energy and emissions. The findings of

researchers highlighted the crucial role of advanced technology in industrial transformation.

Another many studies apply quantitative models to assess environmental impacts on energy efficiency.
Researchers (Song and Wang, 2018) implemented a mathematical approach to assess Environmental-
Biased Productivity (EBP). This approach has been increase technological efficiency cost strategically
and also increasing emission reductions. Another research group (Bai et. al., 2020) developed Triple
Bottom Line (TBL) framework for the comparison of various Industry 4.0 technologies. The results of
research proofs that blockchain and mobile technologies offer high economic and social sustainability
potential. On the other hand, another popular technologies like cloud computing, artificial intelligence,

and big data analytics contribute significantly to environmental goals.

Morevore these studies, Chen and researchers (2021) focus on the MENA region, how innovation and

structural economic development drive energy efficiency, though negatively affected by the shadow
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economy. Similar study done by Miskiewicz and researchers (2021). Researchers explore how teal
organizations promote energy efficiency through technological innovation and inclusive corporate
culture. Also, Adedoyin et. al.(2020) investigate how ICT and foreign direct investment (FDI)
contribute to economic growth. The results of study underscores the need for sustainable aviation and

energy policy reforms in light of increasing environmental awareness.

Finally, the European Green Deal and the global energy crisis have accelerated Industry 4.0 adoption.
So, Turkey has committed to the Paris Agreement and launched its Green Deal Action Plan to align with
EU sustainability directives (Arana-Landin et al., 2023; Sahin et al., 2021). The transition towards a
digital, low-emission economy demands a coordinated effort across nations to minimize carbon leakage

and promote circular economic practices.

3. METHODOLOGY

This study, examined the impact of energy efficiency during the industry 4.0 era among European Union
member states and Turkey between 2011 and 2022. To collect data Eurostat and the World Bank were
used. The variables used in the research are presented in table 1. In Table 1, “7” denotes the country and

“¢” the time period.

Table 1. Variables of the Study

Variables Explanations Sources
EEi Energy Efficiency (Annual) Eurostat
) Annual GDP per capita
GDPi (constant LCU) The World Bank
) Foreign Direct
FDIi Investment (Annual % of GDP) The World Bank
) ICT service exports (BoP,
ICTi current US$) The World Bank
) Trademark Applications
TR_NRuit (Non-resident) The World Bank
) Trademark Applications
TR_Rit (Resident) The World Bank
P NR: Patgnt Applications (Non The World Bank
— resident)
) Patent Applications
P _Rit (Resident) The World Bank

Econometric model of this study contains EE, GDP, FDI, ICT, and technological innovation (TECH)
variables. The TECH variable was developed using PCA (principal component analysis), which
combines trademark and patent application data from resident and non-resident applicants (Jaadi, 2024).
PCA is a data reduction and machine learning technique that reduces the number of variables in a dataset
while preserving major trends and patterns. A correlation analysis was conducted to explore the
relationships between variables. The analysis determines the direction (positive or negative) and strength
of the relationships, categorized into weak, moderate, strong, and very strong correlation levels (Kaya,
2013; Prestes et. al., 2021).
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EE ii=GDP i+ FDI 1 + ICT ;i + TECH (D

Few analysis used in this study such as Stationary, Augmented Dickey-Fuller (ADF) and etc.
Stationarity, tests were performed to assess whether the data series were stationary or not. (Tate, 2024;
Iordanova, 2009). ADF test was applied to detect the presence of unit roots (Prabhakaran, 2019). After
the finding of unit roots, series were transformed into stationary form using differencing or logarithmic
transformation to stabilize variance and mean (Hyndman & Athanasopoulos, 2013). Following this, a
cointegration test was conducted to assess whether there existed a long-term relationship among the

variables (Tu et al., 2019).

The study adopted the Generalized Method of Moments (GMM) for parameter estimation (Genaro et.
al., 2022). GMM is a flexible econometric technique designed to estimate model parameters under
theoretical constraints, and it is particularly effective for addressing endogeneity, heteroskedasticity, and
autocorrelation (Rodrigues, 2024; Allison et al., 2019; Zsohar, 2012). The J-statistic test was employed
to evaluate the validity of instruments used in GMM, ensuring that they are uncorrelated with error terms
(Dumitrescu et. al., 2013). So, this section declared detail explanation about source of data, variables

and approaches. Findings section shows and explains the results of analysis.

4. FINDINGS

This section contains empirical results about European Union countries and Turkey between 2011-2022.
Analysis focus on the relationships between variables (energy efficiency, economic indicators, and

technological innovation).

Descriptive analysis contains correlations among the variables which is shown in Table 2. Energy
efficiency (EE) is positively correlated with all technological variables, including information and
communication technologies (ICT), patent applications, and trademark applications, with strong
correlations ranging from 0.7 to 0.89. In contrast, EE demonstrates negative correlations with FDI and
GDP per capita. Following the construction of the “TECH” variable through principal component
analysis (PCA), incorporating both resident and non-resident patent and trademark applications, the

analysis proceeds using this composite measure.

Table 2. Correlation

EE FDI GDP ICT P_NR P R TRNR TR R
EE 1.000  -0.121 -0.116 0.800 0.751 0.884 0.764 0.849
FDI -0.121 1.000 0.098 -0.105 -0.045 0.072 -0.132 -0.101
GDP 0.116  0.098 1.000 -0.080 -0.069 -0.097 -0.123 -0.133
ICT 0.800  -0.105 -0.080 1.000 0.737 0.781 0.427 0.584
P_NR 0.751  -0.045 -0.069 0.737 1.000 0.957 0.477 0.500
P R 0.884  -0.072 -0.097 0.781 0.957 1.000 0.604 0.660
TR_NR 0.764  -0.132 0.123 0.427 0.477 0.604 1.000 0.885
TR R 0.849  -0.101 -0.133 0.584 0.500 0.660 0.885 1.000
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Stationarity of the data is evaluated using the ADF test. Table 3 shows that at their levels, only FDI and

TECH are stationary, while the other variables are non-stationary.

Table 3. ADF Test — Unit Root Test (Level)

Variables Unit Root Test (Level)
EEit 0.6500
GDPit 1.0000
FDIit 0.0209
ICTit 0.9997
TECHit 0.0474

After first differencing, all variables become stationary as indicated in Table 4, with p-values below the
0.05 significance threshold. For subsequent analysis, the first differences of EE, GDP, and ICT are used,
while FDI and TECH are employed in their original forms.

Table 4. ADF Test — Unit Root Test (1st Difference)

Variables Unit Root Test (1% Difference)
DEEit 0.0001
DGDPit 0.0000
FDIit 0.0209
DICTit 0.0001
TECHit 0.0474

Descriptive statistics provided in Table 5 reveal that all variables are leptokurtic with positive skewness,

and Jarque-Bera test results confirm non-normal distributions for all series.

Table 5. Descriptive Statistics

DEE DGDP DICT FDI TECH
Mean 0.117700 6382.648 4.57E+08 6.700432 0.013132
Median 0.030000 515.8358 2.23E+08 2.726919 -0.0684601
Maximum 13.49000 303515.0 6.76E+09 280.1455 6.959094
Minimum -15.84000 -182438.3 -3.42E+09 -103.1567 -1.145211
Std. Dev. 3.045379 36664.83 1.08E+09 27.69194 1.781978
Skewness -0.973472 4.266139 1.909566 6.463654 2.554343
Kurtosis 13.91915 35.31077 13.16410 60.18984 8.891686
Jarque-Bera 1091.789 9911.475 1046.316 30510.42 539.6944
Probability 0.00000 0.00000 0.00000 0.00000 0.00000
Sum 25.07000 1359504 9.74E+10 1427.192 2.797024
Sum Sq. Dev. 1966.159 2.85E+11 2.48E+20 162570.9 673.1946
Obs. 213 213 213 213 213

The Pedroni residual cointegration test is applied to determine long-run relationships among variables,
with results displayed in Table 6. The null hypothesis of no cointegration is tested across seven different
statistics. Six of the statistics report p-values below 0.05, suggesting evidence of long-run relationships,
while five indicate otherwise. Given these mixed results, the majority-based interpretation is that there

exists a long-term equilibrium relationship among the examined variables.
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Table 6. Cointegration Tests

Common AR coefs. (within dimension)

Weighted
Stat. Prob. S tagtis tic Prob.
v-Stat. -2.789683 0.9974 -2.832076 0.9977
rho-Stat. 2.947323 0.9984 3.142481 0.9992
PP-Stat. -12.93671 0.0000 -5.870474 0.0000
ADF-Stat. -8.531326 0.0000 -4.780768 0.0000

Individual AR coefs. (between dimension)

Stat. Prob.
rho-Stat. 5.135016 1.0000
PP- Stat. -8.470501 0.0000
ADF- Stat. -5.074599 0.0000

The estimation stage employs the GMM to analyze the dynamic panel data model, with results
summarized in Table 7. The dependent variable is the first difference of energy efficiency (DEE), and
instruments include the second lag of DEE, first lag of DGDP, first lag of FDI, and first lag of TECH.
The coefficient estimates indicate that ICT has a strong and statistically significant positive effect on
DEE, while FDI and TECH have significant negative effects. GDP per capita change (DGDP) is not
statistically significant in explaining DEE. The GMM output further shows a J-statistic value of 16.58
with a p-value of 0.48, implying that the overidentifying restrictions are valid and that the chosen
instruments are appropriate. Overall, the findings highlight the strong link between energy efficiency
and technological indicators, the importance of ICT in enhancing energy efficiency, and the potential

negative influence of FDI and certain technological innovation measures when aggregated as the TECH

variable.

Table 7. GMM Output
Variable Coefficient Std. Error t-Statistic Prob.
DEE(-1) -0.467823 0.003398 -137.6850 0.0000
DGDP 1.96E-06 4.50E-06 0.435353 0.6677
DICT 8.07E-10 9.37E-12 86.09090 0.0000
FDI -0.019742 0.005352 -3.688658 0.0014
TECH -1.134591 0.030230 -37.53253 0.0000

Effects Specification
Cross section fixed (first differences)

Mean dependent var 0.110305
S.E. of regression 4.243190
J statistic 16.57792
Prob(J-statistic) 0.483297
S.D. dependent var 3.637270
Sum squared resid 2862.741
Instrument rank 22
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5. RESULTS AND DISCUSSION

The energy efficiency data is from Eurostat, and the GDP per capita, foreign direct investment,

information communications technologies, and technological innovation data are from the World Bank.

To conduct the analysis, first, the variables that are not stationary, that has unit root, made stationary by
taking their first differences. Then, the cointegration test was conducted to determine whether the series

has a long-term correlation.

The cointegration test results shows that six test statistics have p-values less than 0.05 and five test
statistics have p-values more than 0.05 critical value. With mixed results one should look at all results
and decide on the verdict of the majority. This means since the p values is less than 0.05 critical level,
we reject the null hypothesis and there is a cointegration. Which also means that there is a long-term
relationship between the variables.36. Having confirmed the existence of this long-term equilibrium, the
next step is to proceed with an appropriate estimation technique that accounts for this relationship. After

establishing the cointegration, the generalized method of moments used for regression analysis.

The results of generalized method of moments shows that the probability of J statistic is 0.48 and the J

statistic value is 16.57 which means that the instruments are valid at any conventional significance level.

According to the output, the first difference in GDP per capita is not statistically significant at a 5 percent
significant level with a p-value of 0.6677, which is higher than 0.05. The first difference of ICT, FDI,
and TECH shows that they are statistically significant at a 5 percent significant level with p values
0.0000, 0.0014, and 0.0000 respectively. These statistical findings indicate that only certain variables
demonstrate meaningful explanatory power within the model. This means that the changes in these

variables have an observable effect on energy efficiency.

6. CONCLUSION

While creating regression, the variables of GDP per capita, information and communication
technologies, foreign direct investment, and technological innovation were used to determine their effect
on energy efficiency. In this study, GMM approach used to create an analysis framework. To measure
the interaction between variables, Dynamic panel model and system GMM method are used. By
establishing this methodological structure, the study positions its findings within a broader scholarly
context. This research contributes to the expanding literature that investigates efficiency, sustainability,

and Industry 4.0.

The outcomes of the study proofs that technological innovation has an impact on energy efficiency as
showing in the literature, but GDP doesn't have an effective effect on energy efficiency. Finally,
outcomes of the study, shows the impact on energy efficiency on technological innovation. But,
according to outcomes, GDP per capita does not have a significant impact. So, outcomes proofs the

importance of digital transformation in the industry 4.0 era.
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From the management information systems perspective, the study offers how information technology
contribute to operational efficiency and sustainable resource management. By analyse the interaction
between information technology and energy efficiency through a decision-support framework, the study
shows how technological innovations can guide strategic energy management across countries by

strengthening the link between Industry 4.0 applications and MIS.

7. FUTURE WORK

To expand the focus of this study, future research could conduct both country and sector base analysis
to to identify the differences in the field of technology adoption, economic structures, and policy
environments. Furthermore, maximize the dataset beyond 2022, could provide a deeper understanding
of how Industry 4.0 technologies impact energy efficiency. Additionally alternative indicators such as

R&D expenditures, digital skills, or smart manufacturing intensity will make analysis more meaningful.

On the other hand, methodologically, usage of nonlinear models, machine learning approaches, or
spatial econometric techniques will effect and make deeper outcomes. Also integrating environmental

parameters like carbon intensity or renewable energy will also effect future findings.
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GENISLETILMIS OZET

ENDUSTRI 4.0 DONEMINDE ENERJI VERIMLILIGININ ETKISi:
AVRUPA BIiRLiGi ULKELERI VE TURKIYE

Endiistri 4.0 ile birlikte tiretim siireclerinde yasanan dijital doniisiim, enerji yonetimi ve verimliligi
tizerinde 6nemli etkiler yaratmistir. Otomasyon, nesnelerin interneti, yapay zeka, biiyiik veri analitigi ve
siber-fiziksel sistemler gibi teknolojilerin yayginlasmasi, enerji kullaniminin daha akilei, daha seffaf ve
daha optimize edilmis bir bigimde yOnetilmesini miimkiin kilmistir. Enerji verimliligi giiniimiizde
maliyetlerin azaltilmasi, siirdiiriilebilirlik hedeflerine ulasilmasi, iklim degisikligi ile miicadele edilmesi
ve rekabet giicliniin korunmasi agisindan kritik bir gosterge haline gelmistir. Bu gercevede ¢alisma,
dijitallesmenin ve teknolojik yeniliklerin {ilkelerin enerji performansini nasil sekillendirdigini

belirlemeyi amac¢lamaktadir.

Bu arasgtirma, Avrupa Birligi lilkeleri ile Tiirkiye’nin 2011-2022 doénemine ait panel verilerini
inceleyerek enerji verimliligi ile ICT ihracati, dogrudan yabanci yatirim, kisi basina diisen gelir ve
teknolojik inovasyon arasindaki iliskileri analiz etmektedir. Bilgi ve iletisim teknolojileri ihracati,
iilkelerin dijital kapasitesini ve teknolojiyi iiretim siire¢lerinde kullanma potansiyelini yansitirken; FDI
degiskeni sermaye girislerinin teknolojik yayilma ve enerji tiiketimi tizerindeki etkisini 6l¢mektedir.
GDP per capita ekonomik gelismislik diizeyini temsil etmekte, TECH degiskeni ise patent ve marka
bagvurularina dayali olarak tilkelerin inovasyon kapasitesini ortaya koymaktadir. Bu degiskenler, enerji
verimliliginin ekonomik ve teknolojik belirleyicilerini kapsamli bigimde degerlendirme imkam

sunmaktadir.

Enerji verimliligi verileri Eurostat’tan, ICT, GDP per capita ve FDI verileri ise Diinya Bankasi’ndan
elde edilmistir. Patent ve marka verilerinden PCA yontemiyle olusturulan TECH gdstergesi, inovasyon
kapasitesini tek bir bilesen altinda toplayarak analizin istatistiksel giiclinii artirmaktadir. Veri seti, enerji
verimliliginin uzun dénemli makroekonomik ve teknolojik dinamiklerini incelemek i¢in gii¢lii bir zemin

saglamaktadir.
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Analizin ilk agamasinda ADF birim kok testi uygulanmis ve EE, ICT ve GDP degiskenlerinin seviyede
duragan olmadigi, ancak birinci farklarinda duragan hale geldikleri belirlenmistir. FDI ve TECH
degiskenleri ise seviyede duragandir. Bu sonuclar, karma biitiinlesme derecelerine sahip panel veri
modelleri i¢in uygun bir zemin olusturmus, degiskenlerin duraganlastirildiktan sonra iliski analizine
devam edilmesine olanak tanimistir. Ardindan Pedroni esbiitiinlesme testi, enerji verimliligi ile
dijitallesme, ekonomik gelismislik, dogrudan yatirim ve inovasyon arasinda uzun dénemli bir denge
iligkisi oldugunu ortaya koymustur. Bu bulgu, degiskenlerin uzun vadede birlikte hareket ettigini ve

enerji verimliliginin ekonomik yapidan bagimsiz diisiiniilemeyecegini gdstermektedir.

Esbiitiinlesme sonucunun ardindan model Sistem GMM yontemiyle tahmin edilmistir. Sistem GMM,
dinamik modellerde sik¢a karsilasilan endojenlik, otokorelasyon ve heteroskedastisite gibi sorunlara
giiclii ¢coziimler sunmasi nedeniyle tercih edilmistir. Hansen J-istatistigi, modelde kullanilan arag
degiskenlerin gegerli oldugunu ortaya koyarak tahminlerin giivenilirligini artirmistir. Boylece elde

edilen katsayilarin politika gelistirme agisindan yorumlanabilir oldugu dogrulanmustir.

Ampirik bulgular, ICT degiskeninin enerji verimliligi iizerinde gii¢lii ve pozitif bir etkiye sahip
oldugunu gostermektedir. Dijitallesmenin enerji performansini iyilestirmesinin arkasinda farkli
mekanizmalar bulunmaktadir. Akilli sensorler sayesinde enerji tiiketiminin ger¢ek zamanl
izlenebilmesi, loT tabanl iiretim siireclerinin verimliligi artirmasi, yapay zeka algoritmalarinin enerji
yOnetimini optimize etmesi ve veri analitigi yoluyla bakim faaliyetlerinin iyilestirilmesi bu
mekanizmalar arasinda yer alir. Dijital kapasitesi yiiksek olan {ilkeler enerji kayiplarini hizli tespit

edebilmekte ve daha diisiik enerjiyle daha yiiksek iiretim yapabilmektedir.

Teknolojik inovasyonu temsil eden TECH degiskeni ise enerji verimliligini kisa vadede negatif yonde
etkilemektedir. Bu bulgu ilk bakista ¢eligkili goriinse de inovasyon siireclerinin dogasiyla uyumludur.
Inovasyonun baslangic asamalar1 genellikle yiiksek enerji gerektiren laboratuvar ¢aligmalari, test
faaliyetleri, altyap1 doniisiimleri ve Ar-Ge harcamalari i¢erir. Bu nedenle kisa vadede inovasyonun enerji
talebini artirmasi olagandir. Ancak literatiir, uzun donemde inovasyonun enerji verimli teknolojilerin
gelistirilmesini saglayarak enerji performansini artirdigin1 gostermektedir. Bu nedenle negatif etkinin

gecici oldugu ve doniisiim maliyetlerinden kaynaklandigi degerlendirilmektedir.

FDI'nin enerji verimliligi tizerindeki etkisi de negatiftir. Bu bulgu, 6zellikle gelismekte olan iilkelerde
dogrudan yabanci yatirimlarin gogunlukla enerji yogun sektorlere yoneldigini gostermektedir. Yabanci
sermaye, ¢ogu zaman diisiik maliyetli iretim tesisleri kurmakta ve bu tesisler eski teknoloji
kullanabilmektedir. Bu durum enerji talebini artirmakta ve verimlilik {izerinde baski olusturmaktadir.
Dolayisiyla FDI’nin niteliksel yapisinin iyilestirilmesi ve ¢evresel standartlara uygun yatirimlarin tesvik

edilmesi 6nem tasimaktadir.

GDP per capita degiskeninin enerji verimliligi {izerinde istatistiksel olarak anlamli bir etkisinin

¢ikmamasi ise ekonomik biiylimenin tek basina enerji verimliligini artirmadigini gostermektedir.
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Biiylimenin enerji performansina olumlu katki saglayabilmesi i¢in dijitallesme, inovasyon, verimli
iiretim stirecleri ve siirdiiriilebilir politikalar ile desteklenmesi gerekmektedir. Bu bulgu, biiylime odakl

politikalarin enerji verimliligi perspektifiyle yeniden diisiiniilmesi gerektigine isaret etmektedir.

Calismanin genel bulgular1 degerlendirildiginde, Endiistri 4.0 teknolojilerinin enerji verimliliginin
gelecegi agisindan belirleyici bir unsur oldugu goriilmektedir. Dijitallesme, enerji kullanimindaki
verimsizlikleri goriiniir kilmakta, siiregleri optimize etmekte ve kaynak kullanimini makro diizeyde daha
etkin hale getirmektedir. Inovasyonun kisa vadeli negatif etkisi ise politikalarin zaman boyutunu dikkate
almas1 gerektigini gdstermektedir; inovasyon desteklerinin siirdiiriilebilirligi uzun vadede enerji
verimliligi tizerinde olumlu bir etki yaratacaktir. FDI’nin negatif etkisi ise yatirim ¢ekme stratejilerinin

niteliksel doniisiimiiniin 6nemine isaret etmektedir.

Tiim bu bulgular 1s181nda politika yapicilara yoénelik cesitli dneriler sunulabilir. 11k olarak, iilkelerin
dijital altyap1 yatirimlarini artirmalart ve ICT tabanli ¢oziimleri enerji yonetim sistemlerine entegre
etmeleri gerekmektedir. Dijital teknolojiler, enerji tiiketimini optimize etmede en etkili araglar
arasindadir. Ikinci olarak, dogrudan yabanci yatirimlarin niteliginin iyilestirilmesi, yani yesil teknoloji
iceren yatirimlarin tesvik edilmesi biiyiik dnem tasimaktadir. Ugiincii olarak, inovasyon politikalari uzun
vadeli bir perspektifle ele alinmali; Ar-Ge faaliyetleri desteklenmeli ve inovasyon giktilarinin ekonomik
kullanim alanlarma hizla taginmasi saglanmalidir. Son olarak, Endiistri 4.0’in sundugu teknolojik
olanaklarin ulusal enerji stratejileri ile uyumlagtirilmasi, siirdiiriilebilir kalkinma hedeflerine ulagsmada

Onemli bir adim olacaktir.

Bu calisma, dijitallesmenin ve teknolojik doniigiimiin enerji verimliligi tizerindeki etkilerini ampirik
verilerle ortaya koyarak literatiire 6nemli bir katki sunmaktadir. Bulgular, enerji verimliliginin sadece
ekonomik biiylime ile degil; dijitallesme, inovasyon ve teknolojik yatirimlarla birlikte ele alinmasi
gerektigini gostermektedir. Gelecek arastirmalarin sektorel diizeyde daha ayrintili veri setleri
kullanmasi, inovasyon gostergelerini ¢esitlendirmesi ve yapay zeka tabanli modelleri icermesi, literatiire

daha derinlemesine katki saglayacaktir.
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