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INTRODUCTION

The construction industry significantly contributes to global

ABSTRACT

As the construction industry moves towards environmentally sustainable development,
this study comprehensively evaluates waste-derived materials to advance sustainable
building practices. A survey involving 100 professionals—including civil engineers,
architects, construction managers, environmental consultants, materials scientists, and
sustainability experts—assessed nine waste-derived materials across ten critical
sustainability metrics. These materials, including Recycled Plastic, Papercrete, Fly Ash,
and Blast Furnace Slag, were evaluated based on cost reduction, environmental impact,
strength, availability, ease of use, durability, thermal and acoustic insulation, aesthetics,
and energy efficiency. A structured questionnaire captured expert insights, and statistical
analyses—such as mean, standard deviation, variance, and range—were applied to assess
material performance. Results were visualized through comparative tables, radar charts,
and heatmaps to highlight key strengths and weaknesses. Findings indicate that Recycled
Plastic and Papercrete perform exceptionally well in environmental impact reduction,
energy efficiency, and economic feasibility, demonstrating strong potential for sustainable
construction. Conversely, Construction and Demolition Waste exhibited variable
performance, indicating opportunities for improvement and innovation. This study
provides a data-driven approach to assessing waste-derived materials, guiding
policymakers, industry professionals, and researchers in making informed decisions. by
highlighting materials with high sustainability potential, it contributes to reducing carbon
footprints, enhancing energy efficiency, and improving overall building performance,
ultimately promoting environmental stewardship and economic resilience in
construction.

Cite this article as: Egbebike JN. Engineering performance evaluation of multi-source
construction waste materials for sustainable construction applications. Environmental
Research and Technology, 2026, 9 (2), 196-207.

This study systematically assesses waste-derived materials
across ten critical sustainability metrics, including cost
reduction, environmental impact, material strength,

environmental degradation, accounting for approximately
39% of energy-related carbon dioxide emissions and 36% of
worldwide energy consumption [1]. In response to escalating
environmental challenges, sustainable building materials
derived from waste are increasingly utilized to mitigate the
industry's ecological footprint [2]. These materials offer
promising alternatives by reducing resource depletion,
minimizing waste generation, and enhancing overall energy
efficiency in construction [3]. However, a comprehensive
evaluation of their sustainability attributes is essential to
ensure their feasibility and effectiveness in real-world
applications.

durability, and aesthetic value. Given the growing demand for
data-driven decision-making in sustainable construction, a
structured survey was conducted involving 100 professionals
from the construction sector, including civil engineers,
architects, environmental consultants, and materials
scientists. These experts provided insights through a detailed
questionnaire evaluating the effectiveness of different waste
materials in enhancing sustainability. Statistical analyses,
such as mean, standard deviation, and variance, were applied
to examine material performance, while comparative tables,
radar charts, and heat maps facilitated data visualization. Key
findings reveal that Recycled Plastic and Papercrete excel in
multiple sustainability metrics, particularly in environmental
impact reduction, energy efficiency, and economic feasibility.
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These materials provide useful benefits like durability and
convenience of use in addition to helping reduce carbon
emissions. In contrast, materials such as construction and
demolition waste show inconsistent performance, indicating
room for innovation and improvement [4].

This research aims to assist academics, industry
professionals, and policymakers in material selection via a
data-driven evaluation. Advancing environmental

stewardship and economic resilience in the building industry
requires the augmented utilization of sustainable materials
and the improvement of recycling methods.

MATERIALS AND METHODS

The construction industry significantly impacts resource
depletion and environmental sustainability, necessitating the
adoption of waste-derived materials [3]. This study evaluates
the sustainability performance of selected materials,
including Recycled Plastic, Papercrete, Fly Ash, Blast Furnace
Slag, and Construction and Demolition Waste, based on ten
key metrics: cost reduction, environmental impact, strength,
availability, ease of use, durability, thermal and acoustic
insulation, aesthetics, and energy efficiency [5].

A structured survey was conducted with 100 industry
professionals, including civil engineers, architects, and
environmental consultants, who provided expert
assessments through a detailed questionnaire. Statistical
analyses, including mean, standard deviation, and variance
are applied to compare material performance. Results were
visualized using comparative tables, radar charts, and heat
maps to facilitate interpretation [6]. This comprehensive
approach offers valuable insights for stakeholders in
sustainable construction decision-making.

Recycled Plastic

Recycled plastic has emerged as a highly- promising material
in sustainable construction, driven by its versatility and cost-
effectiveness. One of its primary advantages lies in cost
reduction, as utilizing recycled plastic can often be more
economical when compared with traditional building
materials, particularly when sourced locally and processed
efficiently. This cost-effectiveness is bolstered by the
material's ability to mitigate environmental impact
significantly [7]. By diverting plastic waste from landfills and
reducing the need for virgin plastic production, recycled
plastic contributes to resource conservation [3]. It minimizes
environmental pollution, aligning well with sustainability
goals [8].

Concerning material properties, recycled plastic exhibits
commendable ease of use due to its lightweight nature and
moldable characteristics. This flexibility allows for innovative
design possibilities and simplifies construction processes,
enhancing its appeal across various applications. However,
challenges persistin ensuring adequate material strength and
durability. While recycled plastic can meet structural
demands for certain applications, concerns remain about its
long-term performance under diverse environmental
conditions. Addressing these challenges requires ongoing
research and advancements in material science to optimize
its durability and resilience [9].

Moreover, recycled plastic offers inherent thermal insulation
properties, which results in energy efficiency in buildings by
reducing heating and cooling needs. Its acoustic insulation
capabilities also make it suitable for applications where noise
reduction is crucial, further expanding its utility in

construction projects aimed at enhancing occupant comfort
and building performance [10]. Aesthetic considerations,
however, vary depending on the processing methods
employed. With appropriate treatment, recycled plastic can
achieve a range of textures and finishes, enhancing its
aesthetic appeal and applicability in architectural designs
that prioritize both sustainability and visual aesthetics [11].

Papercrete

Papercrete, a composite material made from paper waste and
cement, offers significant benefits in sustainable
construction. The composition brings a huge reduction in
terms of costs because paper waste is readily available and
inexpensive [12]. Additionally, the application of papercrete
significantly reduces environmental impact by diverting
paper waste from landfills and minimizing the need for
traditional cement, which is highly energy-intensive during
production [13]. Research indicates that papercrete exhibits
excellent energy efficiency and thermal insulation properties,
contributing to energy savings and improved indoor thermal
comfort [14]. These properties enhance building
sustainability by lowering heating and cooling demands, thus
reducing overall energy consumption [15]. The material also
scores well in ease of use due to its lightweight nature and
workability, making handling and transportation more
efficient [16]). Its ability to mold into various shapes and sizes
simplifies the construction processes, offering flexibility and
reducing material waste [16]. Furthermore, papercrete has
gained community acceptance, highlighting its potential for
broader adoption in sustainable construction practices. This
acceptance is crucial for promoting more widespread use of
innovative, eco-friendly materials in the construction
industry [17].

Fly Ash

Fly ash, a byproduct of burning coal is frequently used to
make concrete because of its pozzolanic qualities, which
improve the material's mechanical properties. This
utilization also improves the strength and durability of
concrete and reduces the environmental footprint of
construction projects. Studies show that incorporating fly ash
in concrete leads to lower embodied energy and a reduced
carbon footprint, making it a sustainable alternative to
traditional cement [18]. The use of fly ash helps conserve
natural resources and reduces greenhouse gas emissions
associated with cement production. However, concerns about
toxicity levels and regulatory support should be addressed to
maximize its potential. Fly ash must be free of dangerous
impurities to protect the environment and public health.
Additionally, regulatory frameworks should support the safe
and widespread use of fly ash in construction [19].

Blast Furnace Slag

Blast furnace slag, a by-product of iron and steel production,
is another valuable waste-derived material in construction. It
is known for its high material strength and durability, making
it suitable for various structural applications. Research
highlights its balanced performance across multiple metrics,
including environmental impact, energy efficiency, and
economic impact [20]. Construction materials that contain
blast furnace slag have a smaller carbon footprint and require
fewer virgin raw resources. Its use in concrete enhances the
material's strength and durability, resulting in longer-lasting
structures. The robust supply chain impact and regulatory
support further underscore its viability in sustainable
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Table 1. Summary of benefits, challenges and sustainability metrics of waste derived materials in construction

Material Benefits and Applications Challenges and Considerations Sustainability Metrics References
Cost-effective, reduces environmental impact, . Cost reduction, environmental impact,
Recycled . Concerns about material strength and . .
. versatile, easy to use, good thermal and s : ; ease of use, energy efficiency, acoustic [71, [8], [9], [10], [11]
Plastic . . durability; require ongoing research . , . o1
acoustic insulation insulation, aesthetic versatility
Reduces costs, diverts paper waste from . . Cost reduction, environmental impact,
. .. Lightweight but may need enhancements .. . .
Papercrete landfills, good energy efficiency and thermal A . . energy efficiency, thermal insulation, ease [12],[17]
. . . in fire resistance and waterproofing
insulation, community acceptance of use
Enh h ili o . .
nhances cgncrete strengt apd durability, Concerns about toxicity, need for Embodied energy, carbon footprint,
Fly Ash reduces environmental footprint, conserves . ) . [18],[19]
regulatory support material strength, environmental impact
natural resources
. . . . M ial h, ility,
Blast Furnace  High strength and durability, reduces need for Ensuring consistent supply, need for . ateria s_trengt durabi lt}.’ .
o . . environmental impact, energy efficiency, [20], [21]
Slag virgin materials, lower carbon footprint regulatory support .
economic impact
Recycled Reduces landfill waste, conserves natural Challenges in thermal and acoustic . - .
Concrete . . . . . Material strength, availability, durability,
resources, good material strength and insulation, need for innovative . : [22], [23]
Aggregate . . . environmental impact
durability processing techniques
(RCA)
Rice Husk Ash Good rgcyclmg efficiency enhanc.es thermal Proces.smg Corpplex1ty, moderate Recycling efficiency, the.zrmal insulation, [24], [25]
insulation and energy savings innovation potential energy savings
Enhances acoustic insulation and durability of . . o . .
Rubber Tires concrete and asphalt, addresses tire waste High embodlec.i energy, need for further Acoustic .1nsulat10n, durablhty, and 126], [27]
. innovation environnemental impact
issue
. . .. . Recycling efficiency, embodied energy,
Glass Waste High recycling eff1c1en.cy, good, embodied Need to address toxicity levels environmental impact, community [28], [29]
energy, community acceptance
acceptance
General Exploring and optimizing waste-derived Continued research and innovation Overall sustainability impact, resource
Conclusion materials reduces environmental impact and needed to overcome challenges and fully ~ conservation, reduction of environmental [30]

moves construction toward sustainability

realize the potential

footprint
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Innovative Building Technologies

Civil engineers are continually exploring innovative building
technologies that leverage waste-derived materials.
Papercrete, for instance, is being tested in various forms, such
as lightweight panels and blocks for low-cost housing. Its high
thermal insulation properties make it an ideal material for
energy-efficient buildings. Moreover, glass waste is being
repurposed as an aggregate in concrete or raw material for
new glass products, demonstrating its versatility and
potential for reducing the construction industry's
environmental footprint [37].

Environmental Impact and Resource Conservation

The application of waste-derived materials significantly
mitigates the environmental impact of civil engineering
projects. By incorporating recycled plastics, fly ash, and other
by-products into construction materials, engineers can lower
greenhouse gas emissions associated with the production and
disposal of traditional building materials [38] & [39].
Additionally, these practices help conserve natural resources,
such as limestone and clay, which are extensively used in
cement production. The conservation of these resources
ensures their availability for future generations and
promotes the overall sustainability of the construction
industry.

Community Acceptance and Economic Benefits

Adopting sustainable materials in civil engineering also
brings about community acceptance and economic benefits.
Communities increasingly favor construction projects that
prioritize environmental stewardship and resource efficiency
[40]. Utilizing locally produced waste-derived materials can
boost local economies by generating employment in the
material processing and recycling sectors. Additionally, due
to the potential government incentives and reduced material
costs, sustainable construction methods are financially viable
for developers and contractors [41].

The integration of waste-derived materials into civil
engineering practices presents a multifaceted approach to
achieving sustainability [42]. These materials enhance the
performance and durability of construction projects and

contribute to significant environmental and economic
benefits [43]. A more robust and environmentally friendly
built environment will be made possible by ongoing research
and innovation in this area, which increases the potential for
sustainable construction. Table 2 summarises the uses of
different materials obtained from trash in environmentally
friendly buildings. The difficulties of the environmental and
economic impact of their considerations are addressed, along
with their application regions and advantages to the
neighbourhood.

ANALYSIS OF RESULTS

The study involved 100 participants who were surveyed
through a detailed questionnaire. The respondents
comprised a diverse group of professionals from the
construction industry, including:

o Civil Engineers (25%): Professionals involved in planning,
designing, and  overseeing  construction and
infrastructure projects.

e Architects (20%): Experts in building design and
construction, focusing on the aesthetics, functionality, and
sustainability of structures.

e Construction Managers (20%): Individuals responsible
for overseeing construction projects, ensuring they are
completed on time and within budget.

e Environmental Consultants (15%): Specialists who
provide guidance on environmental impact, sustainability
practices, and regulatory compliance

e Materials Scientists (10%): Researchers and developers
working on new materials and their applications in
construction.

e Sustainability Experts (10%): Professionals dedicated to
promoting sustainable practices and reducing the
environmental footprint of construction activities.

Data Collection and Analysis

Table 3 offers a comprehensive and detailed analysis of
sustainable building material attributes across ten waste
types, each rated on a scale from 1 to 10 for ten critical
metrics essential for construction applications.

Table 3. Comparative Analysis of Sustainable Building Material Attributes

Waste Type CR EI MS AV EU Du TI Al AV
Fly Ash 8 9 7 8 8 8 7 6 7
SBllsgt Furnace 7 8 8 7 7 9 7 7 6
Recycled
Concrete 6 7 8 9 8 8 6 6 7
Aggregate
?ﬁgfied 9 9 6 8 9 7 8 8 8
Rice Husk Ash 8 8 7 8 7 7 9 7 6
Rubber Tires 7 7 6 7 7 7 8 8 8
Glass Waste 8 8 7 8 8 8 6 7 7
Construction
and 6 7 7 8 8 8 6 6 7
Demolition
Papercrete 8 9 6 8 9 7 8 7 8
Coconut Shell 7 8 6 7 8 7 9 7 8
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Figure 1. Comparison of Sustainability Metrics for Various
Waste Materials in Construction

The radar chart reveals that each material has distinct
strengths and weaknesses, emphasizing the need to select
materials based on specific project requirements and
sustainability goals. Recycled plastic stands out for its cost
and environmental benefits, while materials like blast
furnace slag and recycled concrete aggregate are preferred
for their strength and durability. This comprehensive
evaluation aids in informed decision-making for sustainable
building practices, highlighting the importance of aligning
material selection with the unique demands of each
construction project.

Benchmarking Environmental Across

Waste Types

Impact

Table 5 provides a detailed comparative analysis of various
sustainable building materials derived from waste, scored
across ten attributes on a scale of 1 to 10.

Fly Ash demonstrates high recycling efficiency (9) and
processing complexity (8), along with strong community
acceptance (8) and economic impact (8), it scores lower on
carbon footprint (6) and toxicity levels (4), indicating

Table 5. Summary of Waste Material Attributes

environmental and health concerns. Blast Furnace Slag
balances high scores in embodied energy (6), carbon
footprint (7), community acceptance (7), regulatory support
(8), and economic impact (7), but it has lower innovation
potential (6) and processing complexity (7). Recycled
Concrete Aggregate shows strong performance in embodied
energy (8), carbon footprint (8), community acceptance (8),
and supply chain impact (8) but has a lower score in toxicity
levels (6).

Recycled plastic stands out with the highest scores in
recycling efficiency (9), innovation potential (8), processing
complexity (9), community acceptance (9), and economic
impact (9), suggesting high versatility and cost-effectiveness.
However, it scores lower in embodied energy (5) and carbon
footprint (5). Rice Husk Ash has good scores in recycling
efficiency (8), embodied energy (7), community acceptance
(7), and economic impact (8) but lower in carbon footprint
(6) and innovation potential (7). Rubber Tires show high
scores in processing complexity (7), community acceptance
(7), supply chain impact (8), and economic impact (7), with
lower scores in embodied energy (6), carbon footprint (6),
and innovation potential (6). Glass Waste performs well in
recycling efficiency (8), embodied energy (8), carbon
footprint (7), community acceptance (8), regulatory support
(8), and economic impact (8), but has a lower score in toxicity
levels (4).

Construction and Demolition Waste shows good performance
in embodied energy (7), carbon footprint (8), community
acceptance (7), and supply chain impact (8), but lower in
recycling efficiency (6), innovation potential (6), and
processing complexity (6). Papercrete scores the highest in
recycling efficiency (9), innovation potential (8), processing
complexity (8), community acceptance (9), regulatory
support (8), and economic impact (9), despite lower scores in
embodied energy (5) and carbon footprint (5). Coconut Shell
demonstrates high scores in recycling efficiency (8),
processing complexity (7), community acceptance (8),
regulatory support (7), and economic impact (8) but has
lower scores in carbon footprint (6) and innovation potential
(7). Overall, the analysis highlights the strengths and
weaknesses of each material, emphasizing the need for
careful selection based on specific project requirements and
sustainability goals.

Table 6 presents a statistical summary of the attributes of
various waste materials used in sustainable building.
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ABSTRACT

This research aims to compare different methods of Multi Criteria Decision Making
(MCDM) named SDI, PROMETHEE II, and ELECTRE III with the standard method NSFI to
rank and score the Groundwater Quality (GWQ) of 26 wells in the Al-Hamdaniya area,
Nineva governorate, Iraq, during 2019-2020. The final maps of each method and ranking
of suitable areas for different uses of drinking, irrigation, and livestock are done by the GIS
program with the help of the Analytical Hierarchy Process (AHP) technique, which is
needed to extract the required weights of the variables. In order to check the results, a
validation test named Similarity Coefficient (SC) is made between the methods to show
their accuracy. For a general look, it was seen from the final maps that the eastern regions
of the study area had good GWQ of all methods, and worsened further as we went to the
west of the region The resulted maps showed that there are great convergence values
between the SDI and the NSF methods, while both the PROMETHEE II and ELECTRE 1V
methods showed somewhat high divergence values with the NSF method. The used
methods can be classified based on their convergence to the reference method NSF are as
follows: SDI, PROMETHEE II and in the last is ELECTRE III.

Cite this article as: Thanoon AA, Ahmed MF, Faisal RA. Comparison of different methods
of MCDM to assess GWQ suitability for different purposes: Case study of Al-Hamdania

Area. Environmental Research and Technology, 2026, 9 (2), 208-218.

INTRODUCTION

Groundwater is the world's most significant supply of fresh
water in locations where surface water supplies are
inadequate, and one-third of the world's population depends
on it [1], especially in arid and semi-arid regions. It has
become important to regularly monitor the groundwater
quality GWQ and to follow methods of protection from
pollution. In the recent period, many studies have been
conducted aimed at assessing and monitoring the GWQ using
GIS by creating spatial distribution maps [2]. Multi Criteria
Decision Making (MCDM) methods may be used to implement
Water Quality (WQ), and in recent times, these strategies
have been crucial in resolving relevant WQ assessment issues.
[3]. There are many national and international research
evaluate GWQ by using various methods and techniques as
following; The research of [4] evaluated GWQ in the
Khaperkheda district, Maharashtra, India, by evaluating
twenty-two distinct locations over three seasons from 2005
to 2006 using the National Sanitation Foundation's NSF
method. The study concluded that all the sites under study are
heavily polluted. Another study [5] assessed the GWQ of
Baramati city, Maharashtra, India, during two seasons in
2010 by using the NSF method. The study concluded that the

study area was bad to medium for irrigation purposes but
unsuitable for drinking. In the study of [6], evaluate GWQ
located in the north-east of Algeria for different purposes by
using on the NSF method. The research finding shows that the
overall GWQ of the rejoin is medium to good and can be used
for different purposes after convenient treatment. Another
study [7] attempted to draw inferences from two different
methods (weight arithmetic WA and NSF) to calculate the
GWQIs in Vishrambag, Sangli, India. The researchers studied
16 wells at four sites within the study area. The research
concludes that GWQ, according to the WA technique, is not
suitable for drinking, while NSF gives medium suitability. The
researchers [8] evaluated GWQ in An Giang Province,
Vietnam, during the period 2009-2018 by using GWQI based
on the fuzzy-AHP method. The research concluded that GWQ
in the south and north had the worst quality because they had
high concentrations of arsenic. In a study conducted by [9]
analyze GWQ for 12 wells located on the left side of Mosul city
by using NSF method. The study concluded that the GW had
low quality and that is due to the presence of high values of
each of; TDS, NO3 ions and a high total number of fecal coli-
forming bacteria, which refers to the probability of domestic
surface percolation. The study of, [10] pointed out the GWQ
of the Sheikhan area, west of the city of Mosul, during the

* Corresponding Author: abdullah84@uomosul.edu.iq (Abdullah Thanoon)
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2019 year. The AHP technique and GIS programs were
utilized to create a completion map to determine the GW
suitability areas for different purposes. The results show that

the north-eastern part of the studied area is suitable for

irrigation and

livestock only.

The researcher [11]

investigated the GWQ of the Al-Mahlabiya area, which is

located west of Mosul, during 2019. Ten weeks separated the

two samples that were collected from each of the four

desalination plants. To display the performance analysis,
eleven variables were examined for every sample. TOPSIS
and Simple Additive Weighted SAW methods were the WQ
indicators that were employed. The finding shows that the
GWAQ is highly affected by the following variables: TDS, total
hardness, and sulfate. The study refers to this increase as
belonging to geological formation. The study concluded that
the SAW provided a more accurate assessment of the
performance than the other method. Researchers,[12] ]& [38]
evaluate GWQ for drinking purposes at Beheshtabad Basin,
Iran for the period 2014-2015. The results showed that most
wells are suitable, but there are some well samples that are

unhealthy in the rainy season because of the microbial

content. The results also indicated that some of the GW
samples have very low quality due to the weathering of saline

rocks.

Although there are various MCDM methods, few research
have assessed the level of closeness or divergence between
the outcomes and validated them in a specific case study to
decide which is best and most realistic of reality. This was one

of the motivators for conducting this research. The current

Study Area

METHODOLOGY

Data Analysis

and

[14]and

study attempts to evaluate several MCDM methods and
determine the optimal one that can assess the GWQ of the Al-
Hamdaniya area for different purposes.

Megacities are a product of continuous urbanization, typically
defined as metropolitan areas with a total population of more
than 10 million people. They stand apart from global cities
due to their rapid growth [2]. According to [6], there are 32
megacities in the world, each with a population exceeding 10
million. Of these, 29 are located in developing countries, while
only three of the megacities including Tokyo, Osaka (Japan)
and Paris (France) are in developed countries. Furthermore,
megacities are categorized into three groups based on income
levels. These groups are high-income (developed) countries,
upper-middle-income
(developing) countries (Table 1).

lower-middle-income

Many physical and chemical properties of the GW samples
from the selected wells were examined during the years
2019-2020 according to standard testing materials [13]. The
achieved data was compared with national
international standards [15]& [16], as in Table 2.
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Figure 1. The study area within Nineveh Governorate and the selected 26 wellsites projected on it.
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Figure 2. The flowchart of the operations shows the methods used, the means of verifying them, and representing them on

maps using GIS program
Details of The Used Methods and Programs

Four internationally approved methods named SDI,
PROMETHEE 1I, ELECTRE III, and NSF were chosen to
calculate the Water Quality Index WQI. The values of the
indicators in each method were represented in the GIS
(virgin, 10.8) program. The National Sanitation Foundation
NSF method was relied upon as a basis for evaluating the rest
of the others. The weights for each variable were calculated
using the Analytical Hierarchical Process AHP technique, and
these weights were introduced in the tools in the GIS
program. To verify the weight values, the value of the
Consistency Ratio CR was found to be less than 0.1. Different
programs were used for each method to facilitate the
calculation process for each method, as recorded in the
explanation of each method within the next paragraphs.
Finally, the Similarity Coefficient SC was used to check the
validation between these four methods. It is a geographical

indicator that shows the degree of convergence between the
chasses of each map with the classes of the base map drawn
by NSI method. The closer to the number one, the more
identical it is, and vice versa. The flowchart in Figure (2)
provides an explanation of the process steps and methods
used to obtain the final classes maps for each purpose.

In the following, the details of the different methods used in
the study:

PROMETHEE: (Preference Ranking Organization
Method for Enrichment Evaluation)

This method was created by [20] and debuted at a conference
held at the University of Laval in Laval, Quebec, Canada [21].
It has had a lot of uses in recent times since it is based on a
comprehensive arrangement of a set of alternatives, taking
into account some parameters provided by the decision-
makers, such as the weights of the criteria. It depends on
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quality is calculated according to this model by multiplying
the value of the secondary index by the weight of each
variable. What distinguishes this model is its response to
changes in the properties of water quality [33] . The Delphi
technique, which is based on the weight (Wi) and sub-indices
(Si) of the primary water quality measures, is typically used
to compute this index [34]. The results obtained from the
calculation of WQI were then compared with the WQ criteria.
This model can be applied through the following equations:
[35] [36].

WQI=X ni=Si (12)
WQI= ni=WixSi (13)
0 <Si<100 (14)

WQI =the sum of the values of the indicators; Si = they
represent the secondary or sub-indicator values; Wi = weight
of values; n = number of parameter indicators. Converting
each parameter into five scales between 0 and 100 is used to
determine values as follows: (0-10) Very bad (25-50) Bad,
(50-70) Moderate, (70-90) good, (>100) very good by using
sub-index curves, which can be either linear or nonlinear. A
separate worksheet in Excel is used to simplify the
calculations.

Checking the Validation

The calculation of the Similarity Coefficient SC is used to
check the validation. This coefficient depends on the
presence or absence of the common property between the
results of the two methods, by using a Boolean matrix as
follows:

Xij=1
Xij=0
The similarity coefficient can be expressed by using the

following equation:

SC = (CA-5SA)
STA

If the property (]) is found in the observation Xi
If the property (]) disappears in the observation Xi

(15)

Where (SC) denotes the similarity coefficient
Where (CA) denotes the common areas

Where (STA) denotes the areas are not shared, while (STA)
denotes the sum of the two areas.

In the study, the Similarity Coefficient (SC) was adopted in the
process of verifying the accuracy of the results of the used
methods by comparing the approved standard method (NSF)
with the other methods. The intersect tool in the (ARC
toolbox) program is used to find the intersecting common and
non-shared areas between the maps of each method and the
NSF method. The SC domain is usually between (0, 1), and the
closer the result is to one, the greater the similarity between
the results of the methods, and vice versa, [37].

RESULTS AND DISCUSSION

Deriving Rlative Weights From The Analysis of AHP
Technique

The weights of the variables for the three purposes were
calculated according to the AHP technique and tabulated as
in Table 4. The weights of the parameters were exported to
the GIS program to draw the suitability maps for each
method. The accuracy of the weights resulting from the AHP
technique was verified by finding the value of the
consistency ratio (CR), which was 0.03. This value is much
less than the value (0.1). This indicates the accuracy of the

importance given to each variable and the result of the pair
wise comparison matrix.

Drawing The Suitability Maps

Two stages are done to have an interpolation of the resultant
methods as flows:

Stage one: After extracting the weighted decision matrix for
the three methods, the results are unified in the separate
Excel worksheet and then joined with the basic parameters
with the results of the standard method (NSF).

Stage two: Building completion maps from the method
results through the Geostatistical Analyst appendix and after
comparing the relative experimental performance of the
completion methods used, the appropriate method is chosen.

Several statistical criteria are used to evaluate which one is
appropriate. These criteria are: the mean error, the difference
between the square root of the mean errors, the rate of
standard errors, and Root-Mean Square-Standard error [39].

The suitability maps are drawn in Figures (3 ,4 & 5) where
Figure (3) represents the results of the classes of areas that
are suitable for drinking purposes. There is a great similarity
between the results of the SDI method with the standard
method NSF, noting that the fifth category of classification
results did not appear in both maps. On the contrary, the fifth
category appeared in both the ELECTER III and the
PROMETHREE

Figure (4) shows the classes of suitability areas for irrigation
purposes. It is also noted that there is a significant similarity
between the two distribution maps for the classes between
SDI and the standard methods. The limits of the fifth category
also did not appear in the results in both of them, and on the
contrary, the limits of all categories of GWQ classification
appeared in each of the ELECTRE IIl and PROMETHREE maps,
noting that there is a difference between the minimum
category limits, especially in the map of the PROMETHREE

Figure (5), represents classes of suitability areas for livestock
purposes, which was observed in the SDI & ELECTER Il maps
and the map of the standard model. The appearance of all
categories of WQ classification limits in these maps, with a
very large convergence between the two maps of the SDI and
the map of the NSF.

The ELECTER III map recorded convergence, but to a lesser
extent, with the standard NSF method map and for all
category boundaries except for the first category (lowest
category). The same does not apply to the PROMETHREE
map, where the first category of the classification did not
appear, and it recorded a large discrepancy with the results
of each method and with the standard in particular.
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ARTICLE INFO ABSTRACT

Cement and aluminium are two of the emission intensive sectors presently included in the
carbon border adjustment mechanism (CBAM) instrument of the European Union's (EU)
Green Deal (GD). Based on this, this study investigates the extent of emission and carbon
price (CP) impact reduction obtainable from electricity consumption in Tiirkiye’s cement
and aluminium production. The study uses existing impact reduction approaches of
recycling and CO: utilization for Tiirkiye’s wind, solar and lignite energy sources. The
calculations are based on historical data from year 2010 to 2020; thus, the research
question answered is “what emission cut would have been obtained in Tiirkiye’s cement
and aluminium production using the aforementioned impact mitigation approaches if the
CBAM had taken effect within year 2010 and 2020?”. The results have been analyzed using
the global warming potential (GWP). According to the results, the average annual emission
intensity of Tiirkiye’s cement and aluminium production reduces from a business as usual
(BAU) value of 0.06 and 7.90 ton.COz/ton.prod. to 0.04 and 6.00 ton.COz/ton.prod.
respectively using 50% wind and solar energy framework recycling rate. These values
correspond to a 33.33% and 24.05% impact reduction respectively. For carbon price (CP),
a corresponding reduction from 1.52 and 205.39 Euro/ton.prod. to 1.16 and 156.08
Euro/ton.prod. was obtained. These values correspond to a 23.68% and 24.01% impact
reduction respectively. These results show that the circularity approaches investigated
are effective means of achieving substantial emission mitigation in Tiirkiye's cement and
aluminium production and reducing the negative impacts of the GD on its economy.

Article history

Received: 24 November 2024
Revised: 27 December 2024
Accepted: 03 April 2025

Key words:

Aluminium, carbon price,
cement, emission, green deal,
Turkiye

Cite this article as: Adetayo MB. Mitigating the green deal impacts on Tiirkiye's cement
and aluminium sector. Environmental Research and Technology, 2026, 9 (2), 219-225.

INTRODUCTION

In the European Union (EU), there is the binding target set to
reduce greenhouse gas (GHG) emissions by at least 40% by
2030 compared to 1990 levels [1, 2]. One of the ways of
achieving this is by addressing the problem of carbon leakage.
Therefore, starting with cement, aluminium, electricity, steel,
and agricultural sectors which are regarded as being emission
intensive, the EU recommends a border regulation known as
the carbon border adjustment mechanism (CBAM) to reduce
the risk of carbon leakage. The CBAM is one of the
components of the European Union’s Green Deal (GD). The GD
is aimed at reducing the net GHG emissions in the EU region
to zero by 2050. It is also aimed at providing safe, clean and
affordable energy, mobilizing the industry for a linear to
circular economy transition, as well as protecting and
restoring the ecosystems and biodiversity in order to provide
a non-toxic environment [3]. As a major exporting partner,
Tiirkiye has a substantial share of EU’s total trade volume and
is one of the leading countries with respect to trade volume
with Europe [4]. Therefore, decarbonization of Tiirkiye’s

carbon intensive sectors will be of great importance to reduce
its GHG emissions [3] and consequently reduce the negative
impacts of the GD on its economy. Earlier study carried out by
Adetayo and Kursun (2024) on the GD focused on Tiirkiye's
electricity, steel and agricultural sectors and its emission
mitigation using recycling and CO:z utilization approaches [5].
This work is an extension of the study. It further investigates
Tiirkiye's cement and aluminium sectors by using the same
mitigation approaches. The calculations are based on
Tiirkiye’s electricity mix from year 2010 to 2020; therefore,
the research question answered is “what emission cut would
have been obtained in Tirkiye’s cement and aluminium
production using the aforementioned impact mitigation
approaches if the CBAM had taken effect within year 2010
and 20207?".

Tirkiye's aluminium and most especially the cement sector
has high economic and investment prospects. Tiirkiye ranked
seventh among cement-producing countries in the world [6].
Cement industry in Tiirkiye began with 20,000 tons of cement
production capacity in 1911 [7] and reached up to 79 million
tons in 2023 [8]. It is emphasized by experts that the Turkish

* Corresponding Author: mujeebadetayo@marun.edu.tr (Mujeeb Babatunde Adetayo)

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).


https://doi.org/10.35208/ert.1590145
mailto:mujeebadetayo@marun.edu.tr
https://orcid.org/0009-0006-0834-9241

220

Environ Res Tec, Vol. 9, Issue 2, pp. 219-225, April 2026

cement industry can meet all the needs in both domestic and
foreign markets with its capacity in case of an increase in
demand depending on the need [9]. In terms of export,
Turkish cement industry exports to 155 different countries of
the world in 2021 and is regarded as the second largest
cement exporter in the world, as well as the largest exporter
in Europe [9]. Where the challenge lies is the energy and
emission intensity of the sector. The main fuel sources in
cement production are coal and pet coke, while fuel oil and
liquefied petroleum gas (LPG) are also in use. It can therefore
be said that the sector’s energy needs are been majorly met
by fossil fuels [6]. In addition, alternative fuels such as waste
tyres, municipal and industrial sludge, oil and oily waste,
refuse derived fuel (RDF), textile waste and biomass are also
commonly used [7]. Before year 2015, the cement industry
with energy consumption rate of 20% followed iron and steel
as the second largest energy-consuming sector in Tiirkiye [6],
[10]. As a result, the share of CO2 emissions in cement
production has been significant and seems to keep growing in
a higher rate [7]. According to the Technology Development
Foundation of Tirkiye (2023), Tiirkiye's cement energy
consumption reached 7,692 thousand TOE in 2021 [9]. This
value is equivalent to a 6.25% and 18.48% total energy and
industrial sector consumption respectively. It is also
equivalent to approximately 11-12% of Tiirkiye’s total
emissions [9]. Hence, given the high emissions and critical
importance to the society, cement production is generally an
area to explore in order to abruptly reduce GHG emissions [6],
[11]. The sector’s green transformation will play a critical role
in further decarbonizing the country’s energy sector, thereby
reducing the negative consequences of the GD [7, 12].

According to the Technology Development Foundation of
Tirkiye (2023) [9], carbon capture, use, and storage
technologies have the potential to play a major role in the
construction sector (cement inclusive) and other emission-
intensive sectors in order to achieve the net zero emission
targets. Thus, considering the entire value chain of the sector,
carbon capture, utilization and storage technologies are
included in the decarbonization roadmap in cement
production for the construction sector [9]. In a typical cement
production plant today, the flue gas contains approximately
15-25% CO,. Converting and using the carbon captured from
cement production, where emissions are the most intense in
the building-construction value chain, into another product
(such as urea and methanol) can open the way for new
investment opportunities and new market potential [5]. The
impact of such carbon utilization approaches have been
investigation in this study.

Furthermore, aluminium is the second most used metal after
iron and steel worldwide. It is used in several sectors,
including transportation, packaging, building and
construction, furniture, equipment and machinery. However,
like cement, the industry is also highly energy-consuming,
especially in its production from virgin materials [13]. The
production of primary aluminium produces large amounts of
direct and indirect GHG emissions, especially from electricity
consumption [1]. For example, it was reported that
aluminium production consumes about 3.5% of electricity
globally [41], and according to the International Aluminium
Institute, its supply in 2018 is associated with a total carbon
emission of 1.1 Gt, accounting for 2% of global carbon
emissions [13]. In fact, high energy consumption and high
emission have made the aluminium industry no other choice
but to go through a low carbon transition. Contrary to
Tiirkiye's cement sector, local primary aluminium production
in Tirkiye has limited capacity which is just a small
proportion of its primary aluminium consumption [14].

Therefore, there is almost 95% reliance on primary
aluminium imports. According to TALSAD (2021) [15], the
envisaged emission mitigation approaches embarked on by
the industry include low carbon aluminium as a primary
input of manufacturing systems, increased recycled content,
implementation of energy efficiency programs, and carbon
footprint certification initiatives. It was stated that to achieve
net zero carbon emissions by 2050, Tirkiye's aluminium
industry needs to reduce carbon emissions by 80% until
2050. Therefore, substitution of coal and natural gas-
powered electricity production with non carbon power
systems is regarded as a major decarbonisation approach
[15] and has been investigated in this study.

There are numerous studies that have been carried out on
Tirkiye's cement sector; however, studies on aluminium are
very limited. According to Oral and Saygin (2019) [6], studies
on Tiirkiye's cement are mostly based on waste management,
sustainable cement production [16], and
solidification/stabilization techniques application of the
cement production end products [17]. For example, the
Technology Development Foundation of Tiirkiye (2023) [9]
investigated carbon footprint reduction in Tiirkiye's cement
industry using Deep Analysis Study. One of the recommended
approaches is biological carbon capture by using microalgae
(microalgae) from flue gas in cement production plants. Using
Long-range Energy Alternatives Planning System (LEAP)
software, Oral and Saygin (2019) [6] also investigated the
ways by which Turkish cement sector emissions fit into the
global context, and simulated the impacts of energy efficiency
scenarios on GHG emitted from energy consumption of
Turkish cement production and on total energy demands
relevant with the cement production/tons from 2015 to
2030. The mitigation strategy recommendations to reduce
CO2 emissions relates to policy and strategy (increasing
awareness, applying different strategies, and improving the
governmental policies) and technological mitigation
applications (improving the technology and materials, fuel
and energy saving, and COz capture and disposal). The
simulation showed that for 2030, more than 15 Mtoe energy
consumption will be the main reason for more than 53 million
tons of COz-e emissions per year [6]. Rende et al. (2018) [7]
also recommended several approaches which includes
improving energy efficiency, waste heat recovery, use of
waste, clinker substitution and innovative cements.

The present study is aimed at investigating the extent of
impact mitigation obtainable in Tirkiye’s cement and
aluminium sectors using the mitigation approaches of
recycling and CO: utilization for the country’s wind, solar and
lignite energy sources. This will translate into mitigating the
impact of the GD on Tiirkiye’s energy sector and economy as
a whole. The mitigation approaches of recycling and CO2
utilization have previously been investigated by Adetayo and
Kursun (2024) in a study based on Tirkiye’s steel and
agricultural sectors [5].

METHODOLOGY

Earlier study carried out by Adetayo and Kursun (2024)
investigated Tirkiye's electricity, steel and agricultural
sectors and their impact mitigation using energy framework
material recycling and CO:z utilization [5]. The study
examined sustainable emission mitigation pathways for
Tiirkiye’s electricity through the impact factor reduction of its
domestic energy sources: lignite, wind, and solar energy. This
work is an extension of the study and further investigates the
cement and aluminium sectors in the context of the GD and
using the same mitigation approaches. Due to data limitation,
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the calculations are based on Tiirkiye’s historical electricity
mix from year 2010 to 2020, and consider all the energy
sources. However, the mitigation approaches consider only
wind, solar and lignite. Hence, impact of the decarbonization
of Tiirkiye’s electricity on the cement and aluminium sectors
through these domestic energy sources is what has been
investigated. The complete data of the fractional contribution
of each energy source to the electricity mix is unavailable;
therefore, estimates have been used where applicable.
Generally, the study answers the question of what the impacts
as well as extent of impact reduction would have been if the
GD had been effected from 2010 to 2020.

The work begins with data validation. Thereafter, the reduced
emission and CP impact calculations were carried out. It has
to be noted that the electricity consumption of the sectors
under study is a fraction of the total energy requirement.
Hence, the impact from electricity consumption is expected to
be lower compared with that of the sector as a whole.
According to Oral and Saygin (2019) [6], producing a ton of
cement requires 4.7 million British thermal unit (BTU) of
energy, equivalent to about 1377.43 kWh, and generates
nearly a ton of CO2. According to Rende et al. (2018) [7], the
specific heat consumption value of clinker in Europe where
Tiirkiye belongs in 2012 is 3,720 M]/ton, which is equivalent
to 1033.33 kWh/ton. According to Cankaya et al. (2019) [18]
whose data is specific to Tirkiye, the thermal energy needed
to produce one ton clinker is 3337 M] in cement kiln, which is
equivalent to about 926 kWh/ton and close to that of Oral and
Saygin (2019) [6] and Rende et al. [7], while the electricity
consumption for cement production is 109.85 kWh/ton. If the
926 kWh/ton.clinker is assumed to be the total thermal
energy needed for one ton of cement production [18], it
implies that electricity consumption of 109.85 kWh/ton is
only 11.86 % of total energy needed to produce one ton of
cement. For aluminium, the annual electricity consumption is
shown in Table 1 [19]. According to Wordpress (2024) [20],
the world’s most efficient aluminium production uses about
13000kWh/ton of aluminium, while the global electricity
consumption average is 15000kWh/ton. All these values are
in the same range with the data values in Table 1.

Data Validation

Data based on Tiirkiye's electricity mix as well as the cement
energy consumption were first validated through comparison
of the BAU carbon emission impacts with that of literature.
The BAU impacts were calculated using Equation 1 [5]. For
cement, the emission impact of clinker has been used for the
validation process. Clinker is the binding agent in cement
production. Even though it has a very high energy
consumption compared with cement [18], both have
approximately the same emission impact [7]. Thereafter, the
reduced emission and CP impact calculations were carried
out. The foreground data include the historical electricity
consumption based on Tiirkiye’s energy mix and carbon price
based on the EU’s estimate, sourced from Turkish Electricity
Transmission Corporation (TEIAS) [21] and Kirkegaad
(2019) [22] respectively. The background data include the
process energy/electricity consumption for Tiirkiye’s cement

IpRE cnyRr
Z xpmAlc o
.. _ CvR ’
ET red (net emission) = IFi1p — —

iFRE

[18] and aluminium production (Table 1) [19] and were
sourced from literature.

Er =YL, E = Y. (5IFCp) 1)

In the equation, i stands for different energy sources, IFi (in
gC02eq./kWh) is the impact factor specific to each energy
source in question, Ei and ET are the individual and total
emissions in Gt, CT is the total electricity consumption in
TWh, and n is the number of years and x is the fraction of
energy resource in the electricity consumption mix.

Table 1. Primary Aluminium average smelting energy
intensity for 2010 to 2020 [19].

Year kwh/ton.Al [19]
2010 14899
2011 14756
2012 14939
2013 14749
2014 14766
2015 14891
2016 14767
2017 14751
2018 14914
2019 14900
2020 14888

*XiCT +(

Green Deal Impact Calculation

After the validation, the impact mitigation approach which
combines recycling and COz utilization were used to calculate
the reduced (net) emission and CP impacts. According to an
earlier study [5], the GWP of Tiirkiye’s wind, solar and lignite
energy sources reduce from the base values of 7.3
gC02eq./kWh, 29.5 gC0O2eq./kWh and 1130 gCOzeq./kWh to
2.72 gCOzeq./kWh, 21.08 gCOzeq./kWh and 241.26
gC02eq./kWh respectively. While the impact factor reduction
of the wind and solar energy sources were based on the
framework material recycling (using 50% framework
recycling ratio), that of lignite was based on utilizing the CO2
emission (from lignite) in the synthesis of urea. These values
have been used accordingly in this study.

The calculations have been carried out using Equation 2 and
3 and the analyses are based on emissions (Equation 2) and
carbon price, CP (Equation 3) [5]. The CP used are shown in
Table 2 and obtained from Adetayo (2024) [23]. The CP in this
case is the amount payable on exported products based on
their carbon intensities as a result of the Carbon Border
restrictions [5]. The first part of the equations addresses
recycling, while the second partaddresses COz utilization. The
percentage impact reduction relative to the BAU scenario is
calculated using Equation 4 [5]. Another answer obtainable
from these calculations is the specific percentage impact
reduction obtainable from a specific percentage reduction in
the impact factor of the energy sources.

IFg 1p*IFp
, . % 2
UF, 1CT ( )
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In Equation 2 and 3, i refers to different energy resources, IF
(in gCO2eq./kWh) is the impact factor of the energy sources,
ET is the total CO2 emissions in Gt, CT stands for the total
energy consumption in TWh, n is the number of years, x is the
fraction of energy resource in the consumption mix, CP is the
carbon price in Euros, P refers to carbon price per tonne of
product (Euros/ton), xe is the fraction of mass of material
exported, while me and mT are masses (ton) of material
exported and mass of total material exported respectively.
For this study, xe and me are not applicable. In Equation 4,
IRGD (%) is the percentage impact reduction, IR(X), WSL
represents impacts based on recycled wind, solar framework
and reduced impact factor of lignite, and IBAU is the total
business as usual scenario impact from sector based on all
energy sources [5].

Limitations of Study

This study is based on historical data and does not project
future impacts. However, the use of such foreground
(historical) data which are peculiar to Tirkiye’s energy
systemensures the results’ credibility.

Table 2. Carbon price [23]

Year kwh/ton.Al [19]
2010 13.75
2011 15.00
2012 7.50
2013 6.25
2014 5.00
2015 7.40
2016 8.33
2017 6.00
2018 8.33
2019 24.00
2020 26.00

RESULT AND DISCUSSIONS

The GD focusses on the carbon intensity of products, and
therefore makes the GWP impact potential most relevant [5].
With respect to total energy consumption, Table 3 shows the
GWP impact values obtained from this study compared with
the literature. According to Cankaya et al. (2019) [18], the
thermal energy needed to produce one ton clinker is 3337.00
M] in cement kiln, which is equivalent to about 926.00
kWh/ton.clinker. With this value, the average annual BAU
emission impact obtained from this study is 0.55 ton.
COz/ton.prod. According to Rende et al. (2018) [7], process
based CO: emissions followed a slight decrease due to
changes in the utilized fuel and raw material blend from 0.50

tonCOz/ton cement in 2001 to 0.45 ton COz/ton cement in
2015. In Turkiye, COz emissions from fuel combustion per
ton of cement were 0.33 tCOz in 2005, however, due to
increasing use of alternative fuels, the amount decreased to
0.32 tCOz/ton cement in 2012 [7]. The similarity in the BAU
impacts ascertain not just the credibility of the estimated
fractional contribution of the energy sources used in
Tiirkiye’s electricity mix, but also the energy consumption
data used for Tiirkiye’s cement production. Moreover, the
data and results obtained show that the enormous emission
intensity associated with cement production majorly comes
from the clinker, a very important binding agent in cements.
It is identified as a major hotspot, and substantial emission
reduction can be obtained from a more sustainable clinker
production route.

The electricity consumption of 109.85 kWh/ton.cem. [18]
has been used for the calculations. The annual emission
obtained per ton of cement and aluminium are shown in
Table 4, while the average annual emission and carbon price
impacts are shown in Figures 1 and 2. The impacts are
approximately the same for all recycling ratios from 50 to
100%. Therefore, optimum recycling ratio is taken as 50%
[5]. Figure 1a shows that with the 50% recycling rate, the
average annual emission impact of Tirkiye’s cement
production reduces from the BAU value of 0.06 to 0.04
ton.COz/ton.prod. using the combined CO:z utilization and
recycling. For carbon price, a reduction from 1.52
Euro/ton.prod. to 1.16 Euro/ton.prod. is obtained according
to Figure 1b. This is equivalent to an impact reduction of
33.33% and 23.68% respectively. For aluminium, Figure 2a
shows that the impact reduces from the BAU value of 7.90 to
6.00 ton.COz2/ton.prod. For carbon price, a reduction from
205.39 Euro/ton.prod. to 156.08 Euro/ton.prod. is obtained
according to Figure 2b. This is equivalent to an impact
reduction of 24.05% and 24.01% respectively. Compared
with Adetayo and Kursun (2024),a 25.00 and 27.00% impact
reduction was obtained from the steel and agricultural
sector respectively. In line with these, the results from this
study also give substantial impact reduction for all the
sectors investigated.

Moreover, Figure 1 and 2 shows that aluminium production
constitutes much more emission and CP impact compared
with cement production. The result implies that given an
equal production capacity of the two materials, Tiirkiye's
aluminium sector should be of major focus and prioritized
for substantial impact reduction. It should however be noted
that the results are based on a "per tonne" functional unit,
and therefore not a function of the quantity of the product
produced. Thus, using the emission impact of 7.90 and 0.06
ton.COz/ton.prod. obtained from aluminium and cement
respectively, it implies that it will take quite a huge
production capacity of cement to reach the emission impact
of aluminium. Therefore, despite the local primary
aluminium production in Tiirkiye having limited capacity
and representing a small proportion of the country's primary
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aluminium consumption [14], it is a sector to look out for for
substantial emission reduction. All in all, given the
substantial impact reduction obtained from the two sectors,
it shows that the circularity approaches of framework
material recycling and CO:z utilization investigated are
effective and should be given due consideration in Tirkiye's
energy policy. If this is done, the negative impact of the GD
on Tiirkiye's economy will be substantially reduced. In
addition to that, Tiirkiye’s 2022 energy plan which is aimed
at the goal of energy transition and net zero emission will be
positively impacted and will be achieved more effectively.

Table 3. Emission impact comparison.
Clinker/Cement (ton.

L C02/ton.prod.)
This Study Clinker: 0.550
Clinker: 0.890
2007 (Cradle to Gate)
TS: Traditional scenario
linker: 0.
[18] 2013 (Eradlee too(?aiz]
AS: Alternative scenario
Cement: 0.529-0.864
2019 Based on TS and AS
[24] 2001 Cement: 0.500
[25] 2012 Cement: 0.790
[26] 2015 Cement: 0.450
2005 Cement: 0.330 (fuel
[26] combustion)
2012 Cement: 0.3?0 (fuel
combustion)
[27] Not specific Cement: 0.650-0.950*
[28] Not specific Cement: 0.800-0.900*

* Country not specified (All others are based on Tiirkiye).

Table 4. Annual emission impact

Year ton.COz/ton.cem.  ton.COz/ton.Al
2010 0.54 7.86
2011 0.57 8.09
2012 0.55 7.96
2013 0.53 7.58
2014 0.59 8.49
2015 0.53 7.64
2016 0.55 7.91
2017 0.57 8.09
2018 0.58 8.36
2019 0.52 7.52
2020 0.51 7.38

()
ton.CO2/ton.prod.(per annum)
0.06 0.06
0.05
0.04 0.04 0.04 0.04 0.04 0.04
0.04
0.03
0.02
0.01
0.00
R(0) R(0.5) R(0.6) R(0.7) R(0.8) R(0.9) R(1)
(b)
Euro/ton.prod.(per annum)
16 152
1.4
12 116 1.16 1.16 1.16 1.16 1.15
1.0
0.8
0.6
0.4
0.2
0.0
R(0) R(0.5) R(0.6) R(0.7) R(0.8) R(0.9) R(1)

Figure 1. a. Eission and b. carbon price impact of Tiirkiye’s
cement production

(@)
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Figure 2. a. Emission, and b. carbon price impact of Tiirkiye’s
aluminium production

CONCLUSIONS

Cement and aluminium are two of the emission intensive
sectors presently included in the EU’s Green Deal (GD). Based
on this, the present study has investigated the extent of
impact mitigation obtainable in Tiirkiye’s cement and
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aluminium sectors using the mitigation approaches of
recycling and COz2 utilization for the country’s wind, solar and
lignite energy sources. This will translate into mitigating the
impact of the GD on Tiirkiye’s energy sector and economy as
a whole. In this study, the calculations are based on historical
data from year 2010 to 2020 and has been analyzed using the
GWP. Based on the data used, the study shows that an impact
reduction of 33.33% and 23.68%, and 24.05% and 24.01% is
obtainable in Tiirkiye’s cement and aluminium production for
emission and carbon price respectively. What these imply is
that if Ttrkiye recycles its wind and solar energy framework
on reaching their end of life, and also utilizes the CO2
emissions associated with its lignite use for urea synthesis, an
emission impact reduction of 33.33% can be achieved in its
cement production compared with when no mitigation
approach is applied. Similarly, an emission impact reduction
of 23.68% can be achieved in its aluminium production.
Consequently, the payable carbon price on cement and
aluminium in case of export to the EU region with reduce by
24,05 % and 24.01% respectively. However, where the
challenge lies is in the low carbon benefit of utilizing the CO2
associated with lignite’s consumption in chemical synthesis.
For example, urea, despite being commerecially viable, mostly
ends up as emission in the atmosphere within a short period
of usage, most especially in the case of its use as fertilizer.
Therefore, studies on CO: utilization routes associated with
much higher carbon benefits are highly recommended.
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INTRODUCTION

ABSTRACT

The aim of this study was to assess the water quality of the Zarafshan River through a
comprehensive evaluation of its trophic state, nutrient loads, self-cleaning ability, and the
toxicity of nitrogen compounds for hydrobionts. This is the first study of its kind
conducted on the Zarafshan River. The trophic state was determined by nutrient content,
the self-cleaning ability was assessed using the nitrification index method, and the toxicity
of nitrogen compounds was evaluated using the aggregation index. Eutrophication was
observed at all studied river Gauging Stations (GS), primarily caused by high nitrate
nitrogen concentrations. The self-cleaning ability of the water was classified as “high” in
the lower reaches of the river and “medium” along its length. Major pollution sources were
identified as agricultural influence from Siab collector (GS-3) and industrial wastewater
from Navoiazot chemical factory (GS-8). It is recommended to intensify the monitoring of
total phosphorus at GS-3 and mineral nitrogen at GS-8, alongside implementing measures
to prevent anthropogenic pollution to mitigate nutrient contamination in the Zarafshan
River.

Cite this article as: Shoergashova S, Karimov E, Samiev L, Karimov B. Assessment of the
trophiclevel and self-cleaning ability of water polluted by nutrients in the Zarafshan River,
Uzbekistan. Environmental Research and Technology, 2026, 9(2), 226-234.

[4 -9]. The use of various mineral fertilizers in agriculture, the
increasingly important role of various chemicals in everyday

The problem of water pollution in the world is becoming
urgent. Scientific research on water quality and its
management is being carried out in the world. In this
direction, it is directly related to the achievement of several
Sustainable Development Goals (SDGs) set by the United
Nations to create a more just, sustainable and prosperous
world. In particular, water quality plays a key role in
achieving SDG 3: “Good health and well-being” and SDG 6:
“Clean water and sanitation” [1]. At the same time, the
continuation of the trend of degradation of water ecosystems
and reduction of resources in terms of quantity and quality is
considered as an urgent task to eliminate the risk of shortage
of fresh and clean water for all water consumers. Surface
waters are extremely susceptible to anthropogenic pollution
caused by urbanization, industrialization, and intensive land
use practices[2, 3]. Agriculture changes the natural soil cover
and increases the flow of organic compounds, nutrients, toxic
agrochemicals and other pollutants into aquatic ecosystems

life, and the often insufficiently treated municipal and
industrial wastewaters are discharged into rivers and sewers,
are intensively pollute water resources. Currently, most of the
mineral fertilizers used in the fields and the chemical poisons
used to protect the plants lead to surface and underground
water pollution. These impacts contribute significantly to the
process of water eutrophication, which is a critical global
concern [10]. The increase in agricultural land use, urban land
use, and wastewater discharge has a very adverse effect on
the trophic status of aquatic ecosystems and the quality of
surface waters [8, 11, 12]. Eutrophication, driven by the
enrichment of water bodies with nitrogen and phosphorus
compounds, accelerates the growth of algae and aquatic
plants, disrupting natural ecosystem processes. This
phenomenon is a widely recognized indicator of aquatic
ecosystem health, with water bodies classified into
oligotrophic, mesotrophic, and eutrophic states based on
their trophic status [13 - 16]. The eutrophication process of
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streams, rivers, lakes, reservoirs, and coastal areas is one of
the most critical consequences of anthropogenic activity [4].
During eutrophication, toxic cyanobacteria may bloom in
water bodies, and green macroalgae grow in coastal areas
[17,18]. These processes disrupt natural ecosystem functions
and significantly reduce the self-purification capacity of
water bodies, creating long-term challenges for water quality
management. The self-purification capacity of water bodies
also holds global significance. In many studies, it has been
reported that vegetation cover and physical-chemical
environmental factors enhance natural self-cleaning
processes. Most higher aquatic plants have algicidal
properties that inhibit the development of blue-green algae
that cause the blooming of water [19]. At the same time,
competition for nutrients between higher and lower plants
also plays a significant role. To better understand these
dynamics, key indices like the nitrification index and the
aggregation index are employed. The nitrification index
represents the percentage ratio of nitrified nitrogen
compounds (nitrite and nitrate) to the total nitrogen present
in a water body. It is calculated to assess the efficiency of the
nitrification process, which is essential for the transformation
of ammonia into less toxic nitrogen forms. The nitrification
index indirectly measures how well the ecosystem is cycling
nutrients, an essential part of natural self-purification.
Efficient nutrient transformation helps maintain ecological
balance. The aggregation index, on the other hand, is used to
measure the toxicity levels in water bodies. It reflects the
combined effects of various pollutants on the aquatic
ecosystem, particularly their influence on biological and
chemical interactions. A high aggregation index typically
indicates elevated levels of toxic substances, which can inhibit
self-cleaning processes by disrupting microbial communities
and nutrient cycling. In this respect, the ecological analysis of
changes trophic level and self-cleaning ability of water
polluted by nutrients are of great scientific and practical
importance.

The study area focuses on the Uzbek part of the Zarafshan
River in Central Asia. In Uzbekistan, along with the Amudarya
and Syrdarya the Zarafshan River is one of the main water
sources [20]. The Zarafshan River is used for various
purposes: industry, municipal water use, and agriculture. The
flow of the Zarafshan River is of great economic importance.
Tajikistan is developing the hydropower resources of the
rivers of the Zarafshan basin, the potential of which is more
than 20 billion kWh, and for Uzbekistan it is a source of
irrigation for 560 thousand hectares of fertile irrigated lands
in the Samarkand, Navoi and partially Jizzakh, Kashkadarya
and Bukhara regions [21].

As a result, it is polluted by the discharge and return waters
of several sources that require thorough monitoring. A review
of the literature on anthropogenic pollution in the Zarafshan
River reveals investigations into spatio-temporal trends of
nutrients, fluorine, heavy metal pollution, water
mineralization changes from 2002 to 2010 [22, 23] and 2000-
2016 [24]. Additionally, long-term water quality trends since
the 1960s and assessment of spatio-temporal trends
variations of water quality parameters in the Zarafshan River
were examined [7, 25]. Assessment of water quality and the
aquatic ecosystem’s state based on communities of diatoms
for the lower reaches of the Zarafshan River (2009-2015)
were studied [26]. However, the analysis of the existing data
on the pollution of the Zarafshan River have revealed the
absence of studies on the trophic level and self-cleaning
ability of water polluted by nutrients of the Zarafshan River.

The novelty of this research lies in being the first
comprehensive study to investigate these critical aspects,
filling a significant gap in the understanding of the river’s
ecological processes.

The research aimed to determine the trophic level and the
ability to self-purify the water of the Zarafshan River with
nutrients. The following objectives were set: to assess the
trophic status of waters based on the content of nutrients, to
determine the self-cleaning ability of water, and to assess the
toxicity of nitrogen compounds for hydrobionts.

MATERIALS AND METHODS

The Zarafshan River is a transboundary river, with its
upstream located in Tajikistan and its middle and
downstream sections passing through Uzbekistan. The
Zarafshan River originates in the Alai mountains in Tajikistan
as the Matcha River and later joins the Fondarya near Ayni. In
the northwest of Uzbekistan, it creates a unique oasis, in the
valley of which the city of Samarkand is located. It passes
through the arid territories of Kattakurgan and Navoi, turns
to the southwest of the country, carrying its waters through
the cities of Bukhara and Karakul. It is approximately 520 km
long with an average discharge of 131.6 m3/s (2010-2022)
[25, 27]. It is the lifeline for the culturally and economically
important Uzbek oases of the Silk Road - Samarkand and
Bukhara [22, 23, 28, 24]. The Zarafshan River is a
representative of glacier-snow-fed rivers. An increase in
water consumption is observed in April and generally
increases every month until July, when it passes the flood
period. The decline in runoff begins in August and continues
until February-March when it reaches its minimum [29]. The
study area was the Zarafshan River in Uzbekistan where
many territories in the arid climate zone are focused mainly
on agriculture, while industrial zones are located in adjacent
desert zones [30]. The study area is presented on Figure 1.

To assess the Zarafshan River’s trophic status, the state water
cadaster annual book “Annual data on the regime and
resources of land surface waters” [27] were used. The
following are 10 GSs (Gauging Stations) of the Uzhydromet
monitoring network along the Zarafshan River: 1)
Ravatkhodja Dam; 2) The city of Samarkand, 1.5 km above of
the Akdarya water division; 3) 0.5 km below the mouth of
Siab collector; 4) 3.7 km below the mouth of Taligulyan
collector; 5) 0.8 km downstream of Kattakurgan city; 6)
Karadarya near to the settlement of Khatirchi (Yangirabad),
near to confluence of the Karadarya and Akdarya rivers; 7)
The city of Navoi, 1 km above the wastewater discharge point
at the Navoiazot factory; 8) The city of Navoi, 0.8 km below
the wastewater discharge point at the Navoiazot factory; 9)
Above the city of Bukhara; 10) Below the city of Bukhara. The
used data were for 2010-2021 (annual averages). For 2020
and 2021, there were no data from the GS-9 and GS-10. All of
the investigated GSs are located in Uzbekistan. Uzhydromet
conducts monthly sampling and hydrochemical analysis of
indicators from each GS. The sampling process followed the
requirements outlined in ISO 5667-6:2014 [32].
Spectrophotometric methods were used to quantitatively
assess nitrogen compounds and phosphorus [33]. A UV-
Professional (UV755) spectrophotometer, with a wavelength
range of 190-1100nm, manufactured by YOKE instrument
(China) was used. Moreover, pH values were measured
instrumentally with a PHscan-30 ph-metr. The guidelines of
Galtsova and Dmitriev were used to assess the trophic state
of the water of the Zarafshan River [34, 35] (Table 1).
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Figure 1. Study area
Table 1. Criteria of trophic waters by the content of nutrients [36, 37]
Criteria Type of trophicity
mg/L Oligotrophy Mesotrophy Eutrophy
Nammonium 0,025'0,15 0,15'0,6 >0,60
Nhitrate 0,01-0,3 0,3'0,5 >0,5
Nhitrite 0,01-0,015 0,015-0,06 >0,06
Mineral N (Nmin) 0,05-0,35 0,35-0,95 >0,95
Total P (TP) 0,01-0,03 0,03-0,1 >0,1

Table 2. MAC of various forms of nitrogen in the water of reservoirs

Types of water use and limiting indicators of harmfulness are toxicological (tox.) and

Compound, mg/L

Household drinking and cultural water (macw)

sanitary-toxicological (san-tox.)

Water used for fishery (macr)

N-NH4/ NH4+ 2/2,6 (san-tox.)
N-NO2z2/ NOz 1/3,3 (san-tox.)
N-NOs3/ NOs- 10/45 (san-tox.)

0,39/0,5 (tox.)
0,02/0,08 (tox.)
8,89/40 (tox.)

The self-cleaning ability of water was assessed according to
the nitrification index (Initr) using the formula [38, 39, 35]:

N

Lyitr = 2. 100%, 1
Nonin

Where:

Initr — a nitrification index;

Nmin = mineral nitrogen concentration (N-NO3s + N-NO2z + N-

NH4), mg/L;

Nnos - nitrate nitrogen concentration, mg/L;

Nnoz - nitrite nitrogen concentration, mg/L;

Nnus — ammonium nitrogen concentration, mg/L.

The toxicity assessment of nitrogen compounds for
hydrobionts was conducted using an aggregation index (/aggr),
which is calculated by the ratio of concentrations of nitrogen
forms to their Maximum Admissible Concentration (MAC) for
fishery purposes [39, 40, 35]:

= ZL (2)

aggr MAC!

Where:

Iaggr — an aggregation index;

Ci - concentrations of various forms of nitrogen, mg/L;

MAC; - maximum admissible concentrations in water bodies

used for fishery (Table 2).

Table 2 shows the MAC for ammonium, nitrite, nitrate
nitrogen, and their ions in the waterbodies. The MAC varies
depending on the type of water use and the limiting indicator
of hazard (toxicological, sanitary-toxicological). In this
research, MACs for fishery use for nitrogen compounds were
used.
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RESULTS

The average long-term data of mineral nitrogen and
phosphorus showed noticeable increases in the
concentrations of these elements in GS-3 - for total
phosphorus (0.16 mg/L) and in GS-8 - for mineral nitrogen
(3.3 mg/L). However, in other cases, the content of total
phosphorus and nitrogen along the length of the Zarafshan
River practically did not change. Its values, excluding GS-3
and GS-8, ranged from 0.012-0.029 mg/L and 0.64-3 mg/L,
respectively (Figure 2).
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Figure 2. Average long-term dynamics of changes in mineral
nitrogen and phosphorus concentrations in the Zarafshan
Riverin 2010-2021

The concentration of ammonium nitrogen along the GSs from
the maximum value of 0.59 mg/L (GS-3) decreased by 12
times downstream of the river (GS-9 and GS-10). The
concentration of nitrite nitrogen, on the contrary, increased
by 11 times, and the concentration of nitrate nitrogen - by
seven times. The concentration of total phosphorus was the
highest in GS-3 and amounted to 0.277 mg/L. GS-3 has an
overall increased content of the studied nutrients compared
to the rest of the GSs. Moreover, according to calculations of

the ratio of Nmin and TP, it was found that in GS-3, N:P was the
smallest compared to the rest of the GSs. The values of the
ratios Nmin and TP had a wide range and varied from 7.3 to
698.3. The water of the Zarafshan River was identified as
slightly alkaline according to the hydrogen pH index. GSs 7-
10 show a decreasing pH trend towards a neutral
environment (Table 3).

During the determination of the trophicity type of the
Zarafshan River, it was found that according to the content of
total phosphorus, the water in all GSs was oligotrophic, except
for GS-3, where the water was eutrophied. According to the
nitrogen compounds (Nmin) content in the water, the river
belonged to the eutrophied type of trophic in all GSs, except
for GS-1, where the water was mesotrophic. According to the
ammonium nitrogen content in the water, the river belonged
to the oligotrophic type in all GSs, except for GS-2 and GS-3,
where the water was mesotrophic. Based on the nitrite
nitrogen content in the water, the river was determined to be
oligotrophicin all GSs, except for GS-3, GS-8, and GS-10, where
mesotrophy occurs. According to the nitrate nitrogen content
in the water, the river was determined to be eutrophied by all
the studied GSs (Figure 3).
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Figure 3. Long-term trophic state of the river by nitrate
nitrogen content in the water

Table 3. Average annual concentrations of nutrients and pH in the Zarafshan River (2019 y.)

Concentrations, mg/L (trophic status) The ratio of pH
GS No. .
Nnna Nnoz Nnos3 Nmin TP Nmin to TP min - max - average
1 0,11 0,005 0,59 0,71 0,009 788 7,81 -8,21
(oligotrophy) (oligotrophy) (eutrophy) (mesotrophy) (oligotrophy) ! 8
2 0,18 0,01 0,90 1,09 0,012 90,8 7,81 -8,21
(mesotrophy) (oligotrophy) (eutrophy) (eutrophy) (oligotrophy) ’ 8
3 0,59 0,051 1,38 2,02 0,277 73 7,21-8,21
(mesotrophy) (mesotrophy) (eutrophy) (eutrophy) (eutrophy) ! 8
4 0,13 0,008 1,00 1,14 0,015 76 7,62 - 8,21
(oligotrophy) (oligotrophy) (eutrophy) (eutrophy) (oligotrophy) 8
5 0,12 0,008 1,07 1,2 0,006 200 7,37 - 8,21
(oligotrophy) (oligotrophy) (eutrophy) (eutrophy) (oligotrophy) 8
6 0,12 0,008 0,95 1,2 0,008 150 7,81-8,21
(oligotrophy) (oligotrophy) (eutrophy) (eutrophy) (oligotrophy) 8,1
7 0,09 0,011 1,71 1,8 0,019 947 6,8-8,01
(oligotrophy) (oligotrophy) (eutrophy) (eutrophy) (oligotrophy) ’ 7,7
8 0,11 0,056 1,97 2,14 0,012 1783 6,9-8,17
(oligotrophy) (mesotrophy) (eutrophy) (eutrophy) (oligotrophy) ! 7,6
9 0,05 0,015 3,66 3,7 0,009 4111 6,75 -8,35
(oligotrophy) (mesotrophy) (eutrophy) (eutrophy) (oligotrophy) ’ 7,6
10 0,05 0,039 4,10 4,19 0,006 698.3 6,95 - 8,15
(oligotrophy) (mesotrophy) (eutrophy) (eutrophy) (oligotrophy) ! 7,6
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Figure 4. Long-term seasonal variations of trophic status in the river by nitrogen content

Seasonal variations of ammonium nitrogen concentrations
peaked in summer above the mesotrophic threshold but
below the MAC of 0.39 mg/L. Moreover, nitrite nitrogen
concentrations were highest in summer, frequently
exceeding the MAC to 1,2-7,25 times and in spring exceeding
the MAC to 1,05-4,75 times. In both seasons, trophic status
mostly was in a mesotrophic and eutrophic state. Nitrate
nitrogen exhibited elevated levels in summer and spring,
often surpassing the eutrophic threshold, indicating
significant nutrient enrichment and a risk of eutrophication
(Figure 4).

The nitrification index ranged from 68.3% to 98.9%. GSs 1, 2,
4, 5,and 6 indicated average self-cleaning ability, with values
of 83,1%, 82,6%, 87,7%, 89,1% and 79,1% respectively. A
high self-cleaning ability was observed in GSs 7, 8, 9, and 10.
In the lower reaches of the river, in GSs 7-10, the nitrification
index exceeds 92% (92%-98.9%). According to the results of
our research, the lowest self-cleaning ability was observed in
GS-3 - 68.3%. Calculations of the nitrification index revealed
a tendency to improve the ability to self-purify in the river's
lower reaches (Table 4).

Table 4. The self-cleaning ability of the Zarafshan River

Nitrification index, The self-cleaning

GS No. % ability
1 83,1 Medium
2 82,6 Medium
3 68,3 Low
4 87,7 Medium
5 89,1 Medium
6 79,1 Medium
7 95 High
8 92 High
9 98,9 High
10 97,8 High

According to our calculations, the aggregation index of the
Zarafshan River waters in 2019 was determined, with values
ranging from 0.60 to 4.22. The highest aggregation index was
found in GS-3, which was 4.22. There were also sharp
increases in this indicator in GS-8 (3.30) and GS-10 (2.54)
(Figure 5). In addition to calculating the aggregation index in
2019, an aggregation index was determined based on long-
term average data (2010-2021). In this case, there was also

an increase in the index in GS-3 (4.24) and GS-8 (4.67). The
values of the aggregation index varied in the range of 0.57-
4.67 (Figure 6).
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Figure 5. Aggregation index of Zarafshan River in 2019

Gauging Stations

Figure 6. Long-term aggregation index of Zarafshan River for
the period of 2010-2021

The dynamics of the change in the aggregation index
calculated based on long-term average data reflects the exact
pattern of the variability of the aggregation index, which was
calculated using data for only one year (Figure 5, 6).

DISCUSSION

To assess the water quality of the Zarafshan River, three
approaches were used: evaluating the trophic content of the
Zarafshan River water using criteria for nitrogenous
compounds and total phosphorus, determining self-cleaning
ability by the nitrification index, and calculating the
aggregation index while assessing the toxicity of nitrogen
compounds for hydrobionts.
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According to our results, it can be assumed that GS-3 is
intensively polluted by the influence of agriculture because it
receives discharge of return waters of the Siab collector. This
leads to an increase in nutrient levels, particularly nitrogen
and phosphorus, in the river. The use of fertilizers further
increases nutrients in the river. In contrast, in GS-8, mineral
nitrogen increased under the influence of industrial effluents
from the Navoiazot chemical factory which produces mineral
fertilizers, chemical reagents, and other low-tonnage
chemical products.

Our findings align with those of other researchers, confirming
that the load of nitrogen (N) and phosphorus (P) is noticeably
increasing in water bodies due to intensive agricultural
activity and industry [41]. The ratio of concentrations of
nutrients in the environment influences the taxonomic and
dimensional structure of the phytoplankton community. The
value of the N:P ratio is considered a significant factor for the
structure of algocenosis. The lowest ratio of Nmin and TP was
observed in GS-3, indicating nitrogen limitation, which may
favor the growth of nitrogen-fixing cyanobacteria (blue-green
algae), potentially leading to harmful algal blooms. [42]. In
contrast, most of the other ratios were relatively high,
suggesting phosphorus limitation. In these cases, phosphorus
is likely the limiting nutrient for algal growth, potentially
controlling the risk of eutrophication. This condition can also
be associated with the accumulation of organic matter due to
the decay of blue-green algae and runoff from agricultural
land [43].

In most cases, the overall assessment of the type of trophicity
by nutrients indicates eutrophy in GS-3. It may be due to the
influence of agriculture from Siab collector. The return waters
from agriculture entered the river, resulting in the highest
mineral nitrogen and phosphorus concentration in this GS,
leading to eutrophication and algal blooming. The trophic
status of the tributary responds exceptionally well to changes
in anthropogenic activity at the small-scale boundaries of the
catchment area and also accelerates the development of the
trophic status of the river [4, 44].

Our findings showed that nitrogen compounds
concentrations were elevated during summer and spring
seasons. Seasonal changes significantly influence nitrogen
contentand trophic status due to varying agricultural activity.
During the irrigation season, increased agricultural runoff
raises nitrogen concentrations, accelerating eutrophication.
Conversely, in non-irrigation periods, nitrogen input
decreases, reducing nutrient loads in the river [45, 46].

The study results indicate a weak self-cleaning ability of the
water from nitrite nitrogen and a good self-cleaning ability of
water from ammonium nitrogen in the river’s lower reaches.
The lowest self-cleaning ability was observed in GS-3, likely
due to the high nutrient load originating from agricultural
return waters. Excessive nutrient input, especially from
fertilizers, disrupts natural processes, overwhelming the
river's capacity to purify itself effectively. In contrast, the
ability to self-purify improved towards the lower reaches of
the river, which can be attributed to the increased density of
algae species that play a significant role in nutrient uptake
and biological filtration. However, the self-cleaning processes
are periodically disrupted by recurrent anthropogenic
factors, such as agricultural runoff, industrial discharges, and
untreated wastewater entering the river system [47]. These
external pressures not only increase nutrient concentrations
but also reduce dissolved oxygen levels, further impairing
natural purification processes. Additionally, seasonal
variations in water flow, temperature, and biological activity
can influence self-purification rates, often intensifying the

disruption during periods of peak agricultural activity or low
water discharge. Long-term exposure to elevated nitrogen
and phosphorus levels may alter the composition of algal
communities, reducing their efficiency in nutrient
assimilation and self-cleaning. This highlights the need for
stricter management of pollutant inputs and enhanced
monitoring efforts to maintain the river's self-purification
potential.

The highest aggregation index of the waters of the Zarafshan
River was observed in GS-3 and GS-8; therefore, the high
toxicity of the water for hydrobionts may reach dangerous
levels in these GSs [35]. According to the average long-term
data, it is possible to distinguish GS-3 and GS-8, in which the
river was loaded with nutrients, since there is an increase in
total phosphorus and mineral nitrogen concentration,
respectively. Despite the fact that GS-8 showed a high toxicity
level for hydrobionts, it had a high self-cleaning ability and a
high ratio of Nmin to TP. This suggests that agricultural
activities influencing GS-3 have a greater overall impact on
nutrient pollution compared to industrial activities, as GS-3
was revealed to be the most sensitive section of the river
based on the assessed parameters.

For future studies, it will be advisable to calculate the trophic
state index applying logarithmic transformation using the
values of chlorophyll-a concentrations, Secchi disk depth,
total phosphorus, and nitrogen concentrations [16, 48, 49].
Additionally, creating a GIS map of land use, fertilizer usage,
and potential nutrient load pathways into the river will
provide valuable insights [14, 50, 51].

CONCLUSION

As a result of the conducted research, it was discovered that
the main drivers of nutrient pollution are agricultural and
industrial activities. Furthermore, the section of the river 0.5
km below the mouth of Siab collector (GS-3) is considered as
the most vulnerable throughout the river since the worst
water quality indicators were identified here:

e The highest level of eutrophication of water in terms of
the content of total phosphorus, mineral forms of
nitrogen, and nitrate nitrogen;

o Lowest self-cleaning capacity;

e Formation of blue-green algae due to the low ratio of
mineral nitrogen to total phosphorus;

e Elevated toxicity of water for hydrobionts.

It is established that the Zarafshan River is characterized by a
medium self-cleaning ability along its length. In all GSs, the
river is eutrophied according to the pollution level with
nitrate nitrogen. It was identified that within the area of the
Samarkand province (GS-3), the river had a significant
phosphorus load for more than 10 years. After the Navoiazot
factory (GS-8) was discharged, it was also highly polluted
with mineral nitrogen. The load of nutrients occurs under the
influence of agriculture and industry by discharging poorly
treated wastewater into the Zarafshan River. Therefore, it is
important to improve the technology for treating polluted
industrial wastewater, enforce stricter effluent standards at
the Navoiazot chemical factory, to control the use of fertilizers
in agriculture and enhance public awareness campaigns to
reduce nutrient pollution in the river.

This study provides a comprehensive assessment of the
Zarafshan River’s trophic status and self-cleaning ability,
highlighting the urgent need for effective nutrient pollution
management and improved monitoring efforts. By evaluating
the river’s trophic level and self-purification potential, the
study identifies critical gaps in its capacity to recover from
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nutrient pollution. The methods and insights presented can
be applied to other river systems facing similar challenges.
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INTRODUCTION

ABSTRACT

The importance of tourism and cultural values for countries, regions, or areas is increasing
day by day. Cultural tourism includes many activities with a wide scope. Transportation,
on the other hand, is a factor that directs tourists' choices in terms of tourism, providing
access to the areas they have visited or will visit. The research aims to reveal the factors
affecting the relationship between cultural tourism and transportation. For this purpose,
the focus is on cultural tourism and transportation research in the WoS database. The
bibliometric analysis method was used in the application. Important inferences were
obtained by evaluating 433 studies in the literature. As a result of the analysis, authors
who have conducted intensive research on the subject, publication production amounts,
efficiencies, organizations, citations, highlighted keywords, changes over time, trends, co-
occurrence networks, thematic maps, and thematic developments are included. In their
research, the authors frequently emphasized the words tourism, sustainable tourism,
development, transportation, China, cultural tourism, rural tourism, sustainable
development, accessibility, and sustainable. The results reveal that sustainability and
accessibility are effective factors in cultural tourism and transportation. The study shows
that in the network of relationships, tourism, heritage, accessibility, transport, cultural
tourism, management, and cultural heritage have strong connections. The findings
indicate that in the relationship between cultural tourism and transportation,
accessibility, management mechanisms, and cultural heritage values are highly influential.
Regarding centrality and density, rural tourism, tourism development, sustainable and
ecological tourism, Mexico, rural development, colonialism, competitiveness, Istanbul, and
renewable energy demonstrate strong relationships. These results show that rural
development, competitiveness, and colonialism play a significant role in the relationship
between cultural tourism and transportation. Regarding Tiirkiye, Istanbul's central and
dense network of relationships has been influenced by its accessible location and tourism
potential. The results provide a unique and different perspective on the literature.

Cite this article as: Durmus I. The relationship between cultural tourism and
transportation: A global perspective. Environmental Research and Technology, 2026, 9
(2), 235-249.

addition to factors such as advertising, promotion,
presentation style, and appeal of cultural values, the width of

Culture has direct effects on tourism. Culture has reached an
important position in tourist travel. In this respect, the impact
of culture on tourism is increasing day by day [1]. Many actors
are effective in the development of an area in terms of cultural
tourism, infrastructure suitability, public management,
information levels, marketing, advertising, cultural tourism
economy, tourist activities, space, and time [2]. These actors
contribute to the effectiveness and continuity of cultural
tourism in any region (area). Just because an area has cultural
characteristics is not sufficient for the development of
cultural tourism. One of the factors that are effective in
ensuring development is transportation opportunities. In

the transportation network should also be taken into account
to maintain the vitality and continuity of tourism. In recent
years, transportation activities as well as cultural tourism
have been effective in the development of countries, regions,
cities or rural areas. The research aims to clarify the
relationship between cultural tourism and transportation
with the help of literature. Cultural tourism and
transportation have close relationships with many
environmental actors. Especially in the global environment,
the scope of cultural values and transportation networks
influences individuals' tourism activities.
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The development of tourism involves increasingly complex
economic, social and environmental challenges [3]. In this
respect, determining tourism trends and examining global
problems related to all types of tourism is important in
increasing regional and international cooperation [4]. The
development of the tourism sector contributes to the revival
of the economy, especially in touristic regions, increasing
income and reducing unemployment with new job areas [5].
Correctly transferring the cultural riches created by tourism
and making them interesting for local or foreign tourists is an
important condition for long-term gains. In addition to
economic formations, there are many social, technological
and environmental actors in cultural tourism activities.

Sustainable development of tourism depends on
transportation and tourism coordination. Government
policies, transportation infrastructures, demands and

participation of the local community are effective in this
coordination [6]. The development of transportation
infrastructure facilitates the mobility of individuals. This
contributes to the tourism sector and economic development
[7]- In this respect, well-designed transportation and road
networks have a key role in the efficiency of transportation
systems [8]. Today, investments in transportation
infrastructures allow tourists to travel from one area to
another safely, comfortably and quickly. Minimizing costs in
transportation helps more tourists travel in cultural tourism
activities. This has led to greater investment in rail and
maritime transport in many countries, regions or cities. In
addition, arrangements have been made for ease of access in
transportation networks in order to fully ensure cost
minimization.

There are very few studies on the relationship between
transportation and tourism that reveal the effects of
transportation. Social, economic and spatial inequalities are
very important for tourism. In this context, tourism and
transportation have rarely been systematically examined in
research [9]. Taking into account this gap in the literature and
especially the research carried out in recent years, activities
related to both transportation and cultural tourism have been
researched from a holistic perspective. Increasing the visits of
local and foreign tourists in cultural tourism activities is
possible with the systematic functioning of transportation
facilities. New perspectives can be gained to the literature
through the relationship between cultural tourism and
transportation.

In previous studies, no research has been found that
examines the relationship between cultural tourism and
transportation through a review of the literature. In this
context, the aim was to fill an important gap in the literature.
Analyzing the companies operating in the transportation and
cultural tourism sectors, tourists, and regions (such as cities
or countries) from a thematic or geographical perspective
could provide unique contributions to the literature.
Methodologically, there is a need to increase the number of
studies conducted on this topic in the international literature.
It is hoped that the research results will contribute to
addressing this need.

Technological advancements and changes have led to
significant transformations in the needs and expectations of
societies. This has impacted both transportation and cultural
tourism in various ways. Time has become an important
resource in terms of transportation and tourism activities. In
this regard, the need to make the best use of time has
necessitated ensuring easy access to cultural tourism and
transportation activities and creating a happy and safe
environment from a cultural perspective. The research

highlights that cultural tourism and transportation are
inseparable concepts in the literature. In this context, within
the scope of the research objectives, the study includes
authors who have conducted extensive research on the topic,
the publication output of the authors, their productivity, the
most effective organizations, author citations, emphasized
keywords, changes in concepts over time, trends, co-
occurrence networks explaining the relationships between
words, thematic maps, and thematic developments. From this
perspective, the research results will discuss the problems or
solutions that authors frequently highlight in studies
conducted in the field of cultural tourism and transportation.
The relationship strength of the concepts that authors most
frequently emphasize will be revealed. Ultimately, the
concepts deemed important in cultural tourism and
transportation will provide unique contributions to the
literature.

LITERATURE REVIEW
Culture Tourism

Culture tourism; It is a type of tourism that is expressed as
places where tourists systematically visit cultural values in
order to experience what they see outside the places where
they live. Cultural tourism has four subtypes: cultural
ecotourism, indigenous cultural tourism, eco-cultural
tourism and socio-cultural tourism [10]. In addition to the
fields of art, music and history, cultural tourism is also
evaluated within the scope of religion, gastronomy, industrial
heritage, events, festivals and architectural features [11]. In
this respect, cultural tourism; It can be evaluated within the
scope of study tours, cultural trips, performing arts, festivals,
cultural travel, visits to monuments and sites, travels to
examine folklore, art and nature [12]. In this respect, the
scope of cultural tourism is quite wide. Bringing the cultural
values of societies into tourism allows tourists to have good
experiences.

In cultural tourism, there is the destruction of natural areas.
For example, air pollution is a reason for this situation. The
destruction of culture has spiritual and emotional
consequences. This situation can also be caused by the
destruction of social values and corruption in terms of history
and consciousness [13]. Similarly, factors such as the
decrease in resources, deterioration in quality, sustainable
tourism understanding, the spread of tourism throughout the
year, tourists' boredom with the classical tourism concept,
different expectations, excitement and holidays have
supported the formation of an alternative tourism concept
[14]. In this respect, the development of cultural tourism has
changed day by day depending on the expectations of tourists
and relevant stakeholders. Thanks to technological advances,
artificial intelligence applications, virtual reality and
digitalization used in tourism have further increased the
effectiveness of cultural tourism.

Countries with tourism resources have not had the
opportunity to develop different types of tourism at a
competitive level [15]. In terms of cultural tourism, cultural
resources were evaluated in two parts in terms of static
attractiveness and effectiveness. Sources with static appeal
include monuments, theme parks, museums, architectural-
artistic works, and sculptures. It has been observed that the
activities include cultural-historical events, dance, music,
theatre, language-literature, and festivals-artistic activities
[16]. Famous historical figures, legends, myths, historical
stories, and folklore were among the most effective cultural
resources that could attract the attention of tourists. It has
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been stated that other cultural resources include castles,
fortresses, and urban features [17]. It has been understood
that cultural tourism has many individual, spatial, and social
features. In this respect, cultural tourism is formed with the
systematic features of multifaceted activities.

The increase in the number of cities day by day makes cultural
tourism the driving force of economic growth [18]. Taking
advantage of the growing market of cultural tourism should
be systematic and strategic [19]. Increasing the tourism
potential of cities is directly proportional to their economic
development and transportation facilities. Investments in
tourism contribute to increasing the number of domestic and
foreign tourists. This makes the existence of cultural tourism
more functional. Gong et al. [20] stated that people's living
standards and disposable incomes are high in cities with high
GDP. They emphasized that this situation contributes more to
the development of tourism.

Sustainability in Cultural Tourism

Tourism is one of the fastest-growing and developing
industries worldwide. One of the most important components
of this industry is cultural tourism. Cultural tourism activities
generate discussions about sustainable tourism [53]. With
the development of tourism, concerns about the degradation
of the ecological and socio-cultural environment have led to
the establishment of a globally inclusive sustainability
framework [33]. In terms of cultural tourism, ensuring
sustainability requires the protection of cultural gains and
values. Ensuring sustainability is a social responsibility, both
in terms of environmental factors and for preserving the past
and transferring it to the future in a proper manner.

In the literature, Loulanski and Loulanski [51] stated that
cultural heritage is valuable in terms of cultural tourism, and
its sustainability from cultural, environmental, social, and
economic perspectives must be ensured, wisely used, and
preserved. Durovic and Lovrentjev [33] linked environmental
sustainability in cultural tourism to activities such as
environmental protection, infrastructure and water
management, ecosystem preservation, and pollution
prevention. Li et al. [52] expressed that places with cultural
tourism could design organizations that promote education
and participation to preserve and manage environmental
sustainability. Aydin and Alvarez [54] emphasized the
importance of sustainable initiatives in tourism that possess
attractive, unique, and well-organized environmental
characteristics in terms of cultural tourism.

Transportation

The transportation infrastructure has a structure that focuses
on meeting the needs and requirements of each individual at
the highestlevel and encourages the creation of new products
for tourism [7]. In this respect, transportation is very valuable
for cultural tourism. Transport and transportation facilities
constitute an important component of tourism [21]. Many
tourists in the world prefer tourism, the sea, mountains, and
interesting country adventures in different countries [22].
Transportation facilities are an effective factor in these
choices. Transportation becomes even more important,
especially for tourists who have limited time and want to visit
many places. Transportation is provided by different vehicles
or facilities all over the world. In terms of cultural tourism,
transportation has many commercial, socio-cultural,
economic, political, legal, and educational impacts. While
transportation contributes to the development of countries
and regions in terms of tourism revenues, it also helps to

develop tourism and increase the qualifications of those
operating in this sector.

Information-communication  technologies, which can
eliminate distance and time limit barriers in terms of tourism
culture, reveal the importance of physical location and
socialization factors to achieve economic breakthroughs and
success. Cities and regions compete for foreign investments
in cultural tourism. Various cultural opportunities, lifestyles,
and quality of life are effective factors for success [23].
Although technological advances change rapidly, the
importance of transportation in cultural tourism is increasing
day by day. People want to physically see, experience, and feel
many tourist areas or values. This situation requires adequate
transportation facilities as well as cultural values. A
developed transportation network creates an advantage in
the formation of foreign investments.

Investments in the transportation infrastructure of countries
make serious contributions to the continuity of cultural
tourism. In addition to the promotion of cultural areas, the
developed transportation infrastructure increases the
number of visitors. Jiang et al. [24] emphasized that tourism
in China has developed rapidly since 2000 and that
investments in infrastructure, especially transportation, have
increased. They also stated that with the increase in
transportation infrastructure, the number of tourists and the
country's attractions are constantly increasing. Nag and
Sarkar [25] stated that Bishnupur city of India has road
connections, but there is no railway, water, and air
transportation around it. They emphasized that this situation
negatively affects the tourism of the region and that there is
very little information about the cultural heritage of the city.

Developed land, sea, air, and railway transportation networks
of areas with cultural tourism opportunities can contribute to
the development of sustainable cultural tourism. This
situation brings with it many opportunities such as
employment, economic income, and local or regional
development. The research emphasizes the importance of
cultural tourism and transportation networks as they
complement and support each other. The fact that countries
have cultural values is not enough in terms of tourism
activities. Bringing these values into cultural tourism through
transportation activities will lead to long-term material and
moral gains. Creating cultural tourism and transportation
opportunities will help develop strong policies for the future.

Transportation's Role in Accessibility

Transportation connects individuals, goods, and services to
various destinations. In this regard, tourism is entirely
related to travel and plays a vital role in the accessibility of
transportation [59]. Accessibility is defined as the ease of
reaching a particular area through a specific transportation
system. The services provided in transportation have the
potential to interact with accessibility [55]. Transportation
systems provide essential services, particularly for cities [58].
In this context, regions with accessible transportation options
contribute to the vitality of cultural tourism.

In terms of cultural tourism, accessibility, and transportation
impact tourists' satisfaction levels. This situation serves many
areas from cultural, social, and economic perspectives. In the
literature, Antipova et al. [56] stated that accessibility in
transportation systems can determine the connections and
accessibility between regions across a country. Miller [57]
mentioned that in terms of accessibility, transportation
policies are related to travel times and can vary according to
demand and supply. Jamei et al. [60] emphasized that the
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safety and quality of transportation services for individuals'
activities affect the use of the transportation system.

Relationship between Sustainability, Accessibility, and
Rural Tourism

Ensuring sustainability in rural tourism contributes to tourist
loyalty and satisfaction. In rural tourism, attention must be
paid to all aspects of the community, as well as environmental
and economic interactions [63]. From this perspective, rural
tourism is an economic activity that promotes local
development. In the areas of rural tourism, activities such as
sports, adventure, hunting, hiking, climbing, health tourism,
arts, educational travel, and heritage are involved [62]. In
rural tourism, databases providing information about
accessibility, accommodation, promotion, and other services
can be developed to support tourism. This is highly effective
in ensuring sustainability [65]. The contribution of
accessibility to sustainability can enable strategic initiatives
to be implemented in rural tourism activities.

Tomej and Liburd [61] emphasized that in regions with
intensive tourism activities, a developed transportation
network can lead to more tourist visits, generating positive
social and economic outcomes. Ivona [62] stated that
sustainable rural tourism, characterized by a balanced
relationship with nature, a focus on humans, and the
promotion of an ecological lifestyle, can yield satisfactory
results through the best practices. Fons et al. [64] highlighted
that the lack of road and internet access in rural tourism areas
is a factor that limits development opportunities in terms of
tourism.

Research conducted in the literature generally shows many
concepts related to cultural tourism and transportation. The
study will reveal the relationship between cultural tourism
and transportation, focusing on the concepts that are
particularly emphasized in various studies. This will help
highlight the gaps, common perceptions, relational outcomes,
current themes, and conceptual outcomes that can be
suggested for future research in the relationship between
cultural tourism and transportation. Based on the research
findings, studies conducted in the fields of transportation and
cultural tourism will be expressed from a holistic perspective.

MATERIALS AND METHOD

The research focuses on cultural tourism and transportation
studies with the help of the Web of Science (WoS) database.
No language restrictions were applied in the research
analysis. All types of publications (such as articles, books, and
conference papers) were included in the study. No category
restrictions were applied in the research. No regional or
geographical area restrictions were applied in the research.

R is a program that can be used in areas that may change
constantly, such as bibliometric analysis. The flexibility and
high speed of the R program help integrate other statistical
applications with R packages [26]. Since bibliometric is
software written with R packages, it has features that can be
examined, changed, and improved by employees. In this
respect, bibliometric analyses can be used in very broad and
general data analyses [27]. Bibliometric analyses include
performance analyses and scientific mapping applications. In
this respect, the structure of a field can be summarized by
analyzing the social and structural relationships between
different research components such as authors, countries,
subjects, and institutions [28]. Additionally, relationships
between units can be revealed by using scientific maps in

bibliometric analyses. These relationships are represented as
graphs or networks (different bibliometric networks) [29]. R
Studio and bibliometric analysis methods were used in the
application. The research aimed to clarify the relationship
between cultural tourism and transportation by using both
performance analysis and scientific mapping methods. The
research consists of research included in the WoS database on
27.01.2024 wunder the title "Cultural tourism and
transportation”. There was no language or regional limitation
in the research. In terms of the research sample, it was
observed that there were a total of 433 publications in WoS
on the subject of cultural tourism and transportation. The
analysis results were evaluated based on these publications.
The research framework is presented in Figure 1.

| Cultural tourism and transport literature |
] ¥
! | Method, Wos, Bibtex, R, Biblioshiny |
]

B |—+
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]
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Figure 1. Cultural tourism and transport framework

The main reason for choosing the bibliometric analysis
method in the research is the lack of any bibliometric studies
explaining the relationship between cultural tourism and
transportation. Additionally, the ease of access to up-to-date
information through bibliometric analyses is another factor.
The popularity of the analysis program in recent years and its
ability to provide scientists with a wealth of information also
made it a preferred choice. Data on the studies conducted in
the literature on the topic were accessed automatically via a
Bibtex file. In this regard, the research dataset was obtained
from the WoS database using a Bibtex file. The analysis was
performed using the R program with the biblioshiny
application. The wide data pool of the R program was utilized.
It has been emphasized in the literature that the R package
program is highly flexible in integrating bibliometric analyses
[26]. Moreover, it is noted that bibliometric analyses are
continuously developing with the R program. Scientifically,
the bibliometric analysis method has been highlighted as
highly reliable [66]. It has been observed that the analysis
results in the research produced valid outcomes. The Bibtex
file downloaded from WoS provided valid results in the
bibliometric analysis document. The research results showed
that keywords and co-occurrence networks generally
produced reliable outcomes. Based on the research findings,
this study serves as an example for future research to conduct
similar studies.

RESULTS

As a result of the analysis, general literature information
regarding 'cultural tourism and transportation' research is
included. The annual scientific publication production
amount is expressed. The relationship between source,
author, and keyword is revealed. Author productivity over
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time is included. The most relevant organizations researching
the subject are indicated. The country addresses of the
corresponding authors are set forth. The most cited sources
globally are explained. Authors' co-citation networks are
shown. The most relevant words on the subject are
expressed. The keywords that the authors emphasized most
in their research are explained. The changes in the keywords
emphasized by the authors over time are revealed.
Highlighted keywords are shown when they are trending. Co-
occurrence networks of keywords highlighted by the authors
are indicated. Keywords highlighted in the thematic maps,
especially in the motor themes section, are explained. Finally,
information on the thematic development of the highlighted
keywords is included.

In the research, studies revealing the relationship between
cultural tourism and transportation are included. In this
respect, information such as the number of research on the
subject in the literature, authors, research years, annual
growth rates, publication sources, documents, number of
authors, references used, citations, and annual growth rates
are included.

Table 1 shows that cultural tourism and transportation
research was carried out between 1996-2024. In the analysis,
it was understood that there were 433 documents in 315
sources regarding the subject. The annual growth rate of
cultural tourism and transportation research was 5.92%.
There are a total of 1115 authors who researched the subject,
and the number of single-author studies was 97. The
international co-author rate is 16.4%, with an average author
rate of 2.83 per publication. In cultural tourism and
transportation research, the authors used 1664 keywords
and benefited from 17711 references. The average year of
research was 6.55 and the average number of citations for
each research was 9,319. Research on cultural tourism and
transportation outcomes has shown that it can be developed
over the years. It has been observed that many authors have
conducted research on this topic at both national and
international levels. It is anticipated that more research could
be conducted on this subject in the future, regarding annual

documents and citation rates per publication. Figure 2 below
shows the annual scientific productivity of research
conducted on cultural tourism and transportation.

In Figure 2, the productivity of cultural tourism and
transportation research has been calculated by the authors
over the years. It has been observed that research on the
subject reached its maximum level in 2023. There has been a
generally linear increase over the years, especially after 2008.
Although a decrease was observed in 2018, research rates
have continuously increased in the following years. Since the
research analysis was carried out in January 2024, it is
estimated that the research rates may be higher at the end of
2024. In the research, interaction with the sources published
by the authors who researched cultural tourism and
transportation, the authors, and the keywords they used in
their research were included. The overall increase in cultural
tourism and transportation research over the years suggests
that more studies could be conducted.

Figure 3 shows the sources where the authors published; they
are listed as Journal of Mountain Science, Sustainability,
Journal of Hospitality and Tourism Management, Land,
Journal of Asian Architecture and Building Engineering, and
International Journal of Environmental Research and Public.
The authors who researched the subject are Wang Y., DuanY,,
Li Y, Lin HH,, Liu Z., Chen X, Pagliara F., Zhang Y., Meng Q,
Zhang H., Zhao Y., Dawson. ], Huang Y., Kang |, Li ], Li X,
Zhang ]., and Ali L. It was seen that the keywords that the
authors used extensively in their research were cultural
tourism, tourism industry, China, gis, transportation, rural
tourism, sustainability, and tourism development. Figure 3
shows which keywords the authors generally use in cultural
tourism and transportation research and the sources from
which they publish. For example, it is understood that the
keyword transportation is frequently used in the Ali L.
sustainability resource. It has been observed that the journals
that have published extensively on the relationship between
cultural tourism and transportation are Sustainability and
Land. The authors in the figure have generally emphasized
the concepts of cultural tourism and the tourism industry.

Table 1. General literature information on cultural tourism and transportation

Main Information

Timespan Sources Documents Annual growth Authors Authors of single-
rate aothored

1996:2024 315 433 5.92% 1115 97
International co- Co-authorsh Author’s References Document Average citations

authorship per doc keywords average age per doc

16.4% 2.83 1664 17711 6.55 9.319
Annual Scientific Production
/\

Figure 2. Annual scientific production amount of cultural tourism and transportation
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Figure 4. Productivity of writers on cultural tourism and transportation over time

In Figure 4, the authors who conducted intensive research on
cultural tourism and transportation and their productivity by
year are examined. The analysis program showed that there
were authors who conducted intensive research in 2013 and
beyond. As a result of the analysis, Li Y. in 2021-2023, Lin HH.
in 2021-2022, Liu Z. in 2014-2021, Wang Y. and Zhang H. in
2013-2023. It has been understood that they were quite
productive in the 1960s. Additionally, Zhang Y. in 2021-2024,
Zhao Y. in 2020-2021, Chen X. in 2018-2023, Dawson ]J. in
2017-2022, and Duan Y. It has been observed that they
carried out intensive research in 2021-2023. The analysis
reveals that the authors who have conducted the longest
research on cultural tourism and transportation are Wang Y.
and Zhang H.

Figure 5 shows the most relevant organizations conducting
cultural tourism and transportation research. As a result of
the analysis, it was understood that the most relevant
organization was the 'Institute of Geographic Sciences and
Natural Resources Research (Chinese Academy of Sciences)'.
It was seen that they were listed as Univ Florida, Univ
Complutense Madrid, Univ Teknol Mara, Beijing Normal Univ,
Hong Kong Polytech Univ, Univ Sains Malaysia, Beijing Union
Univ, Lakehead Univ, and Univ Naples Federico II. The
analysis results revealed that universities are carrying out
intensive work on cultural tourism and transportation.

Figure 6 shows the country addresses of the authors who
conducted intensive research on cultural tourism and
transportation. In the analysis, single-country publications of
the corresponding authors were revealed with SCP and multi-
country publications with MCP. As a result of the analysis, it

was understood that, in terms of the corresponding authors,
Chinese authors mostly conducted research on cultural
tourism and transportation. Additionally, it has been
observed that authors from the USA, Turkey, Italy, Indonesia,
Mexico, Spain, Russia, Korea, Poland, Australia, Brazil, India,
Malaysia, Canada, Iran, Portugal, Romania and France have
carried out very intensive research on the subject. In terms of
single-country publications, it was seen in the research that
authors from Turkey, Russia, and Portugal carried out
intensive research. Other country writers generally produced
multi-country publications.

Figure 7 shows the most cited global sources on cultural
tourism and transportation. As a result of the analysis, it was
understood that the publication 'Quan S. 2004, Tourism
Management' was among the most cited sources. Continuing,
'Zeng Z. 2020, Tourism Geographies', 'Tang Z. 2014,
Ecological Indicators', 'Dawson ], 2018, ARCTIC Journal’,
'Funk DC. 2007, Tourism Management', 'Rajesh R, 2013,
PASOS Collections'’, 'Rowen 1., 2016, Annals of the American
Association of Geographers', 'Mcdowall S., 2010, Asia Pacific
Journal of Tourism Research’, 'Chang IC., 2016, Telematics
and Informatics' and ' Rodriguez-Hidalgo A., 2017, Journal of
Human Evolution authors, publication years and places of
publication are included. The results have generally shown
that tourism journals publishing on the topic receive a high
number of citations. This indicates that transportation
journals need to be more active. This could be due to the
limited number of transportation journals. There is a need for
more journals publishing in the field of transportation.
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Figure 7. Globally most cited sources on cultural tourism and transportation

Figure 8 shows co-citation networks in the authors' research
on cultural tourism and transportation. In the literature,
research on the subject has included citation formation
networks. As a result of the analysis, Dwyer L. 2003, Crouch
GI. 1999, Ritchie J. 2003, Buhalis D. 2000, Hassan S. 2000,
Porter ME. 1990, Crouch G.I. 2011 was seen to constitute
some of these networks. In analysis Hair J. 2010, Fornell C.
1981, Hu LT. 1999, Podsakoff PM. 2003, Stylidis D. 2014, and
Mcgehee N. 2004 studies also found that they have strong
common networks. In research, Murphy P. 2000, Baloglu S.
1999, Kim H. 2003, Chen CF. 2007, Gartner W. 1993,
Crompton J. 1979 and many other relevant authors have been
observed to have a common citation network on cultural
tourism and transportation.

Figure 9 lists the keywords frequently used by authors on
cultural tourism and transportation. The analysis result
showed that the word tourism was emphasized the most in
the literature. Other words emphasized by the authors: Are
listed as sustainable tourism, development, transportation,
China, cultural tourism, rural tourism, sustainable
development, accessibility, and sustainable. The results
showed that sustainable tourism, rural tourism, and
accessibility are important as well as sustainability in cultural
tourism and transportation research.
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Figure 9. Words most related to cultural tourism and transportation

Figure 10 shows the words that the authors emphasize most
in cultural tourism and transportation research in the
literature, in a slightly expanded form. The analysis result
showed that the most emphasized word was tourism. Other
emphasized words as a result of the research: "sustainable
tourism, development, transportation, China, cultural
tourism, rural tourism, sustainable development, sustainable,
accessibility, travel, culture, gis, tourism development,
transport, ecotourism, environment, landscape, sustainable,
analysis, climate change, conservation, consumption, cultural
differences, ecology, planning, satisfaction, system, tourists,
heritage tourism, Turkey, management, perception, urban
planning, carbon emissions, constraints, covid-19, cultural,
economic, geopolitics, hotels, experience, destination image,
events, ecological tourism". The results indicate that
sustainable practices, environmental attitudes, accessibility,
management mechanisms in tourism activities, and overall
planning are considered valuable in cultural tourism and
transportation.
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Figure 10. Keywords emphasized by the authors about
cultural tourism and transportation

Figure 11 shows the changes over the years in the keywords
that the authors frequently emphasize in cultural tourism and
transportation research. In the analysis, 'tourism' is at the top
of the most emphasized words from the 2000s to the present,
especially in recent years. Considering the rankings in recent
years, they are listed as 'sustainable tourism, development,
transportation, cultural tourism, accessibility, rural tourism,
sustainable development, China and sustainability’. This
ranking has shown that, in cultural tourism and
transportation, sustainability practices and accessibility
opportunities are generally important.

Figure 12 shows the trending times of the keywords
emphasized by the authors in cultural tourism and
transportation research. In the analysis, sustainability in
2022-2023, China 2020-2023, tourism industry 2018-2023,
sustainable development 2014-2021, accessibility 2018-
2022, travel 2019-2022, cultural tourism 2015-2021,
heritage 2012-2020, cultural heritage 2017-2021. , tourism
2014-2022, tourism development 2016-2020, landscape
2016-2018, development 2012-2022, transportation 2017-
2022, rural tourism 2014-2019, sustainable tourism 2011-
2019, culture 2013-2018, transport 2011-2016 and
sustainable it has been observed that they were quite
trending words in 2009-2015. The results indicate that the
concepts with the longest trends are development, heritage,
sustainable development, tourism, sustainable tourism, and
cultural tourism. This highlights the importance of ensuring
the sustainability of cultural tourism heritage and its gains.

Figure 13 shows the co-occurrence networks of the keywords
emphasized by the authors in cultural tourism and
transportation research. In Figure 13, the concepts that the
words are related to are expressed. As a result of the analysis,
it was understood that the concepts of tourism, heritage,
accessibility, transport, cultural tourism, management,
cultural heritage, and China have strong relationships. In the
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research, the words tourism, development, transportation,
and sustainable also revealed strong relationships. In
practice, travel and transportation also have relationships. As
a result of the analysis, it was observed that the concepts of
tourism industry and cultural differences, the words
economic and carbon emissions, the concepts of rural tourism
and ecological tourism, and the words climate change and
ecology have strong relationships separately. The results
have shown that cultural, social, economic, and
environmental factors are highly influential in the
relationship between cultural tourism and transportation.

The themes in the upper right section include "motor themes"
with high centrality and intensity. The words within the
theme have strong internal and external connections with
each other [4]. In the thematic map in Figure 14, the changes
in terms of centrality and density of the keywords
emphasized by the authors in cultural tourism and
transportation research are examined. Concepts in the motor
themes section with high centrality and intensity were
examined. Words in the first group of motor themes; They are
listed as rural tourism, tourism development, sustainable,
ecological tourism, Mexico, rural development, colonialism,
competitiveness, Istanbul, renewable energy. In the second
group; are sustainable development, nature-based tourism,
public recreational access and integrated planning, resource
protection, scenic conservation, scenic corridors, scenic
landscape protection, and traditional villages. The third
group of motor themes; consists of the words landscape,
constraints, outdoor recreation, discrimination, ethnicity,
national parks, participation, and visitation. The fourth
group; consists of the concepts of Turkey, Canakkale, cultural
landscape, Hong Kong, identity, production, and urbanization.

Words' Frequency over Time

In the fifth group; The words heritage tourism, factor analysis,
rural areas, social, and space are included. Sixth group; It
consists of the concepts of geographically weighted, ict,
spatial distribution, and tourist arrivals. The results have
shown that in the relationship between cultural tourism and
transportation, centrality, and density, different geographies
have been extensively studied, and the ecological
environment, sustainable tourism practices, accessibility
opportunities, and socio-cultural actors are influential.

Figure 15 shows the thematic developments of the keywords
emphasized by the authors in cultural tourism and
transportation research. There was no year limitation in the
analysis. The keywords highlighted by the authors were
selected in the analysis program. As a result of the analysis,
the thematic development of cultural tourism and
transportation research covered the years 1996-2019 and
2020-2024. Authors between 1996-2019; frequently
emphasized the concepts of Mexico, planning, tourism,
impacts, cultural tourism, gis, sustainable tourism,
sustainable development, transportation, tourism industry,
tourist satisfaction, and urban planning. In 2020-2024, they
frequently emphasized the words tourism, tourism industry,
rural tourism, planning, urban planning, China, environment,
sustainable development, stakeholders, climate change, and
conservation. The analysis reveals that some concepts
highlighted between 1996-2019 have been replaced by
different terms in the years 2020-2024. For example, the term
‘cultural tourism' has been replaced by ‘'tourism' and
'sustainable development' in recent years. Additionally, the
concept of 'tourist satisfaction' has been replaced by an
emphasis on the word 'environment' in recent years.

Year

Figure 11. Changes in the words emphasized by authors about cultural tourism and transportation over time
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Figure 12. Trending times of highlighted keywords related to cultural tourism and transportation
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Figure 15. Thematic development of research on cultural tourism and transportation

DISCUSSION

In the analysis, it was understood that cultural tourism and
transportation have strong relationships with each other.
Transportation opportunities are very valuable in cultural
tourism events between countries, regions, or cities. Cultural
tourism activities are expected to develop further in areas
where transportation is easy. Improvement in transportation
facilities contributes to the increase in tourist visits. Having a
reliable and planned structure of areas with cultural values
for tourism also contributes to the development of material
or spiritual gains. In the literature, Hall [9] emphasized that
in terms of tourism and transportation, planning regarding
transportation and land use in host countries is important for
tourists and the tourism industry. Hall stated that tourism,
which has become a constantly growing global activity, has a
structure that affects natural and cultural environments.
Vergori and Arima [30] stated that most of the tourists
coming to Italy come for cultural activities and use air
transportation (where low-cost carriers are effective) as a
mode of transportation. In their research, they emphasized
that travel by car and train was lower in 2016 compared to

2002 and that railway transportation was effective in holiday
travel.

In the research, it was understood that the concepts of
sustainability, sustainable tourism, and sustainable
development are frequently emphasized by the authors in
cultural tourism and transportation research. Sustainability
can be among the main goals of many countries in terms of
cultural tourism and transportation. Sustainability moves are
very effective, especially in the economic development of
countries, in terms of tourism and transportation. Russo and
Borg [31] stated that there are historical regional differences
between cities in terms of cultural tourism. They emphasized
that sustainable tourism should be taken into consideration
for systemic and spatial harmony in the creation of modern
cities in terms of accessibility. Eser etal. [32] emphasized that
a planned and sustainable structuring should be provided to
open cultural structures and values, which are sources of
touristic supply, to tourism. Durovic and Lovrentjev [33]
emphasized that sustainability must be ensured to reduce
environmental pollution in terms of cultural tourism and that
economic sustainability can be achieved with high-quality
cultural and touristic products. They stated that sustainable
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developments in cultural tourism have an impact on host
societies in terms of socio-cultural, cultural heritage, public
security, cultural identity, and quality of life. They stated that
transportation planning of cultural routes and facilities
should be done effectively in tourism activities. Putro et al.
[34] emphasized that correct transportation policies are
needed to support protected areas of sustainable natural-
cultural tourism. Stoice et al. [3] stated that to develop
sustainable cultural tourism, it is important to make
improvements in the protection, maintenance, and
promotion of museums, monuments, and all cultural tourism
targets.

In the analysis, it was observed that concepts such as
development, tourism development, sustainable
development, and transportation development were
frequently emphasized by the authors. Development in
cultural tourism and transportation is very valuable in terms
of continuity in tourism activities. The development of
regions, areas, or countries in terms of tourism culture or
transportation opportunities allows more tourists to visit.
This shows that development can be directly proportional to
cultural, social, and economic development. Bahce [35]
emphasized that local people, non-governmental
organizations, and environmentalists should act in
cooperation with administrators to prevent the negativities
related to cultural tourism and control the development
processes. According to Ermawati [5], to develop and protect
the cultural tourism of a place, preservation of historical
buildings, traditional products, and sites, reduce air pollution,
create awareness of the love of culture to the society, improve
social media promotions, cooperation with hotels and
government institutions and its cultural image can be
improved.

In the cultural tourism and transportation review, the
concept of Turkey was included in the fourth group of
keywords and motor themes emphasized by the authors.
Turkey represents an important location in terms of
transportation as it is surrounded by seas on three sides and
connects the continents of Europe, Asia, and Africa. Turkey's
historical identity, traditions, and natural and physical
features contribute to the richness of cultural tourism. In the
21st century, the promotions, advertisements, and
transportation opportunities made by countries to keep their
tourism dynamism alive affect the cultural activities of many
tourists. In this respect, Turkey's strong cultural tourism and
transportation facilities allow many local and foreign tourists
to visit. Okumus et al. [36] stated that Turkey missed
opportunities in cultural tourism. They stated that Turkey has
rich and unique cultural resources and that it can provide
unforgettable cultural experiences to tourists with its center
and cultural environment.

In the analysis, it was observed that transportation is quite
effective in terms of cultural tourism. Improved
transportation facilities in cultural tourism and other types of
tourism activities allow more tourists to visit. Low
transportation costs and risks for tourists may be effective in
choosing a cultural tourism area. The holistic attractiveness
of cultural tourism and transportation contributes to the
continuity of tourist visits. Kantawateera et al. [37] stated that
policymakers should make transportation policies and
facilities appropriate when creating tourism policies and
plans. Yu et al. [38] revealed that if the transportation
network had a low-density level in Shaanxi, China, between
2006 and 2019, transportation network development,
heritage tourism, and new urbanization development
positively affected this situation. Zhang and Wen [6]

emphasized that the coordination between the tourism
economy and transportation increased steadily in the Shaanxi
region between 2003 and 2021.

In the analysis, it was observed that the concept of rural
tourism was frequently emphasized by the authors. It has
been observed that it has become very popular in recent years
and reveals strong relationships in terms of centrality and
density. In today's modern world, people want to have a
holiday surrounded by nature in rural tourism areas. This
situation contributes significantly to the day-to-day
development of rural tourism. In addition, cultural tourism
activities in rural areas affect the preferences of many tourists
with their unique values (such as food and beverage culture,
natural beauty, and historical value). Quan and Wang [39]
stated that more rural tourism capital can be created by
making local foods or food tourism interesting in rural areas.
Matei [40] emphasized that rural tourism is especially
preferred for those living in the stressful conditions of cities
and that it offers a natural, pure, clean, pleasant, and
refreshing opportunity. Matei stated that tourism activities in
rural areas are a serious source of income. Matei also stated
that sectoral development can be further diversified by
preserving the diversity of resources regarding traditions,
gastronomy, culture, and rural tourism.

It is seen that the words heritage, heritage tourism, and
cultural heritage are frequently emphasized by the authors
and are among the trending words. The cultural heritage,
which is planned to remain from ancient times to the present
and from the present to the future, is very effective in the
continuity of tourism. Cultural heritage provides serious
tourism income to countries in many areas. A valuable image
perception can be created in areas where cultural tourism
and transportation opportunities are developed. The cultural
heritage of countries must be transferred to the next
generations in a protected manner. This contributes to the
raising of conscious generations and the viability of historical
resources. Shishmanova [41] generally emphasized that
marketing and advertising in the image of the country (such
as village-land) can become a marketable commercial
product by creating a suitable environment for tourism and
investment. Shishmanova stated that cultural heritage is an
important element of the image. Zhang et al. [42] established
evaluation systems in terms of cultural heritage in the Xi
region and revealed that the mostimportant basic component
is historical factors. They stated that the Qin region showed
interest in historical and cultural places and increased and
enriched the cultural heritage. Nag and Sarkar [25]
emphasized that cultural heritage has made significant
contributions to tourism for years. They stated that cultural
heritage lacking protection poses a problem in terms of
tourism.

In practice, it has been understood that the concepts of
cultural tourism and transportation have strong
relationships. Transportation possibilities affect tourists'
location preferences in carrying out cultural tourism
activities. Additionally, areas with cultural diversity may be
more attractive to tourists. Transportation difficulties and
failure to meet expectations may create negative emotions in
tourists. This situation affects the sustainability of cultural
tourism areas. Aranburu et al. [43] emphasized that centrality
and urban mobility directly affect the environmental
sustainability of cultural tourism and that having tourism
resources in a central location also reduces transportation
costs. Seyfi et al. [44] researched tourists in Paris, which has
the most visited museums in terms of cultural tourism.
Researchers evaluate the criteria to be evaluated within the
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scope of service quality of cultural tourism by tourists; they
listed them as public transportation, taxis, tour guides,
accommodation, shopping opportunities, traffic, security, and
crowd. They stated that the negative elements perceived by
tourists include traffic, crowds, and pickpocketing.

It has been understood that the concepts of tourist, tourist
satisfaction, and tourist arrivals are used by the authors in
cultural tourism and transportation studies. Tourists are
people who are curious about the cultural opportunities in
different parts of the world and travel to these regions to
bring innovations to their lives. Tourists' satisfaction with the
regions they visit can be an effective advertising tool. Tourists
with high satisfaction may recommend these regions to other
people or tourists. The more tourists come to a region, the
greater the socio-cultural interaction and economic gain.
Vasiliadis et al. [45] stated that they have a proactive
approach to meeting the needs of tourists who take cultural
activities into account and that they care about experiences in
their travels.

In the analysis, it was observed that Covid-19 was among the
keywords frequently emphasized by the authors in their
research. During the Covid-19 period, bans disrupted the
effectiveness of cultural tourism and transportation
activities. The lockdown policies implemented by countries
have disrupted tourists and tourism-related activities. This
situation has led to the implementation of alternative policies
for the tourism sector, as in many areas. In the research, it was
also understood that the concepts of tourists and destination
image were among the highlighted keywords. Recently, in
addition to Covid-19, destination practices have affected the
cultural tourism activities of tourists. Kalvet et al. [46]
emphasized that in Covid-19, travel and tourism are among
the sectors most affected by the crisis. Zeng et al. [47]
emphasized that the 'tourists-guides-destinations' relations
before Covid-19 in the world will turn into the 'tourists-
robots-destinations' relationship after Covid-19. Campoy-
Mufioz et al. [48] revealed that Covid-19 significantly reduced
cultural tourism revenues in Spain in 2020.

It has been observed that concepts such as cultural tourism,
culture, cultural heritage, and cultural environment are
frequently emphasized in cultural tourism and transportation
studies. It is understood that cultural values are generally
effective in cultural tourism and transportation. Continuity of
effective policies is needed to create the permanence of
cultural heritage and increase the effectiveness of cultural
environments. In the literature, Lin et al. [49] emphasized
that factors such as preserving the style of old buildings,
strengthening the infrastructure, and providing a safe
walking environment are effective in preserving the value of
cultural assets. They also stated that integrating
transportation, cultural landscape, infrastructure and local
visibility with historical and cultural resources can contribute
to the development of cultural tourism.

In practice, it has been observed that the concept of
accessibility is frequently used by authors and is effective in
cultural tourism and transportation studies. Accessibility
provides many material or moral gains in the promotion of
cultural opportunities, development of tourism, and regional
activities. Sablikova [50] attributed the biggest advantage of
a city in terms of tourism to the ease of access from both
outside and inside. Sablikova emphasized that in addition to
easy transportation by walking, cycling, train, or bus, high
standards, natural and cultural features, and accommodation
opportunities create a destination advantage in terms of
tourism.

The study observed that in the relationship between cultural
tourism and transportation, various concepts are influential
from environmental, cultural, social, economic, and
administrative perspectives. This indicates that cultural
tourism and transportation activities operate like links in a
chain. A disruption in one of the links affects the functionality
of the other links. For example, if a beautiful area (or location)
that is the subject of tourism is limited in terms of both
communication and transportation accessibility, it leads to a
decrease in the number of visiting tourists. From this
perspective, cultural tourism and transportation activities
can be considered as a whole.

CONCLUSIONS

As a result, it has been observed that those involved in
cultural tourism and transportation must make effective
decisions regarding sustainability and accessibility. It is
understood that individuals should protect environmentally
valuable areas with tourism potential and cultural
significance. It has been prioritized that all values related to
cultural tourism should be passed on to future generations as
they are. The economic benefits generated by the tourism and
transportation network should be carried out within a
specific plan. As a result of the research, it was understood
that cultural tourism and transportation have intense
relations. In this context, the concepts of tourism, heritage,
accessibility, transport, cultural tourism, management,
cultural heritage, and China have revealed strong
relationships together. In their research, the authors
frequently emphasized the words tourism, sustainable
tourism, development, transportation, China, cultural
tourism, rural tourism, sustainable development,
accessibility, and sustainability. The strongest relationships
in terms of the centrality and density of the keywords
highlighted in the analysis; have been observed that it is
among the concepts of rural tourism, tourism development,
sustainability, ecological tourism, Mexico, rural development,
colonialism, competitiveness, Istanbul, and renewable
energy. In recent years, researchers have frequently
emphasized the words tourism, tourism industry, rural
tourism, planning, urban planning, China, environment,
sustainable development, stakeholders, climate change, and
conservation.

Theoretical Implications

Cultural tourism and transportation networks, along with
planning related to transportation and land use, are crucial
for tourists and the tourism industry. Transportation
contributes to the vitality and development of cultural
tourism. The sustainable development of tourism depends on
the coordination between transportation and tourism. In
terms of cultural tourism, centrality, and urban mobility
directly affect transportation costs and environmental
sustainability. Correct transportation policies must be
implemented to support the protected areas of sustainable
natural-cultural tourism.

The increasing urbanization day by day has turned cultural
tourism into the driving force of economic growth. In this
regard, cities and regions are in competition for foreign
investments within the framework of cultural tourism. A
planned and sustainable structure must be established for the
opening of cultural structures and values to tourism. In terms
of accessibility, a sustainable tourism approach should be
considered for systemic and spatial harmony in the creation
of new cities. Cultural tourism is related to history, art,
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religion, music, tours, festivals, and architectural structures.
To prevent the negative impacts of cultural tourism and
manage its development processes, collaboration between
local communities, civil society organizations,
environmentalists, and managers is necessary. Societies
should preserve the value of cultural assets and the style of
old structures. Additionally, they must strengthen
infrastructure to ensure a safe tourism approach. In terms of
cultural tourism, sustainability should be ensured to reduce
environmental pollution.

Practical Implications

Cultural tourism and transportation have strong
relationships in terms of the continuity and development of
tourism. For cultural tourism to gain a sustainable quality, all
societies bear significant responsibility. In the 21st century,
the promotions, advertisements, and transportation
opportunities that countries make to keep their tourism
dynamics alive affect the cultural activities of many tourists.
In this regard, the functionality of a country's transportation
network plays a crucial role in the development of the
European and global tourism industry. A developed
transportation infrastructure significantly contributes to
cultural tourism activities. The development of land, sea, air,
and railway transportation networks in cultural tourism
areas strengthens the understanding of sustainable cultural
tourism. While transportation contributes to the
development of countries and regions in terms of tourism
revenues, it also helps the development of tourism and the
improvement of the qualifications of those working in the
sector. Accessibility provides many material and immaterial
gains in the promotion, development, and activities of
cultural tourism. In this regard, the importance of
transportation in cultural tourism is increasing day by day.
Considering cost minimization in transportation creates the
opportunity for more tourists to travel in cultural tourism
activities. Investments in the transportation infrastructure of
countries provide significant contributions to the
sustainability of cultural tourism. The development of
tourism culture and transportation opportunities in regions,
areas, or countries contributes to the growth and
development of tourism activities. Cultural tourism has many
individual, spatial, and societal features. In terms of cultural
tourism, transportation has commercial, socio-cultural,
economic, political, legal, psychological, traditional, and
educational impacts. Artificial intelligence applications,
virtual reality, and digitalization used in tourism contribute
to the development of cultural tourism, especially in terms of
communication and accessibility.

Cultural tourism and transportation have systematic
characteristics in terms of tourism activities. Transportation
has affected the cultural, social, commercial, political,
military, and artistic activities of societies in many areas.
Transportation opportunities have supported the vitality of
cultural tourism activities in the regions. The development of
regional, national, and international transportation networks
has made it easier to transfer and promote cultural tourism
values. Within the scope of cultural heritage owned by
societies, there are cultural tourism resources such as history,
art, religion (or beliefs), museums, excursions, music, cultural
travels, nature, festivals, gastronomy, and monuments (or
architectural structures). Facilitating access to these
resources creates material or moral gains in terms of tourism
vitality. Making arrangements that may be attractive to
tourists in tourism activities strengthens the promotion of
cultural tourism resources.

Future Research and Limitations

In future research, the importance of digitalization,
metaverse, and artificial intelligence applications in the
realization of cultural tourism and transportation activities
can be emphasized. The effects of cultural resources, natural
beauties, and transportation activities on the increase of
tourism revenues can be examined. In cultural tourism and
transportation activities, the main factors that create the
perception of a safe zone for tourists can be investigated.

The research was designed to reveal the relationship between
‘cultural tourism and transportation’ in the WoS database on
27.01.2024. In the analysis, it was observed that there are a
total of 433 resources in WoS. The analysis results of the
research are limited to these sources. R program and
bibliometric analyses were used in the application. In the
literature, authors who researched the subject, sources,
highlighted keywords, trend times of keywords, relationships
of concepts, thematic maps, and general productivity are
included. It is planned to contribute to the literature with the
research results.
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ARTICLE INFO ABSTRACT

Air pollution poses severe challenges to public health and environmental sustainability
worldwide. This study evaluates air quality in Kota, Rajasthan, India, over seven years
(2018-2024), focusing on nitrogen dioxide (NO2), sulfur dioxide (SO2z), and particulate
matter (PM1o) all of which significantly affect respiratory and cardiovascular health. The
research methodology integrates data from six monitoring stations and employs
temporal, spatial variation along with the air quality index (AQI) calculation. Seasonal and
annual variations in air quality parameters were analyzed using trend and spatial analysis
to identify pollution sources and patterns. The results reveal that NO2 levels peaked at
63.13 pg/m3 at Shrinathpuram Stadium (SS) in winter 2024, while the lowest
concentration of 23.22 pg/m3 was observed at Rajasthan Technical University (RTU) in
2020. SOz levels were highest at 14.56 pg/ms3 at the Regional Office (RO) during summer
2022 and dropped to 5.97 ug/m? at the Fire Station (FS) in 2020. PM1o consistently
exceeded the permissible limits set by Central Pollution Control Board (CPCB), with a
maximum of 228.00 pg/m3 at RTU in winter 2018 and a minimum of 84.69 pg/m3 at SS in
2020. The AQI values were highest in 2018 (155.11 at RTU) and lowest in 2020 (83.57 at
FS), indicating moderate pollution levels that could cause discomfort to individuals with
respiratory or heart conditions. The study identifies emissions from the Kota Thermal
Power Plant, increasing vehicular density, road dust, construction-demolition activities,
and rapid urbanization as the primary pollution sources. The analysis also highlights a
significant drop in pollution levels during the COVID-19 lockdown in 2020, demonstrating
the role of human activities in air quality deterioration. These findings underscore the
need for continuous monitoring and evidence-based policy interventions to mitigate the
health impacts of pollution and promote sustainable urban development.
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INTRODUCTION

Air pollution is a pressing global issue with severe
implications for public health and environmental
sustainability [1]. Urban centers worldwide are grappling
with escalating levels of pollutants, primarily from industrial
activities, vehicular emissions, and urbanization [2]. In India,
a country undergoing rapid economic growth and
urbanization, air pollution is a significant concern, posing
substantial health risks to its population [3]. In the state of
Rajasthan, which is located in the country’s arid and semi-arid
agro-climatic zone, the city of Kota exemplifies this problem’s
multifaceted nature [4]. As one of Rajasthan’s fastest-
developing cities, Kota faces alarming levels of air pollution,
exacerbated by its industrial landscape and vehicular density
[5]. Air pollution comprises a diverse range of pollutants, each
presenting unique challenges to human health and

* Corresponding Author: msharma.phd18@rtu.ac.in (Monika Sharma)

environmental integrity [6]. Among the most concerning
pollutants are nitrogen dioxide (NOz), sulfur dioxide (SOz),
and particulate matter (PM1o) [7]. These pollutants, which are
emitted from various sources, such as combustion processes,
industrial emissions, and vehicular exhaust, infiltrate the
atmosphere, posing grave risks to respiratory and
cardiovascular health, among other adverse effects [8]. The
population of Kota city is also increasing with an annual of
about 3% during the years, as shown in Table 1.

The deteriorating air quality in Kota may be attributed to a
multitude of sources, each contributing to the city’s pollution
burden [9]. Road dust, vehicular emissions, industrial
activities, and construction endeavors emerge as primary
culprits, unleashing a cocktail of pollutants into the
atmosphere. Moreover, the geographical and climatic
characteristics of Rajasthan, characterized by arid conditions
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and strong hot air movement, exacerbate the dispersion of
pollutants, further exacerbating air quality concerns [10].

Previous studies in similar urban environments provide
valuable insights into air quality dynamics. For instance,
Dadhich et al. [11] assessed air pollution trends from 2004 to
2015 in Jaipur city and identified PM1o as the dominant
pollutant, with higher concentrations in winter and summer.
Jangir et al. [12] utilized GIS-based techniques to map
pollution hotspots in industrial zones of Jaipur from 2011 to
2019. Liu et al. [13] demonstrated the impact of post-
monsoon biomass burning on PM1g levels in Delhi, Bengaluru,
and Pune from 2007 to 2013. Similarly, Kumar et al. [5]
analyzed air quality across seven major cities in Rajasthan,
including Kota, and highlighted the reduction in pollution

Table 1. Population of Kota city with an annual rate of increase

levels during the COVID-19 lockdown. Studies conducted in
different regions have further demonstrated similar patterns
of air pollution. For instance, in the Eastern Black Sea region
of Turkey, unplanned urbanization and fossil fuel combustion
for heating have led to high SOz concentrations, especially in
Ordu and Trabzon [14]. Similarly, PMio pollution due to
industrial activities and traffic was observed year-round in
Trabzon and Giimiishane [15]. In Bursa, Turkey, PMio and
NOz levels exceeded national limits in winter due to industrial
activities and traffic congestion [16]. Additionally, it has been
found that atmospheric pollutants significantly contribute to
the formation of particulate matter through chemical
reactions involving primary pollutants, along with the
combustion of coal, fuel, biomass, and other sources [17].

Year Population % Annual Increase
2018 1,298,540 3.67%
2019 1,342,600 3.39%
2020 1,387,000 3.28%
2021 1,431,000 3.17%
2022 1,474,000 3.00%
2023 1,517,000 2.92%
2024 1,558,470 2.70%
Table 2. Geographical coordinates of monitoring stations in Kota, Rajasthan
S.N. Station Name Station Code Latitude Longitude Monitoring Agency
1 Fire Station, Shrinathpuram FS 25.1348° 75.8298° RSPCB
2 Municipal Corporation MCB 25.1658° 75.8327° RSPCB
3 Rajasthan Technical University RTU 25.1431° 75.8068° RSPCB
4 Regional Office, RSPCB RO 25.1215° 75.8682° RSPCB
5 Samcore Glass Ltd. SG 25.1761° 75.9118° RSPCB
6 Shrinathpuram Stadium SS 25.1441° 75.8215° CPCB
However, these studies lack a focused and long-term
assessment of Kota city's air quality. Despite being a rapidly STUDY AREA

growing industrial hub, Kota remains underrepresented in
the existing literature. There is a significant gap in
understanding the seasonal and annual variations of key
pollutants (NOz, SOz, and PMio) and the influence of
meteorological factors on pollutant dispersion. Additionally,
the impact of local emission sources such as the Kota Thermal
Power Plant, vehicular emissions, and construction activities
has not been comprehensively analyzed.

The present study aims to bridge this research gap by
conducting a comprehensive evaluation of air quality in Kota
city over a seven-year period (2018-2024). The specific
objectives of the study are: (1) To analyze the seasonal and
annual variations in NO2z, SOz, and PM1o levels from 2018 to
2024. (2) To identify major sources contributing to air
pollution in Kota city. (3) To assess the impact of
meteorological factors and urbanization on air quality. (4) To
provide scientific recommendations for sustainable air
quality management and policy interventions. By addressing
the existing research gap and integrating findings from
previous studies, this study will contribute to a better
understanding of air quality dynamics in Kota city and
support the development of effective pollution mitigation
strategies to protect public health and the environment.

Kota, a rapidly growing city in Rajasthan, India, lies at
25.2138° N and 75.8648° E, with an elevation of 271 meters
[18]. According to the 2011 Census of India, the city has a
population of 1,001,694. The city is situated on the banks of
the Chambal River, the longest river in Rajasthan, adding a
unique dimension to its environmental context [19]. As a
major industrial and educational hub, it faces significant air
pollution challenges. Key contributors include industries
such as Kota Super Thermal Power Plant, DCM Shriram Ltd.,
Multimetals Ltd., and Samcore Glass Ltd., emitting NOz, SOz,
and PMio. Additionally, heavy traffic on National Highway-27
(NH-27) and the Kota Bypass Road worsens vehicular
emissions, while ongoing construction adds to particulate
pollution [20]. The study area showing topography and
location of monitoring stations is shown in Figure 1.

Kota’s semi-arid climate affects pollution dispersion. In
winter, north-westerly winds and temperature inversions
trap pollutants, deteriorating air quality. Summers see
increased photochemical reactions raising NO: levels, while
monsoon rains temporarily reduce PMio before post-
monsoon dust resuspension elevates concentrations again.
Air quality data were collected from six monitoring stations
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operated by the Central Pollution Control Board (CPCB) [21]
and Rajasthan State Pollution Control Board (RSPCB) [22],
positioned to capture emissions from industrial, residential,
and traffic-heavy areas. The geographical coordinates of
these monitoring stations are listed in Table 2.
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Figure 1. Geographical distribution of air quality monitoring
stations in Kota city

RESEARCH METHODOLOGY

The air quality data for NO2, SOz, and PM1o were obtained
from the Rajasthan State Pollution Control Board (RSPCB)
portal, covering the period from January 1, 2018 to December
31, 2024, for six monitoring stations in Kota. Figure 2 shows
the flowchart of methodology adopted during the study.

Temporal and Spatial Assessment of Air Quality of Kota City
Jrom 2018 to 2024
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Figure 2. Methodology flowchart
Temporal Analysis

The temporal analysis was conducted to assess trends in NOz,
SOz, and PMio concentrations over a seven-year period
(2018-2024). Data from six monitoring stations in Kota city
were analyzed to identify seasonal and annual variations of
air pollutants.

Spatial Analysis

The spatial analysis was performed using data from six air
quality monitoring stations strategically located across Kota
city. This approach aimed to identify pollution patterns and
variations in NO2, SOz, and PMio concentrations over the
seven-year period (2018-2024). The analysis focused on

station-wise trend evaluation to understand the impact of
industrial zones, traffic corridors, and residential areas on air
quality dynamics.

Air Quality Index

This study employs the air quality index (AQI) computation
methodology provided by the Central Pollution Control Board
(CPCB) [23]. The AQI values are segmented into distinct
categories, each of which is associated with a specific
characterization and color code [24]. It categorizes air quality
into six levels: Good (0-50), Satisfactory (51-100), Moderate
(101-200), Poor (201-300), Very Poor (301-400), and Severe
(401-500). This categorization not only enables individuals to
gain a clearer understanding of the extent of air pollution but
also helps in assessing the potential health implications
associated with each level of air quality. The AQI can be
calculated from the concentrations of different pollutants
using the following formula [23], [25].

(C_C aw)
I= ((Ihigh - Ilow) X —l> + liow (1

Chigh—Clow

where,

[ = The Air Quality Index for the given pollutant.

C = The observed concentration of the pollutant.

Ciow = The lower concentration breakpoint that is < C.
Chigh = The upper concentration breakpoint that is = C.
liow = The AQI value corresponding to Ciow.

Thigh = The AQI value corresponding to Chigh.

RESULTS
Seasonal Variation in Air Pollutants from 2018 to 2024

A comprehensive overview of the levels of three pollutantsi.e.
NOz, SOz, and PM1o measured in pg/m3 across six different
locations (FS, RTU, MCB, RO, SG, SS) in Kota, Rajasthan for a
period of seven years from 2018 to 2024 is presented in
Figure 3, Figure 4, and Figure 5. The data is categorized into
three different seasons namely winter (November to
February), summer (March to June), and rainy (July to
October).

Seasonal variation in NOz

The nitrogen dioxide (NO2) concentrations across all
locations and seasons remained well below the standard limit
of 80 pg/m3 from 2018 to 2024 as shown in Figure 3.

The analysis of NO2 concentrations in Kota city highlights
notable seasonal and locational variations. In winter, the
highest concentration of 63.13 pg/m3 was recorded at the SS
station in 2024, likely due to increased emissions and poor
dispersion conditions. The lowest winter concentration,
23.22 pg/m3, was observed at the RTU station in 2020,
reflecting comparatively better air quality during that year.
During summer, the SS station also reported the highest
concentration, 36.56 pg/m3 in 2024, attributed to elevated
industrial or vehicular activity, and the lowest, 11.62 pg/ms3
in 2018, possibly due to favorable atmospheric dispersion.
For the rainy season, the highest concentration was 29.07
pug/m3 at the RO station in 2022, likely due to ongoing
emissions despite rainfall, while the lowest, 13.53 pg/ms3,
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occurred at the SS station in 2020, attributed to effective
pollutant removal by precipitation.

Seasonal Variation in NO, from 2018 to 2024
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Figure 3. Comparative analysis of NO2 concentration across
different seasons (2018-2024)

These seasonal and spatial variations underline the influence
of weather patterns, localized emissions, and sunlight, which
affects the transformation of NO2 to NOx Factors such as
reduced industrial activity and the use of low-nitrogen fuels
also contribute to lower NO: levels during certain periods
[26]. Traffic flow significantly impacts NOz pollution in Kota,
showing a distinct diurnal pattern. Addressing this issue
requires measures targeting traffic-related emissions and
stricter enforcement of environmental regulations, alongside
promoting sustainable transportation practices to mitigate
NO: pollution effectively.

Seasonal variation in SOz

The seasonal variation in SOz concentrations across different
stations in Kota city from 2018 to 2024, as depicted in Figure
4, highlights notable differences based on seasons and
locations. In winter, the highest SOz concentration of 14.37
ug/ms3 was recorded at the SS station in 2018, likely due to
increased industrial activity and restricted dispersion in
colder conditions. The lowest winter concentration, 6.13
ug/ms3, was observed at the FS station in 2020, indicating
improved air quality during that period. In summer, the RO
station recorded the highest concentration of 14.56 ug/m3 in
2022, potentially driven by localized emissions despite
favorable dispersion conditions. The lowest summer
concentration was 5.82 pg/m3 at the FS station in 2020,
suggesting relatively cleaner air. During the rainy season, the
highest concentration, 13.45 pg/ms3, occurred at the SS station
in 2023, reflecting persistent emissions even with rainfall.
The lowest rainy season concentration was 5.77 pg/ms3,
observed at the RTU station in 2019, attributed to effective
pollutant removal by rain and lower emissions.

Seasonal Variation in SO2 from 2018 to 2024
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Figure 4. Comparative analysis of SOz concentration across
different seasons (2018-2024)

These findings underscore the influence of seasonal
conditions, localized emissions, and industrial activities on
SOz levels in Kota. Variations in SOz concentrations may also
result from increased sunlight, enhancing SOz production
during summer from certain industrial processes. SOz levels
in Kota are influenced by industrial emissions, particularly
from power plants and manufacturing units. These emissions,
along with other sources such as thermal power plants,
contribute to elevated SOz concentrations.

Seasonal variation in PM1o
The particulate matter (PM1o) concentrations across all

locations and seasons often exceeded the standard limit of
100 pg/m3 from 2018 to 2024 as shown in Figure 5.

Seasonal Variation in PM,, from 2018 to 2024
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Figure 5. Comparative analysis of PM1o concentration across
different seasons (2018-2024)

During winter, the highest PM1o concentration of 228 pg/m3
was recorded at the RO station in 2018, likely due to
emissions from heating, vehicular activities, and limited
atmospheric dispersion in colder conditions. The lowest
winter concentration, 100 pg/ms3, was observed at the RTU
station in 2020, suggesting improved air quality during that
period.

In summer, PM1o levels peaked at 187 pg/m3 at the RO station
in 2018, attributed to heightened dust and industrial
activities. The lowest summer concentration, 65.37 pg/ms3
was recorded at the SS station in 2020, possibly due to
favorable dispersion conditions and reduced emissions.
During the rainy season, the highest PM1o concentration of
159 pg/m3 was recorded at the RTU station in 2018,
potentially due to persistent localized emissions despite
rainfall. The lowest rainy season concentration, 54.25 pg/m3,
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occurred at the MCB station in 2019, as rainfall effectively
reduced particulate matter.

The seasonal variations in PM1o levels can be linked to factors
like dust and soil erosion, combustion processes,
construction activities, and road transport emissions [27, 28].
Kota’s high PMio concentrations are driven by industrial
emissions, mining activities, and construction dust,
compounded by rapid urban development and high traffic
density. Insufficient enforcement of environmental
regulations exacerbates the problem [29]. Winter
concentrations of pollutants are typically higher due to
heating emissions and atmospheric conditions that trap
pollutants near the ground, while rainy season levels are
reduced due to the "washout" effect of rain.

Annual Variation in Air Pollutants from 2018 to 2024

The annual NO2, SOz, and PMio concentration variations
across the FS, RTU, MCB, RO, SG, and SS from 2018 to 2024
exhibits distinct trends as shown in Table 3.

Annual variation in NOz

The station SS recorded the highest NO2 concentration in
2024 at 36.96 png/ms3, while the lowest was observed in the
same station in 2020 at 20.13 pg/ms3. Across the years, FS,
MCB, RTU, and RO show moderate and steadily increasing
NO:2 levels. Kota city’s average NO2z concentration peaks at
32.85 pg/ms3 in 2024, indicating a gradual rise in emissions
over the years as shown in Figure 6.

Annual variation in SOz

As shown in Figure 7, the highest concentration of SO2 was
measured at SS in 2023, reaching 12.34 pug/m3, significantly
higher than the other stations. In contrast, FS had the lowest
concentration in 2020 at 5.97 pg/m3. SS consistently
displayed higher SOz levels, reflecting possibly localized
pollution sources, whereas FS showed relatively lower
concentrations.

Annual Variation in PM1o

The PM1o concentrations across six locations (FS, RTU, MCB,
RO, SG and SS) from 2018 to 2024 exhibited diverse trends as
shown in Figure 8.

The highest concentration was observed at RTU in 2018 at
182.42 pg/m3, while the lowest was recorded at SS in 2020 at
84.69 pg/m3. FS exhibited a decline in concentrations from
2018 (143.83 pg/m3) to 2020 (84.80 pg/ms3), followed by a
steady increase, reaching 122.25 pg/m3in 2024. MCB showed
relatively consistent levels, peaking at 132.75 pg/m3 in 2022.
RO  experienced fluctuating but generally high
concentrations, with a peak of 179.50 pug/m3 in 2018 and
stabilizing near 150.17 pg/m3 in 2024. SG recorded moderate
levels, reaching a high of 146.58 pg/m3 in 2018, while SS
maintained lower values, with slight increases after 2020.
Kota’s city-wide average peaked at 153.34 pug/m3 in 2018,
with gradual improvements, yet levels remained concerning
in 2024 at 124.72 pg/ms3, reflecting persistent particulate
pollution challenges.

Table 3. Annual concentrations of NOz, SOz, and PM1o at different monitoring stations

NO2 (pg/m3)

Station / Year 2018 2019 2020 2021 2022 2023 2024
FS 28.08 24.15 24.37 28.23 30.48 30.56 31.76
MCB 27.91 23.76 24.57 27.32 30.53 29.29 32.34
RTU 27.10 24.69 23.39 26.81 30.85 30.26 31.75
RO 28.53 24.15 23.57 27.36 31.51 29.50 31.74
SG 24.66 24.07 23.20 26.54 30.23 29.71 32.57

SS 20.54 29.24 20.13 25.82 23.94 35.61 36.96

Kota city 26.14 25.01 23.20 27.01 29.59 30.82 32.85
50z (ng/m3)

FS 7.12 7.02 5.97 7.01 8.40 8.03 7.07
MCB 7.77 6.46 6.28 7.42 8.93 10.12 7.34
RTU 6.65 7.00 6.59 7.06 9.99 7.88 6.99

RO 7.55 7.05 6.35 7.09 11.20 7.82 7.17

SG 7.38 6.72 6.32 7.06 10.97 7.78 7.19

SS 11.65 9.25 9.14 10.03 10.56 12.34 9.60

Kota city 8.02 7.25 6.77 7.61 10.01 8.99 7.56
PMio (ng/m3)

FS 143.83 106.58 84.80 109.55 113.25 126.08 122.25
MCB 124.33 108.25 116.80 124.55 132.75 118.08 113.92
RTU 182.42 138.67 86.40 97.64 119.67 128.50 129.75

RO 179.50 146.83 138.50 155.36 153.25 139.09 150.17

SG 146.58 108.08 103.10 135.45 130.50 127.00 123.67

SS 143.39 106.95 84.69 110.01 123.18 114.69 108.58

Kota city 153.34 119.23 102.38 122.09 128.77 125.57 124.72
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Figure 6. Annual variation in NOz across different monitoring stations in Kota (2018-2024)
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Figure 7. Annual variation in SOz across different monitoring stations in Kota (2018-2024)
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Figure 8. Annual variation in PM1o concentration across different monitoring stations (2018-2024)
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Annual Variation in AQI

The AQI for six different locations in Kota city from 2018 to
2024 is shown in Table 4 and represented in Figure 9 with
color coding. The AQI (calculated from Eq. 1) is a measure of
how clean or polluted the air is, with higher values indicating
worse air quality.

The AQI data for Kota city and its six monitoring stations from
2018 to 2024 provides valuable insights into air quality
trends, highlighting both improvements and challenges over
the years. Table 5 presents a summary and analysis of the
findings.

The significant improvement in air quality during 2020 aligns
with findings from various studies [30-32]. Key factors

contributing to this improvement include reduction in
industrial activities and decrease in transportation emissions.
Studies have documented a pronounced decline in pollution
levels across India during this period, reflecting the influence
of reduced human activity [33, 34].

The AQI data for Kota and its stations illustrate the dual
impacts of anthropogenic activities and interventions such as
lockdowns on air quality. While 2020 marked a temporary
improvement in air quality, the subsequent resurgence in
pollution levels underscores the need for sustained efforts in
emission control, urban planning, and public awareness to
ensure long-term air quality improvement.

Table 4. Annual concentrations of NOz, SOz, and PM1o at different monitoring stations

Monitoring Stations

Year Kota City
FS MCB RTU RO SG SS
2018 128.64 114.97 155.11 152.94 130.89 128 135.04
2019 99.17 100.42 124.14 128.42 100.47 102 109.09
2020 83.57 110.67 85.30 125.33 99.07 86 98.32
2021 103.49 114.61 93.00 135.91 123.12 102 111.94
2022 105.61 119.81 111.20 133.61 118.47 112 116.81
2023 115.31 108.86 115.53 125.24 114.97 107 114.53
2024 111.42 106.56 116.72 131.95 113.89 105 114.17
Air Quality Index of Kota City (2018-2024)
500
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400
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300
o
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200

2018 2019 2020 2021
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Figure 9. Comparative analysis of air quality indices across different monitoring stations
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Table 5. Air Quality Index (AQI) at different monitoring stations of Kota during 2018-2024

Station Highest Lowest
S.N. Code AQI AQI Trend

1 FS 128.64 in 83.57in  Significant improvementin 2020, followed by a gradual rise in pollution

2018 2020 levels
119.81in  100.42in . . . . . .

2 MCB 2022 2019 Relatively steady air quality with minor fluctuations

3 RTU 155.11in 85.30in A marked improvement during 2020, with subsequent increases in AQI
2018 2020 post-2020

4 RO 15294 in 12533 in Consistently high AQI levels, reflecting persistent air quality challenges
2018 2020

5 SG 130.89 in 99.07in  Improvement in 2020, with better air quality in subsequent years
2018 2020 compared to earlier level

6 ss 112in 86 in Similar to other stations, improvement during 2020 followed by a
2022 2020 gradual rise

7 Citv-wide 135.04 in 98.32in  The city experienced its best air quality in 2020, likely due to the COVID-

y 2018 2020 19 lockdown. Post-2020, pollution levels gradually increased
DISCUSSION with the elevated SOz levels near the RO station in Kota’s

The present study comprehensively analyzed the temporal
and spatial variations of air pollutants (NOz, SOz, and PM1o) in
Kota city, Rajasthan, from 2018 to 2024. The study reveals
that higher PM1o levels during winter are due to temperature
inversion, which traps pollutants near the surface, along with
emissions from industrial operations and heating activities.
In contrast, elevated NO:z levels in summer stem from
enhanced photochemical reactions due to higher
temperatures and sunlight intensity. The decline in PM1o and
SOz levels during the monsoon season is attributed to the wet
deposition effect, where rainfall effectively removes airborne
pollutants. Moreover, meteorological factors such as wind
speed, temperature, and humidity significantly influence
pollutant dispersion. During winter, stagnant conditions and
low wind speeds lead to higher concentrations, while
increased sunlight during summer accelerates photochemical
reactions, and monsoon rains act as a natural cleaner through
wet scavenging.

The major sources of air pollution in Kota city include
emissions from the Kota Super Thermal Power Plant,
vehicular emissions from NH-27, construction dust, and road
dust re-suspension [20]. The significant reduction in
pollutant levels during the COVID-19 lockdown in 2020
highlights the role of reduced industrial activity and traffic
emissions in improving air quality [35]. However, the post-
lockdown resurgence in pollution levels reflects the return of
anthropogenic activities [36] and emphasizes the need for
sustainable long-term solutions. Addressing this issue

requires targeted measures to control traffic-related
emissions, stricter enforcement of environmental
regulations, and promoting sustainable transportation

practices to mitigate NO, pollution effectively [37].
Additionally, reduced industrial activity and the adoption of
low-sulfur fuels during specific periods could contribute to
lower SOz concentrations, emphasizing the need for
sustainable industrial practices and stricter emission controls
[38].

The results of this study are consistent with previous
research conducted in similar urban environments. For
instance, Dadhich et al. [11] reported PM1o as the dominant
pollutant in Jaipur, influenced by temperature inversion
during winter, similar to Kota city. Jangir et al. [12] identified
industrial zones as pollution hotspots in Jaipur, which aligns

industrial belt. Gulabchandani et al. [39] observed a
significant reduction in PMio and NO: levels during the
COVID-19 lockdown in Ajmer, consistent with the findings of
this study. Kamboj et al. [40] used spatial interpolation
techniques to identify PM1o as the primary contributor to air
pollution in Kota, which corroborates our dataset. Ruhela et
al. [41] found that post-lockdown pollution levels surged
beyond pre-pandemic levels in Jaipur, indicating that
temporary restrictions are not a sustainable solution.

Aydin and Raja [42] examined PMio and SO: pollution in
Ankara from 2011 to 2014 using spatiotemporal kriging with
external drift (KED) analysis and found increasing pollution
levels in 2012 and 2013, followed by a decline in 2014, likely
due to meteorological factors and pollution control measures.
Higher concentrations were observed in industrial and
traffic-dense areas. The study emphasized the importance of
incorporating meteorological and emission source data for
improved air pollution monitoring and control strategies in
Ankara. Similarly, in another study by Raja et al. [43], PM1o
pollution in Ankara for 2015 was analyzed, highlighting
seasonal variations due to traffic and indoor heating and the
highest pollution levels was found in autumn and winter,
particularly in southeastern Ankara and the city center.
Despite pollution control efforts, PMi1o concentrations
exceeded EU and WHO standards, posing serious health risks.
The study emphasized the need for accurate pollution
modeling to aid risk management.

To mitigate air pollution in Kota, a multi-faceted approach
integrating industrial regulation, traffic management, and
urban planning is necessary. This includes enforcing stricter
emission norms for industries and thermal power plants,
promoting electric vehicles and public transport to reduce
vehicular emissions, and implementing dust suppression
techniques at construction sites and improving road
infrastructure. Additionally, expanding green belts and urban
forests to act as natural air filters, along with periodic vehicle-
free zones and remote working policies, can help sustain air
quality improvements. Regular air quality monitoring and
public awareness campaigns are also essential to encourage
eco-friendly practices and ensure public participation in
pollution reduction efforts.

This study highlights the significant role of meteorological
factors and anthropogenic activities in shaping air quality
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dynamics in Kota city. The temporary improvement during
the COVID-19 lockdown in 2020 demonstrates the potential
for reducing industrial and vehicular emissions. However,
post-lockdown pollution resurgence emphasizes the need for
sustainable, data-driven air quality management strategies.
The findings provide a solid foundation for evidence-based
policy interventions to protect public health and promote
sustainable urban development.

To sum up, the study sought to fulfill four research objectives:

(1). To analyze the seasonal and annual variations in NOz, SOz,
and PMiglevels from 2018 to 2024: It has been found that NO,
levels showed a rising trend, particularly in industrial zones,
with peak values in winter due to temperature inversions
while SO, levels remained relatively stable but with
occasional spikes near industrial and traffic-dense areas
whereas PM;, levels exceeded national air quality standards
during winter and post-monsoon seasons, indicating seasonal
variations influenced by meteorological factors. These trends
highlight the need for stringent air quality control measures,
especially during winter months.

(2). To identify major sources contributing to air pollution in
Kota city: The major contributors of air pollution in Kota city
are found from diverse sectors like transport, industrial
emissions, construction and road dust, and biomass and
waste burning. Hence, the pollution control measures should
focus on stricter emission norms for industries and vehicles,
alongside improved dust mitigation strategies.

(3). To assess the impact of meteorological factors and
urbanization on air quality: It has been assessed that
meteorological factors have their direct impact on air quality.
Temperature, wind speed, rainfall, humidity, and urban
expansion affect the quality of air. The findings indicate that
lower temperatures and stagnant air masses in winter
exacerbated pollution levels, and monsoon rains led to
temporary reductions in particulate pollution. Similarly,
increased vehicular movement and construction activity
contributed to worsening air quality in newly developing
areas of the city. Therefore, urban planning should integrate
air quality management by considering green buffers,
improved  ventilation  corridors, and  sustainable
transportation policies.

(4). To provide scientific recommendations for sustainable air
quality management and policy interventions: The
recommended actionable strategies for mitigating air
pollution include strengthening regulatory framework
(enforce stricter industrial emission norms and vehicle
pollution control policies); improving public transport
(promote cleaner mobility solutions like electric buses);
enhancing monitoring interventions (expand real-time air
quality monitoring and early warning systems); urban
planning interventions (encourage green spaces, reduce
construction dust and regulate waste burning); public
awareness and community participation (educate citizens on
pollution sources and encourage sustainable practices).
These measures align with the National Clean Air Programme
(NCAP) and can contribute to achieving long-term air quality
improvements in Kota.

CONCLUSIONS

This study examines the variability of air pollution in Kota,
Rajasthan, from 2018 to 2024, focusing on key pollutants
(NOz, SOz, and PMio). It highlights significant spatial and
temporal trends across monitoring stations, emphasizing the
persistent challenge of managing PMio levels. Despite

temporary improvements during the COVID-19 lockdown in
2020, air quality levels surged in subsequent years,
emphasizing the urgency of sustained and effective pollution
control measures for public health and environmental
sustainability in Kota. PMio remained a major concern
throughout the study period, consistently exceeding the
standard limit of 60 pg/m3 at all locations. NO2 exhibited
seasonal variability, with peak levels observed during winter
due to temperature inversions, while SOz concentrations
were largely influenced by industrial activities.
Meteorological conditions, particularly wind direction and
humidity, played a crucial role in pollutant dispersion. The
notable decline in pollutant levels in 2020 highlights the
potential benefits of reducing industrial emissions and
vehicular activity, demonstrating that targeted interventions
can yield significant improvements in air quality.

The study acknowledges limitations, including the reliance on
six monitoring stations, which may not fully capture localized
pollution variations. Additionally, while meteorological
factors were considered, further research is needed to
analyze the effects of cloud cover, atmospheric pressure, and
long-term exposure risks. Future studies should integrate
high-resolution datasets, remote sensing, and advanced
modelling techniques to enhance air quality assessments and
policy development. Overall, this study provides valuable
insights into the dynamic nature of air pollution in Kota and
contributes to a broader understanding of urban air quality
management. The findings serve as a call for policymakers,
researchers, and the public to implement sustainable air
quality strategies, emphasizing emission control, urban
greening, and sustainable transportation. Collaborative
efforts will be essential in ensuring cleaner and healthier
urban environments in the face of rapid industrialization and
urban expansion.
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ABSTRACT

The increase in COz emissions resulting from fossil fuel consumption contributes to
climate change and raises concerns about the attainment of environmental sustainability.
This empirical study examines the potential for inter-factor and inter-fuel substitution in
Tiirkiye from 1988 to 2023, focusing on the country’s transition from fossil fuels to clean
energy within the framework of environmental sustainability. Using ridge regression
based on the translog production model, the findings reveal that the average output
elasticities for non-energy inputs (labor and capital) and energy-specific inputs
(petroleum, natural gas, coal, hydropower, and biomass) are positive. In addition, the
average elasticities of substitution between factors in Tiirkiye range from 0.8463 to
1.5925, while those between fuel types range from 0.0058 to 0.1586. The results suggest
that Tiirkiye has the potential to substitute fossil fuels with hydropower and biomass to
meet the 2030 and 2050 targets outlined in the Paris Climate Agreement.

Cite this article as: Aybudak HG, Tay Bayramoglu A. Estimation of output and substitution
possibilities between energy and non-energy inputs in Tiirkiye: Evidence from ridge

regression. Environmental Research and Technology, 2026, 9 (2), 261-277.

INTRODUCTION

Economic paradigms emphasize different aspects of the
interpretation of economic variables. Neoclassical Economics
(NE), also known as mainstream economics, assesses the
economy from the supply perspective. Because NE focuses on
the supply side of the economy, it views labor productivity
and capital accumulation as the most important factors in
increasing productivity [1, 2]. As a result, NE estimates
growth models with traditional input factors (labor and
capital). However, following the 1973 oil crisis, when the
Organization of Petroleum Exporting Countries (OPEC)
reduced oil supply, energy was accepted as a factor of
production along with labor and capital [3]. The rapid
industrialization, primarily driven by the use of fossil fuels
(FF) such as oil, coal, and natural gas, sparked concerns in the
late 1980s about the feasibility of achieving environmental
sustainability [4, 5, 6]. However, NE did not take into account
the finite nature of natural resources and instead regarded
the environment as an unlimited resource [7, 8, 9].

In the late 1990s, a new movement called Ecological
Economics (EE) began to explore ways to build a sustainable
economy that is good for the environment [10]. Developed by
economists such as Boulding, Daly, Georgescu-Roegen,
Holling, and Odum, EE emphasizes resource limitation and

* Corresponding Author: huriaybudak@gmail.com (Huri Giil Aybudak)

environmental sustainability to promote a just world order
and environmental protection [11, 12]. Spesifically, Boulding
highlighted the finite nature of the Earth's resources and
asserted that economic activities should be mindful of
ecological constraints [13]. In contrast to NE, which treats the
environment as an infinite resource, Boulding emphasized
the importance of balancing economic growth with ecological
sustainability [14, 15]. Moreover, Boulding adopted a nature-
conscious perspective, advocating that human activities
should not exceed the Earth's capacity to renew resources.
Similar to Boulding, Daly, a significant contributor to the
development of EE, criticized the goal of infinite growth
inherent in NE, which relegates the environment to a
secondary role. He argued that prioritizing the environment
and acknowledging the depletion of natural resources are
crucial for building a foundation for environmental
sustainability [14]. One of Daly's key arguments regarding
natural resources is that they and capital are not substitutable
but rather complementary factors [16].

One of the key concepts introduced by EE is the law of
entropy, also known as the second law of thermodynamics, a
term originally derived from Physics [17, 18, 19]. In exploring
the relationship between natural resources and economic
growth, [20] argues that the economic system's conversion of
high-density, valuable resources into commodities and waste

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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increases entropy. The increase in entropy impedes the
efficient utilization of natural resources, leading to energy
inefficiency and limiting economic progress. Consequently,
environmental sustainability is compromised, pollution
increases, and resources depleted [21, 22, 23]. One of the key
contributions of the entropy law to economics is its role as a
constraints on natural resources in the execution of economic
activities [24]. This law establishes a limit on the
substitutability between human capital and natural capital
[25]. Consequently, it challenges the traditional view of NE
through the use of advanced technology, and replaces it with
the understanding that natural resources are at risk of
depletion unless corrective actions are taken.

Another insight provided by the law of entropy is that energy
becomes progressively less useful with each use [22]. Given the
essential role of energy in production, the substitution of energy
with other inputs is limited due to the constant need for
additional energy. This contradicts the assumption of a
continuous substitution relationship between production
factors, as proposed by NE. According to the law of entropy, FF
cause a significant increase in entropy, which reduces energy
efficiency [26]. However, fossil fuels continue to dominate the
global energy mix, resulting in significant carbon dioxide (COz2)
emissions and contributing to climate change. Spesifically, in
2023, global energy consumption reached 619.63 Exajoule (EJ),
of which (196.43) EJ derived from petroleum, (164.03) EJ from
coal, (144.37) EJ from natural gas, (24.57 EJ) from nuclear
energy, (39.65 EJ]) from hydroelectricity, and (50.58) E] from
renewable energy sources [27].

Under the authority of the United Nations Framework
Convention on Climate Change (UNFCCC), the UN instituted
the Kyoto Protocol (COP3) in 1997 and the Paris Climate
Agreement (COP21) in 2015 with state parties to address
climate change [28]. Greenhouse gas (GHG) emissions are a
major contributor to climate change. COP3 raised the issue of
GHG emissions, and COP2! accepted quantitative emission
reduction targets [29]. COP2! aims to reduce GHG emissions
gradually by 2030 and limit global warming to 1.5°C by 2050.
The NDCs established at COP2! propose strategies to increase
the share of clean and renewable energy sources (C-RES),
such as nuclear, solar, wind, hydropower, geothermal and
biofuels, in total national energy consumption by 2030, while
aiming to achieve net-zero CO2 emissions by 2050 [30].

The extent to substitute FF and increase the share of C-RES in the
energy mix depends on the fuel substitution potential. The first
study on inter-fuel substitution potential was carried out by
Berndt and Wood [31]. Following this benchmarking study, our
research presents three key research questions: First, to what
extent can non-energy inputs (labor and capital) substitute for
energy-specific inputs (coal, oil, natural gas, hydropower, and
biomass) in Tiirkiye's production process? Second, what are the
substitution elasticities between different fuel types, and how do
they impact Tiirkiye’s energy transition? Finally, how feasible is
Tiirkiye’s transition from fossil fuels to clean energy sources like
hydropower and biomass to achieve environmental
sustainability targets for 2030 and 2050? To answers these
questions, this empirical study employs the Ridge Regression
(RR) approach to estimate Translog Production Function (TPF)
developed by Christensen et al. [32] to examine the substitution
potential among fossil fuels, hydropower, and biomass.

This study uses time series energy data for Tiirkiye from 1988
to 2023. Tiirkiye is the case study of choice for a number of
reasons. Firstly, in 2023, Tiirkiye contributed 411.102 million
tonnes (Mt) of COz emissions to the global total of 35,129.792
Mt from coal, oil, and natural gas [27]. Tiirkiye ranks 2nd in
Europe for CO2z emissions, with 411.102 Mt, following
Germany, which emitted 571.859 Mt, out of a European total

of 3,546.767 Mt. Secondly, Tiirkiye's hydroelectric capacity in
2023 was at 31,779 megawatts (MW), representing 2.26% of
the global hydroelectric capacity of 1,407,754 MW [33].
Thirdly, Tiirkiye generated 63,854 terawatt-hours (TWh) of
electricity from hydropower in 2023, accounting for
approximately 10% of Europe's total hydropower generation
of 638,699 TWh [34]. Lastly, Tirkiye consumed 0.20
Exajoules (E]) of biomass in 2023, contributing to the global
biomass consumption of 8.74 EJ, and ranking 4nd in Europe
after Germany (0.57) EJ, the United Kingdom (0.39) EJ, and
Italy (0.22) EJ [27]. Considering these factors, we decided to
focus on the economy of Tiirkiye.

This empirical study attempts to improve the existing
literature on the Tiirkiye economy in multiple dimensions.
First, it examines the potential for substituting non-energy
inputs (labor and capital) with energy-specific inputs (coal,
oil, natural gas, hydropower, and biomass) in the context of
stimulating economic growth, maintaining the energy supply
chain, and prioritizing environmental sustainability. Second,
it employed the TPF to examine output and substitution
elasticities between pairs of non-energy and energy-specific
variables. The estimation of output elasticities explains the
production factors that drive economic growth, while the
estimation of substitution elasticities identifies the most
efficient factors for production substitution, thereby ensuring
energy security and environmental sustainability. Finally, it
examines the potential for transitioning from FF to C-RES
within the economy of Tiirkiye to assist in the development of
sustainable energy policies concerning climate change. To the
best of the authors' knowledge, this is the first empirical study
that analyzes inter-factor and inter-fuel substitution
potential in Tiirkiye by estimating output and substitution
elasticities for FF, and C-RES.

The structure of this article is as follows: Initially, the relevant
empirical literature is reviewed, followed by an evaluation of
Tiirkiye's energy profile. Subsequently, the data, model, and
methodology are outlined. The empirical results are then
presented and discussed, and the paper concludes with policy
recommendations.

LITERATURE REVIEW

It was not until the 1973 crisis that energy was recognized as
a factor of production. Starting in 1973, the OPEC reduced oil
supply in response to the Arab-Israeli conflict. This reduction
resulted in the price of a barrel of oil to quadrupled to $12 per
barrel [35, 36]. The increase in the oil price per barrel,
attributed to supply issues and increased demand, led to a
reduction in global production volume [37]. This brought
about the belief that energy is as significant a factor as labor
and capital variables. Thus, the disruption of the oil supply
chain and the escalating oil prices led to the gradual inclusion
of energy in the production function [38]. Prior to the 1973
oil crisis, production functions were estimated primarily with
labor and capital factors [39]. As it became clear that energy
is equally crucial as capital and labor, it began to be integrated
into production functions. The integration of energy into
production functions also led to the research on the
substitutability of energy between labor and capital factors.
Understanding the substitution relationship among factors of
production is necessary for the optimal allocation of
resources [40]. Research on the potential for energy
substitution with non-energy inputs could have major
implications for policy due to the rising prices and shortage
of energy resources. This literature review consists of studies
examining inter-factor substitution relationships, followed
by those exploring inter-fuel substitution relationships, and
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finally studies focusing on both inter-factor and inter-fuel
substitution relationships.

The first study of inter-factor substitution relationships was
conducted by Christensen et al. [32] for the US manufacturing
industry spanning 1929-1969. The study concluded that the
two-input model is inappropriate for the production process
when employing the Least Squares (LS) estimator with
consumption, investment, capital, and labor variables. On the
other hand, Berndt and Wood [31] conducted another study
on the US manufacturing sector, which similarly examined
the substitution relationships among factors. The variables of
labor, capital, energy, and materials spanning 1947-1971
were analyzed employing Iterative Three-Stage Least
Squares (I3SLS) and a Translog Cost Function (TCF). The
empirical study's findings indicated that labor and energy are
substitutable, = whereas capital and energy are
complementary. Similarly, Griffin and Gregory [41] analyzed
the US manufacturing sector from 1947 to 1971, utilizing
capital, labor, and energy variables through the Zellner
estimator, and concluded that capital and energy are
substitutable factors, contrary to the findings of Berndt and
Wood [31]. Consequently, the results of the pioneering
research on the inter-factor  substitution and
complementarity relationship are inconsistent.

The interactions of inter-factor substitution have been
increasingly studied at the national level and across various
sectors. Spesifically, Smyth et al. [42] examined the Chinese
steel sector from 1978 to 2007, while Lin and Fei [43]
analyzed the Chinese agricultural sector from 1980 to 2012,
using TPF. Their findings indicate that the substitution
potential between energy and capital exceeds that between
energy and labor. On the other hand, Liu et al. [44] analyzed
the substitution relationships among capital, labor, and
energy in China's heavy industry spanning 1994-2014 using
TCF, finding that the highest substitution exists between labor
and energy. Ouyang et al. [45] reported the substitution
relationship among labor, capital, and energy in the Shanghai
transportation sector from 2000 to 2014 using the Bootstrap
method. The study's findings align with those of Liu et al. [44],
that there is a highly significant substitution relationship
between labor and energy. Additionally, Javid [46] analyzed
the factors of labor, capital, electricity, oil, and natural gas in
Saudi Arabia's industrial sector spanning 1990-2020
employing TPF model and concluded that all inputs are
substitutable. Finally, Raza et al. [47] examined inter-factor
substitution possibility in India's industrial sector from 1990
to 2020 using TPF and discovered that labor-energy and
capital-energy substitution progressed more rapidly than
capital-labor substitution, consistent with previous studies.

The need to replace FF, which dominate the energy mix, with
clean and renewable energy has gained momentum,
particularly since the Paris Climate Agreement was signed in
2015. This dynamism has resulted in an expanded
examination of inter-fuel substitution possibilities. Notably,
Xie and Hawkes [48] used TPF to examine the substitution
relationships in China's transportation sector spanning
1980-2010, using oil, coal, natural gas, and electricity as
variables. The study's findings reveal that a highly significant
substitution relationship in China's transportation sector is
between oil and natural gas. Suh [49] applied the Differential
Fuel Allocation Model (DFAM) to analyze substitution and
complementarity patterns within the US industrial sector
from 1970 to 2010, adding biomass fuel alongside the
variables employed by Xie and Hawkes [48]. The results of the
study indicate that biomass serves as a substitute for coal and
natural gas, as well as a complementary factor for electricity.
Moreover, Lin and Atsagli [50] examined the substitution

relationship among coal, electricity, and oil inputs in the
South African economy between 1980-2012 with TPF. The
results of this empirical study validated that input factors are
substitutable, in accordance with previous studies.
Particularly, Opeyemi [51] analyzed the substitution
relationship of FF with renewable energy sources (RES) in the
Nigerian economy from 1987 to 2016. This study, consistent
with most previous empirical research, was conducted using
TPF, and all factors were reported as substitutes. In contrast
to earlier empirical studies, Bello and Solarin [52] analyzed
the substitution potential within the US electricity sector
from 1985 to 2018, examining FF and C-RES (such as
hydropower, nuclear power, wind power, biofuels, biomass,
geothermal, and solar energy). Their findings indicated that
all input factors are substitutes.

In order to overcome environmental destruction, studies on
inter-factor and inter-fuel substitution relationships are
increasing in the interest of shifting to C-RES. Particularly,
Pindyck [53] conducted one of the first studies to examine
substitution relationships between traditional factors and fuels.
The TCF was used to analyze labor, capital, and energy (oil, gas,
coal, and electricity) in Canada, France, Italy, Japan, the
Netherlands, Norway, Sweden, the United Kingdom, the United
States, and West Germany from 1963 to 1973. The study's
findings indicate that energy and capital substitution, as well as
electricity demand, are less elastic than for other fuels. Ma et al.
[54] employed the Two Stage Translog Cost Function (L2TCF) to
analyze labor, capital, coal, electricity, diesel, and gasoline fuels in
the Chinese economy from 1995 to 2004. The results of the study
show that capital, labor, electricity, coal, gasoline, and diesel are
substitutable, while coal and diesel are complementary. Notably,
Wesseh et al. [55] used both TPF and TCF methodologies to
examine substitution options in Liberia's industrial sector
spanning 1980-2010. The results of the study demonstrated that
labor, capital, oil, and electricity are all substitutable input
factors. All inputs are substitutable, according to Wesseh and Lin
[56], who used TPF model to analyze the labor, capital, coal,
electricity, and oil inputs in the African economy between 1980
and 2011.

Furthermore, Lin and Tian [57] found that all inputs are
substitutable through the Seemingly Unrelated Regression
(SUR) estimator, utilizing data on labor, capital, coal, oil, and
hydropower for China's light industry from 1980 to 2013.
Likewise, Wang and Lin [58] reported a comparatively low
substitution relationship among coal, oil, and electricity using
TCF in China's iron and steel industry from 1985 to 2011.
Khalid and Jalil [59] analyzed the factors of labor, capital,
hydropower, oil, and natural gas in the Pakistani economy
from 1980 to 2013 using TPF model, and concluded that
substituting natural gas for coal could mitigate environmental
degradation. Furthermore, Khalid et al. [60] conducted a
study on Pakistan’s energy sector, analyzing labor, capital,
coal, hydropower, and oil variables from 1980 to 2017 using
TPF, and concluded that all input factors are substitutable.
Ultimately, Raza and Cucculelli [61] employed TPF to analyze
the substitution probabilities of factors in Pakistan's energy
sector from 1986 to 2019, integrating nuclear energy into the
variables used by Khalid et al. [60]. The study found that FF
and C-RES can substitute one another.

The empirical literature on inter-factor and inter-fuel
substitution possibilities is relatively scarce, particularly in
relation to the Tirkiye economy. In a study on Tirkiye,
Songur [62] analyzed the relationships of inter-factor and
inter-fuel substitution for the period 1982-2014, using data
on the consumption of natural gas, oil, and coal, alongside
labor and capital. Similarly, the empirical study by Basegmez
[63] conducted the potential for inter-factor substitution
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using the TPF methodology, analyzing data on labor, capital,
and total energy consumption from 1980 to 2016 across 22
developing economies, including Tiirkiye.

The review of the existing empirical literature highlights that
global studies provide mixed outcomes concerning the
substitution potential between energy-specific and non-
energy inputs. However, empirical literature on Tiirkiye
remains limited, as existing studies do not fully disaggregate
C-RES into different components. Therefore, this empirical
study aims to address this notable research gap by examining
a comprehensive analysis of output and substitution
possibilities between fossil fuels and C-RES in Tiirkiye.

Insights from Tiirkiye's Energy Profile

In 2023, approximately 85% of global energy demand was
met by FF [27]. Similar to the global trend, Tiirkiye's energy
mix remains heavily reliant on FF. During that year, Tiirkiye
consumed a total of 7 EJ of energy, with (2.30) EJ from
petroleum, (1.74) E]J from natural gas, and (1.65) E]J from coal,
highlighting the dominance of FF in its energy consumption.
In addition, Tiirkiye was responsible for generating 411,102
Mt of the global total of 35.129,792 Mt of CO2 emissions in
2023, accounting for approximately 1.17% of worldwide
emissions (refer to Figure 1) [27].

Following its acceptance of COP2! in 2015, Tiirkiye became a
party to the agreement in 2016. Following its participation in
COP21, Tiirkiye is attempting to enhance the share of C-RES by
reducing FF consumption in the energy mix, as promised (refer
to Figure 2) [65].

Under the Sustainable Development Goals (SDGs), Goal 7
(affordable and clean energy) identifies C-RES as energy
sources that are carbon neutral and can reduce the
vulnerability of energy supply chains [69]. Conversely, a
gradual reduction in FF consumption and an increase in C-
RES consumption is crucial for both environmental
sustainability and energy supply security [51, 66, 67].
However, the proportion of C-RES in electricity generation
was 42.3% in 2023. Convenient climatic conditions in Tiirkiye
and the efficacy of its hydropower plants resulted in a 20%
contribution to electricity generation (refer to Figure 3) [65].

Finally, given current C-RES potential, Tiirkiye intends to
increase installed capacity to 35.1 gigawatts (GW) in
hydropower plants and 5.1 GW in geothermal and biomass
power plants by 2035 [68]. Therefore, Tiirkiye's energy
transition efforts are aligned with the 2030 and 2050 climate
goals, which aim to support environmental sustainability and
guarantee energy supply security [69].

50%
40%

30%

Gas
Coal
20%

Hydropower
Wind

/ﬁ Other renewables
o T Sl

50,000

40,000

30,000

20,000

10,000

1990 1995 2000 2005 2010 2015 2020

—— (02 emissions {Million metric tons)
—— Fossil energy consumption (Exzjoule)

Figure 1. Tirkiye's fossil energy consumption and energy-
related CO2z emissions spanning 1986-2023 [27]

1982 1990 1995 2000 2005 2010 2015 2023~ Nuclear

Figure 2. Share of energy consumption by source in Tiirkiye
spanning 1982-2023 [65]

Other renewables

300TWh Bioenergy
Solar
Wind
250 TWh
Hydropower
200 TWh
Qil
150 TWh Gas
100 TWh
Coal

50 TWh

0TWh

1985 199 1995 2000 2005 2010 2015 2023
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DATA, EMPIRICAL MODEL AND METHODOLOGY
Data Description

This empirical study attempts to analyze the degree of inter-
factor and inter-fuel substitution possibilities employing
annual time series data on total output, labor force, gross
capital formation, coal, petroleum, natural gas,
hydroelectricity and biomass energy in the Tiirkiye economy
spanning (1988-2023). The energy variables selected for the
empirical analysis take into account the energy dynamics of
Tiirkiye and the availability of data. To prevent misleading
regression findings in the empirical analysis, the data is
transformed into natural logarithmic (In) forms. The In
transformation provides the interpretation of estimated
parameters as elasticities.

For this empirical analysis, total output is measured in real
GDP (Y;) in 2015 US$, and real GDP data is collected from the
World Development Indicators (WDI) database [70]. Labor
force (L;) data, measured in thousands of individuals, is
sourced from the International Financial Statistics (IFS)
database [71]. Moreover, data on the consumption of coal
(C;), petroleum (P;), natural gas (NG;), hydroelectricity
(HE}), and biomass (B;) were compiled from the Statistical
Review of World Energy (2024) [27]. Additionally, all energy
data employed in this empirical analysis are aggregated in
Exajoule (EJ). Since the gross capital stock formation data is
not readily available, we have constructed this series using
the Perpetual Inventory Method (PIM), as show in Eq. (1):
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Ki= K 1(1-8)+1, 1)
In Eq. (1), K; denotes the gross capital stock for period ¢, K;_4
indicates the gross capital stock for period t-1, § denotes
fixed capital consumption (assumed to be 5%), I; denotes the
gross domestic capital investment during the period, and the
initial denotes the time index (1988-2023). Data on gross
domestic investment (I;), in the form of current US$, is
gathered from the WDI database. Following the previous
empirical studies by Bello and Ch'ng [66], Khalid et al. [60], as
well as Raza and Cucculelli [61], we construct the first
observation of the gross capital stock (Kj) series, as indicated
in Eq. (2):

Capital Stock (K,) =

Gross Investment (I¢) (2)

Average GDP growth (g) + Depreciation rate (§)

In Eq. (2), K, denotes the first gross capital stock value for the
base year (1988), I, represents the gross domestic
investment for year t, g denotes the average GDP growth rate
over the sample period, and § signifies the depreciation rate
applied to the gross domestic investment. Table 1
summarizes the variables under consideration.

Empirical Model
Translog production function

Initially, the Cobb-Douglas (C-D) production function, the
Constant Elasticity of Substitution (CES) function, and the
Variable Elasticity of Substitution (VES) function, have been
employed to estimate the substitution possibilities between
different input factors. However, these production functions
have been criticized by researchers due to certain limitations.
For instance, the C-D production function, developed by Cobb
and Douglas [3], assumes homogeneity of labor and capital,
with a constant elasticity of substitution between the input
factors. This assumption overlooks the potential for
differential substitution possibilities between labor types,
such as skilled versus unskilled labor, or between forms of
capital, such as physical versus human capital [72]. Similarly,
the CES production function also assumes constant
substitution between inputs [73]. In contrast, the VES
production function does not assume a constant elasticity of
substitution, allowing for more flexibility in modeling input
relationships [74]. However, the estimation of the VES
function requires knowledge of factor prices. The constraints
inherent in the C-D, CES, and VES production functions limit
their ability to flexibly estimate production levels.

To overcome these limitations, researched have employed
the Translog Production Function (TPF), developed by
Christensen et al. [32], for estimating substitution elasticities
between different pairs of inputs. Notably, this production

Table 1. Variable definitions and data sources

framework provides greater (flexibility in estimation,
particularly when the number of inputs exceeds two, and
addresses the limitations inherent in other production
functions. This production framework allows both returns to
scale and elasticities of substitution to vary, without imposing
restrictions on the substitutability between input factors.
Furthermore, the TPF is a second-order Taylor
approximation of a general production function, with its
primary advantage being its flexibility, especially when
compared to the C-D and CES production functions. One of
the key advantages of the TPF is its ability to incorporate
quadratic and exponential terms into the proposed
econometric model. The inclusion of a quadratic term enables
us to capture of nonlinear relationships between inputs and
output. The TPF is particularly useful for modeling situations
with more than two inputs, allowing for the representation of
linear relationships along with quadratic terms [75]. Unlike
other production functions, the TPF does not assume a
constant elasticity of substitution [76]. Consequently, in this
study, we have applied this flexible production method to
estimate the inter-factor and inter-fuel substitution
possibilities between different pairs of energy-specific and
non-energy inputs. The general representation of the TPF is
outlined in Eq. (3):

In(Y,) = By + Xiy Bi In(Xp) + X1y By In(Xi)? +
L) By B By In(Xie) In(X;0) 3)

In Eq. (3), Y; represents Tiirkiye's real GDP in period t
(dependent variable), S, signifies the intercept term, X;;
indicates various input factors (set of explanatory variables),
B; denotes parameter estimates, and the subscript t refers to
the time index (1988-2023). Eq. (4) shows the suggested TPF
model for the Tirkiye economy in In form:

InY, = By + B InL, + BxInK, + BpinP, + LycINNG, + LcInC, +
BugnHE, + BginB, + B xInL InK, + S, plnL InP, +

BingInLINNG, + B, cInL InC; + B ypInL InHE, + B, 5L InB, +
BxpINK NP, + Byne K INNG, + Ly InK, InC, + ByypInK InHE, +
BxgInK InB, + BpncINPINNG, + BpcInPInC, + LpygInP InHE, +
BpgnPInB, + LrnccIMNGrInCy + ByoueNNG INHE, +
BneeIMNGInB, + BeypInC InHE, + BegnCiinB, + ByggnHE InB, +
Bu(InL)? + B (InKy)? + Bpp (INP)? + Buone (INNG,)? +
BecUnC)? + Bugus(INHE)? + Bgg(InB,)? + &, (4)

In Eq. (4), Y3, L¢, K, P;, NG, C, HE;, and B, indicate total
output, labor employment, gross capital stock, and the
consumption of petroleum, natural gas, coal, hydroelectricity,
and biomass. Moreover, the symbol & refers to the
unpredictable disturbed component of the model.

Variable Symbol Measurement Unit Source

Real Gross Domestic Product (GDP) Y: Constant 2015 US$ WDI

Labor Force L¢ Thousand (age: 15+) IFS

Gross Capital Stock K, Sg(ﬁ_’s Ggg;tal formation (constant WDI

Petroleum Consumption Py Exajoule Energy Institute
Natural Gas Consumption NG, Exajoule Energy Institute
Coal Consumption Ce Exajoule Energy Institute
Hydroelectricity Consumption HE, Exajoule Energy Institute
Biomass Consumption B, Exajoule Energy Institute
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Methodology

This section outlines the methodology in three distinct sub-
categories: the ridge regression estimator, followed by
estimation of output and substitution elasticities between
different input pairs.

Ridge regression estimator

Since we have included a large number of explanatory
variables in the proposed TPF, therefore, we suspect the
presence of significant Multicollinearity (MCL). In the
presence of severe MCL, the OLS estimator produces biased
results, inflate Standard Errors (SE), reduce the values of
partial t-statistics, yield insignificant p-values, and diminish
the model’s predictive power.

To avoid these issues, Ridge Regression (RR) estimator,
proposed by Hoerl and Kennard [77], provides an effective
solution to address the multicollinearity (MCL). The RR
estimator constrains the magnitude of the regression
coefficients by introducing bias into the regression model.
This adjustment helps prevent the inflation of SE, mitigates
the reduction in t-statistics, and modifies the p-values
accordingly. This method incorporates a ridge parameter (1)
value intothe model, which facilitates bias correction, reduces
SE, and enhances the reliability of the estimated parameters.

The RR estimator integrates a A value into the estimation
model, which enables bias adjustment, decrease the SE, and
increasing the reliability of the parameters. The RR technique
notably reduces the basic issue associated with the OLS
estimator, Bo.s = (X'X)"1X'Y, by incorporating a small
constant, A, into the diagonal components of the cross-
product matrix X'X prior to its being inverted [77]. The RR
estimator, obtained through integrating the A value into the
OLS estimator, is shown in Eq. (5):

Briage = (X'X + Alp)T1X'Y (5)

Determining the optimal A value presents a critical challenge
in RR methodology. The standardization of parameters and
the enhancement of predictive accuracy depend on the
careful selection of the A value, which lies within the range of
0to1 (0 <A< 1).Hoerl and Kennard [77] created the ridge
trace plot to identify the optimal lambda value. The optimal 1
value is determined at the point where the RR coefficients

(/?Ridge) stabilize and the signs of the coefficients are properly
aligned. The ridge plot indicates selecting the minimal value
of A at which the standardized coefficients stabilize.

Output elasticities

Output elasticity is defined as the ratio of the marginal
physical product (MPP) to the average physical product
(APP). When the output elasticity exceeds 1, it indicates
increasing returns to scale (MPP > APP). If the output
elasticity is less than 1, it signifies decreasing returns to scale
(MPP < APP). When the output elasticity equals 1, it
represents the point at which diminishing returns begin (MPP
= APP) [78]. The point at which output elasticity equals 1
signifies the onset of diminishing returns and indicates the
minimum amount of the relevant factor of production
required to maintain production efficiency.

The output elasticity for an input i is calculated according to
Eg. (6), as presented in the studies by Lin and Ahmad [79], Lin
and Liu [80]:

ainy; avic\ (9%,
it = a;:;; = (6;;) (a);i:) = i + 2B;InX;e + X7q BijInX;, (6)
We used Eq. (6) to calculate the output elasticities of non-
energy factors (labor and capital) and energy-specific factors
(oil, natural gas, coal, hydropower and biomass).

Substitution elasticities

The elasticity of substitution referred to the responsiveness
of one input factor to the substitution of another input. A
higher elasticity of substitution indicates a stronger effect of
change. The sign of the elasticity (positive or negative) is used
to differentiates between substitution and complementarity
[81]. In this study, the elasticities of substitution between
various pairs of energy inputs are derived from the output
elasticities, which are computed using Eq. (6). The
substitution elasticity refers to the relative change in the ratio
of the marginal technical rate of substitution of these inputs,
as expressed in Eq. (7), referring Lin and Liu [80]; Lin and
Ahmad [82]:

dln(ﬁ)
0y = —
U )

m,

i

()

The din (%) in Eq. (7) represents the marginal technical rate
of substitution (MRTS) between input factors i. and j. Bello
and Ch'ng [66] detail the MRTS as shown in Eq. (8):

[tin (mf/mi)]_1 = din ("™ /m,) = dinMRTS;; =

AMRTS;; L
ij MRTSi]-; LF] (8)

Based on Eq. (8), the elasticities of substitution between
factors i and j, demonstrated to be symmetric by Lin and Liu
[80], are computed as presented in Eq. (9):

-1

Yy = [1 + [(_.Bij) + {%} * (.Bjj)] (=i + )7t 9

We used Eq. (9) to calculate the elasticities of substitution
between pairs of non-energy factors (labor and capital) and
energy-specific factors (oil, natural gas, coal, hydropower,
and biomass).
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Figure 4. Methodological framework
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EMPIRICAL FINDINGS

In our empirical analysis, we first evaluate the descriptive
statistics of the variables. These statistics presented in Table
2 reveal that the mean and median values suggest that output
(InY) and capital (InC) are relatively high, with capital
exhibiting the greatest variability (Std. Dev = 3.4476), while
labor (InL) demonstrates the least variability (Std. Dev =
0.1692). The value ranges indicate notable fluctuations,
particularly in natural gas (InNG), which varies between
0.7242 and -3.1971, as well as biomass (InB), which ranges
from -2.7710 to 2.9699. Skewness values indicate that most
variables are nearly symmetric, with the exceptions of capital
(InK) and natural gas (InNG), both of which are negatively
skewed (-0.7671 and -0.8290, respectively), and labor (InL)
and biomass, which are slightly right-skewed (0.5329 and
0.5971, respectively).

Evaluating the stationarity of the variables in the proposed
empirical model is crucial for selecting the appropriate
methodology. To assess stationarity, we utilize the
Augmented Dickey-Fuller (ADF) test, as developed by Dickey
and Fuller [83], and the Phillips and Perron (PP) unitroot test,
introduced by Phillips and Perron [84]. The results of the ADF

Table 2. Descriptive statistics

unit root test, presented in Table 3, indicate that the variable
(HE) is statistically significant at the 1% level under the trend
and intercept (T & I) model, while the (B) variable is
statistically significant at the 1% level under both the
intercept (1) and trend and intercept (T & I) models. The PP
test results also show that the (HE) and (B) variables are
significant at the 1% level under the trend and intercept (T &
I) model.

Conversely, the variables (Y), (L), (K), (P), (NG), and (C) are
non-stationary at level [I(0)], according to both the ADF and
PP test results, but become stationary after taking their first
differences [I(1)]. Specifically, the variables (Y), (L), and (K)
are statistically significant at the 5% level in their first
differences [I(1)] under both the intercept (I) and trend and
intercept (T & I) models, according to the ADF test results.
These variables are also significant at the 1% level according
to the PP test results. In contrast, the variables (P), (NG), and
(C) are statistically significant at the 1% level in both the ADF
and PP tests across both the intercept (I) and trend and
intercept (T & I) models. Therefore, based on the ADF and PP
unit root tests, we conclude that the variables (HE) and (B)
are stationary at level [I(0)], while the variables (Y), (L), (K),
(P), (NG), and (C) are stationary at first difference [I(1)].

InY InL InK InP InNG InC InHE InB
Mean 27.0191  10.1296  27.2396  0.3468 -0.4255  0.0647 -0.8619  -0.3559
Median 27.0212  10.0676 285876  0.2901 -0.0135  0.0149 -0.8777  -1.1826
Maximum 27.8528  10.4597  32.2189  0.8333 0.7242 0.5649 -0.1709  2.9699
Minimum 26.2973  9.8871 19.8396  -0.0718  -3.1971  -0.5777  -1.6556  -2.7710
Std.Dev. 0.4766 0.1692 3.4476 0.2499 1.0486 0.3661 0.3400 1.8702
Skewness 0.1727 0.5329 -0.7671 0.4044 -0.8290  -0.0469  -0.1617  0.5971
Kurtosis 1.7644 2.0068 2.4325 2.3424 2.6183 1.5501 2.5699 1.8900
Jarque-Bera 2.4691 3.1833 3.0138 1.6300 2.3422 3.1665 0.4344 2.9873
Probability 0.2910 0.2036 0.1344 0.4426 0.1141 0.2053 0.8048 0.1362
Observations 36 36 36 36 36 36 36 36
Source: Author’s calculates
Table 3. ADF and PP unit root tests results
ADF Test PP Test order of
Variable Level First Difference Level First Difference [ EG———
I T&I I T&I I T&I I T&I g
¥ 3.45 -0.16 -4.26 -5.53 10.39 0.95 -4.26 -6.89 1)
(1.00) (0.99)  (0.00)** (0.00)** (1.00)  (0.99) (0.00)*** (0.00)***
L 0.96 -0.96 -5.54 -7.52 0.96 -0.97 -5.55 -5.85 1)
(0.99) (0.93)  (0.00)** (0.00)** (0.99) (0.94) (0.00)*** (0.00)***
K 0.37 -0.38 -6.63 -6.66 1039 1191 -5.38 -6.74 1)
(0.98) (0.97)  (0.00)** (0.00)** (1.00)  (1.00)  (0.00)*** (0.00)***
p 0.83 -1.06 -5.34 -5.44 0.83 -1.31 -5.34 -5.44 %)
(0.99) (0.92)  (0.00)*** (0.00)*** (0.99) (0.87) (0.00)*** (0.00)***
NG -0.24 -2.34 -6.82 -6.65 -0.76 -2.28 -6.26 -6.17 1)
(0.92) (0.40)  (0.00)*** (0.00)*** (0.82)  (0.44) (0.00)*** (0.00)***
c -0.43 -2.58 -7.81 -7.67 -0.80 -2.55 -7.81 -7.67 I
(0.89) (0.29)  (0.00)*** (0.00)*** (0.81)  (0.30) (0.00)*** (0.00)***
-2.07 -4.37 -2.07 -4.41
HE (0.26)  (0.41)*+* i (0.26) (0.00)*** i Io)
-4.45 -4.53 3.84 5.41
B (0.00)%**  (0.41)*+* } (1.00)  (0.00)*** } 10)

Source: Author’s calculates. Notes: (**) and (***) indicate 5% and 1% statistical significance level, respectively. The notation /(0) and /(1) denote the stationarity
of the series at level and first difference, while 'I" and 'T & I' refer to tests with intercept and both trend and intercept tests.
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While standard unit root tests, such as the ADF and PP tests,
are commonly employed to evaluate the stationarity of
variables, they do not take into account structural breaks that
occur in countries. Perron [85] argued that there is a close
relationship between structural change and unit roots, and
that conventional unit root tests may produce biased results
when a structural break is present. Specifically, in such cases,
standart unit root tests may fail to reject the null hypothesis
(Ho) (Ho = Time series contains unit root (non-stationary); Hi =
Time series does not contains unit root (stationary)). Given that
stationarity tests which disregard structural breaks may yield
misleading results, we employed the Zivot-Andrews (ZA)
stationarity test, introduced by Zivot and Andrews [86], to
evaluate the stationarity of our variables while accounting for
structural breaks.

The results of the ZA test, as shown in Table 4, indicate that
all variables are non-stationary at level, except for the (HE)
variable, which is statistically significant at the 5% level and
thus stationary at level [I(0)]. In contrast, the (Y), (L), and (P)
variables are stationary at the 1% significance level, while the
(K), (NG), (C), (HE), and (B) variables are stationary in their
first differences at the 5% significance level [I(1)]. Therefore,
while the results of the ADF and PP unit root tests suggest that
variable (B) is stationary at level [I(0)], following Perron’s
[85] assertion that standard unit root tests may yield
misleading results in the presence of a structural break, we

Table 4. ZA unit root test results

assessed all variables in their first differences [I(1)], with the
exception of variable (B), in our empirical analysis.

The proposed TPF model of this empirical study contains
cross, quadratic, and exponential terms of the independent
variables. We cannot use the OLS estimator to estimate the
TPF model in order to prevent inaccurate findings [79].
Through the Pearson correlation coefficient, we examined the
extent of linear relationships between independent pairs
[87]. The Pearson correlation coefficient indicates that a
significant MCL issue occurs when the correlation between
independent variables surpasses 0.8 [88, 89]. The correlation
analysis results in Table 5 indicate that numerous pairwise
correlations surpass the widely recognized threshold of 0.8
(0.81, 0.82, 0.83, 0.84, 0.87, 0.90, 0.91, 0.93, 0.95, 0.96, and
0.98). In order to solve the MCL problem, we employ the RR
methodology, which adds a penalty term (1) into the model,
resulting in biased results.

Prior to employing the RR estimator for the MCL issue among
the independent variables, we utilized the ridge trace plot to
determine the optimal A value for our estimator. Figure 5
demonstrates the ridge trace plot of the A value within the
range of 0 < A < 1. Figure 6 shows the optimal A value for our
TPF model, which was 0.27. When the A value that is
determined by the Akaike Information Criterion (AIC)
reaches 0.27, all coefficients in the TPF model stabilize.

ZA Test

Variable Level First Difference Order of

Lag Breakyear t-statistic Lag Breakyear t-statistic Integration
Y 0 1998 -1.43 0 2011 -5.79%*x* 1(1)
L 0 2000 -2.66 0 2008 -6.66*** 1(1)
K 2 2018 1.93 2 2018 -6.42%* I(1)
P 2 2015 -4.49 0 2012 -6.51%** 1(1)
NG 0 2007 -3.87 0 2003 -8.77** I(1)
c 2 2005 -3.34 1 2015 -8.39** 1(1)
HE 0 2000 -5.13** - - - 1(0)
B 2 2018 -4.37 0 2013 -5.87** 1(1)

Source: Author’s calculates. Note: (**) and (***) indicate 5% and 1% statistical significance level, respectively.
Table 5. Correlation analysis

Variables L K P NG c HE B
L 1.0000 0.8404 0.9508 0.8161 0.9141 0.8196 0.9844
K 0.8404 1.0000 0.8751 0.9805 0.9139 0.7914 0.7939
P 0.9508 0.8751 1.0000 0.8312 0.8924 0.8475 0.9392
NG 0.8161 0.9805 0.8313 1.0000 0.9307 0.7578 0.7762
C 0.9141 09139 0.8924 0.9307 1.0000 0.8215 0.9077
HE 0.8196 0.7914 0.8475 0.7578 0.8215 1.0000 0.8274
B 0.9844 0.7939 0.9392 0.7762 0.9077 0.8275 1.0000

Source: Author’s calculates.
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Figure 5. Ridge trace plot for ridge regression

The findings from the TPF model presented in Table 6
indicate that the cross terms (petroleum-hydropower,
natural gas-hydropower, natural gas-biomass, coal-
hydropower, and hydropower-biomass) and quadratic terms
(natural gas-natural gas and biomass-biomass) exhibit
negative values, signifying increasing returns to scale,
whereas all other variables display positive values, denoting
decreasing returns to scale. The results presented in Table 6
show that all the statistical test indicators, the coefficient of
determination (R?), the standard error (SE), and the
significance level (F-statistic) of the regression indicate that
the chosen model is correctly specified and ensures a good fit
for the data. Specifically, the results show that all statistical
tests for the parameter estimates are favorable, as reflected
in the minimal SE (i.e., SE < 0.1 in most cases).

Firstly, the output elasticities for labor, capital, petroleum,
natural gas, coal, hydropower, and biomass, calculated using
Eg. (6) and with lambda (0.27) derived from the ridge trace
graph, are presented in Table 7. The empirical findings
indicate that the average output elasticities for labor, capital,
petroleum, natural gas, coal, hydroelectricity, and biomass in
the Tiirkiye economy spanning (1988-2023) are 1.5925,
1.0323, 0.8563, 0.8963, 0.9106, 0.8468, and 0.8463,
respectively. As the findings indicate that labor, followed by
capital, has the greatest impact on output in the Tiirkiye
economy, the marginal physical productivity of labor
surpasses that of capital. Conversely, coal demonstrates a
higher output elasticity than other energy inputs. Despite its
contribution to CO: emissions and climate change, coal
remains a dominant fuel in the Tiirkiye economy throughout
the sample period, surpassing other energy sources. These
findings suggest that the Tiirkiye economy is reliant on labor-
intensive production, with coal use making the largest
contribution to quantitative income, notwithstanding its
adverse impact on climate change. The empirical findings of
our study are in agreement with those of Bello and Ch'ng [66],
Raza and Lin [90], Raza and Cucculelli [61], and Raza et al.
[47], Khalid et al. [60], Zhang and Lin [91].

Secondly, using the output elasticities calculated based on Eq.
(6), the inter-factor elasticities of substitution, derived from
Eq. (9), are presented in Table 8. The results of the inter-
factor elasticities of substitution indicate that all input pairs
exhibit positive values across the sample period. According to
the economic growth literature, inputs are considered
substitutable when the elasticity of substitution between
input pairs is greater than zero, neutral when the elasticity is

equal to zero, and complementary when the elasticity is less
than zero. Therefore, the inter-factor elasticities of
substitution in the Tiirkiye economy suggest that the inputs
can be substituted for one another during the relevant period.

The extent of the relationship between capital and energy is
determined by changes in energy prices, according to
Apostolakis [92]. An increase in energy prices may stimulate
capital accumulation if energy and capital are substitutable.
However, if labor and capital are complementary, higher
energy prices are expected to reduce the rate of capital
growth. Consequently, the literature remains divided on
whether energy and capital are complementary or
substitutive. We calculated the average elasticity of
substitution between labor and capital to be 0.5662. Since the
elasticity of substitution between labor and capital is greater
than zero, this indicates that, according to economic theory,
these factors are able to substitute for each other. The average
elasticity of substitution between labor and capital is 0.5662,
supporting previous studies by Bello and Ch'ng [66], Alvarez-
Cuadrado et al. [33], Raza et al. [47], and Khalid et al. [60].
Conversely, our empirical findings differ from those of
Bardazzi et al. [93], who identify a complementary connection
between labor and capital.

Table 8 illustrates the findings of the elasticities of
substitution between labor and FF (petroleum, natural gas,
and coal) and C-RES (hydropower and biomass). The average
elasticities of substitution between labor and fossil fuels, as
well as clean and renewable energy sources, have been
calculated as (0.6167, 0.5881, 0.6506, 0.6673, and 0.6509)
respectively. Hydroelectricity exhibited the highest labor
substitution potential in the Tiirkiye economy compared to
other fuels during the sample period. As a result, when labor
costs rise in a labor-intensive country like Tiirkiye, the use of
hydropower offsets labor costs while also promoting
environmental sustainability as a clean energy source. The
findings we obtained align with those of Bello & Ch'ng [66],
Raza and Cucculelli [61] as well as Lin and Raza [94].

The average capital substitution potentials for FF and C-RES,
as presented in Table 8, are calculated as 0.8370, 0.1104,
0.1701, 0.1828, and 0.1787, respectively. Empirical findings
indicate that capital demonstrates highest substitution
potential with petroleum compared to other fuels.
Conversely, natural gas displays the lowest substitution
potential regarding capital on average. Compared to fossil
fuels such as coal and petroleum, natural gas has a lesser
impact on environmental degradation. Considering that the
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Tiirkiye economy depends on natural gas imports, stabilizing
the demand for natural gas and achieving output growth can
be realized through capital enhancement. During this period,
the average substitution potential of capital with coal,
hydroelectricity, and biomass in Tirkiye shows similar
results. Reducing coal consumption, a major factor in
environmental degradation, can be facilitated by increased

Table 6. Results of the ridge regression

capital investment. Furthermore, the development of new
hydropower plants and advancements in biomass extraction
and processing technologies can accelerate Tiirkiye's shift
towards C-RES. Our results align with those of Bello and
Ch'ng [66], Raza et al. [47], Bello and Solarin [44], and Khalid
etal. [60].

Dependent variable = InY,
Lambda value (1) = 0.27
R?=0.96

SE: 0.06

F-statistic: 14.67
Probability value: 0.02

Parameter Coefficient Standard Error t-statistic
Bo 25.5642 0.9311 27.456
B 0.0668 0.0737 0.9064
Bx 0.0067 0.0064 1.0469
Bp 0.0397 0.0446 0.8901
Bre 0.0244 0.0639 0.8318
Bc 0.0641 0.0233 2.7510
Bur 0.0344 0.0344 1.0000
By 0.0065 0.0068 0.9558
Bix 0.0005 0.0006 0.8333
BLp 0.0039 0.0043 0.9069
Bine 0.0025 0.0024 1.0417
Brc 0.0063 0.0063 1.0000
BiuE 0.0035 0.0035 1.0000
Bip 0.0007 0.0007 1.0000
Bxp 0.0017 0.0018 0.9444
Brne 0.0013 0.0012 1.0833
Bre 0.0026 0.0025 1.0400
Bkue 0.0010 0.0010 1.0000
Bxs 0.0003 0.0003 1.0000
Brne 0.1575 0.1441 1.0929
Brc 0.1054 0.1093 0.9643
Bpue -0.0517 -0.0543 0.9521
Bri 0.0126 0.0131 0.9618
Brec 0.0130 0.0064 2.0313
Bneue -0.0159 -0.0151 1.0529
Brcs -0.0019 -0.0023 0.8261
BeuE -0.0773 -0.0738 1.0474
Bca 0.0008 0.0026 0.7376
Bhes -0.0081 -0.0080 1.0125
BLL 0.0034 0.0037 0.9189
Brx 0.0001 0.0001 1.0000
Bep 0.0471 0.0530 0.8887
Brene -0.0001 -0.0010 1.0000
Bcc 0.0874 0.0938 0.9317
Buene -0.0187 -0.0181 1.0331
Bsg 0.0069 0.0059 1.1695

Source: Author’s calculates.
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Table 7. Estimates of output elasticity
Years L Pk o Pne Pc PuE Ps
1988 1.3598 0.7661 0.5717 0.6656 0.6530 0.6197 0.6148
1989 1.3787 0.7867 0.6130 0.6804 0.6779 0.6205 0.6315
1990 1.4010 0.8130 0.6369 0.7050 0.7040 0.6515 0.6554
1991 1.4194 0.8313 0.6575 0.7196 0.7239 0.6664 0.6736
1992 1.4344 0.8494 0.6740 0.7360 0.7379 0.6861 0.6876
1993 1.4452 0.8681 0.6901 0.7554 0.7468 0.7084 0.7024
1994 1.4543 0.8752 0.6956 0.7576 0.7510 0.7089 0.7063
1995 1.4872 0.9127 0.7336 0.7939 0.7854 0.7457 0.7436
1996 1.5101 0.9385 0.7590 0.8174 0.8147 0.7719 0.7641
1997 1.5286 0.9615 0.7824 0.8351 0.8402 0.7896 0.7849
1998 1.5428 0.9797 0.7962 0.8473 0.8549 0.8040 0.7963
1999 1.5377 0.9752 0.7943 0.8407 0.8437 0.7907 0.7871
2000 1.5465 0.9903 0.8096 0.8538 0.8623 0.7980 0.7992
2001 1.5287 0.9717 0.7927 0.8317 0.8305 0.7700 0.7808
2002 1.5522 0.9979 0.8173 0.8570 0.8558 0.8039 0.8023
2003 1.5615 1.0099 0.8317 0.8662 0.8706 0.8152 0.8100
2004 1.5691 1.0245 0.8454 0.8795 0.8868 0.8365 0.8224
2005 1.5705 1.0261 0.8503 0.8791 0.8871 0.8311 0.8207
2006 1.5917 1.0491 0.8749 0.9021 0.9192 0.8562 0.8430
2007 1.6027 1.0596 0.8884 0.9127 0.9367 0.8586 0.8564
2008 1.6067 1.0623 0.8913 0.9139 0.9389 0.8577 0.8595
2009 1.6201 1.0718 0.9012 0.9256 0.9527 0.8712 0.8758
2010 1.6432 1.0944 0.9232 0.9446 0.9743 0.9040 0.8988
2011 1.6593 1.1097 0.9401 0.9565 0.9922 09172 09121
2012 1.6758 1.1248 0.9559 0.9736 1.0120 0.9355 0.9295
2013 1.6790 1.1270 0.9572 09774 1.0036 0.9371 0.9330
2014 1.6842 1.1310 0.9620 0.9818 1.0156 0.9271 0.9391
2015 1.7118 1.1573 0.9871 1.0139 1.0386 0.9697 0.9666
2016 1.7268 1.1711 0.9994 1.0298 1.0582 0.9827 0.9818
2017 1.7384 1.1820 1.0122 1.0422 1.0690 0.9867 0.9926
2018 1.7442 1.1875 1.0146 1.0467 1.0758 0.9920 0.9984
2019 1.7593 1.2018 1.0270 1.0611 1.0920 1.0199 1.0143
2020 1.7487 1.1973 1.0215 1.0519 1.0828 1.0083 1.0082
2021 1.7577 1.2049 1.0318 1.0594 1.0893 1.0017 1.0144
2022 1.7762 1.2258 1.0444 1.0763 1.1054 1.0230 1.0304
2023 1.7759 1.2270 1.0416 1.0771 1.0999 1.0200 1.0291
Av. 1.5925 1.0323 0.8563 0.8963 0.9106 0.8468 0.8463

Source: Author’s calculates.
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Table 8. Estimates of inter-factor elasticity of substitution

Years Ik I1p Iine Iic ILHE I Ikp Ikne Ikc IkHE Ikp

1988 0.5027 0.4983 04846 0.4961 0.5164 0.5057 0.8795 0.0987 0.1698 0.1368 0.1373
1989 0.5102 0.5088 0.4949 0.5168 0.5255 0.5180 0.8721 0.0956 0.1566 0.1536 0.1414
1990 0.5181 0.5211 0.5065 0.5329 0.5432 0.5331 0.8704 0.0962 0.1600 0.1513 0.1446
1991 0.5256 0.5313 0.5158 0.5461 0.5554 0.5452 0.8658 0.0952 0.1593 0.1550 0.1455
1992 0.5302 0.5394 0.5235 0.5567 0.5664 0.5549 0.8639 0.0990 0.1617 0.1547 0.1497
1993 0.5307 0.5441 0.5292 0.5647 0.5746 0.5622 0.8652 0.1076 0.1649 0.1526 0.1538
1994 0.5351 0.5497 0.5343 0.5703 0.5800 0.5677 0.8587 0.1101 0.1666 0.1585 0.1568
1995 0.5447 0.5662 0.5505 0.5925 0.6019 0.5888 0.8578 0.1135 0.1683 0.1609 0.1588
1996 0.5511 0.5777 0.5603 0.6073 0.6167 0.6032 0.8552 0.1110 0.1699 0.1618 0.1644
1997 0.5547 0.5871 0.5671 0.6189 0.6285 0.6145 0.8485 0.1093 0.1706 0.1674 0.1674
1998 0.5568 0.5946 0.5733 0.6278 0.6374 0.6234 0.8408 0.1126 0.1753 0.1716 0.1740
1999 0.5548 0.5925 0.5728 0.6243 0.6349 0.6206 0.8377 0.1183 0.1728 0.1791 0.1778
2000 0.5533 0.5956 0.5738 0.6290 0.6406 0.6257 0.8353 0.1156 0.1734 0.1867 0.1812
2001 0.5483 0.5880 0.5697 0.6181 0.6294 0.6148 0.8299 0.1266 0.1710 0.1938 0.1800
2002 0.5538 0.5991 0.5801 0.6322 0.6443 0.6295 0.8294 0.1279 0.1737 0.1886 0.1854
2003 0.5548 0.6037 0.5827 0.6369 0.6500 0.6354 0.8258 0.1257 0.1720 0.1899 0.1897
2004 0.5520 0.6055 0.5831 0.6401 0.6529 0.6394 0.8244 0.1246 0.1734 0.1847 0.1923
2005 0.5523 0.6068 0.5841 0.6402 0.6548 0.6407 0.8216 0.1258 0.1705 0.1910 0.1952
2006 0.5569 0.6162 0.5888 0.6512 0.6672 0.6534 0.8221 0.1183 0.1701 0.1904 0.1972
2007 0.5605 0.6214 0.5904 0.6566 0.6756 0.6595 0.8226 0.1121 0.1676 0.1982 0.1951
2008 0.5625 0.6243 0.5928 0.6591 0.6789 0.6620 0.8205 0.1127 0.1676 0.2016 0.1950
2009 0.5694 0.6312 0.5979 0.6675 0.6873 0.6693 0.8239 0.1090 0.1675 0.1985 0.1894
2010 0.5763 0.6437 0.6077 0.6805 0.6991 0.6828 0.8194 0.1101 0.1689 0.1901 0.1901
2011 0.5813 0.6529 0.6129 0.6888 0.7095 0.6928 0.8151 0.1080 0.1679 0.1928 0.1926
2012 0.5870 0.6603 0.6173 0.6979 0.7187 0.7020 0.8182 0.1039 0.1676 0.1905 0.1912
2013 0.5888 0.6615 0.6250 0.7004 0.7212 0.7037 0.8204 0.1137 0.1686 0.1911 0.1901
2014 0.5913 0.6643 0.6233 0.7034 0.7291 0.7064 0.8211 0.1064 0.1680 0.2045 0.1882
2015 0.5999 0.6744 0.6363 0.7191 0.7405 0.7219 0.8297 0.1096 0.1698 0.1900 0.1881
2016 0.6051 0.6806 0.6390 0.7284 0.7501 0.7302 0.8327 0.1044 0.1717 0.1914 0.1873
2017 0.6087 0.6851 0.6437 0.7339 0.7600 0.7369 0.8348 0.1047 0.1702 0.1986 0.1879
2018 0.6106 0.6884 0.6452 0.7387 0.7637 0.7401 0.8337 0.1035 0.1734 0.1990 0.1877
2019 0.6153 0.6953 0.6499 0.7480 0.7666 0.7480 0.8340 0.1019 0.1757 0.1861 0.1867
2020 0.6066 0.6899 0.6451 0.7398 0.7610 0.7401 0.8276 0.1062 0.1766 0.1930 0.1881
2021 0.6105 0.6947 0.6501 0.7439 0.7733 0.7463 0.8278 0.1073 0.1740 0.2071 0.1896
2022 0.6127 0.7035 0.6582 0.7567 0.7829 0.7575 0.8229 0.1119 0.1829 0.2077 0.1952
2023 0.6112 0.7028 0.6617 0.7579 0.7841 0.7579 0.8222 0.1182 0.1868 0.2119 0.1976
Av. 0.5662 0.6167 0.5881 0.6506 0.6673 0.6509 0.8370 0.1104 0.1701 0.1828 0.1787

Source: Author’s calculates.
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Table 9. Estimates of inter-fuel elasticity of substitution
Years IpnG Ipc Ipyg Ipp Inge InGHE IngB Icne I IneB
1988 0.0878 0.1703 0.0455 0.0489 0.0768 0.0505 0.0441 0.0333 0.0370 0.0048
1989 0.0647 0.0303 0.0590 0.0473 0.0625 0.0077 0.0186 0.0566 0.0449 0.0110
1990 0.0656 0.0115 0.0530 0.0481 0.0648 0.0150 0.0185 0.0522 0.0471 0.0038
1991 0.0602 0.0487 0.0528 0.0447 0.0643 0.0091 0.0161 0.0570 0.0488 0.0072
1992 0.0603 0.0215 0.0498 0.0470 0.0621 0.0124 0.0137 0.0517 0.0488 0.0016
1993 0.0635 0.1118 0.0470 0.0515 0.0554 0.0188 0.0123 0.0386 0.0432 0.0059
1994 0.0605 0.0841 0.0488 0.0500 0.0542 0.0136 0.0107 0.0423 0.0436 0.0026
1995 0.0591 0.1098 0.0484 0.0492 0.0510 0.0124 0.0099 0.0400 0.0410 0.0021
1996 0.0574 0.0324 0.0458 0.0520 0.0548 0.0131 0.0051 0.0432 0.0495 0.0077
1997 0.0519 0.0568 0.0458 0.0492 0.0569 0.0073 0.0024 0.0509 0.0541 0.0047
1998 0.0506 0.0824 0.0438 0.0500 0.0580 0.0080 0.0002 0.0513 0.0573 0.0076
1999 0.0459 0.0343 0.0503 0.0525 0.0489 0.0036 0.0071 0.0533 0.0554 0.0036
2000 0.0438 0.0921 0.0561 0.0535 0.0522 0.0117 0.0103 0.0646 0.0618 0.0011
2001 0.0386 0.0146 0.0619 0.0499 0.0374 0.0231 0.0118 0.0607 0.0487 0.0108
2002 0.0394 0.0144 0.0535 0.0536 0.0383 0.0136 0.0148 0.0523 0.0525 0.0016
2003 0.0343 0.0494 0.0515 0.0552 0.0387 0.0168 0.0215 0.0559 0.0594 0.0052
2004 0.0339 0.0800 0.0435 0.0560 0.0411 0.0091 0.0227 0.0509 0.0631 0.0139
2005 0.0287 0.0869 0.0485 0.0573 0.0366 0.0195 0.0292 0.0565 0.0650 0.0103
2006 0.0271 0.1710 0.0465 0.0580 0.0442 0.0190 0.0314 0.0637 0.0746 0.0130
2007 0.0242 0.2256 0.0547 0.0553 0.0481 0.0303 0.0315 0.0788 0.0787 0.0021
2008 0.0226 0.2326 0.0568 0.0536 0.0474 0.0341 0.0314 0.0818 0.0779 0.0018
2009 0.0244 0.2472 0.0552 0.0491 0.0513 0.0305 0.0251 0.0823 0.0756 0.0046
2010 0.0214 0.2658 0.0412 0.0453 0.0510 0.0195 0.0242 0.0713 0.0744 0.0052
2011 0.0164 0.3041 0.0399 0.0439 0.0521 0.0232 0.0277 0.0761 0.0790 0.0051
2012 0.0177 0.3201 0.0388 0.0437 0.0560 0.0208 0.0262 0.0777 0.0815 0.0060
2013 0.0202 0.2405 0.0410 0.0440 0.0463 0.0205 0.0240 0.0676 0.0697 0.0040
2014 0.0198 0.2918 0.0556 0.0423 0.0536 0.0354 0.0227 0.0897 0.0756 0.0119
2015 0.0268 0.2295 0.0450 0.0469 0.0515 0.0177 0.0204 0.0702 0.0713 0.0031
2016 0.0304 0.2564 0.0480 0.0476 0.0589 0.0171 0.0175 0.0771 0.0758 0.0008
2017 0.0300 0.2452 0.0566 0.0492 0.0569 0.0261 0.0195 0.0840 0.0759 0.0059
2018 0.0322 0.2605 0.0559 0.0480 0.0614 0.0230 0.0161 0.0855 0.0769 0.0064
2019 0.0341 0.2728 0.0420 0.0465 0.0652 0.0072 0.0126 0.0737 0.0772 0.0056
2020 0.0305 0.2731 0.0445 0.0434 0.0616 0.0135 0.0132 0.0762 0.0742 0.0001
2021 0.0276 0.2658 0.0589 0.0447 0.0576 0.0307 0.0173 0.0894 0.0744 0.0126
2022 0.0321 0.2601 0.0545 0.0457 0.0613 0.0218 0.0139 0.0843 0.0747 0.0074
2023 0.0356 0.2150 0.0584 0.0477 0.0585 0.0221 0.0124 0.0817 0.0704 0.0091
Av. 0.0394 0.1586 0.0500 0.0492 0.0538 0.0188 0.0182 0.0645 0.0633 0.0058

Source: Author’s calculates.

Finally, using the output elasticities derived from Eq. (6), the
inter-fuel elasticities of substitution, as calculated according
to Eg. (9), are presented in Table 9. The average substitution
elasticities of various competing fuels (petroleum-natural
gas, petroleum-coal, petroleum-hydroelectricity,
petroleum-biomass, natural gas-coal, natural gas-
hydroelectricity, natural gas-biomass, coal-hydroelectricity,
coal-biomass, and hydroelectricity-biomass) are calculated

as (0.0394, 0.1586, 0.0500, 0.0492, 0.0538, 0.0188, 0.0182,
0.0645, 0.0633, and 0.0058), respectively. The findings from
the inter-fuel elasticities of substitution indicate that, since
the average elasticities of substitution for all fuels competing
in the Tiirkiye economy are positive, these fuels can
substitute for one another during the relevant period. During
the specified period, the greatest substitution potential
(0.1586) among fuel pairs in Tiirkiye was observed between
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petroleum and coal. The ability of coal to substitute for oil
suggests that, despite its polluting nature, coal can serve as a
reliable fuel for the Tiirkiye economy in the event of
disruptions to oil supply.

The potential of hydroelectricity and biomass to substitute
coal is comparatively high relative to other fuels. Tiirkiye's
total energy consumption of (7 EJ) in 2023 has been met by
(2.30 E]) of coal, (1.74 EJ]) of natural gas, (1.65 E]) of oil, (0.60
E]) of hydroelectricity, and (0.71 EJ]) of renewable energy
[13]. Given that coal dominates the energy mix in Tiirkiye,
substituting hydropower and biomass for coal is an important
milestone. Furthermore, CO2 emissions from energy in
Tirkiye in 2023 totaled 411.1 Mt [27]. Reducing CO:
emissions from FF is critical for environmental sustainability
of Tiirkiye, as committed in COP21, which Tiirkiye signed in
2016 and approved in 2021. However, the transition from
coal to hydropower and biomass requires addressing key
institutional,  financial, and  technical challenges.
Institutionally, clear regulatory frameworks, long-term
energy policies, and government incentives are necessary to
facilitate this transition. Financially, significant investments
in renewable energy infrastructure, grid modernization, and
subsidies for clean energy projects are crucial. Technically,
advancements in energy storage, grid integration, and
efficiency improvements in hydropower and biomass energy
generation must be ensured to improve their viability as
substitutes for coal. As a result, our empirical findings are
consistent with the notion that if coal can be replaced with
clean energy sources, the net-zero emission target can be
achieved by 2050. Eventually, our empirical findings align
with the results obtained by Xie and Hawkes [48], Lin and
Atsagli [50] as well as, Raza and Lin [88]. In contrast, our
study diverges from the findings of Yildirim et al. [95], who
concluded that biomass consumption contributes to
environmental degradation.

CONCLUSION AND DISCUSSION

The release of CO2 from the use of fossil fuels is one of the
most major contributors to climate change, which has been
accelerated by human activities. The significance of energy as
an essential component in the production process has raised
concerns regarding the potential of attaining environmental
sustainability. The Paris Climate Agreement seeks to lower
fossil fuel consumption and raise the share of clean and
renewable energy in the energy mix of participating countries
by 2030, with the goal of achieving net-zero carbon emissions
by 2050. Tiirkiye became a party to the Paris Climate
Agreement in 2016 and formally endorsed the agreement in
2021. This empirical study analyzes the substitution potential
between non-energy inputs (labor and capital) and energy-
specific inputs (oil, natural gas, coal, hydropower, and
biomass) to evaluate Tiirkiye's transition from fossil fuels to
clean and renewable energy sources. The effectiveness of
Tiirkiye's energy transition is assessed using Ridge
Regression (RR) over the period 1988-2023, employing the
Translog Production Function (TPF) model.

The empirical findings have substantial implications
regarding the Tiirkiye economy. Firstly, the output elasticities
for labor, capital, oil, natural gas, coal, hydropower, and
biomass are positive throughout the sample period.
Moreover, labor, followed by capital, exerts the greatest
impact on output during the relevant period. Given Tiirkiye's
status as a labor-intensive and developing country, this
finding is not unexpected. In Tirkiye, the improvement in
labor productivity during this period strengthened the
positive contribution of labor, while factors such as foreign

direct investment, technological advancements, and export
growth facilitated the positive contribution of capital to
output by driving the increase in capital stock. In terms of
energy inputs, coal is the largest contributor to output
compared to other energy sources and remains the dominant
fuel. This underscores the ongoing reliance of the Tiirkiye
economy on coal for quantitative growth, despite
commitments to reduce COz emissions for climate change
mitigation.

Secondly, traditional factors of production (labor and capital)
and energy sources (oil, natural gas, coal, hydropower, and
biofuels) are found to be substitutable. Compared to other
fuels, labor exhibits the lowest substitution potential with
natural gas and with hydropower, while capital shows the
highest substitution potential with oil and the lowest with
natural gas. Furthermore, among the fuel pairs in Tiirkiye, the
greatest substitution potential is observed between oil and
coal, highlighting the country's considerable dependence on
fossil fuels. Given Tiirkiye's reliance on natural gas imports,
stabilizing natural gas demand and increasing domestic
production can be achieved through advanced -capital
investments.

Lastly, hydroelectricity demonstrated the highest potential
for labor substitution relative to other energy sources in the
Tiirkiye economy. In a labor-intensive country like Tiirkiye,
an increase in labor costs can be offset by the use of
hydropower, which not only helps reduce labor expenses but
also supports environmental sustainability as a clean energy
source. Furthermore, the substitution potential of
hydropower and biomass for coal in the Tiirkiye economy is
notably higher compared to other fuels. Given that Tiirkiye's
energy mix is heavily reliant on fossil fuels, particularly coal,
the capacity of hydropower and biomass to replace coal
represents a significant development. Consequently, by
increasing the use of hydropower and biomass, Tiirkiye can
progressively decrease fossil fuel consumption and, as a
result, reduce CO:z emissions, thereby achieving its climate
change targets and promoting environmental sustainability.

POLICY RECOMMENDATIONS

The empirical results provide several recommendations for
the Tirkiye economy. Firstly, Tirkiye has the ability to shift
from fossil fuels (oil, natural gas, and coal) to clean and
renewable energy sources (hydropower and biomass).
Secondly, despite Tiirkiye's commitment to reducing CO2
emissions, the output elasticities of fossil fuels are estimated
to be positive. Conversely, despite being polluting fuels, the
positive output elasticities of fossil fuels demonstrate their
productivity-enhancing effects within the Tiirkiye economy.
Thirdly, similar to other fossil fuels in Tiirkiye, the potential
to substitute coal, one of the most polluting fuels, with
hydroelectricity and biomass substantiates the commitment
to substituting the energy mix with clean energy sources.
Fourthly, to achieve the climate objectives of 2030 and 2050,
Tiirkiye must incorporate hydropower plants utilizing cost-
effective, high-yield technology. Nevertheless, while
hydropower is a carbon-neutral energy source, it contains
the capacity to induce climate change. Technologies that
reduce seasonal disruptions in the establishment of
hydropower plants should be developed.

Finally, the capacity of biomass to substitute for fossil fuels is
dependent on the development of technological innovations
for biomass energy production in Tiirkiye. The capability to
substitute fossil fuels with biomass, which can be
transformed into various forms using suitable obtaining
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technologies, indicates that Tiirkiye may reduce fossil fuel
consumption if appropriate steps are taken in the transition
to clean energy.

RESEARCH LIMITATIONS

This empirical study examines the potential for inter-factor
and inter-fuel substitution to address the existing literature
gap regarding the Tiirkiye economy. Nonetheless, this
empirical study accepts substantial constraints. The study
focuses on fossil fuels and clean and renewable energy
sources based on the available data; however, it is unable to
analyze, such as wind and solar energy, due to insufficient
data in that sub-category. Future studies can enhance the
empirical literature on the Tiirkiye economy by obtaining
data on sub-categories of renewable energy. Furthermore,
this study focuses primarily on the quantitative aspects of
energy substitution and does not address employment data
associated with the energy market or grid technologies. As
such, future research could expand upon this work by
incorporating these additional variables.
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