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Leading the launch of a new journal as Editors-in-Chief has 
been a captivating journey filled with triumphs and challenges. 
In the beginning of 2017, we commenced our efforts on the in-
augural issue of the Environmental Research and Technology. 
Since our inception in 2018, our journal has been dedicated to 
fostering cutting-edge research in environmental science and 
technology, striving to address the critical challenges facing 
our planet. Today, as we stand on the threshold of another year 
of scholarly exploration and dissemination, it is an opportune 
moment to reflect on our accomplishments, express our appre-
ciation, and outline our vision for the future. As we commence 
the new volume of Environmental Research and Technology 
Journal in the year 2024, it is with great pleasure and a sense of 
profound gratitude that we address you.
First and foremost, we are thrilled to announce that En-
vironmental Research and Technology has achieved sig-
nificant milestones in terms of scholarly recognition and 
dissemination. We are delighted to share that we are now 
indexed in Scopus, a testament to the quality and impact of 
the research published within our pages. This achievement 
underscores our commitment to fostering rigorous scholar-
ship and contributing to the advancement of environmen-
tal science and technology on a global scale. It also opens 
new avenues for collaboration, visibility, and engagement 
within the academic community and beyond.
As we reach this milestone, we are filled with gratitude 
for the unwavering support of our authors, reviewers, and 
editorial board members. It is their dedication and com-

mitment that have propelled the journal to new heights, 
making it a beacon for scholarly excellence in the field of 
environmental studies.

Foremost, we extend our heartfelt gratitude to the authors 
whose insightful research and dedication to scientific in-
quiry form the backbone of our journal. Your commitment 
to advancing knowledge and addressing pressing environ-
mental challenges is truly commendable, and we are privi-
leged to serve as a platform for showcasing your work.

We also wish to express our deepest appreciation to the 
reviewers who generously share their expertise and in-
sights to ensure the quality and rigor of the manuscripts we 
publish in Environmental Research and Technology. Your 
invaluable feedback and constructive criticism are instru-
mental in maintaining the high standards of Environmental 
Research and Technology.

Additionally, we extend our gratitude to the members of 
our esteemed editorial board for their guidance, wisdom, 
and unwavering commitment to excellence. Your leader-
ship and vision continue to shape the direction of Environ-
mental Research and Technology, guiding us towards great-
er achievements, and we are honored to collaborate with 
such distinguished colleagues.

As we embark on this new volume, we believe that 
Environ-mental Research and Technology will be marked 
by contin-ued innovation, collaboration, and impactful 
research. Our journal will continue its mission to 
disseminate innovative 
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research, facilitate interdisciplinary dialogue, and contrib-
ute to sustainable solutions for the myriad environmental 
challenges facing our planet. In the coming year, we will 
continue to uphold the highest standards of scientific in-
tegrity, promote diversity in our author and readership, and 
seek new ways to collaborate and exchange knowledge. To-
gether we will try to solve the pressing environmental prob-
lems of our age and pave the way for a sustainable future.

In closing, we would like to invite you to join us in our work 
to advance Environmental Research and Technology and in-
vite scholars and researchers who are working on any topic of 
environmental science to submit their papers to the journal.

USE OF AI FOR WRITING ASSISTANCE
Not declared.
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ABSTRACT

Worldwide, approximately US$410 billion is spent annually on the management of four billion 
tons of domestic solid waste (MSW). The transportation cost alone accounts for more than 50% 
of the total expenditure on solid waste management. This cost constitutes approximately 85% of 
the collection and transportation cost. 54.4% of environmental protection expenditures cover 
waste services. The population of the Barış neighborhood in the Kayapınar district of Diyarbakır, 
which is the subject of this study, is 23 581 according to the 2020 TUIK data. The average amount 
of waste produced per person in a month is 7.6 kg/person. In the results of these statistics, it has 
been seen that the investment costs in the transportation of wastes are increasing day by day. In 
this study, the performance of ant colony and genetic algorithms, which are among the artificial 
intelligence techniques, and route optimization using GIS (geographic information system) soft-
ware were tried to be achieved to solve the GSP (traveling salesman problem), which is included 
in the route planning problems. The results of the study showed that savings were achieved with 
an improvement of 15.1576% in GIS, 29.8104% in GA (Genetic algorithm) and 40.5171% in ACS 
(Ant Colony System) compared to real life. As a result of the application, it has been observed that 
the ant colony algorithm is superior to the Genetic algorithm and GIS, as it draws a shorter route 
in terms of distance and obtains a better result in terms of improvement rate.

Cite this article as: Karabulut Aİ, Yazıcı Karabulut B, Derin P, Yeşilnacar Mİ, Pamukçu H. 
A comparative study on the selection of the most suitable route for the collection and trans-
portation of municipal solid waste. Environ Res Tec 2024;7(1)3–12.

INTRODUCTION

Solid waste is one of the important causes of the environ-
mental crisis, which negatively affects human health all 
over the world and is rapidly approaching a disaster level 
that will directly threaten human life. As with all other en-
vironmental problems, the increase in solid waste produc-

tion, which goes in parallel with the increasing population 
and increasing consumption, has become a focus of great 
concern. Additionally, problem of global warming has be-
come a major problem that the international community 
must face in this century. The IPCC’s (Intergovernmental 
Panel on Climate Change) report stated that development 
based largely on fossil fuel energies will increase global 
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average temperatures by about 4.5 °C in the 21st century. 
Therefore, good management of these processes is of great 
importance in terms of cost, environment and time. Oth-
erwise, significant problems arise in terms of excessive fuel 
consumption, waste of time, depreciation expense, envi-
ronment and public health [1]. In this study, optimization 
methods in the literature are examined in order to develop 
an optimal route plan for solid waste collection and trans-
portation. Waste management has become an important 
issue in many developing countries as it poses significant 
risks to the environment and public health. Municipal 
solid waste generation has been increasing steadily over 
the last decade. In 2016, it was reported that 2.01 billion 
tons of municipal solid waste was generated worldwide. 
This figure is expected to increase to 3.4 billion tons by 
2050 [2]. Even a small improvement in waste collection 
will result in significant cost savings, as MSW collection 
and handling often make up the bulk of waste manage-
ment budgets [3]. The amount of waste often generated 
in urban areas is not known exactly. Optimizing the col-
lection and transport of MSW contributes significantly to 
waste management system design [4]. In general, different 
sources of waste are unevenly distributed in urban areas. 
This situation increases waste collection and transporta-
tion costs [4]. Therefore, managers and decision makers 
are interested in dealing with the lowest possible cost [5].

Therefore, there is a need for an optimization system that 
will consider the diversity of the waste generated and take 
into account the costs [5]. Recently, many models have 
been proposed to optimize collection and transport over 
the entire garbage truck network. Geographic Information 
System (GIS) is used in some of these proposed models. 
GIS is a suitable tool for such studies as it can store, re-
trieve, analyze and apply large amounts of data, and vi-
sualize response time and output [6]. Various algorithms 
have been investigated for optimization problems in waste 
management. The reason for this diversity is that the vast 
majority of routing algorithms involve the use of heuris-
tics. Heuristic algorithms are temporary, trial and error 
methods that do not guarantee finding the optimum solu-
tion but are designed to find near-optimal solutions in a 
fraction of the time required by optimal methods [7].

Optimal routing in solid waste collection includes plan-
ning and defining routes for the passage of trucks during 
the collection process. Failure to apply scientific or tech-
nological interventions in the selection of the optimal 
route causes the take distance of waste collection trucks 
to prolong the distance and increase the collection cost 
[8]. Studies in the literature have explored the solid waste 
collection problem in terms of optimization using math-
ematical programming and GIS-based approaches to 
achieve resource conservation and environmental pro-
tection [9]. The objective of vehicle routing is to minimize 
time, cost, and distance, given some relevant parameters 
[10, 11]. A metaheuristic approach methodology using 
the Ant Colony Optimization (ACO) algorithm was em-
ployed to find optimal routes with the minimum total 

distance [12]. The ACO algorithm is expected to provide 
faster computation times for solving this problem, while 
ensuring that the resulting routes have the minimum to-
tal distance. Studies in routing of solid waste collection 
trucks therefore consider the importance of path con-
straints [13]. There are many studies that are similar to 
the subject of the study and conducted in previous years. 
In a study conducted ACS (Ant Colony System) was used 
in order to solve the road problem in the collection and 
transportation of wastes and to save time, and it was seen 
that efficient results were obtained [14]. In another study 
conducted it was demonstrated that high efficiency was 
obtained from this method by working with the Ant Col-
ony System, which is recommended for the collection 
of household waste with minimal cost expenditure [15]. 
Conducted an optimization study using ArcGIS appli-
cation in Chennai, one of the major metropolitan cities 
in southeast India [16]. After developing a spatial data-
base for the whole of Chennai with 200 nodes, 13 solid 
waste transfer stations were identified through optimi-
zation studies using ArcGIS. This optimization process 
has reduced the distance traveled by 9.93%. Yetiş [17] 
used the Geographical Information System to calculate 
the groundwater salinity in the Şanlıurfa Balıklıgöl Ba-
sin and created the areal distribution maps of the study 
region. As a result of the study, it was observed that the 
sampling point was found more easily and most impor-
tantly, time was saved with the spatial mapping of GIS.

In their study, presented a hybrid algorithm consisting of a 
combination of GIS and genetic algorithm to reduce route 
length, travel time and fuel consumption [18]. Proposed a 
mathematical model for solving the municipal waste col-
lection problem in order to reduce the total cost and emis-
sions of waste collection and transportation route. They 
argued that the proposed model is effective in adjusting 
the waste collection process over time and reducing the 
emissions of environmental pollutants [19].

In their study, aims to improve the effectiveness of In-
tervention Units for Social Events (IUES) by providing 
decision support for efficient re-deployment to district 
stations. Criticality values from Erzurum province expe-
rience are used to develop a mathematical model. Opti-
mal solutions are presented, achieving a 22% improve-
ment in event coverage rate with three unit deployments. 
Expert evaluations find the results reasonable [20]. In 
their study, The study aims to determine the most cost-ef-
fective, safe, and uninterrupted route for hazardous mate-
rials transportation, considering the increasing industri-
alization. It involves face-to-face meetings with managers 
of a company transporting hazardous materials between 
Gaziantep and Erzurum provinces, using the SMAA-2 
method to manage risks involved in hazardous materials 
transportation. This approach ensures safety and unin-
terrupted operations [21]. In their study, investigates the 
strategic-level ammunition distribution network design 
problem (ADNDP) for military units, focusing on de-
termining depot locations and service assignments. The 
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methodology uses multi-objective mathematical mod-
eling, Analytic Hierarchy Process (AHP), TOPSIS, and 
GIS to minimize transportation costs and risk scores. The 
study has applied the methodology to design and eval-
uate a real ammunition distribution network, using the 
weighted-sum method to find non-dominated solutions 
and discussing tradeoffs with experts. The paper presents 
the proposed methodology, findings, and insights [22]. 
In their study, focuses on the Anti-Tank Guided Missiles 
(ATGMs) selection problem, a strategic decision problem. 
The methodology uses simulation data from hundreds of 
scenarios to determine the best anti-tank weapon system 
for combat scenarios with high uncertainty. The method-
ology consists of four phases and 15 steps, using Fuzzy 
Shannon's Entropy and Fuzzy CoCoSo with Bonferroni 
methods. The methodology combines technical data 
from weapon systems and JCATS simulation tool, provid-
ing more precise criteria for combat environments. The 
sensitivity analysis confirms the methodology's stability, 
robustness, and practicality [23].

In this study, the existing solid waste collection route be-
longing to the Barış neighborhood of the Kayapınar dis-
trict of Diyarbakır province was excavated and examined. 
In order to minimize the costs, Genetic Algorithm and 
Ant Colony method and Network Analysis method were 
also used to calculate the route optimization. The problem 
covered in the study was calculated using the Python pro-
gramming language with Genetic Algorithm and Ant Col-
ony optimization methods. In addition, a suitable route 
was created by using Network Analysis, which is one of 
the GIS analyzes. All the results obtained were compared 
with the existing solid waste collection route of the mu-
nicipality. In this study, it is seen that significant environ-
mental and economic gains can be achieved with different 
algorithms used in the route optimization process.

MATERIALS AND METHODS

Kayapınar district, which is one of the four central districts 
in Diyarbakır province, was chosen for route optimization. 
The population of Diyarbakır has increased compared to 
the previous year and is 1,783,431 people according to 2020 
TUIK data. The area of the province is 15,168 km2 and there 
are 118 people per km2 in the province. Kayapınar, one of 
the central districts, has a surface area of 438 km2 and is the 
most populous district in the province with a population 
of 400,905 people according to TUIK 2020 data [24]. Barış 
neighborhood, which is the study area, covers an area of 
303.85 hectares (Fig. 1).

Barış neighborhood is a settlement where people with dif-
ferent socioeconomic characteristics live together, showing 
an example of both regular and unplanned urbanization. 
There are various structures within the boundaries of the 
neighborhood: community health center, various schools, 
mosque, TEIAŞ, playgrounds, health centers. In the neigh-
borhood, wastes are collected in metal solid waste contain-
ers of 600–800 liters, located in front of apartments, parks 
and schools.

Solid waste is collected by 27 solid waste collection vehi-
cles, 11 in the morning and 16 in the evening, across the 
Kayapınar district. While the capacity of 1 solid waste truck 
is approximately 5.5 to 6 tons, 162 tons of waste is collected 
daily in the district. An average of 16 tons of waste is col-
lected in a week, this amount is 23 tons on Monday, 12/13 
tons on Sunday and 16 tons on the remaining days. Approx-
imately 64 tons of waste is collected monthly [25]. In Barış 
neighborhood, solid waste is collected by a vehicle between 
06:00 and 12:00 in the morning. A fruit and vegetable mar-
ket are set up in the neighborhood 2 days a week, and the 
vehicle collects about 8.25/9 tons of waste in 1.5 trips, col-
lecting half an extra solid waste on those days. The wastes 

Figure 1. Location map of study area.
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accumulated in the solid waste containers are collected dai-
ly by rear-loading, hydraulic compression vehicles belong-
ing to Kayapınar Municipality.

Data Collection
Various field trips were conducted initially to determine 
the route of the study area and the locations of waste con-
tainers along this route. In addition, discussions were held 
with municipal vehicle operators to gain insight into the 
technical and logistical aspects. The route map of the study 
area was obtained from the Department of Public Works. 
To monitor the garbage trucks and determine the work-
ing area, the Mobilize tracking system device was utilized. 
By examining the routes taken by the tracking device, the 
coordinate data of solid waste container points were iden-
tified, and the locations of these container points were 
transferred to Google Earth Pro. The transferred contain-
er point data in KMZ format was then imported into Esri 
ArcGIS software. The block diagram of the procedure is 
given in Figure 2.
Barış neighborhood has a population of 23,581 according 
to 2020 TUIK data. The average amount of waste produced 
per person in a month is 7.6 kg/person [24]. The maximum 
slope of the elevation profile of Barış neighborhood, which 
is one of the neighborhoods where the population with dif-
ferent socioeconomic characteristics is densely populated, 
is 14.1% and has an average slope of 2%. According to the 
Highways Geometric Standards, the topographic structure 
of Barış neighborhood is inclined. The coordinate data 
of the solid waste container points were determined by 
checking the routes that the tracking device passed, and 
the locations of these container points were transferred to 
Google Earth Pro.
In this study, mainly the Genetic Algorithm method is 
used for the solution of the route optimization problem, 
and calculations are also made with the Ant Colony meth-
od. Using the Python programming language, Genetic Al-
gorithm and Ant Colony optimization methods were used 
to calculate the shortest distances between the solid waste 

container points and the result was also obtained using 
GIS. By comparing the results obtained, the method that 
gives the most appropriate route has been adopted [26].

For the GIS solution, ArcMap module, which operates 
based on the Dijkstra algorithm and the method of find-
ing the shortest path, was used and the studies were carried 
out with the network analyst tool of this module. Creating 
a single or multimodal network dataset with the network 
analysis tool, determining the best route using a network 
dataset, creating a model for route analysis, transporting 
several orders with a fleet of vehicles, performing network 
analysis using traffic data, allocating the most appropriate 
location, etc. analysis can be done [27].

Genetic Algorithm (GA)
Genetic algorithms (GA)s can be defined as a method in 
which the evolutionary event is coded in the computer en-
vironment to find answers to some problems that are dif-
ficult to solve with traditional methods and an attempt is 
made to search for optimal or near-optimal results by us-
ing this evolutionary process. In this context, the genetic 
algorithm is a metaheuristic search method based on the 
encoding of parameters that searches randomly and tries to 
find a solution [28].

Instead of a single result for the problem tried to be solved 
in the genetic algorithm, a set of results is created in which 
the most appropriate result will be evaluated. The result ob-
tained because of the calculations made in the genetic al-
gorithm creates the possibility of being selected, but it can-
not guarantee being selected. The selection to be made is 
random like the initial population created at the beginning, 
and the fitness value of the solutions shows the determina-
tion of the solution candidates [29].

GA is a heuristic screening method developed by being in-
spired by the change processes in nature. It is a robust and 
flexible approach in general and can be used to solve many 
problems that have both discrete and continuous charac-
ter. The general solution methods group, which includes 

Figure 2. The block diagram of the procedure.
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genetic algorithms, is called evolutionary algorithms, and 
essentially evolutionary algorithms are a sub-branch of ar-
tificial intelligence. On a theoretical basis, it can be said that 
the origin of evolutionary algorithms dates to the 1950s. In 
particular, Turing's work titled “The Calculator and Intelli-
gence” contains many concepts that form the basis of evo-
lutionary algorithms [30].

Ant Colony Algorithm
In the calculation of the ant colony algorithm, it is aimed 
to find the shortest path inspired by the pheromone se-
creted by the ants along the route to find food and then 
return to their nests [31]. In history, Dorigo applied the 
algorithms created by the behavior of ants, namely the 
pheromone ratios they secreted, to the traveling salesman 
problem for the first time and obtained positive results. 
The positive result obtained from the algorithm has also 
set an example for future generations and has been used 
in many route problems [32].

In environmental modeling, there has been increased 
interest in the design of optimization models and me-
ta-heuristic algorithms to shorten the travel routes of solid 
waste collection vehicles [33]. The Ant Colony Optimi-
zation (ACO) algorithm was inspired by the observation 
of swarm colonies and especially ants [7]. Amal [33] pro-
poses a new Spatial Geographic Information System (GIS) 
based Genetic Algorithm to optimize the solid waste col-
lection route. The algorithm proposed as SGA is a mod-
ified version of the original Dijkstra algorithm in GIS to 
generate optimal solutions for vehicles.

The basic logic in the ant colony algorithm is the behavior 
of ants while searching for food. This behavior was also 
measured by the pheromone they left in parallel with the 
probability of finding food on the route they passed. First 
of all, ants head towards the points where the food is found 
randomly. Since they secrete the smell, they call phero-
mone while passing there, other ants that pass through the 
same route head there, depending on the rate of finding 
food. In other words, the pheromone left by the ants pass-
ing through the route shows parallelism with the ratio of 
the food available at that point. The basic relationship be-
tween these pheromone traces and ants enables the ants 
to return to their nests where they left while searching for 
food. This characteristic feature in real ants has been used 
in artificial ant colonies to solve integrated optimization 
problems [34].

The first thing to do when starting the calculations with the 
ant colony algorithm is to determine how many ants will be 
used. Afterwards, each ant is randomly placed on a point, 
and thus, all available points are visited one by one, and the 
ants complete the tour. The representation of these process 
steps in mathematical language is given in equation 1 [34].

� (1)

Here; 

: Probability of the ant going from point i to point j

: Pheromone value in the middle of i and j points

: Heuristic value between points i and j

: Pheromone criterion

: Intuitive criterion

: Dots part

Network Analysis tool in GIS
It covers the processes of transferring all kinds of data belong-
ing to the earth to the computer environment by establishing 
relations with the space and storing these data by means of 
special programs used, classification, comparison with each 
other, analysis, updating and visualization as maps, graphics, 
and tables as desired. As such, GIS is not just transferring and 
storing various data to the computer environment. The most 
important feature that distinguishes GIS from other database 
systems is that it stores all data depending on the place they 
belong to on earth and allows a wide variety of spatial associ-
ations, that is, various analyzes between them [35].

GIS, which started to develop in Türkiye recently, especially 
after the 1990s, has now been widely used in many different 
sectors. When we look briefly in which areas GIS is used, 
in socioeconomic areas, health, local government, transpor-
tation planning, service and city management applications. 
In defense; target area identification, tactical support, mobile 
command modelling, smart data integration, in business life; 
market sharing analysis, insurance, fleet management, target 
marketing, positioning of sales areas, infrastructure; network 
management, service provision, communication, emergency 
response, environmental management; It is seen that it is 
used effectively in site selections, EIA studies, pollution con-
trols, disaster management and resource management.

GIS technology has been widely adopted in waste manage-
ment, particularly in the planning process, due to its abil-
ity to effectively digitize spatial feature data, including the 
objects and their attributes with geographic accuracy. By 
incorporating spatial feature data, GIS technology enables 
efficient management and analysis of waste-related infor-
mation. This includes mapping waste collection points, 
tracking routes, optimizing collection schedules, analyzing 
waste generation patterns, and identifying suitable locations 
for waste facilities. The extensive use of GIS technology in 
waste management has significantly improved the planning 
process, allowing for better decision-making and enhanced 
operational efficiency in the industry. GIS technology has 
gained widespread use in waste management, particularly in 
the planning process, due to its ability to effectively digitize 
spatial feature data, including the object and its attributes 
with geographic accuracy. By incorporating spatial feature 
data, GIS technology enables comprehensive utilization in 
waste management, particularly in the planning phase [36]. 
In this context, ArcGIS, with its network analysis extension, 
allows users to dynamically model realistic network condi-
tions, including turn restrictions, speed limits, and traffic 
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conditions. Network analysis in ArcGIS not only examines 
the closest facility within a digitized connected line network 
but also provides the ability to model specific network attri-
butes based on inputs such as traversal distance, travel time 
and cost, barriers, vehicle restrictions, and more [37].
Municipalities have limited budgets for basic sanitation ser-
vices, which is why technological strategies and trained hu-
man resources are necessary for improved municipal solid 
waste management. From a technical perspective, GIS pro-
vide a powerful tool to model and optimize service routes 
where a better scenario can be proposed. GIS offers up-to-
date services in terms of modeling and optimizing service 
routes for improved municipal solid waste management 
[38]. In addition to the ability to store verbal information 
of spatial data in an integrated way in the database, GIS also 
has the feature of querying and processing these data with 
the help of programming languages and visualizing the 
analysis results. For this reason, it provides visualization 
and more appropriate analysis of classical database opera-
tions such as data storage, querying and statistical analysis.

RESULTS AND DISCUSSION

Performing Route Optimization with Genetic Algorithm
There are 105 solid waste container points belonging to 
Barış neighborhood. The coordinates of these container 
points were obtained from the Google Earth Pro applica-
tion and a dataset was created with this information. The 
created coordinate information was transferred to the 
working environment using the “Pandas” library. The data 
set was obtained by labeling the coordinate information of 
105 solid waste containers. The distance information ob-
tained by calculating the Euclidean distance between the 
tagged coordinates was used in the genetic algorithm. The 
formula used to calculate the distance is as follows:
d = √[(x2–x1)

2+(y2–y1)
2]� (2) 

Using the distances obtained by the formula, the following 
steps were used to determine the best route between the 
container points.
1. Creation of the starting route; At this stage, a random 

route was created between 105 coordinates.
2. Calculation of the total length of the created route: Calcu-

lation of the distance between the points of the route cre-
ated with the Euclidean distance shared in the formula.

3. Performing crossover between points: Creating a new 
route by performing crossover between selected points.

4. Mutation: Applying a mutation between the new route 
created according to the mutation probability.

5. Continuing the cycle by returning to the second step for 
the specified number of steps.

For population formation, which is one of the stages of the 
genetic algorithm, the data entry of 105 containers was 
written in accordance with the python programming lan-
guage. When it comes to the final stage in the calculation 
of the Genetic Algorithm, routes were created according to 

the number of generations and distance calculations were 
made with this route. The distance after the 1000th popula-
tion was 18910.63 meters (18.9106 km) (Figure 3, Table 1). 
The results obtained in Table 1 are shown in meters.

Performing Route Optimization with Ant Colony
There are some parameters that need to be determined 
when calculating the Ant Colony Algorithm. What these 
parameters are can be explained step by step as follows:

•	 Number of Steps: Indicates how many steps the optimi-
zation process will take.

•	 Number of Ants: It refers to the total number of ants in 
the colony.

•	 Alpha Value: Indicates the importance of the phero-
mone value between points.

•	 Beta Value: Indicates the importance value of the dis-
tance between the points.

•	 Pheromone Evaporation Value: Indicates the phero-
mone evaporation rate between points after each step.

In accordance with the parameters mentioned above, the 
values of the CCA calculated in the ‘python’ computer pro-
gramming language are given in Table 2.

As shown in Table 2 above, ant colony algorithm param-
eters were determined. The following steps were taken in 
line with these determined parameters and optimization 
was carried out with the data set used in section 2.

Step 1:	 Ants are randomly placed on the dots.

Step 2:	 Each ant creates a route according to the deter-
mined alpha and beta values.

Step 3:	 The created route values are calculated.

Figure 3. 1000. The population-generated route.

Table 1. The best distance values obtained according to the 
number of generations

Population	 Distance (m)

1. Population	 75965.44

100. Population	 59833.45

1000. Population	 18910.63
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Step 4:	 The pheromone ratio in the route that the ants 
pass according to the direction they form is increased.

Step 5:	 The amount of pheromone on the route is reduced 
according to the pheromone evaporation rate.

Step 6:	 It is repeated by returning to Step 2 as many as the 
number of steps.

Optimization was achieved in 1000 iterations by follow-
ing the specified steps, and the route obtained is shown 
in Figure 4. The total distance obtained according to the 
CCW optimization result shown in Figure 4 is 16026.21 m 
(16.0262 km).

Solution of Route Optimization with GIS
It is solved with the route feature of the ArcMap network 
analysis tool of Esri ArcGIS application. As a result of these 
solutions, the results of the solution of 11 problem sets are 
shown in Figure 5. The distance obtained for this ranking is 
22.9616 km. Each result in the table; It shows the most suit-
able route between the vehicle starting from the first point, 
stopping at other destination points, and returning to the 
starting point again.

Extracting the Route Used in Real Life
Mobilize tracking device is placed in solid waste collection 
vehicles to determine the route used for the collection of 
household waste in Barış neighborhood. Thanks to the track-
ing device, the data of the application can be obtained when 
the solid waste collection vehicle enters and exits the neigh-
borhood. By analyzing the data obtained at the end of the day, 

105 container points were determined on the route of Barış 
neighborhood. The distances between 105 container points 
on this route have been calculated as 22.8488 km (Fig. 6).

CONCLUSIONS

The waste collection plays a crucial part in the waste man-
agement system because of the high cost of transportation. 
As a result, waste management activities are becoming 
more and more important. Decision-makers are now re-
quired to make educated choices due to rising costs of solid 
waste management, which account for a considerable share 
of total expenses for local administrations.

This study addresses the waste collection and transportation 
problem, which constitutes a significant portion of the costs 
of solid waste management systems. In particular, genetic 
algorithm, ant colony algorithm and traveling salesman 
problem optimization are used to generate feasible solu-
tions to the waste collection problem involving 103 points 
distributed in Barış neighborhood of Kayapınar district of 
Diyarbakır. The results obtained with the studies carried 
out in this direction were compared with the real-life data.
Using real-life data for a small area and evaluating the studies 
on it can provide convenience. However, as the working area 
grows, optimization studies are carried out with the emer-
gence of constraints such as time, traffic density, number of 

Figure 4. Ant colony algorithm optimization map. Figure 5. Network analysis optimization map.

Figure 6. Route ranking used in real life.

Table 2. Ant colony algorithm parameter values

Parameter	 Value

Number of steps	 1000

Number of ants	 150

Alpha ratio	 1.0

Beta rate	 3.0

Pheromone evaporation rate	 1.0
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vehicles and increase in the number of employees. In the study 
conducted for this purpose, it has been seen that GIS, GA and 
CCA give more advantageous results than real life data.

As a result of the study, it was seen that savings were 
achieved with 15.1576% improvement in GIS, 29.8104% 
improvement in GA (Genetic algorithm) and 40.5171% 
improvement in ACS (Ant Colony System) against real life 
data. As a result of the application, it was seen that the ant 
colony algorithm is superior to the Genetic algorithm and 
GIS because it draws a shorter route in terms of distance 
and achieves a better result in terms of improvement rate.

Within the scope of this study, it has been tried to optimize 
the route used in the collection and transportation of solid 
wastes with GIS, Ant Colony Algorithm and Genetic Algo-
rithm. The results obtained with the studies carried out in 
this direction were compared with the real-life data.

Using real-life data for a small area and evaluating the studies 
on it can provide convenience. However, as the working area 
grows, optimization studies are carried out with the emer-
gence of constraints such as time, traffic density, number of 
vehicles and increase in the number of employees. In the study 
conducted for this purpose, it has been seen that GIS, GA and 
CCA give more advantageous results than real life data.

In the process of determining the optimum route used by lo-
cal governments in the collection and transportation of do-
mestic solid waste; It has been seen by experimental studies 
that the use of heuristic methods has a significant share in 
terms of economic and environmental gains. Optimization 
and comparison of the traveling salesman problem with the 
genetic algorithm and the ant colony algorithm were used 
to calculate the route optimization in the collection and 
transportation of solid wastes. With the calculations made, 
it was seen that the ant colony gave a better improvement 
result than the genetic algorithm. A GIS solution was im-
plemented using the network analysis tool of the ArcMap 
module of the Esri ArcGIS application. In large-scale study 
areas, GIS gives more advantageous results than real data. 
Likewise, it has been seen that the result obtained from Arc-
GIS for the study area is more advantageous than the real 
data Likewise, in the neighborhood, which is the subject of 
the thesis, it was seen that the result obtained from Arc-
GIS was more advantageous than the real data. It has been 
determined by calculations that the efficiency obtained 
from algorithms used outside of GIS is much more advan-
tageous. In the calculations made under four headings for 
Barış neighborhood, the most advantageous ratio was ob-
tained with the Ant Colony Algorithm, with a distance of 
16.0262 km and an improvement of 40.517%.

In this study, calculations were performed on certain crite-
ria with different algorithms. More extensive studies can be 
carried out by adding criteria such as time and cost to the 
algorithms. As a result, in the determination of the optimum 
route used by local governments in the collection and trans-
portation of domestic solid waste; It has been seen by experi-
mental studies that the use of heuristic methods has a signif-
icant share in terms of economic and environmental gains.

In the next study plan, the problem will be done to cover 
the whole district and the whole province. While solving 
these problems, other real life constraints such as vehicle 
breakdown and traffic congestion will be added, and opti-
mization solutions will be produced.
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ABSTRACT

Today, protecting water resources and their sustainable use has become an obligation of people 
and organizations. Wastewater management and reclamation are the most important solutions 
to protect these resources. This study aims to determine the wastewater physicochemical qual-
ity of the Faculty of Sciences Ben M'Sick (FSBM) (Casablanca, Morocco) to establish the ap-
propriate system for their treatment and internal reclamation. The results show that averages 
of FSBM's wastewater temperature vary between 17.64 and 19.55 °C, 7.18 and 8.18 for pH, and 
2.47 and 3.98 mS.cm-1 for electrical conductivity. The COD, BOD5, and TSS average values os-
cillate respectively between 967.44–1.151.08 mg.L-1, 70.5–119.05 mg.L-1, and 223.64–1.659.74 
mg.L-1, and those of total phosphorus between 2 and 3.99 mg.L-1. The determination of the 
biodegradability degree of the discharge, through the calculation of COD/BOD5, BOD5/COD, 
TSS/BOD5, COD/TP, COD/NH4

+ ratios, and oxidizable matters (OM,) reveals that the FSBM's 
wastewater has a heterogeneous character with a high load of oxidizable matter difficult to 
biodegrade. Despite its low biodegradability, the FSBM’s wastewater could be treated using a 
biological treatment system, preceded by a physicochemical treatment to eliminate non-bio-
degradable chemical substances. Such a choice of wastewater treatment system requires prior 
experimental investigations and laboratory tests.

Cite this article as: Grimah K, Nahli A, Lazrak A, Chlaida M. Physicochemical characteriza-
tion of university campus’ wastewater for internal treatment system installation (Casablanca, 
Morocco). Environ Res Tec 2024;7(1)13–26.

INTRODUCTION

Water is an essential natural resource, and the assurance of 
sufficient quantity and quality of this material for each of us 
has become one of the significant challenges of the 21st centu-
ry. Water scarcity is a real threat to many nations, and they are 
being made worse by population increase, excessive water re-
source use, and the escalating consequences of climate change. 
In the Mediterranean region, water resources are highly vul-
nerable to climate change [1], notably impacting the integrity 
of aquatic ecosystems and the water availability for agricultur-
al irrigation and domestic and industrial activities [2, 3].

Morocco, known for its semi-arid Mediterranean climate, is 
no exception to water stress in the Middle East and North 
Africa (MENA) region. Indeed, the country is facing a sig-
nificant water shortage due to increased water demand and 
reduced rainfall induced by climate change. This reduction 
in water resources intensely conditions the country's so-
cioeconomic development ambition. It limits the activities 
of different sectors of the national economy [4, 5], which 
could reduce Morocco's GDP by up to 6.7 billion US dollars 
per year [6]. Thus, investing in water efficiency practices 
and developing non-conventional resources can mitigate 
this water stress situation.
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For this purpose, Morocco adopted a National Water 
Strategy (NWS) in 2009 [7], which focuses on manag-
ing, preserving, and developing water resources, reduc-
ing vulnerability to water-related risks, and adaptation 
to climate change. In addition, the country has devel-
oped the National Strategy for Sustainable Develop-
ment to 2030 (NSSD) to include all the country's devel-
opment sectors and activities in sustainable exploitation 
and production, integrating social, economic, and envi-
ronmental components [8].
This NSSD’s application in the higher education sector has 
resulted in implementing the 2030 education and training 
strategy through framework law 17.51 [9]. This law stipu-
lates that university campuses must accommodate and train 
students in socially, economically, and environmentally 
sustainable sites. Thus, university institutions must be en-
vironmentally and energetically resilient and rehabilitated 
to adapt to the requirements and imperatives of sustainable 
management of their resources (water, energy, etc.) and 
waste (liquid effluents, solid waste, etc.).
Thus, the treatment and reuse of wastewater (WW) is a 
requirement for the sustainable development of universi-
ty campus activities. However, university campus teaching 
and research activities generate rather heterogeneous and 
complex wastewater [10]. Although limited in number, 
studies on the characterization of university campus ef-
fluents have shown that the WW produced by restrooms, 
dormitories, and restaurants is generally domestic and 
biodegradable [11–13]. However, the effluents produced 
by laboratories and practical rooms are heterogeneous and 
typically of an industrial nature and are biodegradable only 
to a limited extent [10–13]. This physicochemical profile 
makes this wastewater treatment quite difficult, to comply 
with the discharge standards into the city sewerage system 
or their reuse and recycling.
The main objective of this work is to contribute to the es-
tablishment of the Ben M'Sick Faculty of Sciences/ Hassan 

II University of Casablanca (Morocco) in a sustainable wa-
ter management approach and to apply a "Zero discharge" 
approach by installing an internal treatment and reuse sys-
tem for treated wastewater. Before that, the physicochem-
ical characteristics of these WW were assessed, including 
temperature "T", pH, electrical conductivity "EC", turbidity 
"Tur", total phosphorus "TP", orthophosphate, chemical 
oxygen demand "COD", biological oxygen demand in five 
days "BOD5", total suspended solids "TSS", ammonium ion, 
nitrate, and nitrite, as well as total and calcic hardness "TH/
CH", chloride, and sulfate. More precisely, it is a question 
of determining the WW’s load in nutrients and oxidizable 
matters and their biodegradability degree to propose ade-
quate treatment.

MATERIALS AND METHODS

Study Site
The Faculty of Sciences Ben M'Sick is an institution of 
higher education attached to the University Hassan II of 
Casablanca (Central West Morocco). It is built on a four 
(4) hectares site northeast of this city (Fig. 1), on sandy-clay 
soil and a groundwater table at 60–70 m depth.

The area's climate is semi-arid with temperate winters, 
and the institution has, in 2022, about 9,700 students and 
280 teachers, researchers, and administrative staff [14]. 
This institution's consumption of drinking water varied 
globally between 12,000 and 15,000 m3 for 2019–2022. 
The average volume of wastewater produced by the var-
ious pedagogical and scientific activities (research labo-
ratories and practical work rooms) in the various prem-
ises of the institution can be estimated within a range of 
9,600 and 12,000 m3 year-1, according to a return rate of 
80% of consumption water (i.e., 12,000–15,000 m3 year-

1). This wastewater is evacuated through a unified net-
work directly into the urban sewerage system of the city 
of Casablanca.

Figure 1. Geographical location of the study area (Faculty of Sciences Ben M'Sick campus).
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Wastewater Sampling and Analysis Methods
The wastewater samples are taken weekly from November 
2021 to June 2022 at five maintenance holes of the estab-
lishment’s wastewater network. These sampling points, cho-
sen according to their location and the wastewater’s origin, 
include (Fig. 2): Point P1: Department of Chemistry and 
student restaurant; P2: Department of Biology; P3: De-
partment of Physics; P4: toilets of the tutorial’s rooms and 
"West" Amphitheaters; P5: toilets of "East" Amphitheaters 
and teacher’s restaurant.
The wastewater, collected in rinsed 500 ml polyethylene 
bottles, is transported directly to the laboratory to be an-
alyzed according to AFNOR’s standardized methods [15]. 
In parallel, in situ temperature, pH, and electrical conduc-
tivity measurements are performed. Table 1 presents the 
characteristics of the equipment and the methods used for 
physicochemical analyses.
Based on the results of the WW analyses, pollution ratios and 
the oxidizable matter (OM) contents were calculated to better 
appreciate the nature of these effluents and guide the treat-
ment process choice. These different ratios calculated are:
•	 BOD5/COD ratio: indicates the pollution’s origin of the 

WW and the possibilities of their treatment. It charac-
terizes industrial pollution [16].

•	 COD/BOD5 ratio: accounts for a fraction of readily bio-
degradable matter concerning all oxidizable matter. Bi-

ological treatment of WW can be considered if the ratio 
is low. Conversely, a high value of this ratio indicates 
that a large part of the organic matter is not biodegrad-
able. In this case, it is preferable to consider a physico-
chemical treatment. This ratio can also indicate that the 
WW discharged is domestic if it is less than 3 [17].

•	 TSS/BOD5 ratio: provides information on the degree of 
sedimentation of suspended solids to the organic load 
of the WW. The greater the ratio, the slower TSS sedi-
mentation.

•	 COD/TP (C/P) ratio: provides information on the rela-
tive mix of the effluent and the potential and effective-
ness of biological phosphorus treatment [18]. The lower 
the C/P ratio, the greater the phosphorus removal in 
biological treatment systems [19].

•	 COD/NH4
+ ratio (C/N): indicates the relative mix of the 

effluent, which influences denitrification and the advan-
tage of having a dissociated anoxic zone in the aeration 
tank [18]. According to Chiu et al. [20], the C/N ratio 
regulates the co-occurrence of nitrification and denitri-
fication. The greater the C/N ratio (greater than three), 
the more nitrogen is removed [21].

•	 The amount of oxidizable matter (OM) in the WW was 
calculated according to the equation [15]: 

� (1)

Figure 2. Location of wastewater sampling points (P1, P2, P3, P4, and P5).
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To determine the typology of the FSBM's effluents, a 
principal component analysis (PCA) was applied to the 
physicochemical results of a log-transformed matrix 
(log X+1) consisting of 92 samples and 11 parameters 
of wastewater physicochemical quality after a Varimax 
rotation. Furthermore, the Kruskal-Wallis test is used 
to conduct a statistical analysis of the spatial variabili-
ty of the physicochemical characteristics of the effluents 
in the sampling points. The various calculations (e.g., 
Means, standard deviations, ratios, etc.) and statistical 
data analyses were performed using the Xlstat Software, 
version 2016.

RESULTS

Physicochemical Quality of Wastewater
Monitoring the physicochemical quality of the FSBM's 
effluents shows that the pH averages vary between 7.18 
(P5) and 8.18 (P4). The WW’s temperature averages are 
relatively homogeneous and vary between 17.64 and 19.94 
°C, respectively noted at P5 and P1, while the extreme val-
ues fluctuate in a variable interval from 16.2 (P1) to 25 
°C (P2). As for the degree of mineralization, the effluent 
physicochemical analysis reveals that the EC averages 
range within an interval of 2.47 (P5) and 3.97 ms cm-1 
(P4). This WW’s strong mineralization is enhanced by the 
relatively high sulfate contents, which fluctuate between 
averages of 51.89 and 94.85 mg L-1, respectively noted at 
P3 and P1, and the chloride concentrations, which vary 
between averages of 766.57 (P5) and 894.51 mg L-1 (P3). 

Regarding the wastewater hardness, the TH contents os-
cillate between averages of 508.38 (P5) and 584.52 mmol 
L-1 (P2), while the CH averages range between 146.89 (P4) 
and 235.88 mmol L-1 (P2) (Fig. 3).

The FSBM’s effluent has a relatively high particulate load, 
where the TSS contents range in an interval of 6.66 and 
1,277.28 mg L-1, noted at P1, with averages of 192.14 and 
694.15 mg L-1, and turbidity ranging from 156.24 (P5) to 
224.74 NTU (P3). Regarding the oxidizable and organic 
load, the physicochemical results show that the COD aver-
ages range between 934 and 1,151.08 mg L-1 with extreme 
values of 56 and 2112 mg L-1 noted, respectively, at P1 and 
P5 sampling points. As for BOD5, the values fluctuate be-
tween 0 and 534 mg L-1, with an average range of 59.6 (P5) 
and 115.78 mg L-1 (P2) (Fig. 4).

The nutrient load of the FSBM’s wastewater is characterized 
by total phosphorus contents varying between averages of 2 
(P5) and 3.21 mg L-1 (P4), with extreme values of 0.08 (P1, 
P3, and P5) and 7.6 mg L-1 (P3). For orthophosphate, the 
average contents range between 0.74 (P5) and 2.23 mg L-1 
(P1), whereas ammonium ion concentrations vary between 
0.08 and 32.8 mg/L, with an average range of 3.50 (P5) and 
16.19 mg/L (P3). At the same time, the nitrite and nitrate 
concentrations reveal variations within an average range of 
0.17–0.71 mg L-1 (P1) and 0.51–1.20 mg L-1 (P2), respec-
tively (Fig. 4). 

Compared to the main wastewater references in Morocco 
(Table 2), the effluents generated by this university campus 
have a physicochemical quality globally comparable to that 

Table 1. References of the equipment and methods used for the physicochemical analyses

Parameter	 Unit	 Material and method	 Reference

Temperature (T)	 °C	 Multi parameters type VW	 –

Hydrogen potential (pH)		  pH meter type WTW SenTix 51	 –

Electrical conductivity (EC)	 mS cm-1	 Multi parameters type VWR	 –

Turbidity (Tur)	 NTU	 Turbidimeter type BANTE, TB100	 –

Biochemical oxygen demand in 5 days (BOD5)	 mg L-1	 BOD-mètre type VELP SCIENTIFICA	 –

Chemical oxygen demand (COD)	 mg L-1	 Oxidation with potassium dichromate 
		  using a COD meter type VELP SCIENTIFICA,	 NF T 90-101 
		  ECO 6 Thermoreactor

Total suspended solids (TSS)	 mg L-1	 Filtration on a Wattman GFC filter	 NF EN 872

Ammonium (NH4
+)	 mg L-1	 Indophenol blue spectrophotometric	 NFT 90-015 

		  method NFT 90-015

Nitrite (NO2
-)	 mg L-1	 Sulfanilamide diazotization in acid medium	 NFT 90-013

Nitrate (NO3
-)	 mg L-1	 Sodium salicylate method	 NF T 90-012

Total phosphorus (TP)	 mg L-1	 Oxidation with peroxodisulfate	 NF EN 1189

Orthophosphate (PO4
2-)	 mg L-1	  Reduction with ascorbic acid	 NF EN 1189

Calcium Hardness (CH)	 mmol L-1	 The method by complexometry (EDTA)	 NF T90-016

Total Hardness (TH)	 mmol L-1	 The method by complexometry (EDTA)	 NFT 90-003

Chloride (Cl-)	 mg L-1	  Determination by silver nitrate	 NF T 90-014

Sulphate (SO4
2-)	 mg L-1	 Precipitation of sulfate ions in the presence 

		  of barium chloride	 NFT 90-040
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reported at the national level [22]. However, they remain 
non-compliant with the indirect discharge limits stipulated 
by Moroccan standards [23], particularly concerning pH, 
COD, and TSS.

Furthermore, the application of the Kruskal-Wallis test to the 
physicochemical data recorded at the different sampling points 
showed that only the parameters pH, EC, NH4

+, and PO4
3- 

present a statistically significant spatial variability (Table 3).

Figure 3. Variations (a) in temperature, (b) pH, (c) EC, (d) Cl-, (e) SO4
2-, (f) total hardness, and (g) calcium hardness at the sam-

pling points. P1: Department of Chemistry and student’s restaurant (n=19), P2: Department of Biology (n=19), P3: Department 
of Physics (n=18), P4: toilets of tutorial rooms and "West" Amphitheaters (n=21); P5: “East” Amphitheaters toilets and teachers’ 
restaurant (n=13).

(a)

(c)

(e)

(b)

(d)

(f)

(g)
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Figure 4. Variations in (a) COD, (b) BOD5, (c) TSS, (d) turbidity, (e) NH4
+, (f) NO2

-, (g) NO3
-, (h) total phosphorus, and (i) 

PO4
3- at the sampling points P1: Department of Chemistry and student’s restaurant (n =19), P2: Department of Biology (n=19), 

P3: Department of Physics (n=18), P4: toilets of tutorial rooms and "West" Amphitheater (n=21); P5: "East" amphitheater toilets 
and teachers’ restaurant (n=13).
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Organic Pollution of Wastewater
According to the results of the FSBM's computation of the 
various organic pollution ratios (Table 4), the COD/BOD5 
ratio is high and largely exceeds 3, with average values fluc-
tuating between 11.57 (±12.02) and 88.74 (±99.65) calculat-
ed, respectively, for P1 and P5 sampling points. Conversely, 
the BOD5/COD ratio averages are very low and vary be-
tween 0.07 (±0.08) and 0.23 (±0.24) noted at P5 and P1, 
respectively. As for the TSS/BOD5 ratio, the average values 
are between 3.67 (±4.30) calculated for P1 and 9.64 (±8.96) 
noted in P5. The C/P ratio remains relatively high, especial-
ly at P1, P3, and P5 sampling points, and varies between 
averages of 461.30 (±302.93) and 3,652.47 (±2,963.22), re-
ported at P4 and P5, respectively. Regarding the C/N ra-

tio, the average values vary between 472.74 (±637.09) and 
1,939.4 (±1968.68) noted respectively at P1 and P5. The av-
erage oxidizable matter (OM) load of the wastewater ranges 
between 314.83 (±175.36) and 406.12 mg L-1 (±151.03).

Wastewater Typology
The multivariate analysis of the FSBM's wastewater physi-
cochemical data by PCA, with Varimax rotation, shows that 
the first two axes (D1 and D2) explain 36.92% of the data’s 
ordination (Fig. 5). On the same D1*D2 factorial plane, the 
sampling points are distributed into three groups: The first 
group consists of sampling points P2, P3, and P4, which are 
distinguished by relatively warm (i.e., T), highly mineral-
ized (i.e., EC), and highly oxidizable (i.e., TSS, COD, BOD5) 

Table 2. Comparison of physicochemical parameters data obtained with reference values for wastewater in Morocco

Parameter	 Unit	 Range of variation	 Usual range [22]	 Indirect release limit values [23]

T	 °C	 17.64–19.55		  35

pH	 –	 7.18–8.18		  6.5–8.5

EC	 mS cm-1	 2.47–3.98		

Tur	 NTU	 156.24–224.74		

BOD5	 mg L-1	 70.5–119.05	 200–400	 500

COD	 mg L-1	 967.44–1,151.08	 1,000	 1,000

TSS	 mg L-1	 223.64–1,659.74	 250–500	 600

NH4
+	 mg L-1	 3.50–17.55	 20–80	

NO2-	 mg L-1	 0.17–3.65	 <1	

NO3
-	 mg L-1	 0.69–1.48	 <1	

TP	 mg L-1	 2.002–3.99	 8–16	 10

PO4
+	 mg L-1	 0.74–2.75		

CH	 mmol L-1	 171.48–239.91		

TH	 mmol L-1	 631.76–790.94		

Cl-	 mg L-1	 766.57–1,232.25		

SO4
2-	 mg L-1	 51.89–94.85		  400

Table 4. Mean values and standard deviations (Mean±SD) of different organic pollution ratios of FSBM’s wastewater

	 P1	 P2	 P3	 P4	 P5

COD/BOD5	 11.57 (±12.02)	 18.03 (±19.68)	 16.51 (±14.8)	 31.09 (±39.61)	 88.74 (±99.65)

BOD5/COD	 0.23 (±0.24)	 0.13 (±0.12)	 0.08 (±0.06)	 0.18 (±0.18)	 0.07 (±0.08)

TSS/BOD5	 3.67 (±4.30)	 3.78 (±4.25)	 6.23 (±8.01)	 6.81 (±8.06)	 9.64 (±8.96)

C/P	 1,695.09 (±2,240.87)	 899.65 (±866.77)	 2,769.59 (±3,539.46)	 461.30 (±302.93)	 3,652.47 (±2,963.22)

C/N	 472.74 (±637.09)	 958.70 (±1,325.15)	 575.12 (±775.83)	 741.69 (±100.16)	 1,939.40 (±1,968.68)

OM	 338.31 (±95.44)	 346.25 (±193.58)	 314 (±175.36)	 406.12 (±151.03)	 398.08 (±119.57)

Table 3. Variability of physicochemical parameters at different sampling points (Kruskal-Wallis test, significance level=0.05)

 	 T	 pH	 EC	 TSS	 Tur	 BOD5	 COD	 NH4
+

p-value 	 0.077	 <0.0001	 <0.0001	 0.643	 0.595	 0.738	 0.784	 0.004

 	 NO3
-	 NO2

-	 TP	 PO4
3-	 SO4

2-	 Cl-	 CH	 TH

p-value 	 0.261	 0.594	 0.225	 0.008	 0.461	 0.444	 0.130	 0.939
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water. The second group is essentially formed by the waste-
water samples from the point P5 characterized by high 
chloride content (i.e., Cl-) and relatively low particulate 
(i.e., TSS), oxidizable (i.e., COD), and nutrient loads (i.e., 
TP, NH4

+, NO3
-). The third group is formed by the waste-

water samples from the point P1, which are slightly alkaline 
and characterized by a relatively high load of nitrogen and 
phosphorus elements (i.e., NH4

+, PO4
3-).

DISCUSSION

Monitoring the physicochemical quality of the FSBM's ef-
fluents shows that their characteristics change globally ac-
cording to their origin, which is linked to the activities in 
the various establishment’s premises. Thus, several physico-
chemical parameters show a relatively significant variability 
(Table 4) at the same sampling point and during any study 
period. This variability may be associated with the release of 
high-complexity effluents due to the different use of water 
according to the practical teaching and research activities 
carried out within the campus’s laboratories. However, rain-
water contributes to the dilution of the wastewater collected 
by the unitary sanitation system and would thus explain the 

pollutant’s load decrease during rainy periods [24]. Thus, 
the pH of the FSBM’s effluent remains relatively neutral to 
alkaline for all sampling points. This alkaline trend of the 
WW would be related to their organic nitrogenous contents 
(i.e., NH4

+: 3.50–16.19) with generally alkaline character-
istics (i.e., P4) [24, 25] and to their low content of nitrite 
(0.17–0.71) and nitrate (0.56–1.20). This effluent’s alkalini-
ty would also be caused by the discharge of chemical solu-
tions, especially alkaline ones, used in the different research 
and practical teaching activities in the laboratories (i.e., P1, 
P2, and P3). The effect of these chemical solutions on the 
laboratory effluents’ pH was underlined by Novita et al. 
[26] (Table 5), who showed that the wastewater’s high acid-
ity of the Faculty of Agricultural Technology in Indonesia 
(i.e. pH=4.28) is related to the use of acidic solutions (i.e., 
H2SO4). These large fluctuations in effluent’s acidity or alka-
linity can impact the sewage system, equipment, and treat-
ment processes, especially the biological treatment of WW 
[27]. Nonetheless, the pH values recorded for FSBM’s efflu-
ent are still suitable for most WW treatment processes. The 
relatively high temperatures and mineralization (i.e., EC, 
SO4

2-, and Cl-) of the FSBM’s effluents (i.e., P1, P2, and P3) 
would be associated with the liquid effluents’ nature pro-

Figure 5. Representation of the ACP analysis after Varimax rotation based on physicochemical data from FSBM campus’s waste-
water (the dots and numbers represent to the 92 samples carried out at points P1, P2, P3, P4, and P5).
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duced by the research and practical teaching laboratories, 
which are generally formed of warm water (i.e., Distillation 
apparatus cooling) and loaded with ionic salts. This high 
salt load is associated with using reagents and chemicals in 
laboratories, which are sometimes hazardous or toxic.

At point P4, the high ammonium load can be due to the urea 
content of wastewater from student toilets. Moreover, this am-
moniacal nitrogen load is less important at point P5, which 
has relatively low pH values compared to those noted at point 
P4. Thus, it shows a significant relationship between waste-
water pH and ammoniacal nitrogen load. In addition, this 
wastewater’s alkalinity could influence the nitrogen remov-
al process during treatment. The pH of the FSBM’s effluents 
varies globally between 6.1 and 8.91, indicating that nitrogen 
removal during treatment is primarily accomplished through 
bacterial transformations (i.e., nitrification and denitrifica-
tion) [28]. Indeed, some bacterial nitrogen transformations 
in the WW treatment systems depend on energy derived 
from organic carbon degradation. However, others release 
energy used by microorganisms for their growth and surviv-
al. Therefore, nitrogen removal in these treatment systems is 
directly influenced by the C/N ratio; the greater the ratio, the 
higher the nitrogen removal. Chiu et al. [20] showed that a 
low C/N ratio of the effluent leads to a rapid carbon deficit 
and simultaneous nitrification-denitrification process at a 
sequential biological treatment system, which disrupts the 
complete removal of NH4

+ and COD. In this regard, the high 
average C/N ratio values (i.e., 472.74–1939.40) recorded at 
the FSBM’s effluents suggest that biological treatment would 
be suitable for removing this nitrogenous element.

The load of calcium and magnesium in the FSBM’s effluents, 
although relatively high, is similar to the results reported by 
Sarria et al. [29] for the Universidad Autonoma de Occidente 
(Colombia) campus’s wastewater (Table 5). This high hardness 
of the FSBM’s wastewater would favor biofilm development in 
the sewerage network and treatment systems [30, 31]. Indeed, 
in biological treatment systems, divalent cations (e.g., Ca2+ and 
Mg2+) can enhance the cross-linking effect of soluble extracel-
lular polymers (EPSs) matrix [32, 33] and even improve them. 
Thus, this hardness would be one of the factors influencing the 
formation, stability, and settling of purifying biomass during 
biological treatment of FSBM’s effluents [34, 35].

The load of the phosphorus compounds (TP and PO4
3-) in 

the FSBM’s effluents, whose characterization is essential for 
the good progress of the WW treatment process (i.e., their 
role in the biomass growth), remains relatively lower than 
that noted in several studies on the effluents of university 
campuses including the work of Ziadat et al. [36] for the 
WW of the university campus Al Bayt in Jordan, and Beyene 
and Redaie [37] for the WW of the university of Hawassa’s 
reference hospital (Ethiopia) (Table 5). However, Chakri et 
al. [38] revealed a comparable phosphorus element load (i.e., 
3 mg L-1) to this study’s findings (Table 5) on effluent from 
the toilets of the Faculty of Science Ain Chock-Casablanca 
(Morocco). Phosphorus removal from WW is strongly relat-
ed to the organic load, and the C/P ratio plays a central role 
in treating this nutrient, which is highly removed when this 

ratio is low. In the FSBM’s effluents, the high values of the 
C/P ratio (i.e., 461.30–3652.47) indicate that a specific treat-
ment is necessary for phosphorus removal. Indeed, several 
studies have shown that a high C/P ratio (e.g., C/P>50 mg) 
in the liquid effluent does not allow good development of 
the organisms accumulating phosphorus, responsible for its 
elimination, during treatment [39].

The particulate load of FSBM’s effluent is generally high de-
spite the low flow rate at the sampling points. These high 
TSS contents, comparable to those of Moroccan urban 
WW [22], are associated with the nature of the activities 
that generate these liquid effluents. Indeed, this TSS load is 
very high at points P1 and P5, which receive the WW from 
the students' (P1) and teachers' restaurant (P5), particularly 
loaded with organic particles, in addition to the research 
and practical work laboratories wastewater. Moreover, the 
leaching of organic and mineral solid particles during the 
rainy period (the maximum extreme values are recorded 
during the rainy period of November 2021 and January 
2022) contributes to this TSS’s enrichment. In addition, the 
high TSS levels are a risk factor for clogging and limited 
wastewater disinfection in several treatment systems [40]. 
Thus, treating the high TSS load of FSBM’s Wastewater re-
quires a combination of physical (e.g., decantation and fil-
tration) [41] and biological processes to be implemented in 
the planned treatment system. A priori, providing a stilling 
tank for these effluents before any treatment is necessary for 
the early reduction of their particulate load and, at the same 
time, improve the efficiency of their treatment.

The high oxidizable matter (COD) and organic matter 
(BOD5) loads recorded at the sampling points P1, P3, P4, and 
P5 for the first parameter and at P2 and P4 for the second 
would be associated with the FSBM’s effluents richness in 
chemicals carried notably by laboratory effluents and organ-
ic matter from typical domestic activities (e.g., toilets, restau-
rants) [11]. These COD and BOD5 values are comparable to 
those reported in similar studies [29–42] (Table 5). The high 
recorded values of oxidizable matters (OM) and COD/BOD5 
ratio indicate that the FSBM’s effluents contain a significant 
fraction of poorly biodegradable matters that would be re-
lated to the chemical solutions and reagents discharged by 
the different FSBM’s laboratories. In addition, the low BOD5/
COD ratio (i.e., BOD5/COD<0.5) confirms this low biode-
gradability of FSBM's effluents and the presence of probably 
toxic chemicals that may slow down or delay the biological 
process of their treatment [43]. The high TSS/BOD5 ratio 
values, compared with those of Moroccan urban WW (i.e., 
1.2–1.5) [18], could be explained by the low sedimentation 
of solid matter in the FSBM’s wastewater. These TSS/BOD5 
ratio values indicate that the effluent’s particulate load is 
formed essentially by organic matter flakes that are difficult 
to settle, unlike sand, silt, and other solid matter particles.

Based on this study’s findings, considering the regulato-
ry compliance context related to the respect of discharge 
standards, and considering the impacts of water stress that 
Morocco has been undergoing in recent years, it is judicious 
to equip the FSBM’s campus with a compact wastewater 
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treatment system, with low economic cost and effective to 
produce reusable purified water. For this purpose, biologi-
cal treatment processes, often used for the purification of a 
wide range of WW, may constitute an option because of their 
adaptation to the treatment of several types of effluents and 
their economic advantages in comparison to other treatment 
processes (e.g., thermal processes, chemical oxidation) [44]. 
Moreover, membrane bioreactors (MBR) are highly efficient 
in treating complex industrial effluents [45–48]. In addition 
to their compact size, shape and low energy consumption, 
MBR systems produce good quality treated water [49–51] 
that can be reused, especially in watering green spaces [52–
57]. However, in the case of FSBM’s effluents, variability in 
organic, nitrogen, and phosphorus load could negatively 
impact the performance of any proposed biological treat-
ment system, especially during the rainy season and possibly 
during the summer vacation due to a lack of substrate for 
biomass feeding. Thus, homogenization and feed flow reg-
ulation are essential before the biological treatment phase.

CONCLUSION 

The physicochemical characterization of the FSBM's effluents 
carried out to apply the "zero discharge" approach via their 
internal treatment and reuse revealed that they are globally 
alkaline, with homogeneous average temperatures and strong 
mineralization linked to high concentrations of sulfate, chlo-
ride, Ca2+ and Mg2+. These WW also contain high levels of TSS 
and oxidizable (COD) and organic matters (BOD5) exceeding 
the limit values recommended by Moroccan standards of in-
direct discharge, unlike nutrients (i.e., total phosphorus, or-
thophosphate, ammonium ion, nitrite, and nitrate).

The multivariate analysis performed by PCA on the efflu-
ents’ physicochemical data revealed that their heteroge-
neous nature is linked to their origin. The effluents from 
the Biology (P2) and Physics (P3) departments, the tutorial 
room’s toilets, and the "West" Amphitheatre (P4) are rela-
tively warm, alkaline, highly mineralized and loaded with 
oxidizable matters. The WW coming from the "East" Am-
phitheatre’s toilets and the teachers' restaurant (P5) is char-
acterized by high chloride contents, relatively low particu-
late and oxidizable loads, and nutrients. At the same time, 
the wastewater generated by the department of Chemistry 
and by the student’s restaurant (P1) is slightly alkaline and 
has a relatively high nitrogen and phosphorus load.

The pollution ratios (COD/BOD5, BOD5/COD, TSS/BOD5, 
COD/TP, and COD/NH4

+) show that the FSBM’s effluent 
would be loaded with poorly biodegradable substances 
with a heterogeneous character. This character would be 
linked to chemical products from the research laboratories' 
effluents and the departments' practical work. Despite this 
profile and their organic loads, the FSBM’s effluents could 
be treated using a biological purification system. However, 
this must be preceded by a physicochemical treatment to 
eliminate non-biodegradable chemical substances. Such a 
choice of WW treatment system requires prior experimen-
tal investigations and laboratory tests.
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ABSTRACT

This systematic literature review evaluates reclaimed asphalt pavement (RAP) in concrete con-
struction, targeting reduced natural aggregate use and lower construction carbon footprint. 
It comprehensively covers RAP in concrete, including mechanical properties, durability, test 
methods, mix design, performance, influencing factors, RAP content, processing, admixtures, 
curing, and environmental aspects. RAP concrete matches traditional concrete mechanically 
while increasing sustainability through waste reduction. Durability parameters, like permea-
bility, freeze-thaw resistance, and chloride penetration, suggest long-term structural enhance-
ment. Reliable testing methods and standards are vital for RAP in concrete assessment. The 
review explores RAP in mix design, considering content, gradation, and processing. Admix-
tures and additives optimize RAP concrete. Curing and environmental conditions influence 
RAP concrete performance. Gaps indicate a need for long-term studies, understanding mech-
anisms, specific environmental exploration, standardized testing, and economic assessment. 
The study recommends future research directions to guide sustainable construction practices.

Cite this article as: Tiza MT, Agunwamba J, Okafor F. Appraisal of reclaimed asphalt pave-
ment as coarse aggregates in cement concrete. Environ Res Tec 2024;7(1)27–40.

INTRODUCTION

The use of Reclaimed Asphalt Pavement (RAP) as coarse 
aggregates in concrete construction has gained significant 
attention in recent years. RAP refers to the recycled mate-
rials obtained from old asphalt pavements that are crushed 
and reused as aggregates in new concrete mixes [1]. This 
practice of utilizing RAP in concrete construction holds 
great promise for addressing sustainability concerns, reduc-
ing waste, and conserving natural resources.

The importance and relevance of evaluating the perfor-
mance of RAP in concrete construction cannot be overstat-
ed [2]. With the increasing demand for concrete as a pri-
mary building material, there is a pressing need to explore 
alternative solutions that can enhance the sustainability and 
efficiency of construction practices. By incorporating RAP 

as coarse aggregates, we can potentially reduce the reliance 
on traditional virgin aggregates, which require extensive 
mining and extraction processes. This, in turn, can help 
conserve natural resources and minimize the environmen-
tal impact associated with aggregate production [3].
The research objectives of this literature review are to critically 
examine the existing body of knowledge on the performance 
evaluation of RAP as coarse aggregates in concrete construc-
tion and to identify gaps in the current understanding. By 
reviewing previous studies, we aim to gain insights into the 
effects of using RAP on various concrete properties and per-
formance indicators, such as compressive strength, durabili-
ty, workability, and long-term behavior [4]. Furthermore, this 
literature review seeks to provide a comprehensive overview 
of the methodologies, experimental setups, and performance 
evaluation parameters used in previous research.
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The scope of this literature review encompasses a wide 
range of scholarly articles, conference papers, and industry 
reports that are relevant to the topic of evaluating RAP in 
concrete construction. The search strategy includes com-
prehensive searches of reputable databases and the inclu-
sion of publications that have investigated the use of RAP as 
coarse aggregates, the performance of RAP-concrete mix-
tures, and the influence of various factors, such as RAP con-
tent, processing techniques, and mix design considerations 
[5]. Figure 1 provides a pictorial representation of RAP.

Theoretical Framework
The conceptual framework for the performance evaluation 
of RAP as coarse aggregates in concrete construction en-
compasses several key components that provide a theoreti-
cal foundation for understanding the topic. To begin with, 
it is essential to define and explain the key terms involved 
in this framework [6].

RAP refers to the recycled materials obtained from old as-
phalt pavements through the process of crushing and re-
using them as aggregates in new concrete mixes. Concrete, 
on the other hand, is a composite material composed of ce-
ment, aggregates (including coarse aggregates), water, and 
other additives. Coarse aggregates are an essential compo-
nent of concrete, providing strength, stability, and bulk to 
the mixture [7].

The theoretical foundations of this conceptual framework 
are rooted in concrete properties, performance evaluation, 
and sustainable construction practices. Concrete properties 
such as compressive strength, durability, workability, and 
long-term behavior play a crucial role in assessing its over-
all performance. Understanding how the incorporation of 

RAP as coarse aggregates influences these properties is vital 
for evaluating its effectiveness in concrete construction [8].

Performance evaluation in the context of RAP as coarse ag-
gregates involves assessing the effects of RAP on concrete 
properties and performance indicators. This includes exam-
ining the influence of various factors such as RAP content, 
processing techniques, mix design considerations, and the 
use of appropriate testing methodologies [9]. By analyzing 
previous research studies and experimental data, the frame-
work aims to establish a comprehensive understanding of 
the performance of RAP-concrete mixtures [9].

Sustainable construction practices form an integral part 
of the conceptual framework, as the utilization of RAP as 
coarse aggregates aligns with the principles of sustainabili-
ty. By reducing the reliance on traditional virgin aggregates, 
which require extensive mining and extraction processes, 
the use of RAP contributes to resource conservation and 
environmental preservation. This framework aims to ex-
plore the environmental benefits, economic viability, and 
social implications of incorporating RAP in concrete con-
struction [10].

Literature Search Strategy
The literature search strategy for the performance evalua-
tion of RAP as coarse aggregates in concrete construction 
involves a systematic approach to identify relevant litera-
ture. This section outlines the description of the search cri-
teria, databases used, inclusion and exclusion criteria, and 
justification for the selection of sources.

To conduct a comprehensive literature search, a range of 
search criteria is employed. These criteria typically include 
keywords related to the research topic, such as "reclaimed 

Figure 1. Pictorial representation of reclaimed asphalt pavement (RAP). Source: Field.
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asphalt pavement," "RAP," "concrete," "coarse aggregates," 
"performance evaluation," and "construction." Boolean 
operators like "AND" and "OR" are used to combine these 
keywords to refine the search results. The search also in-
cluded specific terms related to concrete properties, testing 
methods, and sustainability.

Databases from reputable academic platforms, such as 
PubMed, Scopus, Web of Science, and Engineering Vil-
lage, are utilized to identify relevant literature. These da-
tabases cover a wide range of disciplines, including civil 
engineering, materials science, construction, and sustain-
ability. Additionally, relevant industry-specific databases 
and resources may be explored to include practical in-
sights and case studies.

The justification for the selection of these sources lies in 
their ability to contribute to the research objectives and ad-
dress the research questions [11]. Scholarly articles undergo 
a rigorous peer-review process, ensuring the accuracy, va-
lidity, and scientific merit of the research. Conference pa-
pers, on the other hand, provide insights into cutting-edge 
research and emerging trends. Industry reports and tech-
nical documents offer practical knowledge and real-world 
applications [12]. By incorporating a range of sources, the 
literature review aims to provide a comprehensive under-
standing of the performance evaluation of RAP as coarse 
aggregates in concrete construction, considering both the-
oretical and practical perspectives [13].

Performance Evaluation of RAP in Concrete Construction
The evaluation of RAP as coarse aggregates in concrete 
construction is essential to understand its suitability and ef-
fectiveness, encompassing various aspects of performance 
assessment [14]. This section covers its impact on concrete 
properties, testing methods, performance factors, compari-

sons with conventional concrete, case studies, and associat-
ed challenges [15]. RAP’s influence on concrete properties, 
including mechanical (e.g., compressive, tensile, and flex-
ural strength) and durability properties (e.g., permeability, 
freeze-thaw resistance, chloride ion penetration), is a key 
consideration for assessing its overall impact [16].

Testing methods and standards are crucial, ensuring a con-
sistent and reliable assessment of RAP concrete by offer-
ing standardized procedures and guidelines for evaluation 
[17].Performance factors such as RAP content, gradation, 
processing techniques, admixtures, curing conditions, and 
environmental factors must be examined to optimize RAP 
use in concrete mixtures [18]. Comparing RAP concrete's 
performance with conventional concrete involves assessing 
strength, durability, long-term behavior, and load-carrying 
capacity, confirming its suitability for various applications 
[19]. In this study, Table 1 provides a comprehensive sum-
mary of the Performance Evaluation of RAP in Concrete 
Construction.

Case studies and experimental research offer valuable 
insights, with a focus on parameters like RAP content, 
processing methods, performance testing, and field ap-
plications [20]. Despite potential benefits, challenges and 
limitations must be addressed, including workability, fresh 
and hardened concrete properties, and the need for quali-
ty control measures to ensure successful RAP utilization in 
concrete construction projects [21]. Figure 2 illustrates the 
screening process for RAP, depicting the steps in processing 
RAP for concrete applications.

Mechanical Properties
Evaluating the mechanical properties of RAP in concrete 
construction is essential to gauge its performance and suit-
ability as an alternative to traditional aggregates [22]. The 

Table 1. A summary of performance evaluation of RAP in concrete construction

RAP: Reclaimed asphalt pavement.

1 
 
 

2 
 

3 

4 

5 

6 

7

Performance evaluation of RAP 
in concrete 
 

Influence on concrete properties 
 

Testing methods and standards 

Factors affecting RAP 
performance

Performance comparisons with 
conventional concrete

Case studies and experimental 
research

Challenges and limitations

[14, 15] 
 
 

[16] 
 

[17] 

[18] 

[19] 

[20] 

[21]

Assesses the suitability and effectiveness of RAP as coarse aggregates in 
concrete construction. Examines influence on concrete properties, testing 
methods, factors affecting performance, comparisons with conventional 
concrete, case studies, and challenges.

Evaluates RAP's impact on mechanical properties (compressive, tensile, 
flexural strength) and durability properties (permeability, freeze-thaw 
resistance, chloride ion penetration).

Considers concrete mix design, standardized testing procedures, and 
guidelines for reliable assessment of RAP concrete.

Explores RAP content, gradation, processing techniques (crushing, screening, 
blending), use of additives, and curing conditions as influential factors.

Assesses strength, durability, long-term performance, and structural behavior 
of RAP concrete in comparison to conventional concrete.

Reviews studies on RAP performance, covering parameters such as RAP 
content, processing methods, performance testing, and field applications.

Considers potential effects on workability, mixture consistency, fresh and 
hardened concrete properties, and the need for quality control measures.

S/N Aspect ReferenceSummary
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primary mechanical property to consider is compressive 
strength, measuring a concrete's load-carrying capacity 
[23]. This involves standardized compression tests on con-
crete specimens containing varying RAP percentages, fol-
lowing testing standards like ASTM C39, to assess RAP's 
impact on strength [24].

Tensile strength, another crucial property, determines con-
crete's ability to resist tension forces, particularly vital in 
structures under tensile stress. Various methods like the split-
ting tensile test help measure tensile strength and assess RAP's 
influence on structural performance [25]. Flexural strength 
assesses a material's resistance to bending and is important 
for elements like beams and slabs. Third-point or center-point 
loading tests on beam specimens evaluate the impact of RAP 
on flexural strength and cracking behavior [26].

Additional properties like modulus of elasticity and Pois-
son's ratio, which influence concrete's stiffness and lateral 
strain response, are also considered when incorporating 
RAP. These properties provide insights into the material's 
structural behavior [27]. Evaluating mechanical properties 
should take into account factors like RAP content percent-
age, aggregate grading, mix design, curing conditions, and 
testing procedures [28]. Systematic variation of these pa-
rameters through comprehensive testing allows researchers 
to understand the effects of RAP on concrete's mechanical 
properties and identify optimal mix proportions [29].

In conclusion, assessing mechanical properties like com-
pressive, tensile, and flexural strength is essential to under-
stand RAP's performance in concrete construction. This 
knowledge provides insights into the benefits and limita-
tions of using RAP in concrete mixtures, promoting sus-
tainable and resource-efficient construction practices [30]. 
Table 2 provides a summary of mechanical properties. This 
table offers a comprehensive overview of the mechanical 
characteristics of RAP in concrete, highlighting key aspects 
crucial for understanding its suitability and effectiveness as 
a replacement for conventional aggregates.

Durability Properties
Evaluation of durability properties plays a vital role in as-
sessing the performance of RAP as coarse aggregates in 
concrete construction [31]. Permeability, a crucial prop-
erty, assesses the concrete's resistance to water and liquid 
penetration. Methods like the water permeability test and 
rapid chloride ion penetration test (RCPT) gauge RAP 
concrete's moisture resistance and its potential to counter 
moisture-related deterioration [32]. Freeze-thaw resistance, 
another critical property, focuses on the concrete's ability 
to withstand the damaging effects of freezing and thawing 
cycles in cold climates. Evaluating freeze-thaw resistance 
involves subjecting specimens to multiple freeze-thaw cy-
cles to assess changes in mass, volume, strength, and visu-
al appearance [33]. Additionally, chloride ion penetration 

Figure 2. Pictorial representation of screening of RAP. Source: Field work.
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evaluation is essential for concrete structures exposed to 
chloride-rich environments. Tests such as RCPT and chlo-
ride migration tests measure RAP concrete's ability to resist 
chloride ion ingress, crucial for mitigating corrosion-relat-
ed issues in coastal regions or areas with deicing salts [34].

Several factors influence the outcomes of durability prop-
erty evaluations, including the RAP content percentage, 
quality, and gradation of RAP aggregates, mix design pa-
rameters, curing conditions, and exposure conditions. 
Long-term durability assessments through accelerated ag-
ing tests and field exposure studies provide a comprehen-
sive understanding of RAP concrete's performance under 
real-world conditions [35].

By assessing properties like permeability, freeze-thaw re-
sistance, and chloride ion penetration, researchers can op-
timize mix designs, enhance concrete structure long-term 
performance, and support sustainable construction by re-
ducing the environmental impact associated with tradition-
al aggregates [36]. Furthermore, this understanding aids in 
the development of guidelines and specifications for RAP 
concrete use in diverse applications, empowering engineers 
and practitioners to make informed decisions considering 

exposure conditions, service life requirements, and sustain-
ability goals [37]. Table 3 presents a comprehensive over-
view of the durability properties of RAP concrete. This table 
offers valuable insights into the ability of RAP concrete to 
withstand various environmental conditions, chemical at-
tacks, and long-term deterioration.

Testing Methods and Standards for Evaluating RAP in 
Concrete
Evaluation of RAP as coarse aggregates in concrete ne-
cessitates standardized testing methods and adherence to 
established standards for reliable and comparable results 
[38]. Mechanical properties, including compressive, tensile, 
and flexural strengths, are assessed to gauge the structur-
al integrity of RAP concrete [39, 40]. Durability properties 
are equally crucial, with tests such as water permeability, 
freeze-thaw resistance, and chloride ion penetration eval-
uating aspects like water ingress resistance, resistance to 
freeze-thaw cycles, and chloride resistance [41]. Specific 
testing methods for RAP, focusing on properties like gra-
dation, asphalt content, and binder characteristics, offer 
insights into the quality of RAP aggregates and binder, im-
pacting RAP concrete performance [42].

Table 2. A summary of mechanical properties

RAP: Reclaimed asphalt pavement.

1 
 

2 
 

3 
 

4 
 

5

Compressive strength 
 

Tensile strength 
 

Flexural strength 
 

Modulus of elasticity and 
poisson's ratio 

Factors influencing results

[22–24] 
 

[22, 25] 
 

[22, 26] 
 

[22, 27] 
 

[28, 29]

Compressive Strength	Measures concrete's resistance to compressive forces. 
Standardized compression tests assess RAP concrete strength. Comparisons 
made to conventional concrete strength.

Tensile Strength	Evaluates concrete's ability to resist tension forces. Splitting 
tensile or direct tension tests measure RAP concrete tensile strength. 
Enhances structural performance.

Flexural Strength	Assesses concrete's resistance to bending or flexure. Third-
point or center-point loading tests determine RAP concrete flexural strength 
and cracking behavior.

Modulus of Elasticity and Poisson's Ratio	Measures concrete's stiffness and 
lateral strain response. Influence structural behavior. Variation with RAP 
inclusion provides insights into RAP concrete behavior.

Factors Influencing Results	Considerations for evaluating mechanical 
properties: RAP content, grading, mix design, curing conditions, and testing 
procedures. Optimal mix proportions determined for performance.

S/N Mechanical properties of RAP 
concrete

ReferenceSummary

Table 3. Durability properties of RAP concrete

RAP: Reclaimed asphalt pavement.

Permeability 

Freeze-thaw resistance 

Chloride ion penetration 

Factors influencing results

[31, 32] 

[31, 33] 

[31, 34] 

[35–37]

Measures resistance to water and liquid penetration. Evaluates moisture ingress and 
potential for deterioration.

Assesses ability to withstand freezing and thawing cycles. Determines resistance to damage 
and structural integrity.

Evaluates resistance to chloride ingress. Determines potential for corrosion-related issues 
in chloride-rich environments.

Considers RAP content, aggregate quality, mix design, curing conditions, and exposure 
conditions.

Durability property ReferenceSummary
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To ensure test result consistency and comparability, es-
tablished standards and guidelines from organizations 
like ASTM, EN, and national standards bodies are fol-
lowed, with standards such as ASTM C39, C496, C78, 
C1202, C666, and NT BUILD 492 widely recognized for 
concrete testing and ASTM D6307, D6925, and D7175 
for RAP properties testing [43, 44]. The use of standard-
ized testing methods and compliance with these stan-
dards enhance the precision, reliability, and comparabil-
ity of results in RAP concrete evaluation, fostering data 
sharing and well-informed decision-making [45]. Such 
practices also bolster the credibility and acceptance of 
RAP concrete in construction, promoting its sustainable 
use and supporting standardized procedures in the in-
dustry [46, 47].

Concrete Mix Design Incorporating RAP
Concrete mix design for RAP incorporation involves key 
considerations such as aggregate proportions, binders, 
water-to-cement ratio, and sustainability [48]. Evaluating 
RAP gradation, typically different from conventional ag-
gregates, and performing sieve analyses are essential for 
balanced mixing and improved mechanical properties 
[49, 50]. The choice and dosage of cementitious materi-
als must align with desired concrete properties and work-
ability [51]. RAP's absorptive nature can impact the water 
demand, necessitating adjustments like increased water 
content or water-reducing admixtures for maintaining 
workability [52]. RAP’s use contributes to sustainability 
by reducing the need for virgin aggregates, conserving 
resources, and promoting recycling [53]. Considering 
the dosage and compatibility of chemical admixtures fur-
ther enhances the mix's performance and durability [54]. 
Rigorous laboratory testing is vital for confirming the 
fresh and hardened properties, including workability and 
strength [55]. Proper mix design optimizes RAP concrete 
for mechanical properties, durability, and sustainability, 
aligning with industry goals [56]. Table 4 provides a de-
tailed summary of concrete mix designs that incorporate 
RAP as coarse aggregates.

Performance Testing and Evaluation Methods
Performance testing of RAP in concrete is essential to 
evaluate its quality and suitability for construction [57]. 
Mechanical properties like compressive, tensile, and flex-
ural strength assess the load-bearing capacity of RAP 
concrete [57, 58]. Durability tests, including permeabil-
ity, freeze-thaw resistance, and chloride ion penetration, 
evaluate RAP concrete's ability to withstand environ-
mental stressors [59, 60]. Additional tests for shrinkage, 
creep, abrasion resistance, and impact resistance provide 
insights into RAP concrete's long-term behavior and 
application suitability [61, 62]. To ensure reliable and 
consistent evaluation, standards from organizations like 
ASTM International and the American Concrete Institute 
have been established [63]. These tests help engineers and 
researchers select and optimize RAP concrete mixtures, 
supporting sustainable and high-performance construc-
tion [64]. Table 5 is a comprehensive overview of the per-
formance testing and evaluation methods used for RAP 
concrete.

Factors Affecting the Performance of RAP in Concrete
Several factors influence the performance of RAP in 
concrete [65]. Key factors include RAP gradation, which 
impacts workability, strength, and durability [64]. As-
phalt content can affect workability and bonding [65, 
66]. Moisture content influences strength and shrink-
age [66, 67]. Compatibility with cementitious materials 
is crucial for proper hydration [67, 68]. Environmental 
conditions, like temperature and humidity, affect setting 
and curing [69]. Mix proportions and additives, includ-
ing water reducers and air entraining agents, impact 
workability, strength, and freeze-thaw resistance [70]. 
Construction practices, such as mixing, compaction, 
and curing, play a vital role [71]. Addressing these fac-
tors optimizes RAP's performance in concrete and in-
forms guidelines for sustainable infrastructure solutions 
[72]. Table 6 presents a summarized overview of the key 
factors influencing the performance of RAP in concrete 
construction.

Table 4. Concrete mix design incorporating RAP

RAP: Reclaimed asphalt pavement.

Aggregate proportions 

Binder selection 

Water-to-cement ratio 
and workability

Sustainability 
considerations

Admixture usage 

Laboratory testing

[48, 50] 

[48, 51] 

[48, 52] 

[48, 53] 

[48, 54] 

[48, 55]

Determine optimal blend of RAP and conventional aggregates. Consider RAP particle size 
distribution for achieving balanced mix.

Select appropriate cementitious materials based on desired properties. Adjust water 
demand and workability due to RAP aggregates.

Adjust water content or use water-reducing admixtures to maintain workability. Consider 
absorptive nature of RAP aggregates.

Reduce the need for virgin aggregates, promote recycling, and decrease environmental 
impact. Contribute to sustainability goals.

Consider dosage and type of chemical admixtures to enhance workability, strength, and 
durability. Ensure compatibility with RAP mix.

Conduct tests on fresh and hardened concrete to validate mix design. Evaluate workability, 
strength, and durability characteristics.

Aspect ReferenceSummary
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11.0 RAP Content and Gradation
In concrete construction using RAP as coarse aggregates, 
the RAP content and gradation are pivotal factors influ-
encing RAP concrete's performance and properties. RAP 
content refers to the percentage of RAP used in the aggre-
gate mix. While higher RAP content offers sustainability 
benefits by reducing environmental impact and conserving 
resources, it must be carefully balanced to avoid drawbacks 
like reduced workability, lower strength, and durability 
concerns. The optimum RAP content varies depending on 
RAP quality, desired concrete performance, and project 
specifics [72].

RAP's particle size distribution significantly impacts work-
ability, mechanical properties, and overall performance of 
RAP concrete. Proper gradation ensures compatibility with 
other aggregates used in the mix. Well-graded RAP aggre-

gates optimize particle packing, improving mechanical prop-
erties and durability while mitigating issues like excessive 
voids, poor workability, and segregation or bleeding [73].

Balancing RAP content and gradation is crucial for a 
well-optimized concrete mix. Engineers should under-
stand RAP characteristics and conduct thorough labo-
ratory testing to determine the appropriate RAP content 
and adjust gradation for desired concrete performance 
[75]. The selection and blending of RAP with other aggre-
gates must adhere to standards and guidelines for consis-
tent concrete quality. This optimization, considering pa-
rameters like cement content, water-to-cement ratio, and 
supplementary materials, balances sustainability goals, 
concrete performance, and code compliance [77]. Table 7 
provides a detailed summary of the RAP content and gra-
dation in RAP concrete.

Table 5. Performance testing and evaluation methods for RAP concrete

RAP: Reclaimed asphalt pavement.

Mechanical properties 

Durability properties 

Shrinkage and creep 
testing

Abrasion and impact 
testing

Standards and guidelines

[57, 58] 

[57, 59, 60] 

[61] 

[62] 

[63]

Evaluate compressive, tensile, and flexural strength of RAP concrete. Assess its load-
bearing capacity and structural integrity.

Assess permeability, freeze-thaw resistance, and chloride ion penetration of RAP concrete. 
Evaluate its resistance to deterioration.

Measure the deformation characteristics of RAP concrete over time. Assess its long-term 
behavior and potential for cracking.

Evaluate the wear resistance and impact resistance of RAP concrete. Assess its suitability 
for high-traffic areas and dynamic loads.

Adhere to established standards (e.g., ASTM, ACI) for conducting performance tests on 
RAP concrete. Ensure reliable evaluation.

Testing method ReferenceSummary

Table 6. A summary of the factors affecting the performance of RAP in concrete

RAP: Reclaimed asphalt pavement.

RAP gradation

Asphalt content

Moisture content

Compatibility with 
cementitious materials

Environmental conditions

Mix proportions and additives

Construction practices

[64–66]

[65, 66]

[66, 67]

[67, 68] 

[69]

[70]

[71]

Affects workability, strength, and durability of RAP concrete.

Influences workability and bond strength of RAP concrete.

Impacts workability, strength, and drying shrinkage of RAP concrete.

Affects hydration and strength development of RAP concrete. 

Temperature and humidity influence setting time and curing of RAP concrete.

Optimal proportions and additives enhance workability and durability of RAP concrete.

Proper mixing, compaction, and curing techniques ensure desired performance of 
RAP concrete.

Factor ReferenceImpact

Table 7. RAP content and gradation in RAP concrete

RAP content

RAP gradation

RAP material

Blending process

[72]

[73]

[74]

[76]

Influences sustainability, workability, strength, and durability of RAP concrete.

Affects workability, mechanical properties, and potential issues in RAP concrete.

Particle size distribution, angularity, and presence of contaminants affect RAP performance.

Proper processing and blending of RAP with other aggregates ensure quality and consistency.

Factor ReferenceImpact

RAP: Reclaimed asphalt pavement.
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Processing Techniques
Processing techniques are vital for preparing RAP for use 
in concrete construction, enhancing the quality and perfor-
mance of RAP concrete. The first step is crushing, which 
reduces the asphalt material to the appropriate aggregate 
size. Primary and secondary crushers are utilized for this 
purpose. Proper crushing ensures the desired particle size 
distribution, a crucial factor for concrete performance [78].

Following crushing, the RAP material undergoes screening 
to separate aggregates into different size fractions. This step, 
done through vibrating screens or sieves, eliminates oversized 
particles and ensures compliance with gradation require-
ments. Screening also removes any remaining fine particles 
that could impact concrete workability and performance [80].

Blending is the next step, where RAP aggregates are mixed 
with other conventional aggregates to create a well-graded 
and homogeneous mixture. This process balances particle 
size distribution and enhances concrete quality and perfor-
mance. It involves careful proportioning based on grada-
tion, particle shape, and specific properties. Properly adher-
ing to industry best practices, standards, and maintaining 
equipment ensures consistent and accurate processing [81]. 

Figure 3 illustrates a typical procedure for processing RAP. 
This procedure outlines the sequential steps involved in the 
processing of RAP materials, providing a visual guide to the 
key stages in the recycling process.

Addressing potential contaminants in RAP material is 
crucial. Contaminants like residual asphalt or foreign 
materials can harm RAP concrete properties and perfor-
mance [82]. Therefore, processing methods must include 
measures like thermal or solvent extraction to remove or 
reduce contaminants [83].

Utilizing suitable processing techniques such as crushing, 
screening, and blending is key to optimizing RAP aggregate 
quality. These techniques ensure proper sizing, contami-
nant removal, and integration with other aggregates, yield-
ing durable, sustainable, high-performance RAP concrete 
[84]. Table 8 provides a comprehensive overview of the 
various processing techniques used for Reclaimed Asphalt 
Pavement (RAP) in concrete construction.

Admixtures and Additives
Admixtures and additives are vital components in con-
crete, even more so when incorporating RAP as coarse 

Figure 3. A typical procedure for processing RAP.
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aggregates [84]. Water Reducing Admixtures, also known 
as plasticizers or superplasticizers, cut water content while 
maintaining workability. They disperse cement particles 
effectively, enhancing fluidity for better flow and consol-
idation, which is particularly useful for RAP concrete by 
improving cohesion and bonding between RAP aggre-
gates and the cement matrix [85]. Set Retarding Admix-
tures, or set retarders, delay concrete setting, beneficial 
when extended workability or delayed setting is necessary, 
such as in hot weather or long transportation times. They 
provide extra time for proper placement and compaction 
in RAP concrete, ensuring optimal consolidation and 
bonding [86]. Pozzolanic Admixtures, like fly ash or silica 
fume, react with cement hydration byproducts to enhance 
strength, durability, and chemical resistance. When used 
in RAP concrete, they compensate for any deficiencies in 
the cementitious properties of RAP aggregates, improv-
ing the overall mixture [87]. Air-Entraining Admixtures 
introduce stable air bubbles, improving freeze-thaw resis-
tance. In RAP concrete, they mitigate potential decreases 
in freeze-thaw resistance due to aged asphalt binder or 
higher porosity in RAP aggregates [88]. Fiber Reinforce-
ment with materials like steel or synthetic fibers enhanc-
es toughness, impact resistance, and crack resistance. In 
RAP concrete, it reduces the risk of cracking, improves 
post-cracking behavior, and enhances overall durability 
and long-term performance [89]. Proper selection and 
dosage of these substances are essential to align with proj-
ect needs, RAP aggregate properties, and desired concrete 
characteristics. Following manufacturer recommenda-
tions, industry guidelines, and conducting testing and tri-
als ensures effective incorporation and compatibility with-
in the RAP concrete mixture for desired properties and 
performance [90]. Table 9 presents an extensive summary 
of the various admixtures and additives used in RAP con-
crete construction.

Curing Conditions and Environmental Factors
Curing conditions and environmental factors are pivotal 
in optimizing concrete performance when RAP is used 
as coarse aggregates [90, 91]. Maintaining the right mois-
ture and temperature levels during curing is vital for ce-
ment hydration and strength development. In RAP con-
crete, aged asphalt binder in RAP aggregates may affect 
moisture characteristics, necessitating tailored curing ap-
proaches [92].Curing duration significantly impacts con-
crete strength and durability. Longer curing periods fos-
ter continued hydration and more durable cementitious 
products, which is especially beneficial in RAP concrete, 
improving mechanical and durability properties [92, 93].

Various curing methods are available for RAP con-
crete, such as moist curing, membrane curing, and cur-
ing compounds, each with its advantages [94, 95]. The 
choice depends on project needs, desired properties, and 
the influence of aged asphalt binder in RAP aggregates. 
Environmental conditions, including temperature, hu-
midity, and exposure to external elements, influence the 
curing process and RAP concrete's performance [95]. 
Adapting mix proportions and curing methods to suit 
environmental conditions is essential to ensure optimal 
performance [96].

By carefully managing curing conditions and consider-
ing environmental factors, RAP concrete's performance 
can be enhanced, ensuring the development of strength, 
durability, and longevity. Adhering to industry standards 
and practices, customized for RAP concrete's unique 
characteristics and project requirements, is crucial for 
achieving desired performance under various environ-
mental conditions [90]. Regular monitoring and quality 
control throughout the curing process are recommend-
ed [91]. Table 10 presents an extensive summary of the 
various admixtures and additives used in RAP concrete 
construction.

Table 8. Processing techniques for RAP in concrete construction

Crushing

Screening

Blending

Contaminant removal

[79]

[80]

[81]

[83]

Reduces RAP material to suitable aggregate size for concrete production.

Separates RAP aggregates into desired size fractions and removes impurities.

Combines RAP aggregates with other aggregates for a well-graded mixture.

Addresses potential contaminants through extraction methods.

Technique ReferencePurpose

RAP: Reclaimed asphalt pavement.

Table 9. Admixtures and additives for RAP concrete construction

Water reducing

Set retarding

Pozzolanic

Air-entraining

Fiber reinforcement

[84]

[85]

[86]

[87]

[89]

Reduces water content while maintaining workability

Delays concrete setting time for extended workability

Enhances strength, durability, and chemical resistance

Introduces air bubbles for improved freeze-thaw resistance

Enhances toughness, impact resistance, and crack resistance

Admixture/additive ReferencePurpose

RAP: Reclaimed asphalt pavement.
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Research Gap
In the assessment of RAP within concrete construction, 
several research gaps have been identified that warrant 
attention. Firstly, there is a notable lack of long-term 
studies to evaluate how RAP concrete performs over 
extended durations, which is crucial for understanding 
its durability under various environmental conditions. 
Furthermore, more comprehensive research is needed to 
explore the influence of diverse environmental factors, 
such as varying climates and exposure to harsh chem-
icals, on RAP concrete. Investigating the fundamental 
mechanisms underlying RAP concrete's performance is 
another critical gap, with a focus on the interaction be-
tween RAP aggregates and the cementitious matrix. Ad-
ditionally, the scalability of RAP concrete to large con-
struction projects, like highways and bridges, requires 
further investigation. Standardized testing methods and 
protocols for RAP concrete remain underdeveloped, 
limiting consistency and comparability across studies. 
Moreover, a comprehensive economic assessment, in-
cluding life cycle cost analysis, is needed to determine 
the economic viability of RAP concrete. Lastly, the in-
tegration of RAP concrete into design codes and guide-
lines necessitates further research to ensure its safe and 
efficient incorporation into construction practices. Ad-
dressing these research gaps will advance our knowledge 
and promote sustainable construction practices.

CONCLUSION

This comprehensive literature review explores the per-
formance of RAP when used as coarse aggregates in 
concrete construction. It covers a wide range of aspects, 
including mechanical properties, durability, testing 
methods, mix design, performance evaluation, influ-
encing factors, RAP content, gradation, processing 
techniques, admixtures, curing, and environmental con-
siderations. Assessing RAP's performance in concrete 
construction is crucial due to its potential to enhance 
sustainability by reducing natural aggregate consump-
tion, recycling waste materials, and decreasing the car-
bon footprint of construction projects. It not only offers 
cost savings but also improves the mechanical and du-
rability properties of concrete, representing a significant 
advancement in construction practices.

Further research is necessary to address identified gaps, 
such as conducting long-term studies, understanding spe-
cific environmental influences, elucidating the underlying 
mechanisms, exploring large-scale applications, establish-
ing standardized testing methods, and assessing the eco-
nomic feasibility. The integration of RAP into design codes 
and specifications must also be pursued to ensure its safe 
and efficient adoption, furthering the construction indus-
try's transition toward environmentally conscious and eco-
nomically viable practices.

Table 10. Curing conditions and environmental factors for RAP concrete

Moisture and temperature

Curing duration

Curing methods

Environmental factors

[91]

[92]

[95]

[95]

Critical for hydration and reactivity, affects strength and durability

Influences strength and durability development, longer curing improves properties

Various methods include moist curing, membrane curing, and curing compounds

Temperature, humidity, and exposure affect curing and concrete performance

Aspect ReferenceImportance

RAP: Reclaimed asphalt pavement.

Table 11. A summary of the future research directions and recommendations for RAP concrete

Long-term performance assessment 

Optimal RAP content and gradation 

Mix design optimization 

Performance evaluation under dynamic loading 

Environmental impact assessment 

Cost-effectiveness analysis 

Standardization and guidelines

Conduct studies to evaluate durability and performance of RAP concrete under 
various environmental and loading conditions

Investigate the influence of RAP content and gradation on mechanical and 
durability properties of concrete

Develop improved mix design methods and guidelines tailored for RAP concrete, 
considering RAP characteristics and properties

Study behavior of RAP concrete under dynamic loading conditions and develop 
design guidelines for high-stress applications

Conduct life cycle assessments to evaluate environmental impact and carbon 
dioxide sequestration potential of RAP concrete

Perform cost-effectiveness analyses to assess the economic feasibility and 
advantages of using RAP in concrete construction

Develop standardized testing methods, specifications, and guidelines specific to 
RAP concrete to facilitate quality control and implementation

Research direction Recommendations

RAP: Reclaimed asphalt pavement.
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Future Research Directions and Recommendations
Future research on RAP in concrete construction should 
emphasize long-term performance assessments under vary-
ing environmental conditions, optimal RAP content and 
gradation, mix design improvements tailored for RAP, and 
evaluating RAP concrete's behavior under dynamic load-
ing conditions. Additionally, assessing the environmental 
impact and cost-effectiveness of RAP concrete is essential 
for its broader adoption. Developing standardized testing 
methods, specifications, and guidelines specific to RAP 
concrete is crucial for consistent evaluation and quality 
control in construction projects, facilitating its widespread 
acceptance and utilization. These research directions pro-
vide valuable guidance for further exploration in this field, 
promoting more sustainable and eco-friendly infrastruc-
ture practices. Table 11 summarizes these future research 
directions and recommendations for RAP concrete, offer-
ing a concise reference for researchers and professionals 
seeking to advance the knowledge and application of RAP 
in concrete construction.
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ABSTRACT

Clean water is vital for sustainable development, fostering socio-economic growth, ecological 
stability, and human survival. The study aimed to evaluate the quality of tube well water in 
specific residential areas of Khulna for drinking purposes, comparing it with the standards 
of World Health Organization (WHO) and Bangladesh (BD). Twenty tube well water sam-
ples were collected from residential areas at depths of 700–1500 ft. The samples were tasted 
with about 20 parameters, including physical: color, taste, odor, total dissolved solids (TDS) 
and total suspended solids (TSS); chemical: acidity/alkalinity (pH), arsenic (As), electrical 
conductivity (EC), dissolved oxygen (DO), bicarbonate (HCO3

–), calcium (Ca2+), magnesium 
(Mg2+), sodium (Na+), chloride (Cl–), iron (Fe), phosphate (PO4

3–), sulfate (SO4
2–), potassium 

(K+); and bacteriological parameters: total coliforms and E. coli bacteria. Most of the samples 
were found to have higher TDS (avg. 1380 mg/L), TSS (avg. 620 mg/L), Fe (avg. 20.2 mg/L), 
K+ (avg. 194.1 mg/L), and Na+ (avg. 439 mg/L) concentrations compared to the WHO and BD 
Standards. 90 to 95% of samples exhibited acceptable levels of EC, pH, DO, Mg2+, Ca2+, Cl–, 
and SO4

3–. The salinity levels in most of the samples were excessive to be used for drinking, 
and the levels were especially very high in samples S-01(Na+ 820 and Cl- 3195 mg/L) and S-04 
(Na+ 660 and Cl- 2946 mg/L). The arsenic levels were found to be higher than acceptable limit 
in S-01 (0.086 mg/L) and S-04 (0.091 mg/L) as well. E. coli and other bacteria in a few samples 
(S-01, 04, 13, 16, 17, 19) were detected.

Cite this article as: Tabassum S, Dristy JT, Ahmed A, Riyad RH. Assessment of tube well water 
quality in selected residential areas in Khulna. Environ Res Tec 2024;7(1)41–60.

INTRODUCTION

Water plays a crucial role in the natural environment [1, 2], 
as it supports economic growth, guarantees food security, 
alleviates poverty, maintains ecological functions, and acts 
as a potentially limiting resource for both humans and oth-
er organisms [3–7]. The provision of a sufficient quantity 
and quality of water is essential in order to meet the grow-

ing needs of households, industries, and agriculture [8, 9]. 
Water can exhibit characteristics of both a renewable and 
nonrenewable resource, depending on its usage and rate of 
depletion. Therefore, it is imperative to prioritize the res-
olution of water quality issues and the exploration of effi-
cient management approaches in different nations [10–14]. 
Groundwater serves as the predominant freshwater re-
source, with a fraction of it originating from rainfall [15], 
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[16–18]. On a global scale, the extraction of groundwater 
for various purposes has had a substantial impact on so-
cio-economic conditions. Approximately one-third of the 
global population is dependent on groundwater as a prima-
ry source of drinking water [19–21].

Trace amounts of soluble salts can always be found in 
groundwater. However, groundwater is unfit for agricul-
tural use due to the lack of treatment in municipal sewage 
generated from decomposable solid waste [22–24], medical 
waste [25], and other sources, as well as unregulated indus-
trial and agricultural practices. When this sewage infiltrates 
the ground, it can introduce harmful substances into the 
groundwater, making it unsuitable for irrigation. Degrada-
tion of the drinking water supply can occur if a combination 
of landfill leachate and wastewater contaminates ground-
water sources [26, 27] and introduces harmful pollutants 
[28–31]. Further, people have reason to be concerned about 
the safety of groundwater due to the presence of harmful 
contaminants like pesticides, arsenic, nitrate, fluoride [32], 
mineral hardness, and iron [33]. In developing countries, 
80% of illnesses and 30% of infant mortality rates have been 
linked to contaminated groundwater [34]. Modifications 
in the quality of groundwater arise from the interactions 
between water and rock, along with oxidation-reduction 
reactions that take place as water infiltrates through the 
aquifer system [35]. Shallow aquifers are deteriorating as 
a result of increased population density, extensive human 
endeavors, insufficient resource utilization, and a lack of 
efficient management protocols. Deeper aquifers general-
ly have less arsenic contamination. Protecting them from 
biological and physico-chemical pollutants can be chal-
lenging due to their depth and location. Reduced chemical 
use [36], source protection [37], proper monitoring of con-
taminants, sustainable farming [38], waste diversion (e.g., 
biogas production from organic waste [39, 40]), and other 
measures can prevent groundwater contamination. These 
reasons may have limited effect on deep aquifers. Contam-
inants move slowly from the surface to deep aquifers. But 
persistent environmental contaminants can leach into deep 
aquifers over time.

Tube well water is generally believed to be devoid of micro-
bial pollution owing to the inherent natural filtration ca-
pabilities of the underground environment [41–44]. In the 
context of Bangladesh, it is observed that a significant pro-
portion of tube wells are situated in suboptimal locations, 
and their upkeep does not adhere to the sanitary inspec-
tion guidelines prescribed by United Nations Internation-
al Children's Emergency Fund (UNICEF) and WHO [43], 
[45–48]. A considerable proportion of tube well water in 
Bangladesh is contaminated with microorganisms, specif-
ically fecal organisms, thereby indicating the presence of 
contamination [46, 49–55]. Insufficiently constructed sani-
tary latrines are believed to be among the potential sources 
of contamination. Waterborne diseases constitute a promi-
nent global health issue [54, 56–59]. The presence of impu-
rities in drinking water possesses the capacity to engender 
a variety of illnesses, such as cholera, dysentery, typhoid, 

hepatitis, and diarrhea. Diarrhea occupies a prominent po-
sition within the realm of waterborne illnesses [59, 60–62], 
as it stands as a primary factor in the mortality of children, 
it is also estimated that the annual death toll of approxi-
mately 25 million individuals by consuming contaminated 
water [63]. The United Nations (UN) estimates that 2.5 bil-
lion people in developing nations lack adequate sanitation, 
and over half of this population lacks safe drinking water 
[63]. Groundwater is often referred to as the "hidden sea" 
due to its vast quantity and concealed nature [64–66]. This 
obscurity makes groundwater pollution pathways and pro-
cesses difficult to see. The prioritization of microbial quality 
control in drinking water should be regarded as a matter of 
utmost importance for all nations [21, 50, 67–71]. Ground-
water holds considerable socioeconomic importance due to 
its reduced treatment requirements, rendering it a finan-
cially viable alternative in comparison to surface water [71].

Coastal areas exhibit a vulnerability to increased levels of 
salinity in both surface and groundwater [72–76], which 
is distinguished by the occurrence of total dissolved sol-
ids (TDS) [75, 77] and specific chemical components: Cl–, 
Na+, Mg2+ and SO4

2–. The Khulna Division is located in the 
southwestern coastal region of Bangladesh, where it faces 
notable difficulties such as salinity in the surrounding area 
and contamination of shallow aquifers with arsenic. The in-
crease in salinity levels in Khulna can be attributed to the 
commencement of the Farrakka Barrage operation by In-
dia in 1975. The aforementioned development significant-
ly reduced the water discharge of the Ganges River in the 
surrounding area [78–84]. The Ganges River, known as the 
Padma in Bangladesh, is situated to the northeast of Khulna 
city. Currently, the Khulna water supply system is exclusive-
ly dependent on groundwater as its primary source. The ur-
ban population of Khulna city is experiencing a consistent 
increase, resulting in an escalating need for water resources. 
Due to drought, river levels dropping, seawater intrusion 
during high tides, groundwater contamination, and natu-
ral arsenic, Khulna faces severe water scarcity [85, 86]. The 
evaluation of the origin and quality of groundwater is a vital 
obligation for the Khulna City Corporation, as the residents 
of this urban area heavily depend on this resource for their 
diverse needs.

The purpose of this study is to determine the groundwater 
(tube well) quality status in terms of various physical, chem-
ical, and bacteriological parameters in different residen-
tial areas of Khulna. This research is emphasized because 
groundwater quality profoundly affects public health and 
the environment, making it essential for socioeconomic de-
velopment, effective resource management, and sustainable 
use. The current research is undertaken due to the limita-
tions of prior studies, which may have had a limited scope, 
outdated data, insufficient sampling, inadequate assessment 
of parameters, inconsistent data availability, and changing 
contamination sources, necessitating a comprehensive and 
up-to-date evaluation of groundwater quality's multifaceted 
significance for public health, environmental preservation, 
socioeconomic development, and resource management. 
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The primary goals of this study are to conduct a compre-
hensive evaluation of the deep tube well water quality in 
different residential regions of Khulna. The ultimate goal 
is to ensure the provision of safe and sustainable drinking 
water, while simultaneously protecting public health, the 
environment, and promoting socioeconomic development. 
The specific objectives of this study are:

•	 To evaluate the physical and chemical attributes of 
tube well water and compare them to the drinking wa-
ter standards established by both Bangladesh and the 
WHO.

•	 To assess the biological conditions of the studied tube 
well water.

MATERIALS AND METHODS

Study Area
Khulna is situated in the south-western region of Bangla-
desh, adjacent to the Rupsha and Bhairab Rivers. The lo-
cation is positioned within the geographical coordinates of 
21.38° to 23.15° north latitude and 89.54° east longitude, 
with an elevation of approximately 30 feet above mean sea 
level. The area of the Khulna city corporation is 45.65 km2. 
Salinity poses a significant challenge in coastal regions' 
groundwater [87, 88], while shallow aquifers are addition-
ally burdened by the presence of high levels of arsenic. The 
Khulna City Corporation (KCC) is currently experiencing 
a severe shortage of adequate drinking water. To provide 
an overview of the current drinking water quality in four 
residential areas within the Khulna division, the follow-
ing locations were chosen for analysis: Gollamari (includ-
ing Islam Nagor, Banargati Road, Khorshed Nagor, Bank 
town, and Khulna University (KU), Sonadanga (covering 
Sonadanga bus terminal, road no 10, 12, 13, Link road, and 
M A Bari street), Nirala (encompassing road no 4, 13, 21, 
23, and 26), and Moylapota (including Ikbal Nagor, Moil-
apota mor, Sandhya bazaar, Moilapota bypass road, and Ba-
supara road). These areas are depicted in Figure 1.

A total of twenty tube well water samples were collected 
from various locations, with the sampling points selected 
in a random manner. 

Sample Collection
A total of 20 high density polyethylene (HDPE) bottles with 
a capacity of 500 mL were purchased from a local market 
and subsequently utilized for the purpose of sample collec-
tion. The sample bottles went through a thorough washing 
process, consisting of four rinses with deionized water, fol-
lowed by two rinses with the sample water. Subsequently, 
the samples were collected. A total of 20 water samples were 
collected from 20 tube wells within the designated area. Ta-
ble 1 displays the depth of each sampling tube well and the 
corresponding duration of its installation.

To maintain a consistent water flow from the tube wells, 
they were subjected to continuous pumping for a duration 
of approximately one to two minutes before sampling. The 

sample bottles were carefully labeled with distinct sample 
identifiers, and thorough documentation regarding the 
sampling locations was diligently recorded for each drink-
ing water source in a dedicated notebook. The provided 
information encompasses various specifics, such as the 
identities of the owners, depths of the wells, dates and times 
of installation, any documented concerns pertaining to the 
quality of drinking water, and additional relevant details. 
The HDPE bottles underwent a preliminary cleaning pro-
cedure involving rinsing with deionized water three times, 
followed by triple rinsing with tube well water prior to 
sample collection [89]. Subsequently, the collected samples 
were promptly preserved in a cooler with ice to keep them 
free from external contamination. The samples were expe-
ditiously conveyed to the laboratory for experimental in-
vestigation and were preserved under freezing conditions, 
typically at approximately 4 °C.

Sample Analysis
Various methods were employed to evaluate a variety of phys-
ical, chemical, and bacteriological parameters at both sam-
pling locations and in the laboratory, as outlined in Table 2.

Heavy metals such as manganese (Mn), cadmium (Cd), 
lead (Pb), chromium (Cr), etc. were not tested due to the 
limitations of the laboratory.

Table 1. The depth of each sampling tube-well and its instal-
lation time

Sampling area	 Sample	 About depth	 Installation 
	 ID	 of tube well	 duration 
		  water (in ft)	 (in year)

Islam Nagar	 S-01	 700	 12

Banrgati road	 S-02	 900	 8

Bank town	 S-03	 1100	 15

Khorshed Nagar	 S-04	 980	 26

Khulna university	 S-05	 1300	 22

Nirala, road no 4	 S-06	 1200	 7

Nirala, road no 13	 S-07	 1250	 15

Nirala, road no 21	 S-08	 1400	 17

Nirala, road no 23	 S-09	 1500	 13

Nirala, road no 26	 S-10	 1050	 5

Sonadanga bus terminal	 S-11	 1100	 16

Sonadanga, road no 10	 S-12	 900	 40

Sonadanga, road no 12	 S-13	 850	 29

Sonadanga, road no 13	 S-14	 1000	 12

Link road, M A Bari Street	 S-15	 850	 17

Ikbal Nagar	 S-16	 650	 9

Moilapota mor	 S-17	 700	 13

Sandhya bazar	 S-18	 750	 18

Moilapota bypass road	 S-19	 800	 18

Basupara road	 S-20	 950	 12

Source: Owners of each respective tube well.
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Physical Parameters
Color: The water samples were visually inspected in the 
laboratory immediately after collection, utilizing direct ob-
servation without the aid of any optical instruments.
Odor: The olfactory perception of the water samples is 
achieved through direct inhalation, allowing the individual 
to perceive the various odors through the sense of smell.

Taste: The taste of the water samples was assessed through 
direct consumption.
Total Solid (TS): 50 mL water samples collected from each 
tube well were transferred into 100 mL beakers and subject-
ed to a 24-hour drying process in an oven at a temperature 
of 105 °C. The calculation of total solids involved determin-
ing the difference between the weights of empty beakers 

Figure 1. The map of the studied area (17, 23, 24, 25 no. wards were covered out of 31 in Khulna city corporation).
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and the weights of the same beakers containing residual 
total solids following the removal of water.

Total Dissolved Solids (TDS): A water sample of 50 mL is 
extracted from each tube well and subsequently subjected 
to filtration using Whatman 0.45-micron GF/F filter paper. 
The filtered water is transferred into 100 mL beakers and 
then undergoes a 24-hour drying process in an oven set at 
105 °C. The quantification of TDS is accomplished by calcu-
lating the difference in mass between the empty containers 
and the containers holding the remaining solid substances 
after the removal of water.

Total Suspended Solids (TSS): After subtracting each sam-
ple's TDS value from its TS value, TSS values were recorded.

Chemical Analysis
The samples were subjected to analysis in the laboratories 
of the Discipline of Soil, Water, and Environment at Khul-
na University and the Department of Civil Engineering at 
Khulna University of Engineering and Technology. 

pH: The water samples' pH levels are determined by a mi-
croprocessor pH meter (Sper Scientific 850051, USA). 

Arsenic (As): A Shimadzu AA-7000 atomic absorption 
flame spectrometer was used to determine the arsenic con-
tent of each sample.

Bicarbonate (HCO3
–): Titrimetric analysis employing a 

standard 0.086N H2SO4 solution is used to determine the 
concentrations of bicarbonate in the water samples [90].

Calcium (Ca2+): The calcium concentrations in the water 
samples are determined through the utilization of a titri-
metric technique, which involves the application of a stan-
dardized 0.01N Ethylenediaminetetraacetic acid (EDTA) 
solution [91].

Chloride (Cl–): The concentration of chloride in the water 
samples is assessed using a titrimetric method involving the 
utilization of a standardized solution of 0.05N AgNO3 [92].

Dissolved Oxygen (DO): A digital DO meter (Sper Scien-
tific 850045, USA) was used to assess the levels of dissolved 
oxygen in the samples.

Electrical Conductivity (EC): A conductivity meter (Sper 
Scientific 850036, USA) was used to measure the electrical 
conductivity of the water samples.

Iron (Fe): The iron concentrations in the water samples are 
analyzed through a colorimetric technique using a spectro-
photometer (APEL, PD–303 UV, Japan) set at a wavelength 
of 510 nm.

Magnesium (Mg2+): Water samples were tested for their 
total calcium and magnesium content using a titrimetric 
method with a 0.01N EDTA standard solution [91]. The 

Table 2. Methods employed for analyzing collected samples and the corresponding units of measurement for the studied parameters

Parameters		  Methods	 Units

	 Temperature 	 Temperature Probe	 ºC

Physical	 Color	 Visualization	 –

	 Taste	 Tongue	 –

	 Odor	 Smelling	 –

	 Total solids (TS)		  mg/L

	 Total dissolve solids (TDS)	 Filtration, evaporation	 mg/L

	 Total suspended solids (TSS)	 Filtration, evaporation	 mg/L

Chemical	 Acidity/Alkanity (pH)	 Electrometric	 –

	 Arsenic (As)	 Atomic absorption flame spectrometer	 mg/L

	 Bicarbonates (HCO3-)	 Titrimetric	 mg/L

	 Calcium (Ca2+)	 Titrimetric	 mg/L

	 Chloride (Cl-)	 Titrimetric	

	 Dissolve oxygen (DO)	 Electrometric	 mg/L

	 Electrical conductivity (EC)	 Electrometric	 μS/cm

	 Iron (Fe)	 Colorimetric	 mg/L

	 Magnesium (Mg2+)	 Titrimetric	 mg/L

	 Potassium (k+)	 flame emission spectroscopic	 mg/L

	 Phosphate (PO4
3-)	 Colorimetric (blue color)	 mg/L

	 Sodium (Na+)	 Flame emission spectroscopic	 mg/L

	 Sulfate (SO4
3-)	 Turbidimetric	 mg/L

Bacteriological	 Total coliform (TC)	 Spread plate	 CFU/100 mL

	 Fecal coliform (FC)	 Spread plate	 CFU/100 mL
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magnesium content was then determined by deducting the 
calcium content from the combined value.

Phosphate (PO4
3–): The phosphate concentrations in the 

samples are analyzed using a colorimetric method, specif-
ically the molybdophosphoric blue color technique, con-
ducted with a spectrophotometer (APEL, PD–303 UV, Ja-
pan) at a wavelength of 882 nm [93].

Potassium (K+): A flame photometer (JENWAY, PFP7, UK) 
was used to determine the potassium concentrations in the 
water samples.

Sodium (Na+): A flame photometer (JENWAY, PFP7, UK) 
was used to determine the sodium concentrations in the 
collected water samples.

Sulfate (SO4
2–): The turbidimetric method was employed 

to evaluate the sulfate levels in the water samples [94]. This 
was done using a spectrophotometer (APEL, PD-303 UV, 
Japan) configured to a wavelength of 420 nm.

Bacteriological Analysis
Following the guidelines from American Public Health 
Association (APHA) (2003) [95], the spread plate meth-
od was used to find out if the water samples had coliform 
bacteria or not. Eosin methylene blue agar (EMB) was 
used as a selective and differentiating medium to find co-
liform bacteria. It was used to find gram-negative bacte-
ria in particular.

Total Coliform (TC): Labeling each tube with the water 
sample's source helped count total coliforms. Using a steril-
ized pipette, each sample's water was spread onto EMB agar 
plates. Each plate was incubated at 37 °C for 24 hours. In a 
laminar airflow chamber, the agar plates were placed. Total 
coliform bacteria in water samples were indicated by red or 
pink colonies on agar plates.

Fecal coliform (E. coli bacteria): After sterilizing a pipette, 
1 mL of water from each sample was evenly spread on EMB 
agar plates to count fecal coliforms. All plates are incubated 
at 44.5 °C for 24 hours. Agar plates are placed in a laminar 
airflow chamber after incubation. E. coli (fecal coliforms) 
in water samples is indicated by blue-black colonies with a 
green metallic sheen on agar plates.

RESULTS AND DISCUSSION

Physical Parameter
Color, odor, taste, temperature, TS, TDS, and TSS are the 
physical parameters that were used in the experiment. Table 
3 displays a summary of the measured physical parameters 
of the water samples.

TDS and TSS
In the studied area, the values for TS, TDS, and TSS ex-
hibited a range of variability, with TS ranging from 800 to 
6000 mg/L, TDS ranging from 400 to 4000 mg/L, and TSS 

Table 3. This table provides a summary of the measured physical parameters of water samples

Sample	 Color	 Odor	 Taste	 Temperature	 TS	 TDS	 TSS 
ID				    (°C)	 (mg/L)	 (mg/L)	 (mg/L)

S-01	 Yellowish	 Odorless	 Tasteless	 27	 5600	 4000	 1600

S-02	 Colorless	 Odorless	 Tasteless	 27	 2000	 1600	 400

S-03	 Colorless	 Odorless	 Tasteless	 25	 1200	 800	 400

S-04	 Yellowish	 Odorless	 Tasteless	 25	 6000	 4000	 2000

S-05	 Colorless	 Odorless	 Tasteless	 26	 1200	 800	 400

S-06	 Colorless	 Odorless	 Tasteless	 25	 1200	 800	 400

S-07	 Colorless	 Odorless	 Tasteless	 27	 800	 400	 400

S-08	 Colorless	 Odorless	 Tasteless	 25.4	 1600	 1200	 400

S-09	 Colorless	 Odorless	 Tasteless	 25	 2800	 1600	 1200

S-10	 Colorless	 Odorless	 Tasteless	 26.1	 1200	 800	 400

S-11	 Colorless	 Odorless	 Tasteless	 26	 1600	 1200	 400

S-12	 Colorless	 Odorless	 Tasteless	 25	 1600	 1200	 400

S-13	 Colorless	 Odorless	 Tasteless	 25.5	 2400	 1600	 800

S-14	 Colorless	 Odorless	 Tasteless	 24.8	 2000	 1200	 800

S-15	 Colorless	 Odorless	 Tasteless	 25	 2400	 2000	 400

S-16	 Yellowish	 Odorless	 Tasteless	 26	 1600	 1200	 400

S-17	 Colorless	 Odorless	 Tasteless	 25	 1200	 800	 400

S-18	 Colorless	 Odorless	 Tasteless	 25	 1200	 800	 400

S-19	 Colorless	 Odorless	 Tasteless	 25	 1600	 1200	 400

S-20	 Colorless	 Odorless	 Tasteless	 27	 800	 400	 400
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ranging from 400 to 2000 mg/L. The TDS and TSS mea-
surements of the groundwater in the investigated region 
are presented in Figures 2 and 3, respectively. These values 
are compared to the standard set by the ECR in 1997 (En-
vironmental Conservation Rules 1997) known as the BD 
standard.

The BD regulations mandate TDS and TSS levels of 
roughly 1000 and 10 mg/L, respectively. According to 
these criteria, the analysis showed that most of the sam-
ples (12 samples) exceeded the recommended TDS val-
ues, while the remaining samples (8 samples) were within 
the acceptable range. Nonetheless, it’s noteworthy that 
every sample was above the TSS limit. It's interesting to 
note that relatively optimum levels of TSS and TDS may 
aid in protection against cancer, heart disease, and other 
chronic illnesses.

Chemical Parameters
The evaluation of groundwater's solute load composition 
and potential chemical hazards relies heavily on the ground-
wat`er's chemical parameters. As, Na+, K+, Ca2+, Mg2+, Cl–, 
HCO3

–, SO4
2–, and a variety of trace elements are among 

the common major components of natural water. Table 4 
shows the values of the measured chemical parameters of 
the collected samples.

pH
The pH levels measured in the area were between 7.34 and 
8.35. As can be seen in Figure 4, all of the samples had pH 
levels that fell within the boundaries recommended by both 
the WHO guidelines and the BD standard.

Arsenic (AS)
The majority of tube wells in the studied area were found to 
have arsenic levels below the acceptable limits set by both 
the BD standard (0.05 mg/L) and the WHO guideline (0.01 
mg/L), as depicted in Figure 5.

However, two samples, S-01 (0.086 mg/L) and S-04 (0.091 
mg/L), exceeded both limits. This indicates a potential ar-
senic problem in these wells, which could lead to various 
chronic health issues in humans, including symptoms such 
as nausea, vomiting, diarrhea, burning of the mouth and 
throat, and arsenicosis. It is advisable to refrain from the con-
tinuous consumption of water from these specific tube wells 
(S-01 and S-04) to mitigate the risk of these chronic diseases.

Electrical Conductivity (EC)
Figure 6 shows that the conductivity values of the samples 
from the studied area varied from 300 to 5000 µS/cm. With 
the exception of samples S-01 and S-04, all of the others 
were well below the BD standard’s upper limit of 700 µS/cm.

Figure 2. TDS values of the collected water samples.

Figure 3. TSS values of the collected water samples.
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Considerable evidence suggests that electrical conductiv-
ity (EC) is a useful indicator of the concentration of dis-
solved nutrients in water.

Dissolved Oxygen (DO)
Figure 7 shows that the DO values for the samples col-
lected in the study area varied from 4.22 to 6.91 mg/L. 
With the exception of samples S-01 and S-04, all other 
samples (18 samples) were found to be below the BD 
limit of 6 mg/L.
Having enough DO in the water is essential for keeping it in 

good condition. Besides being crucial to aerobic organisms' 
metabolic processes, DO also contributes a role in influenc-
ing inorganic chemical reactions.

Bicarbonates (HCO3
-)

The carbonate form was not detected in any of the samples. 
The HCO3

– content in the samples within the studied area 
varied between 512 and 1110 mg/L, as illustrated in Figure 
8. 85% of the samples (17 samples), apart from other 15% 
(S-07, S-13, and S-20), exhibited higher bicarbonate levels 
than the BD standard (600 mg/L).

Table 4. This table provides a summary of the measured chemical parameters of water samples

Sample	 pH	 As	 EC	 DO	 HCO3-	 Ca2+	 Cl-	 Fe	 Mg2+	 SO4
2-	 PO4

3-	 K+	 Na+ 
ID		  (mg/L)	 (µS/cm)	 (mg/L)	 (mg/L)	 (mg/L)	 (mg/L)	 (mg/L)	 (mg/L)	 (mg/L)	 (mg/L)	 (mg/L)	 (mg/L)

S-01	 7.34	 0.086	 5000	 6.91	 683	 36	 3195	 25	 138	 5	 1.66	 212	 820

S-02	 8.34	 0.003	 400	 4.55	 982	 30	 301	 21.25	 13	 15	 2.33	 212	 350

S-03	 8.27	 0.004	 400	 4.22	 811	 34	 88	 20	 10.8	 3	 3.5	 141	 300

S-04	 7.43	 0.091	 4800	 6.80	 725	 118	 2946	 22.25	 108	 10	 4.5	 282	 660

S-05	 8.34	 0.005	 300	 4.60	 939	 12	 106	 17.5	 22.8	 3.25	 2.16	 212	 450

S-06	 8.25	 0.005	 400	 4.62	 768	 24	 124	 18.75	 15.6	 2.5	 0.33	 141	 350

S-07	 8.34	 0.007	 300	 4.14	 597	 30	 71	 21.25	 21.6	 10	 0.66	 212	 330

S-08	 8.14	 0.001	 600	 5.44	 854	 34	 53	 20	 24	 2.75	 4.16	 282	 290

S-09	 8.25	 0.008	 400	 4.47	 811	 24	 106	 18.75	 32.4	 12.5	 3.5	 141	 320

S-10	 8.21	 0.003	 400	 4.25	 640	 28	 17.75	 18.75	 34.8	 3.5	 11.83	 212	 510

S-11	 8.35	 0.001	 300	 4.80	 768	 20	 88	 21.25	 8.4	 15	 0.5	 141	 490

S-12	 8.35	 0.002	 300	 4.55	 811	 26	 124	 31.25	 10.8	 3	 2.66	 141	 550

S-13	 8.13	 0.006	 600	 4.29	 597	 22	 301	 18.75	 18	 17.5	 10	 282	 590

S-14	 8.18	 0.008	 500	 4.37	 683	 32	 142	 20	 22.8	 2.5	 8.16	 70.7	 630

S-15	 8.19	 0.007	 400	 4.75	 768	 36	 159	 22.5	 19	 20	 3.83	 212	 350

S-16	 8.22	 0.003	 400	 4.49	 725	 14	 124	 16.25	 39.6	 3	 12.16	 353	 300

S-17	 8.35	 0.003	 300	 4.60	 896	 18	 88	 21.25	 13	 17.5	 7.16	 141	 310

S-18	 8.31	 0.007	 300	 4.35	 1110	 12	 159	 16.25	 19	 2.75	 4.83	 212	 360

S-19	 8.29	 0.004	 400	 4.25	 982	 22	 142	 15	 12	 15	 5.83	 70.7	 400

S-20	 7.93	 0.004	 600	 4.29	 512	 28	 124	 17.5	 18	 3.25	 5.5	 212	 420

Figure 4. The pH values of the collected water samples.
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Figure 5. The As values of the collected water samples.

Figure 6. EC values of the collected samples.

Figure 7. DO values of the collected water samples.

Figure 8. Bicarbonate values of the collected samples.
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The acidity of food can be mitigated by consuming an ade-
quate amount of HCO3

-, which also acts as a buffer for lactic 
acid produced during exercise. Additionally, it helps keep 
cavities under control.

Calcium (Ca2+)
The calcium content of the samples within the studied area 
displayed a range of 12–118 mg/L, as depicted in Figure 
9. 19 samples out of 20 exhibited calcium concentrations 
close to the recommended standard of 75 mg/L (BD stan-

dard), with the exception of one sample (S-04) which had 
a calcium concentration of 118 mg/L. The activity of cell 
membranes and the body's pH both depend on adequate 
calcium levels.

Chloride (Cl–)
Figure 10 shows that the chloride concentrations in the 
samples collected in the study area ranged widely from 
17.75 to 3195 mg/L.

Most samples had chloride concentrations below the min-

Figure 9. Calcium concentration of the collected water samples.

Figure 10. Chloride concentrations of the collected samples.

Figure 11. Iron concentrations of the collected water samples.
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imum and maximum levels allowed (250 mg/L for WHO 
and 150–600 mg/L for BD, respectively). Two samples, S-01 
and S-04, in particular, showed significantly high chloride 
concentrations. Chloride is essential for the body to keep its 
fluid levels stable.

Iron (Fe)
The iron concentrations within the samples collected from 
the study area displayed a range of 15–31.25 mg/L, as il-
lustrated in Figure 11. Notably, all of the samples well ex-
ceeded the iron content standard from 0.1 to 0.3 mg/L (BD 
standard). The iron contents are pretty much concentrated 
in water samples. Among them S-12 has the highest (31.25 
mg/L) and S-19 has the lowest (15 mg/L) concentration.

Symptoms like nausea and vomiting may manifest due to 
an iron overload, which can lead to serious conditions like 
diabetes and hemochromatosis, as well as digestive tract 
problems.

Magnesium (Mg2+)
As shown in Figure 12, magnesium concentrations in the 
samples collected from the study area varied from 8.4 to 
138 mg/L. Except for two samples (S-01 and S-04), all of the 
others were within the tolerance range of 30–35 mg/L (BD 
standard), which is notable.

Magnesium plays a vital role as an activator of enzymes and 
is essential for the regulation of neuromuscular excitability 
and cellular permeability.

Sulfate (SO4
2–)

As shown in Figure 13, the sulfate concentrations in the 
samples taken from the study area varied from 2.5 to 17.5 
mg/L. Notably, the SO4

2– levels in all of the samples were 
significantly lower than the Bangladesh standard of 400 
mg/L. Severe chronic diarrhea caused by high sulfate levels 
is possible, and in extreme cases, it can be fatal.

Phosphate (PO4
3-)

Figure 14 depicts the observed range of phosphate concen-
trations within the samples, which was between 0.33 and 
12.16 mg/L.

15 samples out of 20 had concentrations that were below 
the BD-recommended threshold of 6 mg/L. Elevated levels 
of PO4

3- were found in four samples (S-10, S-13, S-14, S-16, 
and S-17), though. DNA materials contain phosphates, and 
phosphates play an important role in the distribution of en-
ergy throughout the body.

Potassium (K+)
The potassium content observed in the samples from the 

Figure 12. Magnesium concentrations of the collected water samples.

Figure 13. Sulfate concentrations of the collected water samples.
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study area displayed a range of 70.72 to 353 mg/L, as depicted 
in Figure 15. Significantly higher levels of K+ were found in 
all samples compared to the Bangladesh standard of 12 mg/L. 
Elevated concentrations of potassium in the body have the 
potential to induce detrimental health consequences, such as 
renal dysfunction, cardiac arrhythmias, and hyperkalemia.

Sodium (Na+)
Sodium concentrations in the studied area's samples ranged 
from 290 to 820 mg/L, as depicted in Figure 16. All samples 

were found to have Na+ concentrations well above the rec-
ommended upper limit of 200 mg/L (WHO and BD stan-
dard). A high sodium intake has been linked to an increased 
risk of developing osteoporosis, stomach cancer, kidney 
disease, kidney stones, cardiomyopathy, and migraines.

Bacteriological Analysis (TC and FC)
Most samples do not have any detectable levels of coliform 
bacteria. Figure 17 shows that E. coli bacteria are present in 
only 6 of 20 samples.

Figure 14. Phosphate concentration of the collected water samples.

Figure 15. Potassium concentration of the collected water samples.

Figure 16. Sodium concentrations of the collected water samples.
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There is a disproportionately high concentration (visual ob-
servation) of E. coli in two of the samples (S-01 and S-04). 
Acute diarrhea, abdominal cramps, nausea, headache, vom-
iting, and fever are just some of the symptoms of a disease 
brought on by E. coli in the water supply. It's possible that at 
sufficiently high concentrations, human life might become 
dead. Possible causes include insufficient tube well depth, a 
lack of proper sanitation (for example, a short distance be-
tween toilets and tube wells), or a lack of quality soil (which 
would otherwise filter out bacteria in groundwater being 
pumped from great depths).

DISCUSSIONS

In our study, the average TDS concentration was measured 
at 1380 mg/L. A comparative study conducted across nine 
Upazilas in the Khulna region reported a similar TDS con-
centration of 1089 mg/L, which is slightly lower than the 
value obtained in this study [96]. It is important to note, 
though, that the TDS level was much higher in the Khul-
na district (averaging 1,556.05 mg/L) and in Shyamnagar, 
Satkhira (averaging 3,691 mg/L), which is higher than the 
TDS level found in this study [97, 98]. It is important to 
note that the pH levels in the groundwater samples were 
between 7.34 and 8.35. This is similar to what another study 
found, which was a pH of 7.85±0.40, showing that the pH 
values are similar [96, 99]. Another study was also found an 
average pH value of 7.89±0.2, which backs up the idea that 
our results are similar to theirs [99]. The average As content 
in our study was determined to be 0.013 mg/L, which falls 
below the established standards in BD and closely aligns 
with the findings of a study that reported an average As 
concentration of 0.017 mg/L [96, 100]. As levels were also 

the same in a different study done in the coastal Shyam-
nagar sub-district of the Satkhira district. It was found to 
be 0.0166 mg/L, which shows that As levels are consistent 
in coastal areas [97]. The EC values exhibited a range from 
300 to 5000 μS/cm in this study, with a mean value of 855 
μS/cm. Another study that was done in the Khulna district 
found that EC values varied similarly, ranging from 498 to 
5,910 μS/cm, which backs up what we found [98]. In ad-
dition, it is worth mentioning that EC values were much 
higher in the nearby district of Shyamnagar, Satkhira. They 
were about 7,135.67±3,433.58 μS/cm, which is a lot more 
than the values we found [97].

Apart from samples S-01 and S-04, all samples exhibited 
DO levels below the established limits in Bangladesh, and 
this trend is consistent with the findings presented by Mah-
mud et al. [99] in 2020, where they reported an average DO 
concentration of 1.61 mg/L in their study of Khulna city. 
Additionally, another independent study observed a lower 
average DO value of 3.07 mg/L during the pre-monsoon 
season in Khulna [101]. These collective findings across dif-
ferent studies underscore the suboptimal status of dissolved 
oxygen levels in this region, falling significantly below the 
standard requirements. The chloride (Cl-) values displayed 
a wide range, spanning from 17.75 to 3195 mg/L, indicat-
ing significant variability. This variation aligns with find-
ings from a 2022 study conducted in the northern part of 
Khulna city, where the Cl- content was observed to fluctu-
ate from 21 to 2063 mg/L [102]. Similarly, another study 
in the Khulna city region reported a comparable range of 
Cl- content, ranging from 10 to 3550 mg/L [96]. Notably, 
a recent investigation in a coastal area of the Satkhira dis-
trict documented a substantially higher Cl- content, with an 
average of 2,940.78±1,563.5 mg/L, which is approximately 
6.5 times greater than the average value observed in this 
study [97]. Also, the average chloride level was recorded at 
2,005.74±2,685.5 mg/L in coastal areas like Khulna, Bager-
hat, Satkhira, and Patuakhali [103]. This is a lot higher 
than the levels seen in this study. This substantial chloride 
concentration is regarded as an indicative measure of the 
overall salinity levels, as chloride levels are closely associ-
ated with salinity. Hence, the salinity issue in the Khulna 
district is a matter of concern, as there is ample documenta-
tion highlighting the detrimental impact of salinity on hu-
man health [104]. The increased salinity levels in the area 
could be attributed to the dissolution of salts such as NaCl, 
Na2CO3, KCl, and CaCl2 from processes such as weather-
ing and rock leaching, the influx of seawater through tidal 
channels [105], brine shrimp aquaculture activities [106], 
and the discharge of industrial waste and sewage [107]. 
Studying high school students in Massachusetts and Chi-

Figure 17. Total coliform and E. coli bacterial counts in tested 
samples.

Table 5. Correlation coefficient between the physical parameters

Parameters	 TS	 TDS	 TSS

TS	 1		

TDS	 0.988	 1	

TSS	 0.942	 0.878	 1
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cago, USA, researchers hypothesized that those living in 
areas with high salinity (272 mg/L) in their public drinking 
water would have higher systolic and diastolic blood pres-
sure, with values elevated by 3–5 mmHg compared to those 
living in areas with low salinity (20 mg/L) [104].

The average iron (Fe) content was determined to be 20.18 
mg/L, which is notably higher, approximately three to 
four times, than a study conducted in the coastal region 
of Khulna. In the Khulna study, the average Fe content 
was reported as 6.24±8.41 mg/L during the wet season 
and 5.13±7.02 mg/L during the dry season [103]. Addi-
tionally, a different study done in Shyamnagar and As-
sasuni in the Satkhira district found groundwater with Fe 
levels that were about four times lower, at 4.9±4.76 mg/L 
and 3.59±2.50 mg/L, respectively [54, 97]. In a recently 
conducted study within the northern part of Khulna city, 
which is not in proximity to the sea, notably lower Fe con-
centrations were observed in their sampled water, ranging 
from approximately seven to twenty times lower than the 
Fe levels found in our study [102].

Statistical Analysis

Correlation Between Physical Parameters
Table 5 presents the correlation analysis results between 
TS, TDS, and TSS. The findings reveal strong correla-
tions among these variables, with TS exhibiting a nota-
bly robust positive correlation with TDS (r=0.988) and 
TSS (r=0.942). Similarly, TDS and TSS also demonstrate 
a strong positive correlation (r=0.878). These strong cor-
relation coefficients suggest a significant and interrelated 
association between the variables, indicating their close 
connection within the dataset.

Correlation Between Chemical Parameters
Table 6 presents the correlation analysis results between 
pH, As, EC, DO, calcium, magnesium, sodium, potassium, 
chloride, iron, sulfate, phosphate, and bicarbonate.

pH exhibits a negative correlation with most parameters, 
except for SO4

3- (r=0.119), PO4
3- (r=0.019), and HCO3

- 
(r=0.387). Notably, the correlation between pH and HCO3

- 
is comparatively stronger, signifying a more pronounced 
association between these two variables within the dataset. 
Whereas As is positively correlated with all the parameters 
except the above three parameters. As is very strongly cor-
related with EC (0.993), DO (0.912), Mg2+ (0.0.954) and Cl– 
(0.992). Conversely, As demonstrates positive correlations 
with all parameters, except for SO4

3-, PO4
3-, and HCO3

-. 
Particularly noteworthy is the remarkably strong positive 
correlation observed between As and EC (r=0.993), DO 
(r=0.912), Mg2+ (r=0.954), and Cl- (r=0.992). EC exhibits 
a pattern akin to that of As, as it showcases notably strong 
correlations with DO, Mg2+, and Cl-. DO is showing nega-
tive correlation with SO4

3- (r=-0.04), PO4
3- (r=-0.247), and 

HCO3
- (r=0.0.080) among all the parameters. Conversely, 

the positive correlation observed with other variables sug-
gests that they exhibit synchronized changes, increasing or 
decreasing in a similar manner in response to variations 
in the dataset. Ca2+ exhibits strong correlations with four 
parameters, namely As, EC, DO, and Cl–. The correlation 
coefficient values for these associations range from 0.680 
to 0.747, indicating a substantial and positive relationship 
between Ca2+ and these parameters. Mg2+ also demon-
strates positive correlations with 10 chemical parameters 
out of 13. Notably, it exhibits the most negative correlation 
with HCO3

–, with a coefficient value of -0.246. Converse-
ly, Na+ reveals predominantly positive correlations with 
the parameters. There are only three instances of negative 
correlation, specifically with K+ (r=0.016), SO4

3– (r=-0.094) 
and HCO3

– (r=-0.366). It is intriguing to note that K+ con-
sistently lacks a very strong positive correlation with any 
parameters. The positive correlation coefficients vary in the 
range of 0.229 to 0.341. Fe is also demonstrating a pattern 
like that of K+. Among all the positive correlations of Cl– 
with other parameters, the correlation with Fe (r=0.335) is 
relatively weak. SO4

3–, PO4
3–, and HCO3

– consistently exhib-

Table 6. Correlation coefficient between the physical parameters

Parameters	 pH	 As	 EC	 DO	 Ca2+	 Mg2+	 Na+	 K+	 Cl-	 Fe	 SO4
3-	 PO4

3-	 HCO3-

pH	 1												          

As	 -0.929	 1											         

EC	 -0.953	 0.993	 1										        

DO	 -0.869	 0.912	 0.933	 1									       

Ca2+	 -0.687	 0.747	 0.723	 0.680	 1								      

Mg2+	 -0.924	 0.954	 0.961	 0.892	 0.599	 1							     

Na+	 -0.697	 0.698	 0.713	 0.596	 0.403	 0.680	 1						    

K+	 -0.329	 0.241	 0.267	 0.311	 0.229	 0.341	 -0.016	 1					   

Cl-	 -0.932	 0.992	 0.996	 0.924	 0.699	 0.955	 0.719	 0.254	 1				  

Fe	 -0.217	 0.308	 0.317	 0.386	 0.279	 0.249	 0.413	 -0.100	 0.335	 1			 

SO4
3-	 0.119	 -0.034	 -0.055	 -0.040	 0.063	 -0.139	 -0.094	 -0.086	 -0.020	 0.038	 1		

PO4
3-	 0.019	 -0.158	 -0.139	 -0.247	 -0.088	 -0.037	 0.039	 0.309	 -0.165	 -0.375	 -0.042	 1	

HCO3-	 0.387	 -0.187	 -0.215	 -0.080	 -0.225	 -0.246	 -0.366	 -0.226	 -0.173	 -0.153	 0.083	 -0.228	 1
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it negative correlations with all parameters except pH, as 
well as between SO4

3– and HCO3
– themselves.

Water Quality Status
The comprehensive analysis of the experiment reveals that 
the examined physical parameters, namely color, odor, and 
taste, fall within acceptable ranges. However, a significant 
proportion of the samples exhibited relatively elevated con-
centrations of TDS and TSS compared to the established 
standards for drinking water. In terms of chemical param-
eters, the pH levels were generally within acceptable limits 
for drinking purposes.

Most of the samples met the prescribed standards for DO 
(90%), Cl– (80%), Mg2+ (85%), EC (90%), and Ca2+ (95%), 
making them suitable for drinking purposes. SO4

2- levels 
were notably lower than the acceptable limit. On the con-
trary, concentrations of Fe, K+, Na+ for all the samples, and, 
in the case of HCO3

-, the majority (85%) exceeded the stan-
dard ranges for drinking water.

Furthermore, Total Coliform (TC) bacteria were detected 
in 30% of the samples, with 20% of these instances being 
Escherichia coli (E. coli or FC), and the remaining 10% 
consisting of other types of bacteria. It's important to note 
that samples meeting acceptable limits for specific param-
eters may be considered safe for drinking in terms of those 
particular criteria, while others may not meet the required 
standards for various parameters, thus impacting their 
overall suitability for consumption.

CONCLUSION

In summary, the findings of this study provide valuable in-
sights into the quality of tube well water in the investigat-
ed regions. While the recorded water temperatures, color, 
taste, and odor generally met the standard criteria, there 
were exceptions with some samples exhibiting a slightly yel-
lowish hue. Notably, most samples exhibited elevated TSS 
values, which significantly exceeded established standards 
while the TDS values are moderately higher.

The pH levels and parameters such as DO, EC, and Cl- ad-
hered to recommended conditions for safe drinking, with 
a few exceptions. Most samples did not contain harmful 
levels of As, although samples from specific areas showed 
elevated levels beyond acceptable limits.

Calcium and magnesium ion concentrations were within 
acceptable ranges for most samples, while iron concentra-
tions exceeded recommended standards across the board. 
A substantial percentage of samples exhibited acceptable 
phosphate levels. Bicarbonate concentrations were mar-
ginally below standards in only a few samples, with higher 
levels in the rest. Sodium and potassium ions were present 
at elevated concentrations in all samples.

While approximately 70% of the samples were free from co-
liform bacteria, the presence of E. coli and other coliform 
bacteria in 20% and 10% of the samples, respectively, sug-
gests the need for vigilance.

Specific parameters related to color, taste, odor, pH, EC, 
DO, As, Ca+, Cl-, SO4

3-, and Mg2+ were generally suitable 
for drinking, except for a couple of samples. However, TDS, 
TSS, Na+, K+, Fe, HCO3

-, and PO4
3- levels in all samples were 

not conducive for drinking.

It is crucial to highlight that coliform bacteria were more 
prevalent in samples from shallow-depth tube wells, em-
phasizing the importance of using water from relatively 
deeper tube wells for drinking to mitigate health risks. The 
high salinity levels observed in the studied regions render 
the water unsuitable for drinking, suggesting the potential 
benefit of utilizing deeper tube wells. Furthermore, the el-
evated arsenic concentrations in tube wells at Islam Nagar 
and Khorshed Nagar pose significant health risks, warrant-
ing the discontinuation of their use.

While these findings shed light on the water quality in the 
investigated areas, ongoing monitoring and remediation 
efforts are essential to ensure safe and accessible drinking 
water for the local population.

However, it's important to note several limitations in the 
study:

1.	 Not all parameters, including trace and toxic elements 
like Cu, Zn, Pd, Cd, nitrogen species, etc., were analyzed 
in this study.

2.	 Limited laboratory facilities may have affected the abil-
ity to conduct experiments comprehensively and accu-
rately for certain elements.
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ABSTRACT

The aim of this study was to determine the effect of air pollutant particles on the cardiovascu-
lar disease burden (CVDALY) in Türkiye. Particulate Matter 2.5 (PM 2.5) and Non-methane 
volatile organic compounds (NMVOC) were taken as the independent variable and CVDALY 
as the dependent variable. The variables were analyzed within the Panel Data Analysis and 
Machine Learning Approaches frame. Unidirectional Granger causality was determined from 
PM 2.5-NMVOC to CVDALY and revealed that they acted together in the long term. The 
regression analysis that was made using econometric and multivariate regression models re-
vealed that generally 1 unit increase in PM 2.5 increased CVDALY by between 0.0021–0.0029 
units; 1 unit increase in NMVOC increased CVDALY by between 0.00024–0.0004 units. In 
Machine Learning approach, it had been determined that if the PM 2.5 and NMVOC were 
reduced to 0.84- and 9.48 respectively; CVDALY would be decreased to 0.022. In other words, 
Machine Learning approaches results showed that reducing PM 2.5 by about 4.5 times and 
NMVOC by about 30% would be reduced CVDALY by about 39.6% from the current status 
of Türkiye. The empirical results showed that PM 2.5 - NMVOC increased CVDALY in Tür-
kiye. From this perspective establishing and implementing policies to improve air quality in 
Türkiye could be an important approach in reducing cardiovascular diseases.

Cite this article as: Ekinci G. The relationship between air pollution and cardiovascular dis-
eases in Türkiye. Environ Res Tec 2024;7(1)61–70.

INTRODUCTION

The development of industry, increasing population, pro-
longed life expectancy, and urbanization have brought air 
pollution to the fore, so air pollution has become one of 
the major problems threatening human health today. Air 
pollution occurs when the foreign substances in the air 
reach a certain density above the amount they should be. 
Sources of air pollution are based on natural and artificial 
(anthropogenic) causes. While natural causes are volcanic 
eruptions, forest fires, dust, and pollen; traffic, home heat-
ing, cooking, construction, industry, mechanical wear, 
power plants, agriculture, etc. are the artificial causes. The 

most important air pollutants particles are Azotoxides 
(NOx), Carbon monoxide (CO), Carbon Dioxide (CO2), 
Hydrocarbons (HC), Ozone (O3), Particulate Matter 
(PM), and Sulfur dioxide (SO2). Many environmental fac-
tors affect our health. Even taking very low concentrations 
of these factors into the body by absorption/inhalation etc. 
adversely affects the life of living things and these envi-
ronmental polluters can be increased the risk of diseases 
such as asthma, cancer, and heart disease [1]. Air polluters 
effect on the cardiovascular, respiratory and neurological 
systems. For example, PM exposure on the cardiovascular 
diseases are different like oxidative stress injuries, systemic 
inflammation, cardiac autonomic function or endothelial 
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dysfunction [2]. It has been frequently studied in the liter-
ature that pollutants cause an increase in blood pressure, 
changes in heart rhythm such as arrhythmia, myocardial 
infarction due to thickening of the vessel wall, atheroscle-
rosis, cardiac hypertrophy, increase in plasma viscosity, 
and thrombus formation [3–8]. Air pollutants increase 
epithelial permeability by damaging epithelial cells in the 
respiratory tract and cause a range of inflammatory effects 
such as cell inflammation and cytokine increase [3]. Air 
pollution causes a decrease in respiratory functions, ex-
acerbation of asthma and chronic obstructive pulmonary 
disease (COPD), and developmental delay of the lungs. 
Depending on these, it may cause an increase in the car-
diopulmonary death rate [3–5]. Air pollution can dam-
age the brain through increased inflammation, oxidative 
stress, glial activation and cerebrovascular damage [9] and 
caused Parkinson's, Alzheimer's [4], ischemic stroke [3, 
10] and mental retardation [3].

Air pollution is considered to be responsible for several 
million premature deaths worldwide each year [11, 12] 
and it is an important risk factor that threatens health 
in terms of shortening life span or increasing mortality 
[12, 13]. Air pollutants and health-related research focus 
mostly on single air pollutants [14, 15]. Besides this com-
bined, air pollution from both O3 and PM 2.5 was associ-
ated with 4.5 million deaths worldwide [13]. For example 
joint effects of cigarette smoking and simultaneous expo-
sure to asbestos in lung cancer have also been reported by 
researchers [16, 17]. In the study examining the effects of 
NO2, PM10, SO2, and CO on cardiovascular diseases, only 
CO was associated with cardiovascular disease, ischemic 
heart disease, and hypertension [18].

Humans are exposed to many air pollutant particles in 
the inhaled air. This condition has limited results in air 
pollutants and disease-related research, as the effects of 
each pollutants cannot be measured separately. It is also 
difficult to determine the effects of multiple air pollutants 
on diseases. Besides this investigating the joint effect of 
multiple air pollutants effects on health has been evaluat-
ed by researchers recently [19, 20].

Studies showing the relationship between air pollutants and 
diseases are often carried out experimentally at the clinical 
level in the form of descriptive, regression and correlation 
studies. However, in parallel with the developing technolo-
gy, public databases have been created where data on dis-
eases are digitized. Many types of data can be accessed on 
these databases, such as the number of deaths from diseases, 
years of life lost due to diseases, incidence and prevalence of 
diseases. Although these data enable research from a health 
economics perspective using econometric methods, ma-
chine learning, and artificial intelligence algorithms, they 
have just begun to be researched in the literature. In the 
analyzes by using these methods and variables by switching 
from a single-pollutant approach to a multipollutant ap-
proach, better protection of public health against air pollu-
tion can be investigated. For this transition to be successful 
new methodological developments are needed in science's 

approach to air pollution studies were pointed out in the 
literature [19]. Machine learning and artificial intelligence 
algorithms can take their place in the literature as method-
ologies that enable the evaluation of the joint effects of in-
dependent variables that cause disease as new approaches.

Machine learning is a branch of artificial intelligence and 
consists of systems that make inferences from data with 
mathematical and statistical operations. Today, many dif-
ferent machine learning methods have emerged for the in-
ference process. These methods are classification, regres-
sion, clustering and dimension reduction [21]. A machine 
learning method produces an output to predict, and the 
produced output is called "classification" if it is categorical, 
and "regression" if it is numerical. Clustering is explana-
tory modeling, which is the process of assigning similar 
observations to the same clusters. Machine learning, big 
data, and other similar new technologies can also be used 
to monitor disease patterns and predict their relevance to 
the economy, and may offer policy-making useful infor-
mation in these areas in the future. Collectively, interdisci-
plinary synergies in policies, geriatric care, drug develop-
ment, self-awareness, big data use, machine learning and 
personalized medicine will be a factor that provides the 
most opportunities for the elderly and maximizes their 
longevity in the upcoming period [22]. Linear regression 
analysis is an important analysis tool in the machine learn-
ing approach. It aimed to establish a linear relationship be-
tween two variable groups, dependent/response and inde-
pendent/predictive variables, and to estimate new values 
over these variables. In recent years, Multivariate linear re-
gression method is one of the most important techniques 
among linear regression techniques.

Multivariate linear regression models the relation between 
multiple dependent variables and independent variables 
simultaneously. The model can be easily derived as a max-
imum probability estimator under the assumption that the 
errors are normally distributed. After all, the model has a 
unique global minimum that can be given explicitly. Be-
cause of its simplicity, Multivariate linear regression is con-
sidered an important analysis tool in the social and natural 
sciences [23]. Besides this artificial intelligence algorithms 
can guide in revealing the relationship between health and 
the environment and making effective politic decisions.

The subject of this research is the relationship between car-
diovascular disease and air pollutants. Air pollution direct-
ly affects the cardiovascular system through the respiratory 
system. One of the significant contributors to global car-
diovascular deaths is air pollution; recent analyzes estimate 
that CVD causes 17.9 million deaths each year [24], with 
one-third of these deaths occurring before 70 years of age. 
Cardiovascular conditions are responsible for 40–60% of 
premature deaths from air pollution [25, 26]. Numerous 
epidemiological studies have shown that cardiovascular 
problems caused by short-term exposure to PM increase 
morbidity and mortality; confirmed sensitization in older 
adults with CVD or diabetes [27–29]. In addition, long-
term exposure to PM can greatly increase the risk of CVD; 
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it can reduce life expectancy by several years [30, 31]. In 
this context, epidemiological studies related to the cardio-
vascular system and air pollutants are reported frequently 
and provided the relationship between cardiovascular dis-
eases and air pollutants [32–34].

This study, considering the potential of air pollution's signif-
icant health effects investigated the burden of cardiovascu-
lar disease attributable to air pollution at the Türkiye level. 
The European Environment Agency (EEA) stated that 97.2 
percent of the urban population in Türkiye is exposed to 
unhealthy levels of PM10 [35]. Based on available evidence, 
Türkiye appears to be one of the countries in Europe with 
a high rate of premature deaths due to air pollution and ac-
cording to current data, 28924 people died prematurely in 
2010 in Türkiye due to exposure to particulate matter (PM) 
and ozone in the outdoor environment was indicated [36]. 
From this perspective to reveal air polluters' impact on the 
burden of cardiovascular diseases in Türkiye, the hypothe-
sis was identified as follows:

H1: Air pollution has been increasing the cardiovascular 
disease burden.

MATERIALS AND METHODS

In this section, the information about the variables used in 
the study, the analysis methods and tools used in the analy-
sis, and the limitations of the study were evaluated under 3 
(three) sub-headings. In this study with a different perspec-
tive, it was aimed to evaluate the relationship between car-
diovascular health and air pollution using the econometric 
(time series analysis) and Machine Learning approaches 
(ML) methodology out of clinical experimental research 
also. First of all, it was aimed to show the effect of the joint 
effect of air pollutants on cardiovascular disease by defining 
the relationship between variables with econometric analy-
sis, testing the obtained results through machine learning, 
and harmoniously evaluating the results. Therefore it is 
thought that the findings obtained by econometric and ML 
analyses at the empirical level will enrich the health-related 
literature in terms of methodology.

Variables
In this study, PM 2.5 and Non-Methane Volatile Organic 
Compounds (NMVOC) air pollutants were the indepen-
dent variables; CVDALY was the dependent variable show-
ing the deterioration in cardiovascular health and the in-
formation of the variables were given in Table 1. This study 
includes the regular data on PM 2.5 and NMVOC between 
1990 and 2017 in Türkiye.

In the cardiovascular literature, especially PM 2.5 was 
studied. Particulate matter is defined according to its 
aerodynamic diameter. PM10 and PM 2.5 are particles 
smaller than 10 μm and 2.5 μm respectively. Pollutant 
sources that cause the formation of particulate matter; 
industrial processes, domestic heating processes and 
traffic [37].

NMVOC is a compound of many chemical species that 
may lead to secondary organic aerosol formation as 
pollutants and cause an increase in tropospheric ozone 
concentrations [38–40]. Some types of NMVOCs are 
toxic substances and can directly harm human health 
[41]. Disability-adjusted life years (DALY) is a health 
metric that measures the years of healthy life lost due 
to illness and injury, and it shows the sum of the years 
of life lost due to premature death and illness. In this 
study, the DALY criterion, which evaluates the years of 
life lost due to cardiovascular disease and the years of 
life spent with this disease, was used and was abbreviat-
ed as CVDALY in the study.

Statistical Analysis
Statically analyses were made under five headings. In 
the first section, descriptive statistics were given and 
the significance of the econometric model of this study 
was carried out by using the Least Squares Method. In 
the second section, unit root tests were done to deter-
mine the stationarity levels of the variables; then the 
lag length of the established econometric model was 
revealed and the causality relationships between the 
variables were analyzed with the Granger causality test. 
In the fourth section, the effect of air pollutants on car-
diovascular disease burden was estimated by FMOLS 
and DOLS tests. In the last stage, Machine Learning Re-
gression method was used to predict the burden of car-
diovascular diseases according to the minimum level of 
PM 2.5 and NMVOC. The details of the methods used 
in the analysis and the findings obtained were given in 
the title of the results. The statistical analyses for econo-
metric evaluations "Eviews 10" and for Machine Learn-
ing Approaches "Phyton" program were used.

Limitation of This Study
The year range for the data belonging to variables were 
between 1990 and 2017, so the time has been accept-
ed as an important constraint for this study. Using of 
two variables of air pollutants (PM 2.5-NMVOC) in the 
study could be considered as the second limitation and 
the methodology used in the research was also consid-
ered as another limitation.

Table 1. Defining variables

Variables	 Unit	 Source	 Abbreviation

Particulate Matter 2.5	 Kilograms per capita	 https://stats.oecd.org/	 PM 2.5

Non-methane volatile organic compounds	 Kilograms per capita	 https://stats.oecd.org/	 NMVOC

The burden of cardiovascular diseases	 Per capita	 http://ghdx.healthdata/	 CVDALY
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RESULTS

CVDALY mean in Türkiye was 0.04±0.01 (min: 0.03; max: 
0.05); PM 2.5 mean was 6.46±1.62 (min: 4.64; max: 10.48); 
NMVOC mean was 17.81±4.01 (min: 13.38; max: 25.07) 
between 1990–2017 (Fig. 1). 

The Econometric Model
The equation for the econometric model was set up as fol-
lows:
CVDALY = C(1)*PM2.5 + C(2)*NMVOC + C(3)
In Table 2, the value of R and R2 was 89% that the explan-
atory power of the econometric model was good. Besides 
this result the relationship between the variables was found 
to be significant (p<0.01). At the same time, diagnostic tests 
(Jarque Bera Normality Test; Ramsey Reset Test, Breus-
ch-Pagan and ARCH Tests) explaining the relationship be-
tween the variables and the model confirm the significance 
of the model. For this reason, the model established in the 
study was considered significant.

Panel Unit Root Tests
In Table 3, panel unit root test results were given while null 
hypothesis in unit root tests indicates the existence of unit 
root in variables; the alternative hypothesis states that there 
is no unit root in the variables. In Table 3, the stationarity of 
the variables was found at the level.

Granger Causality Analysis
By using the Granger Panel Causality test, the causali-
ty relationship between the series has been tried to be 
determined. A statistically strong relationship between 
variables; this relationship does not mean that it means 
causality. The statistically, while the relationship is con-
sidered as an expression of an association, the concept 
of causality is primarily based on a theoretical explana-
tion [42].

In Granger causality analysis, primarily all the series 
must be stationary at the same level, so the level-in-
dividual intercept model was used according to unit 
root test results. Then the second presumption was to 
determine the lag length of the model. The VAR mod-
el was set up for determine the lag lengths of the vari-
ables. In Table 3, the maximum length of the variables 
AIC and HQ tests were found in the 4th length and LR 
and SC tests were found in the 1st length and FPE tests 
were found in the 3rd length. Table 3 presents the results 
showing the delay length and the causal relationship be-
tween the estimated and predicted equation in the VAR 
model. The lag lengths obtained in the research were de-
fined in the VAR Model, and since the diagnostic tests 
(unit root, correlation, etc.) that test the significance of 
the results obtained in causality analyzes were found to 
be significant at the 4th length, the research was carried 
out on the 4th lag length.

Figure 1. CVDALY, PM 2,5 and NMVOC by years, 1990–2017.

Table 2. Results of least squares 

Dependent variable	 Independent variable	 Coefficient	 Prob.	 R2	 Adjusted R2	 F-statistic	 Prob(F-statistic)

	 PM 2.5	 0.002949	 0.0000

CVDALY	 NMVOC	 0.000412	 0.0030	 0.8997	 0.8917	 112.1060	 0.0000

	 C	 0.014567	 0.0003

*: Significance at level 1%. Jarque Bera Normality Test: 0.261945; Ramsey Reset Test: 0.0313*; Breusch-Godfrey Serial Correlation LM Test: 0.0712; Breus-
ch-Pagan-Godfrey: 0.1354; ARCH: 0.1586 Wald Test: c(PM 2.5)=0.002949 p=0.0000 c(NMVOC)=0.000412 p=0.0000.



Environ Res Tec, Vol. 7, Issue. 1, pp. 61–70, March 2024 65

Johansen Cointegration Test
The effects of air pollutants on the cell epithelium take time 
depending on the intensity of exposure to the agent. The ef-
fects of continuous and small amounts of exposure appear in 
many years. Especially in chronic diseases, diseases develop 
in the long term due to exposure to the agent. It should not 
be ignored that questioning long-term relationships through 
cointegration tests will also provide important evidence in the 

analyses carried out on these diseases and their factors. From 
this perspective having verified that the series were nonstation-
ary and same order integration as I(0), it was tested whether 
there exists any long-run equilibrium relationship between the 
variables by using Johansen cointegration tests (Table 4). Ac-
cording to the Johansen cointegration result there was at least 
one cointegration relationship between variables; that showed 
CVDALY- PM 2.5-NMVOC acts together in the long term.

Table 3. Results of granger casuality tests

A. Results of unit root tests

Variables	 Levin, Lin	 Breitung	 IM, Pesaran and	 ADF	 PP 
			   and Chu	 t-stat	 Shin W-stat

CVDALY-PM2.5-NMVOC

	 Level

		  Individual effects	 0.0000*	 –	 0.0033**	 0.0050**	 0.0516***

		  Individual effects and individual linear trends	 0.0109**	 0.3898	 0.0068**	 0.0154**	 0.7390

		  None	 0.0403**	 –	 –	 0.3091	 0.0004*

	 1. diff.

		  Individual effects	 0.0255**	 –	 0.0063**	 0.0040*	 0.0034*

		  Individual effects and individual linear trends	 0.0468**	 0.0374**	 0.0302**	 0.0178**	 0.0184**

		  None	 0.0007*	 –	 –	 0.0000*	 0.0000*

	 2. diff.

		  Individual effects	 0.0000*	 –	 0.0000*	 0.0000*	 0.0000*

		  Individual effects and individual linear trends	 0.0000*	 0.0000*	 0.0004*	 0.0004*	 0.0000*

		  None	 0.0000*	 –	 –	 0.0000*	 0.0000*

*, **, ***: Significance level at 1%; 5%; 10% respectively.

B: VAR lag order selection criteria

Lag	 LogL	 LR	 FPE	 AIC	 SC	 HQ

0	 29.26580	 NA	 2.05e-05	 -2.283982	 -2.135874	 -2.246734

1	 134.3048	 173.5427*	 4.88e-09	 -10.63520	 -10.04277*	 -10.48621

2	 145.1050	 15.02632	 4.38e-09	 -10.79174	 -9.754983	 -10.53100

3	 156.8363	 13.26153	 3.92e-09*	 -11.02925	 -9.548168	 -10.65676

4	 167.8489	 9.576110	 4.29e-09	 -11.2042*	 -9.278847	 -10.72002*

5	 175.7811	 4.828307	 7.98e-09	 -11.11140	 -8.741672	 -10.51542

*: Indicates lag order selected by the criterion; LR: Sequential modified LR test statistic (each test at 5% level); FPE: Final prediction error; AIC: Akaike 
information criterion; SC: Schwarz information criterion; HQ: Hannan-Quinn information criterion.

C: Granger casuality/block exogeneity wald tests

Nul hypothesis	 Prob.	 Condition	 Description

PM 2.5 ≠> CVDALY	 0.0001*	 Rejected	 PM 2.5 was the Granger cause of the CVDALY

NMVOC ≠> CVDALY	 0.0000*	 Rejected	 NMVOC was the Granger cause of the CVDALY

CVDALY ≠> PM 2.5	 0.7006	 Received	 CVDALY was not the Granger cause of the PM 2.5

NMVOC ≠> PM 2.5	 0.9953	 Received	 NMVOC was not the Granger cause of the PM 2.5

CVDALY ≠> NMVOC	 0.0513	 Received	 CVDALY was not the Granger cause of the NMVOC

PM 2.5 ≠> NMVOC	 0.3813	 Received	 PM 2.5 was not the Granger cause of the NMVOC

JB Normality test:0.9497; VAR Residual Serial Correlation LM Tests:0.6430; VAR satisfies the stability condition between 0.180447–0.923563; * signifi-
cance level at 1% and in the estimation 4th lag length was used.
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Dynamic Least Square (DOLS)-Fully Modified Ordinary 
Least Square (FMOLS) Tests
Panel DOLS and FMOLS tests are commonly used tests in 
cointegrated panel tests. In this study, the relationship be-
tween variables was estimated using dynamic least squares 
(DOLS) and fully modified ordinary least squares (FMOLS) 
techniques (Table 4).

According to the DOLS coefficient estimation results, 
PM 2.5 and NMVOC were effective on CVDALY posi-
tively and 1 unit increase in PM 2.5 increased CVDALY 
by 0.0021 units; 1 unit increase in NMVOC increased 
CVDALY by 0.00024 units (p<0.00). According to the 
FMOLS coefficient estimation results, PM 2.5 and 
NMVOC were effective on CVDALY and 1 unit increase 
in PM 2.5 increased CVDALY by 0.0027 units; 1 unit 
increase in NMVOC increased CVDALY by 0.00036 
units (p<0.00). In summary, the main findings obtained 
from FMOLS and DOLS forecasting methods confirm 
the positive impact of PM 2.5 and NMVOC effective on 
CVDALY.

Machine Learning Method
This study tried to determine the independent variables 
(PM 2,5 -NMVOC) effects on the dependent variable 

(CVDALY) by using the ML method. The Least Squares 
Method results by using the ML approach was shown in Ta-
ble 5. According to Table 5, the dependent and independent 
variables’ coefficients gave consistent results with econo-
metric results as in Table 2 and Table 4.

According to the ML estimation result, PM 2.5 and 
NMVOC were effective on CVDALY, and 1 unit increase 
in PM 2.5 increased CVDALY by 0.0029 units; 1 unit in-
crease in NMVOC increased CVDALY by 0.0004 units. In 
summary, the main findings obtained from ML forecasting 
methods confirm the positive impact PM 2.5 and NMVOC 
effective on CVDALY as the results of the econometric 
model (Table 4).

Regression analyses provided important evidence in re-
vealing the relationship between the dependent and inde-
pendent variables, but evaluations made within the frame-
work of this evidence may lead to more rough estimates. 
However methods such as ML approaches have only just 
begun to be studied in the literature, they could be helpful 
to determine the joint effect of independent variables on 
the dependent variable. As a matter of fact, in this study, the 
ML method was used to determine the joint effect of PM 
2,5 and NMVOC on CVDALY. 

Table 4. Cointegration –DOLS-FMOLS test results

A. Johansen Cointegration Test Results

Unrestricted cointegration rank test (trace)	 Eigenvalue	 Trace statistic 	 Critical value	 Prob

No deterministic trend - Lags interval (in first differences): 1 to 4

None*	 0.5848	 39.6065	 35.1927	 0.0157*

At most 1	 0.4560	 19.3871	 20.2618	 0.0656**

At most 1	 0.2086	 5.3835	  9.1645	 0.2440

Linear deterministic trend - Lags interval (in first differences): 1 to 4

None*	 0.5413	 31.6934	 29.7970	 0.0299*

At most 1	 0.4432	 13.7669	 15.4947	 0.0896**

At most 1	 0.0128	 0.29855	  3.8414	 0.5848

*, **: Significance level at 5%; 10% respectively. JB Normality test: 0.013; VAR Residual Serial Correlation LM Tests: 0.9011; VAR Residual Heteroskedas-
ticity Tests: 0.6945; VAR satisfies the stability condition between 0.225647–0.897363.

B: Panel DOLS and FMOLS estimations results

The dependent variable: CVDALY

	 DOLS		  FMOLS

	 Coefficient	 t-Statistic	 Coefficient	 t-Statistic

PM 2.5	 0.002122	 9.697258	 0.002703	 8.482802

	 (0.0000)		  (0.0000)

NMVOC	 0.000249	 4.733593	 0.000362	 3.220116

	 (0.0002)		  (0.0037)

	 R: 0.99 R2: 0.98		  R: 0.88 R2: 0.87

	 JB Normality test 0.5143		  JB Normality test 0.2487

Notes: Probability values are in parenthesis. In the DOLS estimation method, lead and lag were set as 1.
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B: Machine learning regression estimations results

PM 2.5	 =0.84

NMVOC	 =9.48

CVDALY ML estimation value	 =0.02206693

Multi Regression Score	 0.8966072524192289

r2 socre	 0.8966072524192289

MAE	 0.0018798910197996026

RMSE	 0.0019494894486548

Explain Varians Score	 0.8797690050363055

Omnibus: 12.505 Durbin-Watson: 0.312; Prob(Omnibus): 0.002 Jarque-Bera (JB): 2.650. Skew: 0.190 Prob (JB): 0.266; Kurtosis: 1.542.

Table 5. OLS results by machine learning method

Dependent variable	 Independent variable	 Coefficient	 Prob.	 R2	 Adjusted R2	 F-Statistic	 Prob(F-statistic)

CVDALY	 PM 2.5	 0.0029	 0.0000*

		  (0.000)

	 NMVOC	 0.0004	 0.0000*	 0.900	 0.892	 112.8	 3.07e-13

		  (9.48e-05)

	 C	 0.0146	 0.0000*

		  (0.002)

Jarque Bera Normality Test: 2.650; *: Significance level at 1%.

Figure 2. CVDALY-PM 2.5 – NMVOC MLregression model.
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In the study, regression analyses showed that PM 2,5 
and NMVOC increased CVDALY. Therefore by using 
the ML methods to find the answer to the question that 
how CVDALY would be affected as a result of reducing 
these two air polluters together; first of all, assuming that 
it was not possible to completely destroy the particles in 
the air, it was thought that it would be appropriate to de-
termine the country where the particles in the study were 
at the lowest level for the analysis. As a matter of fact, the 
country with the lowest values of PM 2.5 and NMVOC in 
2017 among the countries with data on air pollutants was 
Sweden. When to defined these values to the ML method 
-the current PM 2.5 (4.64) and NMVOC (13.49) value 
in Türkiye was reduced to Swedens’ PM 2.5 (0.84) and 
NMVOC (9.48) values- CVDALY was decreased from 
0.0364 to 0.022 in Türkiye (Table 5 section B). In other 
words, ML approaches results showed that in Türkiye re-
ducing PM 2.5 by about 4.5 times and NMVOC by about 
30% would be reduced CVDALY by about 39.6%.
In Figure 2, the first graph shows the regression relation-
ship between the variables; while revealing the relationship 
of independent variables with the dependent variable perly 
in the second graph; the point indicated as green in the 3rd 
graph showed the joint effect of the reduced PM 2.5 and 
NMVOC value together on CVDALY.

DISCUSSION
In this study, PM2.5 and NMVOC air pollutants were dis-
cussed in order to determine the effect of air pollution on 
cardiovascular diseases in Türkiye. In this context, data 
from the years 1990–2017 were used. In general, while the 
CVDALY has decreased by approximately 27% from 2017 to 
1990; PM 0.25 and NMVOC also decreased by 56%, and 17% 
respectively. In econometric evaluation, the unidirectional 
Granger causality relationship from PM 2.5 to CVDALY; 
and the unidirectional Granger causality relationship from 
NMVOC to CVDALY were revealed. The cointegration test 
results show the long-term relationships between PM 2.5 - 
NMVOC –CVDALY as showing long term relationships. 
Generally, a 1 unit increase in PM 2.5 increased CVDALY by 
between 0.0021–0.0029 units; a 1 unit increase in NMVOC 
increased CVDALY by between 0.00024–0.0004 units. ML 
approach results showed that in Türkiye reducing PM 2.5 by 
about 4.5 times and NMVOC by about 30% would reduce 
CVDALY by about 39.6% (reduced to Swedens' air polluter 
values). Within the framework of these findings the hypoth-
esis identified as “Air pollution has been increasing the car-
diovascular disease burden” was received in this study.

A research project involving 25 European cities has shown 
that complying with the WHO's 10 µg/m3 standard for av-
erage annual PM 2.5 concentration may increase the av-
erage life expectancy of people aged 30 and over by up to 
22 months [43]. Estimates, based on further analysis of the 
concentration of particles in the air, predict that deaths, 
particularly from outdoor air pollution, may reach up to 8.9 
million in a year [25] and estimated that reducing air pollu-
tion to WHO air quality guidelines worldwide will increase 
life expectancy by 0.6 years [12]. 

In Australia, a 38% reduction in PM10 led to a 17.9% re-
duction in cardiovascular diseases and a 22.8% reduction 
in respiratory diseases, and an 11.4% reduction in overall 
mortality. In addition, it has been shown that this decrease 
is more effective with a 19.6% decrease in cardiovascular 
diseases and a 22.9% decrease in respiratory diseases in 
winter [44]. The ban on coal burning in Durbin Ireland 
resulted in a 71% reduction in black smoke dust (smoke) 
and a 34% reduction in sulfur dioxide in the air, and this 
reduction caused decrease in cardiovascular disease by 
7%, respiratory disease by 13% and overall mortality by 
8% in this city [45].

CONCLUSION

The results obtained from this study confirmed the rela-
tionship between air pollutants and the burden of cardio-
vascular diseases. PM 2.5 and NMVOC are foreseen as 
significant threats to public health and showed the need to 
reduce air pollutants which are one of the causes of the bur-
den of cardiovascular diseases in Türkiye.

Besides this, the analysis of data using the economet-
ric methodology and machine learning approaches also 
showed that it is possible to evaluate the health-related lit-
erature, which was studied in experimental clinic research, 
from out of the clinic with a different perspective. There-
fore the use of econometric and machine learning models 
to monitor disease models and predict their relationship 
to the burden of diseases can guide the development of 
health policies. Therefore it is also thought that this study 
will contribute to the health and artificial intelligence-re-
lated literature. However, it should be noted that there are 
uncertainties in assessing the health effects of multiple air 
pollutants arising from various factors such as econometric 
calculations, measurement errors, and the degree of rela-
tionships between pollutants. It is also worth noting that 
more epidemiological studies are needed to verify whether 
econometric models and ML approaches are reliable.
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ABSTRACT

A year-long research was conducted with a novel purpose for categorizing and documenting the 
existing fish diversity and abundance of Bamui beel in Jamalpur district located in Northeast part 
of Bangladesh, within a time frame from July 2022 to June 2023. A total of 46 fish species were 
identified that belonged to 18 taxonomical families and 8 orders. The most abundant family was 
Cyprinidae (25%). Among 46 species, 37% were commonly available (CA) and 11% were abun-
dantly available (AA) in terms of biodiversity status. According to the global conservational sta-
tus, around 74% were reported as least concerned (LC) whereas 4% were nearly threatened (NT). 
On the other hand, in consonance with the conservational status of Bangladesh 52% were least 
concerned (LC) and 11% were endangered (EN). Pielou’s evenness score in Bamui beel was the 
highest (0.247) in pre-monsoon and the lowest (0.213) in monsoon. Shannon-Weaver diversity 
index was ranged from 1.992 to 2.114, whereas Simpson’s dominance index value was a maxi-
mum of 0.883 in pre-monsoon and a minimum of 0.852 in monsoon. The yearly fish production 
of the beel was 7.023 metric tons during experimental year. Besides this, small indigenous species 
(SIS) of fish dominated with 63.34% of the beel's species makeup. Nevertheless, the abundance 
and diversity of fish species are diminishing daily in this beel. For preserving the fish diversity 
of Bamui beel calls for the implementation of effective fishery management practices, vigilant 
monitoring to prevent overfishing, and a strong emphasis on raising awareness among fishermen.

Cite this article as: Mia R, Rahman M, Chowdhury A, Ahammad B, Samanta Chandan CS, 
Majumdar BC, Akter S, Rahma Z. The biodiversity and conservation assessment of Bamui beel 
in Bangladesh: Current status and threats. Environ Res Tec 2024;7(1)71–82.

INTRODUCTION

Bangladesh is plentiful and blessed with huge and rich 
fisheries resources that are enriched and diverse with 260 
freshwater indigenous fish species that belong to 145 genera 

and 55 families that constitute the most diverse fish bio-
diversity ever documented [1–3]. Bangladesh is a riverine 
country with numerous rivers, canals, floodplains, ponds, 
beels, haors, reservoirs, artificial lakes, and a long coastline 
with estuaries [4–6]. One of the top nations in the world 
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for fish production is a country named Bangladesh [7]. 
Bangladesh ranked fifth in the world and third in Asia in 
aquaculture production in 2019 [8]. In Bangladeshi diets, 
fish alone provides over 63% of animal protein and many 
of other important vitamins and minerals [9–11]. Major 
subsistence and commercial fishing are supported by haors 
and beels, while extensive aquatic flora from those ecosys-
tems provides rich grazing for domestic cattle, as well as 
fuel and fertilizer for the local purposes [12]. Environmen-
tal, sociological, and commercial dynamics link with biotic 
and abiotic components, particularly people and are useful 
in protecting aquatic habitats as a part of nature [13]. The 
significant decline in natural fish habitats and global bio-
diversity has elevated the exploration of heterogeneity as a 
primary focus for fisheries scientists. Genetic taxa, assem-
blages, ecosystems, and essential features should be consid-
ered in biodiversity experiments for assessing diversity and 
conservational status [14]. Besides, Bangladesh has a sub-
stantial capture rate due to its extensive river systems. The 
favorable topographical position and climatic conditions 
have facilitated the capture fishing and aquaculture poten-
tial of that nation [15]. The Bengali word "beel" refers to a 
static, rather large water body that collects run-off through 
an internal drainage canal. In low-lying floodplain regions 
of Bangladesh, this kind of seasonal and shallow water body 
is typical [16]. Beel covers about 114,161 acres, or 27.0% of 
inland freshwater of Bangladesh [17]. A beel becomes a very 
large water body in the monsoon and primarily dries out in 
the post-monsoon season because it absorbs surface run-
off water from rivers and channels (Khal) [18–20]. But in 
the past 150 years, wetlands across the world have changed, 
degraded and/or perhaps disappeared up to 50% because 
of climate change, population increase, urbanization, con-
version to agricultural field and others [21]. Developing 
nations like Bangladesh already perceived the importance 
of keeping an eye on biodiversity in protected regions [22]. 

Regrettably, encroachment and ecological pollution, which 
includes activities like renovating embankment structures, 
have posed a significant threat to freshwater ecosystems. 
Additionally, the degradation caused by sewage, commer-

cial waste, agricultural litter, and drainage has contributed 
to the decline of a substantial number of aquatic species 
[13]. The diversity indexes are useful methods that offer 
crucial data on the status of species variation found in a 
water body [23]. A few researches have been carried out to 
determine the diversity of fish and fish-related other aquat-
ic organisms in Bangladesh [24, 25]. In Bangladesh, several 
researches have been conducted for the greater biodiversi-
ty of beel fisheries, including Chalan beel [26], Gharia beel 
[20], Chanda beel [27] and Kawadighi beel [28] to name 
some. The Chalan beel species diversity is shrinking con-
tinuously, mainly because of the deterioration of the water 
quality due to pollution, exploitation, improper use of crop 
pesticides and uncontrolled over-fishing [26].

Up to date, no research has been conducted yet on the fish-
eries biodiversity status of the Bamui beel. Therefore, this 
would be the first documentation of fish biodiversity for 
that inland waterbody. This experiment was mainly focused 
on the documentation of fishes and prawns available and 
also entails the threats and condition of aquatic biodiversity 
in the Bamui beel of Bangladesh. 

MATERIALS AND METHODS

Study Area and Time Frame
The experiment was conducted at Bamui beel within the 
Jamalpur Sadar upazilla at approximately between the 
89.42°12′35″ E Longitude and 24.50°10′87″ N Latitude in 
the Jamalpur district under the Mymensingh division of 
Bangladesh. This water body is situated 5.5 kilometers away 
from Digpait Bazar and is placed directly beside the Tan-
gail-Jamalpur highway. The Bamui beel is connected with 
the Bangshi river (Fig. 1). Data were collected from the se-
lected areas during the months of July 2022 to June 2023.

Water Quality Parameters
A number of clear 500 ml marked black bottles were used 
for collection of water samples. Then water samples were 
taken in the vial immediately after sample collection at the 
site. Different analyses were done by using an YSI digital wa-

Figure 1. Map depicting the study area of Bamui beel in Bangladesh (89.42°12′35″ E Longitude and 24.50°10′87″ N Latitude).
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ter quality multimeter (USA) for determining the value of 
water parameters (Temperature, Dissolved oxygen and pH).

Data Collection
Before collecting the necessary data, a questionnaire was 
prepared which was checked and verified by biodiversity 
experts. All data were collected by the research personnel 
himself using personal interviews from local fish farmers 
(n=357). Fish sampling was carried out at various loca-
tions with the assistance of fishermen by utilizing tradi-
tional fishing techniques with a variety of nets (gill nets, 
cast nets, and drag nets) and from nearby local fish mar-
kets adjacent to the beel. The data was collected from both 
primary and secondary sources. The researchers person-
ally gathered the primary data from fishermen. Around 3 
field visits per month were made to collect water quality 
parameters and detailed information on aquatic fauna 
with high biological diversity.

Biodiversity Status Analysis
Different diversity indexes were calculated to analyze the 
fish diversity including Simpson's dominance index (D), 
Pielou's evenness index (J´), and Shannon-Weaver diversi-
ty index (H).

The above-mentioned diversity indexes were calculated us-
ing the following formula [29]. Shannon-Weaver Diversity 
Index:

H = -∑Pi(lnPi)

Here, Pi is the relative abundance (s/N) and H is the diversi-
ty index. Shannon-Weaver variation is a popular metric for 
assessing the degree of variety among many habitats. Simp-
son’s Dominance Index:

D = {∑n(n-1)/N(N-1)}

The calculation of habitat biodiversity, considering both the 
overall species count and their proportional representation, 
was typically performed utilizing the following equation 
[30]. Pielou's Evenness Index:

J' = H/lnS

Here, S is the total number of species, ln is the natural 
logarithm, J' is the similarity or evenness index, and H' is 
the Shannon-Weaver index. The probability that two in-

dividuals, picked randomly and separately from a popula-
tion would belong to different species was represented by 
Pielou's evenness index [31].

Statistical Analysis
All the data were accumulated to analyze the findings. Tab-
ular technique was applied by using simple statistical tools 
such as percentages and averages. For processing and ana-
lyzing the data “Microsoft Office 2019” and “IBM SPSS 26” 
were used, finally presented through textual, tabular and 
graphical format for better understanding.

Figure 2. Month-wise water quality parameters of Bamui beel 
from July 2022 to June 2023.

Figure 3. (a) Present status of fish species in Bamui beel, (b) 
Conservational status according to Bangladesh, (c) Global 
conservational status of existing species.

(a)

(b)

(c)
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RESULTS AND DISCUSSION

Water Quality Parameters
Water quality parameters like temperature, dissolved oxy-
gen (DO) and pH of the study area are presented in (Fig. 
2) throughout the study period. The average highest tem-
perature and DO of the beel was found in the month of July 
and pH was found in the months of December to February.

Fish Biodiversity and Conservational Status of Bamui Beel
Top ten mostly abundant fish species prior to its availabil-
ity of Bamui beel has been enlisted during the experiment 
(Table 1). Additionally, seven different species of carp were 
identified in the study. Among them Labeo rohita, Labeo 
calbasu, Ctenopharyngodon idella, Cyprinus carpio and 

Labeo gonius were moderately available (MA) (Fig. 3). Rest 
of the carp species were commonly available (CA). During 
the research period, eight (08) different species of catfish 
were found in the Bamui beel. Wallago attu, Ompok pabo, 
Heteropneustes fossilis and Sperata aor were commonly 
available (CA) of catfish while Pseudeutropius atherinoi-
des, Mystus bleekeri and Mystus vittatus were abundantly 
available (AA). On the other hand, Clarias batrachus was 
moderately available (Fig. 3). Additionally, nine (09) differ-
ent species of barbs and minnows were recorded. Among 
different types of Barbs and Minnows, Puntius ticto, Punti-
us sophore, Puntius guganio and Amblypharyngodon mola 
were abundantly available (AA). Puntius chola, Barbodes sa-
rana and Securicula gora were moderately available (MA). 
While the abundance of Salmostoma acinaces and Osteobra-

Figure 4. Some important fish species in the Bamui beel ac-
cording to the conservational status of Bangladesh: (a) Ambly-
pharyngodon mola, (b) Chanda lala, (c) Chanda beculis, (d) 
Ompok pabo, (e) Esomus danricus, (f) Pethia ticto, (g)  Glos-
sogobius giuris, (h) Sperata aor, (i) Mystus vittatus, (j) Chanda 
nama, (k) Anabas testudineus, (l) Trichogaster fasciata, (m) 
Barbodes sarana, (n) Wallago attu, (o) Labeo rohita, (p) Cypri-
nus carpio, (q) Solenocera crassicornis.

(a)

(d)

(f)

(h)

(j)

(l)

(n)

(p) (q)

(o)

(e)

(g)

(i)

(k)

(m)

(b) (c)

Figure 5. Status of different fish groups in the Bamui beel.

Figure 6. Fish species in the Bamui beel under different (a) 
order and (b) families.

(a)

(b)
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ma cotio was common and rare, respectively. Biodiversity 
research using catch observation surveys in this experiment 
was demonstrated that many species of Snakehead, Perch, 
and Eels were available in the Bamui beel. Seven species of 
Perch were identified in Bamui beel throughout the study. 
Chanda lala, Chanda nama and Anabas testudineus were 
moderately available (MA) among them. According to lo-
cal fishermen, the rest of them were commonly available 
(CA) (Table 2). Four snakehead species were identified in 
this study period. Channa punctate and Channa orientalis 
were commonly available (CA). In addition to this, Chan-
na striata was moderately available (MA), whereas Channa 
marulius was rarely available. Various Eels species such as 
Macrognathus aral and Mastacembelus armatus were mod-
erately available (MA), but Mastacembelus pancalus and 
Monopterus cuchia were rarely available (RA). Two kinds of 
Loaches were found in Bamui beel throughout the research 
period and both were commonly available (CA). Moreover, 
Clupeids were identified in which Indian River Shad was 
rarely available and the Ganges River Sprat was common-
ly available. Because there was no prior experiment on fish 
biodiversity and abundance of Bamui beel, it was not pos-
sible to analyze the development in diversification of the 
beel by comparing with earlier ones. Species compositions 
(%), productivity (kg/ha) and production (MT) of different 
species groups was observed in Table 3. The highest compo-
sition, productivity and production was found for Small In-
digenous Species (SIS) with the value of 63.4%, 256.25 kg/
ha and 3.672 MT, respectively. The diversity and abundance 
of aquatic organisms in the Bamui beel, however, was com-
parable to that of several wetlands and beel ecosystems [32]. 
However, the current study could be a useful starting point 
for any future assessments of fish diversity of Bamui beel.

However, two feather-back species were observed in all the 
catches. Finally, only species of prawn (Solenocera crassi-
cornis) found in this beel, and it was critically endangered 
(Table 2). Several important species of the beel have been 
highlighted in this experiment (Fig. 4). The Pilati beel host-
ed a total of 55 fish species, among them most dominant 
order was cypriniformes (38.18%) mirroring the findings 
of present study [33]. The presence of 16 fish species from 

the Cyprinidae family in the Dogger beel was documented 
which was similar to our current study [34].

In terms of group abundance, Barbs and Minnows was 
dominated (19.56%) followed by Catfishes (17.38%), Carps 
(15.22%), Perches (15.22%), Snakeheads (8.70%), Eels 
(8.70%), Loaches (4.35%), Clupeids (4.35%), Feather-backs 
(4.35%) and Prawns (2.17%) (Fig. 5). In Figure 6, Cyprini-
formes (39.12%) was the most dominating order followed 
by Siluriformes (17.40%), Perciformes (17.40%), Synbran-
chioformes (8.68%), Anabantiformes (6.51%), Clupei-
formes (4.35%), Osteoglossiformes (4.35%) and Decapoda 
(2.18%). Moreover, the highest amount of fishes was under 
the family Cyprinidae (34.76%) followed by Channidae 
(8.68%), Bagridae (6.51%), Mastacembelidae (6.51%), Si-
luridae (4.35%), Cobitidae (4.35%), Ambassidae (4.35%), 
Osphronemidae (4.35%), Clupeidae (4.35%), Nymphali-
dae (2.18%), Claridae (2.18%), Heteropnuestidae (2.18%), 
Nandidae (2.18%), Anabantidae (2.18%), Synbranchidae 
(2.18%), and Soleceridae (2.18%) showing in Figure 6. 
Study on beel fisheries in Bangladesh is very few, assessment 
of fish biodiversity in Basuakhali beel at Khulna district was 
recorded [35]. Likewise this experiment, cypriniforms or-
der was recorded as the most dominant with 12 species in 
Gorai River [36]. Also fish biodiversity research on various 
location of Bangladesh reported presence of similar fish 
species but varying numbers, for example, a total 57 species 
of fish from the Old Brahmaputra river [37], 106 species 
of fish which belongs to 31 families in Chalan beel [38], 92 
species of fish from Sylhet-Mymensingh sub-basins [39].

Although the Bamui beel is the habitat of an extensive array 
of aquatic organisms, there are significant issues about the 
existence and survival of aquatic diversification because of 
an assortment of human and ecological phenomena that 
are lowering richness in the beel region. Various biodiver-
sity based fish research is going to make a clear concept 
on fish species existence. The Cyprinidae family contained 
the most fish species which was about 54 species in Charar 
beel [40]. Cyprinidae family contributed 17 species, which 
made it the most abundant family in the Bhawal beel [41]. 
Jat punti (Puntius sophore) has been reported as the most 
available and dominant species at the Hatil beel of Bangla-
desh [42]. Availability of low sediment and pure water in 
Bamui beel made it a suitable place for fish to reproduce. As 
per report, over half of the total fish population (53.36%) 
in Bangladesh fell under the "Least Concern (LC)" category 
[43]. Additionally, around 14.55% and 10.90% of the overall 
fish species were classified as near-threatened and vulnera-
ble in the same study, respectively. Natural vegetation offers 
a natural biological balance for sheltering other broodfish, 
while emergent and submerged vegetation is an excellent 
home for small and medium-sized fishes. Similar research 
was conducted on many rivers of Bangladesh such as the 
Tista River [25], the Padma River [44], the Mahananda riv-
er [45] and the Choto Jamuna River [42].

All fish species in Bamui beel were negatively impacted by 
scorching beels, high precipitation, over exploitation, land 
subsidence, usage of hazardous gears to catch fishes, tem-

Table 1. Top ten fish species (abundance) of the Bamui beel

Serial number (chronologically)	 Species

01	 Puntius ticto

02	 Channa punctata

03	 Labeo rohita

04	 Catla catla

05	 Cyprinus carpio

06	 Ctenopharyngodon idella

07	 Heteropneustes fossilis

08	 Mystus vittatus

09	 Wallago attu

10	 Mystus bleekeri
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perature inversions, and the addition of inorganic supple-
ment to capture fishes. Every year, those who rent the beel, 
dewater the entire water body (generally using a powerful 
pump) before subletting them to the other groups, who also 
repeat the same scenario once again since some water is left 
in the beels just after primary dehydration. Identical issues 
were discovered which were engaged to involve biodiver-
sity degradation. The main reasons behind the reduction 
in the biodiversity of Bamui beel are mainly drying beel 
every year (91.67%), overfishing (90.45%), usage of harm-
ful fishing equipment (88.72%), and extensive agricultur-
al practices (72.26%), building lane and elevation near the 
beel (66.32%), usage of insecticides (61.48%), soil erosion 
(56.15%), building a blockade (44.42%), government negli-
gence (30.64%), draught (23.71%) (Table 4).

Biodiversity Index Status
Biodiversity index of the Bamui beel during different sea-
sons (post-monsoon, monsoon and pre-monsoon) are 
shown in Figure 7. The highest Evenness score of 0.247 
during pre-monsoon was suggested a relatively balanced 
distribution of species abundance. This could mean that 
no single species was dominating the ecosystem, and 
various species coexist in similar numbers. In contrast, 
the lower Evenness score of 0.213 during the monsoon 
implied a more uneven distribution, with some species 
possibly becoming more dominant. The range of values 
between 1.992 and 2.114 indicated a moderate level of di-
versity in Bamui beel. A higher index generally suggests 
a more diverse ecosystem [5]. The slight variation across 

seasons could signify changes in the composition or 
abundance of species, contributing to the overall diversi-
ty. The maximum Simpson’s dominance index of 0.883 in 
pre-monsoon was suggested a relatively high dominance 
of certain species during that period. As the dominance 
decreased to a minimum of 0.852 in the monsoon, it im-
plied a reduction in the influence of dominant species, 
leading to a more evenly distributed community. Similar 
pattern of Simpson's dominance index (0.325 in monsoon 
and 0.893 in pre-monsoon) was observed in Bangladesh's 
Dhaleshwari River [46]. Shannon Weaver diversity index 
(H') considered both the number of species and the distri-
bution of individuals among species of the Bamui beel. For 
observational data, the Shannon-Weaver diversity index 
(H') normally varied from 1.5 to 3.5, it seldom exceeded 
4.0 and could rise over 5.0 only when samples contained 
one million organisms [47]. The value of Shannon-Weav-
er diversity index (H') was the highest in pre-monsoon 
(2.114), whereas the value was the lowest in monsoon 
(1.992). Similarly, Shannon-Weaver diversity index (H') 
also demonstrated that the higher availability of species in 
pre-monsoon compared to monsoon and post-monsoon. 
Analogous result ranging from 0.95 to 2.62 for the Shan-
non-Weaver diversity index (H') was also observed in the 
Bakkhali River estuary [48]. Pielou’s evenness index (J') in 
Bamui beel was the highest during pre-monsoon (0.247) 
and the lowest during monsoon (0.213). The Richness 
index in Hakaluki Haor was exhibited a range between 
3.889 (in November) and 8.679 (in January) [49]. Corre-
spondingly, Pielou’s evenness index (J') values varied from 
0.4879 (in September) to 0.8252 (in May), while Simpson’s 
dominance index values spanned from 0.625 (in Septem-
ber) to 0.9423 (in May). The Shannon-Weaver diversity 
index (H') was showed fluctuations from 1.726 (in No-
vember) to 3.406 (in May) [49]. In the Shari Goyain river, 
Simpson’s dominance index (D) was ranged from 3.430 
(in December) to 2.325 (in March) and Pielou’s evenness 
index (J') values was ranged from 0.508 (in November) to 
0.561 (in March) [50].

Stakeholder’s Perception on Bamui Beel Fisheries
Regarding fishery productivity and ecology, each factor 
had favorable and unfavorable effects. 357 people involv-
ing fish related work (property owners, fishers, and ordi-
nary people) took part in the questionnaire and provided 
their meaningful thoughts on their meaningful thoughts 
and experience on Bamui beel fisheries (Fig. 8). The main 
question was beel fisheries should be permitted 62.36% of 

Table 3. Species compositions (%), productivity (kg/ha) and production (MT) of different groups observed in the beel

Group name	 Species compositions (%)	 Productivity (kg/ha)	 Total production in the beel (MT)

Small indigenous species	 63.4	 256.25	 3.672

Large indigenous group	 21.67	 146.77	 1.876

Exotic fishes	 13.26	 94.63	 1.232

Prawn	 1.61	 17.48	 0.243

Total	 100		  7.023

Table 4. Causes of diversity degradation mentioned by local 
ordinary people, fishermen and landowners (n=357)

Causes of affecting species diversity	 No. of respondents (%)

Drying beel each year	 91.67

Excessive fish catch	 90.45

Usage of harmful fishing equipment	 88.72

Extensive agricultural practices	 72.26

Building lane and elevation near the beel	 66.32

Usage of insecticides	 61.48

Soil erosion	 56.15

Building a blockade	 44.42

Government negligence	 30.64

Draught	 23.71
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total participants agreed about permitting the beel fish-
eries, while negative feedback was given by 28.87%, and 
8.77% was not sure or didn’t share their opinion (Fig. 8). 
All negatively participants responded that they didn’t have 
total access to harvest fishes in the beel region during the 
whole year. Once questioned that there was a potentiali-
ty of effective fish reproduction (specially the threatened 
species) to keep the sustainable balance for the future 
generation, all the respondents replied affirmatively. Ad-
ditionally, the respondents also expressed that dewatering 
the water bodies was degrading the habitat of fishes. State-
ment given above, inferred that fish production would in-
crease the productivity and thus could maintain a sustain-
able biodiversity in the Bamui beel.

In essence, the initial biodiversity and conservation assess-
ment of Bamui Beel not only contributes to our scientific 
understanding of this unique ecosystem but also provides 
a foundation for concrete conservation actions. By recog-

nizing its importance and addressing the threats it faces, we 
can work towards ensuring the long-term health and resil-
ience of the Bamui beel for future generations.

CONCLUSION

In assumption, the inaugural biodiversity and conservation 
assessment of the Bamui beel in Bangladesh has provided 
valuable insights into the current status and approaching 
threats facing this ecosystem. About 46 fish species were 
found that was under the 18 taxonomical families and 8 
orders, within these species 37% were commonly available 
and 11% were abundantly available in terms of biodiver-
sity status. The comprehensive examination of biodiversity 
has unveiled a nuanced understanding of the ecological dy-
namics, with a particular focus on the diverse array of spe-
cies inhabiting the Bamui beel. The identification of threats 
serves as a crucial foundation for informed conservation 
efforts. The findings of the study were underscored that the 
urgency of implementing strategic conservation measures 
to mitigate the identified threats and preserve the biodiver-
sity of the Bamui beel.
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ABSTRACT

In this study, first, a list of pesticides that can potentially pose environmental exposure risks 
was compiled by analyzing the recent literature on residue levels in fresh vegetables produced 
in Türkiye. Then, by using the fundamental environmental partitioning properties of these 
pesticides, their potential multi-media environmental distributions were assessed. Acetami-
prid, chlorpyrifos, and pyridaben were among the pesticides that frequently exceeded the 
residual limit values. Multi-media environmental modeling was conducted for these three 
pesticides using an evaluative four-compartment (air, soil, water, sediment) model. Compart-
mental distributions, inter-compartmental mass transfer rates, advective, and reactive losses 
were estimated for the selected pesticides after their simulated application to soil. The ranking 
of overall persistence among the pesticides was found to be pyridaben > chlorpyrifos > acet-
amiprid. The percentage mass distribution of acetamiprid in water was higher due to its low 
volatility and high solubility. The overall persistence of chlorpyrifos was limited by its higher 
partitioning to air although it is more persistent than pyridaben in other compartments. To 
investigate the residue dynamics of the three pesticides in tomato crops, temporal changes in 
harvest fractions were compared using the regression equations of the crop model dynami-
CROP. Acetamiprid was estimated to be taken up at higher rates in tomatoes after initial ap-
plication. The residue dynamics of chlorpyrifos and pyridaben were found to be similar. The 
quantitative methods in this study can be used to assess the environmental risks associated 
with commonly used pesticides in Türkiye and to address the issue of exceeding residue limits 
in agricultural products.

Cite this article as: Kula EP, Göktaş RK. Evaluation of the environmental exposure risks of 
pesticides used in vegetable production in Türkiye. Environ Res Tec 2024;7(1)83–96.

INTRODUCTION

Türkiye is one of the leading countries in the global vegetable 
production. According to the data from the Food and Agricul-
ture Organization of the United Nations (FAO), in 2021, Türki-
ye ranked fourth in total fresh vegetable production, following 
China, India, and the United States [1]. Regarding tomatoes, 
which are among the most widely produced vegetables glob-
ally, Türkiye holds the position of the third-largest producer, 

following China and India. Examining the FAO's data on to-
tal vegetable exports for the year 2021, Türkiye ranks eighth 
in terms of export quantity (2.34 million tons) and twelfth in 
terms of export value ($1.9 billion) [2]. The vegetable product 
that Türkiye exported the most in 2021 was tomatoes, with 
an export quantity of approximately 606,583 tons and a value 
of around $357 million. By enhancing agricultural production 
efficiency and product quality, Türkiye has the potential to ob-
tain a larger share in global agricultural trade.
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Globally, agricultural areas experience approximately a 
35% loss due to diseases, pests, and weeds [3]. Plant pro-
tection processes need to be an essential part of agricultural 
production. The fundamental principle is to protect agri-
cultural crops from diseases, agricultural pests, and weed 
infestations without causing harm to the natural environ-
ment. Pesticides are used in agriculture to prevent agricul-
tural losses, achieve high yields, and meet the increasing 
demand. According to the study conducted by Doğan and 
Karpuzcu [4], pesticide use in Türkiye is approximately 
1.66 kg/ha, which is not significantly higher compared to 
countries with similar magnitude of land areas devoted to 
agricultural production. However, pesticide use in Türkiye 
is concentrated in the Mediterranean Region, where agri-
cultural activities are intensively conducted [5].
Pesticide use in agriculture has the advantage of increasing 
productivity and production quantity. However, the envi-
ronmental pollution caused by pesticides and the presence 
of pesticide residues in agricultural products have negative 
implications in terms of health and economics. The Europe-
an Union utilizes the Rapid Alert System for Food and Feed 
(RASFF) portal to monitor all food and animal feed prod-
ucts imported from non-EU countries, including animal 
feed, animal-derived products, milk and dairy products, 
honey, plant-based products, and medicinal plants. Türki-
ye is the country with the highest number of notifications 
compared to other countries exporting to the EU [6]. Ac-
cording to the 2020 report published by the RASFF portal, 
there were 405 notifications indicating that pesticide resi-
due values in products imported from Türkiye exceeded the 
maximum residue level (MRL) [7]. Notifications regarding 
pesticide residues can be queried in real-time through the 
RASFF Window website [8].
Numerous studies have been conducted in Türkiye investi-
gating the residue levels of pesticides in agricultural prod-
ucts. A review study conducted by Tiryaki [9] compiled the 
results of pesticide residue analyses in fresh and/or dried 
fruits and vegetables, as well as processed agricultural prod-
ucts in Türkiye. In the study by Tözün and Akar [10], 35 
studies conducted after 2010, analyzing pesticide residues 
in food items were examined. It was reported that the max-
imum residue level (MRL) was exceeded in approximately 
half of the food samples.
The adverse effects of all harmful chemicals, including pes-
ticides, on humans can vary depending on the level and 
duration of exposure, and also, on the toxic effects of the 
chemical. Human exposure to pesticides can occur during 
their production, storage, transportation, and use, and via 
consumption of products containing chemical residues. 
Pesticides can enter the human body through inhalation, 
skin contact, and gastrointestinal pathways [11]. Pesticide 
exposure in humans can result in acute effects such as respi-
ratory problems, headaches, skin issues, and nausea, while 
long-term effects such as neurotoxicity, endocrine disrup-
tion, and cancer have also been observed [12].
After application, pesticides can transport to environmen-
tal media beyond the intended agricultural target. The fate 

and transport of the pesticide, once released into the envi-
ronment, depend on the chemical and environmental char-
acteristics in addition to the application rate. Pesticides can 
contribute to atmospheric pollution through volatilization. 
They can also reach surface waters through surface run-
off and, in some cases, contaminate groundwater through 
leaching. Pesticides can undergo biological, chemical, and/
or photolytic degradation in/on plant tissues and other en-
vironmental compartments. They may become sorbed to 
the soil particles depending on the properties of the pes-
ticide and the soil. Multi-media environmental pollution 
caused by pesticides can have adverse effects on non-target 
vertebrates, invertebrates, and plants [13, 14].

Multi-media environmental fate and transport models are 
used to predict the distribution and movement of chemi-
cals in environmental systems with multiple environmental 
phases and compartments. An overview of the history of 
multi-media environmental models is provided by Rong-
Rong et al. [15]. In the late 1950s, studies on pollutant fate 
and exposure assessment focused on evaluating the behav-
ior of a single pollutant in a single environmental media. 
In the 1970s, multi-media mass balance models were de-
veloped for regionally and globally distributed metals such 
as lead, mercury, arsenic, and cadmium. In the late 1970s, 
studies were conducted on multi-media mass balance mod-
els for organic pollutants [15]. Multi-media fate models can 
quantitatively analyze the intermedia transfers, accumula-
tion, and persistence of pollutants in the environment. The 
model outcomes can be used to investigate the potential 
pollution scenarios caused by the chemical, and to analyze 
the environmental mechanisms underlying the existing 
pollution conditions.

Pollutant chemicals can be transported to and accumulate 
in various plant parts, such as roots, stems, leaves, tubers, 
fruits, and flowers [16]. Several models have been developed 
to explain the plant-environment relationships regarding 
chemical pollution. In the 1990s, models were developed 
to represent the uptake processes of organic chemicals by 
plants in the environment. Some models focused on root 
uptake, while others addressed uptake through leaves, and 
some models considered both pathways [16]. In recent 
years, models have been developed to describe the inter-
action of specific crops with environmental pollution [17]. 
Steady-state calculations are commonly preferred in models 
due to their simplicity and relatively low data requirements. 
However, most environmental conditions are characterized 
using dynamic processes. Additionally, the emission inputs 
into the real environment are almost never constant [18]. 
Recently developed plant uptake models take into account 
dynamic processes [16, 19, 20].

In this study, multi-media environmental models were used 
to investigate the environmental fate and transport of pes-
ticides that are widely used in fresh vegetable production 
in Türkiye. First, pesticides frequently exceeding the maxi-
mum residue limits in fresh vegetables produced in Türki-
ye were determined through a literature survey. Then, the 
physicochemical properties of these pesticides were identi-
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fied. The subsequent model-based investigation focuses on 
examining the environmental risks of commonly used pes-
ticides applied at high doses in Türkiye using multi-media 
fate models and studying the dynamics of pesticide levels 
in tomato crops using a crop-specific multi-compartment 
plant uptake model. The proposed quantitative methods in 
this study have the potential to be used further in evaluat-
ing environmental risks associated with widely used pesti-
cides in Türkiye and addressing the issue of exceeding resi-
due limit values in agricultural products.

MATERIALS AND METHODS

Determination of Pesticides Excessively Used in Fresh 
Vegetable Production
In this study, scientific publications containing the analysis 
results of pesticide residues in food consumption products 
in Türkiye after 2010 were examined. During the litera-
ture search, relevant studies were accessed using the terms 
"pesticide," "residue," or "pesticide residue," and "Türkiye" 
in databases such as Web of Science, TR-Dizin, Science-
Direct, Google Scholar, and Scopus. Studies conducted 
before 2010 and residue analyses in animal-derived food 
products were not included in the survey. Recent studies 
focusing on cases where maximum residue level (MRL) 
values were exceeded in agricultural foods were identified. 
The literature research revealed that pesticide residue anal-
ysis studies frequently focused on fresh vegetables, and 
especially on tomatoes, peppers, and cucumbers. Consid-
ering the high daily consumption quantities of these three 
food products, the pesticides exceeding the MRL values 
in them were determined and listed. The physicochemical 
properties influencing the environmental fate of the list-
ed pesticides, such as molecular weight, water solubility, 
vapor pressure, and half-life in environmental compart-
ments, were compiled from the literature.

Multi-Media Fate Modeling
Multi-media fate models are tools used to estimate the 
chemical pollution levels in different environmental com-
partments, quantitatively analyze inter-compartmental 
transport processes, and describe the accumulation and 
persistence properties of chemicals. Multi-media models 
conceptualize different environmental media as interacting 
compartments with defined volumes and surface areas. The 
assumption of complete mixing is made for each compart-
ment. Chemical equilibrium processes and advective trans-
port, diffusive transport, and reactive processes are mathe-
matically defined. Mass balance equations are formulated 
for each compartment and the phases constituting them 
[21]. The model outputs provide quantitative information 
on the tendency of chemical pollutants to accumulate and 
persist in the considered environmental media. The princi-
ples of multi-media fate and transport models are detailed 
by Parnis and Mackay [22]. Depending on the problem to 
be addressed, multi-media environmental models can be 
constructed at different scales and at different levels of de-
tail. In this study, calculations were performed using three 

different multi-media fate models with varying detail and 
scope to examine the environmental exposure risks of pes-
ticides used in fresh vegetable production.

Chemical Space Diagram
Chemical space diagram is a conceptual diagram drawn 
using the output of the simplest possible mass balance 
equation based on the equilibrium assumption between 
different phases within a closed system [23]. The diagram 
illustrates the tendency of chemicals to be present in air, 
water, or organic matter phases based on their fundamen-
tal partitioning characteristics. In the model that gener-
ates the diagram, the organic matter phase is represent-
ed by octanol, serving as an indicator of the tendency of 
organic chemicals to associate with solid phases such as 
soil and sediment. In the calculations, volumes ratios of 
656,000:1,300:1 were used to represent the typical volumes 
of the air, water, and octanol phases, respectively, as sug-
gested in the original study by Gouin et al. [23].

Equilibrium Criterion (EQC) Model
The Equilibrium Criterion (EQC) Model is a multi-me-
dia fate model developed by the Canadian Environmental 
Modeling Centre (CEMC) to be used as a tool for assess-
ing the environmental exposure risks of chemical pollut-
ants [24–27]. The model is developed using fugacity-based 
mass balance equations to represent the equilibrium and 
loss processes, advective inputs and inter-compartmental 
transport of a chemical pollutant. The model allows for cal-
culations of different levels of complexity, but all calcula-
tions involve the assumption of steady-state conditions. The 
modeled environmental system includes compartments of 
air, water, soil, and sediment. The environmental properties 
of these compartments, such as volume, interfacial area, 
density, and organic carbon content, were standardized by 
the model developers to represent a typical terrestrial re-
gion. The model program does not allow users to modify 
the environmental properties, thereby enabling calcula-
tions focused on assessing the characteristics of the chemi-
cal pollutant using a "unit world" approach [28]. As input to 
the model, the physicochemical properties of the pollutant, 
such as melting point, water solubility, vapor pressure, oc-
tanol-water partition ratio (KOW), and half-life in environ-
mental compartments are required. Additionally, emission 
information needs to be specified.

Plant Uptake Model
In this study, a dynamic multi-compartment plant uptake 
model, dynamiCROP, was used for the analysis of pesticide 
residue levels in tomatoes. The DynamicCROP model was 
developed to evaluate pesticide applications in food crops 
and exposure effects to pesticide residues, in a life-cycle as-
sessment context [16, 19]. Chemical properties, crop charac-
teristics, and environmental properties constitute the inputs 
to the model. The model considers inter-compartmental 
transport and degradation processes. The most fundamen-
tal result provided by the model is the harvest fraction (hF), 
which represents the residue amount in the harvested crop 
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relative to initially applied pesticide mass [16]. Crop-specif-
ic regression models were also developed for dynamiCROP 
with the aim of reducing the input requirements and facili-
tating practical usage [29, 30]. The regression models calcu-
late hF values for three different compartments: soil, crop, 
and crop surface. During the construction of the regression 
models, parameters that significantly affect the model re-
sults were identified. It was observed that the inter-phase 
partitioning ratios of chemicals, lipid contents of crops, and 
soil parameters significantly influence the dynamiCROP 
model output. Therefore, these parameters were assigned as 
independent variables in the regression equations. In the re-
gression models, the harvest fraction is calculated according 
to Equations (1) and (2) [29].

� (1)

� (2)

In Equation (1), hFi represents the harvest fraction calculat-
ed for compartment i (i = {soil, crop, crop-surface}). There-
fore, the parameters α0i, βi, ki are computed for each com-
partment. Regression equations that enable the calculation 
of these parameters for different plant species are provided 
by Fantke et al. [29]. Δt is the time (days) passed since the 
pesticide application. In this study, regression equations 
developed for tomatoes were used. The parameter α0i rep-
resents the initial pesticide amount in the compartment 
and, for tomatoes, it is dependent on the molecular weight 
of the pesticide chemical. The ki value (elimination coeffi-
cient) is a measure of the elimination rate from the respec-
tive compartment. For the soil compartment, the elimina-
tion coefficient is dependent on the persistence value in the 
soil compartment; and for the crop compartment, it can be 
calculated using the half-life of the chemical in tomatoes. 
For the crop-surface compartment, the log KOW value and 
molecular weight of the chemical are used to calculate the 
ki value. βi used in Equation (1) is a coefficient that takes a 
constant value for each crop. Once the hF values are calcu-
lated for each compartment, the total harvest fraction (hF) 
is obtained by adding them (Equation (2)).

RESULTS AND DISCUSSION

Pesticides Exceeding the Residual Limit Values in Fresh 
Vegetable Crops
In this study, 13 different pesticide residue analysis stud-
ies conducted after 2010 were examined. In the published 
studies, a list of pesticides exceeding the Maximum Resi-
due Level (MRL) was compiled for tomatoes, peppers, and 
cucumbers produced in Türkiye (Table 1). It was observed 
that the MRL was exceeded for a total of 34 different pes-
ticide residues. Approximately 44.1% of the chemicals ex-
ceeding MRL are included in the banned active substances 
list prepared by the Ministry of Agriculture and Forestry 
of the Republic of Türkiye, dated March 3, 2022 [31]. It is 
expected that the use of these pesticides has been discon-
tinued. Comparing the results of future residue analysis 
studies with the contents of Table 1 can provide informa-
tion about the effectiveness of pesticide bans in practice. 

The most frequently exceeded MRL values were observed 
for acetamiprid, chlorpyrifos, and pyridaben (Table 1).

The pesticide types and substance groups that frequently 
exceeded the MRL in fresh vegetables produced in Türkiye 
were identified. Additionally, MRL values and pre-harvest 
intervals for pesticides were compiled from the Ministry of 
Agriculture and Forestry's Plant Protection Products Da-
tabase [32] (Table 2). The pre-harvest interval refers to the 
time between the last pesticide application and harvest. It is 
determined by the Ministry of Agriculture and Forestry for 
each pesticide type and plant species [32].

The properties of chemical constituents in pesticides play 
a crucial role in the environmental fate and plant uptake 
of these pesticides. The physicochemical properties of pes-
ticides that exceeded MRL at least once in fresh vegeta-
ble products (Table 2), were compiled from the Pesticide 
Properties Database (PPDB) [33] (Table 3). The molecular 
structures of pollutants determine their partitioning behav-
ior and degradation rates in environmental compartments 
[34]. The molecular weight of a pollutant affects the inter-
phase diffusion coefficient [35]. The interaction between 
vapor pressure and water solubility values determines the 
partitioning behavior between air and water phases, while 
a high log KOW value indicates a preference for the organic 
phase (hydrophobicity) compared to the water phase [36]. 
Half-life represents the time required for the concentration 
of a chemical in environmental compartments to decrease 
by half. Since the half-life can vary not only based on the 
chemical properties but also on the environmental charac-
teristics, the values obtained from the literature should be 
used as rough estimates for approximate calculations [22].

In addition to their toxic effects, the persistence of pesticides 
in environmental compartments is also an important factor 
when regulating their use. A significant portion of the per-
sistent organic pollutants (POP) listed in the Stockholm Con-
vention and subjected to international measures are pesti-
cides with high persistence [34]. Chlorpyrifos, who had been 
frequently detected to exceed MRL (Table 1) and had been 
recently banned in Türkiye, is among the chemicals proposed 
for listing as a POP under the Stockholm Convention [51]. 
Highly persistent pollutants can reach high concentrations in 
environmental compartments, thereby increasing exposure 
risks. When the relationship between the banned status of 
pesticides and their half-lives in Table 3 is examined, it can be 
observed that the average half-lives of banned pesticides in 
all compartments are higher than those of non-banned pes-
ticides. However, the difference between the averages of the 
two groups is not statistically significant (p>0.05).

Environmental Fate Analysis

Locations of the Pesticides on the Chemical Space Diagram
The positions on the chemical space diagram of all the pesti-
cides that exceeded MRL values in fresh vegetables (Table 3) 
have been determined (Fig. 1). It can be said that this group of 
pesticides, which are widely used and can reach high concen-
trations in vegetable products, tend to distribute between the 
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Table 1. Pesticide residue analysis studies focusing on fresh vegetables in Türkiye (Published scientific studies since 2010)

Reference	 Year	 Agricultural product	 Pesticides exceeding the MRL

[37]	 2011	 Tomato	 Carbendazim
		  Pepper	 Ethion
			   Triazophos
			   Oxamyl
[38]	 2014	 Tomato	 Acetamiprid	 Dimethomorph
		  Pepper	 Alpha -Endosulfan	 Imidacloprid
		  Cucumber	 Beta – Endosulfan	 Malathion
			   Carbendazim	 Methomyl
			   Chlorpyrifos	 Oxamyl
			   Clofentezine	 Tebuconazole
			   Cymoxanyl	 Triadimenol
			   Dichlorvos	 Trifloxystrobin
[39]	 2016	 Tomato	 Acetamiprid
			   Beta – Endosulfan
			   Chlorpyrifos
			   Tetradifone
[40]	 2017	 Tomato	 No active substance exceeding the MRL was detected
[41]	 2018	 Tomato	 No active substance exceeding the MRL was detected
		  Pepper
		  Cucumber
[42]	 2018	 Tomato	 Acetamiprid
[43]	 2018	 Tomato	 Acetamiprid
			   Imazalil
			   Iprodione
[44]	 2019	 Tomato	 Acetamiprid	 Fenazaquin
		  Pepper	 Bromopropylate	 Formetanate -HCI
			   Chlorpyrifos	 Methomyl
			   Cyproconazole	 Metrafenone
			   Dichlorvos	 Omethoate
			   Etofenprox	 Pendimethalin
			   Etoxazole	 Pyridaben
			   Fenarimol
[45]	 2016	 Tomato	 No active substance exceeding the MRL was detected
		  Pepper
[46]	 2021	 Cucumber	 Imidacloprid
[47]	 2022	 Pepper	 Acetamiprid
			   Chlorpyrifos
			   Etofenprox
			   Etoxazole
			   Fenazaquin
			   Formetanate -HCI
			   Methomyl
			   Metrafenone
			   Pyridaben
[48]	 2022	 Tomato	 Pirimiphos
		  Cucumber	 Chlormequat chloride
			   Pyridaben
			   Chlormequa
[49]	 2022	 Pepper	 Metrafenone
		  Cucumber	 Pyridaben
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water and octanol phases instead of being present in the air. 
The distribution characteristics between the water and octa-
nol phases vary depending on the values of the octanol-water 
partition ratio for these chemicals. However, most pesticides 
are in the intermediate region where significant distribution 
between both the water and octanol phases is expected.

The positions of acetamiprid, chlorpyrifos, and pyridaben, 
which frequently exceeded the MRL values in recent resi-
due analysis studies (Table 1), are highlighted in red on the 
chemical space diagram (Fig. 1). These three pesticides are 
in three separate regions on the diagram, indicating that 
their environmental partitioning behaviors are different.

Table 2. MRL values and pre-harvest waiting periods of pesticides that exceed residue limit values in fresh vegetables produced 
in Türkiye [32]

Acetamiprid

Alpha - Endosulfan

Beta - Endosulfan

Bromopropylate

Carbendazim 

Chlormequat chloride

Chlorpyrifos

Clofentezine

Cymoxanyl

Cyproconazole

Dichlorvos

Dimethomorph

Ethion

Etofenprox

Etoxazole

Fenarimol

Fenazaquin

Formetanate -HCI

Imazalil

Imidacloprid

Iprodione

Malathion

Methomyl

Metrafenone

Omethoate

Oxamyl

Pendimethalin

Pirimiphos - Methyl

Pyridaben

Tebuconazol

Tetradifone

Triazophos

Triadimenol

Trifloxystrobin

Insecticide

Insecticide

Insecticide

Acaricide

Fugacide

Plant

Growth

Regulator

Insecticide

Acaricide

Fugacide

Fugacide

Insecticide

Fugacide

Insecticide

Insecticide

Acaricide

Fugacide

Acaricide

Insecticide

Fugacide

Insecticide

Fugacide

Insecticide

Insecticide

Fugacide

Insecticide

Insecticide

Herbicide

Insecticide

Insecticide

Fugacide

Acaricide

Insecticide

Fugacide

Fugacide

Neonicotinoid

Organochloride

Organochloride

Diphenole

Carbamate

Quarternary 

ammonium 

compound

Organophosphate

Tetrazine

Cyanoacetamide

Triazole

Insecticide

Morpholine

Organophosphate

Pyrethroid

Diphenyl

Pyrimidine

Quinazoline

Formamidine

İmidazole

Neonicotinoid

Dichlorophenyl

Organophosphate

Carbamate

Benzophenone

Organophosphate

Carbamate

Dinitroaniline

Organophosphate

Pyridazinone

Triazole

Diphenyl

Organophosphate

Triazole

Strobilurin

0.5	 0.3	 0.3

	 Banned (2010)

	 Banned (2010)

	 Banned (2011)

	 Banned (2011)

–	 –	 –

	 Banned (2020)

–	 –	 0.2

0.4	 –	 0.08

	 No data available

	 Banned (2011)

1	 1	 0.5

	 Banned (2010)

0.7	 -	 -

0.07	 0.01	 0.02

	 Banned (2011)

0.05	 –	 –

0.3	 –	 0.01

0.3	 0.01	 0.5

0.5	 –	 –

	 Banned (2018)

0.02	 –	 –

	 Banned (2021)

0.6	 2	 0.5

	 Banned (2012)

	 Banned (2012)

0.05	 –	 –

0.01	 –	 0.01

0.15	 0.3	 0.15

0.9	 0.6	 0.6

	 Banned (2011)

	 Banned (2010)

	 Banned (2021)

0.7	 0.4	 0.3

3 days	 3 days	 3 days

–	 –	 –

–	 ––	 –

–	 –	 –

–	 –	 –

–	 –	 –

–	 –	 –

		  3 days

3 days	 –	 3 days

	 No data available

–	 –	 –

7 days	 1 day	 7 days

–	 –	 –

3 days	 –	 –

3 days	 3 days	 3 days

–	 –	 –

3 days	 –	 –

14 days	 –	 7 days

3 days	 3 days	 3 days

–	 –	 –

–	 –	 –

7 days	 –	 –

–	 –	 –

3 days	 3 days	 1 day

–	 –	 –

–	 –	 –
Pre-planting	 –	 –

7 days	 –	 7 days

3 days	 3 days	 3 days

7 days	 3 days	 3 days

–	 –	 –

–	 –	 –

–	 –	 –

3 days	 3 days	 3 days

Pesticide active 
substance

Pesticide 
type

Substance 
group

MRL (mg/kg) MRL (mg/a pre-harvest 
waiting period kg)

Tomato	 Pepper	 Cucumber Tomato	 Pepper	 Cucumber
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Acetamiprid has the lowest log KOW value among the three 
pesticides and its vapor pressure is low. Therefore, it is ex-
pected to be present in the water phase. Acetamiprid's rel-
atively high solubility increase its likelihood of transport 
into plants through water uptake from soil. Additionally, 
the risk of surface water and groundwater pollution by 
Acetamiprid should be considered.

Chlorpyrifos is located to the right of the middle region 

of the diagram, indicating a tendency for presence in the 
octanol phase with non-negligible partitioning in the air 
and water phases (Fig. 1). Chlorpyrifos has a higher air-wa-
ter partition coefficient compared to the other pesticides 
shown in the diagram. Due to its high half-life values in 
both sediment and soil, Chlorpyrifos is expected to remain 
and accumulate in the soil compartment where it is applied. 
Chlorpyrifos is a widely used pesticide that can cause envi-
ronmental contamination in air, water, and soil, and it has 

Table 3. Physicochemical properties of pesticides that exceed residue limit values in fresh vegetables produced in Türkiye [33]

Pesticide active	 Molecular weight	 Octanol– water	 Solubility	 Vapour		  Half-life (days) 
substance	 (g/mol)	 partition ratio	 in water	 pressure 
		  (logKOW)	 (mg/l, 20 °C)	 (mPa, 20 °C)	 Soil	 Water	 Sediment

Acetamiprid	 222.67	 0.8	 2950	 1.73*10-04	 1.6	 4.7	 337.5*

Alpha - Endosulfan	 406.93	 4.74	 0.32	 8.3	 50	 –	 –

Beta - Endosulfan	 406.93	 3.83	 0.45	 –	 –	 –	 –

Bromopropylate	 428.1	 5.4	 0.1	 0.011	 59	 4	 63

Carbendazim 	 191.21	 1.48	 8.0	 0.09	 40	 7.9	 33.7

Chlormequat chloride	 158.07	 -3.47	 886000	 1.0* 10-03	 27.4	 0.5	 3.75

Chlorpyrifos	 350.58	 4.7	 1.05	 1.43	 386	 5	 36.5

Clofentezine	 303.15	 4.09	 0.0342	 6.0* 10-04	 69.8	 2.1	 9.6

Cymoxanyl	 198.18	 0.67	 780	 0.15	 1.7	 0.3	 0.3

Cyproconazole	 291.78	 3.09	 93	 0.026	 142	 –	 1000

Dichlorvos	 220.98	 1.9	 18000	 2100	 2	 –	 0.22

Dimethomorph	 387.86	 2.68	 28.95	 9.7* 10-04	 72.7	 10	 38

Ethion	 384.48	 5.07	 2	 0.2	 90	 –	 –

Etofenprox	 376.49	 6.9	 0.0225	 8.13* 10-04	 11	 5.7	 13.3

Etoxazole	 359.42	 5.52	 0.07	 0.007	 19.3	 1.45	 79.5

Fenarimol	 331.20	 3.69	 13.7	 0.065	 250	 4	 Stabil

Fenazaquin	 306.40	 5.51	 0.102	 1.90* 10-02	 45	 –	 –

Formetanate -HCI	 257.8	 -0.0014	 822000	 1.60* 10-03	 12.9	 0.3	 0.3

Imazalil	 297.18	 2.56	 184	 0.158	 76.3	 7.8	 117

Imidacloprid	 255.66	 0.57	 610	 4.0* 10-07	 191	 30	 129

Iprodione	 330.17	 3.0	 6.8	 0.0005	 36.2	 2.0	 4.0

Malathion	 330.36	 2.75	 148	 3.1	 0.17	 0.4	 0.4

Methomyl	 162.21	 0.09	 55000	 2.13* 10-06	 7	 2.9	 3.7

Metrafenone	 409.27	 4.3	 0.492	 0.153	 200.9	 3.9	 9.3

Omethoate	 213.2	 -0.9	 500000	 19.0	 0.1	 –	 4.5

Oxamyl	 219.26	 -0.44	 184100	 0.018	 5.3	 –	 0.7

Pendimethalin	 281.31	 5.4	 0.33	 3.34	 182.3	 4	 16

Pirimiphos - Methyl	 305.33	 4.2	 11	 2.00* 10-03	 39	 –	 –

Pyridaben	 364.93	 6.37	 0.022	 0.001	 55	 1.18	 17.5

Tebuconazol	 307.82	 3.7	 36	 1.30* 10-03	 63	 42.6	 365

Tetradifone	 356.06	 4.61	 0.078	 3.20* 10-05	 112	 –	 –

Triazophos	 313.3	 3.55	 35	 1.33	 44	 35	 35

Triadimenol	 295.76	 3.18	 72	 0.0005	 250	 53	 91

Trifloxystrobin	 408.37	 4.5	 0.61	 3.40* 10-03	 0.34	 1.1	 2.4

*: Acetamiprid sediment half-life value was obtained from EPI Suite [50].
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been associated with various health issues, including endo-
crine disruption [52]. Its use in Türkiye has been banned.

Pyridaben has the highest log KOW value among these 
three chemicals. It is expected to tend to be present in 
the octanol phase. This characteristic may contribute to 
its sorption to soil and accumulation in the lipid tissues 
of plants. However, a more detailed modeling approach is 
necessary to assess the risk associated with its transport to 
surface water and groundwater.

Equilibrium Criterion (EQC) Model Results
Acetamiprid, chlorpyrifos, and pyridaben were subjected to 
Level III calculations using the EQC model. Level III mass 
balance calculations assume a steady-state condition but 
do not assume equilibrium between compartments, taking 
into account advection, diffusion, and reactive transfer pro-
cesses. The properties of the Level III standard evaluative 
environment of the EQC model are given in Hughes et al. 
[27]. It was assumed that the three modeled pesticides en-
ter the standard environmental system through emission to 
soil. The same emission rate (1000 kg/hour) was assigned to 
each pesticide, and the results were evaluated comparative-
ly. The half-lives of acetamiprid, chlorpyrifos, and pyrida-

ben were assigned the values of 3.36, 4.38, and 6.06 hours, 
respectively, as obtained from EPI Suite [50]. The modeling 
results are summarized in Figure 2–5.

The mass distributions of the three pesticides among the en-
vironmental compartment were calculated (Fig. 2). Soil, the 
compartment where the emissions occur, contained the larg-
est mass fraction for all the pesticides. Acetamiprid was found 
in the water compartment in significantly high amounts, and 
it had almost no presence in the air compartment. The pesti-
cide that had the largest fraction in the soil compartment was 
Chlorpyrifos. Also, a significant amount of Chlorpyrifos was 
present in the air compartment. Pyridaben’s compartmental 
mass distribution was similar to Chlorpyrifos, but it had a 
higher fraction in water and a lower fraction in air. These re-
sults were in accordance with the information obtained from 
the chemical space diagram. However, none of the pesticides 
were distributed to the sediment compartment in significant 
amounts. This result is related with the intermedia mass trans-
fer properties of the pesticides. And, it can change if there are 
direct emissions to the compartments other than soil. Also, 
although the total mass in the sediment compartment is low, 
since sediment volume is small compared to the other com-
partments, the concentrations may still reach dangerous levels.

Figure 1. Chemical Space Diagram (Volatile substances tend to locate on the upper-left, water-soluble substances tend to locate 
on the lower-left, hydrophobic substances tend to locate on the lower-right [23]. The lines indicate constant percentages between 
the air, water, and octanol phases).
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Mass transport rates and the residence times calculated by the 
EQC model are provided in the summary diagrams in Figure 
3–5. Acetamiprid’s overall persistence in the EQC environ-
ment is 2.5 days, lower than the other two pesticides (Fig. 
3). When the model results for Chlorpyrifos is examined, it’s 
high soil-to-air transfer can be seen (Fig. 4). Corresponding-
ly, there are significant reactive losses in the air compartment. 
Despite its high hydrophobicity, chlorpyrifos tends to trans-
fer to the air compartment, increasing its advection and reac-
tive losses in the system, resulting in a total persistence value 
of 7.5 days. The intercompartmental distribution behavior 
of pyridaben is similar to Chlorpyrifos (Fig. 5). However, 
it shows less tendency for transfer to the air compartment, 

resulting in relatively higher accumulation in the water and 
sediment compartments. This limits the advection and reac-
tive losses, causing pyridaben to have a slightly higher total 
persistence in the system compared to chlorpyrifos. The total 
persistence of pyridaben is calculated as 11.9 days. The main 
loss mechanism is reaction for all the three pesticides.

The net intermedia transfer rates of the three pesticides are 
given in Table 4 as a fraction of the total emission rate (1000 
kg/h). A comparative examination of the intermedia trans-
fer rates reveals the dominant direction of movement for 
the pesticides after being released to the soil compartment. 
It is seen that the dominant movement of acetamiprid in 

Figure 2. Compartmental mass distributions of the pesticides in the EQC model environment.

Figure 3. EQC model results for acetamiprid.
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the environmental system is from soil to water. Acetamiprid 
experiences very limited transfers between the other com-
partments. The potential of acetamiprid to pollute surface 
waters and groundwater should be further investigated us-
ing more detailed models. For chlorpyrifos, the dominant 
transfer is from soil to air, where it is lost from the system 
mainly by degradation reactions and advection. Although 
degradation in air is the main loss mechanism for chlorpy-
rifos, advective loss through atmospheric transport is not 
negligible. Long range transport potential of chlorpyrifos 
through atmosphere is a significant concern supported by 
monitoring and modeling studies [53]. Long-range trans-
port potential is one of the criteria for chemicals to be clas-
sified as a persistent organic pollutant (POP), and chlorpy-
rifos is a POP candidate under the Stockholm Convention 
[51]. For pyridaben, soil to air transfer is dominant, but its 
soil to water transfer is also significant. Since EQC model 

results indicates higher persistence for pyridaben compared 
to chlorpyrifos, the potential for pyridaben to reach remote 
regions through atmospheric and aquatic transport should 
be further investigated.

Time Dependent Residue Values in Tomato
DynamicCROP model's regression equations were used to 
calculate the time-dependent harvest fractions for acetami-
prid, chlorpyrifos, and pyridaben in tomato products (Fig. 
6). Acetamiprid's harvest fraction, and consequently, its res-
idue amount, exhibits a faster decline compared to the oth-
ers. On the other hand, acetamiprid's initial harvest fraction 
is higher compared to the other two pesticides. This is due to 
its lower molecular weight value, which facilitates its incor-
poration to the tomatoes after being applied. As a result of 
the high persistence values of chlorpyrifos and pyridaben, a 
slower decrease in the harvest fraction is observed for these 
two chemicals. In tomato production, the recommended 
pre-harvest waiting period for acetamiprid and pyridaben 
is three days, and the MRL values are 0.5 and 0.15 mg/kg, 
respectively (Table 2). After three days, a decrease in residue 
levels is observed for all pesticides. However, it is predicted 
that Acetamiprid's residue rate will still be relatively high 
when compared to the initial residue values. For these two 
pesticides, re-evaluating application doses and pre-harvest 
waiting periods through more specific model calculations 
and controlled experiments can provide useful information 
for preventing the exceedance of MRL values.

Figure 4. EQC model results for chlorpyrifos.

Table 4. Net intermedia transport rates for the three pesticides 
after being emitted to soil (fractional rates to the total emission 
rate) (EQC Model Results)

	 Acetamiprid	 Chlorpyrifos	 Pyridaben

Soil-to-air	 2.54E-06	 97.47%	 63.76%

Soil-to-water	 4.28%	 1.25%	 21.92%

Water-to-air	 -2.25E-06	 0.31%	 0.60%

Water-to-sediment	 1.23E-06	 6.92E-06	 1.51E-05
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CONCLUSION

This study presents modeling methods for assessing the en-
vironmental exposure risks of pesticides. Pesticides, widely 
utilized in agricultural practices due to their efficacy and 
cost-effectiveness, can pose potential risks to both the en-
vironment and human health when misused or applied 
improperly. Also, the residue levels exceeding the regulat-
ed MRL values causes significant economic losses. In the 
reviewed scientific studies, there were many instances of 
pesticide residues exceeding MRL values and banned pesti-
cides were also identified in the products. This indicates that 
existing preventive measures may not be entirely adequate.

In the first part of this study, recent published research on 
pesticide residues in fresh vegetables produced in Türkiye 
was examined. The reviewed research findings showed a 
significant occurrence of pesticide residues exceeding the 
MRL values. The frequent exceedance of MRLs in agricul-
tural products can lead to health risks for consumers and 
may cause environmental problems in agricultural regions. 
Moreover, the disposal of agricultural products containing 
pesticide residues above permissible levels, results in eco-
nomic losses. The quantity of pesticide residues in fresh veg-
etable products is influenced by various factors, including the 
mode of pesticide application, dosage, timing, and the phys-
icochemical properties of the pesticide active ingredients. In 
this study, the physicochemical properties determining the 
fate of problematic pesticides in environmental compart-
ments and plants, along with the recommended pre-harvest 
intervals, were identified referring to up-to-date sources.

The second part of the study involved conducting calcula-
tions to demonstrate the applicability of multi-media fate 
models in evaluating the environmental and health risks 
of pesticides. A chemical space diagram was used to assess 
the environmental partitioning behavior of the pesticides. 
The diagram provided valuable insights into how pesticides 
would distribute among air, water, and solid organic phases 
upon release into the environment. It was observed that most 
pesticides associated with exceeding regulatory limits tend 
to accumulate in the water and organic solid phases. Fur-
ther detailed evaluations were performed for three pesticides 

Figure 5. EQC model results for pyridaben.

Figure 6. Time dependent harvest fractions estimated by the 
plant uptake model.
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(acetamiprid, chlorpyrifos, pyridaben) that were found to 
exceed MRL values relatively more frequently. These three 
pesticides have different locations in the chemical space di-
agram. Acetamiprid tends to be present in the water phase, 
while pyridaben shows an affinity for the organic solid phase. 
On the other hand, chlorpyrifos, which is currently banned 
from use in Türkiye, demonstrates a relatively higher affinity 
for the air phase compared to the other pesticides.

The Equilibrium-Criterion Model (EQC), which includes 
the air, water, soil, and sediment compartments, were ap-
plied to assess the multi-media environmental fate and 
transport characteristics of the selected three pesticides. 
Level III steady-state model calculations were performed 
under the same environmental conditions and emission sce-
narios, enabling a comparative evaluation. The accumula-
tion levels in the four compartments, inter-compartmental 
transfer rates, and losses from the system due to advective 
and reactive processes were calculated for all three pesti-
cides. It was observed that all three pesticides reached the 
highest accumulation in the soil compartment, where they 
were initially released to the environment. When compar-
ing the environmental persistence of the three pesticides, 
the order is as follows: pyridaben > chlorpyrifos > acetami-
prid. Degradation reactions were identified as the main loss 
process for all pesticides. Despite chlorpyrifos having high-
er reaction half-lives in water and soil, pyridaben showed 
higher environmental persistence. This can be attributed to 
pyridaben's higher hydrophobicity but lower volatility com-
pared to chlorpyrifos. The use of more detailed multi-media 
fate models based on EQC but tailored to represent specific 
agricultural regions can help assess pesticide related envi-
ronmental pollution. The model results can guide field and 
sampling studies. Model simulations can be conducted to 
contribute to agricultural pollution management efforts.

Finally, calculations were performed using a dynamic plant 
uptake model, called dynamiCROP, for the selected three 
pesticides. In these calculations, dynamiCROP's regression 
equations were used, and the time-dependent changes in 
the pesticides' harvest fractions were compared. The results 
of the calculations indicated that acetamiprid had a higher 
initial uptake into tomatoes compared to the other two pes-
ticides. This finding was interpreted to be due to acetami-
prid's relatively lower molecular weight, which may result 
in higher diffusion into tomatoes after application. On the 
other hand, acetamiprid residues in tomatoes were found 
to decline faster than the other two pesticides. The dynam-
ics of chlorpyrifos and pyridaben residues were similar to 
each other. Conducting simulations using the full version of 
the dynamiCROP model would allow more detailed evalu-
ations. Additionally, similar simulations can help in the de-
termination of the pre-harvest waiting time and the initial 
pesticide dosage in agricultural applications.

The use of environmental fate models in the production 
and authorization processes of pesticides can reveal the po-
tential environmental issues at an early stage enabling the 
application of preventive measures. This approach can pro-
vide guidance when determining the pesticide's dosage, ap-

plication method, pre-harvest waiting period, and potential 
residue levels. Furthermore, the integration of environmen-
tal fate and transport models with plant uptake models can 
enable comprehensive analyses at field and regional scales. 
Similar models can be employed to aid remediation plans in 
regions where pollution problems exist.
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ABSTRACT

Recycling literature lists barriers that deter individuals from engaging in recycling behavior. 
These barriers comprise cost-related barriers such as the behavior being challenging, personal 
barriers such as lack of knowledge or laziness, social barriers such as lack of support from 
family, believing that others do not recycle, and structural barriers such as hard-to-access recy-
cling bins or lack of incentives. Removing or alleviating these barriers is critical for increasing 
source separation and recycling rates. In addition to other measures taken, mobile applications 
(recycling apps) developed to support recycling may also have a significant potential for re-
moving certain barriers. This study aims to evaluate the functions of recycling apps used in 
Türkiye and highlight their potential to support the behavior through removing the barriers. 
For this purpose, content analysis of recycling apps was performed. Following the PRISMA 
protocol, 19 applications were identified and reviewed in detail. The findings revealed ten dis-
tinct functions provided by apps. The role of each function in removing specific barriers is 
evaluated. It was found that recycling apps have huge potential to promote individual recy-
cling by alleviating critical barriers when apps are widely used and their functions consistently 
meet user expectations. Problems related to some neglected barriers and low usage rates are 
discussed, and implications of findings are provided.

Cite this article as: Dursun İ, Tümer E, Yürüyen Kılıç H. Roles of mobile applications in re-
moving barriers to individual recycling: Case of Türkiye. Environ Res Tec 2024;7(1)97–107.

INTRODUCTION

Recycling is promoted as a critical approach for reducing 
waste, alleviating the need for disposal areas, and protect-
ing natural resources. While some countries reached high 
recycling rates [1] thanks to policies and implemented 
regulations, some countries, particularly developing coun-
tries, still need to increase the low recycling rates [2]. Mu-
nicipal waste in Türkiye reached 32.3 million tons in 2020, 
and only 13.2% of it was recycled [3] despite all improve-
ments in waste management legislation, policies, and an 

increased number of licensed recycling and recovery facil-
ities. Like other developing countries [4, 5], the low source 
segregation rates and household waste recycling appear to 
be significant obstacles to increased recycling rates. It was 
found that, in different cities in Türkiye, 25–30% of house-
hold wastes comprises recyclable solid wastes [6]. So, in-
creasing individual recycling rates appears as a promising 
approach to reach the targeted 35% recycling rates for 
2023 [7] and go beyond it. However, encouraging individ-
uals to change their waste disposal behavior and engage in 
recycling is challenging.
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Unlike mixed waste disposal, recycling requires time, place, 
and effort since consumers must separate and clean the 
waste, store it for a certain period, and carry or drive it to ap-
propriate recycling bins. On the other hand, in Türkiye, in-
dividual recycling has been a voluntary behavior that is not 
subject to a national-wide incentive program but to some 
local and temporary rewarding implications. However, the 
lack of incentive is not the unique barrier to individual recy-
cling. The literature identifies barriers that deter consumers 
from engaging in individual recycling behavior. Reference 
[8] provides a literature review on the barrier studies, lists 
the most prominent barriers, and groups them thematical-
ly. The Table 1, which is adapted from [8], shows the most 
frequently reported barriers in literature. Accordingly, one 
of the most reported barrier groups is the cost of recycling, 
referring to the effortful, time-consuming, and economical-
ly costly nature of the behavior. Structural barriers comprise 
the long distances to recycling bins, problems in the waste 
collection services, and the deficiencies of the policy imple-
mentations that support recycling. Personal barriers cover 
lack of awareness and knowledge regarding why and how 
to recycle, denying the need for recycling and personal re-
sponsibility, suspicions about the recycling system, concerns 
about storing the waste at home, laziness, and insufficient 
recyclable waste. Social barriers include unsupportive fami-
lies and a non-recycling community that consumers live in.

Reference [9] found that Turkish consumers also encoun-
ter similar barriers to recycling house waste. Those barri-
ers are likely to directly hinder the behavior or indirectly 
impair recycling by triggering one other barrier or dilut-
ing essential determinants of the recycling behavior (such 
as personal norms or attitude). For this reason, barriers, 
especially prominent ones, should be removed or at least 
alleviated. In this context, mobile applications appear as 
digital solutions for overcoming some of those barriers 
and improving recycling behavior.

Mobile applications are software products developed spe-
cifically for mobile operating systems installed on handheld 
devices such as smartphones or tablet computers. Mobile 
apps are pre-installed on mobile devices or downloaded 
from various mobile app stores such as Google Play, Ap-
ple Store, and iTunes [10]. These applications are free and 
paid applications in many segments, such as finance, mu-
sic, education, health, games, entertainment, sports, travel, 
shopping, books, magazines, and navigation [11]. As in the 
world, the number of mobile application downloads in Tür-
kiye has gained increasing momentum from year to year. 
The number of mobile application downloads in Türkiye 
increased by 8.6 percent from 2021 to 2022, and Turkish 
users installed mobile applications approximately 5.6 bil-
lion times in 2022 [11].

There are some green applications designed to support en-
vironmental behaviors such as energy and water saving, 
eco-friendly mobility, waste reduction, and recycling (See 
[12] for a review). Recycling applications, among those, are 
designed to facilitate recycling with functions such as pro-
viding content about proper waste classification, reminders 

about recycling, analyzing both the waste impact and the 
environmental impact of users, conveying current environ-
mental news, and showing the nearest recycling facilities 
[13]. These functions are provided to encourage recycling 
by providing convenience, increasing knowledge, and pro-
moting positive attitudes toward recycling.

The recycling literature provides empirical evidence re-
garding mobile applications’ effect on recycling behavior, 
recycling knowledge, and perceptions. For instance, [14] 
showed that using a green app increases recycling and indi-
cated that promoting the use of green apps is one remarkable 
way to increase recycling behavior and enhance recycling 
knowledge. Besides, [13] emphasized that the intention to 
use mobile applications has a positive and significant effect 
on recycling intention, and mobile applications should be 
used as a tool to get in the habit of recycling. Reference [15] 
proposed a new recycling mobile application using the RA-
NAS (risks, attitudes, norms, abilities, and self-regulation) 
approach. In this application, each user tracks their recy-

Table 1. Most frequently reported barriers to individual 
recycling

Cost of recycling 

	 Recycling is effortful

	 Recycling takes time

	 Recycling programs are expensive

Structural barriers

	 Insufficient recycling collection facilities

	 Unsatisfactory collection services

	 Mixed collection and disposal issues

	 Recycle bins are far away

	 Lack of incentives

	 State municipalities do not support recycling.

	 Inadequate legal regulations

Personal barriers

	 Lack of knowledge about how to recycle 

	 Lack of awareness

	 Lack of trust in actors in the recycling process

	 Do not believe in the necessity of individual recycling

	 The belief is that separated wastes will somehow be mixed again

	 Denial of resposibility

	 Concerns about storing waste at home

	 No place at home for the storage of waste

	 Lack of recycling habit/routine 

	 Laziness

	 The insignificant amount of recyclable waste

Social barriers

	 Lack of family support

	 Others do not recycle

Source: Adopted from [8].
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clable contribution by issuing personal QR code tags. The 
study results displayed that mobile applications encourage 
recycling rates to 40% and reduce contamination rates be-
low 2%. Also, [16] revealed that the intention to use mobile 
apps positively affects recycling intention.

Although empirical evidence is still limited, it is safe to state 
that recycling applications are promising tools for fostering 
recycling behavior. But how? Understanding the dynamics 
of recycling applications' role is critical for designing and 
managing effective applications. For this reason, app func-
tions and their possible outputs need to be investigated. In 
this context, this research aims to provide an overview of 
existing recycling applications (hereafter called recycling 
apps) used in Türkiye that are designed to promote indi-
vidual recycling. We specifically focus on uncovering these 
apps' functions and potential roles in removing well-de-
fined barriers to recycling. The research provides a new per-
spective on the app-behavior relationship since it is the first 
study in the literature that examines the effects of apps on 
barriers to recycling. In addition, the study provides useful 
insights into the effectiveness and limitations of recycling 
apps in Türkiye and suggestions on how to improve the 
apps’ promoting impact on recycling behavior.

MATERIALS AND METHODS

For research purposes, a content analysis was conducted 
on recycling apps. PRISMA protocol (Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses) was 

employed to review the apps. In the identification stage of 
the protocol, apps were searched in the largest platform for 
apps, “Google Play Store,” in June 2023 using keywords in-
cluding “waste,” “recycle,” “recycling,” and “environment." 
In the screening stage, apps that are not directly related to 
recycling were eliminated. In the eligibility stage, apps were 
evaluated considering the inclusion and exclusion criteria 
specified. Accordingly, apps that are (1) developed for facili-
tating or promoting individual recycling in Türkiye (2) cur-
rently available for free download were included, while (3) 
recycling games and (4) apps for the recycling industry were 
excluded. Following the criteria, 25 applications were down-
loaded, but 6 were excluded from the study because the con-
tent and information about the applications could not be ac-
cessed. So, 19 apps were included in the scope of the study. 
All applications were downloaded by the researchers and 
analyzed in detail to answer the following questions;

•	 Which functions do apps provide to facilitate or pro-
mote individual recycling?

•	 Which barriers can be removed through the apps?

•	 What are the prominent problems or limitations of the 
apps?

FINDINGS

Table 2 provides descriptive information for the 19 apps, 
user ratings and download statistics. Accordingly, applica-
tions are mostly local and designed for citizens living in a 
specific district of seven cities in Türkiye. Nine recycling 

Table 2. Descriptive information for the apps

App name	 Owner type	 Geographical scope	 Downloads	 User reviews	 Review score

Waste Log Atık Bildir	 Private	 No information	 500+	 –	 –

KONYA Sıfır Atık	 Local government	 Konya	 10+	 –	 –

Bucak Sıfır Atık Projesi	 Local government	 Burdur-Bucak	 100+	 –	 –

Biriktir-Çevreye Hareket Kat!”	 Academia	 Türkiye	 5.000+	 106	 3.8

Çevreci Komşu Kart	 Local government	 Antalya	 1.000+	 31	 4.0

GOP Sıfır Atık	 Local government	 İstanbul-Gaziosmanpaşa	 10.000+	 111	 4.0

Geri Dönüşüm Noktaları	 Local government	 İstanbul-Büyükçekmece	 500+	 12	 4.3

AtıkNakit	 Local government	 İstanbul-Başakşehir	 1.000+	 39	 4.2

Dönüştür Kazan	 Local government	 İstanbul-Beşiktaş	 1.000+	 21	 4.3

Sultangazi Atıkla Katıl	 Local government	 İstanbul-Sultangazi	 1.000+	 8	 4.9

Ayrıştır Dönüştür Kazandır	 Local government	 Adana-Seyhan	 100+	 –	 –

Atık Kazanç	 Local government	 İstanbul-Zeytinburnu	 500+	 6	 2.8

Şehitkamil Sıfır Atık	 Local government	 Gaziantep-Şehitkamil	 10+	 –	 –

Bahçelievler Sıfır Atık	 Local government	 İstanbul-Bahçelievler	 100+	 –	 –

Eyüpsultan Atık Nakit	 Private	 İstanbul-Eyüpsultan	 100+	 –	 –

Çorlu Sıfır Atık	 Private	 Tekirdağ-Çorlu	 100+	 6	 3.2

Atık Topla	 Local government	 İstanbul-Beylikdüzü	 100+	 –	 –

myBiyom-Geri Dönüştür, Kazan	 Private	 No information	 100+	 15	 3.9

Depozito Bilgi Sistemi	 Government	 Türkiye	 1000+	 17	 3.4
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apps are available for different municipalities of Istanbul, 
which is the most crowded city in the country, with 18,49% 
of the population [17]. According to the download statis-
tics, we can generally conclude that applications, except for 
two, are not yet popular in Türkiye. The "GOP Sıfır Atık" 
application is the most downloaded, with over 10.000 
downloads and 111 reviews. Although GOP is a local appli-
cation developed for a district of Istanbul, it is remarkable 
that it has the highest number of downloads. With 5,000+ 
downloads and 106 reviews, the second most downloaded 
recycling app is “Biriktir-Çevreye Hareket Kat!” a nation-
wide app. General low download rates can be attributed to 
the citizens' low intention to recycle or unawareness of the 
applications and their functions. Indeed, these applications 
cover many valuable functions for individual recycling.

The functions offered by the applications to support in-
dividual recycling have been examined. It was found that 
there are ten different functions, and recycling apps cover a 
combination of those functions. Figure 1 shows how many 
of the apps offer each function.

Table 3 shows which functions are included in the 19 recy-
cling apps examined. It was observed that 16 apps cover the 
function of information giving about recycling and maps for 
the nearest facilities. Besides, 15 apps offer monetary incen-
tives for recycling. 14 of 19 apps give feedback on users’ re-
cycling performance and provide an on-demand waste col-
lection on-the-door service. Another prominent function is 
the function of feedback about the environmental benefits 
of users’ recycling behavior, provided by 14 recycling apps. 
Nonmonetary incentives, information and news about mu-
nicipalities’ actions for recycling, the opportunity to report 
a problem with the recycling facilities, and feedback about 
recycling amount in the neighborhood are rarely covered 
functions. Examination of barriers to individual recycling 

and the functions offered by recycling apps revealed that the 
functions have a great potential to contribute to the removal 
of barriers. Table 3 also shows which barriers can be entirely 
removed or alleviated by the reviewed recycling apps.

DISCUSSION

In line with sustainable development goals, it is an essential 
but very challenging aim to transform individuals’ current 
lifestyles and habits into a more environmentally friendly 
and sustainable way. Recycling behavior, which is a volun-
tary action in Türkiye, is one of the high-cost environmental 
behaviors that are difficult to develop. Many studies in the 
literature list the barriers to recycling behavior [18–26]. At 
this point, digital technologies and information systems help 
achieve challenging goals and enable behavior change [12]. 
This study provides a review and content analysis of recycling 
apps used in Türkiye to give a deeper understanding of the 
apps’ potential to remove the well-accepted barriers and en-
courage recycling. As summarized in Table 3, each recycling 
app offers a combination of various functions, and those 
functions have a significant potential for removing specific 
barriers to individual recycling. Figure 2 shows which barri-
ers are more often subject to removal by recycling apps.

The Role of Apps in Providing Information
One of the functions offered by almost all applications is 
the information function. Recycling apps provide informa-
tion about the purpose of recycling, recyclable materials, or 
deposits for recyclable materials. Indeed, knowledge and 
information are investigated as critical antecedents of the 
behavior in the literature since people can not take action if 
they do not know the problem or how to solve it. Reference 
[27], in their meta-analysis comprising 63 empirical stud-
ies, reports that it is a well-accepted fact that information 

Figure 1. Functions offered by recycling apps.



Environ Res Tec, Vol. 7, Issue. 1, pp. 97–107, March 2024 101
Ta

bl
e 3

. F
un

ct
io

ns
 p

ro
vi

de
d 

by
 ea

ch
 m

ob
ile

 ap
p 

an
d 

ba
rr

ie
rs

 re
m

ov
ed

				





Re
cy

cl
in

g 
ap

p 
fu

nc
tio

ns
 to

 su
pp

or
t i

nd
iv

id
ua

l r
ec

yc
lin

g

Ap
p 

na
m

e	
Fe

ed
ba

ck
	

Fe
ed

ba
ck

	
Fe

ed
ba

ck
	

W
as

te
	

M
on

et
ar

y	
N

on
m

on
et

ar
y	

O
pp

or
tu

ni
ty

	
D

ire
ct

io
ns

	
In

fo
rm

at
io

n	
In

fo
rm

at
io

n	
W

hi
ch

 b
ar

ri
er

s c
an

 b
e 

	
ab

ou
t	

ab
ou

t	
ab

ou
t	

co
lle

ct
io

n	
in

ce
nt

iv
e	

in
ce

nt
iv

e	
to

 re
po

rt
	

fr
om

 th
e	

ab
ou

t t
he

	
an

d 
ne

ws
	

re
m

ov
ed

 th
ro

ug
h 

	
in

di
vi

du
al

	
re

cy
cl

in
g	

en
vi

ro
nm

en
ta

l	
on

 th
e			




a p
ro

bl
em

	
m

ap
 fo

r	
pu

rp
os

e	
ab

ou
t	

th
e a

pp
s?

 
	

re
cy

cl
in

g	
am

ou
nt

	
be

ne
fit

s	
do

or
 if

			



w

ith
 th

e	
th

e n
ea

re
st

	
of

 re
cy

cl
in

g	
m

un
ic

ip
al

iti
es

’ 
	

am
ou

nt
	

in
 th

e		


de
m

an
de

d			



re

cy
cl

in
g	

re
cy

cl
in

g	
re

cy
cl

ab
le

	
ac

tio
ns

 fo
r 

		


ne
ig

hb
or

ho
od

					






fa

ci
lit

ie
s	

fa
ci

lit
ie

s	
m

at
er

ia
ls	

re
cy

cl
in

g

W
as

te
 L

og
 A

tık
 B

ild
ir	

✓		


✓	
✓	

✓			



✓	

✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

KO
N

YA
 S

ıfı
r A

tık
		


✓		


✓				





✓	

✓	
✓	

1,
2,

3,
4,

5,
6,

8,
9,

10
,1

4

Bu
ca

k 
Sı

fır
 A

tık
 P

ro
jes

i							









✓	

✓	
✓		


1,

2,
3,

9,
10

Bi
rik

tir
- Ç

ev
re

ye
 H

ar
ek

et
 K

at
!”	

✓		


✓		


✓	
✓		


✓	

✓		


1,
2,

3,
7,

9,
11

,1
2,

13

Çe
vr

ec
i K

om
şu

 K
ar

t				





✓	
✓					







✓	
1,

2,
3,

4,
5,

6,
7,

8,
10

G
O

P 
Sı

fır
 A

tık
	

✓		


✓	
✓	

✓			



✓	

✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

G
er

i D
ön

üş
üm

 N
ok

ta
lar

ı								











✓	
✓	

✓	
1,

2,
3,

9,
10

At
ık

N
ak

it	
✓		


✓	

✓	
✓			




✓	
✓		


1,

2,
3,

4,
5,

6,
7,

8,
9,

11
,1

2,
13

D
ön

üş
tü

r K
az

an
	

✓		


✓	
✓	

✓			



✓	

✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

Su
lta

ng
az

i A
tık

la
 K

at
ıl	

✓		


✓	
✓	

✓			



✓	

✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

Ay
rış

tır
 D

ön
üş

tü
r K

az
an

dı
r	

✓		


✓	
✓	

✓			



✓	

✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

At
ık

 K
az

an
ç	

✓		


✓		


✓			



✓			




1,
2,

3,
7,

11
,1

2,
13

Şe
hi

tk
am

il 
Sı

fır
 A

tık
	

✓		


✓	
✓	

✓			



✓	

✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

Ba
hç

eli
ev

ler
 S

ıfı
r A

tık
	

✓		


✓	
✓	

✓			



✓	

✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

Ey
üp

su
lta

n 
At

ık
 N

ak
it	

✓		


✓	
✓	

✓			



✓	

✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

Ço
rlu

 S
ıfı

r A
tık

	
✓		


✓	

✓	
✓			




✓	
✓		


1,

2,
3,

4,
5,

6,
7,

8,
9,

11
,1

2,
13

At
ık

 T
op

la
				





✓					







✓		


1,
2,

3,
4,

5,
6,

8,
9

m
yB

iy
om

G
er

i D
ön

üş
tü

r, 
Ka

za
n	

✓		


✓	
✓	

✓	
✓			




✓		


1,
2,

3,
4,

5,
6,

7,
8,

9,
11

,1
2,

13

D
ep

oz
ito

 B
ilg

i S
ist

em
i	

✓				





✓	
✓	

✓	
✓	

✓		


1,
2,

3,
7,

9,
10

,1
3

1.
	

Re
cy

cli
ng

 is
 eff

or
tfu

l 
2.

	
Re

cy
cli

ng
 ta

ke
s t

im
e

3.
	

In
su

ffi
cie

nt
 re

cy
cli

ng
 co

lle
ct

io
n 

fa
ci

lit
ie

s
4.

	
U

ns
at

isf
ac

to
ry

 co
lle

ct
io

n 
se

rv
ice

s
5.

	
M

ix
ed

 co
lle

ct
io

n 
an

d 
di

sp
os

al
 is

su
es

6.
	

Re
cy

cle
 b

in
s a

re
 fa

r a
w

ay
.

7.
	

La
ck

 o
f i

nc
en

tiv
es

8.
	

St
at

e m
un

ici
pa

lit
ie

s d
o 

no
t s

up
po

rt 
re

cy
cli

ng
.

9.
	

La
ck

 o
f k

no
w

led
ge

10
.	

La
ck

 o
f t

ru
st 

in
 ac

to
rs

 in
 th

e r
ec

yc
lin

g 
pr

oc
es

s
11

.	
D

o 
no

t b
eli

ev
e i

n 
th

e n
ec

es
sit

y o
f i

nd
iv

id
ua

l r
ec

yc
lin

g.
 

12
.	

La
zin

es
s

13
.   

Th
e i

ns
ig

ni
fic

an
t a

m
ou

nt
 o

f r
ec

yc
lab

le 
w

as
te

14
.	

O
th

er
s d

o 
no

t r
ec

yc
le



Environ Res Tec, Vol. 7, Issue. 1, pp. 97–107, March 2024102

has a positive and significant correlation with recycling be-
havior. From the opposite perspective, “lack of knowledge” 
on what, why, and how to recycle is among the most com-
mon barriers to individual recycling in the literature [e.g., 
28–30]. Information provided by the apps helps to remove 
the “lack of knowledge” barrier since users get a deeper un-
derstanding of the purpose and positive outputs of individ-
ual recycling, identify recyclable materials clearly, and learn 
how to recycle appropriately. App-provided information is 
more likely to promote behaviors than conventional com-
munication campaigns since app users are a specific target 
group already interested in and intent on recycling. How-
ever, there is room for functional development for apps 
through tailoring the information according to the needs of 
the user. As stated by [31] information tailored according to 
the characteristics and needs of a specific target group will 
be more effective in promoting the behavior. However, apps 
provide generic information for all users. To increase the ef-
fectiveness of the recycling apps, they can customize the in-
formation provided to users after discovering their primary 
intentions, beliefs, and needs for recycling. Besides, new 
ways of information giving can be employed. For instance, 
an interactive training module customized for specific user 
segments can be more effective for recycling education. 
Short video content can also be beneficial in demonstrat-
ing visually how recyclable waste should be separated and 
stored. Furthermore, if videos feature reliable celebrities or 
opinion leaders, videos not only give information about re-
cycling but also inspiration for recycling.

Some recycling apps also regularly inform users about mu-
nicipalities' investments, activities, events, waste manage-
ment, and recycling achievements. In this way, apps may 
help overcome the barrier of distrust in the recycling actors 
about the proper collection, care of, and management of 
recyclables [24, 32]. The removal of this barrier is crucial 

since the feeling of distrust in recycling actors makes recy-
cling a meaningless action for consumers.

Finally, two applications were found to enable reverse in-
formation flow from users to app owners through the re-
porting function. The function allows users to inform the 
authorities about the problems in recycling facilities. Al-
though the reporting function is not directly related to the 
behavior, it may still provide distal support for recycling 
because contributing to the solution of the problem may in-
crease users' involvement in recycling. More importantly, a 
quick solution to the reported problem can strengthen par-
ticipants' trust in the system and alleviate the "lack of trust 
in actors in the recycling process."

The Role of Apps in Providing Feedback
Providing feedback about individual recycling performance 
is another function of recycling apps. Users are given statis-
tics about the amount of material they collect for a peri-
od. Thanks to this function, users can see that recyclable 
wastes, even low in quantity, create significant waste when 
collected after a certain period. So, the function may alle-
viate the barrier of “the insignificant amount of recyclable 
waste" [28, 33, 34]. This barrier appears when consumers 
argue that they produce a minimal amount of recyclables 
and yields to the belief that recycling is unnecessary. More 
importantly, feedback about users’ recycling performance 
may promote their perceived behavioral control, which re-
fers to the conviction that they have the ability to recycle 
their waste. The Theory of Planned Behavior [35] indicates 
that perceived behavioral control increases recycling both 
directly and incorrectly. Furthermore, by adding a new 
function to the apps, users can be given the opportunity to 
set daily, weekly, or monthly recycling goals; notifications 
can be sent to encourage users to achieve these goals and 
give feedback about their final achievement.

Figure 2. Barriers that can be removed or alleviated by recycling apps.
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Not only the amount of materials collected, but apps also 
give feedback about the environmental benefits of users’ re-
cycling efforts. Through this function, users are informed 
about how much environmental benefit their recycling ef-
forts achieve. The benefit is usually expressed in statistics 
indicating the reduction in carbon emissions or carbon 
footprint. Particular apps also provide statistics regarding 
saved trees, energy, petrol, raw material, and disposal areas 
depending on the amount of recycled material. This func-
tion will likely remove the "do not believe in the necessity 
of individual recycling” barrier by providing diagnostic in-
formation about the benefits of individual recycling efforts. 
Besides, the function helps consumers to understand their 
contribution to saving the environment through their re-
cycling efforts. This feedback may be an internal motivator 
for users with strong environmental value to sustain their 
recycling efforts. Even it can have a stronger impact than 
incentives, as [36] indicated. For this reason, feedback on 
environmental benefits may also help users overcome their 
“laziness" and take action.
Besides, a certain app gives feedback about the recycling 
performance of the neighborhood. This additional function 
helps users track recycling performance in their area (e.g., 
their street, neighborhood, and city) from the cumulative 
amount of material that was collected in the area. This func-
tion is promising for overcoming the "others do not recycle" 
barrier since the user will see how much material others re-
cycle. The belief that “others do not recycle” may hinder the 
behavior in two ways. First, consumers may worry about 
feeling shame for being one of the few people in a commu-
nity who recycle [37]. The function helps to observe others' 
recycling efforts and normalize recycling as a waste disposal 
behavior. This feedback shows that a significant number of 
people are recycling in a neighborhood. In this way, recy-
cling transforms into a mutually agreed action [37], which 
helps to create subjective norms that the Theory of Planned 
Behavior considers an essential determinant of behavior 
[35]. Second, the belief that “others do not recycle” may fuel 
helplessness, referring to the fact that consumers can not 
solve a problem alone with individual effort. So, realizing 
the collaborative effort for recycling through feedback from 
the app is likely to motivate the users to take future actions. 
Unfortunately, this function is provided by only one of 19 
recycling apps. To overcome the feeling of helplessness and 
build a social norm, consumers should see how much “oth-
ers” recycle. So, this function is a must for all applications, 
especially in Türkiye, where recycling is a behavior that has 
not yet become widespread.

The Role of Apps in Reducing the Cost of Recycling 
Long distance to the recycling bins is a prominent struc-
tural barrier often listed in individual recycling research 
[18, 32, 34, 38–42]. The distance increases the cost of recy-
cling since it will increase the effort, time, and sometimes 
money that recycling requires. One of the most prominent 
functions of recycling apps is maps for the nearest recy-
cling facilities. Users can see the location of recycling bins 
for different materials on these maps. Although app-pro-

vided maps can not reduce the distance to the bins, they 
help users find the nearest facility more easily and minimize 
search efforts. In this way, apps will at least help reduce the 
negative impact of the "recycling is effortful” and “recycling 
takes time” barriers, if not eliminate them entirely. Besides, 
these maps will help users recognize the number of bins lo-
cated for recycling and alleviate the perception of "insuffi-
cient recycling collection facilities."

To increase the effectiveness of the apps, the map function 
can be upgraded by expanding the coverage with markets, 
stores, schools, or other public buildings that provide re-
cycling bins. In this way, the perception of accessibility 
will increase substantially. Moreover, apps may inform 
users through notifications when a new recycling point 
is added to their area. This way, users can take advantage 
of the new facility and contribute to their community's 
recycling efforts.

In addition to the provided maps, apps mostly provide an 
on-door waste collection service. This function has a vast 
potential to remove critical structural barriers such as dis-
tance to recycling bins, insufficient recycling collection fa-
cilities, and unsatisfactory collection services. Besides, the 
function reduces the perception of “recycling is effortful" or 
"recycling takes time” since users do not have to take recy-
clable materials to recycle bins. If the owner of the app is the 
municipality, the function may also alleviate the perception 
that “municipalities do not support recycling." The function 
of on-door waste collection appears to be a sure way to mo-
tivate the behavior. However, to prevent unintended eco-
logical harms, it will be helpful to remind users that when 
an on-door waste collection service is used, it increases the 
use of garbage collection vehicles, which in turn increases 
road traffic, fuel consumption, air pollution, and emissions.

In addition to the maps and online collection service, a new 
function can be suggested for recycling apps to reduce the 
cost of recycling indirectly by helping new starters to get a 
recycling routine, the lack of which is indicated as a barri-
er to behavior [34, 43, 44]. Obviously, if consumers do not 
have a recycling habit, it is not easy to remember their daily 
tasks. Recycling apps can remind users to act consistently 
by sending notifications. Moreover, apps may remind us-
ers to take recyclables out on waste collection days (if there 
are any) or deliver waste to recycling facilities. This func-
tion may help users engage recycling in their daily routines 
more quickly as a new waste disposal behavior.

The Role of Apps in Motivating Recycling
Another popular function of recycling apps is providing in-
centives for recycling. Incentives are some tangible and de-
sirable consequence (e.g., money, privilege) that individuals 
receive on emitting some observable and verifiable behavior, 
and they are used all around the world to promote desirable 
behaviors [45]. Recycling apps use monetary incentives to 
increase the benefit/cost ratio to make the behavior more 
profitable for the individual and encourage the behavior 
[46]. Apps provide monetary incentives by allowing users 
to earn money, crypto money, gifts, coupons, and discounts 
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in proportion to the recycling they make. Satisfactory mon-
etary incentives offered by the app can directly remove the 
barrier of “lack of incentives” and support behavior by de-
creasing the cost/benefit ratio of the recycling behaviors.

At this point, new kinds of incentives can be suggested to 
mitigate users’ “concerns about waste storage at home," 
which is a barrier that apps neglect. This barrier reflects 
concerns that storing recyclable materials at home may 
cause a mess, clutter, odors, or health problems [18, 28, 47, 
48]. Among the incentives provided for recycling perfor-
mances, it would be beneficial to include recycling-related 
gifts such as aesthetic recycling bins or bags, allowing eas-
ier, neater, and safer storage of recyclable wastes at home.

Apart from monetary incentives, some apps also offer non-
monetary incentives that cover the opportunities to donate 
to various charities in proportion to the amount of recycling. 
This function removes the “lack of incentives” barriers for 
the users who are not motivated through monetary incen-
tives. Apps may provide some additional social incentives, 
such as scoring and reward systems that encourage users to 
recycle more. Besides, apps may offer social share buttons 
to allow users to share their recycling and environmental 
achievements with their friends and followers, which can 
significantly motivate the users and their social media com-
munity. Additionally, app-social media integration enables 
the organization of recycling-related challenges and events 
through which users can be encouraged to participate and 
make a difference in the environment and society.

Problems with Recycling Apps
In general, this research revealed that existing recycling ap-
plications provide solutions to the most reported barriers 
stemming from the effortful and time-consuming nature of 
recycling, lack of knowledge, dissatisfaction with waste col-
lection services, and lack of incentives, to some extent. How-
ever, we must note that these optimistic inferences about the 
functions’ potential are based on the assumption that func-
tions operate effectively and apps are used widely. Functions 
that cannot steadily meet the users' expectations are likely to 
hinder the users’ trust in the application, the owner of the 
application, and the recycling systems, which will, in turn, 
reduce motivation for the behavior. In other words, apps 
created for barrier removal are likely to be a barrier to the 
behavior if their functions fail to operate consistently.

Another condition for removing the barriers through 
apps is that the apps should be accessed and used by a 
wide range of users. However, recycling apps, which are 
reasonably local, are limited in number. This finding in-
dicates that millions of potential users living in many 
regions, cities, or districts in Türkiye have no access to a 
recycling app. Considering the possible contributions of 
applications, developing new local applications for indi-
viduals living in different regions of the country is critical. 
Although it is more difficult to process, the widespread 
use of nationwide applications will provide a similar 
benefit. At this point, another problem draws attention, 
which is that the existing apps are not widely used. The 

most frequently downloaded app has slightly more than 
ten thousand users. This finding shows that many people, 
even those interested in recycling, need to be made aware 
of the apps active in their region. It is critical to inform 
potential users about applications with communication 
and promotional campaigns since recycling apps will only 
be effective if people widely use them.

Moreover, it is critical that an application is easy to use, that 
individuals perceive it as useful, and that they have a gen-
erally positive attitude toward it [14]. However, when the 
apps’ ease of use is examined within the study, it was ob-
served that some applications require lots of very detailed 
personal information when logging in. This feature of ap-
plications is likely to discourage users who are interested in 
recycling but still need to have a strong motivation to start 
using the application. For this reason, it will be beneficial 
to make certain functions available without giving detailed 
address information in all applications. In this way, users 
may learn about the benefits of recycling, recyclable mate-
rials, the incentive system provided by the application, re-
cycling bins in a certain region, and available door-to-door 
collection services. In this way, apps can motivate users to 
start recycling efforts. Finally, the interfaces of some recy-
cling apps are not easily understood, and designs could be 
more creative and remarkable.

CONCLUSION

This research examines 19 mobile applications (local or 
nationwide) developed to support recycling behavior in 
Türkiye. The findings showed that there are ten different 
functions available in these applications. Although some 
of them cover different ranges of functions, recycling ap-
plications are mainly similar. These applications have great 
potential to remove the main barriers and increase individ-
ual recycling rates. Particularly, apps remove a well-accept-
ed barrier called "lack of knowledge" through the function 
of providing information about recycling and alleviate the 
barrier of "lack of trust in actors in the recycling process" 
by informing users about municipalities' recycling actions. 
Another popular app function is providing feedback about 
users' recycling performance that hinders the obstructive 
belief of "producing an insignificant amount of recyclable 
waste." Through the function of giving feedback about 
the environmental benefits of users' recycling efforts, the 
barriers of "denying the necessity of individual recycling" 
and “laziness” may be overcome. More importantly, the 
function of providing feedback about the recycling per-
formance of the neighborhood has enormous potential to 
dilute the "others do not recycle" barrier, which is found 
to be demotivating. Furthermore, apps help decrease 
“recycling costs” by providing maps showing the nearest 
recycling facilities and enabling collection on the door if 
demanded. Through these functions, the behavior-imped-
ing beliefs of "recycling is effortful," "recycling takes time," 
and “recycling collection facilities are insufficient" can be 
diminished. Finally, apps also have a significant potential 
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to promote recycling behavior by providing monetary 
and nonmonetary incentives for emitting recycling. The 
findings also showed that recycling apps can be improved 
by adding the aforementioned new functions that will in-
crease the behavioral impact of the apps.

However, recycling apps have a critical problem: Local 
applications are available in a very limited number of re-
gions in Türkiye. On the other hand, the number of users 
in the regions where the recycling app is available is very 
low. To unlock the barrier removal potential of the apps, 
it is necessary to increase the number of local applications 
with an easy-to-use design and promote the apps to at-
tract potential users.

The essential prerequisite for the success of these applica-
tions, even those that are well-designed and widely used, is 
that the functions consistently meet the users’ expectations. 
On the contrary, applications will be a new barrier instead 
of facilitating the behaviors. Future studies are needed that 
will be conducted in regions where recycling apps are avail-
able and will examine the main motivations and challenges 
in using these apps, users' satisfaction with the functions 
offered, and the effects of the functions on behavior.

When evaluating research findings and implications, some 
limitations should be considered. First, this research only 
focuses on apps available in "The Google Play Store." So, the 
study did not consider recycling apps that the store does 
not cover. For this reason, distinct recycling apps that pro-
vide different functions may have been overlooked. Besides, 
the download statistics of the reviewed recycling apps only 
show the number of downloads in the specified store and 
may actually be higher. Another limitation is that apps were 
evaluated based on researchers' short-term experience with 
applications. For this reason, some specific strengths and/or 
weaknesses of the apps that appear in the long run may be 
missed. Studies based on more extended application usage 
may make more robust conclusions about the advantages 
and limitations of the applications.
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ABSTRACT

Recent innovative research efforts on the usage of plastic wastes as a cheap carbon source for 
carbon nanotubes (CNTs) production have emerged as a low-cost and sustainable means of 
producing CNTs. However, plastic waste-derived CNTs are rarely used in some purity-sensitive 
and high-alignment needed applications due to the poor quality of CNTs resulting from the 
abundance of impurities such as non-crystalline amorphous carbon, metallic nanoparticles, 
and other impurities. Therefore, purification is a crucial issue to be addressed to fully harness all 
potential applications of CNTs derived from waste plastic materials. Here, the effect of employ-
ing different purification methods on the morphology and purity of waste plastic-derived CNTs 
was investigated. CNTs were synthesized using waste polypropylene plastic as carbon feedstock 
via a single-stage catalytic chemical vapour deposition (CVD) technique. As-produced CNTs 
were purified using liquid-phase oxidation (chemical oxidation in nitric acid), gas-phase oxi-
dation in air, and a combination of both liquid- and gas-phase oxidation methods. The synthe-
sized and purified CNTs were characterized for morphology, purity, surface functional groups, 
thermal stability, and crystallinity using Transmission electron microscopy (TEM), Raman 
spectroscopy, Fourier Transform Infrared spectroscopy (FTIR), Thermogravimetric analysis 
(TGA), and X-ray diffraction (XRD), respectively. Results obtained showed that a combination 
of both liquid and gas phase oxidation purification techniques resulted in purer, better quality, 
and less defective CNTs with an IG’/IG value of 0.89 and ID/IG value of 0.86, while chemically 
treated CNTs (CNT-PC) presented more structurally defective CNTs and shortened nanotubes 
compared to other investigated treatment methods with an ID/IG value of 0.96. CNTs purified 
by a multi-step protocol (CNT-PAC) showed the highest weight loss of 72.3% indicating the 
highest quality and the presence of filamentous carbon. This study confirms that the choice of 
purification techniques influences the morphology and quality of plastic-derived CNTs.

Cite this article as: Modekwe H, Ramatsa I. Effect of purification methods on the quality and 
morphology of plastic waste-derived carbon nanotubes. Environ Res Tec 2024;7(1)108–117.

INTRODUCTION

Carbon nanotubes (CNTs) are a one-dimensional (1D) al-
lotropic form of carbon whose diameter exists in the nano-
meter and its length in micrometer scale [1, 2]. CNTs con-
sist of mainly three types namely: single-walled (SWCNTs), 

double-walled (DWCNTs), and multi-walled (MWCNTs). 
These materials possess extraordinary physicochemical 
properties, including high mechanical strength, excellent 
optical, thermal stability, and electrical conductivity prop-
erties, as well as large surface area, high aspect ratio, etc. 
The versatile potential applications of CNTs as functional 
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materials in various fields of science, engineering, med-
icine, manufacturing, electronics, construction, etc. [3] 
have accelerated the global CNTs production capacity from 
400–460 tons in 2013 [4] and are forecasted to reach 7000 
tons by 2025 [5]. In 2019, the global CNTs market value was 
about $670.5 million, with a compound annual growth rate 
(CAGR) of about 34% [6, 7]. Some of the existing applica-
tions of CNTs are in hydrogen storage, reinforcement mate-
rials in high-strength composites and polymers, drug deliv-
ery and tissue engineering, water purification, CO2 capture 
and storage, energy storage and conversion, catalysis, sen-
sors, etc. [1, 2]. In 2019, CNTs accounted for the highest 
market share of 26.9% in energy-related nanomaterials [8]. 
The different methods used in the synthesis of CNTs are 
laser ablation, chemical vapour deposition, and electric-arc 
discharge [1]. Depending on the method of CNTs’ produc-
tion, CNTs are usually prepared using carbonaceous mate-
rials as the sources of carbon and in the presence of heat. In 
addition, metallic catalysts are usually incorporated during 
the synthesis process to improve the product yield and also 
catalyze the breakdown of hydrocarbon molecules, thereby 
reducing the temperature gradient and the reaction rate, 
which impact the energy requirement and cost (by indi-
rectly reducing the cost of production) [9]. Depending on 
the synthesis technique employed, the nanotube powder 
produced contains a considerable number of other impuri-
ties, ranging from residual unreacted metal catalysts, amor-
phous carbon, nanocrystalline graphite, fullerenes, and 
other unwanted materials. The presence of these impurities 
reduces CNTs’ performance and potential applications in 
various fields [10, 11].
Also, heterogenous catalysts used in CNTs growth are 
embedded in various metal oxides as catalyst supports to 
achieve desired active metal stability, improve active metal 
dispersion, minimize agglomeration, and assist in obtain-
ing good and small active metal particle sizes [12]. These 
supports are very hard to remove, and using certain harsh 
purification treatment methods destroys the structural in-
tegrity of the nanotubes and restricts their performance in 
certain real-life applications [13].
The production and consumption of plastic materials have 
continued to increase over the years due to the increasing 
population as well as high demand from household and in-
dustrial applications [14]. In 2018, global plastic production 
reached 360 million tonnes [15]. According to the report by 
Geyer et al. [16], as little as 9% of the global plastic waste 
is recycled, 19% is incinerated, and 22% of this generated 
waste is mismanaged and unaccounted for, while a larger 
percentage (50%) of generated plastic wastes is discarded 
in landfills [16]. Plastics account for over 75% of the total 
marine litter [17], and it was estimated in 2010 that about 
4.8–12.7 million metric tonnes of plastic entering the ocean 
each year are mostly from land-based sources [17].
Waste plastics are composed of very high carbon content; 
the use of plastic wastes as cheap feedstock in the synthesis 
of CNTs has the potential to replace the commonly used 
high-purity light-weight hydrocarbon materials such as 

methane, acetylene, benzene, etc., which have other im-
portant industrial uses. However, due to the complex na-
ture of plastics, utilizing them as feedstock in CNTs pro-
duction results in the formation of more complicated and 
complex structures and unreacted carbon together with 
other nanomaterials (such as fullerenes, nanofibers, na-
no-onions, graphite, nanosheets, and so on). Therefore, 
apart from the usual unreacted metal catalysts, enormous 
quantities of amorphous carbons are expected as impurities 
and need to be removed from plastic waste-derived CNTs. 
Hence, choosing a particular treatment method that will re-
move all or considerable quantities of impurities present in 
plastic-derived CNTs without damaging the original length 
and structural integrity of CNTs is more of a difficult task.

The major purification methods are grouped into chemical 
and physical methods [18]. In using the chemical oxidation 
purification techniques, CNTs purification is based on the 
principle that metallic nanoparticles dissolve easily in acids 
or bases, while gas-phase oxidation treatment is also based 
on the fact that carbonaceous impurities oxidize at a fast-
er rate than CNTs [19]. Purification by chemical treatment 
presents defects on the nanotubes’ wall surface and results 
in a pentagonal structure on the nanotubes' ends, resulting 
in the loss of a considerable amount of CNTs with a de-
formed structure and morphology of the nanotubes [19].

Common oxidative treatment methods are gas-phase ox-
idation (using oxidants such as air, steam, etc. at an oxi-
dation temperature range of 225 to 760 ℃; this method is 
usually employed to remove molecules adsorbed inside the 
matrices of CNTs and oxidize thermally unstable non-crys-
talline carbon). A study by Boncel and Kozoil [20] utilized 
thermal treatment in argon for the removal of encapsulat-
ed iron metal in MWCNTs. Clancy et al. [21] conducted a 
comparison study on several purification routes (acid treat-
ment (HNO3, HCl, H2O2/HCl), gas-phase (air oxidation, 
water vapour), electrochemical reduction and reduction 
with NaNP/DMAc (using sodium naphthalide in dimethy-
lacetamide) for purifying commercial SWCNTs type (Tub-
allTM). According to their study, SWCNTs purification by air 
oxidation does not result in functionalization of the tubes, 
and amorphous carbon was significantly reduced, However, 
the technique was not efficient in metal catalyst removal.

Other oxidative treatment methods such as liquid-phase 
oxidation (which involves treatment with oxidizing agents 
and mineral acids such as KMnO4, H2O2, HNO3, H2SO4, 
or their mixtures) and electrochemical oxidation are also 
employed in the purification of CNTs [19]. Hammadi et al. 
[22] reported the purification of CNTs synthesized from 
liquified petroleum gas by flame fragment deposition us-
ing a 2-step process that involved sonicating the produced 
sample in a hydrogen peroxide solution and then ultra-
sonicating it in an acetone bath. Their TEM result indi-
cated that some residual nanocapsules (carbon quantum 
dots) were unable to be removed using this H2O/acetone 
method. Pelech et al. [23] have used two methods in the 
removal of metals from CNTs. The first step involves the 
use of acid reflux in nitric acid, and the second method in-
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volves microwave-assisted digestion. Their result suggest-
ed that microwave heating at elevated pressure improved 
the purification efficiency, and a similar removal degree 
was obtained using both acid reflux and microwave-assist-
ed acid digestion techniques.

The physical method is usually used to remove impurities 
such as nanocapsules and amorphous carbon, or even in the 
separation of different length and diameter ratios of CNTs. 
Physical treatment based on ultrasonication, size-exclusion 
chromatography, filtration, and centrifugation involves 
the separation of unwanted materials based on variations 
in gravity, physical sizes, magnetic properties, aspect ratio, 
and so on [13, 18]. Although some of these physical treat-
ment-based techniques are invariably applied in almost all 
CNTs’ purification studies. A recent study examined the ef-
fect of purification on the electrical properties of SWCNTs 
produced by electric arc discharge using thermal air oxi-
dation and acid oxidation. The reported result showed that 
purification not only impacted the electrical properties of 
SWCNTs but also affected the conductivity of SWCNTs, 
their length, and bundle diameter. Thermal air-oxidized 
SWCNTs had lower purity but higher conductivity com-
pared to acid-treated SWCNTs [24].

Little or no study in the open literature has essentially eval-
uated the influence of the various purification protocols on 
the quality and structure of plastic waste-derived CNTs, 
despite the growing research interest in the use of plastic 
wastes as a source of carbon for CNTs synthesis. Plastic 
waste-derived CNTs have proven to be a sustainable means 
of eradicating waste and also a viable, cheap, and available 
hydrocarbon raw material for producing CNTs and other 
nanomaterials [25]. There is currently no ideal purification 
method for plastic waste-derived CNTs, as the various pu-
rification routes available in the open literature are applied 
to CNTs produced from different sources. Plastic-derived 
CNTs have a higher impurity density due to their inherent 

complex hydrocarbon nature. Therefore, this study aimed 
to investigate the effect of three different purification meth-
ods on the structural morphology and purity of polypropyl-
ene (PP) waste-derived CNTs. This approach is necessary to 
open up more research efforts towards expanding the pos-
sible applications of plastic (wastes)-derived CNTs in other 
fields of science.

MATERIALS AND METHODS

Materials
Already prepared catalyst: Ni-Mo/CaO-TiO2 catalyst used 
in this work was obtained from a previous study [26]. De-
ionized water (DI water) and nitric acid (Sigma-Aldrich, 
South Africa, AR, 65% purity) were utilized in the purifi-
cation process.

Synthesis of CNTs from PP Waste
The University of Johannesburg, Doornfontein campus's 
garbage deposit/pick-up point provided the waste PP ma-
terial used (waste PP consisting of household food pack-
aging was collected at the mentioned garbage point above). 
The obtained waste materials were then washed, dried, 
and broken into small bits using a jaw crusher (Retsch SM 
200). The experiment's setup is comparable to that which 
has been previously described elsewhere [27], as shown in 
Figure 1. The system consists of a quartz tube reactor fitted 
into a tubular furnace, a gas supply system coupled to a gas 
flow control meter, and a discharge gas bubbler connected 
at the reactor end. A boat (quartz) containing 1 g of the 
already-calcined catalyst sample was placed at the center of 
the reactor. The catalyst was reduced in situ under a 120 
mL/min H2/Ar gas atmosphere at 700 °C ramped at 20 °C/
min for 30 minutes. Once the in-situ reduction was com-
pleted, the H2/Ar gas mixture was disconnected, the gas 
flow was switched to Ar, and the flow rate was decreased 

Figure 1. The schematic diagram for the production of CNTs from waste PP using the single-stage CVD technique.
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to 100 mL/min. Then, 2 g of PP waste in a quartz boat was 
gently introduced into the reactor for deposition and sub-
sequent nanomaterial formation for 30 minutes. The reac-
tor and its components were then left to cool overnight in 
an environment of Ar. To guarantee that the experiment 
could be replicated and that the findings were reliable, the 
experiment was repeated three times, and the average val-
ue of the yield was noted. The yield of carbon deposition 
was calculated based on the mass difference between the 
fresh and spent catalysts with respect to the mass of waste 
PP feedstock used, as described by [28]. The experimental 
setup for the synthesis of CNTs from waste PP feedstock is 
shown in Figure 1.

The obtained black product was utilized of as-synthesised 
(pristine) nanomaterial which were individually purified 
using (1) air oxidation (2) chemical (acid treatment) oxida-
tion, and (3) both chemical & air oxidation techniques, as 
outlined in the next section.

Purification of CNTs
Synthesized pristine CNTs were firstly pulverized using ag-
ate mortar and pestle into powder and were purified using 
three different purification protocols:

Air oxidation: In this method, 20 mg of the powdery pris-
tine CNTs sample was subjected to thermal oxidation in air 
from room temperature to 450 ℃ at a ramp rate of 10 ℃ /
min. and held for 4 hours using a tube furnace. The purified 
sample is labelled CNT-PA.

Acid oxidation treatment: 20 mg of pristine sample were 
refluxed in nitric acid for 24 hours at 80 ℃ and then filtered 
(over a 0.45 μm membrane). The filtered sample was hydro-
lyzed by ultrasonicating in DI water for 6 hours. Afterward, 
it was washed several times with DI water until the pH = 7. 
The sample was then dried at 80 ℃ in a vacuum oven for 24 
hours. The purified sample was labelled CNT-PC.

Multi-step treatment (involving both acid oxidation and air 
(gas) oxidation: The pristine material was firstly oxidized in 
air and further treated in acid. About 20 mg of pristine sam-
ple was heated in air from room temperature to 450 ℃ and 
held for 4 hours. Thereafter, the air-oxidized sample was 
further refluxed in nitric acid for 24 hours at 80 ℃, filtered, 
hydrolyzed, and ultrasonicated in DI water for 6 hours. The 
sample was further centrifuged and washed with DI water 
until the pH was neutral (pH= 7). The purified sample was 
dried at 80 ℃ in a vacuum oven for 24 hours and the sam-
ple was labelled as CNT-PAC.

The pristine CNTs, that is, the unpurified CNTs sample was 
labelled as CNT-P0. The pristine sample was hydrolyzed 
and sonicated in DI water for 6 hours and subsequently 
dried in a vacuum oven for 24 hours at 80 ℃.

Characterization of Purified Nanostructure
The microstructure of purified nanomaterials was deter-
mined using a JEM-2100 transmission electron microscope 
(TEM) instrument (operated at an accelerated voltage of 
200 k, with maximum resolution and magnification of 0.23 

nm and 1500000x, respectively). A minute amount of the 
sample was sprinkled in ethanol and sonicated for 7 min; 
then few droplets of the mixture were carefully distributed 
onto a copper grid (carbon-coated), dried, and ready for 
image capture.

The degree of purity and defectiveness of purified and pris-
tine nanomaterials were established using Raman Spectros-
copy analysis using WITec focus innovations Raman spec-
trometer which was excited with the 632 nm laser line in 
the range of 500 to 3000 cm-1.

The Thermogravimetric analysis (TGA) was conducted to 
evaluate the purity and the thermal stability of all purified 
and as-synthesized carbon products using the STA-7200RV 
HITACHI (Tokyo, Japan) thermal analyzer system from 
100 to 900 ℃ in air.

The functional groups on the side walls and surfaces of pu-
rified and pristine nanomaterials were identified by Fourier 
Transform Infrared (FTIR) analysis using the KBr pellet 
technique on spectrum 100 FTIR spectrometer (Perkin-
Elmer, Waltham, USA) scanned from 1000 to 4000 cm-1.

X-ray diffraction patterns of all purified and as-prepared 
CNTs were obtained using a Rigaku Ultima 1V X-ray dif-
fractometer (Czech Republic). Samples were X-rayed and 
recorded in the 2-theta range of 20–80 degrees with Cu Kα 
radiation, operating at 30 mA and 40 kV. The analysis of the 
data was carried out using PDXL (2.7.2.0) software.

RESULTS AND DISCUSSION

Effect of Purification Techniques on the Morphology of 
Plastic-Derived CNTs
Figure 2 depicts the TEM micrographs of pristine CNTs 
and all purified CNTs using different purification tech-
niques. CNT-P0 consists of amass of amorphous carbon, 
and residual metal catalysts appearing as black particles 
inside and outside the walls and on the tips of as-pro-
duced CNTs. Also, the presence of other graphitic ma-
terials, such as nanofiber, could be observed. Chemical 
treatment with nitric acid resulted in the rupturing of the 
wall structure and shortening of the tubes, as shown in 
Figure 2C, and indicated with arrows at several points in 
the micrograph. However, it was effective in removing 
most of the metal nanoparticles. The air oxidation tech-
nique was able to remove most of the amorphous carbon 
impurities and more importantly, this protocol did not 
create sidewall defects or damage the CNTs’ wall as in-
dicated in Figure 2B. However, a large portion of metal 
nanoparticles were not adequately removed using the air 
oxidation technique. A similar observation was reported 
by Clancy et al. [21] during their investigation on air pu-
rification of SWCNTs.

Multi-step treatment involving both gas phase oxidation 
and chemical oxidation treatment, as shown in Figure 2D, 
also presented some degree of defects on the CNTs wall 
structure, but a majority of both amorphous carbon and 
metal nanoparticles were significantly removed using this 
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technique. Therefore, gas phase oxidation treatment (CNT-
PA) resulted in less defective wall structure compared to the 
other two investigated techniques (both multi-step treat-
ment and chemical oxidation treatment).

Effect of the Various Purification Methods on the Quality 
of Plastic Waste-Derived CNTs
Figure 3 shows the Raman spectra of all purified and pris-
tine plastic waste-derived CNTs. A Raman spectroscopy 
study can be used to determine the crystallinity and degree 
of graphitization of CNTs [29, 30]. Therefore, the Raman 
spectra in Figure 3 depict three characteristic bands at 1345 
cm-1, 1574 cm-1, and 2677 cm-1 identified as D, G, and G' 
(or 2D) bands, respectively. The D-band defines the disor-
der and defects in CNTs. The G-band is linked to the pri-
mary in-plane vibrations of 2p2 carbon atoms in graphene 
[31], while the G' (or 2D) band is related to the inter-valley 
two-phonon second-order Raman scattering process [32].

The peak intensity ratio of D to G (ID/IG) is considered to be 
proportional to the extent of disorder (graphitization) and 
purity of CNTs [33]. Therefore, a high ID/IG ratio signifies the 
presence of defects or disorders in the carbon lattice struc-
ture which means reduced crystallinity. The peak intensity 

ratio of G' to G (IG'/IG) is also indicative of the graphene 
content (graphitization) and stacking of the graphene layer. 
Amongst the investigated purification methods, CNT-PC 
showed the highest ID/IG ratio of 0.96 followed by CNT-

Figure 2. TEM micrographs of all purified and as-synthesized plastic waste-derived CNTs: (A) CNT-P0, (B) CNT-PA, (C) CNT-
PC, and (D) CNT-PAC.

Figure 3. Raman spectra of pristine and all purified plastic 
waste-derived CNTs: (a) CNT-P0, (b) CNT-PA, (c) CNT-PC, 
and (d) CNT-PAC.
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PAC and CNT-PA at 0.86 and 0.80, respectively. As shown 
in Figure 3, CNT-PA showed the least defect on the CNTs’ 
walls compared to CNT-PC, which had the highest defect 
density. Therefore, the best quality CNTs were obtained in 
CNT-PA with the lowest ID/IG value. On the other hand, 
among the investigated purification protocols, the highest 
ID/IG value was obtained in CNT-PC indicating the lowest 
quality. The IG'/IG ratio of CNT-PAC was 0.89 indicating the 
high graphitic structure which means that air and chem-
ical oxidation were able to remove a considerable portion 
of impurities from the graphene layers. Therefore, CNT-PC 
presented the highest defective and disordered CNTs com-
pared to the other treatment approaches investigated; this 
observation is in good agreement with the result obtained 
from the TEM analysis.

For the non-purified CNTs (CNT-P0), the D- band showed 
a larger and broader peak. Also, the weak G'-band peak is 
indicative of the presence of higher irregularities (reduced 
purity and quality) in the stacking of the graphene layers 
[34] which may be due to the presence of other impurities 
such as complex graphitic structures, amorphous carbon, 
and metal nanoparticles.

Figure 4 depicts the thermogravimetric curves of weight 
and derivative weight with respect to the oxidation tem-
perature. Temperature-programmed oxidation (TPO) 
analysis provides salient information about the weight loss-
es and thermal stability of purified and unpurified CNTs. 
The oxidation of carbon products in air into carbon diox-
ide results in the weight loss and is suggestive of the type 
and amount of carbon product present [35]. The catalyst 
mass losses were 70.1, 30.8, 48.2, and 72.3% for CNT-PC, 
CNT-P0, CNT-PA and CNT-PAC, respectively. The highest 
weight loss is associated with the highest carbon deposits 
[28]. Therefore, for all the purification protocols employed, 
CNT-PAC with the highest catalyst mass loss showed that 
almost all the catalyst nanoparticles were oxidized, indicat-
ing the highest quality. This finding is consistent with the 
Raman analysis result.

A higher oxidation temperature is linked to the higher 
graphitization degree of carbon products [36]. The oxida-
tion peak of non-crystalline carbon, such as amorphous 
carbon, is reported to be at a lower temperature, usually be-
tween 350 and 400 ℃, while crystalline filamentous carbon 
materials show a high-temperature peak above 500 ℃ [37]. 
For all purified nanomaterials, the oxidation peak was at 640 
℃ compared to the as-produced nanomaterial, which had 
an oxidation peak at 622 ℃. Hence, all purified nanomateri-
als were more thermally stable than as-synthesized nanoma-
terials, suggesting a higher content of filamentous carbon.

The IR analysis is used to investigate the occurrence of 
functional groups (-OH, -C=O, -COOH, etc.) on the sur-
faces and sidewalls of the nanomaterials. The purification 
process usually results in the opening of end caps and cut-
ting of nanotubes, with the corresponding attachment of 
functional groups [38, 39].

Figure 5 depicts the FTIR spectra showing the various sur-
face functional groups present in all purified and as-synthe-
sized plastic waste-derived CNTs. The peaks at 3707, 3742, 
3779, and 3836 cm-1 are assigned to the stretching vibra-
tions of the hydroxyl (-OH) group. Similarly, the well-de-
fined peaks at 3450 cm-1 in Figure 5b and c are apportioned 
to the O-H band in C-OH [40] indicative of the stretching 
vibrations of hydroxyl (-OH) group arising from the ox-
idation on the sidewalls of CNTs. The bands at 2917 and 
2920 cm-1 in Figure 5a and d are assigned to asymmetric 
stretching of C-H and C-O stretching vibrations, respec-
tively. The peaks at 1580, 1590, 1634, and 1638 cm-1 are as-
cribed to the C=C stretching vibration which is indicative 
of the skeletal graphite structure of CNTs. Also, the peaks 
at 1383, 1387, 1389, and 1392 cm-1 are distinctive of the 
asymmetric/symmetric methyl stretching bands due to the 
deformation vibration of the C-H bond [41]. The peaks at 
1210 and 1124 cm-1 in Figure 5c and d can be attributed to 
the C-H and C-O stretching mode which is associated with 
ether and epoxy groups arising from the oxidation of the 
nanotubes, which resulted in defective sidewalls, and band 

Figure 4. (A) TGA and (B) DTG thermographs of all purified and as-synthesized plastic waste-derived CNTs.
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overlapping, showing the extent of attack on the hexago-
nal carbon or the carbon-double bond at the sidewalls [42, 
43]. This showed that hydroxyl (-OH) and carbonyl (-C=O) 
groups are introduced on the nanotube sidewall surfaces; a 
similar observation was reported by [40]. Therefore, both 
CNT-PAC and CNT-PC showed the attachment of more 
functional groups on the defective ends of the nanotubes. 
The purification protocol by acid oxidation and multi-step 
treatment resulted in nanotube functionalization.

The XRD patterns of pristine and all purified nanomaterials 
are shown in Figure 6. Diffraction peaks relating to graph-
ite and residual metal catalysts were all labeled as shown. 
Characteristic graphite (CNTs) diffraction peaks related to 
(002), (004), and (110) planes which are linked to the atom-
ic pair distribution function PDF 00-058-1638, were identi-
fied for all investigated purified and pristine nanomaterials.

The (002) diffraction plane also called Bragg peaks, is pri-
marily used to describe the degree of alignment and dis-
tance between two graphene layers in the lattice [44, 45], 
and this diffraction peak appeared at 26.2º on the two-theta 
scale. For all purified CNTs, a d-spacing of 0.342 nm was 
obtained. The d-spacing of the crystalline carbon is evalu-
ated using Bragg’s equation d = λ/2sinθ [46].

It could be observed that the (002) peak for CNT-P0 showed 
a slight broadening as compared to all purified CNTs, while 
the purification treatment under both thermal (air) and/
or chemical oxidation techniques causes a reduction in 
the (002) peak intensity and interlayer spacing between 
the graphene sheets, confirming the removal of impurities 
since a decrease in the intensity of this peak depicts higher 
nanotube alignment [10]. This observation is similar to the 
result reported by Abdulrazzak and co-workers [47], where 
the presence of amorphous form of carbon resulted in an 
increased intensity and width of the (002) peak.

(002) and (004) peaks are employed to relate the interlayer 
distance within the graphene layers in the nanotube [47]. 
Another characteristic diffraction peak related to graphite 

(CNTs), which corresponds to the (100) plane, was detect-
ed in CNT-P0 at the two-theta position of 43.7º. This plane 
(100) describes the in-plane irregularity; according to Das 
et al. [48], the intensity of the (100) peak systematically 
decreases or disappears when all planes of the graphene 
sheets in the nanotubes are parallel to the (002) diffraction 
plane. Hence, it could be observed that the intensity of the 
(100) peak disappeared in all purified samples, suggesting 
that the intensity of this peak is sensitive to all the puri-
fication treatments and that all the planes in the purified 
CNTs are parallel to the Bragg peak. This elucidates that 
the treatment procedures undertaken treatment proce-
dures impacted the nanotube’s structures and graphitiza-
tion. This observation correlates with the results obtained 
in TEM and Raman spectroscopy analyses.

The presence of other graphite (PDF 00-041-1487) and 
(PDF 00-056-0159) diffraction peaks were also detected 
in the XRD pattern of CNT-P0. The presence of arrays of 
diffraction peaks emanating chiefly from Ni metal catalyst 
impurities (PDF 00-004-0850) was identified in abundance 
in CNT-P0, followed by CNT-PA compared to other pu-
rified samples, this observation is in good agreement with 
the results obtained in the TEM, Raman, and TG analyses. 
Suggesting that acid oxidation and multi-step treatment ap-
proaches significantly removed practically all metal catalyst 
impurities from the synthesized samples.

CONCLUSION

The purification of plastic waste-derived CNTs was success-
fully carried out using three approaches: air-phase (gas) ox-
idation, liquid-phase (acid) oxidation, and multi-step oxida-
tion. High-quality and pure CNTs can be obtained using the 
multi-step treatment method while taking advantage of com-
bining the two protocols (both air and acid oxidation) which 
is also dependent on the intended application. From the re-
sults obtained from the XRD, Raman spectroscopy, and TEM 
analysis, it is shown that CNT-PC (acid/chemical treatment 

Figure 5. FTIR spectra of purified and pristine plastic 
waste-derived CNTs: (a) CNT-P0, (b) CNT-PA, (c) CNT-PC, 
and (d) CNT-PAC.

Figure 6. XRD patterns of as-synthesized and all purified plas-
tic waste-derived CNTs: (a) CNT-P0, (b) CNT-PA, (c) CNT-
PC, and (d) CNT-PAC.
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with nitric acid) presented the highest defects with significant 
structural and wall transformations, which may be due to the 
longer refluxing time. CNT-PAC presented the best graphitic 
structure and fewer defective CNTs compared to others, with 
an IG’/IG value of 0.89 and ID/IG value of 0.86, while CNT-PA 
offered better structural and morphological CNTs and result-
ed in no loss in CNTs. Again, the chemically treated CNTs 
(CNT-PC) presented more structurally defective CNTs and 
shortened nanotubes with an ID/IG value of 0.96. CNT-PAC 
showed the highest weight loss of 72.3% indicating the high-
est quality and quantity of filamentous carbon present. There-
fore, the structure and morphology of CNTs produced from 
plastic waste could be controlled by selecting suitable treat-
ment conditions. However, it is recommended that shorter 
reflux time should be undertaken to minimize and control 
the possible damage to the CNTs wall structure when using 
the liquid-phase (acid treatment) approach.
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ABSTRACT

With recent and unprecedented attention toward the implementation of Energy efficient build-
ing which aids in advocating sustainable construction, numerous attempts have made in estab-
lishing flexible approaches to which these practices will assist in savings cost of construction, 
improve the quality of indoor air as well as lowering the GHG emissions. However, the system 
is lacking proper and standardized methodology of implementations. Therefore, this, study 
dwelt in examining several factors capable of influencing the application of energy conserva-
tion practices in buildings, along with the advantages and barriers for implementation based on 
existing literatures, which focuses on raising awareness, providing information, implementing 
proper policies, and creating incentives to provide alternative solutions for building owners. 
As presented, study's outcomes offer a blueprint for comprehending the nuanced dynamics of 
building energy efficiency and lay out a clear course for further investigation. The study also, 
identifies significant factors which majorly influences building energy efficiency which include 
government supervision, design standards, construction quality, and energy-efficient materials. 
The study recommends utilizing cutting-edge innovations, building automation systems, and 
IoT devices to improve energy monitoring and conservation.

Cite this article as: Labaran YH, Mato H, Saini G, Musa AA. Towards net zero energy build-
ings: A review of barriers and facilitators to the adoption of building energy efficiency practices. 
Environ Res Tec 2024;7(1)118–130.

INTRODUCTION

As cities grow and populations rise, the need for energy 
increases at an alarming rate [1, 2]. According to studies, 
the construction and building industry alone accounts for 
over 30 percent of all primary energy consumption and 
contributes significantly to greenhouse gas emissions [3, 
4]. However, by improving energy efficiency in buildings, 
this amount of energy will be decrease and help in sav-

ing resources and lessen the impact to the environmental 
[5, 6]. Hence, it is crucial for facility managers, building 
owners, and utility companies to understand energy con-
sumption patterns and make informed judgements on 
energy-saving measures [7, 8]. Researchers have been fas-
cinated by building energy efficiency for years and have 
focused mostly on identifying factors that contributes in 
building energy consumption [9, 10]. In addition to that, 
numerous experts have related the energy efficiency of 
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various buildings to their age, which is particularly an 
interesting aspect, as older buildings may require more 
extensive renovations to improve their efficiency [11, 12]. 
However, it is pertinent to note that even older buildings 
and structures can be retrofitted to meet energy-efficient 
standards [13, 14].

Energy efficiency is a crucial aspect of achieving a sus-
tainable future [15]. It involves reducing energy use to the 
lowest possible level without compromising on living stan-
dards, production quality, or profitability [16]. That is to 
say, instead of abstaining from using energy altogether, en-
ergy efficiency focuses on using it in a manner that reduces 
the amount necessary to operate equipment and services [5, 
17]. As such, improving energy efficiency in domestic and 
industrial buildings is essential in decreasing demand on 
the main supply plants while maintaining the quality of en-
ergy services [18]. This can be accomplished by implement-
ing a well-planned strategy and involving various stake-
holders, such as the government and building owners, in 
the process [19]. In addition, energy efficiency policies are 
not only beneficial to the environment but also to the econ-
omy [2]. Those policies can help market forces and enhance 
household efficiency, the transportation system, offices, and 
factories [20]. Also, by consuming energy more efficient-
ly, more resources can be freed up on economic sector and 
more energy will be available in other sectors [21]. This can 
help in reducing the need for energy exchange and changes 
in the electricity supply [22].

The need for building energy efficiency design standards 
across different climatic zones is crucial to reducing en-
ergy consumption [23, 24]. However, achieving these 
standards can be challenging, this is because they are in-
fluenced by several factors, such as occupants’ behavior, 
government oversight, the usage of energy-saving mate-
rials, design quality, etc., [13, 23]. Hence, the adoption 
of energy efficiency practices by owners/occupants can 
greatly impact the energy demand of an area [25], lead-
ing to several benefits including job creation, cost savings, 
energy security, diverse business opportunities, improved 
health conditions etc., [5, 26]. Furthermore, energy-effi-
cient buildings do not only improve the use of energy but, 
also enhance the overall life cycle phases of the buildings 
[10]. Hence, it's vital for property owners, building occu-
pants, facility managers, and utility providers to compre-
hend how energy usage in buildings tends to behave and 
take proactive measures toward enhancing its efficiency 
[27]. Therefore, by understanding the barriers and im-
plementing effective energy management strategies at the 
public, private, and residential levels, a realistic signif-
icance can be noticed in reducing energy consumption, 
while promoting sustainability [13].

The main trends in influencing factors for energy-efficient 
buildings have drastically improved in recent times. Factors 
that were previously evaluated among those that impact 
building energy efficiency and those that affect energy ef-
ficiency investment in existing residential houses have now 
been merged with occupant behaviour in building man-

agement [6]. Hence, it is critical to investigate the factors 
influencing building energy efficiency uptake behaviour 
in order to identify the energy conservation difficulties in 
residential dwellings. This justifies the aim of this study at 
reviewing various contributions by the previous researchers 
to identify the primary impediments to implementing en-
ergy efficiency practices in our buildings.

IMPORTANT PHRASES

Energy Efficiency
As scoped to the buildings, Mitsushima et, al., [28] defined 
energy efficiency as the capability to generate a substan-
tial output with minimal energy input, usually expressed 
as a percentage [28]. According to Demirel and Ibrahim 
[29] efficiency of electric motors can be described as the 
amount of mechanical energy produced by an electric mo-
tor for a given quantity of electrical energy input [29]. The 
EU Energy Efficiency Directive defines energy efficiency 
as the ratio of output, such as goods, performance, ser-
vices, to energy input.

Building Energy Efficiency
This is described as a designing and construction of a 
buildings in such a manner that the energy required for 
conditioning, heating and lighting is considerably re-
duced, independent of the equipment utilised or the ener-
gy source used [30, 31].

Household
This refers to one or more people who live together and 
share meals. This may be a single-family home or any oth-
er group of people living together [32]. In many social, 
microeconomic, and governmental models, the home is 
regarded as the fundamental unit of study and is crucial 
to both economics and demography. If living quarters or 
meals are not shared, a house is thought to contain more 
than one household.

Net Zero Energy Building (NZEB)
These are structures that yearly produces as much energy as 
it uses [24]. This is accomplished by employing renewable 
energy sources, such as wind or solar energy, and by ap-
plying energy-efficient design and technologies to decrease 
energy usage [33]. These buildings are meant to be self-suf-
ficient and eventually consume no energy. Also, the energy 
consumption of zero energy building should be reduced 
accordingly to meet the passive house standards.

Renewable Energy
This is often known as clean energy or non-conventional 
energy, derived from renewable natural resources or pro-
duction techniques [34]. Although using the power of 
nature has long been utilised for transportation, lighting, 
heating, and other purposes, renewable energy is frequently 
thought of as a relatively recent technology [31]. Wind, sun, 
biomass, hydropower, and geothermal are all examples of 
renewable energy sources.
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Non-Renewable Energy
This is also referred to conventional energy, which usually 
generated from resources that cannot be replenished in a 
short period of time [34]. Fossil fuels including coal, oil, 
natural gas, and nuclear energy are examples of non-re-
newable forms of energy. The buried remnants of plants 
and animals that lived hundreds of millions of years ago are 
thought to have served as the source of fossil fuels [33].

ENERGY EFFICIENCY: DEFINITIONS AND 
APPLICATIONS IN BUILDING COMPONENTS

Energy efficiency is an important concept that refers to the 
equivalent work being completed with less energy. It's a way 
to reduce energy consumption, lower costs, and minimize 
the environmental impact of energy use [35, 36]. There are 
several approaches to achieving energy efficiency, from 
simple changes in behavior to more complex technological 
solutions [18]. Among the easiest methods to improve ener-
gy savings is by using energy-efficient devices and applianc-
es. Utilizing a compact fluorescent light bulb (CFL) instead 
of an incandescent bulb, for instance, might save energy as 
CFLs use less power to produce the same amount of light 
[37, 38]. This is just one example of how using energy-ef-
ficient technology can make a big difference in reducing 
energy consumption. Another important aspect of energy 
efficiency is the system and building design itself. Insulat-
ing a building can lower the amount of energy required to 
cool and heat it [39]. Additionally, designing buildings with 
energy efficiency in mind, might result in lower energy use. 
This includes using natural lighting, proper ventilation, and 
making sure that the cooling and heating systems are prop-
erly sized for the building [17].

Energy management systems are also key component of 
energy efficiency. These systems allow users to monitor 
energy usage and identify areas where energy is being 
wasted [38]. They can also help in implementing ener-
gy-saving strategies and make informed decisions about 
energy use [22]. In addition to that, energy efficiency can 
also be achieved through energy conservation, which is 
the practice of reducing or managing the use of energy. 
This may be accomplished by taking easy actions like 
switching off equipment and lights when they're not in 
use, unplugging chargers and electronics when they are 
fully charged, and using power strips to reduce standby 
power usage [18]. Furthermore, energy efficiency can also 
be achieved through more advanced measures such as im-
plementing building automation systems that can manage 
HVAC, lighting, and other appliances to minimize energy 
consumption [16].

Another important aspect is the implementation of energy-ef-
ficient practices in industries and businesses. This include up-
grading equipment and machinery, implementing energy-ef-
ficient processes, and incorporating energy management 
systems [40]. Not only can this decrease energy consumption, 
but it can also enhance productivity and competitiveness in 
the industry [37]. Apart from that, government policies and 

incentive programs such as credits for energy-efficient appli-
ances and equipment, financial incentives for making ener-
gy-efficient upgrades to existing buildings, and regulations 
mandating energy-efficient building codes while aide towards 
promoting the adoption of energy efficiency practices [8, 41]. 
Overall, energy efficiency is a comprehensive approach that 
involves a combination of technology, behavior, policies, and 
regulations to reduce cost and energy usage, while reduc-
ing the environmental impact of energy use [42]. It's a vital 
strategy for addressing climate change, energy security, and 
economic growth [39]. The Table 1 illustrate some policies to 
enhance energy efficiency practices [39].

Objectives of Energy Efficiency
Energy efficient buildings provide households with a com-
fortable and quality indoor environment with low energy 
consumption. The key to unlocking this sustainable future 
lies in implementing policies that not only lower energy 
consumption but also enhance the overall well-being of its 
inhabitants. To bring this vision to life, a comprehensive 
energy efficiency policy must be put in place by taking the 
following three objectives [43].

i.	 Provision of livable buildings.

ii.	 Provision of resilient buildings.

iii.	 Provision of affordable buildings.

3.2. Bioclimatic Architectural Design
Achieving energy efficiency in buildings begins with im-
plementing bioclimatic architectural design [44]. This ap-
proach involves designing a building to work in harmony 
with the local climate, utilizing natural elements such as 
sunlight, wind etc., to minimize the requirement for ar-
tificial cooling and heating [31]. By utilizing bioclimatic 
design principles, buildings can achieve a comfortable 
indoor environment while minimizing resources such as 
energy and water [45]. Not only does this approach led to 
cost savings, but it also improves the overall well-being of 
the building's inhabitants [44]. Figure 1 outlines the pro-
cedure for incorporating bioclimatic strategies into build-
ing design [43].

3.3. Energy efficient Mechanical Systems
In addition to using bioclimatic techniques, active systems 
such as air conditioning are necessary to ensure the comfort 
and well-being of building occupants. To be resource-effi-

Table 1. Guidelines and plans for energy efficiency

Sectors	 Guidelines and plans

Appliances efficiency	 Technology

Architects	 Design

Behavioral	 Occupants behavior

Public authority	 Compile a comprehensive strategy

Public	 Conditional behavior

Private developers	 Sustainable housing design and development
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cient, appliances and energy efficiency measures should be 
used as needed [44]. That is to say, after successfully reduc-
ing heat sources from outside, the next step is to decrease 
the quantity of heat produced within the building through 
efficient cooling [31].

3.4. Renewable Energy
Passive design and mechanical systems are game-changers 
when it comes to reducing energy demand. But incorporat-
ing renewable energy sources can take the building's per-
formance to the next level [31, 34]. Additionally, incorpo-
rating resilient design elements means will result in having 
less dependency on energy supply, ultimately providing you 
with peace of mind [46].

Benefits of Implementing Energy-Efficient Building 
Practices
The energy-efficient building offers numerous advantages to 
both the environment and the occupants of the building. Some 
of the key benefits include improved comfort, cost savings, 
indoor air quality, and a reduction in fossil fuel usage, green-
house gas emissions, etc., [31, 36]. However, in this study, a 
concentration will be on three major benefits; environmental, 
social, and economical benefits as shown in the Figure 2.

3.5.1. Economic Benefits
a)	 Lower energy bills: Among the most significant eco-

nomic advantages of an energy-efficient structure is 
that it can result in decreased cost of energy bills for the 
building's occupants [20]. This is achieved by using en-
ergy-efficient appliances, lighting, and HVAC systems, 
in addition to implementing energy-efficient building 
design features like proper insulation and air sealing 
[30]. These measures can result in significant cost sav-
ings for building owners and renters.

b)	 Increased property value: Another financial advantage 
of an energy-efficient building is that it can enhance the 
value of a property [47]. Energy-efficient buildings are 
more attractive to potential buyers or renters and may 
be valued higher than similar, less efficient properties. 
This is because energy-efficient buildings can provide 
a more comfortable living environment, lower energy 
bills, and a smaller environmental footprint [47].

c)	 Job creation: Building energy efficiency can also lead to 
job creation in related industries such as construction, 
manufacturing, and engineering. As demand for ener-
gy-efficient buildings increases, so too will the need for 
professionals who can design, build, and maintain these 
structures [48].

d)	 Increased competitiveness: Building energy efficiency 
can also help businesses to reduce operating costs and 
increase their competitiveness in the marketplace. By 
using less energy, businesses can decrease their energy 
expenses and pass on savings to their customers [49].

3.5.2. Environment Benefits
a)	 Reduced greenhouse gas (GHG) emissions: Among the 

significant environmental benefits of building energy ef-
ficiency is that it can lower the amount of GHG emissions 
linked to electricity generation [38]. As such, by consum-
ing less energy, buildings lessen their carbon footprint 
and contribute towards combating global warming [33].

b)	 Reduced dependence on fossil fuels: Building energy ef-
ficiency can also decrease reliance on fossil fuels, which 
are a limited resource as well as a leading cause of glob-
al warming [38]. Hence, by using less energy, buildings 
can lessen reliance on fossil fuels and their environmen-
tal consequences [50].

c)	 Improved air quality: Building energy efficiency can 
also enhance indoor air quality by minimizing the num-
ber of pollutants and moisture that can enter the build-
ing [50]. This can be achieved by using high-efficiency 
air filters, proper ventilation, and controlling indoor hu-
midity levels [30]. Moreover, the health and well-being 
of the building's occupants may be positively impacted 
by better indoor air quality, which may also lessen aller-
gy and asthma symptoms [51].

3.5.3. Social Benefits
a)	 Increased comfort: Building energy efficiency can lead 

to increased comfort for the people living or working 

Figure 2. Benefits of building energy efficiency.

Figure 1. Bioclimatic design sequence [43].
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inside the building. This is achieved by controlling tem-
perature and humidity, improving indoor air quality, 
and providing natural daylight. Energy-efficient build-
ing design and technology can also help to reduce drafts 
and eliminate hot and cold spots in a building [30].

b)	 Improved health: The health and well-being of the 
building's occupants may be positively impacted by bet-
ter indoor air quality, which may also lessen allergy and 
asthma symptoms [51]. This is an important social ben-
efit that can enhance the general quality of life for those 
residing in or employing the structure [52].

c)	 Increased sustainability: Building energy efficiency may 
assist to foster a more stable environment for the com-
munity as well as the planet by reducing energy con-
sumption and dependence on fossil fuels. This can lead 
to even more responsible resource usage and a more 
sustainable future for all [53].

d)	 Economic savings: Building energy efficiency can lead 
to economic savings for building owners, renters, and 
even the local economy. Lower energy bills and in-
creased property value can contribute to the overall fi-
nancial well-being of the community [47].

e)	 Community development: Job creation and increased 
competitiveness can lead to community development 
and growth. As energy-efficient building becomes more 
prevalent, they can create new opportunities for em-
ployment and economic growth [48].

f)	 Better use of resources: Building energy efficiency can 
make better use of resources and reduce the strain on 
the environment which will help toward conserving 
natural resources and reducing waste [53].

g)	 Education and awareness: Energy efficiency can also 
help to improve public understanding about the ne-
cessity of energy efficiency and environmental respon-
sibility. Hence, by showcasing the advantages of ener-
gy conservation, building owners and operators can 
inspire others to adopt more sustainable practices and 
promote a culture of conservation [49, 54]. In sum-
mary, building energy efficiency offers a wide range 
of benefits that can positively impact on the society, 
the economy, and environment as a whole. As such, by 
investing in energy-efficient building design and tech-
nology, building owners, developers, and occupants 
can reduce their environmental footprint, save money 
on energy costs, and improve the comfort and health 
of those who live or work inside the building, as well 
as contribute to community development and the bet-
ter use of resources [20].

3.6. Building Energy Efficiency Design Tools
When it pertains to constructing and designing energy-ef-
ficient buildings, the right tools and software can make all 
the difference. With so many options available, it can be 
overwhelming to know where to start [55]. Luckily, many 
tools have been created across the world to aid with deci-
sion-making and guide the design team and building oc-

cupants into the future [38, 56]. One of the most impactful 
tools in recent years is simulation-based optimization soft-
ware. This technology has increased flexibility in the design 
process, reduced the time required to complete the design, 
and made the software more user-friendly [57]. This means 
that not only can you achieve energy efficiency more easi-
ly, but you can also do it in less time and with less hassle. 
The future of energy-efficient building control design is 
also being shaped by new-generation tools [49]. These tools 
are based on control-focused features that can improve the 
overall performance of the building. This means that not 
only can you design an energy-efficient building, but you 
can also control and monitor its performance in real-time 
to ensure that it continues to operate at peak efficiency [58].

Currently, the community is already utilizing advanced 
control and simulation software and devices to construct 
energy efficiency. Typical software and technologies used 
for comprehensive design of buildings includes; Athena, 
Eco-Bat, the IES Virtual Environment, and Green Building 
Studio [55]. These tools have been widely adopted and test-
ed, and have proven to be effective in designing energy-effi-
cient buildings. For those looking to design energy-efficient 
buildings, there are a plethora of options available. Passive 
house planning packages, Energy Plus, eQuest, HOT 2000, 
DesignBuilder, IDA-ICEA, Revit, Modelica/Dymola, Sim-
ulink/Matlab, and ESP-r are just some of the tools and soft-
ware available [59, 60]. Each of these options has its unique 
features and capabilities and can be used to design ener-
gy-efficient buildings that are sustainable, and comfortable 
for their occupants [61].

4. BARRIERS TO ENERGY EFFICIENCY PRACTICES

Energy efficiency barriers can include a lack of methods 
and tools to calculate energy savings, the absence of finan-
cial incentives for energy-efficient equipment, high initial 
costs for such equipment, challenges in obtaining fund-
ing, and difficulties in procuring, deploying, running, and 
maintaining energy efficiency systems and techniques [62]. 
According to Seddiki et, al., (2009) [63], economic and be-
havioral barriers are more prevalent in the building sector, 
while the transportation sector faces more institutional and 
economic obstacles [64]. However, the expense of execut-
ing energy-efficient measures is frequently considered as 
the most significant obstacle to attaining energy efficiency 
[65]. The high initial investment required for energy-effi-
cient equipment and retrofits can be a significant obstacle 
for many building owners and operators; hence, the major 
barrier across all sectors is the financial barrier [42, 66]. The 
three main types of barriers to adopting energy efficiency in 
buildings are depicted in Table 2 [67].

4.1. Behavioral Barriers
Behavioral barriers, including a lack of understanding 
about the concept of energy conservation and the advan-
tages of non-energy alternatives, a low level of trust, a lack 
of information, or inconsistent behavior, can all impede 
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progress in the realm of energy efficiency and building 
performance [68, 69]. Occupant behavior is critical in 
influencing energy use and household well-being, but it 
is frequently not completely understood or incorporated 
in building energy efficiency due to its interdisciplinary 
nature, diversity, and complexity [70, 71]. Traditionally, 
Tenant behavior has been perceived as a passive compo-
nent, similar to weather, rather than an active participant 
in building energy consumption [4, 38]. However, recent 
studies have revealed the significant impact that occupants 
can have on building energy consumption, leading to a 
surge of research in this area [72, 73]. Behavioral barriers 
also impact transportation habits, with individuals often 
prioritizing convenience over sustainability due to societal 
attitudes and customs [42, 45].

4.2. Institutional Barriers
Institutional impediments are linked to obstructionist poli-
tics, poor strategy management, and opposing perspectives 
in government decisions [75, 76] The implementation of en-

ergy-saving measures necessitates the cooperation and co-
ordination of various actors within the sector [77]. As such, 
inadequate or non-existent support from both commercial 
and governmental sectors, often stemming from a lack of 
clear and straightforward administration and collaboration 
can impede the energy efficiency guidelines' implementa-
tion [21, 38]. Previous research has emphasized the necessi-
ty of providing clear, concise, and practical explanations of 
energy-saving initiatives [70]. Streamlining administrative 
process can aid reduce confusion and the burden on gov-
ernment systems [67, 78]. Hence, a strong vision for energy 
efficiency set at the highest administrative level is critical in 
lowering institutional impediments such as uneven gover-
nance configurations and guidelines, redundant strategies, 
and an absence of policy coherence [67, 79].

4.3. Economic Barriers
Economic barriers, such as difficulties in accessing ade-
quate credit and unbalanced existing finance, high threats 
to shareholders, and institutional finance, are considered to 

Table 3. Reviewed studies on the barriers to energy efficiency practices

Barriers	 Typical barrier	 Sources

Behavior (social, culture)	 Habits, custom	 [38, 67]

	 Lack of interest	 [67, 74, 82]

	 Unawareness of possible savings	 [38, 67, 82]

Economic	 Insufficient access to financing	 [67, 86, 84]

	 Inadequate economic institution to funding renewable 
	 energy technologies, inadequate instrument	 [82, 86]

	 Shortage of commercial feasibility	 [87]

Environment	 Resource competition, pollution and ecological aspects,	 [82]

Misconceptions about renewable energy technology	 Uncertainty about new technologies and benefits	 [82]

Institutional	 Complex regulatory procedure	 [67]

	 inadequate enforcement of pertinent law	 [34, 67, 82]

	 Insufficient knowledge and information	 [34, 82, 85]

	 Inadequate infrastructure	 [82, 85]

insufficient infrastructure	 Issue with infrastructure accessibility	 [82]

Technological	 Inadequate training facilities	 [82, 86]

	 Limited ability to implement innovation	 [82]

	 Operation and management of technological knowledge 
	 are insufficient.	 [82]

Uncertainty on public authority	 Policy uncertainty and under-equipped agencies	 [82]

Table 2. Major barriers to energy efficiency practices

Description of barrier types	 Description

Behavioral	 Cultural saving shortage, savings attentiveness, scarcity of skills, social crowd interface, knowledge scarcity, and  
	 information trust.

Institutional	 Existence of infrastructural limitation, non-combined goals and confliction strategies, Ineffective legislative 
	 initiatives and regulations.

Economical	 Insufficient financial resources, indecision of savings, higher risk of investment, and encouragement of monetary  
	 shortage.
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be among the major hurdles to the adoption of energy-effi-
cient policies [80, 81]. Quantifying and communicating the 
economic advantages of these measures can be difficult, and 
the need to provide evidence of benefits can decrease the 
return on investment [67, 82]. To overcome these barriers, 
a public guarantee mechanism may be an effective solution, 
as it would alleviate monetary risk and make it more attrac-
tive for institutional finances to invest in energy-efficient 
projects for households with low and middling incomes 
[19, 83]. Moreover, the lack of financing is also a primary 
contributor to these barriers [45, 84, 85] and manufacturers 
often face significant major investments and costs related 
to mass barriers of production caused by limited access to 
adequate capital [84, 86]. Furthermore, severe controls that 
limit access to funds, even when money is available on nor-
mal models, aggravate the problem [62, 87].

In addition to the barriers discussed earlier, several other 
impediments to the adoption of energy-efficient building 
practices have been explored by previous studies, providing 
valuable insights into the field. Some of these studies are 
summarized Table 3.

5. FACTORS INFLUENCING THE IMPLEMENTATION 
OF ENERGY EFFICIENT BUILDING PRACTICES

Three main factors have been identified by previous 
studies as the main influencers towards incorporating 
energy-efficient building techniques: occupant behavior, 
building characteristics, equipment, and technologies 
[21]. Building features such as orientation, design, win-
dow glazing, insulation, and materials all have a part in 
influencing energy usage [55]. In addition to that, heat 
recuperation, thermal energy storage, evaporative cool-
ing, and adjustable air system are other major contrib-
utors to energy efficiency [18]. Occupant behavior, in-
cluding the use of smart meters, smart grids, and control 
access, also plays a crucial role in determining energy 
consumption [86]. However, it is crucial to highlight 
that building attributes alone cannot ensure the opti-
mal approach to designing a structure because it may be 
dependent on other aspects [6]. Additionally, economic 
and environmental benefits are not always considered in 
energy-efficient design solutions, also significant difficul-
ties still exist in terms of cost-effectiveness [6]. As such, 
interventions aimed at changing occupants’ behavior of-
fer a relatively low-cost and simple solution to enhance 
energy efficiency [89]. These interventions may include 
technological updates, building service systems, and ed-
ucation to change their attitudes toward energy efficien-
cy [6]. Therefore, technological updates, building service 
systems, and interventions to change occupant behavior 
should be considered as energy performance bench-
marking to help occupants make smart decisions [6]. 
Table 4 bring together key insights from previous studies 
and presents a comprehensive outline of the numerous 
aspects that play important role in the implementation of 
energy-efficient building techniques and practices.

6. CONCLUSION

This study provides a thorough review of the various factors 
that influence the use of energy-efficient building practis-
es, and the issues related to these factors, including barriers 
to implementation. The majority of reviewed studies fo-
cused on examining the impacts of energy efficiency using 
a questioner survey and decision-making trial and assess-
ment laboratory technique. This study also highlighted that, 
government supervision, awareness, design standards, con-
struction quality, and Energy Star materials are among the 
most significant factors influencing the building energy sav-
ings practice. Hence, both the government and construction 
stakeholders' roles are vital to promoting energy efficiency 
programs, standardizing building codes, and providing in-
centives for energy-efficient buildings. It is pertinent to re-
member, that cost-effectiveness is often one of the primary 
considerations in energy efficiency practices, Furthermore, 
precise numerical analytical findings are not always fea-
sible to validate under realistic conditions [6]. To achieve 
this and provide alternative solutions for building owners, 
it is essential to have awareness, information, proper policy 
implementation, and other incentive programs. Therefore, 
by enhancing energy-efficient buildings with relatively low 
costs and simple construction procedures, the implementa-
tion of energy-efficient building practices can be made easy 
and can be useful for both existing and new buildings.

7. RECOMMENDATIONS

Removing barriers, as well as addressing the interplay of 
obstacles to the operation of energy-efficient building prac-
tices, are both essential and necessary. Possible suggestions 
for addressing these barriers include the following;

•	 To improve energy efficiency, it is essential to carry out 
local energy audit programs in buildings. This will make 
it easier to find areas that need improvements and cre-
ate energy-saving initiatives. Additionally, regular mon-
itoring and reporting of energy consumption can help 
to track progress and identify additional opportunities 
for savings [21].

•	 To increase energy efficiency awareness among resi-
dents, it is vital to involve the media in educating the 
public about environmental issues and energy conser-
vation [46]. This can include public service announce-
ments, news articles, and educational campaigns to pro-
mote energy-saving behaviors and technologies [24].

•	 It is critical to disseminate innovative technologies that 
use renewable resources throughout the world in order to 
increase energy efficiency. This will encourage the use of 
alternative energy methods and lessen reliance on fossil 
fuels [38]. Furthermore, in order to maintain the efficacy 
and cost of green energy sources, it is essential to encour-
age research and development of new solutions [13].

•	 To overcome financial hurdles to energy efficiency, it 
is critical to conduct research and form cooperation 
with institutions and international organizations [35]. 
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This can include grants, low-interest loans, and tax in-
centives for energy-efficient upgrades. Additionally, fi-
nancing options such as energy performance contract-
ing (EPC) can also be considered.

•	 To reduce transaction costs, it is advisable to use mar-
ketplace-based regulations such as energy performance 
contracting (EPC). EPCs have been shown to have sig-
nificant financial benefits and can be used to pay for 
energy efficiency measures. Additionally, implementing 
policies such as cap-and-trade systems or carbon pric-
ing can also help to reduce transaction costs and incen-
tivize energy efficiency.

•	 To ensure the effective execution of energy efficiency 
programs, it is crucial to involve all stakeholders, in-
cluding individuals and institutions. This will help to 
build support for energy efficiency measures and to 
overcome any obstacles that may arise. Additionally, 
involving community members and local organiza-
tions can help to build grassroots support for energy 
efficiency efforts and increase participation in pro-
grams and initiatives. Furthermore, it is essential to 
consider the cultural and societal implications of ener-
gy efficiency, as different communities may have differ-
ent needs and preferences.
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ABSTRACT

This paper reviewed various studies on the impact of quick-commerce distribution services on 
the environment and local communities, with a particular focus on air pollution and increased 
packaging waste due to the increase in quick-commerce consumption. A systematic literature 
review was conducted using Web of Science, Google Scholar, and Scopus to comprehensively 
investigate and summarise the characteristics of quick commerce distribution, the impact of fre-
quent logistics transport on air pollution, and the increase in packaging waste due to the increase 
in online shopping demand. Previous studies have mainly addressed the growth characteristics 
of quick commerce distribution services with the emergence of quick commerce. The results of 
this study show that quick-commerce distribution services are indeed associated with increased 
traffic due to frequent transport, which contributes to greenhouse gas emissions and traffic con-
gestion in cities. In addition, due to the nature of quick-commerce consumption, packaging waste 
is also increasing due to excessive use of packaging materials for freshness and safe delivery. 
Therefore, this study suggests sustainable consumption behaviour using local shopping malls and 
private spaces to minimize environmental pollution in the era of changed distribution services.

Cite this article as: Son E, Kwon KH. Sustainable spatial strategies for mitigating air pollution 
in quick commerce environments. Environ Res Tec 2024;7(1)131–139.

INTRODUCTION

The rapid development of technology and the widespread 
adoption of personal mobile phones have significantly ex-
panded the accessibility of various goods and services for 
online consumption. This shift has led to an increasing 
number of people transitioning to online shopping, driven 
by the convenience of unrestricted access, reduced purchas-
ing effort, and the flexibility of time and location [1–3]. The 
growth of the online shopping market offers advantages not 
only to consumers but also to companies, enabling easier 
product promotion and distribution to a larger customer 
base while providing valuable insights into consumer pref-
erences through purchase histories [4].

In the United States, approximately one-third of Internet 
users engage in online shopping at least once a week. In 
2017, online shopping transactions in the U.S. amounted to 
$448.3 billion, accounting for 8.8% of all retail transactions, 
with an annual growth rate of approximately 15% over the 
past five years [5]. Furthermore, the COVID-19 pandem-
ic catalyzed a paradigm shift towards online shopping, as 
offline stores faced temporary closures during lockdowns. 
The contactless nature of online shopping made it an at-
tractive option for consumers, and businesses reinforced 
their online presence [6, 7]. The post-pandemic surge in 
the online shopping market has been remarkable. Accord-
ing to a survey by Nint, Inc., Japan's seven major online 
trading markets witnessed a 7% increase in sales in January 
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2020, followed by 13% in February and 14% in March com-
pared to the same months the previous year. Notably, sales 
of medical products surged, and while offline retail sales 
worldwide are projected to decline by 19% in 2021, online 
retail sales are expected to grow by 19% [8].

In the fast-paced modern world of 2023, quick commerce 
has emerged as a prominent consumer behavior trend. 
Quick commerce offers consumers the convenience of rap-
idly placing orders and receiving doorstep deliveries within 
a short timeframe [9]. Consumers are willing to pay extra 
for expedited home deliveries, driven by the desire for de-
livery time flexibility [10]. Although companies have suc-
cessfully tackled the logistical challenges of achieving fast 
delivery by establishing densely packed warehouses and 
continuous operation, this convenience also comes with 
drawbacks, including increased environmental impact as-
sociated with frequent deliveries [11]. An exclusive focus on 
the convenience of quick commerce may result in underes-
timating the emissions and environmental consequences of 
online delivery and quick-commerce distribution. Frequent 
deliveries, particularly in the context of groceries, contrib-
ute significantly to air pollution through a 125% increase in 
food-related vehicle miles traveled (VMT). While reducing 
distribution frequency can mitigate VMT, it may come at 
the expense of revenue. Considering that all delivery vehi-
cles currently rely on internal combustion engines, the en-
vironmental implications of frequent online grocery deliv-
eries encompass traffic congestion, emissions, and energy 
consumption [12]. Frequent delivery consumption is a be-
havioral factor exacerbating air pollution, further affecting 
daily air quality fluctuations influenced by both anthropo-
genic emissions and atmospheric conditions, which deter-
mine the concentration and dispersion of pollutants [13].

Consumption practices that contribute to air pollution cre-
ate a cycle of deteriorating air quality and heightened waste 
emissions. This study aims to investigate the air pollution 
implications of distribution services associated with quick 
commerce, with a specific focus on the surge in packaging 
waste resulting from delivery services. We present a syn-
thesis of recent research findings in this area and, based on 
these insights, propose sustainable consumption behaviors 
leveraging local shopping malls and personal spaces to mit-
igate environmental pollution.

MATERIALS AND METHODS

This review aims to update the current state of research with 
a focus on sustainable consumption using local commercial 
and personal spaces to reduce environmental pollution that 
contributes to climate change, noting that air pollution and 
packaging waste from quick-service retailing are on the 
rise. Below we describe in detail our search strategy, article 
selection methods, and data synthesis procedures.

Search Strategy
For this review, we searched six databases in the natural 
sciences, social sciences, environmental engineering, and 

management and consumption, following PRISMA flow 
guidelines: PubMed, Scopus, Medline, ResearchGate, and 
Google Scholar, using the search terms (a) ‘quick-service 
retail’ and ‘online shopping’ (b) ‘packaging waste’ (c) ‘trans-
port’ and ‘air pollution’. Figure 1 is a flowchart showing the 
process of selecting studies for inclusion in this review.

Eligibility Criteria
Articles included in this review had to meet the eligibility 
criteria for this review, including selecting studies related to 
the characteristics of quick commerce distribution, types of 
air pollutants, frequent distribution services, online shop-
ping, and packaging waste.

Screening and Data Extraction
Articles were included in the corpus if they (1) investigat-
ed the increase in distribution logistics due to quick com-
merce, (2) addressed the association between quick com-
merce distribution services and air pollution, (3) related 
to online shopping and packaging waste, (4) addressed the 
impact of online shopping on environmental pollution, (5) 
were peer-reviewed, and (6) were journal articles or confer-
ence presentations.

We excluded papers that (1) did not investigate the charac-
teristics of quick commerce or online shopping, (2) did not 
investigate the link between retail logistics services and air 
pollution or environmental pollution, or (3) did not inves-
tigate online shopping and packaging waste.

Different types of articles were considered, including orig-
inal articles, full-text articles, internet articles, summa-
ry reports, and series, and no restrictions were placed on 
publication date or language. Exclusion criteria included 
inaccessible full text, full text without raw data, inappro-
priate topic, and doctoral dissertations; these articles were 
retrieved through the ProQuest Dissertations and Theses 
global database.

Study Selection and Data Extraction
We used a literature review approach: a total of 297 ref-
erences were selected using the PRISMA flowchart from 
the major journal search sites PubMed, Google Scholar, 
ResearchGate, Medline, and Scopus. This resulted in a to-
tal of 44 articles being selected. The PRISMA flowchart is 
shown in Figure 1.

3. ENVIRONMENTAL IMPACT OF QUICK 
COMMERCE CONSUMPTION

Air Pollution From Frequent Transport
Quick commerce is a sector characterized by the adept uti-
lization of advanced technological solutions and intricate 
logistics systems, aimed at achieving the swift delivery of 
products mere hours or even minutes subsequent to their 
order placement. This paradigm centers its core objectives 
on expeditiousness and customer convenience, striving 
to furnish a shopping experience that is utterly seamless 
and devoid of friction [14]. The progression towards food 
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e-commerce was facilitated through the assimilation of 
novel technologies, the emergence of innovative market 
participants that introduced heightened complexity and 
dynamism to the sector, and the cultivation of advanced lo-
gistical capabilities, exemplified by the advent of dark stores 
and micro-hubs. Quick commerce signifies the evolution of 
instantaneous delivery, now encompassing the entirety of 
the food and online shopping landscape. It is underpinned 
by an infrastructure of logistics micro-hubs, overseeing 
large-scale distribution, and exhibits a conspicuous reliance 
on transportation, characterized by the frequent movement 
of vehicles and the ensuing delivery workflows [15].
However, it is imperative to acknowledge the environmen-
tal ramifications and transportation intensiveness accom-
panying deliveries conducted through conventional means 
such as cars and gasoline-powered motorcycles, which emit 
significantly higher levels of greenhouse gases—approxi-
mately five to eleven times more—per delivery compared 
to their bicycle counterparts, particularly those confined 
to local shopping vicinities. This pronounced disparity in 
transport and greenhouse gas emissions underscores sub-
stantial policy considerations, particularly in light of the 
rapid global proliferation of such services [16].
According to a report published by the UK Department for 
Transport [17], the transportation sector constituted 27% of 
the total greenhouse gas emissions in the United Kingdom 
for the year 2019. Notably, heavy goods vehicles (HGVs) 

and vans accounted for a substantial 35% of emissions 
within the transport sector. Figure 2 illustrates a notewor-
thy escalation in the mileage covered by HGVs and vans 
spanning from 1990 to 2019, predominantly attributable to 
the burgeoning e-commerce sector. Furthermore, the per-
sistent expansion of the quick-commerce market and the 
upsurge in intracity home delivery distribution engender 
the ingress of trucks and lorries into urban areas, thereby 
precipitating adverse externalities such as heightened traf-
fic congestion, amplified emissions, and increased pollution 
levels [18, 19].
One of the most pivotal domains within urban goods trans-
portation pertains to the last-mile delivery, encompassing 
the multifaceted processes requisite for conveying goods 
from their point of origin, typically a retail store or a ware-
house, to their ultimate destination, culminating in the final 
leg of the delivery chain [20, 21]. It is worth noting that last-
mile logistics exercises a discernible influence on customer 
satisfaction levels, shapes consumer impulsive buying ten-
dencies [22, 23], and exerts a positive impact on the loyalty 
metrics for e-commerce enterprises [24].
E-commerce undertakings are not without their ecologi-
cal footprint, with environmental consequences stemming 
from packaging, labeling, transportation activities, energy 
consumption, and the transmission of information, all of 
which contribute to the generation of carbon emissions and 
associated costs [25]. Beyond environmental ramifications, 

Figure 1. PRISMA flow chart for literature review search results.
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the domain of e-commerce last-mile logistics significant-
ly permeates into the economic and societal dimensions of 
sustainability [20], which encompasses the betterment and 
preservation of natural resources, economic vitality, and 
overall quality of life [26].

Increased Packaging Waste
The surge in food delivery services has experienced remark-
able growth in recent years, notably catalyzed by the onset 
of the COVID-19 pandemic. A noteworthy transformation 
in consumer behavior unfolded, with the data reflecting 
a remarkable shift. In July 2019, a mere 20 percent of US 
consumers engaged in online grocery shopping. However, 
by June 2020, amidst the pandemic's aftermath, this figure 
surged to an unprecedented 80 percent, exemplifying the 
rapid expansion of the sector [8].

Fundamentally, packaging serves as the paramount means 
of safeguarding various products, encompassing a spec-
trum ranging from food items to electronics and manufac-
tured goods, against potential damage. The principal role 
of product packaging revolves around the preservation of 
product integrity, ensuring that items are delivered in an 
optimal condition conducive to successful trade. This piv-
otal facet of product packaging concurrently facilitates 
the processes of transportation, handling, storage, and 
preservation [27]. In the context of food orders facilitated 
through quick commerce, the conspicuous characteristic of 
generating substantial packaging waste emerges as a salient 
concern. The packaging arsenal employed encompasses an 
array of elements, spanning from delivery packaging boxes 
to plastic containers, all aimed at averting food deformation 
or damage during transit. However, it is essential to under-
score that the extensive use of plastics within this frame-
work imposes a significant environmental burden. The 

repercussions associated with greenhouse gas emissions 
(GHGs) and the production and consumption of plastics 
transcend national boundaries, exerting a global impact. 
This underscores the imperative of curbing current levels 
of plastic waste to address the urgent imperative of limiting 
global warming to below 1.5 °C [28].

Many quick commerce enterprises advocate the adoption 
of eco-friendly practices, including the utilization of paper 
tape for packaging and water-based ice packs for the de-
livery of frozen food. Nevertheless, these endeavors, while 
rooted in resource-conscious principles, are not entirely de-
void of resource utilization and waste generation. Express 
delivery packaging predominantly incorporates recycled 
materials, but post-consumer packaging waste is subjected 
to only partial recycling efforts. Additionally, plastic pack-
aging predominantly derives from recycled agricultural 
film, carrying residual chemical residues from pesticide ap-
plications, potentially posing health risks to industry per-
sonnel and consumers alike [29].

Notably, the multifaceted nature of express delivery am-
plifies its environmental footprint, prominently evident in 
the diverse array of packaging materials employed. For in-
stance, research conducted by Fan et al. [30] elucidated the 
environmental burden imposed by express delivery packag-
ing materials through a comprehensive life cycle assessment 
approach. Indeed, each express delivery order necessitates 
the deployment of a multitude of packaging components, 
encompassing corrugated and cardboard boxes, plastic and 
bubble wrap, adhesive tabs, polystyrene foam, and air blis-
ter fillers. Figure 3 graphs the growth of packaging waste 
from the 1990s to the 2020s based on China. While certain 
packaging materials, such as corrugated boxes, offer recy-
clability and reusability prospects, a significant proportion 
of packaging waste from shipping finds its way to municipal 

Figure 2. Changes in mileage and emissions from 1990 to 2019 (Gund, H.P. & Daniel, J. (2023). “Q-commerce or E-commerce? 
A systematic state of the art on comparative last-mile logistics greenhouse gas emissions literature review”. International Journal 
of Industrial Engineering and Operations Management).
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solid waste (MSW) sites, where it either undergoes landfill-
ing, incineration, or simply improper disposal. This is par-
ticularly concerning considering that a substantial portion 
of packaging waste comprises non-biodegradable materials 
such as PVC plastic, polyethylene plastic, expanded poly-
styrene plastic, and polyester plastic, thus underscoring the 
severe environmental consequences stemming from inad-
equate disposal practices [31]. The persistence of non-bio-
degradable materials, notably PVC, not only exacerbates 
environmental concerns but also presents challenges relat-
ed to plastic waste marketability, emissions, and corrosion 
during thermal treatment. The prevalence of non-biode-
gradable plastics represents a pervasive issue, manifesting 
in landfills, roadside litter, and the infamous phenomenon 
of plastic pollution in aquatic ecosystems, commonly re-
ferred to as the “plastic soup” [29].

Food Security Inequalities Caused by Quick Commerce
The proliferation of food purchases through quick com-
merce channels is having a discernible impact on local 
commercial districts, underpinned by several key factors. 
Firstly, the global population is on a trajectory of continu-
ous growth, necessitating an increased demand for food re-
sources. While residents of developed megacities enjoy the 
convenience of swift access to a wide array of food options 
via quick commerce, many other areas remain underserved 

by this burgeoning trend. Consequently, disparities in food 
security are exacerbated, posing a challenge to equitable 
access to sustenance [32]. Furthermore, the environmental 
footprint stemming from the rapid adoption of quick com-
merce food consumption systems in large urban centers 
is poised to escalate gradually, emphasizing the exigency 
of exploring alternative approaches to food provisioning. 
A pivotal strategy involves the mitigation of food wastage 
while ensuring a sufficient supply of food within local re-
gions. This approach is geared towards ameliorating the as-
sociated environmental consequences [32].

Large cities, by their nature, furnish a conducive social mi-
lieu replete with novel opportunities for interaction, there-
by fostering individual learning and personal development. 
However, the distribution of these opportunities among 
individuals varies considerably and tends to diverge over 
time, primarily contingent upon the city's size and the pre-
vailing inequalities within its confines [33]. Analogously, 
disparities in food consumption patterns manifest, with 
discernible discrepancies in food security emerging be-
tween generations possessing easy online access and those 
bereft of such access or contending with the dominance of 
overheated quick commerce enterprises. These disparities 
may potentially precipitate challenges related to food avail-
ability and subsequently exert upward pressure on market 
food prices. Hence, it is incumbent upon the nation to pro-

Figure 3. Total volume of express delivery packages and weight of packaging waste in China from 1996 to 2020 (Huabo Duan, 
Guanghan Song, Shen Qu, Xiaobin Dong, Ming Xu, Post-consumer packaging waste from express delivery in China, Resources, 
Conservation and Recycling, Volume 144,2019, Pages 137–143).
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actively attend to and strategize for the development of in-
frastructure and initiatives pertaining to various facets of 
the food system, encompassing arable land, water resourc-
es, agricultural crops, livestock, and fisheries [18]. Indeed, 
the burgeoning quick commerce consumption landscape 
is impinging on the vitality of local brick-and-mortar es-
tablishments, which find themselves in competition with 
online platforms that are endowed with inherent advan-
tages and must also contend with rivalry from other phys-
ical retail outlets. In response, local retailers are compelled 
to adapt their strategies for product and service offerings. 
They are actively exploring innovative approaches to attract 
consumers in the digital shopping realm, bridging the di-
vide between consumers and their storefronts by harness-
ing the potential of online interfaces [34].

DISCUSSION

Space for Sustainable Consumption Behavior: Local 
Commerce
Food processing and transportation processes entail sig-
nificant energy consumption, primarily attributable to wa-
ter utilization and the generation of waste. In developed 
nations, an increasing level of consumer consciousness 
regarding the environmental and societal repercussions 
embedded within the food supply chain has ushered in a 
proliferation of single-use plastic-free grocery establish-
ments. While these novel retail entities represent a sus-
tainable alternative, their environmental and societal mer-
its, as well as their utilization potential, are inadequately 
communicated to consumers. Empirical evidence gleaned 
from surveys underscores the potential for stimulating 
resource-efficient behavior among consumers when they 
are apprised of the reduction in packaging waste and food 
waste resultant from patronizing these stores. Alternative 
retail concepts that amalgamate principles of organic food 
provisioning, ethical sourcing, and zero-packaging sys-
tems into conventional local supermarkets offer a promis-
ing avenue for the development of sustainable local com-
mercial centers [35, 36].

An alternative approach involves harnessing the existing 
network of brick-and-mortar stores as logistical hubs, with 
particular emphasis on the ubiquitous presence of conve-
nience stores in virtually every locality. Traditionally, con-
venience stores have primarily functioned as conventional 
supermarkets; however, the advent of novel delivery mo-
dalities such as quick commerce and early morning deliv-
ery opens up new vistas for this business model to realize 
its niche potential [37]. This can be achieved through di-
versifying the product repertoire to encompass fresh and 
small-quantity food items. Notably, South Korea's prom-
inent convenience store franchise, CU, has undertaken a 
transformational initiative by outfitting convenience stores 
with dedicated refrigeration units for fresh meat and estab-
lishing meal kit stands, thereby optimizing their role as lo-
gistical hubs. Given the widespread ubiquity of convenience 
stores within urban landscapes, with outlets nestled in every 

nook and cranny, this presents an opportunity to establish 
logistical hubs in close proximity to consumers [38].

Despite the corporate ownership of convenience store 
chains, franchisees are individual entrepreneurs, warrant-
ing consideration of national-level support mechanisms to 
bolster their operations and incentivize sustainable con-
sumer behavior, capitalizing on the accessibility inherent to 
these retail outlets. In parallel, it is imperative to recognize 
that environmental concerns have assumed a dimension 
of critical importance akin to security considerations. As 
such, state actors, businesses, and non-governmental orga-
nizations are endowed with a pivotal role in shaping deci-
sion-making processes that influence individual behaviors 
aimed at mitigating environmental harm and ensuring the 
availability of sustainable options [39].

Space for Sustainable Cnsumption Behavior: Local 
Commerce: Personal Space
Individuals who exhibit a forward-looking orientation pos-
sess the cognitive capacity to envision themselves engaging 
in sustainable behaviors and project the implications of 
such actions onto their future selves. This forward-think-
ing mindset assumes a pivotal role in fostering increased 
adoption of sustainable behaviors within their daily lives, 
primarily by heightening their awareness of associated risks 
and fostering deeper engagement in sustainable practices 
[40].

These forward-looking individuals actively curate their 
personal spaces to accommodate sustainable consumption 
behaviors. They actively seek out stores that introduce al-
ternative retail concepts to the conventional neighborhood 
supermarket, establishing them as their preferred shopping 
destinations. In this personalized realm, they diligently em-
brace sustainable consumption practices aimed at reducing 
their personal carbon footprint. An exemplar of this is the 
practice of 'home gardening.' Home gardening is a potent 
avenue for exercising sustainability within one's personal 
space, underpinned by dual rationales. Firstly, it promotes 
a wholesome lifestyle, yielding psychological and physical 
health benefits. Home gardening encompasses various fac-
ets, including vegetable cultivation, gardening, and potted 
plant maintenance, all of which confer the environmental 
benefit of air purification and cleansing within one's im-
mediate environment [41]. Home gardening can also be 
regarded as a form of small-scale, self-sustaining urban ag-
riculture, with households cultivating their own produce. 
By nurturing their own fruits and vegetables, individuals 
not only reduce their carbon footprint but also circumvent 
the pollution associated with various external services, in-
cluding water wastage and energy consumption in trans-
portation. Furthermore, it facilitates the reduction of food 
wastage, as individuals can cultivate and consume only 
what is needed within their personal space. The presence 
of a home garden ensures easy access to fresh produce on a 
daily basis, thereby enhancing food security, diversification, 
and environmental sustainability in the vicinity of one's res-
idence [42, 43]. Notably, businesses have responded to this 
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trend by introducing home gardening kits, facilitating the 
integration of sustainability into individuals' daily lives.

Forward-thinking consumers, especially the younger de-
mographic, wield considerable influence by effecting a 
positive ripple effect. They actively propagate sustainability 
within their personal spheres and leverage the reach of so-
cial networking services (SNS), an intimate yet communal 
platform, to inspire fellow consumers to voluntarily adopt 
sustainable practices. Younger consumers, in particular, are 
more inclined and capable of disseminating examples of 
green local store reviews and sustainable dietary practices 
within their generational cohort [44].

CONCLUSION

In the contemporary world, characterized by a fervent pur-
suit of speed and efficiency, the quick commerce sector 
thrives by leveraging the rapidity of consumer trends as a 
strategic advantage. However, the escalating adoption of 
quick commerce practices has inevitably engendered ad-
verse environmental consequences. These repercussions 
encompass infrastructure development to secure warehous-
es, heightened vehicular traffic stemming from frequent 
transportation activities, and an upsurge in packaging waste 
generated during product deliveries, thereby contributing 
to air pollution. Concurrently, the local retail establish-
ments in our immediate communities are grappling with 
the ramifications of surging demand for quick commerce, 
underscoring the need to redress the inequitable concentra-
tion of food security within specific socioeconomic strata 
and urban centers. The imperative now calls for a paradigm 
shift toward consumption patterns characterized by sustain-
ability considerations. This transformation transcends the 
individual level, necessitating robust national-level support 
for existing local retailers in their endeavors to embrace 
alternative retail concepts founded on principles of organ-
ic food provisioning, ethical sourcing, and the adoption of 
zero-packaging systems. On an individual front, consumers 
can contribute to sustainability within their immediate sur-
roundings through engagement in home gardening activi-
ties, which not only enhance the quality of their personal 
environment but also establish self-sustaining food systems.
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ABSTRACT

Climate change has the potential to raise temperatures, alter precipitation patterns, and alter 
how water resources are distributed globally. The occupancy rates of drinking water supplies 
may change as a result of these changes. For instance, dwindling water supplies may result 
from rising temperatures and diminishing precipitation. As a result, the occupancy rates of 
the reservoirs may drop, making it harder to deliver drinking water. Climate change, however, 
might highlight regional variations and result in wetter conditions in some places. The occu-
pancy rates in the reservoirs could rise in this scenario. Heavy rains, however, can also result in 
additional issues like infrastructure damage and floods. Climate change-friendly actions must 
be taken to manage water supplies in a sustainable manner. In the management of water re-
sources, dams are crucial. It has been observed that when a reliable estimate of a dam's flow is 
provided, data-based models can produce valuable findings for a variety of hydrological appli-
cations. It is obvious that one of the most important problems is the difficulty in getting utility 
and drinking water as a result of climate change and other things. The purpose of this study 
is to compile the works that can be offered as a result of the literature review on the impact of 
climate change on surface water resources and dams, given the importance of this topic. As a 
result of this study, we can deduce a link between the occupancy levels of the reservoirs used 
to supply drinking water and climate change. Climate change has the capacity to increase tem-
peratures, modify precipitation patterns, and shift the distribution of water supplies. The rela-
tionship between climate change and water supplies is better understood thanks to this study.

Cite this article as: Furkan Demirbaş, Emine Elmaslar Özbaş. Review on the use of artificial 
neural networks to determine the relationship between climate change and the occupancy 
rates of dams. Environ Res Tec 2024;7(1)140–147.

INTRODUCTION

As stated in the United Nations Framework Convention on 
Climate Change (FCCC), "change in climate as a result of 
human activities that directly or indirectly disrupt the com-
position of the global atmosphere, in addition to natural 
climate change observed over a comparable time period" is 
considered climate change [1].

With rising population and advancing industry, there have 
been noticeable increases in greenhouse gas emissions, 

which have exacerbated global warming by enhancing 
the atmosphere's already-present greenhouse effect. The 
earth's climate has changed drastically and quickly as a re-
sult of these factors [2–4].

Climate change is a phenomenon that occurs on a long-
term scale and over several millennia [5]. Environmental 
issues brought on by climate change include shifting pre-
cipitation patterns, polar ice caps melting, and rising sea 
levels [6]. Global warming is the primary cause of these 
changes [7]. Increased greenhouse gas emissions and ex-
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cessive energy absorption by the Earth's atmosphere are 
the causes of rising global temperatures. The energy bal-
ance between the sun and the Earth has been disturbed by 
rising greenhouse gas levels [8, 9].
Water resources are depleted as a result of climate change, 
and arid and semi-arid regions are expanding. As a result of 
excessive evaporation, desertification, salinization, and ero-
sion are becoming more and more prevalent every day. Wa-
ter stress is brought on by changes in the water cycle brought 
on by climate change and the unpredictability felt by na-
tions with issues using their water resources [10]. 25.5% of 
Türkiye's land is at high risk of desertification, while 53.2% 
is at moderate risk, according to the "Combating Deserti-
fication Progress Report" issued in 2018. Climate change: 
It is predicted that the likelihood of desertification and the 
length and severity of droughts would both keep rising dai-
ly. According to the studies, Türkiye, which is situated in 
the Mediterranean Basin, is one of the riskier nations. The 
water resources of Türkiye, which is among the nations that 
are already experiencing water shortages in terms of usable 
water potential per capita, are anticipated to be negatively 
impacted by these changes in tandem with the changes in 
precipitation and temperatures [11, 12].
By the 2090s, climate change is expected to cause average 
temperatures in Southern Europe and the Mediterranean 
region, including Türkiye, to rise by up to 3.0-3.5°C and 
total precipitation to fall by 15–30% [13, 14]. These mod-
ifications are predicted to result in a large decrease in the 
water potential that is already there. As a result, it is possible 
to notice reductions in the existing water potentials of over 
50% in the Mediterranean region and between 25% and 
50% in the Aegean [15].
In order to gather enormous amounts of water or build a 
reservoir, dams are constructions that are often built on 
both sides of a river valley [16]. All nations rely on their riv-
ers and lakes to provide water for irrigation or domestic and 
industrial water supplies. As a result, it is critical to always 
have enough water in water sources. Since precipitation and 
snowmelt determine surface water level, seasonality is a de-
ciding element in surface water availability. In fact, there 
are times of the year when the river flow is high and may 
even be higher than the demand for water downstream. 
However, during dry spells, river flow can be extremely low, 
leading to water shortages. By holding excess water flow in 
a reservoir and releasing it when the flow is low or insuffi-
cient to fulfill full demand, the construction of dams en-
ables the regulation of seasonality [17].
The structures used for water storage (reservoirs) are the 
most crucial part of water delivery systems where water 
needs are satisfied by surface water sources. Reservoirs 
are run according to operating curves that are designed to 
provide water storage at desired levels throughout the year. 
The fundamental goal of reservoir operation is to guarantee 
that the reservoir is filled up to the designated storage level 
in line with the operating curve during wet seasons, while 
still supplying the necessary flow, particularly during dry 
months. Operating curves were once calculated through 

trial and error, but today they may be calculated using a va-
riety of optimization approaches [18]. The majority of these 
techniques reliably calculate the volume of water storage 
needed to meet the need. Hydroclimatic data must be incor-
porated into the reservoir operation and decision-making 
system in order to improve water resource management. A 
water allocation decision support model that accepts input 
from climate-based forecasts can help with this integration. 
By essentially reducing the probability range of potential 
reservoir flows that can be determined from climatic infor-
mation, the created decision support system enables better 
water distribution decisions [19].
An artificial neural network (ANN) is a mechanism for 
providing parallel information flow between organiza-
tions that was created using the same principles as the hu-
man brain [20].

The current issues are attempted to be resolved as cells are 
networked together. Through the relationships forged, in-
formation exchange is made possible by these connection 
values' capacity for learning. ANNs are computer systems 
that can carry out tasks like knowledge generation and dis-
covery through learning with the aid of sample data. ANNs 
are designed for actions that cannot be foreseen [20]. ANN 
is employed in the areas of associating, learning, generaliza-
tion, classification, reconciliation, and feature determina-
tion. It is described as a model that replicates the operation 
of the brain through a statistical analysis of sample data. 
By building networks and artificial cells to simulate all of 
the brain's behavior, scientists are creating a branch of study 
that acts independently of computer operations in their 
quest to understand the formula of the brain. As a result, 
ANN has become a brand-new branch of science. Nerves 
with several cells are arranged in layers to create ANNs. The 
first row of the network contains the input layers, while the 
last row has the output layers. Each layer is arranged in rela-
tion to the one beneath it and the one above it. The network 
topology, activation activities, accuracy rate, and training 
are all necessary for setting up an ANN.

It is clear that the difficulty in obtaining drinking and util-
ity water due to climate change and other factors is a very 
critical issue. Given the significance of this topic, the goal of 
this study is to assemble the works that can be provided as 
a result of the literature review on the influence of climate 
change on dams and surface water resources. This study's 
goal is to support additional research in the future.

EXAMPLES FROM THE LITERATURE

A study on the detrimental impacts of a potential drought 
on Istanbul's water supplies was undertaken by Gerek et 
al. in 2007 [21]. A software program created by DSI (State 
Hydraulic Works) for reservoir operation was used to de-
termine the amount of evaporation from the reservoirs in 
order to calculate the annual yields of these reservoirs in 
accordance with the results of the drought analysis. The 
study's scope included an examination of Istanbul's current 
water supply system.
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In the study done in 2007 by Altunkaynak [22], it was 
utilized to estimate how the lake's water level changed 
over time as a result of Van Lake's rising water level and 
the flooding of the coastal districts. With the help of this 
study, it was determined that an artificial neural network 
could be used to estimate the link between precipitation 
and lake water level as well as the dynamic variations in 
the lake's water level [22].
Bates et al. [23] stated in a literature summary compiled 
on behalf of the IPCC that in the European continent, es-
pecially in England, the Netherlands, and Germany, ad-
aptation and risk against the uncertainties that climate 
change will create on their water systems. This was based 
on studies looking at the effects of climate change on the 
supply reliability of dam reservoirs. They appear to carry 
out their calculations [23].
In the study done by Çalım [24], the level change of the dam 
reservoir was estimated using the 1796-day measurement 
data of Hatay, Antakya Yârseli Dam and its basin located 
in the Mediterranean Region. This method used artificial 
neural networks. The artificial neural network was modeled 
using the Boyesian organization method. In this instance, 
the Levenberg-Marquardt (LM) training procedure was 
used to update the weight and bias coefficients. When com-
pared to data obtained using the conventional method, it 
has been observed that the estimation findings from the ar-
tificial neural network modeling study performed well [24]. 
The increased amount of reservoir evaporation brought to 
light by global warming and the rise in greenhouse gas con-
centration in the atmosphere by Benzaghta et al. [25]. For 
instance, it is said that 95% of Australia's precipitation has 
already evaporated. The study looked at both chemical and 
physical approaches to lowering reservoir evaporation. The 
results showed that while chemical approaches can impair 
water quality and reduce evaporation by 20% to 40%, phys-
ical methods can efficiently reduce evaporation without 
having an adverse effect on the environment [25].
Using flow-loss flow, precipitation, evaporation, with-
drawn flow, level measurements measured by DSI (State 
Hydraulic Works) and entering Beyşehir Lake between 
1962 and 1990, level values were estimated by artificial 
neural network in a study conducted by Yarar et al. [26], 
and the results obtained were compared with the estima-
tion values. By removing the challenges associated with 
evaluating lake water level readings obtained using con-
ventional techniques, it was hoped that the Beyşehir Lake 
study would help determine the lake's water level as quick-
ly as possible [26].
Ustaoğlu [27] noted that regional differences, particu-
larly in precipitation amounts, come to the fore, with an 
increasing trend in the Black Sea Region and a decreas-
ing trend predicted along the Aegean and Mediterranean 
coasts. His study examined the variability in precipitation 
amounts in Türkiye. Precipitation amounts are expected 
to shift, with the southern regions of Türkiye seeing a de-
crease and the northern sections of Türkiye experiencing 
an increase. The Aegean and Mediterranean coasts will 

have the greatest (absolute) precipitation reductions. On 
the other side, greater precipitation is anticipated for the 
Eastern Black Sea region. There won't be much of a shift in 
precipitation in Central Anatolia.

The precipitation results from the future simulation, ac-
cording to Önol and Ünal [28], show that precipitation de-
clines in almost all regions and in all seasons with the ex-
ception of autumn. Türkiye is situated in an area that is very 
vulnerable to climate change, according to Şen [29]. Future 
climate change predictions predict that temperatures will 
rise nationwide and that precipitation will fall, notably in 
the southern half of the country. It is clear that these chang-
es will have a negative impact on the nation's water resourc-
es and reduce water potential, particularly in the southern 
portion of the basins. According to projections, until the 
middle of the present century, the reduction in water po-
tential might reach 37% in the Mediterranean basins, 70% 
in the Konya basin, and 10% in the Euphrates and Tigris 
basins. The Tahtalı dam basin example was used in the 
Okkan [30] study to assess the effects of climate change on 
water resources. In the study, fourteen climate models and 
various climatic scenarios were used to predict changes in 
precipitation and temperature in the Tahtalı dam basin. By 
scaling these changes down to the station scale, local climate 
variations were discovered. The sensitivity of dam currents 
to potential changes was also investigated, along with sensi-
tivity analyses to changes in temperature and precipitation. 
The results indicate that temperatures may rise by 1.5 °C to 
2.1 °C, precipitation may drop by 3% to 13%, and flows may 
decrease by 9% to 22%. The volume of drinking water in 
this situation is predicted to drop by 11% to 35%, and water 
supply shortages may develop in the area.

Adeloye et al. [31] assessed how revised conserva-
tion-combined reservoir rule curves might affect Pong 
Reservoir's present and future performance under the 
influence of climate change in India. The HYSIM precip-
itation-runoff model's simulations of historical and cli-
mate change flow series serve as the foundation for the 
analyses. Delta changes in temperature (0 °C to +2 °C) 
and precipitation (10% to +10%) were used due to climat-
ic concerns. A pair of consecutive peaks algorithm and a 
genetic algorithm optimizer are used to create rule curves 
for reservoir simulation together with simulated flow sit-
uations. Sustainability, dependability, recovery, and the 
greatest amount of shortages are used to summarize res-
ervoir performance. According to the findings, the prior 
greatest scarcity has fallen from 61% to 20% below the 
25% level that many water consumers can tolerate thanks 
to conservation efforts. While increased precipitation 
and more influx were anticipated, climate change fears in 
precipitation revealed the opposite outcome. Maximum 
water scarcity was worse than 66% without protection 
from reduced current; it was improved to 26% with this 
protection. An important outcome of this study has been 
the strengthening of operational procedures connected to 
hedging and the capacity to successfully eradicate the im-
pacts of water scarcity brought on by climate change [31].
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Two separate neural network models were employed in 
the study done in 2016 (Doğan et al.) [32] to estimate 
Lake Van's daily water level. Feedforward neural networks 
(FFNNs) and radial basis function neural networks (RB-
NNs) are examples of these neural networks. The FFNN 
algorithm model beat the RBFNN algorithm model when 
the estimation results were compared using the mean 
square error (MES) and R2 (determination) coefficients. 
A threat won't be posed by an increase in water in the 
rapidly growing and densely populated areas around Van 
Lake's coast because it has been determined from the es-
timation results of this study that the water level of Van 
Lake will fall in the future [32].

In their 2016 study, Soundharajan et al. [33] looked at the 
Pong Reservoir in India, which is situated on the Beas River. 
To explain the uncertainties brought on by climate change 
in the storage need and reservoir performance, they em-
ployed the Monte-Carlo simulation approach. The software 
simulates calibrated precipitation-temperature and precip-
itation-runoff scenarios. Due to the future's drier climate, 
the reservoir capacity in the results revealed a significant 
coefficient variability of 0.3 [33].

Yang et al. [34] seek to develop adaptive multi-purpose busi-
ness rules to lessen variability. An adaptive multi-purpose 
operating model is suggested and built together with the 
combination of operating rule curves and reservoir oper-
ating function. These ideal operating guidelines are created 
by contrasting and discussing the NSGA-II approach and 
dynamic programming. The most effective operating rules 
were chosen using the projection tracking approach. The 
findings demonstrated that using NGSA-II to develop reser-
voir operating rules can boost dependability, water resource 
efficiency, and hydroelectric energy production. In particu-
lar, these water resource-focused rules can significantly in-
crease reservoir annual water resource efficiency by 18.7%. 
This demonstrated the effectiveness of the suggested para-
digm for reservoir operation in terms of climate change [34].

In the Zhao et al. [35] study, the Distributed Hydrology 
Soil Plant Model (DHTBM) included a multi-purpose res-
ervoir module with established complex operation rules. 
This module has been modified to accommodate condi-
tional operating rules created to improve the consistency of 
water delivery and lower the risk of floods. Two reservoirs 
on the Brazos River in Texas (Whitney and Aquilla) were 
used to assess the effectiveness of this integrated model. 
The model has been tested and calibrated using data on 
reservoir storage and observed input and output currents. 
Daily, weekly, and monthly data for both reservoirs are a 
summary of inaccurate figures (reservoir capacity, volume 
of water discharged, hydraulic power). The Nash-Sutcliff 
Coefficient was 0.75 and the coefficient of determination 
(R2) was 0.85 when using the Whitney Reservoir's week-
ly reservoir storage capabilities. With the addition of new 
reservoir components, DMTBM has demonstrated that it 
is a platform that supports equitably managing water re-
sources in the face of growing anthropogenic activity and 
ongoing environmental change [35].

The impact of weather information on variations in the 
water level in the Yalova Gökçe Dam dam and the impact 
of climate change on lake water level were both investi-
gated in the study by Sönmez et al. [36]. Daily rainfall in 
the dam basin, daily evaporation, lake water level eleva-
tions, flow rates into the dam lake, and flow rates out of 
the dam were all employed for this purpose. The monthly 
and yearly fluctuations of these values were then looked 
at. With regard to population and water consumption per 
person in 2023, it has been stated that the changes in the 
dam's water level will not be sufficient due to the effects of 
global warming. [36].

The objective of the study carried out by Abu Salam in 2018 
[37] was to determine the water level of the Dibis Dam, 
which is situated northwest of Kirkuk. The artificial neural 
network's input data set consisted of 10-year data. These in-
formation includes measurements of the initial water level, 
precipitation, and the flow values going into and out of the 
dam. The remaining 20% was utilized as test data, and the 
remaining 80% as training data. All models are fed via the 
forward back propagation learning technique in artificial 
neural network modeling. Four alternative analysis mod-
els were developed for the analyses. These analytical mod-
els include rainy/non-precipitated, initial water level with/
without. The beginning water level was shown to be a cru-
cial piece of information in this investigation [37].

The water budgets of the basins that provide Istanbul with 
drinking water were calculated using hydrological process 
models in the Cüceloğlu [12] study. Additionally, the effects 
of climate change on water supplies were examined using 
the results from global climate models. Analyses of Istan-
bul's water resources system's current state and potential 
impacts of climate change have been done. Water budget 
simulations have shown the future situation of Istanbul's 
water supply system. Approaches to dynamic modeling 
have proved successful in evaluating water resource man-
agement and watershed systems. In order to assess the 
existing state of Istanbul's water resources system and in-
vestigate the implications of climate change, a modeling 
infrastructure has been created.

The goal of the study by Damla et al. [38] was to use an 
artificial neural network to predict the water level of the 
Yalova Gökçe Dam. The Sellimandra stream flow rate, ba-
sin precipitation and evaporation values, dam water dis-
charges, leachate volume, and dam water level statistics 
have all been used to try and estimate the water level in 
2019. The findings collected indicated that the artificial 
neural network model's predictions were rather accurate 
in describing the actual water level. The estimated water 
level and the measured water level converged, with the 
determination rate determined at 94.14%. In general, it 
was found that the estimates were higher than the mea-
sured values, but in July and September, it was found that 
the estimates were lower than the measured values. The 
findings of this study indicate that using artificial neural 
network methods to estimate water levels can be advanta-
geous for dam operations.
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The Sono, Manuel Alves da Natividade, and Palma basins in 
the Cerrado region of Brazil were the subject of an investi-
gation by Rodrigues et al. [39] on the hydrological impacts 
of climate change under several emission scenarios for the 
21st century. In order to achieve this, the HadGEM2-ES and 
MIROC5 global climate models, along with the RCP4.5 and 
RCP8.5 scenarios, were used to run the SWAT hydrological 
model throughout three time periods (2011-2040, 2041-
2070, and 2071-2099). Droughts were defined using the 
Standardized Precipitation Index (SPI) and the Standard-
ized Stream Flow Index (SSFI). Overall, the findings indi-
cate that future periods are likely to see an increase in the 
length, severity, and frequency of meteorological and hydro-
logical droughts. However, it is anticipated that hydrological 
droughts will be more severe than meteorological droughts. 
Reduced stream flows are seen in both scenarios and over all 
future time periods, especially during dry spells. This could 
have a negative impact on the Cerrado biome's ecological 
processes, diminish aquifer recharge, and increase the risk of 
producing electricity in northern Brazil. The Sono, Manuel 
Alves da Natividade, and Palma Cerrado basins' hydrolog-
ical behavior in the current climate was successfully recon-
structed by the SWAT model. These findings demonstrate 
that it is possible to investigate how stream flow in the basins 
of the Cerrado Region is affected by climate change. Reduc-
tions in the annual water budget (P-ET) have been predicted 
by the Eta/HadGEM2-ES and Eta/MIROC5 climate mod-
els for the whole 21st century. The SWAT model expected 
declines in monthly stream flow throughout the year under 
these conditions. The dry season (June to August) had the 
largest monthly stream flow fluctuations, with decline rates 
reaching 90.1%. The RCP8.5 scenario (Eta/HadGEM2-ES) 
predicts the greatest changes in mean annual flow at the end 
of the twenty-first century, with 81.9% (412.2 mm), 75.4% 
(411.6 mm), and 81.9% (411.6 mm) in MRB, PRB, and SRB, 
respectively. A reduction of 74.7% (443.3 mm) is visible. A 
rise in the length, severity, and frequency of climatic and 
hydrological droughts is also predicted for the foreseeable 
future. However, it is anticipated that hydrological droughts 
will be more severe than meteorological droughts. Gener-
ally speaking, the outcomes from the various climatic sce-
narios used show large variations. The findings indicate that 
the availability of water in Brazil's Cerrado region may be 
significantly impacted by climate change. Therefore, it is im-
portant to draw attention to the hazards for decreased aqui-
fer recharge, northern Brazil's electrical power production, 
and the Cerrado Region's environment.

According to the most recent IPCC 6th Report [40], droughts 
would negatively affect Türkiye in the coming years, notably 
in Türkiye, according to model results obtained in accordance 
with SSP scenarios. There is a trend toward rising tempera-
tures and falling precipitation, as shown by the scenarios and 
models customized for Türkiye in the report Climate Projec-
tions for Türkiye issued by the General Directorate of Meteo-
rology [41]. Ayva et al. [42] attempted to analyze the existing 
impact of climate change and its potential future implications 
in the Kirazdere basin, a sub-basin of the Yuvacık Dam, a 
significant water resource in the Kocaeli province. The Mann 

Kendall trend analysis results show that there has been a sig-
nificant increase in temperatures, particularly after the 2000s, 
and that temperatures have been growing throughout the an-
alyzed time. While there was no discernible trend in the pre-
cipitation, the flow was seen to be diminishing. Additionally, 
the analysis of the Standardized Precipitation Index (SPI) re-
vealed that there were times of drought. Drone photographs 
showed that there had been drops in water level in the dam 
lake as a result of the drought. Some scenarios forecast an 
increasing trend in temperature and a declining trend in pre-
cipitation based on climate models and scenarios. The results 
of the drought analysis indicate that the basin will experience 
both short-term and long-term droughts in the future.

In their study from 2023, Salmona et al. [43] assessed how 
land development and climate change affected 81 watersheds 
in Brazil's Cerrado ecosystem. A future deforestation and cli-
mate scenario up to 2050 was projected, and their impact on 
land and water was estimated, based on a thorough examina-
tion of field and secondary data collected between 1985 and 
2018. It has been noted that river flows are more strongly 
impacted by the direct effects of large-scale deforestation on 
the production of irrigable agricultural crops than climate 
changes. According to estimates, the flow reduced because 
of deforestation and climate change by 8.7% and 6.7%, re-
spectively. Due to changes in land use and land cover, the 
majority of the observed changes (56.7%) took place in the 
last ten years. The Cerrado basins have had a total water re-
duction of 19,718 m3/s as a result of changes in climate, land 
use, and land cover. Assuming current deforestation rates, 
the total amount of water lost by 2050 will be 23,653 m3/s, 
which translates to a 33.9% reduction in river flows in the 
study area. This will severely alter numerous rivers' flows 
and have a negative impact on agriculture, the production 
of electricity, biodiversity, and water supplies, especially 
during the region's dry seasons. The findings demonstrate 
how changes in land use and the climate have a direct impact 
on the amount of surface water in Brazil's Cerrado habitat, 
which tends to get worse over time. Future projections reveal 
that the growth of agricultural areas tends to limit water flow 
in more than 90% of the basins in the Cerrado biome. This 
could result in repeated levels of water shortages during dry 
spells in the research area, it was highlighted in the study. 
The availability of water in the Cerrado biome is impacted by 
changes in land use and the climate, it was concluded.

CONCLUSIONS

We can infer a connection between climate change and the 
occupancy levels of the reservoirs used to supply drinking 
water. Climate change has the potential to raise tempera-
tures, alter precipitation patterns, and alter how water re-
sources are distributed globally.

The occupancy rates of drinking water supplies may change 
as a result of these changes. For instance, dwindling water 
supplies may result from rising temperatures and diminish-
ing precipitation. As a result, the occupancy rates of the res-
ervoirs may drop, making it harder to deliver drinking water.
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However, there may be regional variations in the correla-
tion between climate change and drinking water reservoir 
occupancy rates. Extreme weather conditions including 
increasing rainfall and flooding could occur in some lo-
cations. In this scenario, reservoir occupancy rates would 
climb, but other difficulties, such excessive flooding and in-
frastructure issues, might also appear.
The occupancy rates of drinking water reservoirs and cli-
mate change are intricately related, in our opinion. Un-
derstanding how climate change affects water resources 
will help us modify our water management plans. Future 
drinking water supplies, resource protection, and efficient 
water use should all be goals of sustainable water resource 
management.
Precipitation patterns may alter as a result of climate change. 
Less precipitation may fall in some areas, while heavy rain 
and flooding may occur in other areas. Future precipitation 
patterns will be impacted by climate change, according to 
climate models. The occupancy rates of reservoirs holding 
potable water may be impacted by this.
Although drinking-use water consumption accounts for 
a small portion of global and national consumption, it is 
claimed that surface water resources provide the majori-
ty of the drinking-use water required in major cities. Due 
to shifting climatic conditions, rapid population increase, 
and changes in land use, it is challenging to obtain drink-
ing-use water from surface water resources. As a result, it 
is imperative to manage and evaluate the effects of water 
resources using dynamic approaches that take both human 
activities and the hydroclimate's effects into consideration. 
To ensure the sustainable use of water resources, it is crucial 
to develop policies that are favorable to climate change. To 
do this, strategies for reducing water usage should be de-
veloped and put into practice, such as changing patterns of 
water consumption, calculating water footprint reduction, 
disseminating appropriate water utilization technology, and 
regulating water use in the industrial sector.
Due to their capacity to contain water and regulate flow, 
dams are valued assets for flood avoidance as well as for 
water supply and hydroelectric power. They play a signif-
icant role in the management of water resources. This is 
a crucial function because of the recent rise in extreme 
occurrences brought on by climate change, and future de-
cades will depend heavily on our capacity to reduce flood 
damage. For water management or early warning systems, 
having a reliable estimate of a dam's flow might be advan-
tageous. Data-based models have shown to be an effective 
tool for a variety of hydrological applications when histor-
ical data is available.
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