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Abstract. In recent years, the global economy has increasingly focused on sustainability and environmental 
responsibility, and green innovation has emerged as a critical driver of productivity. Therefore, understanding 
the relationship between green innovation and the Total Factor Productivity (TFP) has gained significant im-
portance. This study aims to empirically examine the relationship between total factor productivity and green 
innovations in Türkiye from 1998 to 2019, by using the ARDL bounds test. Additionally, the study investigates 
the effects of foreign direct investments, carbon emissions, financial development, and fixed capital invest-
ments on the total factor productivity as control variables. The findings indicate that green innovations have 
a positive and statistically significant impact on the total factor productivity. Furthermore, the consistency of 
these results was tested by using the FMOLS estimator, confirming that green innovations positively affect the 
total factor productivity. The findings of the study provide insights into the potential of green innovation as a 
driver of productivity growth. The findings contribute to the ongoing discussion on how emerging economies, 
such as Türkiye, can achieve productivity growth.
Keywords: Green innovation, Total factor productivity, carbon emissions, ARDL bounds test.

1. Introduction

In a century marked by limited resources and increasing demands due to population 
growth, industrialization, and globalization, economies that strive to enhance and maintain 
welfare prioritize productivity. Recently, the global economy has placed a greater empha-
sis on sustainability and environmental responsibility. In this context, green innovation has 
become a crucial driver of productivity growth. The number of studies in this area is on 
the rise, accompanied by the development and dissemination of productivity techniques.

Several concepts, such as capital, labor, and the Total Factor Productivity (TFP), are 
used to measure productivity. Among these, TFP is especially important as it assesses 
output by considering all production factors. This comprehensive approach helps under-
stand the sources of productivity improvements. According to the Republic of Türkiye 
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(TR) Ministry of Industry and Technology (2023), an increase in TFP offers valuable 
insights into the sustainability and long-term potential for economic growth in countries.

The total factor productivity (TFP) also represents a portion of output that cannot be 
explained by the amount of input used in the production process. Consequently, TFP lev-
els are influenced by the efficiency and intensity with which inputs are utilized (Comin, 
2010). In other words, TFP reflects the levels of knowledge, technology, and innovation 
in production. It is a crucial element affecting countries’ growth rates, welfare levels, and 
global competitiveness (Alakbarov et al., 2018). 

This study focuses on Türkiye as a sample group. The primary reason for selecting 
Türkiye as the focus of this study is that it represents a developing economy, thus making 
it a potential model for other similar countries. Scientific studies regarding the Turkish 
economy generally agree that Türkiye’s potential growth rate is approximately above 
5 percent. If Türkiye can sustain this potential growth, it may escape the middle-income 
trap and have the opportunity to join the ranks of developed countries. However, an ex-
amination of Türkiye’s average GDP growth rates from 1980 to 2019 reveals an average 
of around 4.5 percent, which is close to the 5 percent target but still falls short of the 
anticipated level of enrichment. This situation raises questions about the sustainability 
and efficiency of Türkiye’s growth. To understand this issue thoroughly and to propose 
effective policies, a detailed analysis and interpretation of the total factor productivity 
are essential. 

Figure 1 illustrates the statistics for Türkiye’s total factor productivity from 1998 to 
2022. It shows that TFP generally increased by approximately 1 percent over this period. 
TFP began to grow in 2001 but experienced a decline in 2006. The structural reforms 
and investments carried out in the relevant years had a significant effect on the rise in 
the early 2000s. However, a decrease in this positive effect of the structural reforms after 
2006, an increase in imports due to the excessive appreciation of the Turkish Lira in 
the 2006–2010 period, and the difficulty of domestic production were the main reasons 
that decreased the total factor productivity. The decreasing external demand due to the 
global economic crisis breaking out in 2008 negatively affected industrial production 
and investments. As a result, the total factor productivity has been on a downward trend 
since 2009. As the effects of the 2008 global financial crisis began to ease after 2010, 
the total factor productivity started to rise again after 2010. During this period, Türkiye’s 
exports revived, and industrial production accelerated after an increase in global demand 
was observed. In addition, the spread of digitalization and automation investments that 
increase productivity has been one of the main determinants of the upward trend in the 
total factor productivity in the period after 2010.

Compared to other countries, Türkiye does not face a significant problem with GDP 
growth, but it does struggle with ensuring the sustainability of that growth and channeling 
it toward development. This indicates that the root of the issue lies in the lack of tech-
nological advancements and structural improvements, which are crucial determinants of 
economic growth. In particular, the increase in the total factor productivity (TFP) within 
the Turkish economy has been limited and insufficient (Alakbarov et al., 2018). 
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Figure 1. Total factor productivity in Türkiye (1998=100)
Source: Ministry of Industry and Technology of the Republic of Türkiye, 2023

Green innovations not only lower production costs but also boost productivity by 
promoting an efficient use of natural resources. According to Hojnik and Ruzzier (2016), 
these innovations enhance a company’s cost structure, primarily through their ability to 
reduce energy consumption, and encourage more efficient production processes. As a 
result, this leads to an increase in the total factor productivity. 

Green innovations also promote technological advancements, leading to the use of 
more efficient technologies in production processes and the emergence of new business 
models. Dangelico and Pontrandolfo (2015) argue that green innovations facilitate the 
development of innovative and efficient technologies, which, in turn, enhances the total 
factor productivity of businesses. Specifically, energy-efficient technologies and renewable 
energy sources enable companies to achieve greater output while using fewer resources in 
production. Lastly, an important aspect of green innovations can be understood through 
the lens of the circular economy model. This model enables more effective management of 
waste and recycling processes. Geissdoerfer et al. (2017) noted that when circular economy 
is combined with green innovations, it enhances resource efficiency and contributes to the 
overall productivity. By minimizing waste and extending the use of resources, circular 
economy lowers production costs and increases efficiency.

This study aims to empirically investigate how green innovation affects the increase 
in the total factor productivity in Türkiye. Analyzing the impact of green innovation on 
the total factor productivity in Türkiye – which is our main objective in this article – can 
provide valuable insights that may help shape policies and practices in other developing 
economies. ‘Green innovation’ refers to technological innovations that aim to protect the 
environment through new products or processes contributing to sustainable development 
and environmental protection (Bernauer et al., 2007; Schiederig et al., 2012; Chaudhary 
et al., 2022; Zhao et al., 2022). 

Therefore, it is essential to explore how to utilize green innovation resources more ef-
fectively, and how this concept can support the improvement of TFP in Türkiye. Addressing 
these issues is crucial for accelerating innovation-oriented sustainable development and 
growth. Figure 2 below presents the main framework of this article, which will empirically 
examine the relationships between green innovation, foreign direct investments, gross fixed 
capital, the financial development index, CO2 emissions, and the total factor productivity.
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Figure 2. The main scheme of the work

•	 Green Innovation (GI) refers to technological advancements that aim to protect the 
environment while fostering sustainable economic growth and development. These 
innovations often utilize high efficiency and advanced technology, leading to more 
effective resource use and a positive impact on the total factor productivity (TFP).

•	 Foreign Direct Investments (FDIs), which include technology and knowledge transfer, 
are essential resources for countries (Yanar & Oguz, 2019). The introduction of new 
technologies and knowledge can enhance productivity, thereby benefiting the total 
factor productivity. Moreover, FDIs contribute to TFP through human capital. Foreign 
investors often seek highly qualified labor so that to acquire superior quality inputs. 
Over time, this skilled labor can transfer to domestic firms, resulting in productivity 
increases and additional positive contributions to a country’s TFP (Aitken & Harrison, 
1999; Satoğlu & Gümüş, 2023). Similarly, fixed capital investments play a crucial role 
in driving technological advancements (Suiçmez, 2015); they are expected to boost 
TFP by enhancing productivity.

•	 Furthermore, a well-developed financial system lowers the intermediary costs that 
financial institutions face when assessing entrepreneurs’ innovation activities (King & 
Levine, 1993). A robust financial system also diversifies innovation risks, thus creating 
favorable conditions for technological innovations to be made by enterprises (Han 
& Shen, 2015), which, in turn, contributes to an increased total factor productivity. 

•	 Lastly, carbon emissions are believed to negatively impact the total factor productiv-
ity. Studies in this field (Wen et al., 2018) suggest that reducing carbon emissions is 
generally beneficial for improving TFP. Higher carbon emissions are associated with 
an increased resource consumption, which typically leads to lower productivity and 
adversely affects the total factor productivity (Ma & Wu, 2022; Liu et al., 2023).

Although many studies on the total factor productivity (TFP) have already been de-
livered in the economic literature, there is still a need for more research focusing on the 
relationship between TFP and green innovation. This study aims to explore the relationship 
within the context of Türkiye. It has the potential to make significant contributions to the 
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existing literature and is intended to serve as an exemplary model for similar developing 
countries, by using the example of Türkiye as a case study. The following sections of the 
study will follow this structure: a summary of the national and international literature 
on total factor productivity; an introduction to the study model and the variables used; a 
presentation of the study findings; and, finally, conclusions and policy recommendations.

2. Literature Review

Previous studies have extensively explored the impact of innovation on the total factor pro-
ductivity (TFP). For instance, Porter and Van der Linde (1995) argued that environmental 
regulations stimulate firms to become more innovative, potentially leading to increased 
productivity in the long run. Similarly, Costantini and Mazzanti (2012) investigated the 
effects of green innovation on TFP in European economies and found that adoption of 
environmentally friendly technologies and innovations enhances productivity by boosting 
sectoral competitiveness.

However, research specifically examining the impact of green innovation on TFP remains 
limited. This study aims to address this gap in the literature by empirically analyzing the 
effects of green innovation on TFP. The analysis employs Autoregressive Distributed Lag 
(ARDL) and Fully Modified Ordinary Least Squares (FMOLS) models, which allow for 
a better understanding of the long-term nature of this relationship. Additionally, this study 
broadens the scope of the already existing literature by incorporating foreign direct invest-
ment, financial development, fixed capital investment, and carbon emissions into the model 
while evaluating the influence of green innovation. In doing so, we contribute to academic 
discussions by supporting the framework established by previous research regarding the 
relationship between green innovation and TFP, specifically within the Turkish context.

Table 1 below summarizes the international and national studies conducted in the 
literature within the scope of the study.

Table 1. Summary of the Literature Review

Author(s) Country/Region Term Model Results
Wu et al. 
(2024)

Chinese A-share 
listed companies

2010-
2020

Heckman Two-Stage 
Model

Research shows that Green 
Technology Innovation (GTIC) 
significantly enhances Total Factor 
Productivity (TFP) in companies.

Ge et al. 
(2024)

China 2005-
2018

Spatial econometric 
model

The study results indicate that 
while the overall productivity of 
the green factor can be enhanced, 
there may be an increase in 
pollution emissions. The findings 
suggest that these outcomes can 
be influenced by green innovation, 
resource misallocation, and strategic 
interactions.
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Author(s) Country/Region Term Model Results
Hunjra et 
al. (2024)

275 Chinese 
cities

2004-
2022

Two-way fixed, 
spatial Durbin, 
threshold, and 
mediation effect 
models

Results indicate that green 
innovation enhances green total 
factor productivity, and this finding 
is consistent even after robustness 
tests.

Vërbovci et 
al. (2024)

Western Balkans 2010-
2022

Ordinary least 
squares (OLS) 
model, Fixed Effect 
(FE) model, Random 
Effect (RE) model, 
and Hausman Taylor
(HTH) model

The research indicates that countries 
in the Western Balkans should focus 
on promoting innovation as a key 
factor that positively influences 
green economic growth.

Dai et al. 
(2022) 

Shanghai 
technological 
enterprises

2009-
2017

Panel Data Models Positive and significant relationships 
between each element of effective 
R&D capital and total factor 
productivity (TFP).

Zhao 
(2022)

263 cities in 
China

2006-
2018

Two-stage least 
squares (2SLS)

The results indicate that green 
innovation has a significant positive 
impact on the green total factor 
productivity (TFP).

Note. GDP: gross domestic product, FDI: foreign direct investments, TFP: total factor productivity, EG: 
economic growth

3. Description of Data, Model Specification, and Methodology

3.1. Data sources and description

This study aims to explore the relationship between green innovation and the total factor 
productivity (TFP). We will outline the variables utilized in the study model. The analysis 
covers the years from 1998 to 2019. This study has chosen to use data up to 2019 due 
to concerns about data availability and consistency. Although more recent datasets are 
available, including them could introduce methodological challenges, such as inconsist-
encies in data collection methods or incomplete records. By limiting the analysis to data 
up to 2019, we can achieve a more stable and reliable examination of long-term trends, 
while avoiding potential distortions caused by extraordinary events like the COVID-19 
pandemic. Future research may build on this study by incorporating data from after 2019 
so that to investigate the evolving relationship between green innovation and the total 
factor productivity in Türkiye. 

The time series data were obtained from various databases, including FRED, OECD, 
WDI, Our World in Data, and the IMF. In this study, TFP serves as the dependent variable, 
while the independent variables include green innovation, foreign direct investment, carbon 
emissions, the financial development index, and fixed capital investment. Notably, only 
the logarithm of fixed capital investment is used among these variables, and the model 
was developed without logarithmically transforming the other variables. Table 2 provides 
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a summary of the dependent and independent variables, along with their explanations 
and sources.

Table 2. Variables, descriptions and abbreviation

Variables Logarithmic 
forms Abbreviation Source

Dependent 
variable

Total factor productivity – TFP by 
years (1998=100)

- TFP FRED 

Main 
independent 
variable

Patents related to environmental 
technologies % of technologies

- GI* OECD 

Control 
Variables

Foreign direct investment, net inflows 
(% of GDP)

- FDI WDI

Per capita CO2 emissions (Carbon 
dioxide (CO₂) emissions from fossil 
fuels and industry) 

- CO2 Our World 
in Data

Financial development Index - FD IMF
Gross fixed capital (constant 2015) LnGFC GFC WDI

Note. * Environmental technology patents are the number of environmental inventions that comprise a pro-
portion of all domestic inventions across all technologies. Technology development indicators are constructed 
by measuring invention activity using patent data across various environmental technology areas, including 
environmental management, water adaptation, and climate change mitigation technologies. The counts used 
here include only higher-value inventions. This indicator is measured as a percentage.

3.2. Model specification

This empirical research observes the relationship between regressors such as green inno-
vation, total factor productivity, foreign direct investments, carbon emissions, and fixed 
capital investments. For this purpose, Türkiye was selected as a sample in 1998–2019. 
The relationship between the variables was examined with the help of the ARDL Bounds 
test and the FMOLS estimator. The study utilizes the ARDL and FMOLS methods due to 
their effectiveness in analyzing both long-term and short-term relationships in time-se-
ries data. The ARDL approach is particularly advantageous for handling variables with 
mixed-order integration, while FMOLS effectively addresses issues of endogeneity and 
serial correlation in cointegration analysis.

The relationship between the variables presented in Table 1 can be expressed through 
Equation 1:

𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 = 𝛽𝛽0 + 𝛽𝛽1𝐺𝐺𝐺𝐺 + 𝛽𝛽2𝐹𝐹𝐹𝐹𝐹𝐹 + 𝛽𝛽3𝐶𝐶𝐶𝐶2 + 𝛽𝛽3𝐹𝐹𝐹𝐹 + 𝛽𝛽4𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝜀𝜀𝑡𝑡      (1)  	 (1) 

In Equation 1, β1, β2, β3 and β4 are coefficients. β0 is the constant term, and εt is the error 
term. Equation 1 indicates a significant relationship between green innovation, foreign 
direct investments, carbon emissions, financial development, fixed capital investments, 
and the total factor productivity.
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3.3. Analysis of stationarity 

In studies that utilize time series methods, the stationarity of the data is critically important. 
Time series analysis has multiple applications across various sectors, and establishing the 
optimal trend for the data is fundamental to basic econometric research (Mushtaq, 2011; 
Alam & Hossain, 2024). Since this study employs time series analysis, assessing the sta-
tionarity of the variables is essential to prevent issues such as spurious regression. In the 
current study, the stationarity of the variables was evaluated by using the ADF (Augmented 
Dickey-Fuller) and PP (Phillips-Perron) tests, which are the most commonly used unit 
root tests in the literature. The results obtained are presented in Table 3.

Table 3. Unit root test statistics

Variables
ADF Test PP Test
Level-I(0) First Difference-I(1) Level-I(0) First Difference-I(1)

TFP -2.520124 -5.286238*** -2.729546 -5.286238***
GI -4.940027*** - -5.925076*** -
FDI -2.524082 -4.071795** -2.221650 -4.100053**
FD -3.002533 -6.359724*** -2.913577 -23.34699***
CO2 -2.233604 -4.462934** -2.233604 -4.458625**
LnGFC -2.326031 -4.607993*** -2.443363 -4.610923***

The results from the unit root test shown in Table 3 indicate that all variables, except 
for the GI variable, are stationary when their first differences are taken, which means that 
they are stationary at the I(1) level. In contrast, the GI variable is stationary at the level, 
or I(0) level. The difference in stationarity levels among the variables is a key factor in 
selecting the ARDL method for this study.

3.4. Autoregressive distributed lag (ARDL) bounds test

This study utilized the ARDL bounds test to investigate the relationship between green 
innovation and the total factor productivity. The ARDL method offers several advantages 
compared to other techniques. For instance, it is suitable for variables with mixed degrees 
of stationarity, specifically, I(0) and I(1). However, it does not accommodate a second de-
gree of integration, namely, I(2), for any time series (Pesaran et al., 2001). In other words, 
the ARDL bounds test is frequently employed for series with mixed integration orders. 

Moreover, the ARDL bounds test is particularly effective for smaller sample sizes, 
specifically, when N is less than 50 (Adebayo & Akinsola, 2021; Alam & Hossain, 2024). 
Additionally, this method can be applied to develop a dynamic Error Correction Model 
(ECM), which allows for the simultaneous examination of short-term and long-term dy-
namics (Shahid et al., 2024). The functional form of the ARDL equation is presented below:

∆𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 = 𝛼𝛼0 + ∑ 𝛼𝛼1∆𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡−𝑖𝑖 + ∑ 𝛼𝛼2𝐺𝐺𝐺𝐺𝑡𝑡−𝑖𝑖 + ∑ 𝛼𝛼3∆𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡−𝑖𝑖 + ∑ 𝛼𝛼4∆𝐹𝐹𝐹𝐹𝑡𝑡−𝑖𝑖 +𝑝𝑝
𝑖𝑖=1

𝑝𝑝
𝑖𝑖=1

𝑝𝑝
𝑖𝑖=1

𝑝𝑝
𝑖𝑖=1

∑ 𝛼𝛼5∆𝐶𝐶𝐶𝐶2𝑡𝑡−𝑖𝑖 + ∑ 𝛼𝛼6∆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡−𝑖𝑖 +𝑝𝑝
𝑖𝑖=1  𝛾𝛾1∆𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡−1 + 𝛾𝛾2𝐺𝐺𝐺𝐺𝑡𝑡−1 + 𝛾𝛾3∆𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡−1 + 𝛾𝛾4∆𝐹𝐹𝐹𝐹𝑡𝑡−1

𝑝𝑝
𝑖𝑖=1 +

𝛾𝛾5∆𝐶𝐶𝐶𝐶2𝑡𝑡−1+𝛾𝛾6∆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡−1 + 𝜀𝜀𝑡𝑡                              

                                

(2)
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 In Equation (2), α1, α2, α3, α4 and α5 express the short-term dynamics of variables. 
On the other hand, γ1, γ2, γ3, γ4, γ5 and γ6 represent the long-term estimates. The ARDL 
bounds testing method requires many steps in short-term and long-term dynamics. The 
first step is the bounds test for cointegration, which establishes the long-term relationship 
by comparing F and t statistics with critical values. The second step is to establish an ECM 
(error correction) model for short-term estimates of variables. The equation expressing 
the short-term ARDL relationship is given in Equation 3 below:

∆𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 = 𝛽𝛽0 + ∑ 𝜕𝜕𝑖𝑖∆𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡−𝑖𝑖 + ∑ 𝜃𝜃𝑖𝑖𝐺𝐺𝐺𝐺𝑡𝑡−𝑖𝑖 + ∑ 𝜎𝜎𝑖𝑖∆𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡−𝑖𝑖 + ∑ 𝜑𝜑𝑖𝑖∆𝐹𝐹𝐹𝐹𝑡𝑡−𝑖𝑖 +𝑝𝑝
𝑖𝑖=1

𝑝𝑝
𝑖𝑖=1

𝑝𝑝
𝑖𝑖=1

𝑝𝑝
𝑖𝑖=1

∑ ∅𝑖𝑖∆𝐶𝐶𝐶𝐶2𝑡𝑡−𝑖𝑖 + ∑ 𝛾𝛾𝑖𝑖∆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡−𝑖𝑖 +𝑝𝑝
𝑖𝑖=1

𝑝𝑝
𝑖𝑖=1 𝛼𝛼𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡−1 + 𝑣𝑣𝑡𝑡         	

(3) 

The short-term Error Correction Coefficient (ECT) helps to determine the speed of 
adjustment towards long-term equilibrium conditions in case of a shock in the short term. 
Table 4 presents the findings indicating the cointegration relationship between the variables.

Table 4. ARDL bound test (F-statistic)

K Value of F-statistic Lower bound %5 Upper bound %5
5 16.01703 2.39 3.38

The results shown in Table 4 indicate that our calculated long-term F-statistic values 
are significantly higher than the critical levels for the upper and lower bounds at the 5% 
significance level. This finding leads us to reject the null hypothesis, which posits that there 
is no long-term relationship between the variables. Consequently, this result confirms that 
a long-term cointegration exists between the variables included in the model. The ARDL 
long-term coefficients obtained after determining the appropriate lag length using the AIC 
criterion as the model selection criterion created to estimate the relationship between green 
innovation and the total factor productivity are expressed in Table 5.

Table 5. ARDL long run estimation results (2, 1, 0, 1, 2, 1)

Variable Coefficient Std. Error T-Statistic Prob.
GI 0.003488 0.001687 2.067864 0.0775*
FDI 0.028403 0.004812 5.901877 0.0006***
FD -0.673710 0.132195 -5.096339 0.0014***
CO2 -0.093449 0.022340 -4.183085 0.0041***
LnGFC 0.150483 0.035963 4.184417 0.0041***

Note. ** and *** signs indicate 5% and 1% significance, respectively

According to the results presented in Table 5, green innovation has a statistically 
significant and positive effect on the total factor productivity (TFP). An examination of 
modern growth theories reveals that technological development and innovation are fun-
damental to growth and TFP (Akkoç et al., 2018). Therefore, increases in productivity 
driven by technological advancements and innovations are expected to enhance the total 
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factor productivity. In this context, it is anticipated that technological innovations aimed 
at environmental protection, as well as green innovations that reflect high productivity 
and advanced technology, will contribute positively to the total factor productivity.

The study also investigates Foreign Direct İnvestment (FDI) as a variable influencing 
TFP. It identifies a statistically significant and positive relationship between FDI and 
TFP. FDI facilitates the transfer of knowledge, skills, and technology to the host country 
(Savrul & Yağış, 2019), thereby boosting the total factor productivity through enhanced 
productivity.

When examining the relationship between financial development and TFP, the study 
finds a statistically significant but negative relationship. In the economic literature, the 
relationship between financial development and TFP is typically seen as positive. How-
ever, the opposite can be observed in some developing economies (Li & Liao, 2020). 
In the context of Türkiye, the study suggests that the effect of financial development on 
capital allocation is not positive. This aligns with the findings of Buera and Shin (2013), 
who noted that, in certain developing countries, or in those denoted by rapid economic 
growth, innovative high-tech small and medium enterprises (SMEs) face short capital 
accumulation periods and lack sufficient collateral. Consequently, obtaining financing 
in these countries is challenging, and resource mismatches due to inadequate financial 
development hinder the total factor productivity growth.

The study also explores the impact of carbon emissions on the total factor productiv-
ity. It finds that carbon emissions have a statistically significant and negative effect on 
TFP. Numerous studies, including the one conducted by Wen et al. (2018), suggest that 
a reduction of carbon emissions can enhance TFP. In Türkiye, higher carbon emissions 
signify greater resource consumption, which is associated with lower productivity. This 
result also supports the findings of the studies of Ma and Wu (2022) and Liu et al. (2023).

Lastly, the study examines fixed capital investments, discovering a statistically sig-
nificant positive relationship between these investments and TFP. Similar to FDIs, fixed 
capital investments are key drivers of technological development (Suiçmez, 2015) and 
an increase in TFP by enhancing efficiency.

Table 6. ARDL short-run estimates (2, 1, 0, 1, 2, 1)

Variable Coefficient Std. Error T-Statistic Prob.
D (TFP (-1)) 0.191907 0.046507 4.126443 0.0044
DLn(GFC) 0.212575 0.010679 19.90503 0.0000
D(FD) 0.111199 0.060561 1.836153 0.1090
D(GI) 0.002954 0.000692 4.266156 0.0037
D(GI(-1)) -0.001536 0.000618 -2.487669 0.0417
D(FDI) 0.010158 0.002226 4.563027 0.0026
ECT (-1) -0.702451 0.048680 -14.42988 0.0000***

Note. *** sign indicates 1% significance
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The coefficient of ECM (−1) measures the adjustment speed from short term to long 
term. At a 1% significance level, the value of 0.70 for the lagged error correction term, 
which refers to the adjustment of the previous year’s imbalance, is statistically highly 
significant. This means that any short-term shock to TFP in Türkiye exhibits an annual 
adjustment rate of 70%. In simpler terms, this indicates that approximately 70% of the 
imbalances caused by the shock in the previous year can be adjusted towards the long-
term balance in the next year.

3.5. Diagnostic and stability tests

In the study, the Breusch-Godfrey LM test was used to test the existence of autocorrela-
tion, and the Breusch-Pagan-Godfrey test for heteroskedasticity was used to check the 
goodness of fit of our ARDL model. Additionally, CUSUM and CUSUM-SQ statistics 
were examined to evaluate the strength of the regression estimates used in the model.

Table 7. Diagnostic tests results

R2 0.981947
Adjusted R2 0.973615
Log-likelihood 79.98930
Breusch-Godfrey LM Testi 1.834710 (0.2526)
Breusch-Pagan-Godfrey 1.476752 (0.2797)

Note. Brackets ( ) indicate probe values

According to the test results presented in Table 7, it is evident that there is no auto-cor-
relation problem as a result of the Breusch-Godfrey LM test, and there is no problem of 
varying variance as a result of the Breusch-Pagan-Godfrey test, whereas the explanatory 
power of the model with R2 is 0.98, while adjusted R2 is 0.97.

Figure 3. CUSUM Plot with 5% level of significance
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Figure 4. CUSUM Squares Plot with 5% level of significance

In the study, we examined the stability of the model by using the Cumulative Sum 
(CUSUM) and the Cumulative Sum of Squares (CUSUM square), as illustrated in Figures 
3 and 4. When the blue line in both figures stays within the orange lines at a significance 
level of 5%, we can conclude that the model is stable. If the blue lines deviate from the 
designated boundaries, the model cannot be considered stable. Our analysis shows that 
the blue lines in both the CUSUM and CUSUM square tests remain within the orange 
lines, thereby confirming that the regression coefficients are stable, and that the model is 
stable at a significance level of 5%.

3.6. FMOLS estimation method for robustness check

In the study examining the relationship between green innovation and the total factor 
productivity, the Fully Modified Ordinary Least Squares (FMOLS) method developed by 
Phillips and Hansen (1990) was employed to verify the consistency of the results from the 
main model. The FMOLS method was introduced as an improvement over the Ordinary 
Least Squares (OLS) method because OLS can produce biased results when estimating 
series with long-term relationships. The FMOLS method addresses issues of endogeneity 
and autocorrelation by using a non-parametric approach (Vergil & Ayaş, 2009, p. 105; 
Üçler & Kızılkaya, 2014, p. 36). Furthermore, the FMOLS method accommodates sig-
nificant heterogeneity among sections and takes into account the correlations between 
the constant term, the error term, and the differences among the independent variables 
(Kok & Şimşek, 2006).

The FMOLS method, as developed by Phillips and Hansen (1990), is expressed in 
Equation 4 below:

𝑦𝑦𝑖𝑖𝑖𝑖 = 𝑋𝑋𝑡𝑡′𝛽𝛽 + 𝐷𝐷1𝑡𝑡′ 𝛾𝛾1 + 𝑢𝑢1𝑡𝑡   (4)   	 (4) 
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In Equation 4, Dt = (D'1t, D'2t)' explains the deterministic trend regressors. On the other 
hand, Xt values are governed by the system of equations, and β represents the long-term 
cointegration vector that needs to be estimated. The table below presents the FMOLS 
estimation results.

Table 8. FMOLS test results

Variables Coefficient Std. error T-statistic Prob.
GI 0.000795 0.000283 2.811225 0.0132**
FDI 0.027735 0.000581 47.70192 0.0000***
FD 0.144256 0.026171 5.511942 0.0001***
CO2 -0.142786 0.003184 -44.84026 0.0000***
LnGFC 0.126613 0.004006 31.60377 0.0000***

Note. ** and *** signs indicate 5% and 1% significance, respectively

Upon examining the FMOLS test results presented in Table 8, it is evident that green 
innovation has a positive impact on the total factor productivity (TFP), which is consistent 
with the main model, and this effect is statistically significant. Additionally, foreign direct 
investment (FDI) and gross fixed capital (GFC) and financial development (FD) also have 
a positive influence on TFP, while carbon dioxide (CO₂) emissions negatively affect TFP. 
The coefficients for all these variables are statistically significant.

4. Conclusion and Policy Implications

The Total Factor Productivity (TFP) refers to the portion of output that cannot be explained 
by the quantity of inputs used in production. It is determined by how efficiently and 
intensively these inputs are utilized. In this sense, TFP serves as a foundational element 
for a country’s welfare improvement and sustainable growth. Recent technological ad-
vancements have highlighted TFP as a critical indicator for explaining growth disparities 
between nations.

This study empirically examines the effects of green innovation – defined as techno-
logical innovations, high productivity, and advanced technologies aimed at environmental 
protection – on the total factor productivity. It also investigates the impacts of foreign 
direct investment, financial development, carbon emissions, and fixed capital investments 
on TFP. The analysis covers the time range between the years 1998 and 2019. The main 
model used is the ARDL bounds test, which is a widely recognized method for estimating 
long-run relationships in econometrics. To ensure the accuracy of the results from the 
ARDL bounds test, the study also employs the FMOLS estimator, which estimates the 
long-run relationships in a cointegrating system.

The findings of the study indicate that green innovation has a positive effect on the 
total factor productivity in both models examined. This finding indicates that green in-
novation enhances resource efficiency by optimizing production processes. This study is 
consistent with the research conducted by Acemoglu et al. (2012) in England, which found 
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that investments in sustainable energy projects, particularly the transition to low-carbon 
technologies, enhance productivity in production processes and generate long-term pos-
itive effects on the total factor productivity (TFP). The studies conducted by Zhang and 
Li (2020) on the Chinese economy and Smith and Silva (2021) on the Brazilian economy 
reinforce the findings of this study. Both studies highlight that green innovations not only 
offer environmental benefits but also significantly enhance economic efficiency.

Additionally, both models show that foreign direct investments and fixed capital 
investments positively influence the total factor productivity, whereas carbon emissions 
have a negative impact. This finding suggests that direct foreign investment and fixed 
capital investment lead to the modernization of production processes and accelerate the 
transfer of knowledge and technology, thereby ultimately increasing the total factor pro-
ductivity (TFP). Foreign direct investments (FDI) play a significant role in promoting 
green innovation and environmentally friendly technologies. They are crucial for tech-
nological advancement and knowledge transfer, particularly in developing countries such 
as Türkiye. The introduction of green technologies and practices through FDI contributes 
to the overall productivity growth.

Conversely, carbon emissions impose both economic and environmental costs, 
which can negatively impact TFP in the long run. Increases in carbon emissions lead to 
a decline in environmental quality and the depletion of natural resources. This situation 
creates negative externalities on the total factor productivity (TFP) by reducing resource 
efficiency in production processes and increasing environmental costs. Energy-intensive 
and carbon-based production models, along with heightened environmental damage and 
delays in adopting green technologies, can adversely affect green innovation activities. 
Consequently, improvements in TFP may be limited if the development of green inno-
vations is obstructed. These findings align with the research conducted by Zhang and Li 
(2020) and Smith and Silva (2021). In their study of the Chinese economy, Zhang and 
Li (2020) demonstrated that carbon-intensive sectors negatively impact TFP, and this 
effect can only be alleviated through investments in green innovation. Likewise, Smith 
and Silva (2021) found that, in Brazil, productivity growth slows down during periods of 
significant environmental degradation, but green transformation can reverse this trend.

 Interestingly, the study finds that financial development negatively affects TFP accord-
ing to the ARDL model but has a positive effect according to the FMOLS estimator. The 
negative results obtained from the ARDL model suggest that ineffective credit distribution 
in Türkiye is contributing to a financial system that favors speculative sectors or allocates 
resources to low-productivity areas, which negatively affects the total factor productivity 
(TFP). In contrast, the FMOLS estimation results indicate that the financial system is ma-
turing, the credit allocation mechanism is improving, and there is an increase in funding 
for innovation and productivity. As a result, the impact on TFP could become positive in 
the long run. All coefficients were statistically significant in both models. 

To sum up, the findings support the assertion that green innovation plays a vital role 
in enhancing the total factor productivity and the overall productivity in Türkiye. The 
study offers several policy recommendations:
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1.	 In order to promote increased total factor productivity and sustainable welfare, it is 
recommended to expand the scope of green innovation. This strategy could signifi-
cantly elevate Türkiye’s productivity levels. In this context, the achievements of the 
European Union serve as an exemplary model for Türkiye. EU countries focus on 
promoting green innovations and enhancing environmental sustainability through 
initiatives such as the Green Deal. This policy framework highlights the positive 
impact of green innovations on the total factor productivity (TFP) within the EU 
member states. Through investments and regulations in green technology, the EU 
countries have improved energy efficiency, reduced greenhouse gas emissions, and 
transitioned to environmentally friendly production processes. These efforts have 
significantly contributed to an increase in the total factor productivity. Therefore, 
as Türkiye strengthens its green innovation strategies, developing policies that 
align with those of the EU can enhance environmental sustainability while also 
boosting the total factor productivity.

2.	 The development and widespread adoption of green finance practices in Türkiye are 
also crucial. This approach can effectively allocate idle funds toward more efficient 
and environmentally friendly sectors, positively impacting both the total factor pro-
ductivity and the economic future of the country. Establishing stronger regulatory 
frameworks in Türkiye is crucial, particularly for the promotion of green bonds. It 
is essential to develop incentive mechanisms that encourage financial institutions to 
prioritize investments in green innovation. Additionally, tailored support packages 
should be created to assist small and medium-sized enterprises in financing their 
environmental transformations, thereby fostering the development of green finance 
practices in Türkiye. By doing so, loans will be directed toward sectors that invest 
in long-term, innovative green technologies that enhance productivity, rather than 
in short-term, inefficient sectors.

3.	 Furthermore, the study emphasizes the need for policymakers to intensify environ-
mental regulations. A carbon tax can be gradually implemented for companies with 
high carbon emissions, while the revenue generated can be allocated to research 
and development of green technologies that enhance efficiency. This proactive ef-
fort can lead to improved production processes, support the advancement of green 
innovation, and ultimately enhance productivity in Türkiye.

This study addresses a critical gap in the literature on the impact of green innovation 
on the total factor productivity, though it has some limitations. The primary limitation is 
the dataset, which covers the period from 1998 to 2019 and is consistent for all variables. 
In the future, as new data become available, this timeframe can be extended.  Future 
research could extend this study by incorporating cross-country comparisons in order to 
better understand how Türkiye’s experience aligns with or diverges from other emerging 
economies facing similar challenges.
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