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Abstract 
 
The primary constraint of photovoltaic (PV) systems is the relatively low conversion efficiency of PV panels 
(PVPs), heavily influenced by their operating temperature and sun irradiation under various configurations. The 
lack of precision in accounting for PV panel temperature and solar irradiation levels heightens the financial risk 
associated with system installation. This study examines the impact of solar irradiation, under constant 
temperature conditions 25OC, on a monocrystalline PV panel under standard test conditions (STC) of Ilorin, North 
Central Nigeria. The output performance of a specific PV panel model was initially investigated by simulating it 
using the Scilab Xcos™ software. The current-voltage (I-V) and power-voltage (P-V) curves are utilized to 
evaluate the performance of PV panels, taking into account the temperature of the panels and varying solar 
irradiation levels. The simulation's findings demonstrate that when solar irradiation varies from 400 W/m2 to 1000 
W/m2, there is a linear increase in both the open circuit voltage (Voc) and short circuit current (Isc). The amount 
of solar irradiance causes this linear increase. The results also revealed that the quantity of irradiation the PV 
modules are able to extract directly relates to the PV module's output power. Furthermore, the current and voltage 
reached their peak levels of 7.12 A and 15 V, respectively, when the solar radiation intensity was 1000𝑊/𝑚$. 
Their minimum values were 2.95 A and 14 V, respectively, when exposed to a solar radiation of 400𝑊/𝑚$. The 
power output of the photovoltaic (PV) panel grew in direct proportion to the rise in solar radiation. Specifically, 
the power output declined to 85.95 W when the solar radiation was 400𝑊/𝑚$, while it was 223.64 W when the 
solar radiation was 400𝑊/𝑚$.  
 
Keywords: PV system, Irradiance, Monocrystalline, Short circuit, Open circuit, Power 

1. Introduction 
 
Globally power demand is steadily rising but there with limited fossil energy supply. This is a 
worrisome trend in the energy business as suppliers tend to look for alternative sources to offer 
clients to stay in business therefore, there is an urgent need for a proper energy mix. Renewable 
energy like solar and bioenergy plays key roles in the structural supply chain of the energy mix. 
Fossil energy reserves have been gradually depleting yet continuously harnessed. The fossil 
energy exploration like crude oil severely harmed the ecosystem and over time, increased global 
warming[1]. The PV systems harness solar radiation as an energy source. Using cells, it 
converts solar radiation into a more useful energy which is electricity. At varying efficiency 
ranges of 7% to 40%, the PV cells produce electricity from solar radiation[1]. The 
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semiconductor types used for PV cell production mostly influence its conversion. PV panels 
typically account for the largest share of the investment cost when compared to other 
installation components for PV systems[2]. Therefore, making reasonable returns after 
investing in this system heavily relies on PV panels' (PVP’s) power generation capacity. Sadly, 
a few deteriorating factors frequently result in low conversion efficiency for PVP’s. PV panel 
temperature is recognized as a key component in energy production forecasting[3]. For 
instance, extended high-temperature and operating conditions may cause a PVP’s capacity to 
produce power to deteriorate permanently[4]. The elevated temperature is caused by wasted 
energy that is created as a result of absorbing solar energy. A PVP’s can mostly convert about 
20% of solar radiation into electricity[2]. Most of what is still present is converted to heat. The 
PVP’s working temperature is increased due to the stored heat energy, which reduces the panel's 
electrical efficiency[5]. According to standard test condition (STC), a PVP’s conversion 
efficiency decreases by 0.40 to 0.50% for every degree of temperature increase[6].  
 
Silica is the main component of most solar cells. The electrons that are flowing through the 
solar PV material because of sunlight hitting a cell are converted into direct current (DC) 
electricity. By attaching an inverter to the system, the DC is transformed into AC, and the AC 
electricity is then fed into household devices as electric power[5]. Many materials including 
copper and cadmium telluride are used in making PV cells. There are, however, three silicon-
based materials including monocrystalline (MCS), polycrystalline (PCS), and amorphous 
(APS) widely used in solar PV cells[7]. Highly concentrated photovoltaic (HCPV) systems 
focus solar energy onto tiny solar cells using optical devices (lenses or mirrors)[8]. According 
to the manufacturer of semiconductor materials, there are more efficient new forms of PV 
modules which are about 31.8% better than the ones previously produced[9]. Just like other 
technologies, in the last three decades, solar cell efficiency has increased steadily. This ranges 
from 16.5% CdTe, 18.4% CIGS, 24.7% c-Si, to 39% GaInP/GaAs/Ge[1].  
 
In the past decade, numerous research have investigated the impact of solar radiation 
fluctuations and temperature volatility on the performance of photovoltaic (PV) panels. 
Suwapaet and Boonla's[10] research shows that AMS solar panels outperform MCS panels 
operating at elevated temperatures. Also, MCS panels supplied produce smaller power when 
compared to AMS at 600 W/m2 range, despite no appreciable changes in PV panel 
temperature[10]. However, the targeted output size is below the expected efficiency of 31%, 
50% and 54-68% for single junction, 3-cell stacks and hot carriers respectively. Only 
commercial modules had achieved efficiencies of 50% to 65% of these "champion" cells[10]. 
Ike[11] explored the impact of weather factors, such as ambient temperature, on the total 
efficiency of solar panels. The author asserted that there exists an inverse relationship between 
the ambient temperature and the output energy of the system. Additionally, the study 
emphasized the need to ensure proper airflow through the panels during the design process. 
Dash and Gupta[12] examined the correlation between temperature and the electrical output 
generated by various solar panels. The authors employed the temperature coefficient as a 
benchmark function for photovoltaic (PV) output power. The study determined that 
monocrystalline panels had the most average power loss, with a value of 0.446% per degree 
Celsius. Swapnil et al.[13] after conducting a thorough analysis of numerous research, it was 
shown that there is a direct correlation between temperature and both the photoelectric 
conversion efficiency and the output power of photoelectric modules. The researcher 
demonstrated that numerical parameters are contingent upon both the substance and the system 
simultaneously. 
 
Chander et al.[14] used a solar simulator to research the effects of varying PV cell temperature 
during steady-state lighting conditions. This study discovered that the PV cell’s temperature 
substantially impacts output parameters. It was discovered that the Isc had positive coefficients 
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for temperature, while other parameters like Voc negatively impacted the temperature 
coefficients. The temperature impact on power with varying PV panels is reported by 
researchers[2], [11]. The mean power loss of monocrystalline PV panels when the temperature 
coefficient was considered was -0.45% per °C. Khaled et al.[15] examined the impact of 
shadowing on the peak power production of the photovoltaic (PV) panels and the resulting 
reduction in efficiency. The study determined that raising the temperature of the photovoltaic 
(PV) system leads to a decrease in its maximum output power. Based on the report by Temaneh-
Nyah and Mukwekwe[16] elevated temperatures caused PV panels to lose power. Their 
findings also showed high temperatures caused a median energy waste of 37.8 kW for PV 
system installations for its regular 12-hour operations, which is 14.6 kWh [16]. The coefficient 
of temperature was found to be about 0.31% of lost energy per Kelvin [16]. Various kinds of 
PV panel technologies have produced output power in a variety of ways because of how 
sensitive they are to operating temperature ans solar irradiance. Zhe et al.[17] examined the 
impact of altering solar radiation intensity on the properties and efficiency of photovoltaic (PV) 
modules. 
 
A number of researchers have employed mathematical models to accurately forecast the impact 
of variables, such as radiation intensity and temperature, across various global locations and the 
accuracy of the results is confirmed by comparing them to the results of real-world tests Al-
Waeli et al. [18] 
 
The present study examines the impact of variations in solar radiation and constant temperature 
on the overall efficiency of solar panels. An investigation was conducted to examine the 
connections between these variables and fundamental characteristics of photovoltaic (PV) 
panels, including short circuit current, open circuit voltage, output power, and efficiency. While 
there may exist several international studies resembling this particular study, they pertain to the 
conditions of different countries rather than the weather conditions specifically in Nigeria, 
particularly in the city of Ilorin, the capital. Ilorin exhibits a continental climate, with scorching 
temperatures during the summer and frigid conditions during the winter. This city experiences 
periodic fluctuations in relative humidity, however they are restricted in magnitude. 
Additionally, the wind velocity remains consistently mild, seldom surpassing 3 m/s on the 
majority of days throughout the year. To the best of the researchers' knowledge, no previous 
study of this nature has been done either domestically or abroad. The first section of this article 
provides background information to the research study while Section 2 provides information 
about the PV module's specifications. In section 3, 𝑆𝑐𝑖𝑙𝑎𝑏	𝑋𝑐𝑜𝑠/0 software analyzed solar 
irradiance effects on the study’s PV module. However, section 4 discusses all the simulation's 
findings and results were further discussed.  
 
 
2. Materials and Method 

Firstly, a PV module can be arranged in series and or parallel. This corresponding arrangement 
gives the expected current and voltage output. In this study the analysis of the PV panel output 
performance was simulated using 𝑆𝑐𝑖𝑙𝑎𝑏	𝑋𝑐𝑜𝑠/0 simulation software. By using this software, 
the basic data of PV panel can be explored as shown in Table 2. All data were determined under 
standard test conditions (STC) of Ilorin, North Central Nigeria with a rating of 25 °C, and a 
range of solar irradiance between 400W/m$	and	1000W/m$. Due to the highly unrealistic 
nature of the normal test settings, different data were inputted that closely resemble the actual 
operating conditions. The simulation programme yielded several key data points, including 
short circuit current, output power, open circuit voltage, and efficiency. Crucial connections 
can be identified to assess the overall effectiveness of PV panels, such as the correlation 
between efficiency and solar radiation intensity and temperature, the link between voltages and 
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current, the relationship between voltages and output power, and other less significant 
connections. 
 
The purpose of the simulation is to observe the effect of solar irradiance on PV panel output 
performance at constant temperature. After all parameters have been identified, the next method 
is to analyze the PV panel performance through the characteristics of current-voltage (I-V) and 
power-voltage (P-V) curves based on different amount of solar irradiance. To model the 
electrical characteristics in a PV module in predicting the power output, five important relevant 
equations need to be solved. These equations are: 
 
i. Photo-current 6I89: 

I89 = [I=> + kA. (T − 298)].
K

LMMM
          (1) 

ii. Saturation current (IN) 

IN =	IO=	. P
Q
QR
S
T
. exp X

Y.Z[\.]
^
_R
`^_a

b.c
d     (2) 

iii. Reverse saturation current (IO=) 

IO= = 	
efg

h
] i.j\g
R.kf.l._

a
`L

                  (3) 

iv. Current through shunt resistor  (I=9) 

I=9 = ]mne.of
ofp

a                   (4) 

v. Output current (I) 
 

I = I89 − IN. Pexp ]
Y.(mne.of)
b.c.qf.Q

a − 1S − I=9                 (5) 
 

Equations 1, 2 and 3 above represent the Photo-current 6I89: which is the output current, 
Saturation current (IN) and Reverse saturation current (IO=) respectively. These equations 
utilizes the constant values in order to produce specified output used in the block diagram as 
shown in Figs. 2, 3 and 4 respectively. Equations 4 and 5 will provide the current (I) and voltage 
(V) which are the two most important parameters of interest required by a PV module. There 
are numerous software that could be used to solve these equations. However, this study 
employed the use of  Scilab	XcosQ{ for the modeling and simulation of these complex 
equations. This study used this simulation tool because of its robustness in solving such 
complex equations [15]. For mathematical modeling and simulation of the PV module 
in	Scilab	XcosQ{, Table 1 shows the required parameters used in the five equations previously 
mentioned. 
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Table 1. Photovoltaic (PV) module constants and variables 
 𝐃𝐞𝐬𝐢𝐠𝐧𝐚𝐭𝐢𝐨𝐧	(𝐔𝐧𝐢𝐭) 𝐕𝐚𝐥𝐮𝐞 
𝐼�� photo − current	(A) I89 
𝐼�� short	circuit	current	(A) I=> 
𝑘� short − circuit	current	of	cell	at	25℃	and	1000	W/m$	 0.0032 
𝑇 operating	temperature	(K) T 
𝑇� nominal	temperature	(K) 298 
𝐺 solar	irradiation	(W/m$) G 
𝑄 electron	charge	(C) 1.6	x	10`L£ 
𝑉¥� open	circuit	voltage	(V) VN> 
𝑁 the	ideality	factor	of	the	diode 1.3 
𝐾 Boltzmanns	constant	(J/K) 1.38	x	10`$T 
𝐸°¥ band	gap	energy	of	the	semiconductor	(eV) 1.1 
𝑁� number	of	cells	connected	in	series N= 
𝑁� number	of	PV	modules	connected	in	parallel N8 
𝑅� series	resistance	(Ω); 0.221 
𝑅�� shunt	resistance	(Ω);	 415.405 
𝑉· diode	thermal	voltage	(V) … .. 

 
 
The module rating showing the characteristics of a solar cell obtained from a Manufacturer’s 
Datasheet [19] that will be used for modeling in 	XcosQ{  is shown in Table 2. 

 
Table 2. Data obtained/estimated from Mitsubishi PV-TJ225GA6 at (STC) [19] 

𝐃𝐞𝐬𝐢𝐠𝐧𝐚𝐭𝐢𝐨𝐧 𝐑𝐚𝐭𝐢𝐧𝐠 
Maximum	power	rating	6P¼8: 225	W 
Minimum	power	rating	6P¼8: 218.3	W 
Tolerance	of	maximum	power	rating +3/−3% 
Voltage	at	maximum	power	6V¼8: 30.0	V 
Current	at	maximum	power	6I¼8: 7.50	A 
Open	circuit	voltage	(VN>) 36.4	V 
Short	circuit	current	(I=>) 8.30	A 
Total	number	of	cells	in	series	(N=) 60 
Total	number	of	cells	in	parallel	6N8: 1 

The Fig. 1 shows the module’s circuit representation.  

 

 
 

Fig. 1:  Photovoltaic (PV) module cell circuit [20] 



A. Bala, B.M. Alao, A.O. Oyedun, O.O. Alabi, M. Adamu 

 68 

In modeling and simulating the PV module using Scilab	XcosQ{	with the manufacturer’s 
specifications in Table 2, the following steps are taken: 
 
Step one: Launch Xcos 

Firstly Scilab needs to be launched, then launch 𝑋𝑐𝑜𝑠 from the general environment using  
symbol or by searching for Xcos. By default, 𝑋𝑐𝑜𝑠 opens with two windows, a palette browser 
and an editing window.  

Step two: Set Context 
The next step is specifying in 𝑆𝑐𝑖𝑙𝑎𝑏 user’s parameters. This is where values from Table 2 (i.e. 
Manufacturer’s Specification) will be specified. This will be done from the editing window 
menu bar, in Simulation/Set Context.    

Step three: Blocks Arrangement 
Instead of arranging the blocks in the editing window for the whole diagram (i.e. the five 
equations in block form) on one page, they can be built in small pieces in superblocks.  

Step four: Modeling and Simulation 
The data from Scilab	XcosQ{ were exported to	Excel. In the palette browser, the blocks shown 
in Table 3 were used for the exercise: 
 

Table 3. Set of predefined blocks 
Designation Representation Sub_Pallete 
Constant 

 
Sources/CONST_m 

Superblock 
 

Port	&	𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚/𝑆𝑈𝑃𝐸𝑅_𝑓 

Ramp 
 

Sources/RAMP 

Input  Port	&	𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚/𝐼𝑁_𝑓 

Output  Port	&	𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚/𝑂𝑈𝑇_𝑓 
Delay 

 
Discrete	time	systems/DELAY_f 

Power 
 

Mathematical	Operations/POWBLK_f 

Exponential 
 

Mathematical	Operations/EXPBLK_m 

Summation 
 

Mathematical	Operations/BIGSOM_f 

Product  Mathematical	Operations/PRODUCT 

Clock  Sources/Clock_c 

Visualization 
 

Sinks/CSCOPXY 

Mux 
 

Recently	Used	Blocks/MUX_f 

Matrix 
 

Sinks/TOWS_c 
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Now to start arranging the blocks for each of the equation one after the other: 

i. Photo-current 6I89: 

I89 = [I=> + kA. (T − 298)].
K

LMMM
    (6) 

 
The output current is described by I89, the equation inputs are T	and	G with I=>	and	kA as 
constants. Fig. 2 shows the block structure for the equation.  
 
 

 
 

Fig. 2. Photo-current 6I89: block diagram 
 

ii. Saturation current (IN) 
 

IN =	IO=	. P
Q
QR
S
T
. exp X

Y.Z[\.]
^
_R
`^_a

b.c
d     (7) 

 
In this equation IN is specified as the output, T	and		IO=	are respective inputs. Also, the constants 
are Tb, q, EÒN, n	and	K. Fig. 3 shows the block structure for the equation. 
 
 

 
Fig. 3.  Saturation current (IN) block diagram 

 
iii. Reverse saturation current (IO=) 
 

IO= = 	
efg

h
] i.j\g
R.kf.l._

a
`L

     (8) 

 
In this equation IO=	and	T are specified as the respective output and input. Other parameters like 
I=>, VN>, q, n, N=	and	K represent constants within the equation. Fig. 4 shows the block structure 
for this equation. 



A. Bala, B.M. Alao, A.O. Oyedun, O.O. Alabi, M. Adamu 

 70 

 
 

Fig. 4. Block diagram for Irs 

 
 
iv. Current through shunt resistor  (I=9) 
 

I=9 = ]mne.of
ofp

a      (9) 
 

In this equation I=9 is specified as the output, and I	and	V as input with R=	and	R=9 as the 
equation constants. Fig. 5 shows the block structure for the equation. 
 
 

 
 

Fig. 5. Block diagram for Ish 

 

v. Output current (I) 
 

I = I89 − IN. Pexp ]
Y.(mne.of)
b.c.qf.Q

a − 1S − I=9   (10) 

In this equation V, T, IN, I89and	I=9 are specified as the inputs, with q, R=, n, K, and	N= as the 
equation constants. Fig. 6 shows the block structure for the equation. 

Fig. 6. Block diagram for the output current (𝐼) 
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These individual blocks are connected to form a superblock in Fig. 7. 
 

 
Fig. 7. Photovoltaic (PV) module sub-superblocks 

 
For the system to produce the expected power output, certain T	and	G as seen in Fig. 8 are 
required in the system. Next section of this study shall discuss the results of modeling and 
simulation of the photovoltaic (PV) module. 

 
Fig. 8. Photovoltaic (PV) Module Visualization 

 

3. Results and Discussion 

The results obtained using Scilab XcosTM were exported to Excel Worksheet as shown in Table 
4. The modeling and simulation operating parameters at various sun irradiances are displayed 
in Table 4. The results shows that, the increase in Isc through the open circuit of the PV module 
grows at a constant voltage, which increases the output power in the PV modules due the 
increase in the amount of solar in irradiance. In contrast, the output power in the PV modules 
rises sequentially as the voltage across their circuit increased. Also, the results further revealed 
that the current drops as the time interval increases. These data were used to generate a P-V vs. 
I-V curves at varying solar irradiance as shown in Figure 9 which was also used for the 
performance analysis of this study  
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Table 4. Inputs and Outputs Parameters after Modeling and Simulation 
Solar Irradiance   @ 400 W/m$ @ 600 W/m$ @ 800 W/m$ @ 1000 W/m$ 
Time [s] V [volt]  I [amps] P [watt] I [amps] P [watt] I [amps] P [watt] I [amps] P [watt] 
0.1 1  3.317593 3.317593 4.977593 4.977593 6.637593 6.637593 8.297593 8.297593 
0.3 3  3.312778 9.938333 4.972778 14.91833 6.632778 19.89833 8.292778 24.87833 
0.5 5  3.307962 16.53981 4.967962 24.83981 6.627962 33.13981 8.287962 41.43981 
0.7 7  3.303146 23.12202 4.963146 34.74202 6.623146 46.36202 8.283146 57.98202 
0.9 9  3.298325 29.68492 4.958325 44.62492 6.618325 59.56492 8.278325 74.50492 
1.1 11  3.291717 36.20889 4.950827 54.45909 6.609934 72.70928 8.26904 90.95944 
1.3 13  3.286841 42.72893 4.945937 64.29718 6.60503 85.86538 8.264117 107.4335 
1.5 15  3.281853 49.2278 4.940914 74.11372 6.599965 98.99947 8.259001 123.885 
1.7 17  3.276568 55.70166 4.935535 83.90409 6.594471 112.106 8.253371 140.3073 
1.9 19  3.270474 62.13901 4.929183 93.65448 6.58781 125.1684 8.246339 156.6804 
2.1 21  3.262189 68.50597 4.920201 103.3242 6.577991 138.1378 8.235514 172.9458 
2.3 23  3.247964 74.70316 4.904087 112.794 6.559609 150.871 8.21441 188.9314 
2.5 25  3.217635 80.44089 4.868638 121.716 6.518012 162.9503 8.165432 204.1358 
2.7 27  3.143669 84.87906 4.780794 129.0814 6.413507 173.1647 8.040921 217.1049 
2.9 29  2.951446 85.59193 4.550969 131.9781 6.138536 178.0175 7.71175 223.6408 
3.1 31  2.438846 75.60422 3.936524 122.0322 5.401835 167.4569 6.828297 211.6772 
3.3 33  1.058938 34.94494 2.281105 75.27646 3.415813 112.7218 4.445613 146.7052 

 
 
 

 
Fig. 9. Variation in (P-V) and (I-V) curves at varying solar irradiance 

 
Figure 9 illustrates the correlation between the current, voltage, and output power under a 
consistent temperature of 25 °C and a fluctuating solar radiation ranging from 1000 W/m$ to 
400W/m$. This is a theoretical scenario that cannot be implemented under actual operational 
circumstances. The current and voltage reached their peak levels of 7.12 A and 15 V, 
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respectively, when the solar radiation intensity was 1000W/m$. Their minimum values were 
2.95 A and 14 V, respectively, when exposed to a solar radiation of 400W/m$. The power 
output of the photovoltaic (PV) panel grew in direct proportion to the rise in solar radiation. 
Specifically, the power output declined to 85.95 W when the solar radiation was 400W/m$, 
while it was 223.64 W when the solar radiation was 400W/m$.  
 
It is important to note that the the characteristics I-V and P-V alter during the day in tandem 
with the increase in solar insolation. PVPs current, voltage, and output power rose as the solar 
radiation increased, while the temperature remained constant. The photovoltaic panel achieved 
its highest performance under standard test conditions (STC). The findings align with the 
research conducted by [1], [2], [6].  
 
4. Conclusion 

The performance evaluation of a PV module at different solar irradiance for power generation 
was carried out with Scilab XcosTM   simulation software with data under STC for Ilorin North 
Central, Nigeria. The block diagrams and equations for each of the PV modules' subsystems 
and components were examined. The simulation's findings demonstrate that when solar 
irradiation varies from 400 W/m2 to 1000 W/m2, there was a linear increase for both the Voc 
and Isc. This linear increase is caused by the amount of solar irradiance. Furthermore, the solar 
irradiation that the PV modules can capture determines output power of the PV modules. The 
quantity of irradiation the PV modules are able to extract directly relates to the output power of 
the PV module as seen in Figure 9, it also shows that the current and voltage reached their peak 
levels of 7.12 A and 15 V, respectively, when the solar radiation intensity was 1000W/m$. 
Their minimum values were 2.95 A and 14 V, respectively, when exposed to a solar radiation 
of 400W/m$. The power output of the photovoltaic (PV) panel grew in direct proportion to the 
rise in solar radiation. Specifically, the power output declined to 85.95 W when the solar 
radiation was 400W/m$, while it was 223.64 W when the solar radiation was 400W/m$.  
 
The outcome of this study opens new avenues for designing a PV modules as well as PV arrays 
that would produce the highest possible power output at different solar irradiance which is the 
major problem faced by the particular geographical location chosen for this study.  
 
Future research on the impact of dirt or shade on solar PV arrays as well as other algorithm 
setups for improved maximum power point tracking (MPPT) are suggested. 
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Abstract 

This study focuses on alternative raw material sources to meet the demand for sustainable construction materials. 
Particularly, it is suggested that waste materials, such as animal by-products, could provide a solution for 
enhancing the mechanical properties and durability of asphalt concrete. The research aims to improve the physical 
and mechanical properties of asphalt concrete by utilizing bone ash obtained from Category 3 animal by-products 
through a hydrolysis procedure. Experiments conducted showed that the addition of 5% bone ash ensured 
maximum stability when used in conjunction with different percentages of bitumen. Overall, some positive 
developments were observed in the physical and mechanical properties of asphalt concrete containing animal 
bone ash, possibly due to strengthening the bond between aggregate particles and bitumen material. This study 
highlights the potential of animal bone ash in improving the mechanical properties of asphalt concrete and 
recommends a 5% bone ash addition for optimum stability and durability. However, further research and field 
tests are needed to better understand the long-term effects of animal bone ash and its performance under different 
road conditions. 
 
Keywords: Sustainable construction materials, Asphalt concrete, Mechanical properties, Animal bone ash, 
Stability. 

1. Introductions 

With the rapidly growing world economy and expanding population, the need for new roads is 
expanding day by day. To meet this increasing demand, asphalt is the globally preferred road 
superstructure type. Asphalt can be applied both hot and cold and can withstand a variety of 
weather conditions. Hot asphalt mixtures are mixtures in which bitumen is used at high 
temperatures and are generally recommended for use on roads with heavy traffic. Cold mixtures 
are mixtures that can be used at low temperatures and are used on roads where there is little 
traffic and maintenance. Today, 92% of freight transportation and 95% of passenger 
transportation takes place on highways. Thus, the traffic capacity of 20 years ago has increased 
at least 5 times, and the axle weight, which is the basis of superstructure projects, has increased 
from 8 tons to 13 tons. This situation has led to the deterioration of asphalt concrete in a shorter 
time than the expected service life. The concept of deterioration in asphalt concrete is defined 
as the degree to which the expected serviceability decreases as a result of traffic loads and 
environmental interactions at the end of the design life of a pavement structure, and it has been 
emphasized that the explanation of serviceability concept and a more detailed examination of 
the subject are necessary [1]. 

Furthermore, environmental issues and their solutions have been prioritized in research and 
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studies conducted in the transportation sector. In this regard, research and studies began in the 
late 1950s [2]. Since the mid-1990s, various techniques have been investigated to reduce the 
energy consumption involved in the production of hot mix asphalt, which is particularly 
renowned for its high mixing and compaction temperatures. In addition, the increase in living 
standards, social development, inadequacy of existing resources, and rising material and energy 
costs have prompted highway engineers to explore alternatives for constructing new roads and 
improving existing ones [3]. A satisfactory superstructure design should be durable, resistant to 
permanent deformation, cost-effective, and environmentally friendly. 

Recently, there has been an increasing demand for an asphalt mixture capable of withstanding 
various external loads and minimizing cracking. The designed lifespan of infrastructures 
typically spans around 20 years, considering anticipated traffic loads. In determining the 
thickness of the superstructure, the repetition of axle loads is a significant factor, and an increase 
in the repetition of heavy axle loads decreases the service life of the road. Under these 
conditions, thicker superstructures and higher costs have been required to achieve the same 
service life [4]. For this reason, the superstructure that provides the best stability should exhibit 
resistance against deformation and formation of wheel tracks under traffic loads. Neither 
excessively high nor low stability is desirable. High stability leads to asphalt cracking, while 
low stability results in wheel track depressions in the asphalt. Therefore, the aim is to achieve 
maximum stability at the optimum asphalt percentage [5].   

Thom and Elliott (2009) stated that with the high modulus of hardness of asphalt, it is possible 
to obtain a pavement that can withstand high traffic loads without cracking [6]. Previous 
researchers such as Zaumanis and Mallick (2014) have confirmed that the use of waste or by-
product materials instead of coarse or fine aggregates and even filler materials provides a 
promising improvement in the mechanical properties and durability of asphalt concrete [7]. Yan 
et al. (2013) concluded that the filler material has a significant impact on the lifespan of asphalt 
mixtures due to its high influence on strength, as well as its ability to increase resistance to 
water penetration and improve asphalt viscosity. Therefore, as highlighted by Muniandy et al., 
the properties of filler materials are crucial in asphalt mixture design both physically and 
chemically [8]. Furthermore, recent increases in demand for construction materials, particularly 
in road construction, alongside the inadequacy of existing resources, have prompted a search 
for alternatives such as the utilization of waste materials. 

In addition, in recent years, the amount of solid waste generated has increased worldwide due 
to the growing population, leading to the consumption of natural resources. Over the next five 
years, a significant increase in solid waste production is expected, which is anticipated to 
contribute to various environmental issues. From municipalities providing solid waste services 
in Turkey, it has been determined that a total of 25.28 million tons of solid waste was collected, 
with 12.75 million tons in the summer season and 12.53 million tons in the winter season in 
2006. The use of waste materials in infrastructure can reduce the consumption of traditional 
highway materials and consequently decrease the extraction and processing costs of these 
materials. Some researchers suggest using by-product materials in replacing subbase layer 
materials to utilize more waste materials, while other studies oppose this view due to 
transportation costs and the evaluation of waste materials, advocating the significance of using 
these materials in asphalt applications [9]. Many researchers are interested in the use of waste 
materials instead of traditional materials in construction. Studies where waste materials are used 
in concrete or asphalt mixtures have generally shown improvements in the durability and 
mechanical properties of hardened construction materials.                  

Bindu et al. (2020) investigated the potential use of cashew nut shell (CNS) ash in asphalt 
mixtures. Various amounts of ash were used as a partial substitute for the fine sand component 
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in asphalt concrete. The Marshall test was employed to determine the mechanical properties of 
the mixtures. The findings indicate that cashew nut shell ash can be used in asphalt concrete 
instead of fine sand up to 15% [10]. 

On the other hand, Sung et al. (2008) focused on the use of recycled waste lime instead of filler 
in asphalt mixtures. The results of this study demonstrate a significant improvement in stripping 
resistance and permanent deformation resistance at high temperatures [11]. The effect of coal 
waste dust as a filler in hot mix asphalt was investigated by Modarres and Rahmanzadeh (2014). 
Compared to the reference mixture, asphalt samples containing coal waste ash resulted in better 
stability and flexibility modulus [12]. 

Al-Busaltan (2016) selected two filler materials, namely Silica Fume (SF) and Rice Husk Ash 
(RHA), for up to 30% filler substitution. The results showed that Hot Mix Asphalt (HMA) 
design with less than 15% SF or 27.5% RHA met the requirements of local specifications. [13]. 
Furthermore, Tahami et al. (2018) reported that asphalt mixtures containing rice husk ash 
(RHA) and palm kernel ash (PKA) fillers showed higher stability and stiffness modulus 
compared to the control mixture. Moreover, the utilization of biomass ash has increased the 
thermal stability of the mixtures and enhanced the adhesive strength between asphalt and 
aggregates, leading to an increase in rut resistance and fatigue life of Hot Mix Asphalt (HMA) 
mixtures [14]. 

Furthermore, Sharma et al. (2010) and Choi et al. (2014) have demonstrated that fly ash can be 
used as a filler material in asphalt mixtures instead of filler [15-16]. Choudhary et al. (2018) 
investigated the effect of seven different waste materials, including glass ash, limestone ash, 
red mud, rice husk ash, brick dust, carbide lime, and copper waste, on bituminous mixture [17]. 
Waste filler bitumen mixtures have been tested for a range of mechanical properties compared 
to cement filler bitumen mixtures, including strength and resistance to moisture, wheel tracking, 
and cracking. The results have shown that the properties of waste filler mixtures are satisfactory 
and superior to traditional fillers. Waste mineral products (marble, granite, and steel slag) have 
been proposed as alternatives to conventional filler materials by Tarbay et al. (2018) [18].     

Additionally, rice husk ash has been investigated as a waste filler material in hot asphalt 
mixtures by Sargin et al. (2013) [19]. In the asphalt concrete mixture, four rates of limestone 
have been used as traditional fillers (4%, 5%, 6%, and 7%). According to the Marshall Stability 
test, the highest stability was achieved using 5% filler. Rice husk ash has been used as a 
substitute for limestone filler at rates of 25%, 50%, 75%, and 100%. From the results, it can be 
observed that a mixture containing 50% limestone filler and 50% rice husk ash exhibits the 
highest stability compared to other percentages and control samples. 

As a result of the study in which granular polymers and waste plastics were used as additives 
in asphalt concrete, it was determined that asphalt concrete produced with polymer additives in 
different configurations and ratios was more durable than traditional concrete [20]. 

Studies conducted over the past three decades regarding the use of polymers as additives in 
asphalt concrete and the results of these studies have been summarized by Y. Yıldırım (2005) 
[21]. In the study conducted by Navarro et al. (2004) it was observed that the addition of ground 
rubber tires to asphalt concrete improved the temperature-dependent properties of the asphalt 
concrete [22]. On the other hand, in this study, which serves as an example of polymer 
enhancement, it has also been demonstrated that the addition of rubber has positive effects on 
the long-term aging properties of asphalt concrete [23]. There is diversity observed in the 
methods used for evaluating the results of research conducted on asphalt concrete incorporating 
waste tires. Ground rubber and polymers have been added to asphalt mixtures, and 
improvement studies using rubber have yielded positive results compared to normal asphalt 
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concrete in terms of permanent deformation, wheel tracking, and low-temperature cracking 
[24]. 

Improvement studies have been conducted regarding the incorporation of various thermoplastic 
polymers, namely SBS, SEBS, EVA, and EBA, into asphalt. At the conclusion of the study, it 
was observed that different polymers exhibited varied effects on asphalt properties, particularly 
enhancing storage stability, creep resistance, and temperature-dependent characteristics [25, 
26].  

The modernization and intensified management of livestock farms, which have experienced 
rapid development in recent years, have brought forth numerous challenges. Concurrently, the 
accumulation of waste, holding significant economic potential, has emerged as a pivotal 
environmental concern amidst the rising livestock population. Substantial quantities of animal 
bones, such as those from cattle, have been generated, occasionally leading to complications in 
waste disposal procedures. Considering that approximately 15% of beef carcasses and 16% of 
lamb carcasses contain bones, the average solid waste output from a beef slaughterhouse is 
estimated at 275 kg per tonne of total live weight slaughtered, equating to 27.5% of the animal's 
weight [27].  

As stated by Muhammed et al. (2012), following the incineration process, animal bones 
primarily consist of approximately 80% calcium and magnesium, with approximately 10% 
carbon and other substances [28]. Ali et al. (2019) utilized traditional and dynamic rheometer 
test methods to investigate the effects of Portland cement and waste animal bone additions on 
the asphalt binder properties. Increases in the additive content resulted in decreased penetration, 
increased softening point, and increased flash point, indicating enhanced stiffness and 
resistance to wheel tracking. Consequently, animal bone ash may possess some pozzolanic 
properties in hot asphalt mixtures [29]. 

While bitumen constitutes 5-7% by weight and approximately 15% by volume of the asphalt 
mixture, its performance significantly influences the overall performance of the road throughout 
its service life [30]. Thus, enhancing the performance of flexible pavements is directly linked 
to the quality of the bitumen utilized in the mixture [31]. The performance of bitumen can be 
enhanced through the addition of certain percentages of additives, which may include various 
commercial, natural, artificial, and industrial substances. Although this initially raises the 
construction costs of flexible pavements, it ultimately yields economic benefits by reducing 
maintenance and repair expenses over the road's service life, provided that a high-quality 
application is achieved [32]. 

This study investigates the use of animal bone ash as an adjunct to conventional filler material 
in hot mix asphalt, aiming to evaluate its impact on asphalt pavement performance. 

 
2. Test Methods 
 
2.1. Marshall Stability Test  

Utilizing standardized testing methods such as TS EN 3720/12697, AASHTO T 245, and 
ASTM D 1559, the Marshall test serves as a laboratory procedure employed to assess the 
technical properties of asphalt mixtures. Developed specifically for determining the durability 
and performance of asphalt mixes utilized in highway construction, the Marshall test evaluates 
the flow characteristics of the asphalt mixture at elevated temperatures, thus gauging the 
material's resistance to deformation under high temperatures. Accurate determination of asphalt 
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flow properties, subjected to factors such as vehicular traffic and intense solar radiation, enables 
more precise performance predictions. Additionally, the Marshall test measures the stability of 
the asphalt mixture, indicating how the material will behave under the influence of gravity and 
high temperatures. This parameter reflects the strength and load-bearing capacity of the 
mixture, with higher stability values suggesting greater strength and durability. The Marshall 
test aids engineers in determining the optimal mix design by assessing the performance of 
various asphalt mix compositions, allowing for the optimization of the mix's composition and 
properties to achieve the best performance under specific road, traffic, or climatic conditions. 
Integral to the quality control and assurance processes of asphalt manufacturers and 
construction firms, Marshall testing ensures the adherence of asphalt produced to specified 
standards, facilitating the use of materials that meet quality criteria for long-lasting and 
dependable infrastructure. 
 

2.1.1 Marshall stability test procedure 

In an oven set to 160°C, a pre-determined aggregate sample weighing 1150 grams is left for 
one day (24 hours), while the bitumen is allowed to rest for 2-3 hours. Throughout the 
experiment, the molds, mixing sticks, shovels, and aggregate containers to be used must be kept 
in the 160°C oven to prevent any heat loss during the test. After removing the aggregate mixture 
from the oven, it is transferred to a mixer bowl, and a well is formed in the center to pour the 
bitumen into. A specific amount of bitumen, determined as a percentage of the aggregate weight 
at 3.5%, 4%, 4.5%, 5%, 5.5%, 6%, and 6.5%, is poured onto the aggregate as per the 
predetermined proportions. For each specified amount of bitumen, a total of 21 (3x7) samples 
are prepared, with three samples per designated bitumen percentage. The aggregate and bitumen 
are mixed in the mixer for 1.5-2 minutes. During this process, the mixer bowl is placed on the 
mixer heating device to prevent a drop in the mixture's temperature. Similarly, to prevent heat 
loss, the mixer head should be kept in the oven and utilized during mixing. As the mixing 
process nears completion, molds are removed from the oven and greased with Vaseline or a 
similar substance to prevent sticking. Greased or impermeable paper cut to suitable sizes is 
placed at the bottom of the mold. The mixture is scooped from the mixer, poured into the mold, 
and compacted using a tamper. The temperature of the mixture is measured at this stage, and 
greased or impermeable paper is placed on top of the mixture again. The temperature of the 
mixture should not drop below 140°C at this point. The mold containing the sample is placed 
on a Marshall hammer, and 75 blows are applied to each side for Hot Mix Asphalt (HMA) or 
50 blows for Stone Mastic Asphalt (SMA). Care should be taken during compaction to ensure 
that there is no material loss from the sample. The mold is then placed on a clean, flat surface 
to allow the sample to cool. The papers on the top and bottom surfaces of the sample should be 
removed before the sample cools to prevent them from sticking. The molds are left to cool for 
approximately 3 hours. After cooling, the samples are removed from the molds using a jack, 
labeled, and marked. The samples are left for one day at room temperature. The next day, if 
there are any protrusions around the samples, they are cleaned. Height measurements are taken 
from the samples using a caliper. Measurements should be taken from approximately 120°C 
apart at three different points on the sample. The weights of the samples in air and water are 
measured and recorded. The samples are left in a water bath at 60°C for 30 minutes. After being 
removed from the water bath, the samples are dried and placed in the Marshall strength device. 
The device is operated, applying a load to the sample at a speed of 51 mm/minute. As a result, 
flow and strength values of the sample are obtained. The results obtained from applying all the 
previous steps to all samples, including height, weight in air and water, Marshall flow and 
strength values, are arranged in table format. Flow and strength values for samples are 
multiplied by correction factors based on their heights and added to the table. The purpose of 
using Marshall correction factors is to ensure the evaluation of samples with different heights 
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under the same conditions. Three samples were prepared for each bitumen ratio, and the 
conformity of the results obtained from these samples is checked by plotting a "Bitumen Ratio 
(%)- Air Void (%) " graph. If the results on the graph are close to each other, it is accepted that 
the test results are consistent and compatible, and the calculations continue. Based on the results 
obtained from the prepared Marshall Table, "Bitumen ratio Practical specific gravity", 
"Bitumen ratio-Marshall strength", "Bitumen ratio-air void ratio", and "Bitumen ratio-Void 
filled with bitumen ratio" graphs are drawn. According to these graphs, the bitumen ratio 
corresponding to the maximum practical specific gravity value, the bitumen ratio corresponding 
to the maximum Marshall strength value, the bitumen ratio corresponding to the 4% air void 
ratio value (mean of lower and upper air void level for wearing course), and the bitumen ratio 
corresponding to the 70% void filled with bitumen ratio value are determined. The average of 
these four bitumen ratios is calculated to find the optimum bitumen ratio for the mixture. To 
determine whether the found optimum bitumen ratio falls within the specification limits, a 
"Bitumen Ratio-Flow" graph is plotted. The optimum bitumen ratio is accepted if it meets the 
flow limit. 
 
2.2. Modified Lottman Test (AASHTO T-283) 

One of the most important studies conducted to determine the usability of Hot Mix Asphalt 
(HMA) in road pavement is the measurement of the mixture's sensitivity to water. The 
AASHTO T-283 test is widely used to determine the sensitivity of compacted HMA to the 
effects of water. Developed by Lottman in the 1970s, the test conditions were modified and 
standardized by AASHTO. The test is aimed at determining the strength loss of the mixture due 
to water. The results obtained are used to determine the sensitivity of hot mixtures to stripping 
in long-term service processes on roads [33, 34, 35]. Compacted asphalt samples are divided 
into two groups: dry and conditioned (wet), and subjected to the indirect tensile test to determine 
the mixture's strength loss. The reason for obtaining the indirect tensile strength of the mixture 
is that it is one of the most important parameters for the continuity of hot mix wearing layers, 
as the tensile strength of the hot mix is critical for resisting the tensile stresses caused by traffic 
and environmental effects. If this strength is low, the mixture may deteriorate due to the tensile 
stresses generated by traffic and environmental factors At the conclusion of the study, it was 
observed that different polymers exhibited varied effects on asphalt properties, particularly 
enhancing storage stability, creep resistance, and temperature-dependent characteristics [36].  
For each test group to be subjected to the test, at least 6 samples are prepared, consisting of 3 
unconditioned and 3 conditioned specimens. The prepared uncompacted mixture samples are 
placed in trays and cooled at room temperature for 2 hours, then placed in an oven at 60°C for 
16 hours. The mixture samples, which are allowed to stand for 2 hours at the compaction 
temperature, are compacted at 6–8% air voids and left at room temperature for 24 hours. Dry 
specimens not subjected to conditioning are soaked in a water bath at 25°C for 2 hours and then 
subjected to the indirect tensile test to failure. For the conditioned specimens, a vacuum is 
applied with a manometer for 5–10 minutes at 13–67 kPa suction pressure to saturate them with 
70–80% water content. The saturated specimens are placed in a freezer at -18°C for 16 hours. 
After removal from the freezer, the specimens are placed in a water bath at 60°C for 24 hours, 
then removed and placed in a water bath at 25°C for 2 hours before being subjected to the 
indirect tensile test. The ratio of the indirect tensile strength of the conditioned specimens 
(ITSwet) to that of the unconditioned specimens (ITSdry) is calculated using the following 
equation: 

ITSR= (ITSWET/ITSDRY)x100                                                (1) 
 

ITSR Indirect tensile strength ratio (%), 
ITSwet: Average indirect tensile strength (kPa) of the conditioned (wet) group, 
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ITSdry: Average indirect tensile strength (kPa) of the unconditioned (dry) group.  

According to the Superpave mixture design method, for HMA to be deemed sufficiently 
resistant to water effects, the ITSR (Indirect Tensile Strength Ratio) value should be at least 
80% [37, 38]. However, in the original Lottman method, it is considered sufficient for this value 
to be at least 70%. Hot mixtures with an ITSR value lower than 80% in the test are generally 
deemed to lack sufficient resistance to water effects, and measures are taken to enhance the 
mixture's water resistance. Typically, anti-stripping additives are added to increase the mixture's 
resistance to water effects. For modified mixtures using additives, the ITSR value is expected 
to be at least 85% [35, 37]. 

2.3 Materials 

Typically, for hot asphalt mixtures, a composition of approximately 95% aggregate, 5% 
bitumen, and additives is used. In this study, filler and animal bone ash were utilized as 
aggregate, bitumen, and additive, respectively. 
 
2.3.1 Bitumen 

The bitumen used for this research was sourced from Compañía Española de Petróleos, S.A.U. 
The test results of the bitumen are indicated in Table 1. 
 
2.3.2. Aggregates 

The aggregate used in the research was supplied by CONTEC- Construções e Engenharia, S.A. 
The gradation values of the aggregate are shown in Fig. 1, while the physical properties of the 
aggregates and specification requirements are presented in Table 2. 
 

Table 1. Bitumen test results 

    
SPATICIFATIONS 

LIMITS 
TESTS  UNIT NORM RESULTS MIN MAX 
      

Penetration (25 ºC; 100g; 5s) 0.1mm EN 1426 39 35 50 
      

Penetration index  - EN12591 0,1 -1.5 0.7 
      

Softening temperature ºC EN1427 54 50 58 
      

Fraass brittleness temperature ºC EN12593 -1 - -5 
      

Resolution % EN 12592 130 99 - 
      

Ignition temperature ºC EN2592 280 240 - 
      

Resistance to ageing at 163 ºC (EN 
12607-1) 

     

      

Mass change % EN 12607-1 0.2 - 0.5 
      

Retained penetration (25 ºC; 100g; 5s) % EN 1426 62 53 - 
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Table 2. Physical properties of aggregates and specification requirements 

Property Standard Units Gneiss 
8/20 

Gneiss 
4/22 

Sand 
0/4 Filler Limit 

 
Flakiness index (FI) EN 933-3 

(34) % FI15 FI16 ….. ….. FI20  

Resistance to fragmentation: Los 
angeles (LA) 

EN 1097-
2 (35) % LA20 LA21 ….. ….. LA30  

Resitance to wear: micro-Deval 
(M08)  

EN 1097-
1 (36) % M08 10 M08 10 ….. ….. M08 15  

Polished stone value (PSV) EN 1097-
8 (37) % PSV30 PSV30 ….. ….. PSV30  

Water absorption (WA) 
EN 1097-

6 (38) % 0.5 0.6 0.6 ….. WA241  

Assessment of fines: methylene blue 
(MBr) 

EN 933-
9(39) g/kg ….. ….. MBr10 MBr10 MBr10  

Voids of dry compacted filler(V) EN  1097-
4 (40) & ….. ….. ….. 32 V24/34  

Delta ring and ball (oC) 
EN 

13179-1 
(41) 

oC ….. ….. ….. 14 ….  

 
 

 
Fig. 1. Grading of the aggregate's mixture and specification limits 

 
 
2.3.3 Animal bone 

The bone used in the study was sourced from Sebol - Comércio e Indústria de Sebo, S.A. Bone 
meal is a product obtained from the hydrolysis procedure of Category 3 animal by-products 
selected in compliance with Regulation 1292/EC. This regulation dates back to August 5, 2005. 
Tri-calcium phosphate derived from animal bones is recognized as a feed product under Article 
11.3.4 of Regulation (EC) No 2017/1017 dated June 15. 

 
The hydrolysis procedure is the process whereby the chemical bonds of a substance are broken 
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or decomposed through the action of water. In this process, water molecules break the chemical 
bonds between the components, thereby breaking the molecules into smaller parts. The 
hydrolysis procedure in animal bones is predominantly a chemical process that occurs under 
specific temperature and pressure conditions. This process is typically conducted using a 
solution or reagent that acts as a hydrogen donor. 

During this process, the organic components within the bones are decomposed by the action of 
water under high temperature and pressure. In this decomposition process, proteins can be 
converted into amino acids, fats into free fatty acids, and minerals into more soluble forms. 
Consequently, the product obtained as a result of hydrolysis becomes more digestible and easier 
to process. 

The aim of the study is to investigate the changes in the mechanical and physical properties of 
the mixture with the use of animal bone ash. For this purpose, animal bone ash was used in each 
sample up to 5% of the bitumen content. The properties of bone meal are specified in Table 3.  

 
Table 3. Physical and chemical properties of animal bone 

FORM Colour Odor Density 
Ash White to gray Typical 0.80 Kg/m3 
CONSERVATION  PACKAGING 

In cool and dry conditions  Big Bags (0.8 
ton) 

REFERENCE PARAMETERS 
DESGINATION UNIT VALUE REFERENCE 
Crude protein % ±9 

Internal quality 
criteria 

Ash % ±84 
Moisture % ±3 
Calcium % ±28 
Phosphorous % ±14 
Ash unsoluble in HCI % ±1 
Phosphorous unsoluble in citric acid 2% % ±7 

 

 

 

3. Experimental Studies 
 
3.1. Marshall Test Results 

Marshall test results for Hot Mix Asphalt (HMA) mixtures containing 5% animal bone ash used 
in conjunction with bitumen are depicted in Fig. 2., 3., 4., 5., 6.,7. and 8., showing the 
volumetric specific gravity (Dp, g/cm3), maximum theoretical specific gravity (Dt, g/cm3), air 
voids (Vh, %), voids in mineral aggregates (VMA, %), voids filled with bitumen (VFA, %), 
stability, and flow values, respectively. 
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  Fig. 2. Volume specific gravity  

 
 

       
Fig. 3. Maximum theoretical specific gravity 

 
 

As seen in Fig. 2. and 3., the volumetric specific gravity and maximum theoretical specific 
gravity values of hot mix asphalt samples prepared with four different percentages of bitumen 
and containing 5% animal bone ash exhibit a decrease from 4% to 3.5% bitumen addition, 
while an increase is observed at 4.5% and 5% bitumen additions. 
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Fig. 4. Air void percentage 

 
Fig. 4. shows that the highest air void content is observed at 4.5% bitumen addition, while the 
lowest air void content is observed at 5% bitumen addition. All prepared HMA samples 
remained within the specified limits of the KGM specification. 
 

 
Fig. 5. Percentage of voids between aggregates 

 
Fig. 5. indicates that the inter-aggregate void value increased compared to 3.5% bitumen 
addition at 4% bitumen addition, while it decreased compared to 4.5% and 5% bitumen 
additions. Each HMA mixture containing 5% animal bone ash remained above the minimum 
specified inter-aggregate void percentage in the KGM specification. 
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Fig. 6. Aggregate filled void percentage 

 
Fig. 6. shows that the inter-aggregate filled void ratio has the highest percentage at 4.5% 
bitumen addition, while it has the lowest percentage at 3.5% bitumen addition. The HMA 
mixture prepared with 4% bitumen addition has a lower aggregate filled void ratio than the 
HMA mixture prepared with 5% bitumen addition. Each HMA mixture remained within the 
specified limit values in the KGM specification. 
 

 
Fig. 7. Flow values 

 
Fig. 7. indicates that the HMA mixture with a 3.5% bitumen content provides the highest flow 
value, while the HMA mixture with a 4.5% bitumen content provides the lowest flow value. 
It was observed that the addition of 4% bitumen results in a higher flow value compared to the 
addition of 5% bitumen. HMA mixtures with 4.5% and 5% bitumen content remained within 
the specified limits according to the KGM specification. The flow values of HMA mixtures 
with 3.5% and 4% bitumen content exceed the specified limit values in the specification. 
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Fig. 8. Stability values 

 

In Fig. 8., it is observed that the HMA mixture with a 4.5% bitumen content provides the lowest 
stability value, while the HMA mixture with a 5% bitumen content provides the highest stability 
value. The HMA mixture with a 4% bitumen content is lower compared to the HMA mixture 
with a 3.5% bitumen addition. Each HMA mixture prepared according to the KGM 
specification has exceeded the specified lower limit value. 

The volumetric specific gravity (Dp) of the test specimens was determined by measuring the 
weight in air, weight in water, and saturated surface-dry weight for each HMA specimen 
removed at room temperature. After calculating the maximum theoretical specific gravity (Dt), 
the air void content (Vh), voids in mineral aggregates (VMA), and voids filled with bitumen 
(VFA) were determined, and the optimum bitumen content of the HMA mixtures was obtained 
from the graphs. Flow and stability results were obtained by conducting Marshall stability tests. 
The results obtained from the graphs are summarized in Table 4. 

 
Table 4. Summarized Marshall test results  

          Specification 
Animal bone ash% 3 3 3 3 …... 
Bitumen % 3.5 4 4.5 5 4--7 
Dp (g/cm³) 2.419 2.352 2.361 2.395 …... 
Dt (g/cm³) 2.53 2.46 2.47 2.5 …... 
Vh % 4.377 4.387 4.43 4.192 3--5 
V.M.A. % 14.664 14.994 16.734 15.513 min. 14 
VFA % 70.153 70.708 73.528 72.978 65--75 
Flow (mm) 5.4 4.2 3.4 4 2--4 
Stability (kg) 1580 1520 1420 1600 min. 900 

 
As seen in Table 4, the air void content (Vh) of each HMA mixture specimen remains within 
the specified range of 3-5% according to the KGM specification. The voids in mineral 
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aggregates (VMA) are associated with the deformation resistance and durability of the asphalt 
mixture. According to the KGM specification, the VMA value should be a minimum of 14%. 
Each HMA specimen meets the minimum specification criterion. 

According to the KGM specification, the voids filled with bitumen (VFA) in the asphalt should 
be between 65-75%. Each of the prepared HMA specimens falls within these limit values. 

Marshall stability and flow tests were conducted according to TS EN 12697-34 standard. In the 
standard, stability is defined as the maximum resistance to deformation, and flow is defined as 
the deformation that occurs in the specimen when it reaches maximum load. According to the 
KGM specification, the minimum stability value is 900 kg, while the flow limit values range 
between 2-4 mm. 

According to the test results, all specimens prepared with the addition of 5% animal bone meet 
the minimum stability value, using different bitumen percentages. When evaluating the flow 
values of specimens prepared with different bitumen percentages with the addition of animal 
bone together, it is determined that specimens containing 4.5% and 5% bitumen meet the 
specification limits. 

 
3.2.2 Modified Lottman test results (AASHTO T-283) 

For the experiment, an optimum bitumen-animal bone ash ratio of 5% was selected, and 3 
unconditioned (dry) and 3 conditioned (wet) specimens were prepared in compliance with the 
specifications. As a result of the experiments, indirect tensile strength (ITS) values were 
determined. 

ITSR: Indirect tensile strength ratio (%), ITS_wet: Average indirect tensile strength of the 
conditioned (wet) group (kPa), ITS_dry: Ratio of average indirect tensile strength of the 
unconditioned (dry) group (kPa) were calculated. The results of the experiments are shown in 
Table 5., Table 6. and Table 7. 
 

Table 5. Unconditioned sample Modified Lottman test (AASHTO T-283) results 

SAMPLE TYPE No 
Unconditioned Samples 

Height (mm) P max (kN) ITS dry (kPa) 

B+%5 BA 

5 62.8 23.53 2329 

6 62.4 29.75 2967 

7 62 26.01 2631 

ITSdry average= 2642.33 

 
As seen in Table 5., the specimen prepared with a 5% bitumen content, specifically the B6 
specimen with a height of 62.4 mm, exhibits the maximum load-carrying and tensile strength. 
The B5 specimen has the lowest tensile and load-carrying capacity, whereas the B7 specimen 
demonstrates greater tensile and load-carrying capacity compared to the B5 specimen.  
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Table 6. Conditioned sample Modified Lottman test (AASHTO T-283) results 

SAMPLE TYPE No 
Conditioned Samples 

 Height (mm)  P max (kN)  ITS wet (kPa) 

B+%5 BA 

1 63.9 19.15 1868 

2 62.5 21.94 2191 

3 63.2 18.68 1843 

ITSwet average= 1967.33 

 

As observed in Table 6., the specimen prepared with a 5% bitumen content, specifically the B2 
specimen with a height of 62.5 mm, exhibits the maximum load-carrying and tensile strength. 
The B3 specimen has the lowest tensile and load-carrying capacity, while the B1 specimen 
demonstrates greater tensile and load-carrying capacity compared to the B3 specimen. 
 

Table 7. ITSR value 

 

The modified Lottman test was utilized to determine the resistance of the asphalt concrete 
mixture to water damage using the optimum bitumen content. Indirect tensile strength tests 
were conducted on conditioned and unconditioned identical specimens of the HMA mixture. 
Three samples were used for each option, and the average of the values obtained from the three 
samples was considered. The ITSR value was determined by comparing the ITS values of 
conditioned and unconditioned specimens. The calculations are summarized in Table 5. 
According to the KGM specification, the minimum ITSR value should be 0.80, but the 
conducted experiment did not meet this requirement. The ITSR value obtained from the 
experiment was 0.74, indicating that the sample has low tensile strength and is prone to cracking 
and deformation. 
 
 
5. Conclusion and Recommendations 

This study aims to explore a more economical and beneficial way to recycle animal bones, a 
type of environmental waste, for use in asphalt pavement. Previous research suggests that 
animal bone ash can increase the tensile strength and improve the flexibility of asphalt mixtures. 
Furthermore, the use of recycled materials can reduce costs, contribute to the reduction of 
environmental waste, and help us use resources more efficiently. 

From the findings of this study, it can be concluded that the stability value of each HMA mixture 
remains above the minimum specified limit in the relevant specifications, which could be 
attributed to the finer particles of animal bone ash having a larger surface area, thus enhancing 
the asphalt and improving deformation resistance. Building upon previous studies, the higher 
percentage of calcium in bone ash promotes better bonding, contributing to the improvement 
of mechanical properties of asphalt. 

HMA mixtures prepared with 4.5% and 5% bitumen content did not meet the flow limit values 

ITSR (%)

ITSwet/ITSdry=0.74
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and were not compliant with the specifications. This may be due to the proportion of animal 
bone ash, as the decrease in bitumen percentage also reduces the proportion of animal bone ash 
in the mixture. The decrease in the percentage of animal bone ash leads to increased air voids 
between aggregates, resulting in decreased stability and increased flow, as well as a decrease in 
the voids filled with asphalt. 

Experimental findings confirm this situation. It is known that the highest animal bone content 
is in the 5% bitumen sample, and the lowest animal bone ash content is in the 3.5% bitumen 
sample. According to the test results, the highest stability value is observed with 5% bitumen 
addition, while the highest flow value is observed with 3.5% bitumen addition. 

The sample with 5% bitumen addition was selected as the optimum bitumen, and the modified 
Lottman test was performed based on these sample ratios. 

According to the experimental findings, the indirect tensile strength ratio (ITSR) being 0.74 
indicates that the asphalt mixture does not meet the standard requirements for tensile strength 
and elastic properties. The fact that it does not meet the minimum requirement of 0.80 specified 
by the relevant authority suggests that the mixture may be more susceptible to cracking and 
deformation. Therefore, the use of bone ash may have adverse effects on tensile strength (ITS) 
and maximum load capacity (Pmax). However, in the original Lottman test, an ITSR value of 
at least 0.70 is considered sufficient. 

Using HMA mixtures in asphalt reduces the use of traditional highway materials, thus reducing 
costs and helping to reduce the environmental damage caused by waste materials. 
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Abstract 

The evolution of cruise tourism, despite facing unprecedented challenges from the Covid-19 pandemic, has shown 
resilience, with a rapid recovery observed in 2022. This manuscript emphasizes the significance of analyzing 
cruise ship length and draft data for Turkish ports to facilitate effective development planning. Despite data 
availability challenges, percentiles of ship lengths and drafts have been established, offering insights into port 
capacity and future infrastructure requirements. The examination of ship length and draft requirements highlights 
the diverse needs of ports from Alanya to Trabzon. Continuous monitoring and adjustment of development plans 
are essential to adapt to evolving industry trends, such as the increasing size of cruise ships. Projections indicate 
a consistent upward trend in ship sizes, emphasizing the need for forward-looking investment strategies. This study 
provides a foundation for informed decision-making in port development, offering insights to optimize port 
efficiency and competitiveness. By assessing regional effects and proposing pragmatic investment approaches, the 
manuscript serves as a valuable resource for guiding future infrastructure investments in Türkiye's maritime 
industry, ensuring its sustainable growth and competitiveness.  

Keywords: Cruise Port, Ship Length, Ship Draft, Development Plan, Infrastructure Investment. 

1. Introduction 

Cruise tourism in the world started towards the end of the 1960s. The establishment of the 
world's cruise companies, such as NCL (Norwegian Cruise Line-1966), RCI (Royal Caribbean 
International-1968) and CCL (Carnival Cruise Lines-1972) coincided with these dates [1]. 
Cruise tourism is a type of tourism that allows passengers to accommodate, eat, drink, have fun, 
do activities and visit more than one settlement at the same sea travel. 

Approximately 30 million people traveled by cruise, in 2019. The yearly change in total cruise 
tourism passengers in the world has been compiled between the years 2003 and 2022 [2 - 9]. 
There is a significant decrease in number of passengers in the cruise industry in 2020 and 2021 
due to the Covid-19 pandemic (Fig. 1), while the total number of passengers increased by 
approximately 1,000,000 (~7%) passengers each year before the pandemic.  

The coefficient of determination is 0.98 in the linear regression line for the total number of 
cruise passengers between the years 2003 and 2019, when the Covid-19 pandemic is not taken 
into account. This shows that the total number of cruise passengers between 2003 and 2019 is 
consistent with the linear regression line (shown in the dashed red line in the Fig. 1). The 
number of passengers, which decreased due to the Covid-19 pandemic, shows a rapid recovery 
in 2022. It is expected that the increase in passenger numbers will continue and the number of 
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passengers will exceed 30 million in 2023. It is also expected that the number of passengers 
will converge estimated linear regression line over time. 

 

 
Fig. 1. Total cruise tourism passengers in the world 

Cruise tourism in the world is organized in many regions. The most preferred regions are the 
Caribbean-Bahamas-Bermuda, Central and Western Mediterranean, Northern Europe, North 
America West Coast, Eastern Mediterranean, Asia and China, …etc. in 2022. Approximately 
1,13 million passengers (~5.6%) traveled to the Eastern Mediterranean and ~2,6 million 
passengers  (~12.9%) traveled to Central and Western Mediterranean [10] out of a total of ~20,4 
million passengers in the world.  

Türkiye's cruise ports are mostly located in the eastern Mediterranean region. It is seen that the 
highest number of ships was 1,615 in 2011 and the highest number of passengers was 2,256,053 
in 2013 (Table 1), when the number of ships and passengers arriving at Turkish ports between 
2003 and 2023 [11, 12] is analyzed. 

There is a decrease in the total number of ships from 2016 to 2022, due to the construction of 
the Galataport project between 2016 and 2021 and the Covid-19 pandemic. It is seen that 
Istanbul, which is an important center of attraction, has also negatively affected other cruise 
ports in Türkiye in this duration. However, it is estimated that the number of cruise ships and 
passengers visiting Turkish ports will continue to increase in the coming years, in parallel with 
the increase in the number of cruise passengers in the world.  

The length and draft information of the cruise ships that will be served in the ports of Türkiye 
in the coming years is important in order to make development planning. Therefore, the length 
and draft of cruise ships arriving at Turkish ports have been compiled and analyzed. Thus, it is 
aimed to estimate the length and draft of cruise ships to be served in existing and planning ports. 
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Table 1. Total number of cruise ships and passengers arriving at Turkish ports 
Years Number of Ships Number of Passengers 
2003 887 581,840 
2004 927 645,264 
2005 1,048 757,563 
2006 1,317 1,016,314 
2007 1,421 1,368,400 
2008 1,612 1,605,372 
2009 1,328 1,484,194 
2010 1,368 1,719,098 
2011 1,615 2,190,098 
2012 1,541 2,098,381 
2013 1,530 2,259,053 
2014 1,401 1,792,298 
2015 1,440 1,888,522 
2016 578 626,840 
2017 307 306,485 
2018 247 213,771 
2019 344 300,896 
2020 5 1,824 
2021 78 45,362 
2022 993 1,010,767 
2023 1,192 1,542,522 

The ship length and draft are significant parameters that will affect the amount of investment 
in the planning of a cruise port. The appropriate selection of the ship length and draft influences 
the payback period of the investment over the economic life of the cruise port. Selecting values 
larger than necessary will increase the amount of investment, while selecting values smaller 
than necessary will result in the inability to service the ships. In this study, it was intended to 
provide ideas and guidance for the existing and planned cruise ports in Turkey. 

The data used in the research were verified by checking the IMO numbers of the ships. The 
data are compiled according to the schedules of cruise ships arriving at the ports of Türkiye. 
The results of the study can be validated by comparing them with the values that will be realized 
in the following years. Evaluations can be made based on the differences between the estimates 
and the actual values. 

2. Material and Method  

Data on cruise ship arrivals at Turkish cruise ports have not been archived regularly in the past. 
The arrival and departure dates and the ship name of the cruise ships coming to Alanya, Antalya, 
Bodrum, Çanakkale, Çeşme, Dikili, İstanbul, İzmir, Kuşadası, Marmaris and Trabzon ports can 
be compiled between 2020 and 2024 [13]. The name of the cruise ships arriving at the studied 
ports were checked with the International Maritime Organization (IMO) number and after that 
the ship length and draft were obtained. Tables containing information on ship name, IMO 
number, passenger capacity, ship length and ship draft were prepared for each port. It was found 
that a total of 145 different ships arrived at the ports studied in Türkiye. 

Prepared ship length and draft data were examined to check the fitness of the normal 
distribution for each port. As a result of the examination, it was seen that the ship length and 
ship draft values did not fit the normal distribution. Therefore, a suitable distribution was 
searched but no suitable distribution can be found. The objective is to determine the ship length 
and draft for planning the development of a port. Therefore, percentiles of ship lengths (Table 
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2) and ship drafts (Table 3) were prepared for the studied ports and Türkiye (the total ships of 
the studied ports). The ship length and draft values were calculated at the 10th, 20th, 30th, 40th, 
50th, 60th, 70th, 80th, 90th, 95th, and 99th percentiles for the studied ports and Türkiye. For 
example, the 10th percentile of the ship length and draft is determined by estimating that only 
10% of the ships arriving at the port are serviced. Thus, the length and draft of the ships have 
been obtained for these percentage values. 

Upon closer examination of the ship lengths obtained from our study, it becomes evident that 
different ports have varying requirements to accommodate incoming ships at different 
percentile levels. For instance, at Alanya port, ship lengths of 264 meters, 294 meters, and 
approximately 295 meters correspond to accommodating 90%, 95%, and 99% of incoming 
ships, respectively (Table 2). Similarly, in Antalya port, ship lengths of 295 meters, 
approximately 296 meters, and 316 meters cater to the same percentile levels of accommodated 
ships. This pattern extends across other ports such as Bodrum, Çanakkale, Çeşme, Dikili, 
Istanbul, Kuşadası, Marmaris, Trabzon, and throughout Türkiye. Each port has its specific 
requirements, reflecting its unique characteristics and capacities. These findings underscore the 
importance of tailoring development plans to meet the diverse needs of each port, ensuring 
efficient and effective accommodation of cruise ships now and in the future. 

 
Table 2. Percentiles of ship lengths (m) served in the studied ports and for all vessels in Turkish ports 

Percentiles (%) Alanya Antalya Bodrum Çanakkale Çeşme Dikili 
10 181.00 105.00 110.50 134.00 181.00 111.00 
20 204.00 181.00 160.00 159.00 200.00 112.00 
30 207.00 206.50 199.00 160.00 206.60 112.00 
40 207.00 210.17 210.17 181.00 210.17 112.00 
50 207.00 211.00 224.00 181.00 210.17 159.00 
60 214.65 237.20 244.00 228.00 210.17 181.00 
70 226.64 242.00 268.00 228.00 210.17 206.50 
80 241.60 253.33 277.00 228.00 210.17 211.00 
90 264.00 295.00 294.00 229.00 210.17 217.20 
95 294.00 295.26 295.00 229.00 211.00 224.00 
99 294.28 316.00 315.24 237.58 230.61 230.58 

Percentiles (%) İstanbul İzmir Kuşadası Marmaris Trabzon Türkiye 
10 159.00 181.00 134.00 181.00 162.01 134.00 
20 181.00 207.00 159.00 207.00 186.78 160.00 
30 206.70 216.00 186.00 207.00 204.70 200.00 
40 219.00 238.00 215.00 210.17 209.60 210.17 
50 238.00 247.50 215.00 236.31 211.00 215.00 
60 249.00 293.00 228.60 264.00 211.00 230.61 
70 293.00 324.00 285.08 264.00 211.00 264.00 
80 294.00 333.00 294.00 264.00 222.77 294.00 
90 330.00 333.00 295.00 264.00 232.23 295.26 
95 333.00 333.00 318.20 295.00 234.11 330.00 
99 339.24 333.00 347.00 296.05 235.62 340.00 

 



A. Küçükosmanoğlu 

 98 

Upon scrutinizing the ship drafts obtained through our meticulous study, it becomes 
conspicuously clear that a spectrum of draft depths is imperative to adequately harbor incoming 
vessels at various percentile levels. In the bustling port of Alanya, for instance, ship drafts 
measuring 8.00 meters, 8.61 meters, and 8.90 meters are requisite to accommodate 90%, 95%, 
and 99% of incoming ships, respectively (Table 3). Similarly, in the bustling Antalya port, the 
requisite ship drafts are 8.20 meters, 8.25 meters, and 8.26 meters to cater to the same percentile 
levels of accommodated ships. This trend extends seamlessly across other critical ports such as 
Bodrum, Çanakkale, Çeşme, Dikili, Istanbul, Kuşadası, Marmaris, Trabzon, and encompasses 
the entirety of Türkiye's maritime infrastructure. Each port exhibits distinct draft depth 
exigencies, mirroring its idiosyncratic characteristics and capacities. These discernments 
underscore the paramount importance of tailoring development strategies to meet the 
multifaceted needs of each port, thereby ensuring the seamless and efficient accommodation of 
cruise ships both in the present and as we chart our course into the future. 

 
Table 3. Percentiles of ship drafts (m) served in the studied ports and for all vessels in Turkish ports 

Percentiles (%) Alanya Antalya Bodrum Çanakkale Çeşme Dikili 
10 6.00 4.30 4.90 4.30 5.95 5.80 
20 6.20 6.00 6.00 5.50 6.20 6.00 
30 6.20 6.32 6.00 5.95 6.60 6.00 
40 6.20 6.80 6.80 5.95 6.80 6.00 
50 7.20 7.13 7.00 6.00 6.80 6.00 
60 7.50 7.30 7.20 6.70 6.80 6.56 
70 7.70 7.60 7.75 6.70 6.80 6.71 
80 7.80 7.70 8.00 6.70 6.80 7.05 
90 8.00 8.20 8.20 6.80 6.80 7.41 
95 8.61 8.25 8.38 6.80 7.21 7.54 
99 8.90 8.26 8.60 7.96 7.80 7.75 

Percentiles (%) İstanbul İzmir Kuşadası Marmaris Trabzon Türkiye 
10 5.95 6.20 5.50 6.00 5.46 5.80 
20 6.00 6.80 6.00 6.20 6.11 6.00 
30 6.70 7.20 6.20 6.37 6.60 6.20 
40 7.05 7.50 6.80 6.80 6.60 6.80 
50 7.60 7.70 6.80 7.30 6.60 6.80 
60 7.80 8.14 7.50 8.00 6.73 7.50 
70 8.10 8.60 7.85 8.00 7.19 7.80 
80 8.30 8.65 8.00 8.00 7.46 8.00 
90 8.60 8.65 8.60 8.00 7.66 8.60 
95 8.70 8.65 8.70 8.20 7.73 8.65 
99 9.00 8.65 9.10 8.22 7.79 8.90 

The size of a ship arriving at a port is influenced not only by the facilities provided by the port 
but also by the characteristics of the destination. Some ports receive large cruise ships while 
others receive smaller cruise ships. Thus, the study was able to assess the regional effect on 
ship length and ship draft. In addition, the size of ships has also been increasing over the years. 
The change in ship length and ship draft values over time has been compiled depending on the 
year of construction of the ships arriving at Turkish ports. It is estimated that the ship length 
will reach 400 meters in approximately 2050 according to the linear regression curve fitted 
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between ship length and year of construction (Fig. 2). An annual increase of 2 meters in ship 
length is expected considering the ship length increase by 50 meters in about 25 years. 

 

 
Fig. 2. Estimation of ship length 

It is estimated that the ship draft will reach ~9.20 meters in approximately 2050 according to 
the linear regression curve fitted between ship draft and year of construction (Fig. 3). An annual 
increase of ~0.01 meters in ship draft is expected considering the ship draft increase by 0.20 
meters in about 25 years. 

 

 
Fig. 3. Estimation of ship draft 
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The investment process (planning and construction) in a port in Türkiye takes approximately 
10 years. It would be appropriate to study the investment plans of a port in 10-year periods 
considering this situation. Therefore, the demands of the ports in 10, 20 and 30 years from the 
current ship length and draft values (of the ports studied) were estimated by considering the 
increase in ship length and draft. Thus, the current infrastructure status of the ports was analyzed 
and investment needs were evaluated. In addition, investment needs are also presented in ports 
where the port infrastructure capacity has already been reached. 

3. Results and Discussions 

Some ports serve similar vessel lengths and drafts. There are 5 groups for ship length consist 
of Alanya-Marmaris, Antalya-Bodrum, Çanakkale-Trabzon, Çeşme-Dikili, İstanbul-İzmir-
Kuşadası among the ports studied. The ship length is ~296 m in Alanya and Marmaris ports, 
~316 m in Bodrum and Antalya ports, ~238 m in Çanakkale and Trabzon ports, ~231 m in 
Çeşme and Dikili ports, ~347 m in Istanbul, İzmir and Kuşadası ports in order to provide service 
to all ships. 4 groups are obtained as Alanya-Istanbul-Kusadasi, Antalya-Marmaris, Bodrum-
Izmir, Çanakkale-Çeşme-Dikili-Trabzon considering the vessel drafts. The ship draft is ~9.10 
m in Alanya-Istanbul-Kuşadası ports, ~8.26 m in Antalya-Marmaris ports, ~8.65 m in Bodrum-
Izmir ports, and ~7.96 m in Çanakkale-Çeşme-Dikili-Trabzon ports in order to provide service 
to all ships. 

Taking into account the escalation in ship length and the ship lengths discerned from the 
investigation (Table 2):  

• The anticipated requirements of Alanya port over the next 10, 20, and 30 years, starting from 
the current ship length of approximately 295 m, are estimated to be 305 m, 315 m, and 325 
m, respectively.  

 
• For Antalya and Bodrum ports, prognostications for the next 10, 20, and 30 years, based on 

the current ship length of around 316 m, indicate potential demands of 326 m, 336 m, and 
346 m, respectively.  
 

• Çanakkale port's projected needs over the same timeframe, beginning from the existing ship 
length of roughly 238 m, may reach 248 m, 258 m, and 268 m, respectively.  

 
• For Çeşme and Dikili ports, the anticipated requirements over the next 10, 20, and 30 years, 

with the current ship length at about 231 m, could be 241 m, 251 m, and 261 m, respectively.  
 

 
• Istanbul port's demands are expected to rise over the next 10, 20, and 30 years, starting from 

the current ship length of about 340 m, with estimations standing at 350 m, 360 m, and 370 
m, respectively.  
 

• Similarly, Izmir port's needs, based on the current ship length of 333 m, are forecasted to 
increase to 343 m, 353 m, and 363 m over the same periods.  

 
• Kuşadası port's anticipated demands over the next 10, 20, and 30 years, beginning from the 

current ship length of 347 m, are estimated to be 357 m, 367 m, and 377 m, respectively.  
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• For Marmaris port, projections indicate potential demands of 307 m, 317 m, and 327 m in 
10, 20, and 30 years, respectively, considering the existing ship length of around 297 m.  
 

• Lastly, Trabzon port's anticipated requirements over the same periods, starting from the 
current ship length of approximately 236 m, are estimated at 246 m, 256 m, and 266 m, 
respectively. 

Taking into account the rise in ship draft and the ship drafts derived from the study (Table 3), 
the anticipated demands for various ports were determined as follows:  

• Alanya port's requirements in 10, 20, and 30 years from the current ship draft of 8.9 m could 
be estimated at 9.0 m, 9.1 m, and 9.2 m, respectively.  

 
• For Antalya and Marmaris ports, based on the current ship draft of approximately 8.3 m, 

demands may escalate to 8.4 m, 8.5 m, and 8.6 m over corresponding periods.  
 
• Projections for Bodrum port, with a present ship draft of 8.6 m, suggest demands of 8.7 m, 

8.8 m, and 8.9 m in 10, 20, and 30 years, respectively.  
 
• In Çanakkale port, with the current ship draft at around 8.0 m, estimations indicate demands 

of 8.1 m, 8.2 m, and 8.3 m over the same time frame.  
 

 
• Likewise, for Çeşme, Dikili, and Trabzon ports, with a current ship draft of 7.8 m, demands 

could be estimated at 7.9 m, 8.0 m, and 8.1 m in 10, 20, and 30 years, respectively.  
 
• Istanbul port's demands, based on the current ship draft of 9.0 m, are estimated to increase 

to 9.1 m, 9.2 m, and 9.3 m over corresponding periods.  
 

 
• For Izmir port, with the current ship draft standing at 8.7 m, demands may rise to 8.8 m, 8.9 

m, and 9.0 m in 10, 20, and 30 years, respectively.  
 
• Lastly, for Kuşadası port, with a current ship draft of 9.1 m, demands are projected to be 9.2 

m, 9.3 m, and 9.4 m over corresponding periods. 

It is recommended to make development plans for Izmir, Alanya, Çanakkale, Marmaris and 
Dikili ports in the short term and Bodrum, Kuşadası ports in the long term according to the data 
compiled from the official pages of the ports and the estimations considering the current 
situation of the ports. 

4. Conclusions 

The evolution of cruise tourism since its inception in the late 1960s has been marked by steady 
growth, despite unprecedented challenges posed by the Covid-19 pandemic. The industry's 
resilience was evident in the rapid recovery witnessed in 2022, with expectations of surpassing 
pre-pandemic passenger numbers in the near future. 

Analyzing cruise ship length and draft data for Turkish ports is crucial for effective 
development planning. Despite challenges in data availability and distribution fitting, 
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percentiles of ship lengths and drafts have been determined to guide planning efforts, providing 
insights into port accommodation capacity and anticipating future infrastructure needs. 

Examining ship length and draft requirements for various ports reveals a diverse range of vessel 
sizes and draft depths necessary to accommodate incoming ships. Each port, from Alanya to 
Trabzon, presents unique planning considerations based on specific requirements and 
limitations. 

Continuous monitoring and adjustment of development plans are crucial to align with evolving 
industry trends, such as the increasing size of cruise ships over time. Proactive measures, guided 
by thorough data analysis, are essential to ensure Turkish ports remain competitive and capable 
of meeting the demands of the growing cruise tourism industry. 

Ship sizes are growing all over the world. The change in ship sizes in Turkey has been examined 
in the context of cruise ships, and there is an increase similar to the global trend in ship sizes. 

Projections indicate a consistent trend of increasing ship sizes over time, with estimations 
suggesting ship length will reach 400 meters and ship draft approximately 9.20 meters by 2050. 
This underscores the need for forward-looking investment strategies, considering the lengthy 
planning and construction process for port infrastructure in Türkiye. 

In conclusion, this study lays a foundation for informed decision-making in port development, 
offering valuable insights to optimize the efficiency and effectiveness of Turkish ports in 
serving cruise ships both now and in the future. By assessing regional effects on ship length 
and draft, the study provides valuable insights into the changing landscape of maritime 
transportation and proposes a pragmatic approach to investment planning. 

Ultimately, the recommendations presented in this study serve as a valuable resource for 
guiding future infrastructure investments, ensuring the sustainable growth and competitiveness 
of Türkiye's maritime industry. 
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Abstract 

Coastal regions are vital areas globally, serving as hubs for human habitation and economic activities. Water, 
being the fundamental resource for life, plays a crucial role in sustaining ecosystems and shaping coastal 
landscapes. The convergence of river systems in coastal zones underscores their significance in the hydrological 
cycle and aquatic biodiversity. However, managing these valuable yet vulnerable regions presents multifaceted 
challenges, necessitating robust management frameworks supported by monitoring and assessment tools. In 
Türkiye, a country with limited freshwater resources, the management of coastal zones is particularly complex 
due to increasing pressure on resources and land. This study examines the distribution and characteristics of 
river and coastal basins in Türkiye. Through spatial analyses on Geographical Information System and basin 
delineations with watershed modelling program, the study clarifies the regional differences and obstacles 
encountered by coastal provinces spanning the entirety of Türkiye's coastal borders. The results offer valuable 
understanding regarding the spatial dynamics of Türkiye's coastal areas with particular emphasis on the 
significance of Black Sea coastal basins and all coastal provinces. Firstly, river basin systems draining into the 
Black Sea constitute the majority of Türkiye's surface area. Although the Black Sea region covers only 14% of 
the total area, more than half of the country's surface area, excluding transboundary and endorheic basins, 
drains into the Black Sea. Similarly, the analysis of basin types reveals that coastal basins constitute 
approximately 18% of the drainage areas associated with our coastal waters, nearly one-fifth. This distinction 
between coastal basin and river basin boundaries differs from the traditional zoning approach in river basin 
management and coastal area management plans in Türkiye. Consequently, it is anticipated that this spatial 
evaluation, which has brought a new perspective, will significantly contribute to addressing management 
challenges, especially the studies that will be evaluated together with population and resource use. 

Keywords: River Basin, Coastal Basin, Coastal Zone Management. 

1. Introduction 

Coastal regions are geographical areas in demand all over the world. As is widely 
acknowledged, water stands as the most essential resource for sustaining life. During 
hydrological cycle, water feeds aquatic ecosystems and creates valuable habitats throughout 
its movement from land to sea. The final regions traversed by the majority of river systems 
before reaching the oceans are the coastal zones, which have undergone formation and 
molding processes spanning hundreds of thousands of years. Our planet is a water planet but 
freshwater content is around 0.4%. Only 1.6% of this amount is river discharges [1]. Despite 
the relatively low volume transported by rivers, their influence on coastal processes and 
significance for aquatic life in marine environments is substantial. Coastal areas are very 
valuable due to the presence of water, the diversity of their resources, and the fact that they 
are a gateway to the sea that allows trade, most of which is carried out by maritime transport. 
Ancient cities and ruins prove that coastal zones were always appealing. Water, food, and 
agricultural natural resources; fisheries and marine transport are significant ones [2, 3].  

When we compare the ratio of overall coastal area to total land area and ratio of population of 
corresponding regions, the result reveals that the coastal population exceeds many folds of 
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inland regions. More than half of the world population lives near coast from 100 km from the 
shore [4-8]. Two third of mega cities of the world and most of the capital of countries has a 
sea border located in coastal zones [2, 7, 9].  

All these circumstances complicate the management of these vulnerable and valuable regions. 
Sound management practices show that; the tools, legislations and different organisational 
structures needed in coastal zone management. Monitoring and assessment tools are essential 
to support all these management and decision-making systems, particularly in provinces along 
the coastline, which encompass extensive coastal areas.  

According to the definition, the coastal area is "the land and sea areas bordering the 
shoreline." This terminological definition, however, did not account for the resources and 
solutions required for integrated management, it gained a more adaptive / flexible borders in 
the process until the 1990s. The coastal zone is defined as “The land-sea interface where the 
land is influenced by marine processes and the sea is affected by terrestrial processes” by the 
Coastal Engineering Manuel [10]. If the definition of the coastal zone in Coastal Zone 
Management plans is flexible based on the problem definition and solution focus, integration 
and ecosystem approach can be achieved. For this reason, the boundaries of the area covered 
for each project vary in Integrated Coastal Zone Management (ICZM) Plans. There are plans 
for regional seas and countries, as well as those focused on more specific ecosystem 
problems. In national plans, administrative boundaries such as geographical regions and 
provincial borders are considered. Basin management plans typically address large river 
basins. This may overshadow the importance of coastal basins —the primary region at the 
land/sea interface where processes impact each other. 

Examining the existing literature reveals a scarcity of studies delving into the significance of 
coastal basins and their role in different processes. For instance, Simms et al. conducted 
research on erosion management, where they modelled a small basin in Lake Wollumboola, 
Australia, to assess soil erosion dynamics. The research highlighted the influence of coastal 
basin degradation and land use practices on soil erosion dynamics [11]. 

In the research conducted by another team [12, 13], coastal basins are calculated separately 
and their impacts are analysed. In the first study, spatial findings similar to those in our 
research stand out. The calculated spatial coastal basin values here have also been evaluated 
together with population and other geographical information. In the study, near-coastal 
unmonitored catchments of Baltic Sea Drainage Basin are presented. 634 sub-drainage basins 
and their various spatial aggregations are characterized in terms of population; land cover, 
drainage density, and slope were studied. They indicate that, 13% are is unmonitored near-
coastal areas which inhabit 24% of the total basin population. For Sweden, this numbers were 
calculated as 20% of total catchment area of Sweden with a population of 55% [12]. The 
second study of the team examined the near-coastal unmonitored drainage basins have impact 
on coastal water quality conditions. They state that, coastal basins contain a considerable 
amount of residential areas and population as compared to the inland areas and large river 
basins. With this study, nutrient and pollutant mass loading to the sea shows a pollution 
magnitude similar to or greater than monitored river loads. [13]. 

Another study conducted in South America also reveals the importance of coastal basins. 
Marquez et al. [14] evaluated the environmental impacts in the basins located on the Atlantic 
coast of South America. Within the scope of management studies, they evaluated the 
effectiveness of treating coastal basins as separate geographical units. The study revealed that, 
apart from the usual river basin management framework, small water resource basin studies 
can be effective both for determining habitat loss and aquatic ecosystem degradation, and for 
regaining fauna in economically manageable small basins. 
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In recent years, there have been many studies in the literature on low elevation coastal zones 
involving the determination of global warming and its effects. In one study [15], Soboyejo 
and colleagues emphasizes the importance of drainage basins size selection in the long-term 
water resource management and planning of coastal basins. Study reveals that the drainage 
behaviour in these basins is related to the land subsidence, past management practices, and 
climate variability of the area. The findings of this research suggest that climatological 
variations and land usage practices have a substantial impact on the drainage patterns 
observed in coastal basins. Specifically, factors such as precipitation, evapotranspiration, 
drought occurrences, and water availability exhibit closer correlations in coastal basins 
compared to inland areas. 

Türkiye is a peninsula and has a strategically important location. In addition to its extensive 
river basins, the smaller riverine discharge basins and coastal basins contribute to Türkiye's 
water resources, enriching the country's water assets. This is significant considering Türkiye's 
status as a country with limited water abundance, with an annual average rainfall of 574 mm 
[16]. This average annual rainfall is less than the world average. Therefore, managing these 
limited resources in this vulnerable and attractive geographical area poses challenges in 
Türkiye as well. The pressure on the resources and sectors on the coastal regions of Türkiye is 
increasing every day. For this reason, the integrated management approach is gaining 
importance. It is thought that the comparative areal evaluations obtained in the study will shed 
light on the needs and priorities of our country in the field of coastal zone management. 
Therefore, water drainage basins, especially coastal small basins are currently receiving 
attention in terms of management. 

In our study, the river and coastal basins in Türkiye were examined according to their sizes, 
locations and discharging sea area. The spatial evaluation of the coastal basins was also 
evaluated according to the geographical and marine regions. The coastal basins along the 
Mediterranean, Aegean, Marmara, and Black Sea shorelines were analysed in terms of their 
sea discharge. Regional variations were identified and discussed. Furthermore, differences in 
basin area based on Türkiye's Nomenclature of Territorial Units for Statistics (NUTS) and the 
corresponding discharging sea areas were delineated. 

2. Methodology 

In this study, first of all Türkiye's geographical regions were transferred to Geographical 
Information System (GIS) environment using level information of NUTS of Türkiye. Then, the 
basin dataset of the regions where Türkiye is located were downloaded from the world 
Georeferenced global Dams And Reservoirs - Drainage Topology and Catchment database 
(GeoDAR-TopoCat) data [17,18]. The river basin data of Türkiye were added to our database 
(DB). Since the river basin data only covers large basins, delineation of smaller basins was 
made using 30 m resolution Shuttle Radar Topography Mission (SRTM) 1 Arc-Second Digital 
Elevation Model (DEM) data in those areas. These analyses were performed using the Aquaveo 
Watershed Modeling System (WMS). The flowchart of the study is presented in Fig. 1. 
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Fig. 1. Study flowchart 

After these determinations, the basin areas outside the perennial rivers with continuous flow 
(intermittent and ephemeral streams) were included in the coastal basins. With this 
delineation, inland basin regions were also more clearly separated an included into our GIS 
basin database. After this work, the basins were classed into the seas where they spill into and 
the geographical regions where they are included in. Therefore, the areal assessments could be 
possible to complete so that an assessment could be made about the coastal basins and their 
distribution. Here, analysis criteria were selected to extract river basins of certain sizes. Fig. 2 
shows the coastal and river basins of Türkiye and their distribution. The basins indicated in 
white in the figure are the basins of external/trans boundary waters whose discharge zones are 
outside our country. The basins in grey are coastal basins and the basins in light grey are the 
basins of our rivers with a continuous flow regime above a certain size.  

 

 
Fig. 2. Study area and basin types 

The resulting basin areas were processed in a way to differentiate coastal basins, according to 
the flow regime. Perennials are distinguished from intermittent and ephemeral streams. The 
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data produced in the whole study were transferred to the GIS. Corrections for all lake areas, is 
also obtained from GeoDAR-TopoCat data, were made on the GIS and the lake surface areas 
were subtracted from basin areas. Each basin was named and various attribute information 
were entered into the database.  

The distribution of the river basins, the boundaries of which were determined and the 
attributes of which were entered, according to the seas they discharge into, was also 
determined and it was determined which rivers and coastal basins discharge into which 
marine areas. For the geographical region evaluations, level 1 and 2 geographical regions of 
the NUTS regional system, which was adopted by the Council of Ministers Decree dated 2001 
were used [19]. Although it is very close to the geographical regions we are used to. 
Similarly, the distribution of basins included into the coastal provinces was also analysed and 
the findings are presented in the results section. 

3. Distribution of Basins and Their Types 

Our country is surrounded by seas on three sides. Evaluations of river basins draining into the 
sea outside our borders have been provided in tables, but for a clearer understanding of the 
overall distribution, they have not been color-coded on the maps. These basins include the 
areas of two major rivers, the Euphrates and Tigris, originating in the eastern parts of our 
country and flowing into the Persian Gulf, as well as the river basins draining into the Caspian 

Sea and enclosed/internal basins ( 

Fig. 3). The total area of these external basins constitutes approximately 27% of our land area. 
Closed basins and lake basins have also been separately calculated and presented in the tables 
(Table 1). 

Enclosed/internal basins comprise 10% of Türkiye's land area (Table 1). These areas, which 
also include lake basins, have not been color-coded in Fig. 3.  

 

 
 

Fig. 3. The distribution of coastal and river basins based on the seas into which they drain 
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Table 1. Distribution and percentage area coverage of basin types across various sea regions being 

drained 
  Closed 

Basins 
Transboundary 

Basins 
River 
Basins 

Coastal 
Basins 

%Sea Region 
Poured  

Aegean Sea 0 0 15.8 18.9 10.3 
coastal ** 0 0 0 13.1 1.5 

stream channel * 0 0 15.8 5.8 8.8 
Black Sea 0 0.1 56.2 43.2 34.0 

coastal ** 0 0 0 37.1 4.3 
stream channel * 0 0.1 56.2 6.1 29.7 

Marmara Sea 0 0 7.4 11.7 5.2 
coastal ** 0 0 0 7.7 0.9 

stream channel * 0 0 7.4 4.0 4.3 
Mediterranean Sea 0 0.5 20.7 26.3 13.8 

coastal ** 0 0 0 25.2 2.9 
stream channel * 0 0.5 20.7 1.1 10.9 

Inland 100 0 0 0 10.2 
closed basin 100 0 0 0 10.2 

Caspian Sea 0 14.1 0 0 3.8 
stream channel 0 14.1 0 0 3.8 

Persian Gulf 0 85.3 0 0 22.8 
stream channel 0 85.3 0 0 22.8 

Grand Total 100 100 100 100 100 
* Perrenials streams 

** Ephemeral and intermittent streams  

The distribution of basin types across various sea regions in terms of percentage area 
coverage is presented in Table 1. In the Black Sea, is the largest area of sea being drained,  
river basins make up 56% and coastal basins 43%, totaling 34% overall. In the Mediterranean 
Sea, river basins cover 21%, coastal basins 26%, totaling 14%. For the Aegean Sea, river 
basins account for 16%, coastal basins for 19%, totaling 10%. The Marmara Sea has 7% 
coverage from river basins, 12% from coastal basins, totaling 5%. The Persian Gulf is 
dominated by transboundary basins, Euphrates and Tigris, covering 85%, totaling 23% of 
Türkiye. The Caspian Sea shows 14% coverage from transboundary basins, totaling 4%. 
Upon refining our analysis and omitting inland basins and rivers that do not discharge into the 
sea from our borders, it becomes evident that 54% of Türkiye's total surface area drains into 
the Black Sea region. In the context of coastal basins, 37% of the surface area lies along the 
Black Sea coasts, followed by 22% along the Mediterranean coasts.  

The provided Table 2 shows the distribution of various basin types across NUTS regions. 
Central Anatolia has the highest proportion of closed basins, accounting for 62%, followed by 
Eastern Anatolia at 17%. In terms of transboundary basins, Eastern Anatolia is predominant, 
with these basins comprising 81% of the region and 58.8% of all transboundary basins in 
Türkiye, primarily due to the Euphrates and Tigris river basins. The Mediterranean region has 
the highest percentage of river basins at 14%, encompassing 65% of the region. In the Aegean 
Region, river basins and coastal basins cover 75% and 15% of the area, respectively. Over 
one-third of Türkiye's coastal basin area is located in the Black Sea region (37%), where the 
topography features mountains running parallel to the sea. The Black Sea region accounts for 
only 14% of Türkiye's total surface area. However, when excluding transboundary and 
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endorheic basins, it is evident that more than half of the country's surface area drains into the 
Black Sea. 

Although the Mediterranean and the Marmara regions account for 11.4% and 12.5% of 
Türkiye's total area respectively, it is evident that they collectively encompass half of 
Türkiye's coastal basin area. Together with the Black Sea region, these three regions host 85% 
of all Turkish coastal habitats, underscoring their significance. Overall, the Table 2 
demonstrates a diverse distribution of basin types across various NUTS regions, with each 
region contributing proportionally to both the total area of each basin type and the total area 
of the region. In the table, basin types are evaluated numerically in two distinct columns. The 
column marked with a right arrow shows the percentage distribution of each basin type within 
that geographical region. The column indicated by the downward arrow presents the ratios of 
the basin type surface area within that geographical region to the total surface area of all basin 
types. 

 
Table 2. The distribution of basin types across geographical regions 

 % Coverages 

 
Closed Basins Transboundar

y Basins River Basin Coastal Basins Region/TR 
Area 

NUTS Regions ↓* 
→** 

↓ 
→ 

↓ 
→ 

↓ 
→ 

↓ 
Total
→→ 

The Mediterranean 
9.5 

8.5 
0.8 

1.8 
14.4 

65.0 
24.4 

24.6 
11.4 

100 

Eastern Anatolia 
17.0 

8.9 
58.8 

81.1 
3.7 

9.9 
0.1 

0.1 
19.3 

100 

Aegean 
10.2 

9.1 
0.0 

0.0 
16.8 

75.6 
15.2 

15.3 
11.5 

100 

Southeastern Anatolia 
0.0 

0.0 
35.6 

96.1 
0.7 

3.9 
0.01 

0.01 
9.9 

100 

Central Anatolia 
61.9 

29.7 
4.7 

5.8 
26.6 

64.4 
0.2 

0.1 
21.3 

100 

Black Sea 
0.0 

0.0 
0.1 

0.2 
19.1 

69.8 
36.7 

30.0 
14.1 

100 

Marmara 
1.4 

1.1 
0.1 

0.3 
18.6 

76.9 
23.4 

21.7 
12.5 

100 

Total   ↓↓ 100 

 

100 

 

100 

 

100 

 

100 

 

*↓ Spatial proportion among basin types 
**→ Basin type ratio of geographical region 

The drainage basins that contribute to the Black Sea's hydrology extend into the Central 
Anatolia, Aegean, and Marmara Regions of our territory. Conversely, within the Aegean and 
Mediterranean Regions, hydrological inputs primarily arise from local catchment areas. 
Notably, the contributing drainage basins to the Black Sea stem from Türkiye's prominent 
rivers, namely the Kızılırmak, Yeşilırmak, and Sakarya Rivers, with their respective spatial 
extents illustrated in Fig. 4. 
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Fig. 4. The distribution of river and coastal basins according to NUTS geographical regions 

 
Table 3. Basin type percentage distributions of coastal provinces  

 

Area Distribution % Closed Basins
Trans-

boundary 
Basins

River Basin Coastal 
Basins

Coastal 
Province 
Area %

Adana 0 0 2.99 1.89 1.76
Antalya 1.74 0 2.16 11.51 2.62
Artvin 0 0.1 1.69 0.66 0.97
Aydın 0 0 1.84 0.72 1.03
Balıkesir 0 0 2.96 2.75 1.84
Bartın 0 0 0.05 2.4 0.3
Bursa 1.26 0 2.16 0.76 1.33
Çanakkale 0 0 1.26 5.09 1.24
Düzce 0 0 0.53 0.42 0.32
Edirne 0 0 1.41 0.64 0.8
Giresun 0 0 0.76 4.5 0.91
Hatay 0 0.09 0.85 2.16 0.71
İstanbul 0 0 0.2 5.15 0.7
İzmir 0 0 1.74 5.71 1.56
Kastamonu 0 0 2.51 3.28 1.67
Kırklareli 0 0.13 1.12 1.88 0.83
Kocaeli 0.02 0 0.11 3.28 0.44
Mersin 0.35 0 1.93 8.68 2.03
Muğla 0 0 1.26 8.5 1.63
Ordu 0 0 0.53 4.24 0.76
Sakarya 0 0 1.11 0.4 0.62
Samsun 0 0 1.18 5.62 1.26
Sinop 0 0 0.62 3.53 0.73
Tekirdağ 0 0 1.08 2.15 0.8
Trabzon 0 0 0.01 5.17 0.6
Yalova 0.02 0 0 0.86 0.1
Zonguldak 0 0 0.39 1.8 0.41
Rize 0 0 0.02 4.25 0.5
Percentage of Basin Types 
in Coastal Provinces 
Relative to Türkiye's %

3.4 0.32 32.49 97.98 28.49
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The evaluation results conducted on a coastal province basis using overlay analysis are 
presented in Table 3. In this table, coastal province area gives the percentage of coastal 
provinces' land area compared to the total land area of Türkiye. Similarly, the values in basin 
type columns indicate the percentage of these basin types within coastal provinces relative to 
their total areas across Türkiye. Upon examining the values therein, it is evident that while the 
percentage distribution of river basin areas is relatively small, coastal provinces exhibit a 
notably higher distribution of coastal basin areas. Coastal provinces constitute 28% of the 
total surface area of Türkiye. The proportion of river basin area in coastal provinces to the 
total river basin area of Türkiye is 32%, whereas the proportion of coastal basin area in 
coastal provinces to the total coastal basin area of Türkiye naturally stands at 98%. The 
provinces with the largest river basin area proportions are Adana, Balıkesir, Kastamonu, and 
Antalya, respectively. In terms of coastal basin proportions, the ranking is as follows: 
Antalya, Mersin, Muğla, İzmir, Samsun, Trabzon, and İstanbul. In Table 3, data bars are 
gradient-filled to enhance the readability of the table. Here, in addition to the importance of 
Antalya, Mersin and Muğla provinces as we know, it has been revealed that they are 
important coastal provinces in terms of coastal basins. In the studies to be conducted in these 
provinces in terms of coastal zone management, it is seen that small coastal basins are more 
important than the river basin considered in traditional management practices. 

4. Discussion  

Coastal zones have become increasingly important since the 1970s due to on-going 
destruction and anthropogenic pressures. Efforts in coastal zone management and river basin 
management aim to mitigate these adverse impacts. While river basin management primarily 
focuses on water resources, ICZM necessitates a more specialized management approach due 
to its dependency on various resources. Coastal zones are characterized by diverse uses and 
denser populations compared to inland areas worldwide. Establishing such smaller coastal 
catchments/ basins defined in this study can facilitate more effective governance. 

When we look at the scope of the ICZM spatial plans or basin-based plans carried out in 
Türkiye, it is seen that coastal basins are not specifically mentioned. In these plans, it is seen 
that a framework is determined according to administrative units or regions or basins. Basin 
management plans consist of 26 basins delineated according to the hydrological 
characteristics of the major river basins and their surrounding regions. The plans rely on 
existing structures for decision-making systems, avoiding the need for specialized legislation 
and new management infrastructure. However, according to the principles of integrated and 
ecosystem-based management, dynamic and unique coastal regions require flexibility and 
adaptability in decisions. 

The novelty of this study is to reveal the findings that will pave the way for the special 
structure of coastal basins to be included in monitoring and decision-making processes. 
Analysing the distinctions of coastal basins within the context of provincial, drained, or 
geographical regions reveals deficiencies in current approaches. The primary issue is the need 
to conduct monitoring studies on carrying capacities and environmental pollution in coastal 
basins. Conducting detailed studies on a larger geographical scale or on a river basin basis in 
coastal areas with population and pollution pressures, as demonstrated by Marquez et al., may 
enhance efficiency in terms of both time and cost. 

This distinction is becoming more apparent in various monitoring and evaluation aspects of 
coastal zone management studies worldwide. The proportion of coastal basins to the total 
surface area in our country is significant, close to one-fifth at 18%, when assessed together 
with the streams drained into our seas. In the study of the Baltic Sea [12], which is an inland 
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sea like the Black Sea, the spatial percentage of coastal basins shows a similarity with 
Türkiye. The separate evaluation of coastal basins in terms of environmental effects reveals 
pressure discrepancies previously unnoticed. Considering population distribution and 
densities in coastal regions, similar pressure situations are evident in our country [20, 21]. 
This study sheds light on overlooked areas in future planning and strategy studies, or adaptive 
renovation of former projects. Monitoring and decision-making processes are successive 
processes. It has also been seen in literature that these coastal basins, which appear smaller 
compared to the basin and provincial areas, do not participate in the monitoring evaluation 
processes in the usual processes in the world. 

Management entities are tasked with assessing and mitigating the utilization of resources, 
pollution, and pressures, especially concerning water resources. However, in the basin 
management plans made in our country [22], it is not investigated how coastal basins have an 
impact on environmental degradation [23]. When we look at the Integrated Coastal Zone 
Plans of Directorate General of Spatial Planning of Ministry of Environment, Urbanisation 
and Climate Change [24], it is seen that the plans do not go far beyond spatial planning. 
National strategic plan studies conducted for water quality monitoring between 2012-2023, as 
well as those conducted for compliance with the implementation of the water framework 
directive, are observed to have insufficient focus on coastal basins. The examples presented in 
the literature have shown both the difference of water resource dynamics in coastal basins and 
the fact that environmental pressures can be as intense in coastal basins as in inland ones [11, 
13, 14, 15]. 

5. Conclusions 

The coastal regions of our country, strategically positioned and bordered by seas on three 
sides, face escalating pressure on their resources and sectors. This heightened importance 
underscores the growing significance of adopting an integrated management approach. 
Comparative analyses between coastal and inland areas starkly reveal the substantial 
difference, with coastal populations far exceeding those of inland regions. A closer 
examination of coastal basins' areal coverage emphasizes the criticality of addressing coastal 
management issues in provinces directly affected. The comparative spatial assessments 
garnered from the study are anticipated to illuminate the needs and priorities of our country in 
coastal zone management.  

For instance, the Mediterranean coastlines alone occupy 24% of Türkiye's land area, 
accommodating diverse human activities and ecological habitats. Particularly, the Black Sea 
basin receives runoff from approximately 54% of the country's total surface area, 
underscoring the significant role of rivers such as the Kızılırmak, Yeşilırmak, and Sakarya in 
the region's hydrological dynamics. Considering the Black Sea region, which is adjacent to an 
environmentally vulnerable inland sea and its critical habitats, a coastal basin perspective 
clarifies regional environmental pressures and hazards such as erosion and flooding, while 
also emphasizing the importance of addressing marine pollution within broader river basin 
management efforts. Excluding inland and transboundary basins, the proportion of coastal 
basins to the total surface area is 18%. Therefore, The Mediterranean and Marmara regions 
are notably more important as their percentages of coastal basins exceed their surface area 
proportions. This highlights the need for attention to settlements at coastal area, population 
dynamics of the coastal regions, and carrying capacity determinations in these regions.  

Further provincial-level analysis unveils the disproportionate contribution of coastal provinces 
to coastal basin coverage compared to river basins, with these areas often extending 
significantly into provincial borders. Notably, provinces like Antalya, Mersin, Muğla, İzmir, 
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Samsun, Trabzon, and Istanbul emerge as pivotal centers, boasting the largest populations and 
economic activities. This comprehensive assessment offers valuable insights into Türkiye's 
coastal zones' hydrological dynamics and management challenges, guiding future strategies 
for sustainable coastal development and resource management. Adopting an integrated coastal 
zone approach and tailoring decisions to specific regional needs will undoubtedly yield more 
effective outcomes when addressing the management issues of these provinces. 
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