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 Many researchers have already acknowledged that the base isolation system as the most feasible 

and economical method for civil engineering structures exposed to the seismic excitation. The 

Friction Pendulum Systems (FPS) have steel concave surface connected with articulated friction 

slider and utilized the concept of pendulum for lengthening the period of the superstructure so as 

to dissipate the seismic energy. The present study investigates on various design approaches for 

the evaluation of the seismic response of steel frames equipped with FPS. The response of isolated 

frames is simply adjusted by several parameters such as the friction coefficient (μ), the radius of 

curvature (R), the isolation period (T) and the axial load and so 2D, three bay 3 and 7-storey steel 

moment resisting frames (SMRF) are designated as isolated frames in order to examine the effect 

of variation of the R and the friction coefficient on the seismic response of the isolated frames. 

The R and μ are predefined as 1, 1.55, 2.25 and 0.025, 0.05, 0.1, respectively. The seismic response 

of the modelled isolation systems has been evaluated through nonlinear time history analyses, a 

set of ground motions using SAP2000 software. The local and global deformations are employed 

to compare the seismic performance of different isolation frames through nonlinear analysis. The 

results showed that the isolated frames having greatest radius of curvature with lowest friction 

coefficient exhibited better seismic performance than other models in terms of the local and global 

deformations. 

 

 

 

© 2018, Advanced Researches and Engineering Journal (IAREJ) and the Author(s). 
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1. Introduction 

In last decades, numerous researchers have developed 

several methods as to enhance the energy dissipation 

capacity of civil engineering structures. Among these 

methods, base isolation system (BIS) can be accepted the 

most popular seismic protective system that is extensively 

used [1-5]. BIS has been utilized for mitigating the 

destructive effects of the earthquakes on the structure that 

initially considered as one of the most effective approaches 

both in the design of the new buildings and in seismic 

retrofit of the existing buildings. The concept and theory 

of the base isolation is depended on decoupling the 

building from the ground and inserted the BIS in order to 

mitigate the catastrophic effect of the earthquakes. 

Commonly two type of base isolation systems; such as 

sliding systems and elastomeric bearings are available. 

The sliding systems are designed to dissipate the seismic 

forces by providing frictional sliding and limiting the 

transfer of shear while the elastomeric bearings are 

designed to eliminate horizontal earthquake forces by 

providing a layer with low horizontal stiffness [6]. 

Recently, many analytical and experimental studies have 

been presented with the aim of finding out the seismic 

response of the FPS. For example, in the study of Landi et al. 

[7], several time history analyses were performed with near 

field records for different models of FPS, constructed by the 

predefined friction coefficient, sliding velocity and vertical 

force. The analysis results enabled to compare the models 

considering the influence of the earthquake component with 

the constant friction coefficient. Similarly, another numerical 

study was performed to examine the seismic response of 

elastically isolated frames with FPS designed by three 

different soil conditions corresponded to various frequency 

content under a set of 100 artificial earthquakes. It was 

obtained that greater friction coefficient was supposed in 
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case of soft soil with lower isolation period [8]. In the study 

of Castaldo et al. [9], the seismic reliability of a 3D 4-storey 

reinforced concrete frame equipped with FPS was evaluated 

and designed in compliance with the FEMA 274 [10] code. 

The seismic performance of the frame with FPS satisfied the 

requirements of corresponding seismic codes by modified 

lower friction coefficient adjusted with lower uncertainty. In 

the analytical study of the Jangid [11] multi-storey frames 

isolated with FPS and analyzed under near fault records in 

order to find out the optimal design parameters of the FPS. 

The analysis results showed that the optimum friction 

coefficient of FPS has less acceleration demand with respect 

to the non-isolated frames. The optimal friction coefficient 

changed with the values of the bearing acceleration that is 

ranged from 5 to 15%.  

The main aims of the study are to (i) examine the seismic 

performance of the steel frames isolated by FPS, (ii) compare 

the effectiveness of the base isolation systems against 

seismic excitation, (iii) show the variation of the isolation 

parameters of the FPS for 3 and 7-storey SMRFs with 

different isolation systems, and (iv) offer the optimum 

parameters of the FPS for minimum seismic response of the 

isolated system under earthquake records. In the light of the 

previous researchers, 3 and 7-storey SMRF equipped with 

FPS having wide range of the radius of curvatures (from 1 m 

to 2.25 m), isolation period (2 s to 3 s) and friction 

coefficients (from 0.025 to 0.10), these isolated frames were 

analyzed using three natural accelerograms compatible with 

seismic hazard levels of 2% probability of exceedance in 50 

years. The organization of the present study is as follows: the 

analytical modeling details of the frames including the 

original frames and base-isolated frames (namely FPS) are 

given in Section 2. Additionally, the design parameters of the 

base isolation systems were given. The information on the 

earthquake records that are representatives of 2% probability 

of exceedance in 50 years was described. Then, the results of 

the nonlinear analysis were comprehensively discussed in 

Section 3. Finally, the results inferred from the analysis 

results are presented in a comparative manner in Section 4.  

 

2. Modelling and Analysis of SMRF with FPS 

Two different SMRF are designated as bare frames those 

have firstly designed by Ferraioli et al. [12]   according to the 

Italian Code [13]. These frames have 2D, three bay 3 and 7-

storey and the cross sections of the examined frames are 

given in Table 1. The more information about those fixed 

base frame can be found concerned paper. In this study, 3 

and 7-storey SMRF are modified as base isolated frame with 

FPB.   

Among the BIS, FPS has come into prominence by virtue 

of its supremacy behavior such as non-ageing, durability, 

maintenance, thermal condition; thus, it can be accepted as 

mostly used BIS [14]. It has an articulated and slider surface 

in contact with the curved frictional area is made of 

composite material. The other side of the slider is attached to 

stainless steel concave, spherical surface and covered with 

moderate frictional materials [15]. The mechanism of FPS 

depend on the movement of the bearing along the curved 

surface and the supported mass is moved upward, thus the 

movement will provide the restoring force to the system. 

During a seismic excitation, the bearing goes along with 

curved surface hereby it moves in small arcs like a pendulum. 

The bearings decrease the transmission of the seismic forces 

to the structure by the movement of pendulum and also by 

frictional pad. The effective stiffness and the isolation period 

can be easily tuned by the radius of the concave surface.  
 

2.1 Analytical models of frames 

Analytical models of the fixed base and isolated frames 

were provided using nonlinear finite element program 

Sap2000 that is capable of performing nonlinear static and 

dynamic analyses [16].  To depict the hysteretic behavior of 

the isolators of the FPS a nonlinear finite element NLlink 

called as friction pendulum isolator has been selected and the 

mechanical model of the FPS is rooted in the classic 

Coulomb theory. 

 

Table 1. The details of 3 and 7-storey frames. [12] 

 

Frames Storey Level Beams 
Outer 

Column 

Inner 

Column 

3-storey 

1 IPE270 HE160B HE220B 

2 IPE270 HE160B HE200B 

3 IPE270 HE160B HE200B 

7-storey 

1 IPE270 HE180B HE240B 

2 IPE270 HE180B HE240B 

3 IPE270 HE180B HE220B 

4 IPE270 HE160B HE220B 

5 IPE270 HE160B HE220B 

6 IPE270 HE160B HE200B 

7 IPE270 HE160B HE200B 

 

 

Figure 1. The Cross-section of FPS [14] 

The cross-section and hysteretic behavior is plotted in 

Figures 1 and 2, respectively. For the base isolated models, 

two different bearings (inner and outer) were designed 

according to the vertical loads on the column. Designed 

FPS were replaced under each column of all evaluated 

models that include rubber isolator as a nonlinear link 
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element employed by Park et al. [17]. Thus, a total of 9 

different cases were considered in this study. The design 

parameter of the FPS was computed by an iterative 

solution in compliance with Naeim and Kelly [5]. In the 

iterative procedure the following equations were 

employed. The load exerted on the isolator of the FPS is 

W, the horizontal displacement is D, and the friction 

coefficient is μ, then the resisting force F is given by 

𝐹 =
𝑊

𝑅
𝐷 + 𝜇𝑊(𝑠𝑔𝑛𝐷)           (1) 

where R is the radius of curvature of the dish. The first 

term is the restoring force due to rise of the mass, 

providing a horizontal stiffness 

 

                                   𝑘2 =
𝑊

𝑅
                                   (2) 

which produces an isolated structure period T given by 

 

                                    𝑇 = 2𝜋√
𝑅

𝑔
                                   (3) 

The equivalent stiffness is given by 

 

𝑘𝑒𝑓𝑓 =
𝑊

𝑅
+

𝝁𝑊

𝐷
            (4) 

effective damping,  βeff; 

 

       𝛽𝑒𝑓𝑓 =
2𝝁

𝜋𝑥(
𝐷

𝑅
)+𝝁

                              (5) 

   In this study, each isolation systems were labelled based 

on assumed isolation periods, T, radius of curvature, R and 

friction coefficient (μ) as to use in figures and throughout 

the rest of the text. For example, R1.55μ5 denotes an 

isolation system with R = 1.55 m, T = 2.5 s and μ = 0.05. 

The isolation system parameters for 7-storey frame with 

FPS were presented in Table 2, where R ranges from 1 to 

2.25 m, T from 2 to 3 s and μ from 2.5 to 10 %. Moreover, 

the isolation periods of 2, 2.5 and 3 s are corresponded to 

the radius of curvatures 1, 1.55 and 2.25 m, respectively 

(see Eqn 3). To determine the seismic performance of the 

frames with and without FPS, the nonlinear time history 

analysis was performed using the finite element program 

of SAP 2000 non-linear version 14 [16] in which FPS was 

assigned as Nllink (Friction Isolator) components located 

under the bottom columns of the superstructure, the view 

of 3-storey SMRF with FPS in SAP2000 was given in 

Figure 2. The design parameters of FPS calculated using 

Eqs (1-5) and put into SAP2000 as follows for R1.55μ5. 

Nonlinear Link Type: Friction Isolator, U1 Non/Linear 

Effective Stiffness: 200000 kN/m, U2 and U3 Linear and 

Nonlinear Effective Stiffness: 190, 4102 kN/m, U2 and U3 

Friction Coefficient: 0,05, U2 and U3 Radius of Sliding 

Surface: 1.55. 

Table 2. The outer (O) and inner (I) design values of 7-storey 

isolated frame with FPB  

 

R 

(m) 

T 

(s) 

μ 

(%) 

k2 

(kN/m) 

D 

(m) 

keff 

(kN/m) βeff  

Side 

1.0 

 

2.5 232.2 

 

0.17 265.1 0.08 

 

2.0 
5 232.2 0.17 297.8 0.16 

O 

 10 232.2 0.17 363.5 0.30  

 
2.5 504.4 0.22 575.7 0.10 

 

2.0 
5 504.4 0.22 646.9 0.20 

I 

 
10 504.4 0.22 789.5 0.36 

 

1.55 

 
2.5 149.8 0.27 176.1 0.12 

 

2.5 
5 149.8 0.27 202.3 0.27 

O 

 
10 149.8 0.27 254.8 0.42 

 

 
2.5 325.4 0.17 382.4 0.08 

 

2.5 
5 325.4 0.17 439.5 0.16 

I 

 
10 325.4 0.17 553.5 0.30 

 

2.25 

 
2.5 103.2 0.22 125.1 0.10 

 

3.0 
5 103.2 0.22 146.9 0.20 

O 

 
10 103.2 0.22 190.7 0.36 

 

 
2.5 224.2 0.27 271.7 0.12 

 

3.0 
5 224.2 0.27 319.2 0.23 

I 

 
10 224.2 0.27 414.3 0.42 

 

 

   Furthermore, the frames were exposed to three real 

ground motion records. These time history records data of 

the earthquake force obtained from the Pacific Earthquake 

Engineering Research Center (PEER) [18] used as seismic 

input, called from text file to carry out the time history 

analysis. The details of the time history of the earthquake 

records were presented in Table 3. It should be considered 

that in the scaling process the mean code spectra or a set 

of earthquakes should be as close as possible to the mean 

spectrum. The aim of this is to have the accelerograms of 

the three earthquakes scaled to approximately the same 

intensity level such that the responses can be represented. 

Analyses were carried out using the ground motion records 

occurring 100% along x direction. The Newmark method 

with integration parameters γ = 0.5 and β = 0.25 and 

critical damping ratio of 5% were also assumed in the time 

history analysis. 
 

Table 3. The details of the earthquake records 
 

Earthquake 

Record 
Hills Cape Northridge 

Year 1978 1992 1994 

Magnitude (Mw) 7.35 7.01 6.69 

Mechanism 

Strike-

Slip 
Reverse Reverse 

PGA (g) 0.418 0.615 0.795 

Rjb (km) 0.9 0 0 

Rrup (km) 0.9 8.2 5.3 



 

 

 
Figure 2. The view of 3-storey SMRF with FPS in SAP2000 

3. Results and Discussion 

This paper assessed the seismic response of SMRF with 

different FPS. The inelastic response of the frames with 

and without FPS are discussed concerning the roof 

displacement, relative displacement, interstorey drift ratio, 

absolute acceleration and hysteretic curves by means of the 

time history analyses. The analysis results showed that the 

response of frames with FPS changed with the radius of 

curvature R, friction coefficient μ, number of the storey 

and also the ground motion records.  The analysis results 

are evaluated by series deformation parameters in Figures 

3-17. 

 

3.1 Displacement 

The variation of the storey displacement of 3 and 7-

storey frame exposed to three real ground motions are 

given in Figures 3 and 4, respectively. Further, the frames 

with FPS accommodated three different radiuses of 

curvature and friction coefficient are plotted in Figures 5 

and 6 under Cape earthquake. It was clearly observed that 

decrease of the radius of curvature R (corresponding T) 

and friction coefficient μ are culminated in reduction on 

the roof displacement for 3 and 7-storey frames with FPS.  

 

            
Figure 3. The displacement of 3-storey fixed base frame 

                 
Figure 4. The displacement of 7-storey fixed base frame 

The variation of the roof displacement demand for 3 and 

7-storey frames was differentiated with the radius of 

curvature and friction coefficient due to assumption on the 

design parameters of FPS as shown in Table 2. Among the 

examined models, two lowest roof displacement of frames 

with the FPS was experienced in case of R2.25μ2.5 when 

hit Cape earthquake as shown in Figures 5 and 6. For 

example, it was observed that the roof displacements of 3 

and 7-storey frame with FPS were 23.73 and 37.05 cm, 

respectively.    

 

            
Figure 5. The roof displacement of 3-storey frames with FPS 

   Further, it was observed that when the friction 

coefficient was fixed and the radius of curvature was 

shifted from 1 m to 2.55 m (see Figure 5 and 6) the roof 

displacement demand of isolated frames was generally 

decreased parallel to descending trend of the isolators’ 

horizontal and equivalent stiffness (namely, k2 and keff) as 

shown in Table 2. Since increment of the radius of 

curvature led to enhancement of the isolation period and 

mitigation of the isolator stiffness, the isolated frames 

behave more ductile and the demand of the displacement 

increased as well. Similarly, the roof displacement demand 

of 3 and 7-storey frame with FPS was generally reduced 

when the radius of curvature was constant, and the friction 

coefficient was changed from 0.10 to 0.025 as shown in 

Figure 5 and 6, respectively. 

 

0

1

2

3

0 10 20 30 40

St
o

re
y 

Le
ve

l

Displacement (cm)

Fixed Base

Cape

Hills

Northridge

0

1

2

3

4

5

6

7

0 20 40 60 80

St
o

re
y 

Le
ve

l

Displacement (cm)

Fixed Base

Cape

Hills

Northridge

25

30

35

40

45

50

0 0.025 0.05 0.075 0.1 0.125

R
o

o
f 

D
is

p
la

ce
m

e
n

t 
(c

m
)

Friction Coefficient (µ)

CapeR=1

R=1.55

R=2.25

211                    Ahmet Hilmi Deringöl, International Advanced Researches and Engineering Journal 02(03): 208-216, 2018 



        Ahmet Hilmi Deringöl, International Advanced Researches and Engineering Journal 02(03): 208-216, 2018 
 

 

   
Figure 6. The roof displacement of 7-storey frame with FPS 

3.2 Relative Displacement 

The relative displacement is computed by subtracting 

the value of the roof displacement from the base 

displacement. The relative displacement with storey height 

of the frames with and without FPS under Northridge 

earthquake is generated for 9 various models and presented 

in Figures 7-9. The radius of 2.25 m (correspond to the 

isolation period of 3 s) with the friction coefficient of 2.5% 

is produced the lowest relative displacement for 3 and 7-

storey isolated frames as shown in Figures 8 and 9. For 

example, when 3 and 7-storey fixed base frame equipped 

with R2.25μ2.5 model, the relative displacement reduced 

from 27.89 cm to 6.83 cm, 50 cm to 19.55 cm respectively. 

 

         
Figure 7. The relative displacement of 3 and 7-storey  

fixed base frames 

 

The results proved that the use of FPS is very 

effective in reduction of the relative displacement. 

Moreover, R2.25μ2.5 is significantly exhibited the 

most uniform distribution as shown in Figures 6 and 

7. Similar to the observed trend on the variation of the 

displacement, greater radius of curvature R 

(corresponding T) and lower friction coefficient μ are 

caused to decrease the relative displacement for 3 and 

7-storey frames with FPS under Northridge 

earthquake. 

 
 

Figure 8. The relative displacement of 3-storey isolated frames 

against storey height under Northridge earthquakes 

            
Figure 9. The relative displacement of 7-storey isolated frames 

against storey height under Northridge earthquakes 

 

3.3 Interstorey drift ratio 

The interstorey drift ratio can be admitted as significant 

benchmark for the seismic performance evaluation and 

also it can be used for the predicting the structural damage 

level. The variation of the interstorey drift ratio against 

storey height of the frames with and without under Hills 

earthquake is depicted in Figures 10 and 11. The 

interstorey drift ratio of the fixed base frames is regulated 

by means of the utilization of the FPS especially in case of 

R2.25μ2.5. It tended to uniform distribution against other 

models and fixed base frames. Further, it was observed 

that the isolation system of R2.25μ2.5 reduced the 

interstorey drift ratio from 2.2 to 1.4 % and from 6.1 to 1.8 

% for 3 and 7-storey fixed base frames, respectively (see 

Figures 10(a) and 11(a). 

 The maximum interstorey drift ratio of the frames 

equipped with FPS subjected to Cape earthquake obtained 

for 9 different models and plotted in Figures 12 and 13.  
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Figure 10. The variation of the interstorey drift ratio of 3-storey against storey height under Hills earthquakes 

        
Figure 11. The variation of the interstorey drift ratio of 7-storey against storey height under Hills earthquakes 

 

 
Figure 12. The maximum interstorey drift ratio of 3-storey 

frame 

 
Figure 13. The maximum interstorey drift ratio of 7-storey 

frame 

   The the lowest maximum interstorey drift ratio of 1.18 

% is experienced in case of R2.25μ5 for 3-storey frame 

with FPS as shown in Figure 12. Further the variation of 

the radius of curvature, friction coefficient and number of 

storey visibly fluctuated the drift ratios. However, an 

amplification trend is observed on the interstorey of 7-

storey isolated frames when the friction coefficient varied 

from 2.5 to 5%. The utilization of optimum FPS in case of 

lower friction coefficient with greater radius of curvature 

testified the lower interstorey drift demand than other 

models as shown in Figures 12 and 13. 

3.4 Absolute Acceleration 

The variation of the absolute accelerations of the frames 

with and without FPS against storey height under 

Northridge earthquake is given in Figures 14 and 15. It was 

clearly observed that the increase of the isolation period, 

radius of curvature and friction coefficient led to great 

reduction on the corresponding storeys’ absolute 

acceleration of 3 and 7-storey frame with FPS. The 

acceleration initially mitigated towards mid-height and 

then suddenly fluctuated towards the top storey. It is 

clearly observed that R2.25μ5 presented lowest absolute 

acceleration for 3 and 7-storey frame. For example, in case 

of R2.25μ2.5 that is caused to mitigate the absolute 

acceleration of 3 and 7-storey frame with FPS from 12 to 

5.7 m/s2 and 11.7 to 4.2 m/s2, respectively. Further it 

assisted to tend more uniform distribution than other cases 

height of the storey especially for 7-storey frame with FPS. 
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Figure 14. The variation of the absolute acceleration of 3-storey against storey height under Northridge earthquakes 

 
Figure 15. The variation of the absolute acceleration of 7-storey against storey height under Northridge earthquakes

3.5 Base Shear  

The base shear demands of the fixed base 3 and 7-storey 

frames subjected to Cape earthquake are 461.7 and 506.2 

kN, respectively. When each of the isolated frames 

subjected to the ground motions their responses are 

obtained. For example, the examined isolated frames 

subjected to Cape earthquake that is depicted in Figures 16 

and 17. The use of FPS remarkably reduced the base shear 

especially 3-storey isolated frames. Besides the variation 

of the friction coefficient from 0.01 to 0.025, shifting the 

isolation period from 2.0 s to 3 s (corresponding the radius 

of curvature is 1m to 2.25 m) also caused steady reduction 

on the base shear. Additionally, almost similar responses 

are valid for 7-storey isolated frames as well (see Figure 

17). When R2.25μ2.5 was implemented for 3 and 7-storey 

frames as isolation system that ensured the lowest base 

shear demand with respect to the other isolation systems 

as depicted in Figures 16 and 17.  

The most remarkable behavior is observed under Cape 

earthquake, 3 and 7-storey frame with the isolation system 

of R2.25μ2.5 introduced the lowest base shear of 82.3kN 

and 164 kN, respectively. It is also noted that the 

aforementioned nonlinear analysis results on the base 

shear demand of the examined frames did not differentiate 

with the earthquake characteristics, similar trend is 

observed as well. 

 

 
Figure 16. The base shear of 3-storey isolated frame with 

isolation period and Q/W ratio 

 
Figure 17. The base shear of 7-storey isolated frame with 

isolation period and Q/W ratio 
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3.6 Hysteretic Curve  

The hysteretic curves of the 9 isolation models 

including different radius of curvature and friction 

coefficient for 3 and 7-storey frames under Hills 

earthquake is plotted in Figures 18 and 19. These obtained 

curves were similar to the bi-linear force-deformation as 

characteristic hysteretic curve of FPS. When the isolation 

parameters were computed in the light of the Equations (1-

6) 9 different isolation systems were acquired and also the 

positions of the hysteretic curve shifted while it abided by 

the original force-deformation curve. Because of limited 

number of pages only the friction coefficient of 0.1 is 

plotted for 3 and 7-storey frames with FPS. Among the 

isolation systems, the smallest and largest hysteresis 

curves was performed for the radius of curvature of 1 m 

and 2.25 m, respectively and the other model was 

remained between them. Further, the effectiveness of 

SMRF with FPS can be very easily tuned by managing the 

appropriate radius of curvature and friction coefficient. 

 

 
Figure 18. The hysteretic curve of 3-storey frame with FPS 

under Hills earthquake 

 
 

Figure 19. The hysteretic curve of 7-storey frame with FPS 

under Hills earthquake 

4. Conclusions 

In this study, it is showed that the radius of curvature, R 

and friction coefficient, μ on the design of base-isolated 

frame subjected to three natural accelerograms compatible 

with seismic hazard levels of 2% probability of 

exceedance in 50 years were considered. The response of 

FPS was remarkably changed by the radius of curvature 

and friction coefficient. For all models, the amplification of 

the radius of curvature (the isolation period, T) and 

reduction of the friction coefficient remarkably led to great 

reduction in the roof displacement. For the R2.25μ2.5, it 

was experienced the most uniform relative displacement, 

interstorey drift ratio and absolute acceleration height of 

storey with respect to the both fixed base frame. To 

rehabilitate the 3 and 7-storey frames in terms of the local 

and global deformations R2.25μ2.5 obviously seemed to 

be the most favourable model when the seismic 

performance of the frames with and without FPS 

compared. According to the result of the analysis, it can be 

predicted that the larger radius of curvature and lower 

friction of coefficient for SMRF with FPS provided better 

seismic performance than other models and fixed base in 

real life. 
  

Nomenclature 

F   : The resisting force 

𝑘2   : The horizontal stiffness 

𝑇   : The period of isolated structure 

𝑘𝑒𝑓𝑓 : Effective stiffness    

βeff    : Effective damping    

W    : Total weight on the isolator    

g   : gravitational force 

R    : The radius of curvature    

D    : The horizontal displacement 

μ    : The friction coefficient 
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 Experimental studies are being carried out to obtain puzzolan materials from agricultural wastes. 

The aim of this study was to minimize environmental damage of nut shells, which are discarded as 

waste material after the harvesting of crops. Puzzolanic activity test conducted in experimental 

study showed that nut shell ash provided compressive strength at 0.59 level. An analysis of 

compressive strength results revealed that compressive strength increases in 28-90 and 180 day 

values of the specimens containing nut ash additive. Reference compressive strength results 

showed that compressive strength increased by approximately 57% when water/cement ratio 

increases and that compressive strength decreased to 50% level with the increase of additive 

amount in both groups of concretes with nut shell additives. ASR test results showed that ash 

additive used in mortar types used in 5%-10%-15%-20%-25%-30% ratios had an effect and that it 

reduced ASR in mortar type containing 20% additive below 0.20 maximum value which is the 

standard value. Improvement of ash preparation conditions will enable the use of nut shell ash as a 

mineral additive. 

 

© 2018, Advanced Researches and Engineering Journal (IAREJ) and the Author(s). 

 

 

1. Introduction 

Increasing types of concrete structures requires the 

development and use of new technologies. Thus types of 

cements and concrete production continue to increase. 

Puzzolanic mineral materials have been used together 

with cement in production of concrete to improve the 

qualities of cement and concrete, to enhance their 

resistance and to save money.      To this end, industrial 

by-products apart from puzzolans are used. Industrial 

puzzolanic materials used in concrete contain volatile 

ash, silica fume and ground granulated blast furnace slag. 

Puzzolanic materials are natural materials consisting of 

silica, aluminum or the combination of these two. When 

mixed with water, puzzolanic materials do not naturally 

harden; however, when they are fine ground, they react to 

form calcium silicate and calcium silicate compounds that 

enhance resistance with dissolved calcium hydroxide 

(CaOH2) at normal environmental temperature in the 

presence of water.  

   Puzzolans are in fact composed of reactive silicium 

dioxide (SiO2) and aluminum oxide (Al2O2). The 

remaining part contains iron oxide (Fe2O2) and other 

oxides. Puzzolanic materials should be properly prepared, 

homogenized, dried, exposed to heat processing in 

production and should be fine ground [1]. 

   Furthermore, experimental studies are being carried 

out to obtain puzzolan materials from agricultural wastes. 

Rice husk ash, wheat stem etc can are examples of these 

experimental studies. 

Plants intake various minerals and silicates from the 

soil by their roots. Inorganic substances, especially 

silicates are known to be found in higher amounts in 

annual plants when compared to other types of trees.  

Annual agricultural productions such as rice, wheat, 

sunflower, tobacco, nut etc. are rich in silica and silicate 

due to their stem, leaves and protective layers. Inorganic 

compounds are found in plant in the form of free salts or 

particles or in the form of cations that are partially 

attached to anionic groups [2]. 

Burning of organic substances in agricultural wastes, 

formation of crystal phases or crystallization of 

amorphous substances are exothermic reactions. Weight 
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decreases and ash is produced as a result of this reaction. 

Degradation of the structure of organic substances as a 

result of burning is called thermal decomposition [3].  

When this ash, which is thinned by grinding into 

powder, is mixed with lime, material with a bonding 

property is obtained. The quality of this material varies 

largely depending on burning temperature, burning 

duration, sudden cooling and grinding conditions [4-6]. 

75% of the world’s nut is produced in Turkey and 

approximately 85% of the world’s nut export takes place 

in Turkey. Turkey is the most important determiner 

country in both production and exports of nut. According 

to 2004 data, Turkey produced 400.000 tons of nuts [7].  

In a master’s thesis, titled “Identification of Thermal 

Value of Organic Substances in Municipal Rubbish 

Composition”, Halisdemir (2001) found that nut shell 

constitutes approximately 15% of the mass of nuts. In 

light of this information, it can be stated by a rough 

calculation that a total of 16.830 tons of shell is produced 

from the nuts that were exported in 2004. 

Nut shell is an easily available and convenient 

potential source as it is produced in nut processing 

facilities. However, nut shell is usually used as a fuel, 

while it can be used as raw material in various industrial 

branches (plywood, chipboard, floor linoleum, plastic, 

dye, polishing oil etc.) [8]. 

Concrete elements are known to gain strength in the 

long term. Rheological behavior of concrete samples 

produced with nut ash additives remains unknown. In this 

respect, studies have concentrated on the usability of nut 

ash as a suitable additive when ash production conditions 

are improved. 

In the present study, the coats on nut shell were 

subjected to pre-washing and the obtained ash was 

ground to 0-200µ. Puzzolanic activity test, compressive 

strength test and ASR test that affects strength were 

carried out using this ash. 

 

2. Some Studies Conducted on Nut Shell 

 

The literature contains studies on the use of nut shell 

ash as biogas and on nut cultivars that are grown in terms 

of the diversity geographical origin. 

In a previous study on the removal of cadmium ions 

from aqueous solutions, it was found that obtaining nut 

shell and nut shell ash is more advantageous using 

absorption method [9] In another study which aimed to 

determine the effect of different carbonization conditions 

on solid crop yield nut shell (Corylus Avellana) was 

carbonized and the effect of temperature, heating rate and 

particle size on carbonization solid crop yield was 

analyzed. In conclusion, it was found that the solid 

product that was obtained as a result of carbonization can 

be used as an environmentally friendly, solid fuel with 

high energy content [10]. 

Another study studied the effects of particle size and 

mini reactor internal pressure and liquefaction yield in 

conversion of nut shell, which is a potential waste, under 

high pressure and high temperature (HP/HT). The study 

reached the following results: 

Potential benefits can be achieved by converting nut 

shell which has a great potential especially for Turkey 

using liquid products. 

• CO2 production is zero, 

• Prevention of climate change and conservation of the 

environment 

• Conservation of resources, 

• Conservation of energy, 

• Reduced need for petroleum by the use of the 

obtained oil. 

• Product composition can be used as a source of 

chemical substance instead of petroleum [11]. 

 

3. Materials Used in the Experimental Process 

3.1 CEN Standard Sand 

 

Rilem-Cembureau standard sand compatible with TS EN 

196-1was used to prepare cement mortar specimens. 

Granulometric properties of the sand are presented in Table 

1.  Unit weight of the sand was found to be 2.01 gr/cm3 [12].    

 

Table 1.Granulometry values of rilem  sand 

  

Sieve Mesh Size (mm) Material retained on the sieve 

(%) 

0.08  98 ±2  

0.16  87 ±2  

0.50  67 ±2  

1.00  33 ±2  

1.60  9 ±2  

2.00  0  

 

3.2  Aggregate 

 

   The aggregate we used in experimental study was 

supplied from a sand gravel quarry near Sakarya River– 

Geyve town. The aggregate had a thickness of 0-7 mm. 

Firstly, amount of active silica on the aggregate was 

determined using chemical analysis method in 

accordance with ASTM C289, TS 2517 standard. It is 

presented in Table 2  that it is on harmful zone [16, 17].  
 

 

Table 2. Chemical ASR report conducted in accordance with TS 

2517 

 

 

 

NaOH (Consumed) 350 (mmol/L) 

SiO2 (Solved) 700 (mmol/L) 

Result III. Zone (Hazardousaggregate) 
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Analysis values of cement and nut shell ash used in ASR 

test are presented in Table 3.  

 

3.3  Cement and Nut Shell Ash 
 

   In this study CEM I 42.5 R cement was used. Chemical 

properties of this cement are presented in Table 2 [13]. 

   Ash was obtained by burning the nutshells that were 

collected after harvesting season in heating boiler. The 

ash was ground in mill. Chemical analysis of the ash 

presented in Table 2 was conducted in laboratory of Oyak 

Bolu Cement Factory. 

   Nut shell, which is an organic waste, was converted to 

ash by burning. The ash was ground to power form. 

When this ash is mixed with lime, a material with 

bonding quality is obtained. The quality of this material 

largely varies depends on burning duration, shock cooling 

and grinding conditions. Chemical analysis results of the 

ash revealed excessive potassium oxide (K2O) CaO2 

calcium oxide amount was found to be very low. 

   According to ACI 221, cement equivalent alkali 

amount (Na2O+0.658K2O) should be maximum 0.6%and 

it is recommended that this limit be 0.4%. Ratio of alkali 

amount of cement used in the test was 

(Na2O+0.658(K2O)) = 0.22*0.658*0.46=0.52 (Na2O), 

which is below the value of 0.6%.[14]  Chemical 

analyses of nut shell ash and cement are presented in 

table 3. SEM and microscope images are presented in 

Figure 1. 

 
Table 3. Chemical analysis values of cement and nut shell ash  

 

 CEM I 42.5 R Nut Shell Ash 

SiO2 19.95 17.36 

Al2O3 5.12 2.38 

Fe2O3 3.75 3. 34 

CaO 63.82 12.73 

MgO 1.64 5.56 

SO3 3.36 2.77 

Na2O 0.22 0.33 

K2O 0.46 45.04 

Na2O Equivalent 0.52 ----- 

Loss on ignition 1.11 ----- 

sCaO 1.23 ----- 

45 Micron 1.90 57. 2 

90 Micron --- --- 

Specific Weight 3.13 2.62 

Blaine 3971 2837 

 

4.  Experimental study 
 

4.1 Puzzolanic Activity Test  

 

The activity of pozzolansis determined by mechanical 

and chemical tests [15]. Mixture ratios of mortar 

specimens produced for puzzolan activity test is 

presented in table 4.   The ash that was used as puzzolan 

was prepared by replacing 20% cement. In this mixture 

ratio, 6 pieces were prepared from each group of size 40 

* 40 * 160 mm. 

 
SEM İmage 

 
SEM Chemical Analysis 

         
Steriomicroscope İmage 

 

Figure 1. Sterio Microscope and SEM İmages of Nut Shell Ash  

 

Table 4. Puzzolanic activity mortar mixture amount 

 

 
Pozzolan 

Additive 

(20%) (g) 

Cement 

(g) 

Standard 

Sand     

(g) 

S/C=0.5 

Water    

(g) 

Reference 

Specimen 
--- 500 1320 250 

Nut Shell 

Ash 
100 400 1320 250 

    

7 day and 28 day compression strength tests were 

carried out with these specimens. Test results are 

presented in table 5 and Figure 2. 

 
Table 5. Puzzolanic activity compressive strength results of nut 

shell ash 
 

 7-day results 28-day results 

 Compressi

ve 

Strength 

(N/mm
2

)  

Percentage 

of 
Compressi

ve Strength 

Compressi
ve Strength 

(N/mm
2

)  

Percentage 
of 

Compressi

ve 
Strength 

Reference 

Specimen 
26.7 1.00 46.8 1.00 

Concrete 

with nut 

shell ash 

additive  

18.5 0.69 27.4 0.59 

 

 
Figure 2. Nut Shell Ash Puzzolanic Activity Test 28-day 

Compressive Strength  
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As a standard, ash should have a value of 70% (0.70) 

in order to be used as puzzolan. Results of puzzolan 

activity test revealed a compressive strength of 59% 

(0.59) in 28-day test. This was believed to stem from the 

fact that nut shells were not burned in appropriate furnace 

and temperature in laboratory conditions. It was observed 

that puzzolanic property would be better if ash 

preparation conditions are improved. 
 

4.2 Test Method for Potential Alkali Reactivity 

Aggregates (Accelerated Mortar Bar Test)   
 

4.2.1 Preparation of Specimen Groups  

 

Appropriate aggregate was prepared by sieving the 

aggregate according to mixture ratios in ASTM-C 227.  

In our tests, while preparing 5%-10%-15%-20%-25%-

30%mortar bars in accordance with ASTM-C 227 

standard using nut shell ash replacing cement, mortar 

mixture was prepared in such a way to have an 

aggregate/cement ratio of 2.25; a spread value of 120-150 

mm and W/C ratio of 0.47. Minimum four mortar 

specimens were prepared from each group in 25×25×285 

mm prismatic molds [18].  Material mixture ratios of the 

control mixture and of the specimens produced by 5%-

10%-15%-20%-25%-30% nut shell ash replacing cement 

are presented in table 6. 
    

Table 6.   Material mixture values of test specimens 

 

Additive 

Ratios 
Aggregate 

(g) 

Cement  

(g) 

Mineral 
Additive 

(g) 

Water  

(g) 

Reference 

Specimen 
1320 587 --- 276 

5%   Nut 

Shell Ash 
1320 557.65 29.35 276 

%10  Nut 

Shell Ash 
1320 528.3 29.35 276 

%15  Nut 

Shell Ash 
1320 498.95 58.7 276 

%20  Nut 

Shell Ash 
1320 469.6 88.05 276 

%25  Nut 

Shell Ash 
1320 440.25 117.4 276 

%30  Nut 

Shell Ash 
1320 410.9 146.75 276 

 

Standard values of this method which is known as 

ASTM-C 1260 accelerated mortar bar test are presented 

below [19]. Expansion percentages at the end of 16-day 

test are evaluated as follows:  

* If the expansions at the end of 16 days are below 

0.10%, the aggregates show harmless behavior. 

* If the expansions at the end of 16 days are above 

0.20%, the aggregates show potentially harmful 

expansion. 

* If the expansions at the end of 16 days are between 

0.10%, and 0.20%, the aggregates can show both harmful 

and harmless behavior at construction site conditions. If 

the expansions at the end of 16 days are between the 

values of 0.10% and 0.20%, test duration for the 

aggregates had better be continued for 28 days [19]. 

Expansion results of control mixture and specimens with 

nut shell ash are presented in table 7. ASR formation 

graph is presented in Figure 3. 

  
Table 7. Expansion values of accelerated mortar bar test 

 

 

Reference 

Specimen 

Nut shell ash 

additive ratios  

5% 10

% 

15

% 

20

% 

25

% 

30

% 

9 

Day  
0.60 0.24 0.20 0.17 0.15 

0.

21 

0.

17 

16 

Day  
0.83 0.31 0.25 0.19 0.16 

0.

22 

0.

18 

28 

Day  
0.92 0.37 0.37 0.29 0.23 

0.

19 

0.

22 

 

 

Figure 3. ASR Formation in Mortar Groups with Nut Shell Ash 

Additive 

Results of ASTM-C 1260 accelerated mortar bar test 

revealed that when maximum standard value was taken as 

0.20, it reduced below the standard value in the product 

with 20% additives. In other groups it was observed that;          

* It reduced expansion at a ratio of approximately 0.59 in 

mortar type with 5% additive, when compared to the 

control mixture, 

 * It reduced expansion at a ratio of approximately 0.68 

and 0.75 in mortar types with 10% and 15% additive 

respectively, 

 * It reduced expansion at a ratio of 0.79 and 0.75 in 

mortar types with 20% and 25% additive respectively, 

 * It reduced expansion at a ratio of 0.73 in mortar type 

with 30% additives. 

It can be stated that this fluctuation in determination of 

ASR results from excessive amount of potassium oxide in 

the ash. 
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4.3 Determination of Compressive Strength of Test 

Specimens 

 
   Concrete compressive strength is expressed as fc cube if 

cube shaped specimens in compliance with the standard 

are produced for compressive strength. Compressive 

strength is determined in specimens of 7 and 28 days 

[20]. Fine aggregates exposed to 60% ASR, 40% fine 

chips and cement and nut ash, whose analysis values are 

explained above, were used in compressive strength tests. 

Concrete mixture groups were prepared in 10×10×10 cm 

test cubes. Six groups of concrete with a W/C ratio of 

0.45 and 0.60; nut ash additive ratio of 10% and 20% 

were prepared for compressive strength test.  

   Material ratios of concrete mixture are presented in 

table 8 in unit of m3.   Compressive strength values are 

presented in table 9 and figure 4. 

  

Table 8. Material mixture ratios of concrete prepared for 

compressive strength 

Additive 
Ratios 

0-8 
mm 

Sand 

(kg)  
%60 

8-13 
mm 

Gravel 

(kg)  
%40 

Cem

ent 

(kg) 

Miner

al 
Addit

ive 

(Nut 
Shell 

Ash) 

Water  
(kg) 

Reference 

Specimen 1 
1040 714 420 ---- 189 

FK 1  % 10 1040 714 378 42 189 

FK 2  % 20 1040 714 336 84 189 

Reference 

Specimen 2 
1040 714 250 ---- 150 

FK 3  % 10 1040 714 225 25 150 

 FK4  % 20 1040 714 200 50 150 

 

Setting time of concrete specimens was approximately 

10 hours in witness sample, while setting occurred in 

approximately 44-48 hours in specimens no FK3 and 

FK4 containing nut shell ash. 

 

Table 9. Compressive strength values of the prepared concrete 

groups  

  
28 day 

(MPa) 

90 day 

(MPa) 

180 day 

(MPa) 

ReferenceSpecimen 1 56.62 58.3 59.9 

FK 1  %10 31.64 33.3 36 

FK 2  %20 27.88 30.37 32.6 

Reference Specimen 2 32.28 36.22 37.6 

FK3  %10 20.54 25.2 27.8 

FK4  %20 20.92 22.89 24 

 

 

 

Figure 4. Compressive Strength Results of Concrete Groups 

with Nut Ash Additive 

According to compressive strength test results, 

  * In reference specimen 1,  in concrete group with a 

water/cement ratio of 0.45, compressive strength 

decreased by 56% in specimen with 10% nut ash additive 

and by 49% in specimen with 20% nut ash additive when 

compared to the reference specimen. 

 * In reference specimen 2, compressive strength 

decreased by 63% in concrete group with a water/cement 

ratio of  0.6 in specimens with 10%nut ash additive and 

by 65% in the group with 20% additives.  

 * In reference specimen 1 and reference specimen 2, 

strength decreased by 57% when water/cement ratio 

increased. 

 *According to the results of 90 and 180 day compressive 

strength test it was observed that strength increased, 

however it decreased by increasing at the same ratios. 

 

  
 
Figure 5. Image of Concrete Specimen containing 10% Nut 

Shell Ash Additive 

In specimen groups with a water/cement ratio of 0.45, 

setting occurred normally.  

It was understood from Figure 5 that hardening of the 

concrete groups with a water/cement ratio of 0.60 was 

delayed. This delay in setting time is believed to be 

caused by excessive amount of potassium oxide in the 

ash. 

 

5. Results and Discussion 

 
Nut ash puzzolanic activity test, concrete compressive 

strength test and alkali silica reaction test affecting 

strength were carried out in this study, which analyzed 

the usability of nut shell ash in concrete products. 

   Results of puzzolanic activity test showed that the 

specimens showed a strength ratio of 0.59 when 

compared to the control specimen. According to test 
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result, although it has lost the property of being a 

puzzolan at the level of 0.11, it was observed that it will 

give a better result when it is produced in a better 

environment. 

ASR test was carried out to determine reduction level 

of alkali silica reaction, which affects concrete strength. 

An analysis of ASR test results revealed that ash additive 

used in mortar types containing additives at the ratios of 

5%-10%-15%-20%-25%-30% had an effect and that it 

reduced ASR below the standard level of maximum 0.20 

in mortar type containing 20% additive. 

High potassium oxide (K2O) observed in nut culture 

analysis was thought to cause fluctuation of expansion 

values. 

   According to compressive strength test results; 

   * In Reference specimen 1, in concrete group with a 

water/cement ratio of 0.45, compressive strength  

decreased by 56% in specimen with 10% nut ash additive 

and by 49% in specimen with 20% nut ash additive when 

compared to the reference specimen. 

  * In Reference specimen 2, in concrete group with a 

water/cement ratio of 0.60, compressive strength 

decreased by 63% in specimens with 10% nut ash 

additive and by 65% in specimens with 20% nut ash 

additive when compared to the control specimen. 

  * In Reference specimen 1 and References specimen 2, 

strength decreased by 57% when water/cement ratio 

increased. 

  * According to 90 and 180-day compressive test results, 

it was observed that strength increased however strength 

decreased by increasing at the same ratios. 

Based on these results, this material can be used in 

filling works on roads.  Diversification of the content of 

studies will enable the use of nut shell ash in economy 

instead of a waste material. 
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 During the earthquake motion, limitation of storey drifts of is important. Maximum storey drifts 

for the structures to be constructed in our country has been restricted by Turkish Earthquake 

Code (TEC) which is in force since 2007, according to the provision of relative storey drift and 

A1, A2 irregularity factors. In the earthquake code which is published as draft in 2016 and is not 

in force yet, it has been planning to restrict the storey drifts for with and without gap conditions 

of infill wall - frame connections. First of all, it is aimed to investigate the limits of maximum 

reduced relative storey drift under specified conditions according to TEC 2007. In this study, the 

maximum values of allowable reduced storey drifts were specified separately for reinforced 

concrete buildings which have 2.75m – 4.25m storey height interval, according to limitations 

specified in section of TEC 2007 that is “Calculation and Limitation of Effective Relative Storey 

Drifts” for each of the Structural System Behavior Factors (R). Additionally, as an example, 

maximum relative story drifts have calculated according to “A1- Torsional Irregularity” section 

of TEC 2007 by using the relative storey drifts which belongs to a building from literature, and 

for this building, maximum relative storey drifts has calculated according to “B2- Interstorey 

Stiffness Irregularity” section of TEC 2007 for variable interstorey heights. At the end of the 

study, maximum values of relative storey drifts in the floor have revealed according to average 

storey drifts and storey height ratios. 

 

© 2018, Advanced Researches and Engineering Journal (IAREJ) and the Author(s). 
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1. Introduction 

Due to the fact that a most part of Turkey is located in the 

earthquake zone, earthquake resistant structural design is 

very important for our country. The regulations regarding 

the earthquake resistant structural design are determined by 

standards and regulations. During the earthquake motion, 

the drifts that occur in the buildings have an importance in 

terms of building safety. The relative storey drifts is limited 

by TEC 2007 which is still in force, and TEC 2016 draft 

according to some certain conditions. In these two 

regulations, the limitation rules for relative storey drifts are 

given separately. However, in this study, it is aimed that 

first of all the maximum reduced storey drift limits, which 

will not cause A1 and B2 irregularities, mentioned in the 

current TEC 2007 will be revealed by ignoring the second 

order effects. 

The relative storey drifts of structures can be calculated 

by various commercial softwares. In addition, studies that 

calculate the relative storey drifts by various methods are 

available in the literature [1-5]. However, in this study, 

the largest relative reduced storey drifts allowed by the 

following sections of the TEC 2007 are calculated. 

Limitation on relative storey drifts are found in 

sections "2.10.1. Calculation and Limitation of Effective 

Relative Storey Drifts", "A1-Torsional Irregularity" and 

"B2- Interstorey Stiffness Irregularity (Soft Storey)" in 

TEC 2007. In addition, second order effects are excluded 

from this study, since it is preferred to specify drift limits 

independent of storey weight and shear force, although 

there is a restriction on relative storey drifts in the section 

of "2.10.2.1 Second Order Effects". 

In this study, it is aimed to reveal the largest reduced 

relative storey drifts permitted in cast-in-site reinforced 

concrete buildings according to TEC 2007. Also in the 

second section of this study, the calculations for the relative 

storey drift limitations specified in the TEC 2007 are 

compared with the TEC 2016. In this context, firstly, 

according to "2.10.1. Calculation and Limitation of 

Muhammet Musab Erdem a, Murat Bikçe a,* 
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Effective Relative Storey Drifts" section in TEC 2007, the 

maximum reduced relative storey drifts were calculated in 

the range of 2.75 - 4.25 m storey height for each of the 

structural system behavior factors for the cast-in-site 

reinforced concrete buildings. Then, using the relative 

storey drifts of a reinforced concrete building which is in 

the literature [7], the largest relative storey drifts without 

forming "A1-Torsional Irregularity" are calculated. Finally, 

the maximum average relative storey drifts which do not 

cause "B2- Interstorey Stiffness Irregularity " were 

calculated for the storey height ratios (hi/hi-1) between 

neighboring floors of 0.65 - 1 by using the largest average 

relative storey drifts in this structure. The largest reduced 

relative storey drifts which have not caused "A1-Torsional 

Irregularity" in the storey are calculated according to the 

average relative storey drifts obtained. 

 

Table 1. Structural system behavior factor, R (TEC 2007 -Table 
2.5)  

BUILDING 

STRUCTURAL SYSTEM 

(Cast-in-site reinforced 

concrete buildings) 

Systems of 

Normal 

Ductility 

Level  

Systems of 

High 

Ductility 

Level 

Buildings in which seismic 

loads are fully resisted by 

frames 

4 8 

Buildings in which seismic 

loads are fully resisted by 

coupled structural walls 

4 7 

Buildings in which seismic 

loads are fully resisted by 

solid structural walls 

4 6 

Buildings in which seismic 

loads are jointly resisted by 

frames and solid and / or 

coupled structural walls 

4 7 

 

2. Limitations on Relative Storey Drifts 

Restrictions on Relative storey drifts are found in sections 

of "A1-Torsional irregularity", "B2- Interstorey stiffness 

irregularity" and "Calculation and limitation of effective 

relative storey drifts" in TEC 2007. In this section, criteria 

limiting the relative storey drifts according to the TEC 2007 

and the corresponding criteria in TEC 2016 draft are 

presented. 

2.1 Torsional Irregularity 

Torsional irregularity in TEC 2007 is expressed as the 

Torsional Irregularity Factor which is defined for any of 

the two orthogonal earthquake directions as the ratio of the 

maximum relative storey drift at any floor to the average 

relative storey drift at the same floor in the same direction, 

is greater than 1.2. To avoid torsional irregularity in a 

structure; 

 

ηbi =
(∆i)max

(∆i)ort

≤ 1.2 (1) 

 

condition must be satisfied. Here (∆i)max; the maximum 

reduced relative storey drift on the ith floor, (∆i)ort; refers to 

the average relative storey drift of the ith floor of the 

building. If the slabs are taken as a rigid diaphragm, the 

average reduced relative storey drift is calculated as 

(∆i)ort=1/2[(∆i)max+(∆i)min] (Figure 1). 

 

 
Figure 1. Floor plan in case of torsion (TEC 2007 – Fig. 2.1.) 

 

This rule stated in the TEC 2007 was found without 

modification in the TEC 2016 draft.  

2.2 Interstorey Stiffness Irregularity 

In TEC 2007 interstorey stiffness irregularity is 

defined as the case where in each of the two orthogonal 

earthquake directions, Stiffness Irregularity Factor ηki , 

which is defined as the ratio of the average relative storey 

drift at any ith floor to the average relative storey drift at 

the floor adjacently above or below, is greater than 2.0. 

The criteria specified in Equation (2) must be satisfied in 

order to avoid interstorey stiffness irregularity. 

 

ηki =
(

∆i
hi

)
ort

(
∆i−1
hi−1

)
ort

≤ 2.0  (2) 

 

Here, ∆i and hi refer to average reduced relative storey 

drift and storey height of ith floor; ∆i-1 ve hi-1 refer to 

average reduced relative storey drift and storey height of 

i-1th floor.  

This rule is valid in the TEC 2016 draft except that 

basement floors are excluded from this rule. 

2.3 Calculation and Limitation of Effective Relative 

Storey Drifts 

According to TEC 2007, for each direction of 

earthquake, the maximum value of the effective storey 

drifts ((δi)max) of columns or shear walls on any floor 

of the building must satisfy the rule given by Equation 

(3). 



        Erdem and Bikçe, International Advanced Researches and Engineering Journal 02(03): 223-228, 2018 
 

225 

 
 

(δi)max

hi

≤ 0.02 (3) 

 

Here, the largest value of the effective relative storey drift 

((δi)max) is equal to product of structural system behavior 

factor (R) and largest reduced relative storey drift ((∆i)max). 

Accordingly, Equation (3) is obtained in terms of the 

maximum reduced relative storey drift, in the form: 

 
R (∆i)max

hi

≤ 0.02 (4) 

 

When (∆i)max  is taken the lead in Equation (4), the 

maximum value of the reduced relative storey drift is 

obtained as in the Equation (5). 

 

(∆i)max ≤
0.02 . hi

R
 (5) 

 

This part of TEC 2007 contains significant changes in the 

draft TEC 2016 [8]. The effective relative storey drifts of a 

column or a shear wall in any earthquake direction is 

obtained by Equation (6). 

 

δi
(X)

=
R

I
 ∆i

(X)
 (6) 

 

Here, the effective relative storey drift of the x - direction 

is δi
(X)

; structural system behavior factor is R ; Building 

importance factor is I; the reduced relative storey drift in x - 

direction is expressed as  ∆i
(X)

. In TEC 2007, effective 

relative storey drift is obtained by multiplying the reduced 

relative storey drift by the structural system behavior factor, 

in the TEC 2016 draft, it is obtained by dividing the product 

of the structural system behavior factor and the reduced 

relative storey drift by the building importance factor. 

In the TEC 2016 draft, two separate effective relative 

storey drift delimiting criteria have been defined, depending 

on the presence or absence of flexible joints between infill 

walls and frame. In Equation (7), for the cases where the 

flexible joint is not placed between the infill wall and frame 

(adjoined), Equation (8) gives the criteria to be satisfied for 

the cases where the flexible joints are present between the 

infill wall and frame. 

 

λ 
δi,max

(X)

hi
 ≤ 0.008  (7) 

λ 
δi,max

(X)

hi

 ≤ 0.016 (8) 

 

In Equations (7) and (8), the maximum value of the 

effective relative storey drifts and storey height are denoted 

by δi,max
(X)

 and hi  respectively. The λ  coefficient in these 

equations is expressed as the ratio of the elastic design 

spectral acceleration calculated according to the DD-3 

earthquake to the elastic design spectral acceleration 

calculated according to the DD-2 earthquake. 

When these limiting criteria are examined, it is seen that 

there are significant differences in TEC 2007 and TEC 

2016. While limitation of the effective storey drifts is 

affected by the structural system behavior factor and storey 

height in TEC 2007, it is affected by the structural system 

behavior factor, storey height, building importance factor, 

natural period of the structure, joint type of infill wall and 

frame, the location of the structure and the distance to the 

active fault plane in TEC2016. 

 

3. Calculation of Relative Storey Drifts 

In this section, the largest relative storey drifts of the 

structure that can be obtained under the specified conditions 

are calculated according to TEC 2007. In the calculations, 

the maximum allowable relative storey drifts are calculated 

for each structural system behavior factor (R = 4, 6-8) in the 

storey height range 2.75 m - 4.25 m according to the rule 

given in Equation (5) (Figure 1). 

According to the calculations, the maximum values of the 

relative storey drifts in the floor are in the range of 6.875 

mm - 21.25 mm as seen in Figure 2. 

The calculation of the relative drifts in the "A1 Torsional 

Irregularity" section in the TEC 2007 is made according to 

Equation (1). According to this rule, there is no torsional 

irregularity in buildings where the torsional irregularity 

factor ηbi  is equal or smaller than 1.2. According to 

Equation (1), which determines the torsional irregularity, 

the average relative storey drifts of the floors must be 

known in order to calculate the maximum relative storey 

drift. For this reason, the relative storey drifts obtained in 

literature is used here [7]. The relative storey drifts in this 

structure vary between 1.5 mm and 6.5 mm.  

For relative storey drifts between 1.5 mm and 6.5 mm, the 

maximum values ((∆i)max) of the relative storey drifts that 

satisfy ηbi = 1.2 are given in Figure 3. 

As can be seen in Figure 3, the maximum values for the 

relative storey drifts for the average relative storey drift 

interval of 1.5 mm - 6.5 mm vary from 1.8 mm to 7.8 mm. 

Another rule that requires the control of relative storey 

drifts in TEC 2007 is given in the section "B2- 

Interstorey stiffness irregularity (Soft Floor)". In order to 

avoid Interstorey stiffness irregularity in the structure 

according to this section, the Stiffness Irregularity 

Coefficient ηki, which is obtained 

 

 

 



 

 

 
 

Figure 2. Change of maximum reduced relative storey drifts according to storey height and structural system behavior factor  

 

 

 
 

Figure 3. Change of the maximum values of the relative storey drifts relative to the average relative storey drifts 
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by dividing the average relative storey drift ratio by the 

average relative storey drift ratio of an upper or lower floors, 

must be less than or equal to 2 (Equation 2). 

In this part of this study, a calculation was carried out 

according to the following assumptions in order to obtain 

the largest relative storey drifts which do not cause soft 

storey irregularity in the structure; 

• In order to obtain the largest relative storey drift 

without causing soft storey irregularities in the 

construction, the largest average relative storey drift 

(∆i−1)ort of the i-1th floor in the reference structure is 

fixed as 6.5 mm. 

• Considering that i-1 and ith storey heights may be 

different, the ratio of hi/hi-1 was chosen to be 0.65 – 

1. 

• According to the specified storey height ratios and 

the average relative storey drifts, the largest average 

relative storey drifts ((∆i)ort)  which did not cause 

soft storey irregularity were obtained. 

• Using the average relative storey drifts  ((∆i)ort) 

obtained for ith storey, the largest relative storey 

drifts ((∆i)max)  were found in the floor providing 

ηbi = 1.2. 

In the given conditions, the largest relative storey drifts in 

the floor that do not cause A1 and B2 irregularities are 

presented in Figure 4 according to the storey height ratios. 

As a result of the calculations, the maximum relative 

storey drifts((∆i)max) in the floor are in the range of 10.1 

mm - 15.6 mm. 

 

 

 
 

Figure 4. Change of the maximum values of the relative storey drifts according to storey height ratios 

 

3. Conclusions 

In this study, the relative storey drift limitation conditions 

in the sections "A1-Torsional irregularity", "B2- Interstorey 

stiffness irregularity" and "calculation and limitation of 

effective relative storey drifts" in TEC 2007 and TEC 2016 

draft are compared. However, the relative storey drift limit 

of a structure to be examined according to the TEC 2016 

draft will be examined within a separate study because of 

the changing of this limit for each point where the structure 

is constructed. Here, according to TEC 2007, the largest 

reduced relative storey drifts that frames can make in the 

buildings in specified parameter ranges is revealed. For this 

purpose, the largest relative storey drifts were found, which 

would not cause torsional and interstorey stiffness 

irregularity for cast-in-site reinforced concrete buildings in 

the range of 2.75 - 4.25 m storey height, which can often be 

encountered in practice. In order to provide the needed 

parameters for the study, the relative storey drifts of a 

reinforced concrete structure in the literature have been 

used. The results obtained from the calculations are 

expressed below. 

• According to the obtained data, the upper limit of 

permissible relative storey drift of a normal ductility 

level building is 21.25 mm according to the section 

"2.10.1. Calculation and Limitation of Effective 

Relative Storey Drifts" of TEC 2007. 
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• When the relative storey drifts of the reference RC 

building are checked according to the A1 torsional 

irregularity, the maximum relative storey drifts which 

is occurred in the frames is calculated as 7.8 mm in 

the floor reaching the maximum average relative 

storey drift of 6.5 mm. 

• The maximum average relative storey drift that can be 

occurred in ith floor according to the "B2- Interstorey 

stiffness irregularity" was calculated assuming that 

the average relative storey drift of i-1th floor is 6.5 

mm in reference building. Since ground floors are 

frequently used as a workplace, it is considered that 

floors with different heights can be found in the 

buildings, and the maximum average relative storey 

drifs of the ith floor are calculated by assuming 

variable hi/hi-1 ratio between 0.65 - 1. According to 

this, the largest relative storey drift is 13 mm when 

the ith and i-1th floor heights are equal. The maximum 

relative storey drifts of the frames in this floor without 

causing torsional irregularity is also calculated as 15.6 

mm. 
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1. Introduction

A bill of quantities (BOQ) is a detailed calculation of

materials, structural elements and labor to identify the 

quantities by length, area, volume, weight and number of 

elements required to construct a building [1]. A BOQ of a 

reinforced concrete structure (RC) can be prepared on a 

project as well as on a finished structure by making certain 

calculations. Estimates are possible thanks to these 

calculations which are essential to see a general financial 

budget. Identifying the cost of a certain structure by looking 

at the architectural, RC and installation projects is called an 

"estimate", which is performed in two phases.  The financial 

calculations before construction done on preliminary or final 

projects are called Estimate I, and the financial calculations 

to determine the cost of a finished structure are called 

Estimate II. Estimate I is approximate since it is calculated 

by looking at the BOQ on a project. To illustrate, although it 

changes depending on the country, manufacturer and 

specification accepted by the institution/organization, the 

amount of steel used for 1m3 concrete may change between 

80 to 120 kilos, so it is not possible to have exact numbers 

during project process.  On the other hand, Estimate II is 

certain and does not change because it is calculated by 

looking at purchase documents and the attachment register 

recorded during construction as well as construction 

documents. That's why, the real cost of a structure is revealed 

after Estimate II. 

Generally, engineers are faced with the question of 

construction cost without the land cost even before the 

preliminary projects and they are expected to answer this 

question just with the knowledge of approximate total 

building area and number of storeys. However, engineers 

avoid this question, as construction cost depends on 

several parameters such as region, workmanship, the 

quality of structure and material. In a study regarding the 

cost of construction, it has been aimed to estimate the 

construction cost with the functional element method [2]. 

In order to do that, the cost of mass housing projects whose 

bearing systems are reinforced concrete has been 

calculated and the regression analysis has been performed 

by using the available data. As a result of the studies, it has 

been concluded that using hybrid methods helps to get 

An approach to preparing a bill of quantities 

At the pre-design stage, it is essential for designers and property owners to have a rough idea 

regarding the material quantities necessary for construction as well as the building cost. To know 

these approximate values is of great importance in terms of the correct establishment of the 

financial model at the pre-design stage, the elimination of cash flow problems and the prevention 

of loss of national wealth. While calculating these values, approximate unit costs announced by 

the Ministry of Public Works and Settlement are used. In Turkey, the cost estimate at the pre-

design stage is obtained by multiplying the total building construction area by the unit construction 

cost. However, it is generally accepted that this value is high in terms of free market costs. The 

purpose of this study is to prepare a program that can calculate approximate construction cost with 

unit workmanship prices in a specific region and approximate quantities including the minimum 

and maximum values of the material values by entering simple information about a planned RC 

building. Accurate cost estimation at the pre-design stage is proportional to the accuracy of the 

material metering ratios. The coefficients taken into account in this study have been checked and 

calibrated with a large number of projects, and it was observed that the samples containing the 

preliminary results of the study were compatible with the application project results. 
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better estimates and similar studies are necessary for 

different structure types. In another study, they have aimed 

to determine and compare the cost estimating performance 

of "construction unit price method" and "unit area cost 

method" [3]. In a study focusing on just cost calculation, 

14 different cost estimating methods and softwares 

developed by different institutions in the world for pre-

design phase have been systematically examined in terms 

of the parameters defining cost data, the databanks they 

use and the steps they follow, and the appropriate ones for 

Turkey have been determined [4]. However, variables 

such as the construction area, the storey height of the 

building, the number of storeys, basement floor and the 

type of exterior wall are the factors that significantly affect 

construction cost. Therefore, the need for a calculation 

method necessary for an accurate cost estimating in the 

pre-design phase has been a serious problem in Turkey. In 

the preliminary design stage, the bill of material 

calculations based on the amount of material to be sent to 

Unit m2 have not been fully realized. 

The studies mentioned above focus on only cost. What 

matters here is the values for the BOQ presented to engineers, 

because it may be more realistic to get better estimates with 

the unit price of the materials if the BOQ of a structure is 

available. Since this need is quite evident in the construction 

sector, a lot of websites offer approximate unit quantities for 

masonry and framed buildings without a change in order to 

do a practical calculation [5]. In this list, for an RC building 

whose construction site is determined, the fixed values are 

presented as follows: reinforced concrete (0.38 m³/m²), 

reinforcing steel (34 kg/m²), formwork (2.6 m²/m²), 

supporting formwork (2.8 m²/m²), working scaffold (1.43 

m²/m²), brick wall (0.15 m³/m²), interior plastering (2.4 

m²/m²), exterior plastering (1.3 m²/m²), ceiling plaster (0.90 

m²/m²), whitewash (3 m²/m²), tile-ceramic (0.3 m²/m²), wood 

(0.15 m²/m²), wooden window (0.12 m²/m²), oil painting 

(0.42 m²/m²), wooden roof (for 5 floors 0.25 m²/m²), metallic 

coating (for 5 floors 0.27 m²/m²), granolithic floor (0.90 

m²/m²), glass (0.10 m²/m²). Also, the following acceptances 

are presented for a BOQ in this resource: 

 

Levelling Area (A) = Granolithic Floor A. 

Rubble A. = Lean Concrete A. = Mosaic A. 

Roof Tiles A. = Roof Insulation A. = Wooden Roof A. 

Ceiling Plaster = Ceiling Whitewash 

Whitewash A. = Interior Plastering A. 

Window Oil Painting A. = Window Woodwork A. 

1 m3 Concrete=7-8 m2 Formwork 

Reinforced Concrete Volume= 70 - 90 kg Steel 

Window Woodwork A. = %75 - 80 Normal Flat Glass 

Door Leaf A. = %25 Frosted Glass 

Of all the Steel = %40 - 45 Thin, %55 - 60 Thick 

 

Despite being an approximate calculation, it is 

necessary to check and prove if this list which presents 

fixed values depending on the construction site matches 

with the real values. At least having lower and upper limits 

regarding the units depending on m2 may give an idea to 

engineers about the limits of quantities in construction. 

The purpose of this study is to prepare an excel program 

to calculate the approximate construction cost in the pre-

design phase of III-B type buildings with a height of less 

than 21.50 m2, IV-A  apartment type with a height of less 

than 30.50 m2 and IV-C type concrete housings with a 

height of 30.50 to 51.50 m2. In this program, material 

quantities are calculated roughly by entering the values 

pertaining to building floor areas, number of floors and 

other materials that comprise the structure. 

 

2. Cost Calculation of a Structure 

In Turkey, an approximate construction cost for public and 

private buildings is calculated mainly with two methods as 

pre-design and post-design calculations. 

2.1 Cost Calculation Before Architectural, RC and 

Installation Projects 

It is possible to calculate real-like costs without the land 

cost with some practical formulas if the total construction 

area is known. These formulas, however, vary depending on 

the related standards and regulations, time and country. 

 

2.1.1 Public Buildings 

Unit cost per m2 of public buildings for the previous year is 

regularly announced every year. For instance, "Notice 

regarding the approximate construction unit costs to be used 

in the calculation of architectural and engineering service 

charge" was published in the Official Gazette no. 29679 of 9 

April 2016 [6]. In the notice, cost per m2 for III-B type 

buildings with a height of less than 21.50 m is stated as 750 

TL for the year 2016.  The cost of a building whose total 

closed area is known can be easily calculated for the year 

2016 by multiplying it with the stated value. However, the 

general opinion is that the cost value calculated as mentioned 

is higher than the real structure cost (Figure 1). That's why, 

in public tenders, companies bid on the discounted values 

that have been calculated with this method.
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Figure 1. Sample construction cost for a 100 m2 public and private building 

2.1.2. Private Buildings 

In the private sector, a technical worker often calculates 

construction cost of a projected building whose total 

construction area is known by using the unit cost per m2 of 

the structures he worked on before. The exact cost of one or 

a few buildings in an area is calculated, and the received 

value is proportioned to the total construction area to get the 

cost for 1m2 of the structure. At this point, it is possible to 

mention a huge gap regarding the cost of the structure. 

As seen in Table 1, it is possible to get different values 

for 5 different buildings that were completed in 2006 with 

similar material and production properties in the same 

neighborhood [7]. 

Table 1. Properties and cost per m2 of 5 different buildings completed in 2006 in the same neighborhood 

Number of 

Floors 

A Floor Area 

m2 

Total Construction Area 

m2 

Exact Construction Cost 

TL 

Cost of 1 m2 

TL/m2 

5 186 930 272516 293.03 

8 292 2336 720843 308.58 

8 326 2608 834566 320.00 

5 143 715 280654 392.52 

5 195 975 312478 320.49 

Total 1634.62 

Engineers may defend the received values with valid 

reasons, yet it is a fact that results differ by a third on m2 scale. 

In order to avoid this, construction cost can be calculated by 

averaging the cost per 1 m2 in a specific area.  According to 

this, the average construction cost per 1 m2 is obtained as 

1634.62/5=326.93 TL/m2.  

2.2. Cost Calculation after Architectural, RC and 

Installation Projects 

Since the BOQ of buildings with finished projects are 

calculated separately in static/RC analysis programs, the 

only thing left to do is to multiply each item by unit cost, 

which has been mentioned as Estimate I above. At this stage, 

because project deliverables are certain, estimates, BOQs, 

approximate calculation and comparative estimates can be 

prepared with certain programs or directly on the AutoCAD 

project [8]. A BOQ is also prepared for progress payments 

during construction as well as for the calculation of the exact 

cost at the end of the construction period. When quantities 

are itemized, it is easy to receive the construction cost by 

multiplying them by unit cost per m2 [9]. However, unit costs 

per m2 for public and private buildings differ in cost 

calculation. 

2.2.1. Public Buildings 

Every year, a book including current unit prices for 

construction and installation is published for public 

buildings, in which each item in a BOQ is presented 

separately. 

2.2.2. Private Buildings 

For private buildings, on the other hand, the technical 

worker obtains the costs by multiplying the received 

quantities by market unit prices.   

3. Preparing a Bill of Quantities at Pre-project

Stage 

The purpose of this study is to prepare a BOQ at the pre-

project stage. At least having lower and upper limits for 

materials in the units depending on m2 may give an idea to 

engineers about the limits of quantities in construction. For 



practical reasons, the data wanted regarding the building has 

been kept minimum at the beginning (Table 2). 

In this study, some practical acceptances have been made 

related to the ratios of the materials constituting the structural 

elements, because the project of the building is not ready. At 

the beginning of the study, in order to do a practical 

calculation, approximate BOQ unit values that are presented 

for RC buildings in the literature [5] and that match with the 

unit area of the building have been taken into account. It is 

necessary to check and prove if this list including fixed 

values regarding the total construction area matches with the 

values in real application projects. The material ratios taken 

into account in this study have been checked with the ones 

obtained from the BOQs of many projects. In this way, the 

coefficients used in the study have been calibrated (Table 3). 

Since this study includes preliminary results of ongoing 

program-development studies, it contains important items of 

the building such as concrete, reinforcement and formwork. 

The previous values of the coefficients that have been used 

can be changed on the demand of a user. The depth and two 

dimensions of the foundation concrete can be obtained by 

multiplying them by certain coefficients depending on the 

basement floor area. The result of project calculation check 

and the comparison of error ratio are presented in Table 4. 

If the BOQ of real application projects is between upper 

and lower limits of the values obtained in the program, it 

will mean that the program is close enough in reflecting 

the general supplies of RC buildings. In order to minimize 

the error ratio, calibrations have been performed by 

making comparisons with a lot of RC projects designed in 

accordance with the updated earthquake regulations. The 

cost results of the sample project can be seen in Table 5. 

The BOQ values obtained as a result of the analysis of the 

RC building can be counted as close enough to the upper 

and lower values received in the program which has been 

prepared in this study. It is not possible to expect the 

approximate results obtained in this study to match exactly 

because the projects of the RC buildings used here are not 

ready. The work on improving the unit coefficients has 

been going on. 

Table 2. Data entry of the building 

DATA TO BE ENTERED 

Constraints Lower Values Unit 

Short Dimension 19.38 m 

Long Dimension 19.38 m 

Basement Floor Area 375.70 m² 

Ground Floor Area 393.46 m² 

Normal Floor Area 393.46 m² 

Attic 393.46 m² 

Number of Basement Floor 2 Number 

Number of Ground Floor 1 Number 

Number of Normal Floor 8 Number 

Table 3. Unit material quantities for calculation and calculated values for the sample 

Material Quantity for 1 Unit Calculated Values 

Manufacturing Type 
Lower 
Value 

Upper 
Value Unit 

Lower 
Value 

Upper 
Value Unit 

Unreinforced Concrete 0.25 0.27 m³/m² 98.37 106.23 m³ 

Reinforcement Steel 24.00 27.00 kg/m² 9.44 10.62 t 

Unreinforced Foundation 
Concrete 

- - - 619.91 721.34 t 

Foundation Steel 75.00 80.00 kg/m³ 21.13 24.04 t 

Unreinforced Concrete of 
Basement Floor 

140.44 159.59 m³ 140.44 159.59 m³ 

Basement Floor Steel 120.00 125.00 kg/m³ 16.85 19.95 t 

Formwork 2.80 3.00 m²/m² 1101.69 1180.38 m² 
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Table 4. Proportional comparison of structure material values of the real project and the results obtained in the program prepared in this study 

PROJECT 

Structural 

Element 
Component 

Element 
Unit 

Value Subvalue Difference High Value Difference 

A B1 (B1-A) / B1 B2 (B2-A) / B2 

Foundation 
Concrete m³ 319.76 330.18 3% 347.56 8% 

Reinforcement t 22.18 24.76 10% 27.80 20% 

Basement 

Floor 

Concrete m³ 138.37 131.63 -5% 149.77 8% 

Reinforcement t 15.29 15.80 3% 18.72 18% 

Ground Floor 
Concrete m³ 89.19 86.89 -3% 93.84 5% 

Reinforcement t 9.66 8.34 -16% 9.38 -3% 

Typical Floor 
Concrete m³ 82.61 84.74 3% 91.51 10% 

Reinforcement t 8.08 8.13 1% 9.15 12% 

Loft Floor 
Concrete m³ 26.52 21.18 -25% 22.88 -16% 

Reinforcement t 2.22 2.03 -9% 2.29 3% 

Total Structure 
Concrete m³ 1544.50 1527.69 -1% 1656.08 7% 

Reinforcement t 142.08 146.04 3% 166.15 14% 

Table 5. Cost including structure material results of the sample project  

Component Element 
Quantity Total Budget 

Subvalue High Value Value Unit Cost (TL) Sub Account (TL) High Account (TL) 

Concrete 1447.95 1575.84 m³ 135.00 195,473.02 212,738.90 

Reinforcement 139.83 159.55 t 2,370.00 331,390.19 378,139.58 

4. Conclusions

This study includes the preliminary results of the work on 

the calculation of BOQs for RC buildings at the pre-project 

stage. This program which is needed by engineers to be used 

in practical calculations across the country can easily 

calculate approximate construction costs with material 

quantities obtained by entering the number of floors and floor 

areas of a structure along with the unit prices of 

workmanship and material in that specific area. The previous 

values of the coefficients that have been used can be changed 

on the demand of a user. As a result of the first analyses, the 

values obtained in the program have been found compatible 

with the results received from the BOQ of the real structure 

analysis. When the study is completed, all engineers will be 

able to benefit from it. 
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 In recent years, developments in industrial applications has led to the demand for materials 

with better properties. Composite materials provide these requirements due to their high 

mechanical properties. Especially in the last half century, the production of composite 

materials used in industrial areas such as space, marine, aeronautics has increased to a great 

extent. This increase has led scientists to work on composite materials. One of these work 

areas is tribological behaviour. It is inevitable that the wear of the composite materials 

occurs due to surface roughness of the parts in contact with each other; therefore, they may 

not fulfill the functions expected from them. It is important to determine how tribological 

behaviour of composites used in almost all areas of the industry will be present in working 

conditions. In this study, wear and frictional characteristics of carbon fiber reinforced epoxy 

composites subjected to different environmental effects (soil, water, solar) were investigated 

under dry contact condition at different operating parameters. Vacuum Assisted Resin 

Infusion Technique (VDRIT) was used for the production of composite materials. 

Environmental effects, exposure times and applied loads on the friction coefficients and 

wear amounts were investigated. Wear tests were carried out under three different loads of 

10 N, 20 N, 30 N, sliding distance of 2000 m and at a speed of 0.2 m/s. Wear rate in the 

experiments was calculated as weight loss. The tests were carried out on samples for each 

load and their average values were taken. Similar to the results found in the literature, when 

carbon fiber reinforced composite materials were exposed to different environmental 

effects, the friction coefficients decreased and the wear rate increased. The use of 

information and data obtained with this study will guide material selection of machine tools 

manufactured from composite materials in different environmental conditions. 
 

 

© 2018, Advanced Researches and Engineering Journal (IAREJ) and the Author(s). 
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1. Introduction 

Since composite materials are used extensively today, 

machine parts made from composite materials must be 

suitable for the environment in which they work. In other 

words, it is necessary that the desired mechanical 

properties such as strength, wear resistance, corrosion are 

appropriate. It is essential to determine the precautions 

against wear especially on the surface of the materials and 

to apply these precautions during the use of the machine 

elements [1, 2]. 

Wear is often a mechanical strain, and in some cases, a 

change in shape due to the removal of small particles from 

the surface of the material [3]. The wear phenomenon, 

however, has also been described as the deformity of the 

surfaces of the machine elements in use, usually resulting 

from the breakage of small parts that occur as a result of 

mechanical effects [4]. 

Suresha et al. [5] examined the effects of normal loading 

and sliding speed on friction and wear behaviors of carbon 

fiber reinforced epoxy composites. It was determined that 

the weight loss of the composite material increases with 

the increase of the applied load and sliding speed. 

  Wang et al. [6] immersed different fiber orientations 

(0°, 45°, 90°) carbon fiber reinforced epoxy 

composites   into 10% sulfuric acid solution in different 

days and investigated their tribological behavior. As a 

result, 45° fiber-oriented composites had the lowest 
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coefficient of friction, while those with 90° fiber-oriented 

composites had the lowest wear rate. 

Suresha et al. [7] also studied three-body abrasive wear 

behavior of carbon and glass fiber reinforced epoxy 

composites. It was determined that wear loss increased 

with increasing load and slip distance in both types of 

composite materials. In addition, they found that the 

abrasive wear resistance of carbon reinforced composites 

was higher than the abrasive wear resistance of glass 

reinforced composites. 

Wu et al. [8] prepared silver-based composites 

containing WS2 in different amounts by hot pressing 

method and examined their tribological properties on a 

disk with normal load of 5 N under moist air, dry nitrogen 

and vacuum. It was observed that the tribological 

properties of silver-based composites under environmental 

conditions are significantly influenced. The coefficient of 

friction is the highest in humid air and lowest in dry 

nitrogen. 

Sumer et al. [9] studied the tribological behavior of 30% 

glass fiber reinforced PEEK matrix and pure PEEK matrix 

materials under dry sliding and water lubricated 

conditions. It was observed that the friction coefficients 

and the wear amounts increased with the increase of the 

applied load and the wear resistance of the composite 

materials was higher in the experiments performed in 

water lubricated conditions. 

Larsen et al. [10] examined the wear performance of 

CuO nanoparticle-filled carbon/aramid epoxy composites 

under various speed and load conditions. They found that 

fiber orientation in glass fiber reinforced composite 

materials affects the wear performance and that the 

addition of PTFE and CuO nanoparticles has a low effect 

on wear performance. 

Khun et all. [11] developed short carbon fiber reinforced 

epoxy composite materials to investigate tribological 

properties. The friction coefficient and wear rates of the 

composites produced were examined using a steel ball at a 

speed of 3 cm/s and loads of 2 and 6 N. Tribological results 

made it clear that incorporation of SCFs was an effective 

way to improve the tribological properties of epoxy 

composites. 

Özay and Hasçalık [12] investigated the effects of 

carbon content on the wear behavior of Cu-C-Al2SiO5 

composites obtained by the powder metallurgy method 

with experiments carried out at loads of 10 N, 20 N and 30 

N at 30 m slip distance. Microanalyses of composite test 

samples were observed using scanning electron 

microscopy (SEM) and microscope. It was also observed 

that the amount of wear increases by increasing the volume 

of reinforcing particles C and the applied external force. 

Kishore et al. [13] investigated the wear surfaces with 

SEM microscope under dry contact condition of glass fiber 

reinforced composite materials. It was determined that 

increasing slip distance caused the separation at the 

interface between fiber and matrix at the wear surfaces. 

Sureshkumar et al. [14] examined the friction and wear 

properties of epoxy resin reinforced glass/carbon hybrid 

composites. Tribological properties such as friction and 

wear rate were investigated using pin-on-disk method. 

Experiments were carried out at 20, 40, 60 N loads at 

constant speed of 5m / s and sliding times of 2, 4 and 6 

min. It was observed that the wear rate increased with 

increasing the carbon ratio, but the friction coefficient 

decreased with increasing carbon ratio in the composite. 

Chen et al. [15] produced carbon nanotube reinforced 

carbon fiber epoxy composites. The friction and wear 

properties of the composites were investigated using a 

UMT-2 friction and wear tester. The tribological 

properties of the composites were clearly improved after 

reinforcing of carbon nanotubes. The reason is that carbon 

nanotubes increase the mechanical interlocking and 

chemical bonding interactions between fiber and epoxy, so 

that the fibers aren't pulled easily under shear stress during 

friction and wear. 

Srivasta et al. [16] investigated the wear and friction 

characteristics by adding mica to the unidirectional glass 

fiber reinforced epoxy resin composite material. They 

found that the mica particles increased the hardness and 

compressive strength of the composite material and 

exhibited better tribological properties. 

The aim of this study is to experimentally determine the 

wear behavior of composites affected by environmental 

conditions (soil, water, sun). Carbon fiber reinforced 

epoxy composites used in this study were produced with 

VDRIT (Vacuum Assisted Resin Infusion Technique). 

Wear tests were carried out at certain periods and the 

differences and the tribological properties of the composite 

materials were investigated. 

 

2. Materials and Methods 

In this study, woven carbon fiber with a density of 300 

gr/m2 was used as reinforcing material. Aradite LY 1564 

epoxy and Aradur 3487 BD hardener were selected as the 

thermosetting polymer matrix material. 6 layers of carbon 

fiber were prepared for reinforcing material in composite 

plate. The ratio of hardener and epoxy for matrix material 

was 1/3 of the mass. Prepared reinforcing fabrics were 

vacuumed at 1 bar pressure. After vacuum seal was 

established, infusion of the epoxy mixture into the 

reinforcing fabrics was provided. After infusing the resins 

into all reinforcing fabrics, the system was allowed to cure 

at 100 °C for 2 hours in the vacuum. For control of the 

wetting condition of the composite plate, samples were 

taken from different areas and visual inspection revealed 

that all plate was wetted throughout the thickness. Samples 

were prepared from the composite plates prior to the wear 

tests. The samples were cut in 18x18x10 mm dimensions 

with a cutting saw. Samples were tested using the TRD 

Wear program to retrieve the reference values before 

exposure to environmental effects. Then, it was exposed to 

water, soil and sun for 100 and 200 days. Water was used 

as city water. As evaporation took place, water was added 

every 10 days. The soil of university ground that was not 

used as an agricultural land was used. A 1-meter pit was 

opened, and the samples were buried in the soil. The sun 

was applied throughout the day and night. After exposures 
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the samples were subjected to wear tests under different 

load conditions (10 N, 20 N, 30 N). 

 

3. Experiments and Results 

3.1 Composite Materials without Environmental Effects 

The pin-on-disc method was used for wear test of 

carbon fiber composite material. A 10 mm diameter high-

speed tool steel was used as a wearing tool. Before 

composite samples were exposed to environmental effects, 

initial wear tests were carried out at room temperature and 

dry friction conditions with a sliding speed of 0.2 m/s, a 

sliding distance of 2000 m and loads of 10 N, 20 N and 30 

N. Tests were performed for each load and the average 

friction coefficient and wear rate obtained are given in 

Table 1, Figure 1 and 2. 

Figure 1. Average friction coefficients of carbon fiber composite 

samples without any environmental effects 

Figure 2. Average wear rate of carbon fiber composite samples 

without any environmental effects 

The friction coefficient of carbon fiber composite 

without any environmental effects increased first (40,25%) 

and then decreased (19,67%). This result can be explained 

by the self-lubrication of carbon. 

The wear rate of carbon fiber composite samples 

increased as the applied load increased. There was an 

increase of 13.76% from 10 N to 20 N, while an increase 

of 15.92% from 20 N to 30 N was observed. This change 

seems to be close to the linear. 

 

Table 1. Average friction coefficients and average wear rate of 

carbon fiber composite samples without any environmental effects 

Loads (N) Average friction coefficients 
Average wear  

rate (%) 

10  0,2268 0,0690 

20  0,3181 0,0785 

30  0,2555 0,1150 

 

3.2 Composite Materials with Environmental Effects 

After exposure to environmental effects (water, soil and sun 

for 100 and 200 days), samples were tested using the TRD 

Wear program under different load conditions (10 N, 20 N, 

30 N. The results are shown in figures and tables below. 

 

3.2.1 Composite Materials with Sun Effect 

The load-dependent change in average friction 

coefficients and wear rates of carbon-fiber composite 

samples exposed to the sun are given in Figure 3. The 

average friction coefficient for carbon fiber composite 

samples exposed to the sun for 100 days increased as the 

applied load increased, but the friction coefficient results 

for samples with 200 days sun effect decreased. The 

increase in 100 days is 9.09 % while the decrease in 200 

days is 31.81%. It is known that fiber matrix interface 

affects the performance of the composite material [17]. It 

may be that the fiber matrix interface bond was weakened 

in the composite material exposed to the sun for 200 days. 

This weakening, due to the pressure at the interface, could 

lead to wear loss increasing while reducing the friction 

coefficient as the load increased. The wear rate increased 

as the applied load increased. It increased by 59.72% in 

100 days and increased by 43.90% in 200 days. Although 

the rate of increase in 200 days was low, the wear rate was 

higher than 100 days. 

 

3.2.2 Composite Materials with Soil Effect 

The load-dependent change in average friction 

coefficients and wear rates of carbon-fiber composite 

samples exposed to the soil are given in Figure 4. The 

average friction coefficient for carbon fiber composite 

samples kept under soil for 100 days decreased (25%) at 

the load value of 20 N and increased (13,33%) at 30 N but 

on the contrary for 200 days exposure this value increased 

(16,66%) at the load value of 20 N and decreased (4,76%) 
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at 30 N. Wear debris can affect the tribological 

performance of composite materials [18]. It could be seen 

that the effect of the soil on the wear debris is not constant. 

This imbalance wear debris was observed as decrease and 

increase in results. The wear rate increased as the applied 

load increased. This rate is 33,33% in 100 days, while it is 

30,11% in 200 days.  

 

3.2.3 Composite Materials with Water Effect 

The load-dependent change in average friction 

coefficients and wear rates of carbon-fiber composite 

samples exposed to the water are given in Figure 5. As 

seen in figure, the average friction coefficients under the 

effect of water for 100 days (71,42%) and 200 days 

(33,33%) were found to increase as the applied load 

increased. Wear rate was measured as 30.69% in 100 days 

and 34.58% percent in 200 days. The wear rate increased 

as the applied load increased. If the sample is exposed to 

the same load, there is an increase in wear rate during 

exposure to water. 

 

Figure 3. Average friction coefficients and average wear rate of carbon fiber composite samples with sun effect 

Figure 4. Average friction coefficients and average wear rate of carbon fiber composite samples with soil effect 
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Figure 5. Average friction coefficients and average wear rate of carbon fiber composite samples with water effect 

Table 2. Average friction coefficients and average wear rate of 

carbon fiber composite samples with sun effect 

Time 
(Day) Loads (N) 

Average friction 
coefficients 

Average wear 
rate (%) 

100  

10  0,22 0,072 

20  0,23 0,098 

30  0,24 0,115 

200  

10  0,22 0,082 

20  0,19 0,102 

30  0,15 0,118 

 

Table 3. Average friction coefficients and average wear rate of 

carbon fiber composite samples with soil effect 

Time 
(Day) Loads (N) 

Average friction 
coefficients 

Average wear 
rate (%) 

100  

10  0,20 0,087 

20  0,15 0,101 

30  0,17 0,116 

200  

10  0,18 0,093 

20  0,21 0,106 

30  0,20 0,121 

 

Table 4. Average friction coefficients and average wear rate of 

carbon fiber composite samples with water effect 

Time 
(Day) Loads 

Average friction 
coefficients 

Average wear rate 
(%) 

100  

10 N 0,14 0,101 

20 N 0,22 0,118 

30 N 0,24 0,132 

200  

10 N 0,18 0,107 

20 N 0,19 0,122 

30 N 0,24 0,144 

 

4. Conclusions 

In this study, tribological properties of composite 

materials were investigated by experimental studies on 

carbon fiber reinforced epoxy composites exposed to 

environmental effects. 

The following are key observations from this study: 

• As expected, as the exposure to environmental 

conditions increased, the composite material was 

more affected. 

• The environmental factor that affects the 

composite material most often was water with an 

average wear rate of 51.99%, then soil with an 

average wear rate of 34.24% and then the sun 

with an average wear rate of 26.15%. 

• No clear increase or decrease in friction 

coefficients was observed. This is because the 

environmental conditions affect the quantity of 

wear debris differently. Another effect that may 

be caused is the different effects of the applied 

loads on the transitions in the fiber matrix 

interfaces. 

 

5. Suggestions 

This study could be further developed within the scope 

of the following suggestions. 

• The present work can be applied to different 

composite materials by changing the resin and 
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reinforcement elements used. 

• The effects of various parameters such as wear rate, 

temperature, different fiber-matrix ratio on wear 

behaviors of composites can be examined. 

• This work can be improved for different 

environmental conditions. 

• The effects of environmental conditions, such as 

cracks, on the wear behaviors of composite 

materials can be investigated. 
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 This study aimed to investigate the effect of graphene nanoplatelets (GnPs) on the tensile and 

flexural properties of fiber reinforced composite material. For this purpose; an experimental 

study was conducted using composite materials which were manufactured with [(0/90)6]s glass 

fiber and epoxy matrix by vacuum assisted resin transfer method. Glass fiber reinforced (GFR) 

epoxy composite plates were manufactured with various graphene nanoplatelets content such 0, 

0.1, 0.25 and 0.5 wt% inclusion. Maximum tensile and flexural strength values were obtained in 

0.1 wt% GnPs filled composites. After this weight content, decreasing trend in the strength 

values was observed. When fractured specimens were examined, failure modes were supported 

the test results also. Higher contents of GnPs were resulted as agglomeration in matrix mixture 

lead to impurities and stress concentrations, thus lower strength values were obtained in 

composite.   
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1. Introduction 

In past few decades, fiber reinforced polymer 

composites (FRP) have attracted a great interest in 

material science and engineering applications because of 

their advanced strength and stiffness to weight ratios 

compared to conventional engineering materials. In FRP 

materials, material properties can be tailored by many 

processes like changing type of fiber/matrix material, 

fiber hybridization, stitching, z-pinning, adding 

particulate materials to matrix or fiber, etc. [1-7]. 

Unfortunately, poor fracture resistance of FRP 

composites has limited the usage area of these materials. 

Currently, composite modification by using inorganic 

nano particles has become a very popular research topic 

and incorporation of nano particle in matrix offers a 

significantly improved mechanical properties, thus has 

extended the limit of application area. Particularly, 

carbon based nano materials such as carbon nanotubes 

(CNTs) and graphene nano platelets (GnPs) have an 

important potential in this research topic. The main 

reason of this interest is their outstanding physical 

properties as large specific surface area, 

thermal/electrical conductivity and Young’s modulus [8, 

9].  In many studies, CNTs have proved their magnificent 

improvement in conductivity and toughness of composite 

material [10-15]. However, high cost of CNTs makes 

GnPs more favorable for tailoring process of FRP 

materials. GNPs are short stacks of individual graphite 

layers, a newly developed, lower cost material that 

generally increases the composite tensile strength [16]. 

Large specific surface of GnPs results larger contact area 

with polymer matrix and increases the stress transfer 

from matrix to nano particle. However, agglomeration 

problem arises in higher content of GnPs due to strong 

van der Waals forces [17]. 

In this study, researchers produced glass 

reinforced/epoxy composite samples at four different 

rates of inclusion of GnPs with the control sample. 

Tensile and flexural behaviors characterized with respect 

to GnPs amount of inclusion. 

2. Materials and Procedures 

2.1 Materials 

Plain woven E-glass fabric with areal density of 202 

g/m2 and epoxy resin (MOMENTIVE-MGS L285) and 

hardener (MOMENTIVE-MGS H285) were supplied from 

DOST Chemical Industrial Raw Materials Industry, Turkey. 

GnPs with a high purity of a purity of 99.5%, bulk density 

of ∼ 0.05 g/cm3, 5 μm diameter, thickness of 5-8 nm and 

150 m2/g surface area was obtained from Grafnano CSO, 

Turkey. 
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Figure 1. Schematic illustration of VARTM process. 

2.2 Manufacturing process 

The laminates were manufactured by vacuum assisted 

resin transfer method (VARTM) in Figure 1. Matrix 

phase was prepared by mixing the epoxy with hardener in 

the 100:40 weight ratio as well as different amounts of 

GnPs (0.1, 0.25 and 0.5 wt%). After epoxy was mixed 

with GnPs filler, the mixture was stirred by the help of 

homogenizer at 8000 rpm for 10 min to reach a good 

dispersity, then hardener was added, and stirred for 10 

min. Twelve plies of glass fabric were cut into a certain 

size and laid by [0/90] lay-up sequence. During 

composite production, first ply was laid on to a thin 

release agent, and the resin mixture was distributed 

uniformly, the same procedure was repeated for each 

layer. Then peel ply and resin infusion mesh were laid on 

the fabrics. Finally, vacuum bag was sealed onto mesh. 

When the resin mixture impregnated, the composite 

material subjected vacuum under temperature of 45 °C 

for 1 h curing time and then left under vacuum for 

another 4-5 h under room temperature. 

Table 1. Material properties  
 

Material Density Thickness 

Glass Fabric 202 g/m2 0.15 mm 

Graphene 

Nano Platelets 
50 kg/m3 5-8 nm 

Epoxy Resin 1.18 g/m3 - 

2.3 Tensile Tests 

To determine the effect of GnPs on the tensile behavior 

of glass fiber reinforced composite, uniaxial tensile tests 

were conducted at room temperature according to ASTM 

D 638 [18] standard. Shimadzu AG-x series universal 

testing machine with Epsilon Tech. 3542 axial 

extensometer was used in the experiments. Specimens in 

Figure 2 were prepared in the dimensions of 165 x 13 

mm with a gauge length of 50 mm.  

 

Figure 2. (a) Tensile test specimens, (b) tensile test set-up. 

2.4 Flexural Tests 

Three-point bending tests were performed following 

ASTM D 790 [19] standard using Shimadzu testing 

machine AG-X series (Kyoto, Japan) to determine the 

flexural properties of the prepared composite specimens. 

Specimens were cut in the size of 185 x 12.7 mm and the 

test was carried out at 3.6 mm/min crosshead speed 

according to Equation 1. 

𝑅 = 𝑍𝐿2/6𝑑     (1) 

where R is rate of crosshead motion (mm/min), L is 

support span (mm), d is depth of specimen (mm) and Z is 

rate of straining of the outer fiber (0.01). 

Also, following equations [19] are adopted to calculate 

flexural stress (𝜎𝑓) and strain (𝜀𝑓) from test data using 

following equations: 

𝜎𝑓 =
3𝑃𝐿

2𝑏𝑑2 [1 + 6 (
𝐷

𝐿
)

2

− 4 (
𝐷

𝐿
) (

𝑑

𝐿
)]                 (2) 

𝜀𝑓 =
6𝐷𝑑

𝐿2                      (3) 

where P is the load at a given point on the load-deflection 

curve (N), L, b and d are the span (mm), width (mm) and 

depth (mm) of the specimen, respectively, D is the 

maximum deflection before failure (mm) and ΔP/Δx is 

the slope of the linear region of the load–deflection curve 

(N/m). 

 

Figure 3. (a) 3-point bending test specimens, (b) 3-point 

bending test set-up. 

 

(a) (b) 

(a) (b) 
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Figure 4. Stress-strain curves of test specimens. 

3. Results and Discussions 

3.1 Tensile Tests 

To characterize the material under tensile load the 

strength, modulus and strain were recorded during 

experiments. The variation of tensile properties with 

varying content of GnPs were presented in Table 2, and 

stress-strain curves are displayed in Figure 4.  The 

specimens have shown brittle behavior according to 

stress-strain curve and have increasing trend until 0.1 

wt% in terms of strength and modulus. As seen in Table 

2, tensile strength values were recorded as 304 MPa in 

control specimen, 471, 455 and 433 MPa for 0.1, 0.25 

and 0.5 wt% specimens respectively. Enhancement in 

tensile strength values were measured as 54.9%, 49.67%, 

42.43% in 0.1, 0.25 and 0.5wt% GnPs filled specimens 

respectively compared with control specimen. These 

considerable improvement is indicated that homogeneous 

dispersion of particle in matrix and successful load 

transfer between matrix/fiber interface. Previous studies 

[20-22] reported that up to a certain amount of graphene 

content, composite material shows better mechanical 

properties such as tensile strength, flexural strength and 

fracture toughness after that amount decreasing trend was 

reported.  

At higher GnPs contents (0.25 and 0.5 wt%), a 

decreasing trend was recorded for tensile strength values 

compared to specimens with 0.1 wt% GnPs. These 

conclusions were attributed to agglomeration in graphene 

particles at high particle contents hence inhomogeneous 

particle dispersion and stress concentration in matrix 

material which can lead to crack initiation/propagation 

and consequently lower strength values in composite 

material [23-25]. 

Table 2. Tensile test results of test specimens  

Nano 

Content 

(wt%) 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Tensile 

Strain 

(%) 

0, control 304 13.5 0.026 

0.1 471 21.56 0.0255 

0.25 455 18.46 0.039 

0.5 433 20.42 0.0275 

 

Figure 5. Failure modes of tensile test specimens. 

Fractured specimens under axial tensile loading 

shown in Figure 5, the failure mode was formed in the 

lateral mode in 0, 0.1 wt% specimens, followed by 

damage in the mode of fiber pull-out with the 

delamination failure in matrix following the increasing 

amount of particle content. Delamination damage proves 

that the matrix/fiber bonding decreases as the content of 

particles in the material increases.  

3.2 Flexural Tests 

To characterize the produced material under bending 

moment, 3-point bending tests were conducted, force-

displacement data were recorded for varying content of 

GnPs. According to the different additive contents, the 

flexural properties of the produced material are presented 

on the Table 3 and force-displacement curves of test 

specimens are given in Figure 5. Flexural strength values 

were recorded as 374.7, 662.5, 613.5 and 609.2 MPa for 

the control, 0.1, 0.25 and 0.5 wt% specimens 

respectively. Maximum enhancement in flexural strength 

was measured as 76.8% in 0.1 wt% and 63.7% in 0.25 

wt%, 62.6% in 0.5 wt% test specimens compared with 

control specimen. As seen in the tensile test results, after 

0.1 wt% GnPs content, decreasing trend was seen in 

terms of flexural strength compared to specimens with 

0.1 wt% GnPs. 

Fractured specimens under bending loading are 

shown in Figure 7, the failure mode was formed as fiber 

breakage in lower particle content, and then delamination 

failure in matrix following the increasing amount of 

particle content. Similarly, delamination damage proves 

poor matrix/fiber bonding at high content of particles in 

the material. 

Table 3. Flexural properties of test specimens.  

Nano 

Content 

(wt%) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Flexural 

Strain 

(%) 

0, control 374.7 15.69 0.023 

0.1 662.5 23.32 0.0284 

0.25 613.5 21.98 0.0279 

0.5 609.2 23.16 0.0263 
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Figure 6. Force-displacement curves of test specimens. 

 
Figure 7. Failure modes of 3-point bending test specimens. 

4. Conclusions 

This work investigated the effect of GnPs inclusion on 

the mechanical properties of GFR epoxy composites. The 

results were revealed that addition of GnPs particles 

resulted as better mechanical properties in terms of tensile 

and flexural strength. Particularly, GnPs content of 0.1 wt% 

was resulted maximum enhancement in strength values 

compared to control material. Maximum enhancement was 

54.9% in tensile strength and 76.8% in flexural strength 

value. After this filler content, decreasing trend was 

observed, but these strength values were also found to be 

higher than control sample values. In addition to the 

obtained strength values, it was evaluated that after the 

examination of the photographs of the fractured surface, the 

filler in the samples caused a decrease in fiber-matrix 

bonding and stress concentration in matrix due to 

agglomeration after 0.1 wt% of the GnPs filler content. 

This work has shown that a significant improvement in the 

tensile and flexural strengths of the glass fiber/ epoxy 

composite material at a certain filler content can be 

achieved. 

 

Nomenclature 

GnPs : Graphene nanoplatelets   

FRP : Fiber reinforced polymer 

GFR : Glass fiber reinforced 

CNTs : Carbon nanotubes
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 In this study, the biosynthesis and characterization of CaCO3 nanoparticles from the leach solution 

and the aqueous extract of Myrtus communis plant were carried out. The leach solution obtained 

by leaching from the leaves and branches of M. communis growing around Mersin University 

Çiftlikköy Campus were analyzed by ICP-MS and it was found to be a calcium accumulator plant. 

Then, CaCO3 nanoparticles were biosynthesized by adding of the leaf extract, as a biological agent, 

prepared by the extraction with distilled water of the leaves of same plant to the leach solution 

under favorable conditions. The characterization of CaCO3 nanoparticles was performed by XRD, 

EDX, and SEM analyses. XRD, EDX and SEM analysis results showed that the biosynthesized 

nanoparticles were CaCO3 in nano sizes and porous structures. Besides, the availability of the 

biosynthesized CaCO3 nanoparticles in the color removal from different dyestuff solutions was 

investigated; the highest color removal yield was determined to be 90% at the end of 5 min for 

basic Methylene Blue (MB) dyestuff. 
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1. Introduction 

Nanotechnology has a wide range of applications in 

many scientific and technological areas, such as electric-

electronic, catalytic applications, optical applications, 

biomedicine, automotive, and chemical industry. It could 

be seen in the literature that various researches in the area 

of nanotechnology are related to the synthesis, 

characterization, and applications of nanoparticles due to 

their outstanding physical and chemical properties. 

Nanoparticles can be synthesized by various chemical 

methods such as electrochemical synthesis, reverse 

micelle/micro-emulsion method, chemical precipitation, 

hydrothermal synthesis, sono-chemical precipitation, 

chemical reduction. However, these methods are 

expensive and there are environmental and biological risks 

of the used harmful chemicals such as sodium 

borohydride, sodium citrate, hydrazine hydrate, 

dimethylformamide, poly- ethylene glycol and ethylene 

glycol [1, 2]. In recent years, the nanoparticle synthesis, in 

which microorganisms, enzymes, and plant extracts are 

used instead of the harmful chemicals, with simple, clean, 

non-toxic, inexpensive, and environmentally friendly 

approach (biosynthesis) has attracted much attention as an 

alternative method to the chemical methods. In the 

biosynthesis method, nanoparticles are synthesized by 

reduction or precipitation from a synthetic metal salt 

solution containing a certain component, AgNO3, FeSO4, 

CaCl2 etc., with the aid of several biological agents such 

as microorganism species, enzymes or plant extracts [3]. 

In the biosynthesis of nanoparticles, plant extracts are 

more preferred than microorganisms and enzymes due to 

their some advantages such as easy harvesting, easy and 

safe processing, and no need for sterilization [4]. 

Considering the plant diversity of our country, it is 

possible to transform the unused environmental friendly 

source into an economic value by using plant leaves as 

biological agents in the biosynthesis process. There are 

various studies in the literature about biosynthesis and 

characterization of different types of nanoparticles by 

combining various plant extracts and synthetic solutions 

containing a certain component [5-8]. The biosynthesis of 

nanoparticles is possible with the aqueous extracts 

prepared from the forenamed plant leaves as a biological 

agent and the leach solutions obtained from a plant which 

accumulates metals in their frame. The metals could be 

taken up by plants by many pathways such as soil, water, 

atmosphere and so on. The plants are classified as 

accumulator, indicator, and excluder according to the 
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quantities that they can accumulate the metal. On the 

above basis, the properties the plants are as follows [9]: 

• Accumulators store metals mainly in the shoot high 

and low metal concentration in the soils. 

• Indicators grow in some specific environment, 

allowing an assessment of soil and other conditions in 

a place by simple observation of vegetation. 

• Excluders restrict contaminant uptake into their frame. 

In the literature, these accumulators and indicators are 

usually used for removing or monitoring the metals in 

environment. The establishment of vegetation on polluted 

environment helps prevent erosion and metal leaching 

[10].  

In this work, an accumulator plant has been firstly used 

as both metal source and reducing agent for the metallic 

nanoparticle synthesis. Accordingly, our study involves 

the biosynthesis of CaCO3 nanoparticles by combining of 

the extracts and the leach solutions prepared from leaves 

and branches of Myrtus communis. The comparison of 

nanoparticle synthesis method by plant extract and 

metallic salts with the biosynthesis method to be used in 

this study was illustrated in Scheme 1. In the biosynthesis 

method to be used in this study, a leach solution prepared 

from an accumulator plant are used instead of a synthetic 

metal salt solution (AgCl, Fe(NO3)3, CuSO4, CaCl2) to 

combine with the aqueous leaf extract under suitable 

conditions. It enables to synthesize of the nanoparticle by 

an environment friendly approach without using harmful 

chemicals. 

 
Scheme 1.  The comparison of conventional biosynthesis method with the biosynthesis method used in this study  

(C: component accumulated in the plant; NPs: nanoparticles) 

 

2. Materials and Methods 

2.1 Chemicals 

HCl (37%, Sigma Aldrich), HNO3 (65%, Riedel-de Haën), 

ethyl alcohol (≥99.8%, Sigma Aldrich), Procion Red MX-5B 

(Sigma Aldrich), Acid Red 97 (Sigma Aldrich), and 

Methylene Blue (Sigma Aldrich) were used in the 

experiments. All of them were of analytical grade and they 

were used without further purification.  

2.2 Preparation of Leach and Extract Solutions from 

Myrtus communis 

Myrtus communis is from the family of myrtaceae and also 

is a plant in the form of a bush from the scrub group. The 

plant, which does not cover its leaves in the winter season 

and can grow up to 2-5 meters, can be grown in places where 

Mediterranean climate is experienced, especially in coastal 

areas. M. communis growing around Mersin University 

Çiftlikköy Campus was used in this study. The leaves of M. 

communis collected for using in the experiments were 

separated from their branches; after that the leaves and 

branches were washed separately with firstly tap water and 

then distilled water to remove impurities. The leaves and 

branches removed from impurities were dried in the oven at 

50 oC for 1.0 day and they were stored in closed vessels in a 

refrigerator at +4 oC for the further studies. 

In the leaching process, the compounds of a solid material 

are taken into solution by dissolving in the solvents (usually 

acid or base). In order to determine of the component 

accumulated in M. communis, the leaves and branches, 

which were purified from impurities and dried, were firstly 

weighed in certain amounts separately and then they were 

separately burned in porcelain crucibles in a muffle furnace 

at 550 oC for 10 h. Ash samples were then cooled and 

weighed. After that, 5.0 mL of concentrated HNO3 solution 

were added to the ash samples and HNO3 solution was 

evaporated by using hot-plate until the ash samples dry. The 

residues were re-dissolved in 5.0 mL of concentrated HCl 

and diluted to 25 mL by adding distilled water. The contents 

of the leaching solutions prepared separately from the leaves 

and branches were analyzed by Agilent 7500ce Octopole 

Reaction System model Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) [11]. 

M. communis leaf extract was prepared by boiling 5.0 g of 

the purified and dried leaves in 100 mL of distilled water at 

100°C for 240 min. The extract was centrifuged to remove 

insoluble fractions and macromolecules. Lastly, the obtained 
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dark brown extract was stored in the refrigerator for further 

the synthesis experiments [12]. 

2.3 Biosynthesis and Characterization of the Nanoparticles 

In the nanoparticle biosynthesis experiments, firstly 50 mL 

of the leaf extract as a biological reductant at room 

temperature was dropped by syringe pump to 25 mL of the 

leach solution prepared from the leaves of M. communis. The 

mixture was magnetically stirred for 1.0 h and then it was kept 

at room temperature for 2.0 days in order to complete the 

synthesis. The precipitated nanoparticles were separated from 

the aqueous mixture by a simple decantation method and then 

they were washed firstly with pure ethyl alcohol, after that 

they were washed with distilled water until the pH of wash 

water was neutral. Lastly, the biosynthesized nanoparticles, 

named MCI, were dried at 60°C in an oven for 24 h and they 

were then stored in closed vessels in a refrigerator for the 

further studies [6].  

The preparation of leach solution and aqueous leaf extract 

as well as the biosynthesis of the nanoparticles were 

illustrated in Scheme 2.  

 
Scheme 2. The preparation of leach solution and aqueous leaf extract as well as the biosynthesis of the nanoparticles

After that, the biosynthesized nanoparticles were 

characterized by Philips XPert X-Ray Diffraction (XRD), 

Zeiss/Supra 55 Scanning Electron Microscopy (SEM) and 

Energy Dispersive X-Ray Analyzer (EDX) analysis methods.  

The same procedure was also performed for the 

biosynthesis and characterization of CaCO3 nanoparticles 

from the branches of M. communis and it was named as MCII. 

2.4 Preparing of the Calcined Nanoparticles 

The biosynthesized nanoparticles from the leaves (MCI) 

and branches (MCII) were calcined in a muffle furnace at 600 ° 

C for 5.0 h and the characterization studies were also carried 

out by XRD, SEM, and EDX analysis methods. After 

calcination process, MCI and MCII were denoted as MCIII 

and MCIV, respectively.  

2.5 Decolorisation studies 

1.0 g of the dyestuff was dissolved in 1 L of distilled water 

in order to prepare 1.0 g/L of the stock solutions of Procion 

Red MX-5B, Acid Red 97, and Methylene Blue. 50 mg/L of 

the solutions were prepared with required dilutions from the 

stock solutions. The color removal studies were carried out 

with three different types of dyestuff that were reactive 

(Procion Red MX-5B), acidic (Acid Red 97), and basic 

(Methylene Blue). These studies were carried out in a 250 mL 

beakers on a shaker running at constant agitation speed and 

temperature. For this purpose; the experiments were initiated 

by mixing the desired amount of nanoparticles with the 

dyestuff solution at a certain initial dye concentration and 

initial pH value. After that, the samples were taken at 

predetermined time intervals during the experiment, then the 

solid and liquid phase were separated by centrifuging at 3000 

rev/min for 5.0 min. The color removal was determined with 

Specord 210 Plus UV-vis spectrophotometer by recording the 

absorbance at 538 nm for Procion Red MX-5B, 497 nm for 

Acid Red 97, and 610 nm for Methylene Blue and also by 

spectral scanning at 200-800 nm [13]. 

3. Results and Discussions 

The results of the synthesis and characterization of CaCO3 

nanoparticles [MCI, MCII, MCIII and MCIV] 

biosynthesized from the leaves and branches of Myrtus 

communis materials as well as the results of decolorisation 

studies were also presented in following the subsections: 

3.1 ICP Analysis of Leach Solutions Prepared from Leaves 

and Branches of Myrtus communis 

The leach solutions prepared separately from leaves and 



 

 
branches of M. communis were analyzed by ICP-MS; the 

results were presented in Table 1. From Table 1, it was 

observed that the leach solutions of leaves and branches 

contained 1456.4 and 1502.5 mg/L calcium, respectively 

while it was seen that the other components were in relatively 

low concentrations compared to the calcium. This suggests 

that M. communis can accumulate calcium element in itself 

higher than the other components. Moreover, the high content 

of calcium in M. communis may be due to the calcareous 

nature of the soil in which it grows.  

Table 1. ICP-MS analysis results of the leaching solutions prepared from the leaves and branches M. communis 

Element 

Leaf sample Branch sample 

Liquid base 

concentration  

(mg/L) 

Solid base 

concentration  

(mg/g leaf)* 

Liquid base 

concentration  

(mg/L) 

Solid base 

concentration  

 (mg/g branch)** 

Ca 1456.4 7.28 1502.5 3.97 

Na 45.46 0.2273 47.97 0.1411 

Al 10.50 0.0525 11.68 0.0344 

Fe 8.29 0.0415 9.33 0.0274 

B 7.25 0.0363 8.43 0.0248 

Mn 4.63 0.0232 5.78 0.0170 

Si 4.29 0.0215 5.43 0.0160 

Ti 4.03 0.0202 5.21 0.0153 

Sr 3.10 0.0155 3.98 0.0117 

Ba 1.93 0.00965 2.53 0.00744 

Zn 1.27 0.00635 1.89 0.00556 

Ni 0.967 0.00484 1.244 0.00366 

Cr 0.704 0.00352 0.756 0.00222 

Cu 0.671 0.00336 0.709 0.00209 

As 0.304 0.00152 0.384 0.00113 

Ag 0.291 0.00146 0.312 0.000918 

Pb 0.100 0.000500 0.123 0.000362 

Mo 0.02604 0.000130 0.02731 0.000080 

Co 0.01257 0.000063 0.01352 0.000040 

* 1456.4 
mg Ca

L
 . 

1 L

1000 mL
 . 

25 mL

0.5 g ash
 . 

1 g ash

10 g leaf
 = 7.28 

mg Ca

g leaf
                             ** 1502.5 

mg Ca

L
 . 

1 L

1000 mL
 . 

25 mL

0.5 g ash
 . 

1 g ash

17 g branch
 = 3.97 

mg Ca

g branch
 

3.2 XRD Analysis of the Biosynthesized Nanoparticles 

The phases and crystal structures of MCI, MCII, MCIII 

and MCIV were determined by using XRD at 40 kV and 30 

mA in the 2θ range of 0-90°. XRD analysis showed that MCI 

and MCII were amorphous (XRD pattern not shown). 

Furthermore, XRD patterns of MCIII and MCIV were 

presented in Figure 1. Accordingly, the calcined 

nanoparticles showed the same phase and crystal structure. 

Similarly, Mekprasart et. al. (2015) reported that the all 

calcined samples have identical patterns in single phase 

without contaminated peaks [14].  

In this work, MCIII and MCIV had the characteristic peaks 

of hexagonal vaterite CaCO3 phase and the diffraction peaks 

of it were observed in the planes of (002, 100, 101, 102, 110, 

104, 202) [15]. It can be concluded that the calcination 

process enabled the high crystallinity as reported in many 

studies in the literature [16-18]. It was also seen in Figure 1 

that there were some peaks that did not match with the 

obtained phase due to some impurities in the nanoparticles. 

It can be concluded that the calcination process caused the 

change of the crystal phases of the nanoparticles from 

amorphous to hexagonal vaterite CaCO3 phase. 

3.3 SEM Analysis of the Biosynthesized Nanoparticles 

The morphologies of MCI, MCII, MCIII, and MCIV were 

examined by SEM; SEM images at different magnification 

ratios were given in Figure 2. Although Figure 2.a-d showed 

that the biosynthesized particles were in nanoscale and 

porous structure, it was also noteworthy that the 

agglomeration occurred resulting in growth of nanoparticles 

by leaguing together. Furthermore, it was seen that some 

lamellar structures, which were the triangular forms for leaf 

samples and the round forms for branch samples, occurred in 

SEM images of MCIII and MCIV. This may be due to the 

change in crystal phase by the calcination process as 

determined in XRD analysis. Moreover, the sizes of 

nanoparticles did not change after the calcination process. It 

was seen that the particle sizes were in the range of 20-50 nm 

for all of the nanoparticles.
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Figure 1. XRD analysis of MCIII and MCIV 

 
Figure 2.a. SEM images at different magnification ratios of MCI 

 
Figure 2.b. SEM images at different magnification ratios of MCII 
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Figure 2.c. SEM images at different magnification ratios of MCIII 

 
Figure 2d. SEM images at different magnification ratios of MCIV 

 

3.4 EDX Analysis of the Biosynthesized Nanoparticles 

The elemental composition of the nanoparticles were 

determined by EDX. The elemental analysis results of MCI, 

MCII, MCIII, and MCIV were presented in Table 2. 

Accordingly, it was obvious that all of the biosynthesized 

nanoparticles had almost the same elemental composition. 

Moreover; it could be clearly seen from Table 2 that the 

theoretical mass and mole percentages of elements in CaCO3 

composition and the mass and mole percentages of Ca, C and 

O elements in the nanoparticles were in agreement with each 

other, indicating that the biosynthesized nanoparticles were in 

CaCO3 structure.  

Furthermore, the biosynthesized nanoparticles contained 

trace amounts of Mg, Cl, Fe, Co, and Ni elements compared 

to Ca, C and O elements due to the some components in the 

leaves and branches as determined by ICP-MS.  

3.5 The Comparison of MCI, MCII, MCII, and MCIV 

Physical and Chemical Properties 

The comparison of the structures, elemental compositions 

and morphologies of MCI, MCII, MCIII and MCIV was 

evaluated according to XRD, EDX and SEM analysis results. 

Accordingly, the similarities and differences were 

summarized the following below:   

• XRD analysis showed that the crystal phase of MCI and 

MCII altered from amorphous to hexagonal vaterite 

CaCO3 phase after the calcination process. 

• It was obtained by SEM images that the sizes of the all 

biosynthesized CaCO3 nanoparticles were in the range 

of 20-50 nm.  Moreover, it was observed by SEM 
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analysis that the morphologies of MCI and MCII 

changed depending upon the change of the crystal phase 

by the calcination process whilst the calcination process 

did not affect the particle sizes.   

• It was determined by EDX analysis that all of the 

biosynthesized CaCO3 nanoparticles had the same 

elemental composition notwithstanding the particle type. 

Thus, it can be concluded that the nanoparticles could 

be biosynthesized in the same elemental composition 

without the need to separate branches and leaves. In 

addition, it just can be indicated that it is possible to 

obtain the leach solution at higher calcium 

concentration by using the branches of M. communis. 

Consequently, it could be said that the calcination process 

did not cause any change in the elemental composition and 

particle size while it changed the crystal phase and the 

morphology of the nanoparticles.  

After evaluating the chemical and physical properties of the 

biosynthesized nanoparticles, the usability of the 

nanoparticles as an adsorbent was tested. It was thought that 

the color removal capabilities of MCI, MCII, MCIII, and 

MCIV do not change (it may be possible to change of only 

removal capacities) since there is not any difference in the 

elemental compositions and particle sizes of them.  For this 

reason, MCI was chosen as a model adsorbent for the dye 

decolorisation studies because MCI have some advantages 

such as being synthesized under mild conditions (no needing 

of calcination process) and using leaves that are more 

abundant than branches.

 

Table 2. EDX analysis results of MCI, MCII, MCIII, and MCIV 

Element 

MCI 

 

MCII 

 

MCII 

 

MCIV 

 

CaCO3 

(theoretical) 

Weight 

% 
Atom % 

Weight 

% 
Atom % 

Weight 

% 
Atom % 

Weight 

% 
Atom % 

Weight 

% 
Atom % 

Ca 39.02 20.03 39.63 19.73 39.89 20.07 40.03 19.98 40 20 

C 12.22 19.78 12.41 19.62 12.05 19.66 12.16 19.87 12 20 

O 46.93 59.95 46.05 60.03 47.11 59.79 46.87 59.75 48 60 

Mg 0.79 0.15 0.88 0.31 0.58 0.29 0.61 0.22 - - 

Cl 0.30 0.05 0.31 0.12 0.19 0.10 0.19 0.09 - - 

Fe 0.28 0.015 0.29 0.09 0.062 0.034 0.048 0.032 - - 

Co 0.26 0.013 0.26 0.06 0.060 0.030 0.047 0.030 - - 

Ni 0.20 0.010 0.24 0.04 0.058 0.026 0.045 0.028 - - 

 

 

3.6 Decolorization with MCI 

The usability of MCI was investigated for color removal 

from aqueous solutions containing three different types of 

dyestuffs, which were reactive (Procion Red MX-5B), acidic 

(Acid Red 97), and basic (Methylene Blue). The color 

removal yields for Procion Red MX-5B, Acid Red 97, and 

Methylene Blue (MB) were observed as 3.35%, 2.70%, and 

90%, respectively. According to these decolorisation yields,   

the decolorisation results of MB dyestuff by MCI was 

evaluated in this section. The time-varying UV-vis spectra of 

MB dyestuff solution were presented in Figure 3. 

Accordingly, the characteristic peaks of MB were observed at 

665, 610, and 292 nm; and the intensities of these 

characteristic peaks decreased over time in the presence of 

MCI. In addition, as a result of the overlapped peaks 

belonging to 5.0 and 60 min, the optimum contact time was 

determined to be 5.0 min. Consequently, the color removal 

efficiency for 50 mg/L of initial MB concentration was 

determined to be 90% in 5 min. 
The application areas of CaCO3 nanoparticles in the 

literature were presented in Table 3. Accordingly; it can be 

seen that there are many studies in the literature where 

CaCO3 nanoparticles synthesized by different methods 

have been used as additives and antibacterial agents; 

however it is the first time to evaluate biosynthesized 

CaCO3 nanoparticles for color removal from aqueous 

solution.  

251 



 

 

 
Figure 3. UV-vis spectra of MB dyestuff solution (experimental conditions: initial pH: 9.0, initial MB concentration: 50 mg/L, temperature: 

30 oC, MCI concentration: 0.5 g/L)  

Table 3. The studies with CaCO3 nanoparticles in the literature 

Nanoparticle Synthesis method Particle size Application area Reference 

CaCO3/Ag nanocomposite Reduction with PPG 5-20 nm 
Antibacterial agent against 

Escherichia coli 
[19] 

CaCO3 nanoparticles 
Reverse micro-

emulsion method 
90 nm 

Antibacterial agent against 

Staphylococcus aureus 
[20] 

CaCO3 nanoparticles Wet carbonation 40 nm Additive for epoxy resin [21] 

CaCO3 nanoparticles  Commercial 50-120 nm 
Additive in accelerating the hydration 

of Portland cement 
[22] 

CaCO3 nanoparticles  Wet carbonation < 100 nm 
Paper coating for the hydrophobic 

character of the paper surface 
[23] 

CaCO3 nanoparticles Biosynthesis < 100 nm 
Color removal from aqueous 

Methylene Blue dyestuff solution  
This work 

4. Conclusion 

This study has demonstrated that CaCO3 nanoparticles, 

which are frequently used in nanotechnology applications, 

could be successfully synthesized with a completely 

environmental-friendly approach (without using harmful 

chemicals to the environment and human health) by using 

only the solutions, which are the leach and aqueous extract 

solutions, prepared from a bioaccumulator plant. Furthermore, 

this study has also showed that the biosynthesized CaCO3 

nanoparticles could be effectively used for color removal 

from aqueous solutions containing basic dyestuffs.  
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 Thirty nine different biomass samples ranging from various herbaceous/woody materials to juice 

pulps were used to develop linear as well as non-linear empirical equations that predict the lower 

heating value (LHV) and the higher heating value (HHV) based on the elemental analysis (C, H, 

N, O, and S) results of the biomass species. These equations were interpreted with respect to their 

prediction performance considering the predicted values and the experimental data. Several 

criteria such as mean absolute error (MAE), average absolute error (AAE), average bias error 

(ABE), and root mean square deviation (RMSD) were regarded. For the linear equations, it was 

found that the lowest values of MAE were 0.3119 MJ/kg and 0.2906 MJ/kg for HHV and LHV, 

respectively, and  AAE(%) changed in the ranges of (1.6659-4.5917) for HHV and (1.8216-

5.5039) for LHV. Besides, it was determined that ABE(%) varies in the intervals of (0.0549-

0.2976) for HHV and (0.0519-0.4177) for LHV when linear equations were tested. The best results 

of RMSD (0.4230 and 0.3607 for HHV and LHV, respectively) were obtained for Equation#1 

where all of the linear terms were considered. Also, the addition of the non-linear terms to the 

linear equations was also studied to check whether any further improvement can be achieved in 

predictions. However, the improvements created by non-linear equations were negligible and it 

was concluded that the linear empirical equations provide satisfactory prediction performance and 

they may be tried to estimate the calorific value of very wide range of biomasses. 
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1. Introduction 

There is a growing consensus that the fossil energy 

sources should be gradually withdrawn from the power 

technology since they lead complicated global concerns 

such as greenhouse gases, political instability, dependence 

on other countries, etc. Besides, environmental pollution 

that takes place during exploitation, drilling, 

transportation, and usage of fossil fuels cannot be ignored. 

On the contrary, biomass is a CO2-neutral fuel that does 

not influence the concentration of atmospheric CO2 

negatively. In addition, biomass can be easily found almost 

everywhere, and therefore it is cheap, abundant, and very 

easy to access [1]. Actually, biomass energy has been used 

in energy and power technologies with increasing shares 

day by day. 

Biomass that is defined as any type of carbonaceous 

material except fossil fuels takes a significant part in green 

energy technologies since it is easy to find, renewable, and 

sustainable energy source [1]. According to this 

description woody/herbaceous crops and residues, 

agricultural leftovers, industrial and domestic wastes, 

municipal solid wastes (MSW), aquatic materials, forest 

by-products and residues are regarded as biomass energy 

resources. Despite this considerable variety in nature and 

properties of samples, they are mainly comprised of C, H, 

and O accompanied by some presence of N and S. 

Conversely, several different macromolecular ingredients 

including cellulose, hemicellulose, and lignin form the 

large portion of the molecular structure. Meanwhile, the 

amount of inorganics that form ash upon burning of 

biomass changes depending on type of the sample. That is, 

woody samples are poor in inorganics, while very large 

contents of inorganics may exist in waste materials. These 

varying characteristics of biomass also affect the “calorific 

value” in other words the “heating value” that is really the 

most important parameter to evaluate its fuel quality. That 

is why the calorific value of biomass cannot be forecasted 

http://www.dergipark.gov.tr/
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in most cases without measuring this property 

experimentally. Particularly in case of waste materials and 

herbaceous samples, the complexity of biomass makes it 

highly difficult to estimate the calorific value. The 

calorific value (heating value) is usually specified through 

burning of a specimen in calorimeter under well-controlled 

conditions, and in this way, higher heating value (HHV) is 

determined. Besides, lower heating value (LHV) is 

calculated via elimination of condensation heat of the 

forming water during combustion of H and moisture 

contents. 

Calorific value estimation based on analysis results of 

biomass may be alternatively used provided that the 

analysis results have high accuracy and precision. The 

satisfactory prediction of HHV or LHV based on the 

elemental composition of biomass is a promising way 

since this approach does not deal with the type and 

distribution of the above mentioned macromolecules, and 

instead it only considers extents of the main elemental 

constituents of biomass. Actually, this approach has long 

been used to estimate the HHV or LHV of various coal 

samples globally. However, this approach was not so 

commonly applied yet for biomass. In this context, 

Channiwala and Parikh [2] complied the results of many 

investigations where HHV calculations were implemented 

considering both elemental analysis and proximate 

analysis results. In contrast to this, the literature that 

directly focus on the estimation of the HHV or LHV from 

the analysis results of biomass is scarce, and there have 

been only a few studies in this topic. Also, the existing 

literature on the assessment of HHV or LHV of biomass 

through such calculation-based approach was rather 

related to woody biomass types [2-9]. Motghare et al. [10] 

estimated the biomass calorific value upon the results of 

elemental analysis particularly for some waste species, and 

found that this approach is beneficial and gives highly 

reliable results. 

This study attempts to apply the calculation-based 

method to predict HHV/LHV for miscellaneous waste 

biomasses, taking linear equations that contain elemental 

analysis results into consideration. Particularly, the most 

of the renewable fuel materials used in this study have not 

so far been chosen in investigations that target to describe 

the HHV/LHV prediction. For instance, some unusual 

samples including stems, fruit juice pulps, stalks, distinct 

agricultural leftovers, etc. have not been used in previous 

papers yet because they often show serious handling 

problems and tend to be easily decomposed.  

 

2. Materials and Methods 

2.1 Biomass Characterization 

All of the biomasses used in the present paper are Turkish 

origin and provided from food/beverage industries and 

agricultural/forestry sector. They were kept in open 

container in laboratory to obtain air-dried (ad) specimens, 

and chopping and grinding operations were applied to 

reduce the particle size smaller than 250 µm. The 

proximate analysis was done according to ASTM 

standards, while Leco TruSpec® CHN model equipment 

with Leco TruSpec® S module was used to determine the 

elemental results. Determination of HHV was performed 

by adiabatic bomb calorimeter test using IKA C2000 

model calorimeter operated under oxygen pressure of 30 

atm.  For this, 0.5 g of powdered (< 250 µm) biomass was 

placed into the sample holder and ignited by electricity 

current. This equipment is calibrated using benzoic acid 

and the measured results don’t deviate more than 1-2% 

from the mean values. Calculation of LHV based on HHV 

was implemented by simplified equation given as follows: 

 

𝐿𝐻𝑉 = 𝐻𝐻𝑉 − [(
18.015∗𝐻

2
) + %𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒] ∗ 5.85   (1) 

 

where, H is the hydrogen content of the sample. 

 

Experiments were checked three times to assure the 

reproducibility and accuracy of the results, and they were 

used in predictions as long as they differ within ±0.5%.   

 

2.2 Error Analyses for Prediction Performance 

Four different forms of prediction error such as MAE 

(mean absolute error), AAE (average absolute error), ABE 

(average bias error), and RMSD (root mean square 

deviation) were established using following equations, and 

from which prediction performances could be evaluated.   

   

 

RMSD =  
√(𝐻𝐻𝑉(𝑒)𝑖

−  𝐻𝐻𝑉(𝑝)𝑖
)

2

𝑛
 

 

where, the indices of e and p represent the experimental 

and the predicted values of higher heating value. Likewise,  

the total number of the biomasses and any of the distinct 

biomass were represented by n and i, respectively. Of 

which, MAE shows the intimacy of the predicted HHV and  

the experimental HHV. From this point of view, low 

values of MAE indicate high prediction accuracy. Besides, 

the average absolute error (%) is estimated by AAE. 

Positive ABE means over-estimation whereas negative 

ABE means under-estimation 

(2) 

(3) 

(4) 

(5) 



        Özyuğuran et al., International Advanced Researches and Engineering Journal 02(03): 254-260, 2018 
 

256 

 

 

3. Results and Discussion 

3.1 Sample Characterization 

Results of the characterization tests are given in Table 1, 

and it is clear from this table that the samples differ seriously 

in terms of properties and the fuel characteristics. Although  

 
Table 1. Analysis results of samples (on dry basis) [11] 

 

 

woody species have promising fuel properties such as low 

ash content and high calorific value, waste biomasses have 

relatively poor fuel characteristics. 

 
 

  C H N S O  VM  FC  Ash   HHV  LHV  

Samples  (%) 

 

 

 (%) 

 

 

 (MJ/kg) 

 

 
Elaeagnus 44.26 6.19 1.37 0.41 46.86  76.43 22.67 0.90  19.80 16.46 

Tea caffeine 48.59 6.43 2.59 0.46 34.78  76.32 16.52 7.16  20.83 18.02 

Ash tree wood 46.72 5.95 0.00 0.32 45.32  87.84 10.46 1.70  19.02 16.24 

Green bean stem and husk  41.26 5.62 0.78 0.39 42.35  77.88 12.52 9.60  16.86 13.97 

Red lentil hull 43.90 6.31 1.54 0.37 42.63  74.73 20.03 5.24  18.27 15.15 

Chickpea husk 43.80 5.81 0.38 0.35 45.67  79.70 16.32 3.98  18.26 15.62 

Tea waste 45.04 6.07 3.48 0.50 40.21  73.36 21.93 4.71  19.87 16.96 

Cornstalk 42.02 5.58 1.24 0.43 43.53  76.79 16.02 7.19  16.55 14.19 

Tobacco waste 37.02 5.01 2.20 0.45 39.95  72.85 11.78 15.36  14.51 12.26 

Broad bean husk 40.11 5.52 1.35 0.33 44.98  74.97 17.33 7.70  16.24 13.50 

Apricot stone 48.07 5.99 0.05 0.39 43.89  82.03 16.26 1.61  19.79 17.33 

Apricot pulp 44.37 5.87 0.95 0.32 47.42  78.80 20.12 1.08  18.52 15.72 

Peach pulp 43.84 6.51 1.04 0.37 42.80  71.21 23.34 5.44  18.23 15.11 

Damson plum stone  50.81 6.36 1.07 0.36 40.39  82.33 16.67 1.00  21.23 18.81 

Coconut shell 50.34 6.26 0.00 0.31 42.08  83.01 15.97 1.02  20.24 17.54 

Cornelian cherry stone 49.03 5.86 0.05 0.34 42.67  79.27 18.67 2.06  19.84 17.44 

Cacao husk 43.00 5.69 2.10 0.41 44.38  75.03 20.56 4.41  17.85 15.07 

Peanut husk 46.89 5.90 0.61 0.37 46.07  79.32 20.53 0.15  19.16 16.53 

Broad bean husk 41.33 5.90 0.39 0.34 46.32  74.88 19.40 5.73  16.80 13.90 

Sunflower stem and stalk 37.94 5.19 0.31 0.35 46.15  77.37 12.58 10.05  15.08 12.55 

Almond shell 47.70 5.88 0.05 0.31 42.58  81.70 14.82 3.48  19.53 16.81 

Robinia pseudoacacia wood 46.30 6.08 0.05 0.35 46.20  86.19 12.80 1.01  18.31 15.59 

Daphne 49.03 6.40 0.94 0.42 35.90  77.76 14.93 7.31  20.44 17.87 

Thyme 44.53 6.01 0.81 0.36 39.34  75.04 16.00 8.96  18.16 15.27 

Walnut shell 48.23 6.00 0.12 0.34 44.42  82.98 16.12 0.90  20.03 17.17 

Locust bean 44.31 5.70 0.92 0.42 43.10  70.29 24.16 5.54  18.04 15.29 

Flos lavandulae romanae 45.28 5.89 0.94 0.42 36.42  74.13 14.82 11.06  18.84 16.01 

Apple pulp 47.05 6.70 0.86 0.35 42.73  82.56 15.13 2.31  19.85 17.15 

Artichoke husk and waste 42.08 5.92 0.83 0.36 45.88  79.66 15.43 4.91  16.38 13.61 

Sunflower stem 39.90 5.38 0.42 0.40 42.80  75.09 13.81 11.10  16.18 13.65 

Sour cherry stem 44.78 5.75 0.50 0.40 43.22  77.48 17.16 5.36  18.27 15.62 

Soybean residue 42.96 6.21 8.02 0.57 35.80  80.01 13.54 6.45  19.26 16.35 

Black sesame residue 45.93 6.79 6.32 0.66 32.01  78.78 12.94 8.28  21.04 18.22 

Cotton residue 45.24 6.46 6.37 0.65 33.41  74.97 17.16 7.87  19.90 17.02 

Pea stem 38.97 5.45 1.79 0.42 40.31  74.67 12.27 13.06  16.31 13.57 

Grape seed 50.47 6.20 2.42 0.47 35.83  74.26 21.12 4.62  21.70 18.73 

Pine cone 48.28 5.73 0.10 0.40 43.89  80.92 17.48 1.60  20.07 16.96 

Peach stone 51.98 6.13 0.02 0.48 40.41  86.42 12.61 0.97  20.31 17.85 

Sour cherry stone 53.30 6.69 1.58 0.39 37.33  81.66 17.62 0.72  21.95 19.45 

VM: volatile matter FC: fixed carbon  

 

  



 

 

 

3.2 Calorific Value Prediction 

Table 2 presents the linear equations used to calculate 

HHV and LHV, r2 values, and the results of performance 

criteria. Equation#1 considers five parameters, while the 

other equations consider less parameters. For instance, the 

number of the parameters in the Equations #2-6 is four.   

  

Table 2. Linear Equations and the prediction performances [11]  

Equation#1 that includes all of the parameters of elemental 

analysis  gave the  best  prediction  with  respect  to  the 

coefficients  of determination (r2) as expected. 

 

 

  

 
 

 

Eq. 

No 
Linear Equations r2 SD MAE 

AAE 

(%) 

ABE 

(%) 
RMSD 

1 

𝐻𝐻𝑉 = −4,914 0 + 0,2611 𝑁 + 0,4114 𝐶 + 0,6114 𝐻
+ 0,3888 𝑆 + 0,02097 𝑂 

 

𝐿𝐻𝑉 = −5,5232 + 0,2373 𝑁 + 0,4334 𝐶 +
0,2360𝐻 + 0,3732 𝑆 + 0,000838 𝑂 

0.9441 

 

 

0.9582 

 

1.7379 

 

 

1.7272 

0.3178 

 

 

0.2915 

 

1.6978 

 

 

1.8304 

 

0.0549 

 

 

0.0654 

 

0.4230 

 

 

0.3607 

 

2 

𝐻𝐻𝑉 = −3,4643 + 0,2492 𝑁 + 0,4045 𝐶 + 0,6072 𝐻
− 0,1618 𝑆 

 

𝐿𝐻𝑉 = −5,4653 + 0,2368𝑁 + 0,4331𝐶 + 0,2358𝐻
+ 0,3511𝑆 

0.9434 

 

 

0.9582 

 

1.7373 

 

 

1.7271 

0.3119 

 

 

0.2915 

 

1.6659 

 

 

1.8304 

 

0.0571 

 

 

0.0562 

 

0.4256 

 

 

0.3607 

 

3 

𝐻𝐻𝑉 = −4,6246 + 0,2732 𝑁 + 0,4120 𝐶 + 0,5992 𝐻
+ 0,01841 𝑂 

 

𝐿𝐻𝑉 = −5.2454 + 0.2489𝑁 + 0.4340𝐶 + 0.2243𝐻
− 0.00162𝑂 

0.9440 

 

 

0.9581 

 

1.7379 

 

 

1.7270 

0.3186 

 

 

0.2925 

 

1.7020 

 

 

1.8367 

 

0.0562 

 

 

0.0519 

 

0.4232 

 

 

0.3610 

 

4 

𝐻𝐻𝑉 = −3.17334 + 0.3474 𝑁 + 0.4593 𝐶
− 0.4021 𝑆 + 0.01972 𝑂 

 

𝐿𝐻𝑉 = −4.8513 + 0.2706 𝑁 + 0.4519 𝐶 + 0.06784 𝑆
+ 0.000356 𝑂 

0.9378 

 

 

0.9572 

 

1.7321 

 

 

1.7264 

0.3387 

 

 

0.2906 

 

1.8134 

 

 

1.8216 

 

0.0645 

 

 

0.0663 

 

0.4461 

 

 

0.3649 

 

5 

𝐻𝐻𝑉 = 1.5348 − 0.3434 𝑁 + 3.4740 𝐻 + 2.9958 𝑆
− 0.1028 𝑂 

 

𝐿𝐻𝑉 = 1.2705 − 0.3996 𝑁 + 3.2517 𝐻 + 3.1196 𝑆
− 0.1296 𝑂 

0.6916 

 

 

0.6702 

 

1.4875 

 

 

1.4444 

0.8524 

 

 

0.8698 

 

4.5917 

 

 

5.5039 

 

0.2976 

 

 

0.4177 

 

0.9933 

 

 

1.0132 

 

6 

𝐻𝐻𝑉 = −5.6318 + 0.3630 𝐶 + 1.0237 𝐻 + 4.1453 𝑆
+ 0.00389 𝑂 

 

𝐿𝐻𝑉 = −6.1755 + 0.3894 𝐶 + 0.6107 𝐻 + 3.7869 𝑆
− 0.01468 𝑂 

0.9313 

 

 

0.9473 

 

1.7261 

 

 

1.7173 

0.3470 

 

 

0.3174 

 

1.8483 

 

 

1.9923 

 

0.0691 

 

 

0.0673 

 

0.4689 

 

 

0.4049 

 

Equations (#2- #6) ignore only one parameter compared 

to Equation#1. Among these equations, the best 

performance in HHV prediction belongs to Equation#3 

that neglects effect of the content of S. Namely, 

Equation#3 yielded acceptable predictions for HHVs 

(r2=0.9440). Moreover, LHV prediction performance of 

Equation#2 (r2=0.9582) is exactly the same with those of 

Equation#1 that reveals the fact that oxygen content can be 

safely removed from the equation. Besides, the lowest r2 

was found if C content is removed from Equation#5. On 

the contrary, Setyawati et al. [12] correlated HHV of 

tropical peat based on its elemental analysis that ignores 

the C content and uses H, N, S, O, and ash contents.  

The standard deviations (SD) of linear empirical 

equations varied within (1.4875-1.7379) for HHV and 

(1.4444-1.7272) for LHV. Concerning the error functions, 

MAE values indicate that the estimations of HHV and 

LHV can be made with a minimum mean absolute errors 

of 0.3119 MJ/kg and 0.2906 MJ/kg, respectively. Besides, 

AAE(%) values varied in the intervals of (1.6659-4.5917) 

for HHV and (1.8216-5.5039) for LHV. Although the 

upper limits of AAE(%) results may be thought as a bit 

high, these values are roughly consistent with the values 

reported in literature for this criterion. In their paper, 

Nhuchen and Abdul Salam [13] compiled the results of 

various studies about HHV prediction for lignocellulosic 

residues and wastes, chars, and coals that makes it possible 

to compare the error analysis and prediction performances 

for different types of fuels. They concluded that the 

maximum values of AAE(%) values are calculated in the 

case of the lignocellulosic residues as well as the other 

biomasses. On the other hand, coal samples showed 

generally better results. Chen et al. [6] also estimated the 

higher heating value of the torrefied (mildly pyrolyzed) 

biomass using its ultimate analysis, and revealed that the 

relative errors of raw biomasses reached 9.03%. 

Alternatively, Choi at al. [14] reported 8.57% of AAE 

value for prediction of HHV of the mixture of animal 
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wastes for the equation where C, N, S, and O are 

incorporated. Similarly, Bousdira et al. [15] highlighted 

the importance of having low ash yield on prediction 

performance of calorific value prediction based on 

elementary composition. Unfortunately, the biomass 

species we used in this paper are very rich in inorganics, 

and accordingly they produce high yields of ash. 

Therefore, this is a significant concern originating from 

any unforeseen effects of the complicated nature of the 

inorganics.  Also, the ABE(%) values altered within 

(0.0549-0.2976) for HHV and (0.0519-0.4177) for LHV, 

which can comparable with the results reported in 

literature [16]. The most promising values of RMSD 

(0.4230 and 0.3607 for HHV and LHV, respectively) were 

calculated if all parameters were involved (Equation#1). 

 Furthermore, in order to investigate the effects of non-

linear terms in the form of squares of the parameters, new 

equations (#7-#11) were established. That is, Equation#7 

excludes oxygen contents and the squares of the other 

ingredients (N2, C2, H2, S2) were added to their linear 

parameters. Likewise, Equations#8, 9, 10, and 11 exclude 

sulphur, hydrogen, carbon, and nitrogen contents, 

respectively. In this way, the new equations include squares 

of the related four, three, and two parameters. Table 3 

presents these equations and the calculated r2, SD, MAE, 

AAE, ABE, and RMSD results. These results revealed that 

the combination of non-linear terms did not improve so 

significantly the r2 values calculated for the linear equations. 

The best r2 values determined in the case of Equation#1 

increased from 0.9441 to 0.9566 for HHV and from 0.9582 

to 0.9668 for LHV when the sulphur content was ignored and 

the squares of the other four parameters were considered 

(Equation#8). Besides, a bit improvement took place in the 

prediction performance indicators. All in all, it can be 

concluded that the addition of the non-linear terms can not 

be recommended as a reliable approach to increase the 

prediction performance of the linear equations investigated 

in this paper. 

4. Conclusions 

This study revealed that the calorific values of the highly 

different biomass species can be safely predicted from 

their elemental analysis results. The thirty-nine different 

biomass species used in this study represent highly 

dissimilar structures in terms of the elemental analysis. 

Comparison of the experimental calorific values with the 

predicted calorific values, and the error analyses via MAE, 

AAE, ABE, and RMSD calculations showed that quite 

simple linear equations can be safely used to get the 

calorific value. Among the equations used, the equation 

that contains all of the parameters of elemental analysis 

provided the greatest prediction performance. Elimination 

of any parameter from this equation resulted in decrease in 

the prediction performance. However, addition of non-

linear (squared) terms of the elemental analysis results did 

not provide improvement in performance of the linear 

equations. Thus, the use of linear equations of ultimate 

analysis results are recommended.     
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Table 3. Non-linear Equations used and the prediction performances

Eq. 

No 
Non-linear Equations r2 SD MAE 

AAE 

(%) 

ABE 

(%) 
RMSD 

7 

𝐻𝐻𝑉 = −15.8566 + 0.4951 𝑁 + 1.7601 𝐶 +
5.4604 𝐻 + 1.4769 𝑆 − 0.02812 𝑁2 − 0.01447 𝐶2 +
0.4671 𝐻2 − 2.6691 𝑆2  

 

𝐻𝐻𝑉 = −16.1264 + 0.5064 𝑁 + 1.7144 𝐶 −
4.8484 𝐻 − 0.8586 𝑆 − 0.03065 𝑁2 − 0.01398 𝐶2 +
0.4153 𝐻2  

 

𝐻𝐻𝑉 = −23.9224 + 0.5028 𝑁 + 1.3785 𝐶 +
0.2528 𝐻 − 0.5169 𝑆 − 0.03158 𝑁2 − 0.01045 𝐶2  

0.9556 

 

0.9555 

 

0.9546 

1.7500 

 

1.7475 

 

1.7698 

0.2885 

 

0.2862 

 

0.3832 

1.5870 

 

1.5735 

 

2.0927 

0.0942 

 

0.0085 

 

1.5776 

0.3771 

 

0.3774 

 

0.4781 

7 

𝐿𝐻𝑉 = 2.4879 + 0.4271 𝑁 + 1.6322 𝐶 −
11.4438 𝐻 + 1.0062 𝑆 − 0.0200 𝑁2 − 0.01267 𝐶2 +
0.9370 𝐻2 − 1.9815 𝑆2  

𝐿𝐻𝑉 = 2.2876 + 0.4355 𝑁 + 1.5983 𝐶 −
10.9894 𝐻 − 0.7277 𝑆 − 0.02188 𝑁2 − 0.0123 𝐶2 +
0.8985 𝐻2  

𝐿𝐻𝑉 = 5.4060 + 0.2624 𝑁 + 1.5159 𝐶 −
11.4293 𝐻 − 0.3867 𝑆 − 0.01148 𝐶2 + 0.9420 𝐻2  

0.9662 

 

0.9662 

 

0.9639 

1.7326 

 

1.7327 

 

1.7338 

0.2617 

 

0.2514 

 

0.2696 

1.6875 

 

1.6848 

 

1.7157 

-0.0304 

 

-0.0256 

 

0.1103 

0.3245 

 

0.3248 

 

0.3354 

8 

𝐻𝐻𝑉 = −9.5129 + 0.4900 𝑁 + 1.5545 𝐶 −
3.9058 𝐻 − 0.3211 𝑂 − 0.03242 𝑁2 − 0.01219 𝐶2 +
0.3372 𝐻2 + 0.00409 𝑂2  

𝐻𝐻𝑉 = −14.7175 + 0.4883 𝑁 + 1.2926 𝐶 +
0.2188 𝐻 − 0.3729 𝑂 − 0.03307 𝑁2 − 0.00945 𝐶2 +
0.00467 𝑂2  

𝐻𝐻𝑉 = −23.8290 + 0.5064 𝑁 + 1.3355 𝐶 +
0.2735 𝐻 + 0.01165 𝑂 − 0.03248 𝑁2 − 0.00995 𝐶2  

0.9566 

 

0.9560 

 

0.9547 

1.7502 

 

1.7481 

 

1.7465 

0.2839 

 

0.2831 

 

0.2895 

 

1.5573 

 

1.5468 

 

1.5852 

 

0.0449 

 

0.0287 

 

0.0018 

0.3729 

 

0.3753 

 

0.3808 

8 

𝐿𝐻𝑉 = 7.3723 + 0.4130 𝑁 + 1.4676 𝐶 −
10.0585 𝐻 − 0.2655 𝑂 − 0.02286 𝑁2 −
0.01086 𝐶2 + 0.8217 𝐻2 + 0.00335 𝑂2  

𝐿𝐻𝑉 = 2.0693 + 0.4259 𝑁 + 1.5481 𝐶 −
10.8196 𝐻 + 0.0109 𝑂 − 0.02233 𝑁2 −
0.01173 𝐶2 + 0.8870 𝐻2  

𝐿𝐻𝑉 = 4.8380 + 0.2490 𝑁 + 1.4924 𝐶 −
11.1362 𝐻 + 0.00164 𝑂 − 0.01125 𝐶2 + 0.9193 𝐻2  

0.9668 

 

0.9661 

 

0.9638 

1.7339 

 

1.7358 

 

1.7315 

0.2605 

 

0.2651 

 

0.2680 

1.6717 

 

1.7083 

 

1.7030 

0.0229 

 

0.1068 

 

0.0025 

0.3217 

 

0.3251 

 

0.3356 

9 

𝐻𝐻𝑉 = −11.9276 + 0.5322 𝑁 + 1.4068 𝐶 +
3.4329 𝑆 − 0.6077 𝑂 − 0.03177 𝑁2 − 0.01054 𝐶2 −
5.2651 𝑆2 + 0.00742 𝑂2  

𝐻𝐻𝑉 = −13.4885 + 0.5504 𝑁 + 1.3978 𝐶 −
1.0829 𝑆 − 0.4764 𝑂 − 0.03589 𝑁2 − 0.01044 𝐶2 +
0.00584 𝑂2  

𝐻𝐻𝑉 = −25.6364 + 0.5722 𝑁 + 1.4851 𝐶 −
0.6605 𝑆 + 0.00709 𝑂 − 0.03587 𝑁2 − 0.01137 𝐶2  

0.9561 

 

0.9558 

 

0.9538 

1.7479 

 

1.7485 

 

1.7481 

0.2862 

 

0.2887 

 

0.2921 

1.5662 

 

1.5803 

 

1.6049 

0.0035 

 

0.0493 

 

0.0792 

0.3747 

 

0.3762 

 

0.3847 
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Table 3. Continue… 

 

 
Eq. 

No 
Non-linear Equations r2 SD MAE 

AAE 

(%) 

ABE 

(%) 
RMSD 

9 

𝐿𝐻𝑉 = −4.1399 + 0.4129 𝑁 + 0.8277 𝐶 +
1.0241 𝑆 − 0.4525 𝑂 − 0.02311 𝑁2 − 0.00416 𝐶2 −
1.6864 𝑆2 + 0.00545 𝑂2  

𝐿𝐻𝑉 = −4.6399 + 0.4188 𝑁 + 0.8248 𝐶 −
0.4223 𝑆 − 0.4104 𝑂 − 0.02443 𝑁2 − 0.00413 𝐶2 +
0.00494 𝑂2  

𝐿𝐻𝑉 = 4.7003 + 0.4250 𝑁 + 0.4557 𝐶 − 0.4251 𝑆 −
0.4776 𝑂 − 0.02321 𝑁2 + 0.00587 𝑂2  

0.9634 

 

0.9634 

 

0.9619 

1.7322 

 

1.7317 

 

1.7303 

0.2696 

 

0.2684 

 

0.2755 

1.7130 

 

1.7070 

 

1.7390 

0.0476 

 

0.0464 

 

0.0457 

0.3376 

 

0.3378 

 

0.3444 

10 

𝐻𝐻𝑉 = −63.3676 − 0.4996 𝑁 + 27.2370 𝐻 +
7.9872 𝑆 − 0.3397 𝑂 + 0.02661 𝑁2 − 2.0138 𝐻2 −
5.7886 𝑆2 + 0.00232 𝑂2  

𝐻𝐻𝑉 = −67.4014 − 0.4871 𝑁 + 27.3544 𝐻 +
6.2519 𝑆 − 0.1473 𝑂 + 0.02497 𝑁2 − 2.0225 𝐻2 −
3.5968 𝑆2  

𝐻𝐻𝑉 = −67.7552 − 0.4730 𝑁 + 27.7527 𝐻 +
3.0500 𝑆 − 0.1489 𝑂 + 0.02160 𝑁2 − 2.0581 𝐻2  

0.7516 

 

0.7514 

 

0.7512 

1.5506 

 

1.5505 

 

1.5500 

0.7267 

 

0.7304 

 

0.7283 

3.8914 

 

3.9115 

 

3.9011 

0.2360 

 

0.2178 

 

0.2249 

 

0.8914 

 

0.8918 

 

0.8922 

10 

𝐿𝐻𝑉 = −52.6526 − 0.6553 𝑁 + 22.2289 𝐻 +
7.1848 𝑆 − 0.2097 𝑂 + 0.03954 𝑁2 − 1.6085 𝐻2 −
4.5180 𝑆2 + 0.00048 𝑂2  

𝐿𝐻𝑉 = −53.4812 − 0.6527 𝑁 + 22.2530 𝐻 +
6.8283 𝑆 − 0.1701 𝑂 + 0.0392 𝑁2 − 1.6103 𝐻2 −
4.0677 𝑆2  

𝐿𝐻𝑉 = −53.8812 − 0.6368 𝑁 + 22.7035 𝐻 +
3.2072 𝑆 − 0.1720 𝑂 + 0.03539 𝑁2 − 1.6505 𝐻2  

0.7185 

 

0.7185 

 

0.7182 

1.4955 

 

1.4953 

 

1.4953 

0.7520 

 

0.7527 

 

0.7511 

4.7456 

 

4.7502 

 

4.7418 

0.3248 

 

0.3273 

 

0.3313 

 

0.9362 

 

0.9362 

 

0.9367 

11 

𝐻𝐻𝑉 = −5.6668 + 1.3547 𝐶 − 1.4834 𝐻 +
8.3792 𝑆 − 0.6870 𝑂 − 0.01075 𝐶2 + 0.1770 𝐻2 −
6.3435 𝑆2 + 0.00806 𝑂2  

𝐻𝐻𝑉 = −8.6907 + 1.2124 𝐶 + 0.6759 𝐻 +
7.8601 𝑆 − 0.6898 𝑂 − 0.00925 𝐶2 − 5.7498 𝑆2 +
0.00808 𝑂2  

𝐻𝐻𝑉 = −10.1398 + 1.1979 𝐶 + 0.6475 𝐻 +
2.7380 𝑆 − 0.5422 𝑂 − 0.00907 𝐶2 + 0.00629 𝑂2  

0.9413 

 

0.9411 

 

0.9406 

1.7351 

 

1.7341 

 

1.7349 

0.3207 

 

0.3236 

 

0.3181 

1.7197 

 

1.7317 

 

1.7024 

0.0613 

 

-0.0016 

 

0.0566 

0.4334 

 

0.4341 

 

0.4360 

11 

𝐿𝐻𝑉 = 8.7097 + 1.2497 𝐶 − 7.0316 𝐻 + 5.1349 𝑆 −
0.5485 𝑂 − 0.00916 𝐶2 + 0.6075 𝐻2 − 2.7369 𝑆2 +
0.00635 𝑂2  

𝐿𝐻𝑉 = 7.5243 + 1.2185 𝐶 − 6.6722 𝐻 + 2.6985 𝑆 −
0.4813 𝑂 − 0.00882 𝐶2 + 0.5770 𝐻2 + 0.00553 𝑂2  

𝐿𝐻𝑉 = −1.8445 + 0.7597 𝐶 + 0.3757 𝐻 +
2.7304 𝑆 − 0.5398 𝑂 − 0.00398 𝐶2 + 0.00619 𝑂2  

0.9531 

 

0.9529 

 

0.9512 

1.7233 

 

1.7232 

 

1.7224 

0.3004 

 

0.2982 

 

0.3034 

1.8920 

 

1.8783 

 

1.9039 

0.0691 

 

0.0971 

 

0.1061 

0.3823 

 

0.3828 

 

0.3899 
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 Mersin is one of the most important cities of the Middle East and Mediterranean Region as well 

as Turkey thanks to its intensive sectorial and commercial activities along with developing 

population. These progresses necessitate many urban needs such as drinking water, irrigation 

water, wastewater treatment, infrastructure planning for sewage-drinking water networks. In this 

study; medium and long term investments by 2050 (2015 + 35 years) for Erdemli, which is the 

third largest district of Mersin, are suggested and Water Information and Management System 

(WIMS) is formed in order to monitor all the activities and needs aforementioned above from a 

single center. WIMS can be considered as functional software thanks to being suitable for 

development, being modular software which can minimize the operating and investment costs, 

provide information in a short period of time and prepare electronic output of information 

transferred to the computer through the online database system. So far, 26606 data entries have 

been made in order to bring the functionality to the software. The WIMS software provided Mersin 

Water and Sewerage Administration with the ability to manage all data from a single center and 

monitor the current status of urban centers and rural settlements related to drinking water and 

wastewater. 
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1. Introduction 

Water is one of the most important element for life. It is 

basically limited resource, contrary to what is believed. 

Though two-thirds of our world is covered with water, the 

amount of water that can be used by both living things and 

human population is extremely limited. Especially, in 

country and regional development projects; the role of water 

and land resources in the promotion and development 

initiative is inevitable. 

There are serious discrepancies between places where 

water is found on the earth and areas where water is in 

demand. There are similar situations in our country and 

Mersin [1]. 

In non-water-rich countries such as Turkey, the best way 

to improve the water supply is managing and maintaining in 

optimal way. Along with the increasing population, public 

and private sector institutions need to use developing 

technology in order to use water more efficiently which has 

become the most important resource in the world [1, 2]. 

In the efficient evaluation of water resources; the 

economic situation of the countries, rapid population growth 

and urbanization, sectorial developments, water demands 

and projections related to all of them are done well and laws, 

regulations and regulations are applied correctly. However, 

the disadvantages encountered are more prevalent in 

metropolitan cities where rapid urbanization and sectorial 

activities are intensive. These problems are experienced 

more intensely in fast developing cities like Mersin. 

Drinking water and wastewater needs varies depending on 

urban centers and rural areas [1, 2]. 

With the Law No. 6360 entering into force at the end of 

March 30, 2014 Local Elections, the General Directorates of 

Metropolitan Municipalities, Water and Sewerage 

Administrations, expanded to the provincial boundaries of 

service area, will include new service areas; the drinking 

water and the wastewater in provinces, districts and rural 

areas should identify the current service conditions and 

© 2018, Advanced Researches and Engineering Journal (IAREJ) and the Author(s). 
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deficiencies of their infrastructures [2]. In the direction of 

feasibility studies to be made for short, medium and long 

term investment needs should be determined for future years 

and plans should be established for realizing those plans. In 

this context, software’s such as "Water Information 

Management System" which will enable related institutions 

to do their work more quickly and systematically are 

preferred. 

By the law aforementioned above, the borders of the 

Metropolitan Municipality were extended to the provincial 

borders. Intensive sectorial activities, as well as Mersin in 

Turkey with growing population and commercial activity in 

the Middle East and the Mediterranean region is one of the 

most important centers. All these intensive activities; 

drinking water, irrigation water, wastewater treatment, 

infrastructure planning (sewage-drinking water networks) 

and so on as well as many urban needs. 

In this study, short, medium and long term investments 

were determined for Erdemli which is the third largest city 

of Mersin and 2050 target year, and Water Information 

Management System (WIMS), in which all these activities 

can be monitored online from a single center, has been 

prepared. For this purpose, analysis of the existing 

infrastructure situation of the district center, coastal area and 

rural areas related to drinking water and wastewater, 

determination of problems, determination of possible 

problems, examination of investments directed to the region, 

calculation of population projections of continuous- as well 

as many other field researches. 

 

2. Material and Method 

The study has started in 2015 and is projected for 35 years 

through year 2050. In this context; current situation analysis 

of water resources of Erdemli, Mersin is done. Data on 

drinking water and wastewater infrastructure have been 

collected and evaluated. Population, drinking water and 

wastewater formation projections are calculated. According 

to these results; basin-based economic and sustainable 

projects have been established and alternative proposals for 

solving problems have been introduced by 2050 target years 

[2]. The geographical coordinates of drinking water 

reservoirs located in the district, WTPs, promotion centers 

and other important places were determined by GPS device 

and so the satellite map drawings are carried out. All these 

studies were prepared with the software program which was 

designed to cover the data, and WIMS which can be 

continuously monitored and updated is created on this basis. 

The data used in the study is obtained by collaboration of 

Faculty of Engineering Department of Environmental 

Engineering, Mersin University, Mersin Metropolitan 

Municipality General Directorate of Water (MESKİ) and 

Sewerage Administration, State Hydraulic Works (DSİ) 6th 

Regional Directorate, State Water Works Mersin 67. Branch 

Directorate, Turkey Statistical Institute Regional Directorate 

of Adana, Mersin Provincial Directorate of Environment and 

Urban Planning, Erdemli Municipality and neighborhood 

headmen. 

 

2.1 Erdemli 

Erdemli has 1 municipality and 71 districts, the district 

map is given in Figure 1. From these neighborhoods, 23 are 

in the district center and the coastal zone between Çeşmeli-

Kızkalesi and 48 are rural areas [5, 6]. Sectorial activities in 

the district; agriculture, tourism, service sectors and 

agriculture and animal husbandry activities are mostly 

performed in rural areas [8]. 

 
Figure 1. Map of Erdemli [7] 

 

The main water sources of the province are Alata Stream, 

Lemas Stream, Kargıcak Stream, Kocahasanlı Stream 

Stream, Gökgübet Stream, Arpaçbahşiş Stream, Tömük 

Stream, Gilindires Stream, Karakız Stream, Karacaoğlan 

Stream, Sarıyer Stream, Dedekavak Stream, Madenler 

Stream, Kodoman Stream and Evliya Stream [2]. Water 

content of these rivers and streams is variable. Especially in 

summer months, most of the streams are not watered. The 

construction of Aksifat and Sorgun Dam is continuing to 

meet the water needs of the district [9]. 

 

2.2 Calculation of population projections 

Estimated population values of 71 localities in Erdemli for 

the years 2015-2020-2030-2040-2050; population 

projections are calculated by five different methods (Iller 

Bank, Arithmetic Population Increase, Geometric Increase, 

Exponential Method and Compound Interest Methods) and 

is given in Table 1 [2, 14]. Turkey Statistical Institute of 

Population (TUİK) projection calculation population data 

are used [10, 11, 13]. 
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Table 1. Erdemli District population projections [2 - 4]. 
 

Year 

Iller 

Bank 

(person) 

Arithmetic 

Increase 

(person) 

Geometric 

Increase 

(person) 

Exponential 

Method 

(person) 

Compound 

interest 

(person) 

2015 135181 132939 135705 135705 135677 

2020 147154 132947 150428 150428 150239 

2030 175467 132961 184839 184839 184221 

2040 211039 132976 227121 227121 225888 

2050 256080 132991 279076 279076 276981 

 

2.3 Drinking Water and Wastewater Formation 

Calculations 

According to the population projections calculated for 

Erdemli, the projections of drinking water demand and 

wastewater formation are calculated and given in Table 2-3. 

The settlement areas where drinking water and wastewater 

problems are most experienced are shown in Figure 4. 

 

 Table 2. Continuous population projections, drinking water 
demand and wastewater amount of Erdemli [2, 3]. 
 

Year 

Continuous 

Population 
(person) 

Water 

Demand 
(m3/d) 

Amount of 

Wastewater 
(m3/d) 

2015 135181 27071 21657 

2020 147154 29619 23695 

2030 175467 35453 28363 

2040 211039 42514 34012 

2050 256080 51229 40983 

 

Table 3. Estimated drinking water demand and wastewater 
formation due to summer population projections in Erdemli [2, 
3]. 

Year 

Summer 
Population 

(person) 

Water 
Demand 

(m3/d) 

Amount of 

Wastewater 
Formation 

(m3/d) 

2015 300159 60032 48025 

2020 325735 65147 52118 

2030 387355 77471 61977 

2040 470322 94064 75252 

2050 593300 118660 94928 

 

The calculations of drinking water projections are based 

on the assumption that water consumption is 200 L / person-

day and 80% of the water used is converted to wastewater 

(160 L / person-day) [14]. 

 

2.4 Creating satellite map drawings for the data 

In Erdemli, transportation to the location of drinking water 

reservoirs, especially in winter, is very difficult. For this 

reason, locations of potable water reservoirs, promotion 

centers, WTP’s and discharge points are processed on the 

internet based interactive satellite map in order to easily 

access information such as deposits, coordination, distance 

to the settlement units and network [2, 4]. 

In this direction; 129 drinking water reservoirs, 4 

wastewater treatment plants and 5 promotion center 

coordinates in Erdemli are determined by Magellan 

eXplorist 610 handheld GPS device. Coordinates; NetCad 

5.2 and Corel Draw X6 are processed on the satellite map 

using computer programs. Schematic drawings of facilities, 

warehouses and promotion centers were made using the 

AutoCAD 2016 program. Facility and warehouse locations 

are processed on Google Earth program with html web 

coding on online satellite map and satellite map is used 

interactively. 

Figure 3 shows the schematic drawing of Erdemli Aksıfat 

water source and drinking water tanks connected to this 

source as Figure 4 shows the locations of drinking water 

warehouses processed on the satellite map. Also the area 

where Erdemli Municipality WTP is marked on the satellite 

map indicated in Figure 5 [2, 3, 4, 15-19]. 

 

 
Figure 3. Schematic drawing showing Aksıfat water supply and 

drinking water reservoirs [2] 

 

2.5 Design of Water Information Management System 

Software (WIMS) 

 Water Information Management System software is 

created by making approximately 26606 data entries for 

Erdemli, including continuous and seasonal population 

projections, water demand and wastewater formation 

projections, warehouse-center for interactive satellite 

mapping-WTP drawings and visuals, pump maintenance-

repair, identification and schematic information [2, 4]. 

The WIMS software program is designed within the scope 

of the study; The C language is encoded in the C# interface. 

With the MySQL database connection, all collected data is 

easily accessible. The aim of the designed software program 

is to make the user interface simple, easy and understandable 

[4]. 

When the software program and the system are designed 

and coded, the data security is kept on the front panel and the 

user information is processed in encrypted form in the 

database. It is also aimed to ensure that each user's login time 

and IP address are registered and that the system operates at 

maximum security level [4].  

 



 

 

  

Figure 4. Demonstration of locations of drinking water tanks on 

satellite map [2, 4] 

 

The WIMS software aims to manage all data from a single 

center, to monitor the current status of urban centers and rural 

settlements related to drinking water and wastewater, and to 

provide detailed management and control capability from a 

single center [4]. In addition, designed software can be 

developed in modular manner and so can reduce the software, 

business and investment costs to minimum, uploaded 

information in a short period of time to provide 

transportation and computerized information is the main 

advantages of obtaining electronic output [4]. The user 

interface general view of the WIMS software program 

designed in this context is given in Figure 6. 

 

 
Figure 5. Display of Erdemli Municipality WTP on satellite 

map [3]. 

 
Figure 6. Water Information Management System user interface 

image [4]. 
 

3. Results and Discussion 

 When population projections for the 2015 TUİK 

population are compared to the population projections for the 

2050 target year, it is expected to increase by about 90% for 

the permanent population and about 80% for the summer 

population [2].  

It is predicted that Erdemli drinking water projections 

calculated for 2015 and 2050 will increase by about 80% of 

the demand and wastewater formation. The water resources 

in the district seem to be sufficient when compared to the 

projections calculated according to the year 2050. In the 

treatment of wastewater, the existing facilities need to be 

upgraded, revised and adapted to new treatment technologies 

[2, 3, 17]. 

Potential hazards for water resources; wastewater and 

sewage network projects of Kayacı, Sorgun, Koramşalı, 

Fakılı, Çamlı, Karahıdırlı, Karayakup, Sinap, Çiftepınar and 

Pınarbaşı neighborhoods should be done. This will not 

contaminate the source of drinking water and reduce 

chlorination costs [2]. 

In the summer months when the water demand is very 

high, there are water problems in Aydınlar - Sarıkaya, 

Arslanlı, Hacıalanı and Esenpınar districts, which are 

considered to be particularly springy. This is because the 

water is unplanned and used in the water. Development plans 

of residential areas can be solved by making drinking and 

wastewater projects and recording and using water [19]. 

Since water consumption in the rural areas decreases in 

winter, Aksıfat Drinking Water Supply can be integrated 

with Erdemli Drinking Water Network between October and 

June (about 9 months) for better quality and economical 

water usage. The corresponding connection is given by 

Figure 2. Settlements where drinking water and wastewater problems are most experienced in Erdemli District [2,4] 
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Figure 2 [2]. 

It is necessary to revise the insufficient drinking water 

reservoirs in the district. Automatic disinfection should be 

done by installing the storage chlorine automatic device. All 

these operations can easily be performed with the WIMS 

program designed for the study [2, 4]. 

Efforts should be made to reduce the rate of loss-fugitives. 

Subscriber registration system should be continuously 

updated. The number of subscribers should be compared 

with water consumption and water collection, and the cause 

of water leaks should be investigated by determining the 

difference between the two. There are water shortages during 

the summer months when there is a lot of water demand, 

especially in areas where water is unplanned and is 

considered as a springboard due to illegal use in the water. 

For this reason, it is extremely important to record and 

control the use of water [12-19]. 

 

4. Conclusions  

Waste water generated in the rural areas where there is 

not enough infrastructure system may cause danger to water 

resources in the district. For this reason, wastewater 

problems (zoning plans, sewerage network, package 

treatment facilities, etc.) of these areas must be resolved 

permanently and economically [2, 3] 

In Erdemli, the distance between the rural and the district 

centers is far away each other, the topography is rough and 

the transportation is quite difficult during the winter months. 

In the case of possible problems with these remote areas, 

technical service centers to be able to serve 24/7, and mobile 

support teams who can work continuously on their control, 

should be placed in central locations in the countryside. Any 

faults that may occur on this site will be eliminated in a short 

period of time to prevent water loss and infrastructure 

problems [2, 3]. 

Universities, non-governmental organizations, written 

and visual press should give information about saving of 

water, importance of water and irrigation techniques to the 

people of urban centers and rural areas [2, 3]. 
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Nomenclature 

WIMS : Water Information Management System 

WTP : Wastewater treatment plant 

GPS : Global Positioning System 

MySQL : Structured Query Language 
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 Dehydration is a food preservation process that allows to increase the availability of products on 

the market, as well as the introduction of new products. The objective of this work was to 

perform a comparative study of processes of dehydration of raspberry by freeze-drying 

(lyophilisation) or conventional drying. Raspberry is a perishable fruit, with about 85% (w/w) 

water content, and there is a need for preservation processes that generate new products with 

long term availability. Raw materials were subjected, or not, to blanching pre-treatments. It was 

analysed the effect of these treatments on physical parameters, such as water activity, colour and 

moisture content as well in the drying kinetics. It was found that conventional drying allowed to 

reduce water content to 20.7 to 35.8% while lyophilisation permitted to achieve values from 11.6 

to 14%. It was also observed that lyophilisation process correspond to higher colour difference 

indexes, ranging from 5.30 to 11.8 values. 
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1. Introduction 

Dehydration is a food preservation process that allows 

to increase the availability of the products in the market, 

as well as the introduction of new products. In 2015 it 

was estimated that the production of raspberry in Portugal 

reached the 7500 tons, being 90% for exportation. The 

raspberry is the second most exported fruit in Portugal, 

with sales of about 64 M€. Besides conventional drying, 

lyophilisation is an alternative way to remove excess 

water from food [1-3]. It is a drying process based on 

water sublimation from the material caused by 

application of low pressure on frozen material. This 

technique results in high-quality dehydrated products [4-

6]. Also freeze drying processing of this fruit permits the 

extraction of oils that can be used as by-products 

reducing losses and increasing the development of new 

products [7]. It was also been proofed that even after 

long-term storage and despite exposure to atmospheric 

oxygen, freeze dried berries retain the antioxidant 

properties of the raw material to a very high degree [8]. 

Physical and chemical pre-treatments are also of great 

importance, as they allow to improve the quality of 

products or change their nutritional characteristics [9,10]. 

In this work a study of the physical parameters and the 

drying kinetics of untreated and pre-treated samples of 

raspberry, a different raw material from the previously 

studied in cited literature, was performed, using 

lyophilisation or conventional drying.  

 

2. Materials and methods  

2.1 Raw materials and pre-treatments  

The selection of the raw material is of great importance 

as it will interfere with the dehydration process. 

Raspberries are classified as fruits with high respiratory 

rate, that is, the higher the respiratory rate of the fruit, the 

lower its lifespan and the lower their ability to be 

conserved. Therefore the importance in developing 

alternative ways of fruit conservation [11]. The fruit must 

have good quality and with a state of maturity that allows 

a good quality of the final product because those aspects 

will influence the step of freezing and the drying kinetics 

[12]. Raw materials were bought from local producers 

and washed with deionized water. Samples were dried 

either untreated or subjected to blanching processes with 
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sodium hydroxide (NaOH), calcium chloride (CaCl2) and 

ascorbic acid (C6H8O6). For blanching with NaOH it was 

used an aqueous solution with 10 to 20 g/L of boiling 

water that was finally neutralized with ascorbic acid. For 

the blanching process with CaCl2 it was used a 0.5% 

concentration aqueous solution at 95 °C. Finally for the 

blanching process with ascorbic acid, to inactivate the 

enzymatic activity [13], it was used a solution of 10 g/L. 

At the end of each pre-treatment the samples were passed 

through a cryogenic solution and finally closed in a 

plastic bag. 

2.2. Dehydration processes 

Both blanched and untreated samples were subjected to 

dehydration processes either by freeze drying 

(lyophilisation) or conventional drying. The equipment for 

the lyophilisation process was a Labconco liophylizer, 

model Freezone 6 Plus. The drying chamber has bottles 

where the raw material is hermetically closed under 

vacuum. The operating conditions were p = 0.14 mbar and 

T = - 89 °C.  During freeze-drying weightings of samples 

were made in an analytical balance, with an accuracy of 

0.0001 g, in order to assess the loss of mass. For the 

conventional drying it was utilized an industrial oven, from 

Zanussi, Italy, with programmed temperature at T = 40 °C. 

At this temperature the blanching can have significant 

effect on drying kinetics [14]. Once again, samples were 

periodically weighted to access the loss of mass. 

2.3. Analytical methods 

Water activity, aw, was measured at 25 ºC using a water 

activity meter (Aqualab Series meter 4TE), with an 

accuracy of ± 0.003, by detecting the dew point of the 

samples. At least three iterations were made for each 

sample. 

Water content (%) was measured by weighing the 

samples, in an analytical balance with accuracy of 0.0001g, 

before and after the drying processes. At least three 

repetitions were made for each type of samples. 

Colour measurement is very important to the consumer, 

at first impact with the product, and could lead him to 

accept or reject it [15]. The measurement of the colour was 

made with a Konica Minolta colorimeter. The parameters 

that were evaluated, accordingly with the l*, a*, b* system, 

are the lightness coefficient, l*, the red colour coefficient, 

a* and the yellow colour coefficient, b*. Then the relative 

colour difference index, E, is calculated from the 

following equation 

 

( ) ( ) ( )  2
1

2*0*,2*0*,2*0*, bbaallE −+−+−=
    (1) 

 

where the  superscripts *,0 refers to the colour coefficients 

of raw (undried) materials. For ΔE  2.3 samples are equal 

in terms of colour and if ΔE  2.3 then samples are different 

in colour [16].  

2.4. Statistical analysis 

The statistical analysis of the results of dryings was made 

with the statistical software Action (Software Action. 

http://www.portalaction.com.br/), integrated in the 

Microsoft Excel 2010. The Tukey test was used for 

multiple comparisons tests to study the magnitude of 

differences between two means of parameters at a 

significance level of 5% (or 0.05). If we have means 

followed by equal letters the difference between the two 

means do not differ significantly by the Tukey test, 

otherwise they will be statistically significant. 

 

3. Results and Discussion 

3.1. Influence of the pre-treatments in evaluated 

parameters 

In table 1, there are summarized the results obtained for 

the evaluated parameters, and described in the previous 

section, for freeze-drying and conventional drying. Control 

samples correspond to the undried raw materials. 

Comparing the two control samples they are a little 

different due to the fact that we have used for both tests 

different batches of raspberry. An observation of the results 

for the water activity parameter shows that there is a clear 

reduction of aw from conventional drying to freeze-drying, 

being more pronounced for the samples with pre-treatment 

with CaCl2. For the water content parameter there are also 

differences between the control samples and the remaining 

samples, with a decrease of water content from 

conventional drying to freeze drying. The lyophilised 

samples with blanching pre-treatment have shown the lower 

values. The analysis of the relative colour difference index 

shows that conventional drying presents less colour change 

than freeze-drying. The sample of conventional drying with 

ascorbic acid pre-treatment has a ∆E ≤ 2.3 so the difference 

is not significant. In freeze-drying the sample with the pre-

treatment of ascorbic acid have shown the lower colour 

change as for the conventional drying. 

3.2. Analysis of the drying kinetics 

There are several methods for modelling the drying 

kinetics, including theoretical, empirical and semi-empirical 

models. The theoretical models consider the external 

conditions as the process unfolds and the internal 

mechanisms of transfer of energy and mass. Empirical 

models are based on experimental data and the 

dimensionless analysis. These models follow a relationship 

between the average moisture content and drying time [17]. 

They omit the basics of drying process and the parameters 

have no physical meaning. Semi-empirical models based on 

the Newton's law of cooling or Fick’s second law for 

diffusion include the Henderson and Pabis model, Lewis 

model and the Page model [18-20].  
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Table 1. Obtained parameters for the lyophilization or 

conventional drying of raspberry. Samples with different letters 

in the same column are significantly different. 

 

In this work, and due to its simplicity, the experimental 

drying curves were modelled with the Page model, given by 

the equation: 

)exp( n

ei

e kt
xx

xx
MR −=

−

−
=                                         (2) 

where MR represents the moisture ratio (dimensionless), 

x is the moisture content at any time, xi the initial 

moisture content, xe the equilibrium moisture content, k is 

the drying rate constant and n it’s a constant 

(dimensionless). Experimental data was adjusted to 

equation 2. Data is summarized in table 2. 

Figures 1 and 2 show the modelled curves for the drying 

kinetics of raspberry samples by lyophilisation or 

conventional drying, respectively. Figure 3 summarises 

all the curves in order to compare the different 

behaviours. Analysing the kinetics of freeze-drying of 

raspberry (Figure 1), we can see that the pre-treatments 

influence the drying curves. In the case of drying pre-

treatments with NaOH and ascorbic acid they follow the 

same drying kinetic. The drying with pre-treatment with 

CaCl2 is more efficient. For the oven-drying kinetics 

(Figure 2), initially all samples with pre-treatment have 

the same behaviour and are more efficient than the drying 

without pre-treatment. Once again, raspberry drying is 

faster with pre-treatment with CaCl2. 

 

 

Table 2. Parameters of the Page model (equation 2) for the 

drying processes, and correspondent correlation coefficient, r2. 

 

Comparing the drying kinetics for freeze-drying and 

conventional drying (Figure 3) for all the pre-treatments, 

it is noted that initially the sample curves for 

conventional drying with CaCl2 and NaOH pre-

treatments are the fastest. In general, conventional drying 

is faster at the beginning but over time freeze-drying 

reaches higher levels of dehydration. 

4. Conclusions 

Experimental dryings of raspberry samples by 

conventional drying in oven at T = 40 ºC and by 

lyophilisation at p = 0.14 mbar and T = - 89 ºC were 

performed. Several pre–treatments were applied, in order 

to evaluate the effect in the final product physicochemical 

characteristics. It can be concluded that the pre-

treatments affect the final product characteristics in terms 

of the evaluated parameters. The pre-treatments with 

NaOH and CaCl2 of freeze-drying are the most efficient 

in lowering the humidity of raspberry.  The dryings that 

change less the colour of samples are the conventional 

ones without treatment and with pre-treatment with 

NaOH. With the results obtained along the dryings, data 

was mathematical adjusted to the experimental data with 

the Page model to describe the kinetics of drying. The 

Drying 

Process 

Sample Water 

activity 

Water 

content 

(%) 

E 

 

L
y
o
p
h
il

is
at

io
n
 

Control 0.9882 a 87.6 a - 

Without 

treatment  0.2376 de 14.0 d 8.10 

Blanching NaOH 0.2915 d 11.7 d 6.50 

Blanching CaCl2 0.0958 e 11.6 d 11.8 

Blanching 

ascorbic acid 0.2750 d 11.8 d 5.30 

 

C
o
n
v
en

ti
o
n
al

 D
ry

in
g
 

Control 0.9949 a 85.5 a - 

Without 

treatment 0.7027 b 35.8 b 5.12 

Blanching NaOH 0.4839 c   21.1 cd 3.82 

Blanching CaCl2  0.5997 bc   20.7 cd 2.42 

Blanching 

ascorbic acid  0.6151 bc   27.4 bc 2.07 

Drying Process k/h-1 n r2 

Lyophilisation, 

without treat. 

0.08083 1.0380 0.9995 

Lyophilisation, 

NaOH 

0.10651 1.0002 0.9993 

Lyophilisation, 

CaCl2 

0.09256 1.0880 0.9995 

Lyophilisation, 

Ascorbic acid 

0.09731 1.0276 0.9993 

Conventional, 

without treat. 

0.14769 0.68852 0.9664 

Conventional, 

NaOH 

0.35358 0.56435 0.9852 

Conventional, 

CaCl2 

0.37479 0.54676 0.9790 

Conventional, 

Ascorbic acid 

0.26842 0.57730 0.9766 



 

 

 

a) b) 

c) d) 

drying kinetics of raspberry for freeze-drying and 

conventional drying show that the samples with CaCl2 

Figure 2. Drying kinetics for conventional drying: ○ exp; ▬   Page model. a) without treatment; b) blanching with NaOH; c) blanching with 

CaCl2; d) blanching with ascorbic acid 

a) b) 

c) d) 

Figure 1. Drying kinetics for freeze drying: ○ exp.; ▬   Page model. a)  without treatment; b) blanching with NaOH; c) blanching with CaCl2; d) 

blanching with ascorbic acid 
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drying kinetics of raspberry for freeze-drying and 

conventional drying show that the samples with CaCl2 

pre-treatment improve the drying rate. Comparing the 

two technologies, freeze-drying and conventional drying, 

it was noted that conventional drying is faster initially 

although the freeze-drying allows achieving higher levels 

of dehydration. The water contents for conventional 

drying ranged from 20.7 to 35.8% while for 

lyophilization values from 11.6 and 14.0% were obtained. 

Drying kinetics are very different what is reflected in the 

kinetic parameters. The k parameters of the Page model 

change from 0.08083 to 0.10651 h-1 for lyophilisation and 

from 0.14769 to 0.37479 h-1 for conventional drying, 

while the n parameters are much higher for lyophilization 

ranging from 1.0002 to 1.0880 values. Since there are 

other factor that are also important, like the difference 

colour indexes, the choice of technology and pre-

treatments applied to the raw material should be chosen 

accordingly with the final purpose for market application. 

This work showed that the dehydration processes are 

effective for long term storage of this fruit, what is very 

important for the producer’s economy.  

Nomenclature 

a* : red colour coefficient    

aw : water activity 

b* : yellow colour coefficient 

k : drying rate constant (Page model) 

l* : lightness coefficient 

MR : moisture ratio 

n : dimensionless constant of the page model 

p : pressure 

t : time 

T : temperature 

E : relative colour difference index  
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 Effects of different Aspergillus niger strains on main nutritional components of grape seed in 

solid-state fermentation were investigated in this study. Grape seeds were fermented with three 

different A. niger strains which are ATCC 9142, ATCC 200345 and ATCC 52172. Fermented 

and unfermented grape seeds were analyzed for crude protein, ether extract, ash, crude fiber, 

neutral detergent fiber (NDF), and acid detergent fiber (ADF). Unfermented grape seeds (control 

group) and fermented groups: FG1 (ATCC 9142), FG2 (ATCC 200345) and FG3 (ATCC 52172) 

were compared each other depending on the results of chemical analyses. Crude protein 

increased (p < 0.001) with fermentation in all groups and the highest increases were observed in 

FG2 and FG3 groups. Ether extract was similar with control in FG1 group but decreased (p < 

0.001) in FG2 and FG3 groups. Ash content increased (p < 0.001) through fermentation in all 

groups, the highest increases were noted in FG2 and FG3 groups. Crude fiber, ADF, NDF and 

nitrogen-free extracts (NFE) were decreased with fermentation in all groups (p < 0.001). 

Whereas the highest decreases of NFE were observed in FG1 and FG2 groups, the highest 

reduction in crude fiber, ADF and NDF were ocurred in FG2 group. These results showed that 

nutritional quality of grape seeds can be improved by A. niger solid-state fermentation and the 

best results were taken from ATCC 52172. 
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1. Introduction 

Grape is one of the most produced fruits in the world 

with 77 million tons of annual production [1]. Grape seed 

is a by-product emerges by processing of grapes in fruit 

juices and wine factories [2]. It is rich in polyphenols 

such as proanthocyanidins (catechin, epicatechin, 

epicatechin-3-O-gallate; [3]). These polyphenols have 

antimicrobial, antioxidant and anticarcinogenic properties 

[4]. 

Positive results have been obtained from animal 

experiments on grape seed. Grape seed has antioxidant 

effects on lamb meat [5] sheep milk [6], poultry meat [2, 

7] and egg [8]. Besides, it enhanced growth performance 

in Eimeria tenella infected broilers [9], increased 

antibody titer against Newcastle Disease Virus [2] and 

inhibit the deterioration of jejunal epithelial cells in the 

bulls exposed to heat stress [10]. 

Grape seed can increase milk production [11, 12], milk 

calcium, iron [12] and fatty acid content [6] in sheep. It 

has been also reported to increase the fatty acid levels in 

egg yolk [13] and chicken meat [14]. 

Grape seed can reduce methane emission from 

ruminants. Studies showed that grape seed can diminish 

methane production by 20% without affecting microbial 

fermentation in rumen [15, 16]. Condensed tannins in 

grape seed can increase the efficiency of feed protein by 

preventing proteins from ruminal digestion [17] and 

reduce blood urea level hereby [18]. 

Grape seed having positive effects on animals with its 

active components has been reported to be used at limited 

level in animal feed because of having less digestibility 

due to high crude fiber content [19, 20]. Fermentation is a 

method that can be used to improve digestibility of 

agricultural by-products [21]. Enzymes produced by 

microorganisms during fermentation can break down 

cellular structure of the substrate and thus increase its 

digestibility [22]. Besides microorganisms can increase 

protein, amino acid, ether extract, mineral and vitamin 
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content of substrate with fermentation [23]. Fermentation 

is divided into liquid-state and solid-state fermentation. 

Solid-state fermentation is preferred method due to low 

cost, suitability for working with agricultural by-products 

and less risk of bacterial contamination [24]. Solid-state 

fermentation refers to microbial reproduction in moist 

substrates without free water [25]. Aspergillus niger is a 

filamentous fungus that can grow rapidly in low-water 

environments [26] and, therefore, used widely in solid-

state fermentation of agricultural by-products [27]. In this 

study, it was aimed to enhance the nutritional 

composition of grape seed by A. niger solid-state 

fermentation for making available to be used in animal 

nutrition. 
 

2. Material and Methods 

2.1 Microorganisms and substrate 

A. niger strains were obtained from the American Type 

Culture Collection (ATCC). The strains were ATCC 

9142 (FG1), ATCC 200345 (FG2) and ATCC 52172 

(FG3). 

Grape seeds were provided from a grape juice factory 

in Turkey and stored at -20 °C till fermentation. 

 

2.2 Solid-state fermentation 

Grape seeds were milled to a size of 2 mm before 

being sterilized by autoclaving at 121 °C for 15 min. The 

nutritional salt (glucose:urea:(NH4)2SO4:peptone: 

KH2PO4:MgSO4.7H2O=4:2:6:1:4:1) were mixed to the 

substrate to encourage microorganism to grow after 

sterilizing phase. Each A. niger strain cultured in Potato-

Dextrose-Agar (PDA) was added to grape seed substrate 

at 104 spores and uninoculated grape seeds were assigned 

as control. Samples were incubated at 60 °C for 48 hours. 

Afterwards, samples were dried at room temperature for 

6 days in which samples reached approximately 90% dry 

matter. Three replicates were prepared for each treatment. 
 

2.3 Main nutritional components analysis 

Ash (method, 942.05), crude protein (method, 976.06), 

ether extract (method, 920.29), crude fiber (method, 

973.18) analyses of grape seeds before and after solid-

state fermentation were conducted [28]. Neutral detergent 

fiber (NDF) and acid detergent fiber (ADF) analyses 

were conducted according to Van Soest et al. [29] using 

the ANKOM2000 fiber analyzer (ANKOM corporation® 

Technology Fairport, NY). Measurement for each sample 

was conducted three times. 
 

2.4 Statistical analysis 

All of the experiments were carried out in triplicate, 

and results were expressed as means with pooled standard 

error of means (SEM). Differences between treatments 

were tested using ANOVA and Duncan’s multiple range 

test (SPSS 21.0 Statistics). p values ≤ 0.05 were 

considered statistically significant. 
 

3. Results and Discussion 

Nutritional changes in grape seed by A. niger solid-

state fermentation are given in Table 1 and photos before, 

during and after fermentation are shown in Figure 1. 

Nutritional composition of grape seeds changed with A. 

niger solid-state fermentation. Crude protein content 

increased (p < 0.001) in all groups whereas the higher 

increases were obtained in FG2 and FG3. Crude fiber 

content was decreased (p < 0.001) in all groups and the 

highest reduction was observed in FG2. Ether extract 

content was decreased in FG2 and FG3 but remained the 

same in FG1. Ash content was increased in all groups 

with the higher increases in FG2 and FG3. Nitrogen-free 

extract (NFE) was decreased in all groups with the higher 

decreases in FG1 and FG3. NDF and ADF were 

decreased in all groups, and the higher decreases 

occurred in FG2 and FG3. 

 

  

  

  
Figure 1. Photos before, during and after fermentation, a) 

unfermented grape seed, b) fermentation stage, c) grape seed 

fermented by ATCC 9142 (FG1), d) grape seed fermented by 

ATCC 200345 (FG2), e) grape seed by fermented ATCC 52172 

(FG3) 

Table 1. Nutritional changes in grape seed by Aspergillus niger 
solid-state fermentation 

Composition (%) G FG1 FG2 FG3 SEM P 

Crude Protein 10.13c 25.94b 29.50a 29.49a 2.415 *** 

Ether Extract 12.50a 13.21a 9.82c 11.68b 0.394 *** 

Ash 3.88c 7.99b 8.72a 8.84a 0.614 *** 

NFE 26.06a 13.17c 15.72b 12.71c 1.632 *** 

Crude Fiber 47.43a 39.69b 36.25d 37.30c 1.325 *** 

NDF 64.01a 52.30b 48.98c 49.13c 1.857 *** 

ADF 57.14a 47.85b 43.21c 43.34c 1.708 *** 

***: <0.001; a,b,c: Means having different superscripts differ (p < 0.05) 

G: unfermented grape seed, FG1: grape seed fermented by ATCC 9142, 

FG2: grape seed fermented by ATCC 200345, FG3: grape seed 

fermented by ATCC 52172 

(a) (b) 

(c) (d) 

(e) 
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Nutritional composition of agricultural by-products can 

be enhanced with solid-state fermentation [30]. Aderemi 

and Nworgu [31] reported that cassava root and peels’ 

crude protein content increased while crude fiber, NDF, 

and hemicellulose content decreased with fermentation. 

Similarly, cassava starch residues’ crude protein, ether 

extract, ash content increased and crude fiber, NDF, ADF 

content decreased with fermentation [21]. Similar 

findings were reported in the studies on olive leaves [30] 

and Gingko biloba leaves [23, 27]. In this study, 

nutritional composition of grape seed was improved by A. 

niger solid-state fermentation with increases in crude 

protein, ether extract and ash content, decreases in crude 

fiber, NDF, ADF and NFE content. 

Structural carbohydrates such as cellulose, 

hemicellulose, and lignin reduce digestibility of feeds 

because they are difficult to digest by animals [39]. For 

this reason, structural carbohydrate content is an 

important sign for estimating the feed’s digestibility [30]. 

In this study, structural carbohydrate content of grape 

seeds such as crude fiber, NDF, and ADF decreased by 

fermentation. A. niger has been reported to produce 

cellulase in solid-state fermentation [30] It is thought that 

cellulase degraded the structural carbohydrates and it 

caused reduction in crude fiber, NDF and ADF content. 

Similar results were obtained from the studies on cassava 

pulp and peels [31], cassava starch residues [21] and shea 

nut [36]. However, these results are different from the 

results of the studies on cassava peels [35] and sour 

cherry kernel [38]. Differences in the results may be due 

to the fact that different strains were used in the studies or 

fermentation conditions were different. Indeed, Güngör et 

al. [38] reported that different strains had different effects 

on the same substrate. 

Increase in ash content is line with the studies on 

cassava peels [35], cassava starch residues [21], shea nut 

[36] and sour cherry kernel [38] but not in line with the 

study that cassava pells’ ash content was not changed 

with fermentation [21]. 

It has been reported that different A. niger strains affect 

substrate differently with regard to ether extract content 

[38]. Similarly, grape seed was affected differently by 

different A. niger strains in this study. Ether extract was 

decreased in FG2 and FG3 while remained at the same 

level in FG1. These results are consistent with the studies 

on cassava [35], pomegranate peel and creosote bush 

leaves [40] and sour cherry kernel [38]. However it was 

reported that the ether extract content was increased with 

fermentation of shea nut [36] and cassava [21], unlike our 

study. 

Soluble carbohydrates are firstly preferred to other 

nutrients for carbon sources by fungi [41]. In fact, NFE 

level of grape seed decreased with fermentation in this 

study. This result is in an agreement with the studies on 

cassava peels [21, 35] and cassava bagasse [33]. 
 

4. Conclusion 

Nutrient enrichment in the grape seed was achieved by 

fermentation. Crude protein and ash contents were 

increased with fermentation, and higher increases were 

obtained from ATCC 200345 and ATCC 52172. Crude 

fiber, ADF, and NDF contents were reduced in all groups 

and the highest reduction was obtained by ATCC 

200345. Ether extract level remained at the same level in 

ATCC 9142 used group but decreased by ATCC 200345 

and ATCC 52172. NFE level decreased in all groups; the 

higher decreases occurred by ATCC 9142 and ATCC 

200345. These results showed that A. niger can improve 

nutritional composition of grape seed. Also, different A. 

niger strains (ATCC 9142, ATCC 200345, ATCC 52172) 

had different effects on grape seed, suggesting that 

ATCC 200345 may be used for nutritional enrichment of 

grape seed. 
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1. Introduction 

Cotton fabrics provide an excellent environment for 

microorganism proliferation because of high moisture 

sorption and a large surface area. Some researchers believe 

that in hospitals, contaminated textiles might be an 

important source of microbes contributing to the 

transmission of nosocomial-related pathogens [1,2]. There 

are many ways to control microbial growth on textiles, such 

as incorporating antibacterial agents into fibers by coating. 

The most important antibacterial substances used in textile 

finishing are quaternary ammonium salts, chloro-ether 

phenols, poly (hexamethylene biguamidyene), silver and its 

compounds, organic-silicones [3-5]. 

Nanoparticles are clusters of atoms in the size range 1-

100 nm. 

With current advances in nanotechnology, different 

types of metal and metal oxide nanoparticles were 

applied in many researches for achieving antimicrobial 

activity [1-9]. Currently, some noble metal NPs have 

been largely examined and are well known for their 

antibacterial effects [8]. 

Copper and silver are very common in use for their 

antimicrobial properties [10]. Example of, the Cu NPs 

indicated higher antibacterial effect relative to the silver 

NPs against E.coli [19, 20]. The production of thin coated 

films surfaces  are based on coating solid surfaces with a 

thin film of metal such as copper, silver or titanium, 

utilized by different techniques [11].Thin coated films 

surfaces are in contact with human skin be accomplished 

by using solid copper or copper alloy equipment. 

In this text, copper (Cu) and nickel (Ni) are good 

option materials because they are more economical than 

gold and silver. It has already been amounced that Cu 

NPs [10-13] and copper oxide NPs [14-18] have 

antimicrobial activity. 

The purpose of this study was to evaluate micro Cu (I) 

O and two different cross linkers as an antibacterial agent 

on cotton fabrics versus Staphylococcus aureus and 

Escherichia coli. The durability of the antibacterial 

activity of the treated substrates versus laundering twenty 

times was also examined. 

In this study, FT-IR spectroscopy and SEM were used 

to describe CuO NPs. The antibacterial activity of these 

NPs on two pathogenic species with antibacterial 

resistance characteristic, Escherichia coli ATCC 25922 

and Staphylococcus aureus ATCC 43300, was assessed. 

http://www.dergipark.gov.tr/
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2. Material and Method 

2.1 Materials 

2.1.1 Chemicals 

Copper(I)oxide (Cu2O), cross-linked(blocked 

isocyanate, glycid methacrylate) 

Bleached cotton fabrics, polyurethane binder and 

polysiloxane additive. 

 

2.2 Methods 

2.2.1 Copper oxides particles applied to cotton fabrics 

Experiments were applied samples with size of 

40cmx30cm. Cotton fabrics were coated with copper 

micro and nanoparticles coating bath at concentrations of 

0,5% and 1%. Samples were dried at 100 °C for 2 min. 

Curing was done at 150 °C for 2 min.  

The antibacterial activities of the untreated and treated 

fabrics with coating bath which including copper oxide 

particles were evaluated after being displayed to recast 

washing periods (ten and twenty washing periods). 

Rinsing was performed with a machine set for warm 

water containing, 2% sodium carbonate and soap. After 

each rinsing (45 min), the fabrics were plummet dried in 

a dryer at 700C. 

2.3. Characterization techniques 

Constructural and optical properties of the CuO micro 

and nanoparticles l were established by using SEM 

(Scanning Electron Microscopy) FTIR (Fourier 

Transform Infra-Red Spectroscopy) in the wavelength 

distance of 400-4000 cm -1 . 

2.3.1 Antibacterial activity 

Bacterial strains were acquired from the Uludag 

University Medical Faculty, Department of Microbiology 

and Infectious Diseases. The culture media; Agar-agar 

Type-I and chemicals; were used for the surge of 

bacteria. 

The antibacterial behavior of the coated fabrics was 

tested for two bacterial strains; Gram-negative 

Escherichia coli and Gram-positive Staphylococcus 

aureus.  

Roughly, 25 ml of liquefied and frigid nutrient agar 

media was flowed in the sterilized petri dishes. The plates 

were left over night at room temperature to check for any 

pollution one. The bacterial test organism S.aureus and 

E.coli were grown in nutrient chowder for 24 hours at 37 
0C. A 100μl nutrient chowder culture of each bacterial 

organism was used to got ready bacterial lawns. Agar 

wells were got ready with the aid of a sterilized stainless 

steel cork borer. 

In order to study the antimicrobial activity of the 

fabrics; the samples of 1 cm2 fabrics were taken 

randomly and placed in a sterile flask. Each square fabric 

was placed in a sterile flask. Tryptone soy chowder (2.2 

ml) was then added to each vial to obtain a total volume 

of 3 ml. An aliquot (10μl) of S.aureus suspension was 

added to each flask (1.6x103/ml). Control chowders with 

and without bacterial vaccination were also incorporated. 

The vials were then incubated with agitation at 350C. 

Aliquots of 10μl chowder were sampled at 24 h and serial 

dilutions for the a liquots were got ready in chowder. The 

bacterial activity was assessed after 24 h and appraised % 

rebate of the bacteria using the following equation: 

                           R (%)= [(A-B)/A]x100                        (1) 

where R is the rebate rate, A is the number of bacterial 

colonies from untreated fabrics, and B is the number of 

bacterial colonies (Duran, Marcato, De Souza, 

Alves&Esposito,2007). 

3.Results and Discussion 

3.1 FTIR Spectroscopy 

FT-IR analysis was used to examine the presence of 

the chemical bonds in the coating path structure in the 

utilized cotton. The FT-IR spectra of the cotton fabrics 

pretreated in the formulations were given in blue color. 

The characteristic peaks of the cotton fabrics pretreated in 

the spectra are summarized in Table 1. In the FTIR 

spectrum (Figure 1) the peak appearing in the range 

1732-1750 cm-1 is due to C=0 groups in the ester groups. 

Bands observed at 1374 and 1383 cm-1 are characteristic 

of –CH-groups. In addition, the spectrum shows at 1083-

1088 cm -1 to C-O groups. The tensile vibrations of the -

OH groups of the cotton fiber structure give wide and 

severe bands at 3325 cm-1. Glycid methacrylate cross-

linker with antibacterial coating path when the FTIR 

spectrum of the coated cotton fabric is examined; 

aliphatic esters in the structure of glycid methacrylate 

carbonyl groups in the isocyanate structure at 1740 cm-1 

appears to give a sharper peak. This gives us the 

antibacterial Cu (I) O chemical shows better binding of 

cotton fiber together with the coating path. 

Table1. FTIR spectrum information of pretreated cotton fabric 
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Figure 1. FTIR spectra of Cu (I)O micro particles 

3.2. Morphology of the coated cotton fabrics 

The cotton fabrics were coated copper oxide coating 

bath. Samples were dried at 1000C for 2 min tracked by 

curing for 2 min. at 1500 C. 

The SEM images of cotton fabrics before (untreated) 

and after (treated) coated with micro Cu (I)O bath are 

shown in figures 2a-2b. 

The SEM image in Figure 2a illustrates the flat 

construction of the cotton fabrics before coating with Cu 

(I)O micro particles. After coating, the homogeneous 

deposition of Cu(I)O micro particles on the cotton fabrics 

was shown in Figure 2b. Figure 2b indicate the 

appearance of small particles, most probably Cu(I)O 

micro particles on the cotton fabric surface. 

 

Figure 2a.SEM images of untreated cotton fabric. 

 

Figure 2b. SEM images of Cu (I)O  <5μm particles on cotton by 

using concentrations of 1%. 

3.3. Efficiency and durability of the micro copper oxide 

particles with two different cross linkers-based 

antibacterial coating 

Table 2. The effect of repeated washing periods on antibacterial 

coating bath with iso-cyanate cross linker  

Number of 

washing 

  Bacterial     

reduction(%) 

 

 S.aureus                           E.coli 

Before washing 100% 97,98% 

After10 periods 97,62% 93,94% 

After20 periods 94,42% 89,44% 

 

Table 3. The effect of repeated washing periods on antibacterial 

coating bath with glycid methacrylate crosslinker  

Number of 

washing 

  Bacterial     

reduction(%) 

 

 S.aureus                           E.coli 

Before washing 98,81% -203,03% 

After 10periods 95,24% -203,03% 

After20 periods 92% -203,03% 
 

Results of Table 2  was so clear that 1% of copper 

oxide particles are enough to cause  antibacterial 

properties to cotton fabric. However, approximately 94% 

and 89% of the communicated antibacterial properties 

with the isocyanate cross-linker against S. aureus and 

E.coli bacteria are lost under the effect on  twenty 

washing periods, respectively. 

It is apparent to the Table 3 that, in spite of the 

concentration of Cu(I)O <5μm  particles used for 

treatment, the  bacterial colonies decrease was always 

higher than 90% against  S.aureus and the increase of 

bacterial colonies was 200% versus E.coli for Cu(I)O  

treated samples with  washing periods. 

The rebate of bacteria was noted after ten washing  

periods for cotton fabrics coated by knife-over coating 

method. Whereas the samples treated by coating method 

showed the bacterial colonies to values slightly higher 

than 90%.The treated cotton fabrics were washed for ten 

and twenty periods. The antibacterial efficacies were 

tested.The marginal rebate was obtained in antibacterial 

properties. Coating bath formulation containing 86,5% of 

the binder is given in the Table 4. 

 

Table 4. Coating  bath formulation containing 86,5% of the 

binder. 

Cu(I)O microparticles                        1% 

Binder                                               86,5% 

Coating thickness                              0,1mm 

Drying                                              100ºC/2 min 

Curing                                              150ºC/2 min 



 

 

 
It is observed that inclusion of copper oxide 

concentration  in coating bath formulation increase  

antibacterial properties of cotton fabric even after twenty 

washing periods. Fabrics coated with micro copper oxide 

particles at concentration of 1% in the existence of binder 

demonstrate bacterial rebate values of 94% and 89% for 

S.aureus and E.coli, respectively. Cotton fabrics having 

excellent antibacterial properties and with washing 

resistant could be acquired by treating the fabrics with a 

bath of copper(I)oxide having particle size of 5µm in 

existence of a binder as defined in this work. 

4. Conclusion 

There is a growing body of scientific evidence with 

proves the antibacterial properties of Cu(I)O microparticles 

against various bacterial species, including E.Coli and 

S.aureus bacteria. Based on the literature, in some cases 

CuNPs denoted higher antibacterial effect relative to the 

silver NPs. 

The disk diffusion test method of cotton fabrics 

described  provides good  antibacterial properties, as well as 

resistance to washing, at a concentration of Cu(I)O 

microparticle of about 1% (w/w). 
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 According to Turkish Statistical Institute data (2011), it is known that approximately 6.6% of the 

population in Turkey is composed of disabled people and the highest rate of disability is from 

physical disabilities. It is observed that the freedom of movement of physically handicapped 

individuals is very limited in the environment and housing areas, and the existing regulations do 

not fully respond to the needs. It is difficult for people with physical disabilities to use furniture, 

fixtures and fixtures designed for normal people. The washbasins in bathrooms and toilets, which 

are the most special parts of homes and workplaces, need to be arranged for individual use without 

physical support for individuals with physical disabilities. In this way, disabled individuals will be 

able to live their lives without the need of others, at least by labor. In this study, a height adjustable 

washbasin was designed as a solution to minimize the difficulties caused by arrangements in the 

wash basin in bathrooms and toilets, one of the places where disabled people are most distressed 

in living spaces and public spaces. This study has been designed and manufactured not only for 

disabled people but also for the children and the elderly, especially those with physical 

competence, which will facilitate the life of each individual.  

 

 

 

© 2018, Advanced Researches and Engineering Journal (IAREJ) and the Author(s). 
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1. Introduction 

According to the World Health Organization; 

"Disability; a deficiency or disability means a 

disadvantageous situation that prevents and restricts the 

ability to engage in activity on a particular person and 

which may be regarded as normal according to the age, 

gender, social and cultural status of that person" [1, 2]. A 

person with a disability is defined as a person who is in 

need of protection, care, rehabilitation, counseling and 

support services because he or she is unable to meet the 

requirements of normal life due to loss of physical, mental, 

mental, emotional and social skills after birth or afterwards 

[3]. 

Approximately 6.6% of Turkey's population is said to 

consist of people with disabilities [4]. Hospitals, schools, 

universities etc. are required to carry out studies to address 

the needs of individuals with disabilities [5]. The design of 

household appliances, furniture, etc., has a great prospect 

among these works so that people can live on their own 

without needing anyone. Urban design approaches have 

begun to be adopted in order to enable people to live in the 

street as well as to live on the street in the same way and 

to be able to experience the freedom in the house in the 

same way and sensitive approaches to disability are 

planned in the planning of physical spaces such as 

buildings, buildings, streets, pedestrian roads, 

transportation networks [6]. The city plans pioneered by 

the European countries have become an example to other 

countries, and over time, "disability" has begun to take 

place among the city plans and strategic plans of many 

countries [7]. In order to reduce the difficulties of people 

with disabilities in their daily lives, it is of significant 

importance that the washbasins in bathrooms and toilets 

are made suitable for their use. Elevation is one of the most 

important parameters in the design of the washbasin. 

People need to go to a stand-by position in order to use the 

washbasin, depending on their length and the activity to be 

performed. The effect of height on human health is very 

important in this context. In addition, the height adjustable 

washbasin design will allow children to get cleaner 

education at a young age and make it easier for the elderly 

to use the washbasin. In this study, it was aimed to 

ergonomically design washbasins in bathrooms and toilets 

that are frequently used by children, elderly people, 

http://www.dergipark.gov.tr/
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especially disabled people, in their living spaces. For this; 

height adjustable washbasin design. In this way, it has 

been tried to design a design that will facilitate the life of 

each individual who has physical disabilities, especially 

disabled individuals, children and the elderly. 

 

2. Literature Research  

Height adjustable washbasin design; are necessary to 

improve the living standards of disabled people, children and 

the elderly. In a study by Moon and Bae [8], a height-

adjustable washbasin-based design was developed based on 

Korean anthropometric data. Using the human model, waist 

movements were examined when subjects performed hand 

and face washing movements. A prototype from the test 

results was made and a confirmation test of the guide was 

carried out using a height adjustable washbasin and it is 

reported that the height adjustable washbasin is more 

beneficial for people with disabilities when compared to a 

conventional washbasin at constant height. In a study by 

Goto and his colleagues [9], they conducted a study on 

whether the existing washbasin heights are still valid with 

rapid aging in Japan. During the face wash, both the tap and 

the cabinet were tested to examine the preferred height. 

Senior people were asked to wash the face without any 

compulsion and the preferred height was determined. 

According to this study, you have observed that the current 

height is below the acceptable level. The height of the 

washbasin is closely related to the moment applied to the 

users' pools [8]. Posture; the lower position forms a large gap 

between the elbow and the washbasin, so that the user has to 

bend the upper body forward (Figure 1). While designing the 

washbasin; it is very important for the health to choose the 

height adjustable washbasins according to the standard size 

washbasins which cause the increase of the applied torque. 

In a study by Rashid and his colleagues [10], it was designed 

to provide an ergonomically comfortable environment for 

older Malaysian people. 10 houses were taken as samples 

and the anthropometric studies were done according to the 

Malaysian living area designs. 

Awang et al. [11] has been studied on medical application 

designs for hospitals. This study covers the design of 

buildings for use and care of disabled people in Malaysian 

hospitals. As a result of these studies, the use of washbasins 

and lifts of disabled people is a very critical situation. 

 

 
Figure 1. Data obtained by motion: standing and bending body 

[8]. 

 

3. Material and Method 

The design of the standard washbasin was inspected and 

the technical drawing of the washbasin was drawn (Figure 2). 

The technical drawings are manufactured one by one and the 

assembly process is carried out and the height adjustable 

washbasin design is completed. 

 

The way to follow in experimental work is: 

 

• The initial height of the adjustable washbasin should be 

set to the average of the elbow height. 

• The person has to show the process of washing his face 

in the standing position. 

• 3dimensional motion capture system should measure the 

body and neck inclination angle. 

• The moment force applied to the waist of the individual 

should be calculated. 

 

 
Figure 2. Standard washbasin measurements 

 

3.1. Design Components 
 

In this study, height adjustable washbasin design steps; 

drawings of technical drawings, selection of materials of 
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technical drawings, production of materials and assembly of 

manufactured parts. 

 

 
Figure 3. Technical drawing of the designed washbasin 

 

 
Figure 4. Installation image of the designed washbasin 

 

In the manufacture of height adjustable washbasin design 

parts; 304 stainless steel was designed using washbasin as 

shown Figure 5. It has a design that can move up and down 

with 220 V. Dimensions are 750 x 590 x 700 mm and weigh 

about 36.1 kg (Sack weight = 19,9 kg / load-bearing 

construction weight = 16.2 kg).  

 

 
Figure 5. General washbasin perspective view 

 

3.2. Actuating Mechanism 
 

In our design, the actuating mechanism was preferred as 

like car window pulley system as presented in Figure 6. Car 

window pulley system actuated with 12V DC brushed motor. 

The speed of the washbasin can be arranged between 0-0.3 m/s. 

That provides speed control for DC motors with Pulse Width 

Modulation (PWI) unit. That can be arranged if user demand 

to change the speed for washbasin. Electrical panel is 

managed by Central Processing Unit (CPU) which can be 

found cheap and easy from market as shown Figure 7. The 

CPU board like as Raspberry, Arduino etc. supports many 

auxiliary sensors and wiring options. So, that allowed us to 

enrich our design to make more comfortable product. We 

have used photocell sensor to detect a person which ready to 

use washbasin. Two options provided the users to define the 

height of the washbasin. One of this is manual height 

arrangement system. That can be controlled by a push button 

which has “0”, “1” and “2” as demonstrated Figure 8. “0” 

indicate upside, “1” neutral and “2” downside on the button. 

The washbasin should be pressed on the button to reach the 

desired height. In this option, against to over travel for 

washbasin, the system was taken the safe with limit switches. 

In Figure 9. shows the selection button for manual and 

automatic option for height level. In order to prevent any 

electrical danger and damage we have use emergency button 

(Figure 10).  

 



 

 

 

Figure 6. Actuating mechanism for washbasin 

 

 
Figure 7. Electrical panel 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 

8. Up down push button for height arrangement  

 

 
 

Figure 9. Manual and automatic option for height level 

arrangement 

 

 
Figure 10. Emergency button 

 

4. Conclusions 

In this study, a height adjustable washbasin was designed. 

A prototype has been developed considering the literature 

data. The height adjustable washbasin design compared to a 

conventional washbasin at constant height; disabled people, 

children and the elderly. It is regarded useful to consider 

anthropometric data for future designs of this topic. The 

system has been developed with electronic CPU platforms and 

supported with different sensors. The electronic components 

usage made the design more comfortable and ergonomic for last 

users. The speed of the washbasin can be arranged between 0-

0.3 m/s. Users and device safety were provided emergency 

button limit switches.  Hence, this design was prepared as user 

friendly and ergonomic device.  
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  ARTICLE INFO  ABSTRACT 

 The diffusion lengths for one-speed neutrons in a slab are calculated using the first kind of 

Chebyshev polynomials approximation (TN) method. The scattering models are constituted in place 

of the scattering function with an argument of the cosine of the neutron scattering angle. Therefore, 

the forward-backward-isotropic (FBI) scattering model is used as the scattering function in transport 

equation which describes the interaction and the conservation of the neutrons throughout a system. In 

the solution algorithm, first the neutron angular flux is expanded in terms of the Chebyshev 

polynomials of first kind. After inserting this expansion in the transport equation, the coupled 

differential equations are derived using the properties of the Chebyshev polynomials of first kind. 

These equations are solved together and then the diffusion equation is obtained by applying the first 

order approximation (N = 1) which is known as the diffusion approximation. Finally, the diffusion 

lengths for one-speed neutrons are calculated for selected values of the collision, backward and 

forward scattering parameters. The calculated diffusion lengths are given in the tables together with 

the ones already obtained in literature in order to indicate the applicability of the present method. The 

convenience and rapid convergence of the present method with its easily executable equations can be 

observed from the derived equations and the results in tables. 

 

© 2018, Advanced Researches and Engineering Journal (IAREJ) and the Author(s). 

 

 

1. Introduction 

The neutrons are interacted with all materials inside a 

reactor system. The transport equation is describes their 

behaviors with an integro-differential form. Therefore, It 

is not very easy to find an exact solution for the transport 

equation. As well known, the neutrons are neutral 

particles and they are not affected by electric or magnetic 

fields and thus their path through the material is in 

zigzag. Therefore, it is difficult to determine how they 

interact with the materials inside the system and to guess 

the distribution of them through the boundaries. In order 

to solve this equation, some detailed knowledge about 

nuclear cross sections and energy dependence of the 

neutrons should be known. When a polynomial 

approximation technique is established to solve the 

problems stated in different fields of engineering and 

science especially in transport theory, first approximation 

of the method is tried and then its higher orders are 

applied to the problems. The first order approximation of 

these techniques is known as the diffusion approximation. 

The first estimates of a nuclear reactor is still done by 

using diffusion approximation in which many properties 

about the neutrons such as transport and energy spectrum 

of them can be predicted convincingly. This theory works 

well for values close to unity in c, the number of 

secondary neutrons per collision [1]. 

Many stochastic and deterministic methods have been 

developed for the problems about particle or photon 

transports. Among the deterministic methods, the 

spherical harmonics (PN) is one of the most commonly 

preferred ones because of its accepted application 

convenience for the problems in transport theory. The 

first order P1 approximation is easy in derivation of the 

equations for many geometries and the results obtained 

from it can be accepted as accurate in many studies [1-3]. 

However, this does not mean that the spherical harmonics 

method is always true and valid for all computations. 

Therefore, the Chebyshev polynomials instead of 

Legendre polynomials are used by Aspelund, Conkie and 

Yabushita in series expansion of the neutron angular flux 

and they reported the applicability of the method for the 
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problems of transport theory [4-6]. 

In the last decade, the first kind of Chebyshev 

polynomials, i.e. TN method is used effectively for the 

solutions of the problems related with transport theory 

such as criticality, eigenvalue spectrum and diffusion 

lengths of the neutrons in bare and reflected slabs and 

spheres [7-10]. However, in any of those studies, T1 the 

lowest order approximation of the Chebyshev 

polynomials of first kind is not used for the calculation of 

the diffusion lengths calculations in the case of forward 

and backward scattering. Therefore in this study, apart 

from the previous studies T1 approximation is firstly 

applied one-dimensional transport equation to determine 

diffusion lengths of neutrons in the case of forward and 

backward scattering. It is aimed to show that applicability 

and thus the accuracy of the T1 approximation against the 

traditional P1 approximation in diffusion length 

calculations. In other words, the present method 

independent from the problem under consideration is 

thought to be useful in the long run as an alternative 

method. Hence, using various values of the collision and 

the scattering parameters in the mathematical derivations 

of the method, the diffusion lengths of neutrons are 

calculated numerically. At the end, the numerical results 

are obtained from the present method and they are 

tabulated with ones already presented in literature to 

indicate the accordance of the methods. 

In this study, an alternative deterministic method based 

on the polynomial expansion of the Chebyshev 

polynomials of first kind is presented other than the 

traditional methods. This is important for the literature 

since this alternative method can be applied to other 

problems to get better results or new results for the 

problems in science and engineering. This method can 

also be improved to solve various problems in many 

areas. 

 

2. Theory 

The one-dimensional linear transport equation derived 

with forward-backward-isotropic scattering (FBI) model for 

monoenergetic neutrons is given as, 
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where ( , )x   is the angular neutron flux at point x and 

direction µ, cosine of the scattering angel between the 

neutron velocity vector and the positive x-axis.  and  

are the parameters of forward and backward scattering 

probabilities in a collision and 
T  is the total 

macroscopic cross section [2]. 

In this study, a successfully applied angular neutron flux 

[7] is chosen because of its easily executable derivations 

and advantages, 
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Later this angular flux will be used in Eq. (1) to obtain 

the moment equations. But before it, the orthogonality 

and recurrence relations of the Chebyshev polynomials of 

first kind are needed to derive the equations [11], 
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1 1( ) 2 ( ) ( ) 0n n nT T T   + −− + = .  (4) 

 

First, Eq. (2) is inserted into Eq. (1), then the resultant 

equation is multiplied by T0() and T1() and integrated 

over   [−1, 1]. During these operations, Eq. (3) and Eq. 

(4) are auxiliary for the derivations in the integrals. At the 

end of this application, TN moments of equations for n = 

0 and n = 1 are obtained, respectively; 
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These equations are known as T1 equations. As well 

known, 1( ) 0N x+ =  and 1d ( ) / d 0N x x+ =  are used in 

spherical harmonics (PN) method [2,3]. The same 

approximation technique is also valid for TN method. 

Therefore, for T1 approximation, 2d ( ) / d 0x x =  is used 

in Eq. (6) and 1( )x  is obtained as, 

 

 
0

1

d ( )1
( )

2 1 ( ) dT

x
x

c x  


 = −

− −
  (7) 

 

Eq. (7) is very familiar with the equation known as Fick’s 

law of diffusion which defines the flow of atoms from 

high concentration to low concentration. Then, the 

diffusion equation can be obtained by inserting Eq. (7) 

into Eq. (5), 
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The same procedure developed for the traditional P1 

approximation is followed to obtain Eq. (8). Then, from 

the definition of the diffusion length, the square root of 

the inverse of the coefficient of the second term of Eq. (8) 

can be referred as the diffusion length (L) in T1 

approximation, 

 

 

1

2 1 ( ) (1 )T

L
c c  

=
− − −

  (9) 

 

In addition, Eq. (8) is a homogeneous differential 

equation with constant coefficient. When this differential 

equation is solved, the scalar neutron flux for c < 1 can be 

obtained,  

 

   2 1 ( ) (1 ) 2 1 ( ) (1 )

0 ( ) T Tc c x c c x
x Ae Be
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where A and B are the constants which can be found from 

boundary conditions. 

It is not hard to think that this process on obtaining the 

diffusion length can be done with other methods. The 

diffusion length for isotropic scattering from the method 

of separation of variables is given as 

 

1 1
1 tanhcL

L

−= ,   (11) 

 

and it is called as the asymptotic relaxation length in that 

method. 

The diffusion lengths of the neutrons obtained by the 

traditional P1 (diffusion) approximation can be given as, 
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1

3 1 ( ) (1 )T

L
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.  (12) 

 

This result is derived for a slab with forward and 

backward scattering. Other results from various methods 

can also be found from the literature. However, there is 

no need to exceed them here. Because it is accepted as to 

be necessary to compare the results obtained from the 

present methods with ones obtained from one or two 

references. 

These methods are discussed in detail in many references, 

therefore more explanations about them can be got by 

following them [2,3]. 

 

3. Results 

An analytic study for the diffusion length of neutrons in a 

homogeneous slab with forward and backward scattering is 

studied through equations (1) to (9). In this analysis, first 

the angular neutron flux is expanded in terms of the first 

kind of Chebyshev polynomials. After applying the first 

order approximation of the method, the equations of 

moments are obtained in Eqs. (5) and (6). Then, these 

coupled differential equations are solved together to obtain 

an analytic expression for the diffusion length. Finally, the 

numerical results for the present study are calculated from 

Eq. (9). The diffusion lengths are also calculated from Eqs. 

(11) and (12) and they are given in the tables and figures 

side by side for comparison. Therefore, one can easily see 

the efficiency or the performance of the present method 

from tables and figures. These calculations are done for 

various values mediums related with the collision parameter 

c, forward scattering parameter  and backward scattering 

parameter . In all cases, the calculations can be carried out 

using a simple calculator or a mathematical software and 

the normalized value of the total macroscopic cross section 

is taken as, T = 1 cm−1. 

During the numerical calculations, special softwares may 

be used. However, since this study is a first step for further 

studies, there is no need to use any software to calculate the 

results from equations (9), (11) and (12). A simple 

calculator could be enough for this kind of applications. 
 

 

Table 1. Diffusion lengths L obtained from T1 approximation 

for ( = 0.0 and  = 0.0) and comparison with literature values, 

(cm). 

c T1(present method, Eq. (9)) P1 (Eq. (12)) Exact 

0.99 7.07107 5.77350 5.79673 

0.98 5.00000 4.08248 4.11552 

0.95 3.16228 2.58199 2.63515 

0.90 2.23607 1.82574 1.90320 

0.80 1.58114 1.29099 1.40763 

0.50 1.00000 0.81650 1.04438 

0 0.70711 0.57735 1.00000 
 

Table 2. Diffusion lengths L obtained from T1 approximation 

for ( = 0.3 and  = 0.0) and comparison with literature values, 

(cm). 

c T1(present method, Eq. (13)) P1 (Eq. (12)) 

0.99 8.43349 6.88592 

0.98 5.95069 4.85872 

0.95 3.73979 3.05352 

0.90 2.61712 2.13687 

0.80 1.81369 1.48087 

0.50 1.08465 0.88561 

0 0.70711 0.57735 
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Table 3. Diffusion lengths L obtained from T1 approximation 

for ( = 0.0 and  = 0.3) and comparison with literature values, 

(cm). 

c T1(present method, Eq. (9)) P1 (Eq. (12)) 

0.99 6.20890 5.06955 

0.98 4.39545 3.58887 

0.95 2.78964 2.27773 

0.90 1.98419 1.62008 

0.80 1.41990 1.15935 

0.50 0.93250 0.76139 

0 0.70711 0.57735 

 

In order to see visually the general behavior of the 

diffusion lengths of neutrons with respect to the collision 

forward and backward scattering parameters the following 

figures are plotted.  

 

 
 

Figure 1. Diffusion lengths for isotropic scattering obtained from 

T1, and P1 approximations and exact results. 

 

 

 
 

Figure 2. Diffusion lengths for forward scattering obtained from T1 

and P1 approximations. 

 

 

 
 

Figure 3. Diffusion lengths for backward scattering obtained from 

T1 and P1 approximations. 

 

4. Conclusions 

An analytic expression for the diffusion length is 

obtained from the present method and it is given in Eq. 

(9). The reference results tabulated in tables are quoted 

from Ref. [12]. One of them is the exact results obtained 

by Eq. (11) from transport theory and the other is the 

results obtained by Eq. (12) from traditional P1 

approximation. The numerical results for the diffusion 

length are calculated for the c values increasing from 0 to 

1 and isotropic ( = 0.0 and  = 0.0), forward ( = 0.3 

and  = 0.0) and backward ( = 0.3 and  = 0.0) 

scattering cases. While the lower values of c represents 

the weakly absorbing medium, the higher values of it 

represents highly scattering medium. 

In Table 1, diffusion lengths for isotropic scattering 

obtained from the present method are given with the 

literature values. While the results obtained from the 

present method are given with the ones obtained from 

conventional P1 approximation in the case of forward 

scattering in Table 2, they are given in the case of backward 

scattering in Table 3. By investigating the results given in 

the tables, one can first tend to insist on some 

inconsistencies between the results obtained from the 

present method and the ones obtained from the P1 

approximation and the exact ones. However, this assertion 

should not be taken into consideration since these are first 

order polynomial approximations. As well known, in a 

polynomial expansion based technique, it is not waited for 

good results in low order approximations. Hence, higher 

order approximations of the present method have been 

successfully practiced to related problems of the transport 

theory in previous studies [7-9]. However, this study should 

not to be evaluated with only the numerical results but also 

it should be evaluated with its easily executable equations 

and rapid convergence. It can be summarized that the 

present method is effective and alternative in the field of the 

science and engineering and it can be served to the literature 

as an impressive method. 

In addition, in these figures given in this study, one can 
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easily observe how the results obtained from the present 

method are in good accordance with the ones obtained from 

the traditional P1 approximation and the exact ones. 

Therefore, this study can be a sign that the present method 

can be accepted as an alternative method for the problems 

of the transport theory and other applied sciences. 
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 The aim of the electrical system operators is to ensure that energy is delivered to the consumer in 

good quality and without interruption. The main purpose of the electricity market operators is to 

provide the electricity to the end user as adequate, continuous and low cost. Demand for energy 

in the world is constantly increasing due to technological developments, increasing world 

population and welfare of people. The lower cost of electricity will lead to a higher quality of life 

and a more competitive condition in the industry [1-3]. For this reason, the cost of electricity is 

very important for everyone. While revealing the price of electricity, many different data are 

taken into account. These are generation, transmission and distribution costs. Generation costs 

include such as initial investment, operation, and supply costs. Depending on the source used, 

electric energy can be generated at very different costs. Transmission costs include investment 

and operation costs of substation centers and transmission lines used in the transmission system. 

Distribution costs are the operation and investment of the distribution system and the 

expenditures of some ancillary services delivered to the end user.  

Electricity prices are offered to end users with specific tariffs. However, these tariffs are 

disadvantageous for some users. Because, in the calculations made, the type of production source 

or the geographical location of the plant are not considered [4]. Therefore; for both producers 

and consumers, it is thought that these calculations can be made in a more acceptable way, 

taking into account the location of the source of production in the system and the interconnected 

system. 
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1. Introduction 

In an electrical system, it is also aimed at ensuring the 

continuity, safety and regeneration of energy while being 

economical. As much as possible, fair and realistic prices 

should be determined to provide electricity to the 

consumers economically. To achieve this realistic 

approach, the energy production cost and the 

transmission cost should be reflected separately in the 

prices. It should not apply the same price tariff to a 

consumer who is fed from a factory with a relatively low 

production cost and a factory with a higher production 

cost. Manufacturers and consumers will set their 

investment positions in the electrification system with 

these different pricing options that can be offered to them 

[5-8]. The system will achieve a homogeneous structure 

with different prices to be produced in different buses of 

the interconnected system. Otherwise, production 

facilities will be gathered in one part of the system; the 

consumption facilities will be collected in another region. 

This will cause unnecessary financial burdens in the 

country's economy with long transmission lines and 

transformer centers that need to be set up. In the present 

case, in some regions of the electrification system there 

are transformers or installed power capacities waiting in 

idle, while overloading problems are encountered on the 

other side. In order to avoid this situation, users can be 

directed to more economical parts of the system with 

pricing algorithms. For example, for a company that 

wants to set up a new generation facility in an area with 

more generation facilities, the generation price in that 

area would be lower than in other regions, thus 

encouraging the establishment of a generation facility in 

other possible locations. In the same way, a user with 

energy demand in areas where heavily consumed (for 

large subscriptions such as the Organized Industrial Zone 

fed from the Transmission System) could plan an 

investment in a region where the electricity cost would be 

http://www.dergipark.gov.tr/
http://www.dergipark.gov.tr/iarej
mailto:hayriogurlu@gmail.com
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more economical because the electricity costs in this 

region will be higher than in other regions.  

For each generation facility that is a market participant; 

a calculation to be made considering factors such as the 

type of energy source, the position of participating in the 

generation, the size of the installed power, etc. may result 

in more realistic results. The different costs that arise in 

different parts of the interconnection system must be 

reflected to the energy demand consumer [9-11]. With 

this approach, the cost can be calculated according to the 

area to be connected on the interconnected system. 

There are no articles in the studied studies that are 

calculated according to the production source type. From 

this point of view, this article presents an innovative 

approach. Another innovation introduced in the proposed 

pricing algorithm is the multi-stage dynamic 

programming method used. This method is able to obtain 

multiple solution functions in a way not previously 

implemented in Dynamic Programming.  

In the first part of the work, information on the 

importance of Electricity Pricing methods and the method 

applied is given. This method will be explained benefits 

in terms of users and in terms of the transmission system. 

Then, a brief description will be given about the structure 

of the electricity market in Turkey. In the third part, 

information about pricing algorithms will be given and 

details of the pricing algorithm suggested in the last 

section will be determined. The proposed pricing 

algorithm will be tested on the IEEE-30 busbar test 

system and the sample balanced busbar system. Benefits 

will be evaluated in the last section compared to other 

methods applied.  

 

2. Structure of Electricity Market in Turkey 

After starting in 1902, the first electricity production, 

electricity sector in Turkey is advancing constantly and 

quickly. In 1970 (Turkey Electricity Authority) was 

established and electricity transmission, distribution, 

production and trade are given tasks. In 1984 private 

companies were allowed to generate electricity. In 1993, 

TEK, TEAS and TEDAŞ were divided into two. In 2003 

TEAS, TEİAŞ, EÜAŞ and TETAŞ were divided into three 

divisions. TEİAŞ, as a public institution (Turkey Electricity 

Transmission Company) engages in electricity transmission 

tasks. TEDAŞ (Turkey Electricity Distribution Company) is 

divided into 21 regions and distribution tasks are managed 

by private companies. 

EMRA (Energy Market Regulatory Authority) was 

established in 2001. In 2013, transmission system operation 

and market operation are separated. EPIAS (Energy Market 

Operational Company - EXIST) was established for the 

market operation. As a result of these developments, the 

electricity energy market has become more flexible and all 

participants have shaped as shown in Table 1. 

 

 

 

 

 

 

Table 1 The Occurrence Process of Turkish Electricity Market 
 

Before 1993 TEK 

1993-2003 TEAŞ TEDAŞ EPDK 

2003-2015 TEİAŞ EÜAŞ TETAŞ 21 Dist. Co.  

After 2015 TEİAŞ EÜAŞ TETAŞ 21 Dist. Co. EPİAŞ 

 

Resources used in electricity generation in Turkey can be 

listed as Natural Gas, Hydroelectric, Coal (Domestic and 

Import), Wind, Solar, Geothermal, Biomass and Nuclear (in 

the near future) energy. These sources are used in 

generation facilities that supply energy to the system from 

different points of the national interconnection system. This 

actually means that different costs are created in different 

regions.  At present, the installed capacity of Turkey is 

80.000 MW and annual consumption is 285.000 GWh for 

the year 2017. The national electricity network has 

approximately 800 down-center (transformer center) and 

more than 60,000 km energy transmission lines. The 

distribution of these lines and transformer centers on the 

interconnected system is not homogeneous in the present 

case. For instance in Thrace and Western Anatolia, the 

density of industry is high but generation is low, 

consumption in Eastern Anatolia is very small, but energy 

generation is quite high. In addition to the many different 

reasons underlying this situation, one of the reasons is the 

applied electricity pricing methods.   

With the new price tariffs that are introduced, different 

prices can be offered to the consumers according to the 

regions. Consumers will be able to obtain the electric 

energy more economically by determining the production 

resource type and location [12]. This will affect prices 

positively. As a side benefit, the electrification system of 

the country will become a homogeneous structure. 

 

3. Pricing Algorithms 

As pricing approaches; it can be said that there are three 

main approaches, namely, Price Based Pricing (PBP), 

Competitive Based Pricing (CBP) and Demand Based 

Pricing (DBP).  PBP, can be divided into "cost plus" and 

"target price". The method which is calculated by 

calculating fixed costs and variable costs and adding the 

targeted profit ratio is called "cost plus". The pricing that is 

calculated by calculating the profit to be obtained in a 

certain sales volume is defined as "Target Pricing" [13-16]. 

CBP is divided into two parts as "Market Price Based" and 

"Tender Procedure". The method of determining its own 

price on the current price in the market is called "Market 

Price Based". It is known as the "Tender Procedure" or the 

closed envelope method, and the price is estimated without 

knowing the price of the rival. On the other hand, DBP is 

based on the methods of price determination according to 

customer, time, time and product. Due to the characteristic 

of electric energy and being the only product on the market, 

the PBP-based pricing approach is considered as the most 

appropriate method. Here, the price of the product should 

be determined taking into consideration any of the cost 

value, investment value and sales value. So, in general, the 
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method known as "Cost Plus" is chosen. 
Energy resources are divided into renewable and non-

renewable energy sources according to their use. According 
to its convertibility, it is divided into primary and secondary 
energy sources. Energy that is not converted to any energy 
is called primary energy. The energy obtained after the 
transformation of the primary energy is defined as 
secondary energy. Primary energy sources are oil, coal, 
natural gas, nuclear, hydraulics, biomass, wave, tide, sun 
and wind. Secondary energy sources are electricity, 
gasoline, diesel, coke, secondary coal, petroleum coke, air 
gas, liquefied petroleum gas (LPG). Renewable energy 
sources are energy resources which cannot be consumed in 
a natural cycle and which do not decrease [17-20]. 
Hydraulics, solar, wind, biomass and wave are sources of 
renewable energy. Non-renewable energy sources are 
energy sources that cannot renew themselves once they are 
used. Core energy sources such as oil, coal, natural gas and 
uranium, thorium are non-renewable energy sources. 
 As mentioned in the first section, there are 
different calculation methods for calculating the costs of 
production plants. The main determining factor here is the 
type of resource used by the plant. The cost of each plant 
depends on its own fuels, operation and plant costs. The 
average cost of electricity production of the most important 
sources in Turkey and percentage of production is shown in 
Table 2. The values given in this table were obtained from 
different studies prepared by the World Energy Council 
(WEC). 
 
Table 2. Resources, Costs and Generation Contribution Rates. 

 
Type FIC 

(TL/kW) 

FOC 

(TL/kW-

year) 

VOC 

(TL/kWh) 

PTP 

(%) 

Coal 16.362 189,45 20,7 144,9 

Natural Gas 4.401 49,5 15,75 161,1 

Nuclear 26.752,5 451,26 10,35 - 

Wind 8.446,5 178,65 - 27,9 

Solar 12.019,5 105,3 - - 

Biomass 22.432,5 495 18,9 3,6 

Hydro 13.212 63,59 - 104,85 

Geothermal 7.038 83,7 10,8 7,65 

FIC: First Investment Cost 

FOC: Fixed Operation Cost 

VOC: Variable Operation Cost 

PTP: Percentage of Total Production  

 

There are various calculation methods for calculating 

the cost of the transmission system. The costs associated 

with the transmission system are generally regarded as 

operating and maintenance costs of energy transmission 

lines and transformer centers. The most common pricing 

method that can be shown using these costs is "Investment 

Cost Based Pricing" (ICBP). This method is used in Turkey 

and many world countries [21-23]. When calculating the 

transmission cost, power losses are also taken into account, 

depending on the lengths and characteristics of the 

transmission lines. 

4. Multi Stage Dynamic Programming 

There are two main elements of the price list prepared for 

transmission system users. Production and transmission 

cost. Determination of Production Cost: Firstly, other 

production facilities connected to the reference bar should 

be identified. Then, the type and loading rates of the 

resources used by these production facilities should be 

known (Table 3.). The load flow analysis data of the other 

plants in the rear will be included dynamically (with certain 

periods) in the calculations. 

 
Table 3. Characteristic information of the plants in the sample 

bus bar system. 

 
 Resource 

Type 

Installed 

Power 

[MWe] 

Offer Price 

[TL/MWh] 

Production 

Amount 

[MW] 

Capacity 

Factor 

(%) 

1 Coal 400 216 400 88 

2 HPP 1000 182 900 86 

3 WPP 130 190 100 32 

4 Nat. Gas 600 204 400 93 

5 Coal 720 183 600 91 

6 WPP 310 211 200 28 

7 SPP 180 194 100 21 

8 HPP 800 188 700 80 

9 HPP 330 200 300 91 

10 Nat. Gas 1000 199 800 96 

11 Coal 550 201 300 83 

 
Determination of transmission cost: Transmission lines 

and other transformer centers (lines with positive energy 

flow) in the transformer center to which the consumer is 

connected are determined. In addition to the production 

facilities in the bar, the costs of the loads coming from the 

other transformer center are included in the account like a 

production facility. In addition, the transmission cost is 

determined by considering the characteristic, cross-section, 

length of the connection lines (Table 4.). The transmission 

cost coefficient is obtained according to the loading rates of 

the connected energy transmission lines. In power 

transmission lines, the power losses to be calculated 

according to the load flow are also calculated. The cost of 

transmission lines and transformers installed by the 

transmission system operator will be included in the tariff 

locally [24-25]. 
 

Table 4. Characteristic information of energy transmission lines 

in the sample bus system. 

 

Label 
Conductor 

Cross-Section 

Conductor 

Length 

Load 

Flow 

Constraint 

State 

1-2 1272 MCM 43 km 200 MW None 

1-5 954 MCM 72 km 200 MW None 

1-4 1272 MCM 130 km 200 MW None 

1-6 2x1272 MCM 62 km 200 MW None 

6-5 954 MCM 29 km 100 MW None 

4-5 1000 mm2 cable 12 km 300 MW None 

5-11 1272 MCM 64 km 100 MW None 

6-3 477 MCM 28 km 200 MW None 

3-2 1272 MCM 110 km 900 MW None 

3-7 795 MCM 96 km 500 MW None 

6-9 954 MCM 64 km 200 MW None 

9-11 477 MCM 43 km 100 MW None 

9-8 2x954 MCM 74 km 900 MW None 

8-7 1272 MCM 210 km 800 MW None 

8-10 2x1272 MCM 38 km 0 MW Yes 

9-10 954 MCM 57 km 100 MW None 



 

 

 

A small section of the transmission system can be 

considered to illustrate the operation of the design. It is seen 

here that the system is balanced in terms of loads and 

production facilities. This is because when the entire 

transmission system is taken into consideration, a balance 

state will be discussed. There are 11 bus bars and 16 energy 

transmission lines in the system part taken as a section here. 

There is 4900 MW of total production in the bus bars. The 

instantaneous load flow of this system also appears in 

Figure 1. A bus bar selected as reference and will be 

calculated price on this bus bar. According to the step-by-

step solution technique of Dynamic Programming, stages 

are determined starting from the reference bus bar. 

 
 

 
 

 

 

 

 

 

 
 

 

Figure 1. Balanced section of the interconnected system 

The bar number 10 was chosen as the reference bar. 

From this point on, a four-stage calculation will be made. 

In the fourth stage, the reference bars own production and 

consumption (COPC) are calculated in Equation 1. 

𝐹4(10) = 𝐶𝑂𝑃𝐶 [𝑇𝐿/𝑀𝑊ℎ]    

   

𝐶𝑂𝑃𝐶 = 𝐶𝑃𝑇𝐿 ÷ (𝑇𝑃𝑃 − 𝑇𝐶𝑃)𝑀𝑊 (𝑝𝑒𝑟 ℎ𝑜𝑢𝑟)   [𝑇𝐿/𝑀𝑊ℎ]  (1) 

COPC: Cost of Production and Consumption 

TPP: Total Production Power 

TCP: Total Consumed Power 

CP: Cost of Production  

In the third stage; the costs of bars 9, 8 and 11 to the 

reference bar are calculated. Appropriate functions are 

written for the other bars in the generated steps. These 

functions are given in the equations 2,3 and 4. 

𝐹3(9) = 𝑚𝑖𝑛 {    
İ8−9 + 𝐹3(8)

İ9−10 𝐶𝑂𝑃𝐶

   [𝑇𝐿/𝑀𝑊ℎ]   (2) 

𝐹3(8) = İ8−10 𝐶𝑂𝑃𝐶   [𝑇𝐿/𝑀𝑊ℎ]   (3) 

𝐹3(11) = İ11−9 𝐶𝑂𝑃𝐶 + 𝐹3(9)      [𝑇𝐿/𝑀𝑊ℎ]  (4) 

 

In the second stage; costs of bars 7, 6, 5 and 4 are 

calculated on the way to the reference bar. These 

functions are given in the equations 5,6,7 and 8. 

 

𝐹2(7) = İ7−8𝐶𝑂𝑃𝐶 + 𝐹3(8)   [𝑇𝐿/𝑀𝑊ℎ]   (5) 

𝐹2(6) = 𝑚𝑖𝑛 {   
İ6−9 𝐶𝑂𝑃𝐶 + 𝐹3(9)

İ6−5 𝐶𝑂𝑃𝐶 + 𝐹2(5)

     [𝑇𝐿/𝑀𝑊ℎ]  (6) 

𝐹2(5) = 𝑚𝑖𝑛 {
     İ5−11𝐶𝑂𝑃𝐶 + 𝐹3(11)

İ5−6𝐶𝑂𝑃𝐶 + 𝐹2(6)

  [𝑇𝐿/𝑀𝑊ℎ]  (7) 

𝐹2(4) = İ4−5 𝐶𝑂𝑃𝐶 + 𝐹2(5)  [𝑇𝐿/𝑀𝑊ℎ]   (8) 

In the first stage; the costs of cars 3, 2 and 1 on the way 

to the reference bar are calculated. (Equations 9,10 and 

11) 

 

𝐹1(3) = 𝑚𝑖𝑛

{
 
 

 
 

    

İ3−7 𝐶𝑂𝑃𝐶 + 𝐹3(7)

İ3−2 𝐶𝑂𝑃𝐶 + 𝐹1(2)

İ3−6 𝐶𝑂𝑃𝐶 + 𝐹2(6)

    [𝑇𝐿/𝑀𝑊ℎ]  (9) 

𝐹1(2) = 𝑚𝑖𝑛 {     
İ2−3𝐶𝑂𝑃𝐶 + 𝐹1(3)

İ2−1 𝐶𝑂𝑃𝐶 + 𝐹1(1)

     [𝑇𝐿/𝑀𝑊ℎ]  (10) 

𝐹1(1) = 𝑚𝑖𝑛

{
 
 
 

 
 
 

       

İ1−2 + 𝐹1(2)

İ1−5 + 𝐹2(5)

İ1−6 + 𝐹2(6)

İ1−4 + 𝐹2(4)

          [𝑇𝐿/𝑀𝑊ℎ]  (11) 

 

Same way, the similar functions are calculated for 

different stages selected towards the direction of the other 

bus bars to which the reference bus bar is connected. The 

price of the reference bus bar is determined by selecting 

the most economical one among the results obtained from 

all these functions. 

A flow chart is used to create the steps shown above 

and to reveal the functions. The flow chart of the process 

followed to determine the tariff of the reference bus bar is 

given in Figure 2. In the flow chart, firstly the price 

targeted by the consumer needs to be determined. Since 

all the bus bars on the transmission system are numbered 

separately, the formulas are executed on these numbers. 

Then it will be determined which bus bar price to 

calculate (reference bar). Then production facilities and 

consumption facilities connected to the reference bus bar 

has been determined. Load Case Analysis for the total 

installed capacity, capacity factor, resource type and 

related period interval of the production facilities is 

revealed. Capacity information is also obtained for 

consumption facilities. Then, the energy transmission 

lines connected to this bar and the length of these lines, 
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cross section (if section changes), transport capacities and 

limit conditions of the line are determined. 

 

Figure 2. Multi Stage Dynamic Programming Algorithm 

Flowchart 

 

After this phase, the first stage path is determined 

backward from the relevant bar. First, the bus bar closest to 

the reference bus bar, then the other bus bar connected to 

this bus is identified. This is continued until the fourth stage. 

At the same time, considering the other bar that is 

connected to the reference bar, it moves again to the fourth 

step in a different direction. After all stages are completed 

on all possible routes, the calculations obtained are 

compared. Before determining the most advantageous stage 

path, it is checked whether there are any restrictions on the 

load flow and the characteristics of the line. If there are 

constraints, the calculations are repeated in a way that this 

constraint permits. If there is no constraint or is included in 

the calculations, the pricing formulas are reached [26-28]. 

After this phase, the actual values obtained for the 

production facility and the values from the tariffs for the 

transmission lines are written in the formulas to obtain the 

optimum energy price for the reference bar. 

The details of the process at each step of the flow chart 

can be explained as follows:  

 

1. Identification of Target Tariffs: Calculation of the 

price the user expect to connect the system 

2. Choice Reference Bar: Selection of the Reference Bar 

3. Determination of Consumers in the Bar: Calculation of 

usage capacity of other consumers in bar 

4. Determination of Producers in the Bar: Calculation of 

installed capacity of other producers in bar 

5. n. Stage Functions: Determination of stages and 

obtaining functions for each stage. (For each direction) 

6. Load Flow Inquiry: If available Y,  If not available N: 

Checking the suitability of the connection for load flow. 

7. Cost Calculation for Source: Calculation of electricity 

cost according to source type 

8. Target Cost Inquiry: Comparison of targeted and 

obtained price: If target price is less than cost Y, target 

price is greater than cost N. 

9. Realization of Investment 

 

 

Figure 3. IEEE-30 (RTS) Bus Test System 

 

The proposed pricing model has been tested on the IEEE-

30 bar test system. Accordingly, the price function will be 

obtained for the bar number 18 selected as the reference bar. 

As shown in Figure 3, the MSDP model is run with the 

specified steps towards different routes. The final results of 

the obtained functions and the final prices are given in 

Table 5. There are also prices obtained from Balanced 

System Section (BSS) on the same Table. A comparison 

was made between the average price obtained from the 

current pricing method and the prices found. The error rate 

is shown in the same table. Accordingly, it can be said that 

the MSDP model offers more favorable prices for selected 

reference bus bars than the current situation. 

 
Table 5. Comparison of the results of the MSDP model. 

 MSDP 

[TL/MWh] 

CPM 

[TL/MWh] 

MAPE 

(%) 

IEEE-30 

RTS 

First Stage 60.13 
  Second Stage 94.98 

Third Stage 137.83 

Fourth Stage 209.61 231.43 9.42 

BSS 

First Stage 53.76 
  Second Stage 86.12 

Third Stage 138.28 

Fourth Stage 190.54 211.91 10,08 
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5. Conclusions 

There are many different pricing methods for 

transmission system users. Some of them accept the system 

as a whole and perform calculations accordingly. Some of 

them make different tariffs by dividing them into regions 

(Regional Pricing). Another approach is to calculate a 

separate price for each bus bar (Nodal Pricing). In this 

study, a different and new approach to the nodal pricing 

method has been introduced. Price calculation has been 

done according to production source type which was not 

taken into account in the literature before. Another 

innovation introduced is; it has been tried to achieve 

optimum functions by creating multiple stages in dynamic 

programming. The prices obtained from this new method, 

called Multi-Stage Dynamic Programming (MSDP), are 

compared with the prices obtained from the Conventional 

Pricing Model (CPM). For this comparison, a Balanced 

System Section (BSS) and IEEE-30 test system was used 

for the interconnected system. 

According to the obtained data, the proposed method 

provides more realistic and economic prices for the users of 

the transmission system on a bus bar basis. With this new 

method, about 10% lower prices can be obtained for the 

users of the transmission system than the prices calculated 

by the conventional method. This new price tag, which is 

achieved without change in the total revenue cap, is 

expected to provide considerable advantages for users. The 

MSDP method, which is advantageous for transmission 

system users, will also ensure that the transmission system 

becomes homogeneous in the long run. 
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 Broadband impedance matching techniques widely used in microwave circuits. In this study, we 

proposed a 2-way multi-layer micro strip Wilkinson Power Divider (WPD) circuit matched by 

Chebyshev İmpedance matching technique. The design was chosen at 1 GHz center frequency 

and as four layers. The design was carried out as 3 dimensions on Advanced Design tool (ADS 

2009) which is 3D microwave circuits’ simulation tool.  For -20 dB return loss reference level, 

while the reflection bandwidth was 25% in the basic quarter wave matched WPD, it could be 

increased up to 132% in the Chebyshev matching. Additionally, for the reference power 

transmission of -4.3 dB, the transmission bandwidth raised up to %160. In the range, the 

proposed design could transfer 75% of the input power to both output ports. 
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1. Introduction 

Maximum power transmission problem is one of most 

important parameter characterizing  basic circuits or 

systems properties in electronics [1]. In a circuit, the level 

of power transmission indicates the operating efficiency 

of the circuit [2-5]. 

Impedance matching is named as balancing of an 

electromagnetic (EM) wave propagation between  load 

and transmission line impedance [3, 6]. At the microwave 

(MW) circuits, the matched situation must exist in the 

inter-sections of all transmission lines. Otherwise, some 

problems such as standing wave and unintended physical 

defections may occur [7-9].  

Actually, the impedance matching is a maximum 

power transmission (MPT) problem [2]. There are 

various MPT technics in literature. Each of them has 

contributed many novelties. One of these technics is 

multi-layer matching.  In this technic, it is possible to 

build broad band circuits. Contrary to lumped elements 

and single section (quarter wave) matching, multi-layer 

(section) matching can obtain wider frequency interval. 

That means the less reflection between source and load 

[10, 11]. Thus, at microwave frequencies, a better power 

transmission can be achieved [12]. 

There are a lot of studies in the literature focusing on 

eliminating the impedance mismatching between the 

branches of WPD. There are also studies attempting to 

obtain broader bandwidth and less reflection over the 

WPDs by the impedance matching techniques [13]. 

Those studies have developed power transfer through 

different mathematical distributions and equations [14, 

15]. In addition to these, studies that succeed the high 

power transmission with the help of Microwave circuit 

analysis applications are increasing day by day[16, 17]. 

In this study, it was aimed to eliminate mismatching 

between the input and output ports of the WPDs. 

Furthermore, four section Chebyshev polynomials 

matching technic was used. For 1GHz center frequency, 

reflection (S11) and transmission (S21 and S31) 

parameters were evaluated by using Chebyshev 

impedance matching method. As design tool, the 

Advanced Design System (ADS 2009) which is 3D EM 

simulation program was preferred. 
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2. Power divider technic and theoretical impedance 

matching approach 

2.1 The Power Divider Technic 

In microwave circuits, the basic problem of T-

junctions is that all ports do not have impedance 

matching [18]. Wilkinson Power Divider (WPD) was 

developed to eliminate this mismatching. WPD circuits 

split the power transmitted through the lossless 

transmission lines equally into two or more ports without 

loss [19].  

In the microwave circuits, power transmission is 

stated as logarithmic (dB) units.  Over both output 

ports of WPD, half of the input power is delivered [20]. 

Ideally, in lossless environment, transferred power in a 

branch is 50 percent and means -3 dB of power. In fact, 

real lines have minor loss. If the loss is very little, then 

the delivered power will be closer to -3 dB levels [21]. 

In WPDs, input transmission line has 𝑍0  and each 

output ports have 2𝑍0  characteristic line impedance. 

Therefore, a mismatching situation is observed between 

input and output ports. One of the solutions is a general 

method known as single section (quarter wave) matching. 

Technically, a single section line with 𝑍 = √2𝑍0  of 

characteristic and 𝜃 = 𝛽𝑙 = 𝜆 4⁄  line length is added 

between T-junction point and output  port [21]. General 

schematic view of WPD is shown in Figure 1 where 

wl1=2.9 mm (50 Ω), wl2=1.55 mm (70.7 Ω). Since it 

was cheap and readily available, FR4 whose permittivity 

was  𝜀𝑟 = 4.3  and loss tangent was tand=0.025 was 

chosen as substrate material. The effective relative 

permittivity of FR4 is 𝜀𝑒𝑓𝑓 = 3.26 . At the center 

frequency of 1GHz, the quarter wave length was 

computed as λ 4⁄ = 41mm.  

 

 
Figure 1. General schematic view of WPD 

In order for the Wilkinson power divider to be able to 

transmit power without loss, mode analysis should be 

performed. In the theoretical even-odd mode calculation, 

the resistance at the output is determined as R=100 Ω. 

Thus, 50 Ω output impedance and -3 dB of input power 

will be obtained at ports 2 and 3 [18,20, 22]. 

 

2.2 Chebyshev Matching Approach 

    In the literature, there are a lot of methods for 

modelling multi-layer impedance matching. One of the 

most used modelling techniques is Chebyshev transform 

[3, 4]. In this technique, while calculating each matching 

section, Chebyshev polynomials are used. General 

equations of Chebyshev Polynomials are given in 

equation 1 [3, 10]. 

𝑇𝑛(𝑥) = 2𝑥𝑇𝑛−1(𝑥) − 𝑇𝑛−2(𝑥)             (1) 

 

    As in multi-layer matching, each step of the 

Chebyshev transform depends on previous one since all 

steps are calculated sequentially. One disadvantage of 

this technique is fluctuation on the pass band 

frequencies. However, comparing with single section 

and some other multi-layer matching methods, 

Chebyshev Transform is a design from which more 

performance can be obtained [3]. In Figure 2, there is a 

comparison of reflection graphic between single section 

(quarterwave) and four-section (N=4) Chebyshev 

transform. It is seen obviously that despite of 

fluctuations, Chebyshev Transform is better than single 

section matching.  

 
Figure 2. Comparison of reflection graphic between 

single section (quarter wave) and four-section (N=4) 

Chebyshev transform 

 
    Modelling of Chebyshev Polynomials to impedance 

matching is given in equation 2 [3]. 

𝑇𝑁(𝑠𝑒𝑐𝜃𝑚) =
1

Γ𝑚
|

𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
| ≈

1

2Γ𝑚
|ln

𝑍𝐿

𝑍0
|           (2) 

 

where,  𝜃  is line angle βℓ, 𝜃𝑚  is an angle obtained for 

maximum tolerable  reflection coefficient 𝛤𝑚. As shown 

in equation 3, generally Nth degree of Chebyshev 

polynomial( 𝑇𝑁(sec𝜃) ) is obtained by adapting to  

reflection coefficient.  
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Γ(𝜃) = 𝐴. 𝑒−𝑗𝑁𝜃𝑇𝑁(sec𝜃𝑚cos𝜃)            (3) 

 

where A is design factor and calculated for each section 

as in equation 4 [3]. 

 

𝐴 =
𝑍1−𝑍0

𝑍1+𝑍0

1

𝑇𝑁(sec𝜃𝑚)
              (4) 

 

In this study, impedance mismatching of each branch of 

WPDs’ output ports (2𝑍0 = 100 Ω ) was attempted to 

eliminate by proposed method. It was decided that the 

number of section was 4 (N=4) and maximum tolerable 

reflection coefficient was selected as Γ𝑚 = 0.01 =

−20 𝑑𝐵 because of minimum mismatching loss. 

 

3. Proposed Design 

    In this study, two-way WPD whose each branch was 

matched with Chebyshev design was proposed. The 

dielectric material thickness of FR4 was 𝑑 = 1.5 𝑚𝑚 . 

Lower and upper cover of the substrate was copper where 

the thickness was 𝑡 = 0.035 𝑚𝑚. The upper micro strip 

base was the place where the design was built. The 

substrate dimensions were 𝐿 = 100 𝑚𝑚  and  𝑊 =

80 𝑚𝑚 . In Figure 3, perspective (upper) and cross 

section view (under) of the design are shown. 

 

 
Figure 3. Perspective (upper) and cross sectional view 

(under) of the design 

 

     Lengths and inner dimensions of WPD are shown in 

Figure 4. Here, each length of sections are equal and they 

are  𝜃 = 𝜆 4⁄ = 41 𝑚𝑚 . Thickness of each layer was 

computed according to Chebyshev method ( Γ𝑚 =

0.01 = −20 𝑑𝐵 ). It was also calculated as 𝑤𝑙1 =

2.9 𝑚𝑚 (50 Ω), 𝑤𝑙3 = 0.89 𝑚𝑚 (90.15 Ω),  𝑤𝑙4 =

1.3 𝑚𝑚  (77 Ω), 𝑤𝑙5 = 1.93 𝑚𝑚  (63.3 Ω), 𝑤𝑙6 =

2.55 𝑚𝑚  (54.08 Ω). The second and third ports was 

terminated at  𝑤𝑙1 = 2.9 𝑚𝑚 (50 Ω) thickness. Between 

these two ports, there was a resistor 𝑅 = 100 Ω due to 

theoretically analysis. 

    To avoid the circuit being too long, the matching lines 

were bended till terminals. Therefore, it was determined 

as 𝑙1 = 12.6 𝑚𝑚 , 𝑙2 = 11 𝑚𝑚  and 𝑙3 = 3 𝑚𝑚 . Thus, 

each length of line was equalized to 𝜆/4. 

 

 
Figure 4. Lenghts and inner dimensions of power divider 

circuit 

 

4. Results 

    The reflection in the input port of the designed power 

divider circuit has improved compared to the single 

section. In Figure 5, comparison between quarter wave 

and Chebyshev design of input reflection (𝑆11) graphic 

was seen. As chosen input reflection level was smaller 

than 𝑆11 < −20  dB; while single section was 0.9-1.3 

GHz band width, the Chebyshev design showed 0.350-

1.67 GHz performance. The formula of percentage of 

bandwidth is given in equation 5 [3]. 

𝐵𝑊% =
𝑓𝑈−𝑓𝐿

𝑓0
                                   (5) 

 

where, BW% is percentage of bandwidth, 𝑓𝑈 is the upper 

band and 𝑓𝐿  is the lower band and 𝑓0  is the center 

frequency of 1 GHz. 

    While the percentage of bandwidth in the quarter wave 

matching is 25%, it shows 132% BW performance in the 

Chebyshev Design. 
 

 
Figure 5. Comparison between quarter wave and 

Chebyshev design of input reflection (S11) graphic 



 

 
    In a power divider circuit, one of the most important 

parameters is power transmission line coefficient ( 𝑆21 

and 𝑆31 ). In Figure 6, a comparison about logarithmic 

power transmission characteristic between quarter wave 

and Chebyshev design is shown. In a symmetrical circuit 

with respect to the input port, output power of second and 

third port are identical. If the reference level is accepted 

as 𝑆21 = 𝑆31 > −4.3  dB, the transmission frequencies 

will be between 0.1 and 1.7 GHz. Then the percentage of 

transmission bandwidth would be %160 and it could be 

said that the method is successful on the matching. The 

logarithmic and percentage conversion of power 

transmission is given in equation (6) [3]. 

 

   Ultimately, in the interval of bandwidth, 37.5% power 

transfer can be performed to each port. Therefore, it 

means that the Chebyshev matched multi-layer WPD 

could transfer 75% of the input power to both output 

ports.  

𝑃 % =
10𝑃 (𝑑𝐵)

10
× 100                                 (6) 

 

 
Figure 6. Compared logarithmic transmission graphics of 

quarterwave and Chebyshev design 

 

5. Conclusion 

   In the study, the impedance was matched through WPD 

Chebyshev Impedance matching technique. The proposed 

design was compared with the quarter wave technique in 

the literature. For -20 dB return loss reference level; 

while basic WPD (quarter wave matched) bandwidth was 

25%, the Chebyshev matched WPD’s bandwidth reached 

132%.  In addition, the proposed design could transfer 

75% of input power to both output ports in the range 

where the transmission power level is -4.3 dB and the 

transmission bandwidth (BW) became %160. Regarding 

the reference studies presented in Table 1, it can be said 

that this study conforms to the literature and contributes 

to the recent studies. 

Table 1. Comparison of this study with the reference studies 

 

Ref. Method 
Freq 

(GHz) 

S11 

Ref. 

Level 

(dB) 

S11 

BW 

(%) 

S21 

Ref. 

Level 

(dB) 

S21 

BW 

(%) 

[16] 

Non 

Uniform 

Transm. 

Line 

1.25 -10 56 -4.25 24 

[13] 
Stub 

Matching 
1 - 2 -20 4 -3.5 22 

[15] 
Z 

Polinomials 
0.7- 2 -20 

60 

66 

-3.22 

max 
- 

[17] 

Gysel 

Power 

Divider 

1.5 -18 92 
1,92 

max 
- 

[14] 

Analytically 

Compensa-

ted 

9 -10 160 -4.5 77 

This 
Study Chebyshev 1 -20 132 -4.3 160 

 

   As expected, the obtained results indicate that proposed 

design enables the power division/transmission in a wider 

frequency range. This study showed that power divider 

circuit can be designed with broadband Microwave 

impedance matching techniques. Besides, obtained 

results conform to the literature about Chebyshev 

broadband impedance transform studies. 
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 In last decades, chaos phenomenon and chaotic systems are defined as a nonlinear behavior have 

received a plenty of attention. In many areas, a chaotic system is used due to chaotic signals depend 

very sensitively on initial conditions, have unpredictable features and noise like wideband spread 

spectrum. In literature as well as the basic chaotic systems, there are many hybrid chaotic systems. 

In this paper, Sprott case A chaotic system is formed by using OP-AMPS and other appropriate 

circuit components on Multisim environment. This model is being constructed for each chaotic 

system, so the results of mathematical simulations of these chaotic differential equations can be 

seen. Convenient chaotic behavior is observed, circuit simulation is conducted via co-simulation 

between Multisim and LabVIEW. The simulation results show similar behavior when it is 

compared with the theoretical chaotic system. 
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1. Introduction 

Chaos word, which is the subject of academic studies, 

can be defined as the arrangements in non-linearity of non-

linear systems. Chaotic systems can be described as 

systems that are very sensitive to initial conditions, exhibit 

non-periodic behaviors, and have complexity which 

cannot be measured. In addition to sensitivity to initial 

conditions, chaotic systems have a broadband noise-like 

and periodic structure 

The term chaos was first used by Henri Poincaré during 

the dissolution of three-body problem raised in 1889. [1] 

Ed Lorenz who is an American mathematician and 

meteorologists expressed chaotic behaviour with 

differential equations for the first time [2]. In practice, the 

first real physical dynamic system similar to the Lorenz 

system was created by Chua [3]. The Chua's circuit is a 

simple autonomous third level circuit that exhibits 

dynamic behavior. Following these studies, scientists such 

as Chen, Rössler, Sprott, Van Der Pol, Rucklidge, Lü 

formed their own chaotic systems [4-9]. After these 

studies, many chaotic novels and hyper-chaotic systems 

which display different dynamical behaviours have took 

place in literature [10-16]. 

 

 

   Chaos theory and chaotic systems have attracted the 

interest of academic community in the fields of theoretical 

research and practical application. It has been used in 

applications ranging from weather prediction to    

computer science, economics, geology, robotics, physics 

etc. [17]. Chaotic systems have many applications. 

Examples of application areas of chaotic systems in daily 

life include oscillation control of chemical reactions, 

measurement of heart rhythm, examination of brain waves, 

biomedical and medical applications, secure 

communication using chaotic signals, internet banking, 

increase of laser power, power electronics, image 

compression and transmission, turbulence controversy, 

chaotic masking, weather forecasts, chaotic modulation, 

pattern recognition, random number generators, 

population projection studies, polymer production, protein 

production of bacterial colonies, etc [18].  

   In this study, Sprott case A, case B and case C chaotic 

system is created with using OP-AMPS and appropriate 

circuit opponents in Multisim environment. Then the 

systems are designed with LabVIEW control&simulation 

toolbox. Chaotic behaviour is observed and real-time 

circuit simulation is conducted via Multisim-LabVIEW 

platform simulation. The results are compared with 

theoretical Sprott system and observed similar behaviour. 

 

http://www.dergipark.gov.tr/
http://www.dergipark.gov.tr/iarej
mailto:ggunaybulut@nevsehir.edu.tr
mailto:memnshn@gmail.com
mailto:hasanguler@firat.edu.tr
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2. Method  

2.1 Sprott Chaotic System 

J.C Sprott, introduced nineteen simple systems with a 

few terms which show similar dynamical behaviour to the 

traditional Lorenz, Rossler and Chua systems [19-20]. 

Among these systems, while equations A to E have 5 terms 

in total, F-S equations have 6 terms. 

 

�̇� = 𝑎 + ∑ 𝑏𝑖 + 𝑋𝑖
3
𝑖=1 +∑ ∑ 𝑐𝑖𝑗𝑋𝑖

3
𝑗=1

3
𝑖=1 𝑋𝑗                   (1) 

 

     Sprott accepted that the second-order nonlinear three-

dimensional ordinary differential equations are in the form 

given in (1). Here, X = (x, y, z) is the real three-

dimensional state variables, and a, b, and c are real three-

dimensional coefficients. 

 

 
 

Figure 1. Sprott System Equations[21] 

Chaotic results are obtained when 𝑋0=0.05,  𝑌0=0.05,  

𝑍0=0.05 are taken as the initial condition for the equations 

except for the equation A. The initial conditions for the 

case A are 𝑋0=0,  𝑌0=0.5,  𝑍0=0 .If the Sprott chaotic 

system is examined, it appears that there are separate 

attractors for each equation case. Change of state variables 

over time and chaotic attractors for Sprott A, and B 

systems are shown in Fig.2, 3, 4, 5 [21].  

 
Figure 2. Sprott  Case A(nose-hoover system) 

 

 
Figure 3. Sprott  Case A Chaotic Attractors 

 

 
Figure 4. Sprott  Case  B 
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Figure 5. Sprott  Case  B Chaotic Attrattors 

 

2.2  Circuit Simulation 

    The chaotic circuit for the Sprott case A system 

established in the Multisim program using functional 

elements to provide chaotic system's simulation. Sprott 

case B and case C chaotic systems simulated using via 

Labview. Initial parameters  for all chaotic systems except 

case A , 𝑋0 , 𝑌0 , 𝑍0  parameters were taken 0,05, 0.05, 

0,05.The initial conditions of the case A taken as 0, 0.05, 

0 [22]. It is expected that the simulation circuit which 

established in the Multisim and Labview environment will 

be similar to the theoretical system outputs. Case A, B, C 

chaotic system equations are given in equations (2-4). 

Sprott Case A: 

�̇� = 𝑦 

�̇� = −𝑥 + 𝑧                                                                    (2) 

�̇� = 1 − 𝑦2 

 

Sprott Case B: 

 

�̇� = 𝑦z 

�̇� = 𝑥 − 𝑦                                                                       (3) 

�̇� = 1 − 𝑥𝑦 

 

Sprott Case C: 

 

�̇� = 𝑦z 
�̇� = 𝑥 − 𝑦                                                                      (4) 
�̇� = 1 − 𝑥2 

Sprott case A chaotic system is established with using 

simple OP-AMP's and other appropriate components. 

Then system is designed with using Multisim program. Fig 

6 shows Multisim design of Sprott model.  
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Figure 6. Multisim Design of Sprott Model 

 

Fig. 7 and fig. 8 illustrate Sprott Case A and C chaotic 

models of LabVIEW. LabVIEW is a graphics-based 

software platform. The usage of program is increasing in 

engineering applications day by day[23-24]. It ensures a 

visual platform for the development of algorithms. 

 

Figure 7. LabVIEW Design of Sprott Case A Chaotic Attractors 

 

The operations required to model differential 

equations can be summarized by adding, multiplying, 

multiplying by a fixed number, analog multiplication, 

taking an integral, taking a derivative etc. The generated 

block diagrams can be modeled and simulated with 

electronic circuit programs using analog operational 

elements. 

Figure 8. LabVIEW Design of Sprott Case C Chaotic Attractors 

 

 



 

 
The same simulation results can also be obtained by 

establishing the actual electrical circuit of the systems 

which has also the digital modeling and simulation. 

Models are created using control& simulation toolbox 

in LabVIEW. Sprott model's differential equations are 

given before section. Their LabVIEW designs are showed. 

3. Results 

     Sprott Systems using functional elements, chaotic for 

state A circuits are installed in the Multisim program to 

provide chaotic circuit implementations. The systems are 

designed with the system parameters which is in the 

literature. For case A, initial conditions taken as X0 = 0, Y0 

= 0.5, Z0 = 0. Fig. 9 shows Sprott Case A chaotic attractors  

x-y, y-z and x-z phase.   

Figure 9. LabVIEW Design of Sprott Case A Chaotic Attractors 

The second Sprott model Case B is also designed in the 

LabVIEW program to provide its chaotic behaviour. The 

system parameters are used as in literature. For B condition 

is taken as X0 = 0.05, Y0 = 0.05, Z0 = 0.05. Fig. 10 shows 

Sprott Case B chaotic attractor results in  x-y, y-z and x-z 

phase. 

 

 

Figure 10. LabVIEW Design of Sprott Case B Chaotic 
Attractors 

 

The other chaotic model is C. For C condition initial 

parameters are taken as X0 = 0.05, Y0 = 0.05, Z0 = 0.05.  

Fig. 11 shows Sprott Case C chaotic attractors results x-y, 

y-z and x-z phase. 

 

Figure 11. Sprott Case C Chaotic Attractors 

Sprott chaotic system's 3D phase portrait for case A is  

also shown in fig. 12. 

 

 

Figure 12. Sprott Chaotic Systems 3D Phase Portrait 

 

4. Conclusion 

Research on engineering related to nonlinear dynamics 

and chaos is generally theoretical and simulation based, 

and experimental studies include a single circuit model 

whose results are reported in the literature. In this study 

Sprott case A, B and C chaotic models designed with using 

Multisim circuit program and LabVIEW control& 

simulation toolbox. As a result, the simulation results of 

the digital model with block diagrams and electronic 

circuit programs and the results of the oscilloscope output 

of the actual electronic circuit can be the same.   
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 In this study, the chaotic Van der Pol system was implemented for real-time chaos applications 

on FPGA chip. The chaotic Van der Pol system was also modelled numerically by using the 

Euler algorithm ODE (Ordinary Differential Equation) solver on Matlab. Numerical structure of 

the chaotic Van der Pol oscillator designed on Matlab was taken as reference for the design of 

FPGA-based chaotic Van der Pol oscillator unit. The chaotic Van der Pol system was coded in 

Very High-Speed Integrated Circuits Hardware Description Language (VHDL) with 32-bit 

IEEE-754-1985 floating point number standard. The designed chaotic Van der Pol system was 

synthesized in the Xilinx ISE Project Navigator program and was implemented on the Xilinx 

VIRTEX-6 chip family, XC6VLX75T device, FF784 package. The maximum operating 

frequency of the FPGA-based chaotic Van der Pol oscillator unit obtained from Place and Route 

processes was 498.728 MHz. Additionally, chip statistics of the FPGA-based Van der Pol 

oscillator were presented. 
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1. Introduction 

Chaos or chaotic systems are one of the fields 

theorized in recent years and studied extensively. Some 

of the research areas related to chaos or chaotic systems 

are  oscillator design [1], biomedical [2], communication 

[3], optical [4], power electronics [5], robotic [6], 

artificial neural networks [7-9], pseudo random number 

generator [10], true random number generator [11], 

synchronization [12], image processing [13], 

optimization [14]. Chaotic oscillators are used in many 

applications because of their characteristic features, such 

as the fact that signals generated by them show noise-

related and non-periodic behaviors, and they depend on 

the initial conditions and the system parameters very 

sensitively. Therefore, many chaotic systems with 

different characteristics are proposed in the literature. 

From these chaotic systems, the oscillators, whose system 

dynamics are best known, are Lorenz [15], Chua [16], 

Shimizu-Morioka [17], Duffing systems [18], and Chen 

[19]. In addition, there are some other chaotic systems 

presented to the literature newly with their different 

characteristic features. [20-22]. Chaotic oscillators can be 

examined in two types: continuous-time and discrete-time 

chaotic oscillators. For the purpose of performing 

discrete-time chaotic oscillators, various hardware 

platforms such as digital Signal processors (DSPs) [23], 

Application Specific Integrated Circuits (ASICs) [24], 

microcontroller (µC) [25], and Field Programmable Gate 

Arrays (FPGAs) [26] are used. FPGA chips, which are 

one of the digital-based platforms, are frequently used in 

the literature because of their characteristics such as 

parallel processing and ability to be programmed 

repeatedly.  

In the study conducted by Rajagopal et al., by using the 

RK5-Butcher algorithm and 32-bit IEEE-754 floating 

point standard, a new 3D chaotic chameleon system 

application on the Xilinx Virtex-6 XC6VLX240T FPGA 

chip was carried out [27]. In the study of Alçın et al., by 

using ANN structure and 32-bit IEEE-754 floating point 

standard, Pehlivan Uyaroglu Chaotic System on the 

Xilinx Virtex-6 FPGA chip was designed as hardware 

[8]. In another study, by using Heun algorithm and 

floating-point number format, on the Xilinx virtex-6 

http://www.dergipark.gov.tr/
http://www.dergipark.gov.tr/iarej
mailto:mustafadursun@duzce.edu.tr
mailto:elifkasifoglu@gmail.com
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FPGA chip, design and implementation of a new 3D 

chaotic system with a single equilibrium point was 

carried out by Tuna et al. [1]. In another study, Azzaz et 

al. modelled the 3D hybrid chaotic system with the 

Virtex-II family FPGA chip of Xilinx Company in 

accordance with 32-bit IQ-Math format, and by using this 

system, they carried out an application [28]. In the study 

of Lai et al., using the fourth degree Runge Kutta 

algorithm, a multi-butterfly chaotic attractor was 

designed with the 32-bit IEEE-754 number standard and 

the Xilinx Kintex-7 FPGA chip, and engineering 

applications were performed by using the oscillator [29]. 

In the study conducted by Tlelo-Cuautle and his 

colleagues, the chaotic system was modelled on the 

Altera Cyclone IV FPGA chip by using the 32-bit fixed-

point number standard. [30]. Using the RK-4 algorithm 

and the 32-bit IEEE-754 number Standard, the Chen 

Chaotic System was carried out on the Xilinx virtex-II 

FPGA chip in real time by Sadoudi et al. [31]. Rajagopal 

et al. modelled the 3D Time-Delayed Chameleon Chaotic 

System on the Xilinx Virtex-7 XC7-VX980tffg FPGA 

chip by using Matlab Xilinx system generator [32].  

In the second section of this study, brief information 

about chaotic systems, Van der Pol oscillator, FPGA 

chips and numerical algorithms will be given. In the third 

section, the design of FPGA-based Van der Pol oscillator 

unit will be presented. In addition, FPGA chip statistics 

and simulation results obtained from the design testing 

will be given. In the last section, the results of the study 

will be interpreted. 
 

2. Background Information 
 

2.1 Chaotic Systems and Van der Pol Oscillator 

The term Chaos was first introduced by M.I.T. scientist 

Edward Lorentz's work in 1963. Lorentz wanted to round 

down the results of the mathematical meteorological 

model he created with the aim of forecasting the weather, 

but could not get the results he wanted. In this way, the 

first foundations of Chaos Science Field were laid. As a 

definition, chaotic systems or chaos can be expressed as 

dynamic systems which are deterministic, non-linear, 

non-periodic and highly sensitive to system parameters 

and system startup conditions [11].  

Chaotic systems are expressed by using ordinary 

differential equations. In the literature, there are 1st 

degree discrete-time chaotic systems. On the other hand, 

in continuous-time chaotic systems, at least a second-

order differential equation set should be used. In the 

Equation 1, the differential equation for Van der Pol 

system is given. [33].  

0)1( 2
2

2

=+−− x
dt

dx
x

dt

xd
  (1) 

The Van der Pol oscillator shows chaotic oscillator 

characteristics under certain conditions. In this study, 

while the system parameter was taken as μ=0.5, the initial 

conditions were taken as x0=1.0 and u0=-0.97.  

 
 

Figure 1. Time Series of the Van der Pol oscillator 

 

2.2 FPGA Chips 

FPGA chips can be defined as integrated circuit tools 

with repeatedly programmable properties for digital 

system/circuit designs. These chips, after the first silicon 

production process, allows the designer to make system 

design in the chip whenever he/she wants [34]. These 

chips are also called as “System On a Chip” (SOC), and 

they can work together with other hardware platforms as 

part of the larger designs when needed [35]. In recent 

years, FPGA chips have gained quite high capacity and 

high performance, but their structures have become more 

complex day by day. FPGA chips, which are produced 

for general purpose and can be programmed specifically 

for design, have approximately 1 GHz working frequency 

[36]. Compared with the platforms working sequentially 

such as DSP, µC and PC, very high performance can be 

obtained from FPGA chips due to their some advantages 

such as parallel processing and system-specific design. 

Therefore, they can perform operations much faster than 

personal computers. Multiple copies of the design made 

inside FPGA chips can also be executed inside the chip. 

Moreover, with a standard computer and FPGA based 

custom computing machines, which is connected to this 

computer and contain one or more FPGA chips, designs 

can be carried out and high-performance platforms can be 

obtained. Because of these and similar advantages, in 

recent years, FPGA hardware has been widely used from 

motor control to industrial imaging, from Crypto 

communication to electronic warfare applications in 

space and defense industries, from digital cameras to 

Satellite Receivers in consumer electronics, from 

computerized tomography to ultrasound imaging in 

biomedical and from image processing to in-car 

information systems in automotive industry [37, 38]. 

Today, FPGA chips are manufactured by many 

companies such as Xilinx, Altera, Atmel, SiliconBlue, 

Microsemi and Lattice. 

In general, FPGA equipment consists of three parts: 

input-output blocks (I-O blocks), interconnection 

network, and Configurable Logic Block (CLB). All of the 

Input-Output blocks (I-O blocks), connection network, 

and CLB structures can be configured. Input-output 

blocks can be used as input, output, or both input and 

output ports. Although their structure varies according to 

the type of chip, CLB units are generally composed of 

memory, logical blocks and multipliers. On the other 

hand, the interconnection networks are programmable 
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structures that provide the connection between the input-

output ports and the CLB.  

In FPGA chips, designs are carried out schematically 

and by using HDL (Hardware Description Language). 

VHDL and Verilog languages are the most preferred 

hardware description languages [39]. 

 

2.3 Numerical Algorithms 

In the literature, various algorithms were developed for 

numerical solutions of differential equations. Euler, 

Heun, fourth order Runge-Kutta (RK-4), fifth order 

Runge-Kutta Butcher and Dormant-Prince methods can 

be shown as examples of these algorithms. The Euler 

algorithm, one of these algorithms, is preferred because 

of its advantages such as being able to calculate 

numerical solution in a short time and easy modeling on 

digital processors. The Euler algorithm is given in the 

equation 2.  

 

hyfyyy h += ++ )(1     (2)
 

 

In this equation, Δh refers to step range, yλ refers to 

initial value, and yλ+1 refers to the values of the system 

to receive an iteration sonar. In the numeric algorithms 

used to be able to model continuous-time systems in real 

time on digital processors, in order to calculate the next 

yλ+1 value of the system, yλ, which is the previous value 

of it, is used.  

 

3. FPGA-Based Van der Pol Oscillator  

In this section, the Van der Pol oscillator is modelled 

to work on FPGA chips by using the Euler numerical 

algorithm and the 32-bit IEEE-754-1985 floating point 

number format [40]. The design was coded in VHDL, 

which is a hardware identification language. Units such 

as adders, dividers and subtractors in floating point 

number format, used in FPGA-based Van der Pol 

oscillator design, were created by using the IP Core 

generator presented with the Xilinx ISE Project 

Navigator program. In order to model the presented Van 

der Pol oscillator on FPGA chip, the discrete-time model 

of the system was created. In equation 3, using the Euler 

algorithm, a differentiated mathematical model of the 

Van der Pol system is presented. 

 

( ))()()()()()1(

)()()1(

2 kvkwkvkwhkvkv

kwhkwkw

 −+−+=+

+=+
 (3) 

     

In the equation, intermediate values are calculated first 

by putting the w(K) and v(K) values in their place. Then, 

the calculated values are multiplied by Δh step range 

value. By summing the obtained values with the initial 

values of w(K) and v(K), the values of w(k+1) and 

v(k+1) are calculated, respectively. In this study, for the 

design of FPGA based Van der Pol oscillator, the Step 

range of Euler algorithm was taken as Δh=0.05 and μ=10.  

The first-order block diagram for Modeling Van der 

Pol oscillator with Euler algorithm-based FPGA is given 

in Figure 2. One-bit Start and CLK signals at the entrance 

of the designed system are used to ensure the timing of 

all units and the synchronization between the units and 

the system to which the units are connected. In the 

design, while the initial values of the oscillator were 

embedded in the FPGA chip, the 32-bit initial conditions 

were embedded in the design to reduce resource 

utilization. However, when needed, the relevant signals 

can be taken out of the design by the designer. The 

FPGA-based Van der Pol oscillator unit has w_out and 

v_out 32-bit output signals in floating point standard and 

1-bit Ready_wv signal used to indicate that these output 

signals are ready.  

 

 
 

Figure 2. The first-order block diagram of FPGA-based 

chaotic Van der Pol oscillator 
 

Figure 3 shows the second-order block diagram of the 

chaotic Van der Pol oscillator designed to operate in the 

FPGA chips. Designed system consists of 2 units; MUX 

and Euler units. The MUX unit serves as a selector for 

the starting conditions of the system and the signal 

produced by the oscillator. On the other side, the Euler 

unit is the unit that produces chaotic Van der Pol signals. 

When the ‘1’ signal is applied to the start input of the 

design, the initial conditions required by the system are 

transferred to the Euler unit via the MUX. When the 

Euler unit generates its first value, the Ready_wv signal 

become ‘1’, and at this time, the Van der Pol oscillator 

unit generates its first outputs as w_Out and v_Out. From 

this moment, the MUX unit sends the signals produced 

by the Euler unit to the system instead of the initial 

conditions. 

 

 

 

 



 

 

 

Figure 3: The second-order block diagram of FPGA-based chaotic Van der Pol oscillator 

 

Figure 4 shows the third-order block diagram of the 

Euler-based chaotic Van der Pol oscillator unit. In the 

oscillator unit structure, there are 7 units including MUX, 

V, multiplication, addition and counter units. The V unit 

enables the calculation of w(k+1) and v(k+1) values in 

Van der Pol system equations with control signals 

coming from MUX unit. The signals obtained from the 

unit are summed in the addition unit with the start value 

signals (w(k) and v(k)), and the results are sent to the 

counter unit. Since the counter unit is designed as System 

pipeline, it is used to filter unwanted signals. The 

multiplication, addition, subtraction and other modules in 

the 32-bit floating point number format used in the Van 

der Pol oscillator, which was designed based on FPGA, 

were created by using the IP Core Generator developed 

by Xilinx Company. The Euler-based oscillator unit 

works as a pipeline, and the designed system produces 

the first result at the end of 128 clock cycles. In the next 

each 128 clock cycles, the system continues to produce a 

result. The designed chaotic Oscillator unit is tested by 

synthesized for the xc6vlx75t-3FF784 chip of the Virtex-

6 Family produced by Xilinx Company. Figure 5 shows 

the simulation results of the Xilinx ISE Project Navigator 

program obtained from the realization of the Van der Pol 

chaotic generator on FPGA; this Van der Pol chaotic 

generator was designed by using Euler algorithm. 

 

 

 
 

Figure 4: The third-order block diagram of FPGA-based chaotic Van der Pol oscillator 
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Figure 5: The simulation results of the Xilinx ISE Navigator of FPGA-Based Chaotic Van der Pol Oscillator Unit 

 

The designed chaotic Van der Pol oscillator unit was 

realized using Euler algorithm on FPGA, and the FPGA 

chip statistics obtained from place and route process are 

given in Table 1. The maximum operating frequency of 

FPGA-based chaotic Van der Pol oscillator unit was 

obtained as 498.728 MHz. In other words, the minimum 

operating period of the designed unit is 2.005 ns.  

Table 1. The usage statistics for Xilinx Virtex-6 XC6VLX75T-

3FF784 chip of FPGA-based Van der Pol oscillator 

Logic 

Utilization 

Used Available Utilization 

(%) 

Number of 

Slice 

Registers 

4,702 93,120 5 

Number of 

Occupied 

slices 

1,326 11,640 11 

Number of 

Slice LUTs 
4,160 46,560 8 

Number of 

bonded 

IOBs 

99 360 27 

 

4. Conclusions  

In this study, for chaos-based engineering applications, 

Van der Pol oscillator was implemented by using the Euler 

algorithm on the FPGA. In the study, first the Van der Pol 

oscillator was numerically modelled and time-series were 

obtained. Then, using the numeric model, it was encoded on 

FPGA by using VHDL language and the Euler algorithm. In 

the design, 32-bit IEEE-754-1985 standard was used and it was 

synthesized by using the Xilinx ISE Project Navigator program. 

At the end of Place & Route process for Xilinx VIRTEX-6 

chip family, the maximum operating frequency of FPGA-

based Van der Pol oscillator unit was obtained as 498.728 

MHz. The unit was tested by using Xilinx ISE Project 

Navigator program and test results were presented. In the 

future studies, random-number-generator design and 

synchronization applications will be able to be realized by 

using the FPGA-based Van der Pol oscillator presented in this 

study. 
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 By using unmanned aerial vehicles (UAV) for improving fertility of large agricultural lands in 

the GAP region, it is aimed to guide the end users through processing of the aerial images 

obtained by using image processing algorithms. The productivity problem of "Agriculture" 

sector that has the most important role in the economic development of the region directly has 

been solved in an innovative way by improving the fertility of agricultural lands. Related to the 

UAVs used for this process, the most important problem to consider is limited battery life. 

Therefore, it is very important to calculate the optimum route to reduce the flight time and to 

scan the large agricultural lands in the shortest time. In this paper, the shortest path problem is 

optimized by using the genetic algorithm for scanning large agricultural lands and collecting 

data. In the study, the points taken by UAV according to the field of view of the images are 

determined. The shortest path has been calculated by using genetic algorithm so that images can 

be taken from these determined points within a minimum flight time. 
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1. Introduction 

Recently, agriculture and food have become very 

important concepts [1]. In terms of agricultural 

productivity, many different technologies have begun to 

be used in agricultural areas [2, 3]. One of these 

technologies is unmanned aerial vehicle (UAV) [4, 5]. 

The monitoring of agricultural lands for a certain period 

of time is important especially in early disease detection 

and yield estimation. Monitoring the productivity of large 

agricultural areas in the GAP Region is not effective 

enough if it is conducted by monitoring techniques done 

in the ground. Also, this situation causes the problem of 

wasting time. Unmanned aerial vehicles are widely used 

today in aerial photography and imaging. Recently, it has 

been also begun to be used in industrial problems. UAVs 

are used to collect data by integrated cameras and sensors 

[6, 7]. Many applications such as monitoring and 

spraying of the agricultural lands can be achieved more 

easily and effectively with the widespread use of 

unmanned aerial vehicles. Analysis of the images of 

agricultural lands taken at a certain altitude by using 

image processing algorithms will increase the 

productivity and quality. Despite all these advantages, 

unmanned aerial vehicles need energy provided by 

Lithium Polymer (Li-Po) batteries. It can be said that the 

4-engine unmanned aerial vehicle with a limited energy 

source does not have a very long flight time. Regarding 

the fact that the flight time of a quadcopter is estimated as 

20 minutes on average, it is unlikely to be able to take 

images of a large agricultural land. Thus, scanning the 

entire agricultural area between the coordinates digitally 

marked within the limited time, and collecting data with 

sensors and cameras have become a purpose. Scanning of 

the maximum agricultural land with a limited energy 

source can actually be considered as an optimization 

problem.  

In this study, the flight route was optimized by using 

genetic algorithm and the scanned maximum area with 

minimum flight time was provided. For this purpose, a 

designated agricultural land was considered. On this 

agricultural land, some stop points for the unmanned 

The shortest path detection for unmanned aerial vehicles via genetic 

algorithm on aerial imaging of agricultural lands    
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aerial vehicle to image all of the agricultural land had 

been identified. After this process, when the unmanned 

aerial vehicle arrived at all designated stops, it would be 

assumed that all agricultural land had been scanned. The 

genetic algorithm would decide the order in which the 

unmanned aerial vehicle would arrive at the determined 

point. The fitness function of the genetic algorithm would 

be the length of the flight path. 

The rest of the paper is organized as follows. In the 2nd 

section, previous studies related to subject has been 

summarized. In the section 3, all the algorithms used are 

summarized. In the 4th section, the results obtained by the 

proposed method are presented and the performance of 

the study is evaluated by examining the results. 

 

2. Related Works 

Studies for real-time road extraction of UAVs have 

been investigated with realistic simulations in the 3D 

plane [6]. In that paper, workload and affection are taken 

as a strong parameter and 2D plane simulation is 

preferred. Many studies in the literature aimed to make 

the energy suitable for collecting data using the most 

efficient level of energy.  

In this context, during the more data collection process 

by using multiple UAVs, this problem becomes more 

important [7] [8]. The fact that this problem is real-time 

is also important because it will save time in order to be 

able to make online tactical plan for UAVs [9].  

Regarding their ability to bring tactics to the UAVs, five 

different heuristic algorithms were compared. These 

algorithms were Search algorithm, the Dijkstra algorithm, 

the Bellman Ford algorithm, the Floyd-Warshall 

algorithm, and the Primer algorithm. As a result, the 

Dijkstra algorithm was found to be the fastest [10]. For 

the problem of finding the shortest path, there are a 

genetic algorithm and a search algorithm that working 

well for heuristic algorithms used optimally for this 

problem [9] [11-15]. 

Unlike the studies in the literature, in this study, it was 

assumed that the height of the unmanned aerial vehicle 

was constant and this problem was considered as the 

traveling salesman problem.  

 

3. Material and Methods 

3.1 Genetic Algorithm 

The Genetic Algorithm, developed by John Holland in 

1975, is a search and optimization method based on 

natural selection principles. Genetic algorithms are 

considered as effective search techniques in many areas. 

[16] Genetic algorithms are based on the initial 

populations, and they create new populations by using 

methods such as crossover and mutation in those 

populations [17]. Steps of the Genetic Algorithm process 

are shown in Fig.1. 

As shown in Fig.1, firstly, a population is generated. 

Then the fitness function is calculated. If the value of the 

fitness function is the desired value, the loop is 

terminated. If the fitness function does not reach the 

desired value, the selection, crossover and mutation 

procedures are applied, and the fitness function for the 

obtained new population is recalculated. This cycle is 

repeated until the desired fitness value is reached.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Genetic Algorithm Flow Chart 

 

In this study, the genetic algorithm was used to 

determine the order in which the unmanned aerial vehicle 

was supposed to stop at the determined stop points for the 

shortest flight route. 

 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝐹𝑙𝑖𝑔ℎ𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑟𝑜𝑢𝑡𝑒)     (1) 

 

𝐹𝑙𝑖𝑔ℎ𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  ∑ ∑ 𝑥𝑖𝑗
𝑃
𝑗=1

𝑃
𝑖=1                         (2) 

 

The fitness function shown in Equation (1) gives the 

shortest route that arrives to all stop points determined in 

the agricultural land. Equation (2) calculates the total 

route distance for the fitness function. The p value in the 

Equation (2) refers to the number of stop points. 

 

3.2 Travelling Salesman Problem 

It is a problem that is explored in the field of 

operations research and theoretical computer science. It is 

assumed that a travelling salesman has to go through n 
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different towns. In this case, the travelling salesman 

should take its route in the shortest way, and every city 

must be visited once. As such, the problem addressed in 

this study was evaluated and interpreted in this way. 

 

3.3 Unmanned Aerial Vehicles 

Unmanned aerial vehicles are used to collect data with 

integrated cameras and sensors [6, 7]. As shown in Figure 

2, an angle has been given to the camera by the anti-

shake gimbal mechanism.  

 

 

Figure 2. DJI Phantom 2 Vision 

 

In this study, it was assumed that the unmanned aerial 

vehicle flew at a fixed height of 40 meters. In this case, it 

was also assumed that in the agricultural land, a circular 

area with radius of 50 meters was scanned. 

 

3.4 Shortest Path Detection for UAVs via Genetic 

Algorithm on Aerial Imaging of Agricultural Lands 

The workflow of the proposed method is shown in 

Figure 3. 

 
Figure 3. Proposed Method 

As shown in Figure 3, in the proposed method, the 

boundaries of the agricultural land are primarily 

determined by the user. According to the determined 

land, the places where the unmanned aerial vehicles will 

stop are calculated and the starting point is selected. 

Then, the travelling salesman problem is set up to stop at 

the designated stop points once. The genetic algorithm 

optimizes the travelling salesman problem and provides 

scanning of the entire agricultural land with less flight 

route length. Thus, the limited battery should be used 

very efficiently.  

In this study, the agricultural lands required to be 

scanned by the unmanned aerial vehicle was determined 

as shown in Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Agricultural Land 

 

As seen in Figure 4, 40 stop points were identified. 

Therefore, it was necessary to calculate the distances 

between the stop points, and to determine a flight route 

between those points by the genetic algorithm. The genetic 

algorithm was applied respectively with 20, 40, 60 

population sizes, and the results were compared. 

The results were calculated by a computer having an 

Intel Core i7 processor with a frequency of 2.8 GHz, 8 GB 

RAM. Matlab 2016b software was also used for 

calculations. 

 

4. Results and Discussion 

In this study, the shortest flight route of unmanned aerial 

vehicles was optimized via genetic algorithm. The 

population size parameter of the genetic algorithm was 

given as 3 different values (20, 40, 60) and the results were 

obtained. In addition to this, in case of no optimization, the 

length of the flight as a result of stopping at the stop points 

sequentially was also calculated. 

 

 

 

 



 

 
Table 1. Obtained Results 

 

Population 

Size 

Number 

of 

Iteration 

Shortest 

Flight Route 

Length 

No Optimization 4482,84 

20 2132 4165,68 

40 827 4082,84 

60 3604 4082,84 

 

Table 1 shows the results obtained from different 

population sizes. It is seen that the shortest flight route 

having more population size is optimized better.  

 

 

(a) 

 
(b) 

 
(c) 

Figure 5. Shortest Flight Routes for Determined Agricultural 

Land 

 

 

Figure 5a, 5b, 5c shows the shortest path found via 

genetic algorithm respectively when the number of 

populations of 20, 40, and 60 were selected.  

 
(a) 

 
(b) 

 
(c) 

Figure 6. Optimization of Flight Route (population 

size=20,40,60) 

 

Figure 6a, 6b, 6c shows the total flight length 

calculated in iterations respectively when the population 

size of 20, 40, and 60 were selected. 

Examining the results of this study, it is seen that the 

calculated flight length was not suitable when there was no 

optimization. The flight route length was reduced when 

optimization was done by genetic algorithm. As seen in 
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genetic algorithm results, the fastest and best result was 

obtained when population of 40 was selected. 

This study shows that same agriculture land can be 

scanned with a shorter flight length by determining the 

route of the unmanned aerial vehicles via the genetic 

algorithm. As seen in Figure 6, the scanning process, 

initially provided at about 7000 meters, was optimized by 

the genetic algorithm and reduced to 4082.84 meters.  

Regarding the results of this study, it can be said that with 

this kind of optimization in flight route, limited batteries, 

which are already the biggest disadvantage of unmanned 

aerial vehicles, will be much more efficient. 
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RDF (Refuse Derived Fuel) and lignite from Afsin-Elbistan region were subjected to 

carbonization to produce their chars. For this purpose, these samples were heated from 

ambient to temperatures of 400, 500, 600, 700, 800, 900oC by a heating rate of 10oC/min 

in a tube furnace under nitrogen flow. Then, the chars were characterized in terms of the 

calorific values and the functional groups were investigated using FTIR (Fourier 

Transform Infrared Spectroscopy) technique. Also, some fuel blends where the chars of 

RDF and lignite are blended in different ratios were prepared. Effects of the charring 

process on the fuel properties of RDF and lignite were interpreted.     
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1. Introduction 

Future projections of Turkey in power generation show 

that the importance of lignites will be increased 

proportional to the increasing energy demand since oil and 

natural gas reserves in this country are seriously limited. 

Although, Turkey has large coal deposits in various coal 

ranks, low quality lignites account for the most part of the 

Turkish lignites. That is, low calorific value, high sulfur 

content, and high ash yield lignites are the most abundant 

natural primary energy sources. In addition to these 

disadvantages, fossil fuels consumption increases the CO2 

emission and triggers the greenhouse gases (GHG) 

formation and climate change. New technologies are 

actively being investigated to achieve emission reductions. 

Thus, the development of appropriate technologies for the 

evaluation of low-quality lignite potential must be one of the 

most important energy policies of our country [1]. For this 

reason, alternative energy sources must be found to meet the 

energy need of the industrialized world [2-4].  

At the same time waste management is an important 

problem for the industrialized and urbanized countries. 

Overpopulation and industrialization changes the 

consumption habits and Municipal Solid Waste (MSW) 

generation is increased [5-6]. When the wastes are used as 

alternative energy source, the energy, waste management 

and environmental problems can be avoided. MSWs are 

transformed to alternative fuel which is called Refuse 

Derived Fuel (RDF). RDF is the organic part of MSWs after 

separation of recyclable materials and its calorific value is 

considerably high [7].  

RDF production from the MSW process starts with the 

separation of the recycled materials from the MSW, and then 

size of the separated waste is reduced by milling or shredding 

processes. Metal or glass particles are removed from finer 

wastes via air classification and magnetic separation steps. 

Homogenized wastes are dried to eliminate humidity in 

order to increase calorific value. At the end of the process 

wastes are packed to reduce volume. Pelletized fuels stored 

easily in order to their stable shapes [8-9]. RDF fuels are 

used in energy intensive areas such as cement, paper, 

chemical production industries or power generation [9-12]. 

Especially, RDF blends are suitable for rotary cement kiln in 
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cement production power plants because of high flame 

temperatures. The use of RDF at the rotary kiln reduces the 

CO2 emissions [13]. 

RDF fuels have high calorific values that are compatible 

with the lignitic coals. In this paper, RDF and Afsin-

Elbistan lignite samples have been carbonized at different 

temperatures. In consequence of the calorific value 

measurements, the carbonization temperatures that 

produce the chars with the highest calorific value were 

assumed as the optimum carbonization temperatures for 

RDF and lignite, and the chars from these carbonization 

experiments were blended in different proportions to 

obtain the char blends. FTIR analysis of untreated RDF 

and lignite as well as their chars and char blends were 

carried out to determine the functional groups that have 

significant role on the fuel properties and the burning 

reactivities.   

 

2. Material and Method  

2.1 Materials  

RDF was provided from Istanbul Metropolitan 

Municipality Odayeri Sanitary Landfill Area. Besides, the 

lignite sample was provided from Afsin-Elbistan region in 

Turkey. In this study, untreated main Afsin-Elbistan lignite 

coal sample (L) and RDF (R) were used and their chars were 

produced by carbonization at temperatures of 400, 500, 600, 

700, 800, and 900°C.  

 

2.2 Sample Preparation 

RDF and lignite samples were dried under atmospheric 

conditions in open containers firstly and then these air-

dried samples were put in an oven to eliminate the 

moisture completely. The dried samples were milled and 

sieved through Retsch AS200 sieve to get the particle size 

below 250 μm. Semicokes in other words chars which are 

the solid products of the carbonization experiments were 

produced by carbonization of the coal and RDF samples. 

That is, the carbonization process was performed under N2 

flow of 100 mL/min in a horizontal tube furnace by heating 

the sample from ambient to the final temperatures of 400, 

500, 600, 700, 800, 900oC with a fixed heating rate of 

10oC/min. Once the temperature reaches the final value, 

hold-time of 30 min at these temperatures was allowed. 

Then, the thermally treated samples were cooled down 

inside the furnace under nitrogen flow to avoid oxidation 

of the char. The char samples were kept in air-tight bottles 

to eliminate any interaction with oxygen. The chars will be 

hereafter named as L (lignite) or R (RDF) with the final 

temperature of carbonization. For an instance, L400 means 

the lignite char obtained at 400°C.  

 

 

Figure 1. Horizontal tube furnace 

2.3. Calorific Value Analysis 

Considered the calorific values of these chars, the 

optimum carbonization temperatures were determined for 

lignite and RDF. Calorific values of samples were 

determined using IKA C2000 model calorimeter. 

2.4. FTIR  Analysis 

Combustion characteristics of untreated samples, chars 

and char blends were investigated using thermal analysis 

method. FTIR (Fourier Transform Infrared Spectroscopy) 

technique was applied to untreated samples as well as the 

chars to specify the functional groups and interpret the 

effects of functional groups on the combustion 

behavior. FTIR analysis was conducted using Bruker 

Alfa-T FTIR device to determine the functional groups in 

the coal sample and its chars. For this purpose, the samples 

to be tested were mixed with potassium bromide (KBr) 

powders with a proportion of 1/100. Then, the specimens 

for FTIR were pressed between two 13 mm disks under 10 

MPa pressure with KBr. 

All the tests repeated several times to check the 

accuracy and the precision of the experimental results and 

the average values were taken. 

3. Results and Discussion 

The calorific values of char samples were determined 

using IKA C2000 calorimeter and the results were shown in 

Table 1 and indicated that the highest calorific values were 

obtained when the final temperature was 800oC for lignite 

while the corresponding temperature was 400oC for RDF. 

For this reason, we decided to produce char blends by simply 

mixing L800 and R400 chars in different proportions. 

Namely, the percentages of R400 changed in the interval of 

10-50 wt% in these blends. This shows that the L800 was the 

dominant ingredient in these blends and R400 was used as 

an additive to increase the calorific value of the blends. Table 

1 also gives the calorific values of these blends.   

In this case, as the RDF char content of the blends 

increases, the thermal values increase. It has been thought 

that the RDF chars contribute to the coal chars, and as the 

blending ratio increases, the volatile matter content increases 

and the thermal values can be improved. 
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 The FTIR spectra for Afsin-Elbistan lignite and its char 

samples are given in Figure 2. That is, there is evidence of 

O-H stretching bands at around 3000-3500 cm-1 in Figure 2. 

The strong bands between 2800-2950 cm-1 indicate the 

presence of methyl and methylene groups [14]. The bands 

between 1400-1600 cm-1 indicates the aromatic C=C 

vibrations [15]. The peaks between 970-1250 cm-1 indicate 

the C-O stretching vibrations and existence of alcohol or 

phenolic structures [16]. The peaks between 700-900 cm-1 

shows the ester groups’ existence in the lignite samples [17]. 

 

Table 1. Calorific values of samples 
 

Sample Name Calorific Value (cal/g) 

    Lignite 2536 

L400 2194 

L500 2208 

L600 2375 

L700 2603 

L800 2940 

L900 2826 

RDF 5424 

R400 6623 

R500 3382 

R600 3359 

R700 2983 

R800 2902 

R900 3094 

10 R400+90 L800 3178 

20 R400+80 L800 3570 

30 R400+70 L800 3944 

40 R400+60 L800 4252 

50 R400+50 L800 4577 

 

Figure 2 also shows the FTIR spectra of the chars in order 

to monitor the variations of functional groups due to 

carbonization at different temperatures. That is, the methyl 

and methylene groups could not be detected until 

carbonization is carried out at 500°C. This can be explained 

by the relatively enrichment of these constituents as a result 

of deoxygenation through partial devolatilization. The 

hydroxyl groups can be attributed to the moisture content of 

the samples. Besides, intensities of the derivations of etheric 

functional groups became stronger in L600 and L700 

compared to L500. On the other hand, intensities of these 

groups lowered again in the cases of L800 and L900.  

The intensities of the peaks at around 800 and 1400 cm-1, 

which may be resulted from the presence of aromatic C-H 

peaks, are highly distinctive in cases of L600 and L700. 

However, these peaks almost decayed in L800 that suggest 

the fact that aromatic structure was decomposed under high 

temperature effect. In addition, the intensity of aliphatic C-H 

peaks at around 2800 cm-1 started to increase from L800.  

Bonds in aromatic ring structures are relatively much 

stronger than straight-chain aliphatic bonds and accordingly 

high temperature is required for their breakdown. It is well-

known that high rank coals such as anthracites and 

bituminous coals are rich in aromatic ingredients, while low 

rank coals such as lignites are poor in aromatics. Instead, low 

rank coals are rich in aliphatic constituents. Thus, in L800 

and L900, thanks to the straight-chain structures, given heat 

was enough to effect these bonds. In fact, two different 

phenomena determine the extent of the calorific values of the 

chars. One of them is in the favor of increase due to 

elimination of oxygen-rich volatiles. On the other hand, the 

other effect leads to decrease in the calorific value since 

severe disintegrations take place in the structure under 

elevated temperature conditions. That’s why the calorific 

values of L600 and L700 are lower than that of L800 and 

L900 and the mentioned first phenomenon is more dominant 

at these temperatures. Besides, the calorific value of the L900 

showed some decrease in comparison to L800 as 

carbonization temperature increased from 800°C to 900°C 

that predicts the fact that the second phenomenon is the 

governing phenomenon in the investigated temperature 

interval. FTIR spectra of the chars are in good agreement 

with the mentioned situations. 

Figure 3 illustrates FTIR spectra of RDF and its chars 

basing on the absorbance intensities. That is, since RDF was 

already dried before the analyses and the chars were almost 

free of moisture, it is hardly difficult to detect the band at 

around 3500 cm-1 that indicates hydroxyl (O-H) groups and 

is the characteristic bands of water.  The peaks located in the 

region of 2800-3000 cm-1 indicate the existence of C-H 

stretching in methyl and methylene groups. The 

macromolecular ingredients of biomass such as cellulose, 

lignin, and hemicellulose contain C-H bonds. On the other 

hand, plastic components found in RDF also contribute to 

these peaks [18]. Evaluation of HCl is indicated by peaks at 

2600-3000 cm-1 and the source of the HCl can be attributed 

to PVC in the RDF blends [14]. However, it couldn’t be seen 

any peak in this range and this can be attributed to the fact 

that PVC had already been eliminated from MSW and the 

RDF used in this study is poor in PVC.   

The medium-weak multiple bands at 1400-1600 cm-1 

indicate the aromatic C=C vibrations [19].  It is well-known 

that lignin that is the second most important ingredient in 

biomass after cellulose is the only aromatic material and 

these bands can be attributed to lignin found in biomass. The 

peaks in the range of 1200-1100 cm-1 are related with the 

ether type structures such as cellulose and hemicellulose. In 

fact, C-O bonds in biomass are the most abundant bonds 

because of large amount of oxygen in biomass. Cellulose and 

hemicellulose have great contribution to these bands. Also, 

lignin contains C-O bonds. The source of these ligno-

cellulosics is woody wastes, shells, barks, and agricultural  

remnants. Similarly, paper and paper products are very rich 

in cellulosics [20]. 

Peak intensity of C-O bonds of about 1000 cm-1, 

indicating cellulosic structures, decreased at R400. Because 



 

 

 

at this approximate temperature cellulose is degraded and 

thus an increase in the thermal value is expected. The highest 

thermal value of the R400 sample in the thermal value results 

confirms the FTIR results. The peaks appearing at 1450-

1600 cm-1 originate from aromatic C-H bonds. In addition, a 

decrease in peak intensity, which indicates C-H bonds, has 

been observed on the R400 sample with removal of the 

plastic volatile components, but as higher temperatures are 

reached, C-H bonds are again formed to form aromatic 

structures. The aromatic structures formed after R800 also 

degrade. Thus, the FTIR results confirm that there is a 

decrease in the thermal values after R400 and that the 

thermal value after R800 slightly increases. 

Similarly, the FTIR spectra for the blends can be seen in 

Figure 4. It can be concluded that the FTIR spectra of the 

blends were closely affected from the proportions of the 

chars in the blends.  As the content of RDF char in the blends 

increases, the C-H bonds, which represent aromatic 

structures seen around 1400 cm-1, are broken and the peak 

shrinks. The aromatic bonds, ie ring bonds, are much 

stronger than aliphatic bonds in straight chain structures and 

require high energy to break. As the RDF char content 

increases, the increase in thermal values confirms the FTIR 

results. 
 

 

Figure 2. FTIR spectra of lignite and char samples 
 

 

Figure 3. FTIR spectra of RDF and char samples 

 

Figure 4. FTIR spectra of char blends 

 

4. Conclusions 

RDF samples have higher calorific values than the 

Afsin-Elbistan lignite coal. When the RDF samples are 

carbonized at 400oC, the highest calorific value is reached. 

However, increasing the carbonization temperature 

beyond the 400oC has detrimental effects on structure and 

consequently it leads to reductions in the calorific value. 

Therefore, 400oC can be regarded as the optimum 

temperature for carbonization of RDF and the chars of 

RDF can be produced at this temperature. In addition, the 

char blend that has a composition of 50% of R400 and 50% 

of L800 is the optimum composition in terms of the 

calorific value and the sustainability of the fuel. The FTIR 

spectra of the untreated RDF and lignite, their chars, and 

the char blends showed the presence of several functional 

groups including O-H, C-H, C-O, C=C. The intensities of 

these bands are highly influenced from the carbonization 

temperature.   

This study revealed that carbonization of lignite affected 

not only the calorific values of the carbonized chars but 

also the functional groups found in these chars are highly 

influenced from the carbonization temperature. Namely, 

the intensity of a given bond in FTIR spectrum was 

determined by the relative abundancy of the other bonds. 

That is, the stages of drying, devolatilization, and even 

further devolatilization of the forming char during 

carbonization need different temperature regions and heat 

requirements in such thermal treatment studies. 

Accordingly, some peaks on FTIR spectrum became either 

decayed or intensified depending on the temperature 

applied during the carbonization process.    

As a result of the experimental studies, Afsin Elbistan 

lignite coal and RDF produced high thermal value fuel. It 

has been thought that the improvement of the thermal 

values can be made as the contribution of the RDF char on 

the coal char and the ratio is increased. 
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Nomenclature 

L   : Lignite 

R : RDF    

RDF : Refuse Derived Fuel 
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 Energy is a basic necessity after the industrial revolution in our lives. Energy demand is 

increasing with the development of technology from day by day. Humanity has head 

towards to the alternative energy sources. Therefore, alternative energy must have 

renewable sources. This situation can be supply a significant benefit for future energy 

demand. These resources play an important role in meeting the demand and provide 

significant benefits in terms of economic and environmental protection. Among the 

renewable energy sources have taken an important place like hydroelectric power plants, 

wind turbines, geothermal energy, wave energy, biomass energy, rock gas, etc. However, 

solar energy is the biggest renewable energy potential most countries in the world. Various 

countries around the world use renewable energies solar energy and photovoltaic panel 

technology to choose energy production and increasing the production potentials day by 

day. In this study, samples will be compared to the United States and Turkey in energy 

production from solar energy. 
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1. Introduction 

Developing technologies, rapid increase in population, 

need for more comfortable life increase energy need each 

day. Studies conducted for resource supply of the energy 

that may fulfil such needs and use of fossil resources in 

production may cause global warming, increase of 

environmental pollution, limitation of agricultural 

production and the risk of extinction of animal and plant 

variety. According to OECD 2016 data, 6 to 9 million 

people in the world will encounter early death risk each 

year due to air pollution until 2060. Today, global 

warming and increase in sea levels, floods, air pollution, 

stress, heat stroke, diseases, agricultural losses, severe 

storms and drought, loss of corals and fish in oceans cost 

annually 2,6 billion USD globally and this amount 

increases day by day [1]. 

Lack of resources for energy production is also a 

significant problem for countries. Non-renewable and 

mostly used energy resources used today are coal, oil and 

natural gas. Import of such resources causes economically 

significant costs and foreign borrowing for countries 

which have insufficient own reserves such as Turkey.  

There is a need for renewable, economical and 

sustainable resources which are not harmful to the 

environment and ecosystem for producing the energy 

required. It is possible to obtain this energy from wind, 

rain, sun and geothermal resources which can renew itself 

in the nature. There is no doubt that the most important 

resource in terms of reserve amongst these alternatives is 

the sun.  

The temperature of the sun measured using various 

methods is 5800 oC. The power of such a hot object, in 

other words the radiant energy it radiates per second is 

measured approximately as 4 x 1023 kW. The power 

falling on each square meter of the earth after this energy 

is absorbed in the atmosphere is approximately 1.000 

watt/m2 [2] (317 BTU-h/ft2 in USA). Since solar energy is 

an environmentally clean resource, it is a strong alternative 

for fossil fuel. Solar radiant energy falling on earth each 

year is almost 160 times of the fossil fuel reservoirs on 

Earth determined until today, and is approximately 15.000 

times more than the energy that all fossil, nuclear and 

hydroelectricity plants may generate in one year. 

http://www.dergipark.gov.tr/
http://www.dergipark.gov.tr/iarej
mailto:gulcaniner@gmail.com
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Therefore, it is very significant that solar energy is 

transformed into an energy type that can be used 

accordingly in human activities [1]. 

 

2. Electricity Energy Consumption and Generation 

Potentials 

While China, United States of America, India, Russia, 

Japan and Germany are respectively ranked as the 

countries which consume and generate energy most in the 

world according to 2015 data, Turkey ranks as the 19th in 

consumption and 17th in generation (Table 1 and 2).  

Most commonly used energy resources used for energy 

generation are coal, oil and natural gas. These reserves are 

rapidly decreasing in proportion with the increasing 

energy need. Consumption time projected for 892 billion 

tons of coal reserve is 114 years, 186,9 trillion m3 natural 

gas is 53 years, 250 billion tons of oil is only 51 years. 

Majority of the energy is generated by nuclear plants 

after fossil originated resources globally. According to 

January 2017 data of International Atom Energy Agency 

(IAEA), there are 449 nuclear plants active in 31 countries 

in total. While Germany and many European countries 

chose to shut down the present nuclear plants and obtain 

energy from renewable resources, construction of 60 

nuclear plants are in progress in 16 countries which wish 

to increase their energy generation capacities and do not 

have any nuclear plants including United Arab Emirates 

which has a sunshine duration more than European 

countries [3].  

Annual electricity energy consumption of Turkey 

increased 3.3% in 2016 and reached to 278.3 billion kWh. 

Annual electricity generation increased 4.9% in 2016 and 

reached to 274,7 billion kWh [4]. 32,1% of electricity 

generation was obtained from natural gas; 33,9% thereof 

was obtained from coal, 24,7% thereof was obtained from 

hydroelectricity, 5,7% thereof was obtained from wind, 

1,8% thereof was obtained from geothermal and 1,8% 

thereof was obtained from other resources [4]. 

22,3% of the electricity energy presented for 

consumption was used in dwellings, 1,9% thereof was 

used in illumination, 1,8% thereof was used in agricultural 

irrigation, 47,2% thereof was used in industry, 26,2% 

thereof was used in business organizations and public 

buildings.   

Energy consumption in USA in 2016 is 4,303.0 TWh. 

37% of this energy was obtained from oil; 29% of this 

energy was obtained from natural gas; 15% of this energy 

was obtained from coal; 9% of this energy was obtained 

from nuclear plants; 10% of this energy was obtained from 

renewable energy resources. 6% of renewable energy 

resources generate electricity from sun [5]. USA uses 39% 

of the energy it generates to generate electricity energy. 29% 

of the remaining energy is used in transportation; 22% 

thereof is used industry; 6% thereof is used in settlements; 

and 4% thereof is used in commercial activities.  

Energy is one of the basic inputs needed by any sector. 

Therefore, the most important reason of the increase in 

energy demand in every field is the effort to maintain or 

improve the present structure. The efforts to achieve better, 

more comfortable, more practical and more economical 

also support this need.  

 

Table 1. Global Primary Energy Consumption  

 
COUNTRY 2014 

(TWh) 

2015 Share 

(%) 

Line 

China 2.970,3 3.014,0 22,9 1 

USA 2.300,5 2.280,6 17,3 2 

India 666,2 700,5 5,3 3 

Russia 689,8 666,8 5,1 4 

Japan 453,9 448,5 3,4 5 

Canada 335,5 329,9 2,5 6 

Germany 311,9 320,6 2,4 7 

Brazil 297,6 292,8 2,2 8 

S. Korean 273,1 276,9 2,1 9 

Iranian 260,8 267,2 2,0 10 

S. Arabian 252,4 264,0 2,0 11 

France 237,5 239,0 1,8 12 

Indonesia 188,3 195,6 1,5 13 

U.K. 188,9 191,2 1,5 14 

Mexica 190,0 185,0 1,4 15 

Italy 146,8 151,7 1,2 16 

Spain 132,1 134,4 1,0 17 

Australia 129,9 131,4 1,0 18 

Turkey 123,9 126,9 1,0 19 

Thailand 123,4 124,9 0,9 20 

S. Africa 128,0 124,2 0,9 21 

Taiwan 111,4 110,7 0,8 22 

UAE 99,0 103,9 0,8 23 

Poland 92,4 95,0 0,7 24 

Ukraine   101,0 85,1 0,6 25 

TOTAL 13.020,6 13.147,3 100,0  

 

3. Electricity Generation from Solar Energy  

The sun is the resource with the highest potential 

amongst the renewable energy resources. USA ranks on 

the 4th place in electricity generation from solar energy 

with 36.75 TWh [7].  

Turkey’s annual average sunshine duration of has 

been determined as 2640 hours and daily total sunshine 

duration as 7.2 hours; average total radiant intensity has 

been determined as 1.311 kWh/m²-year and daily total 

radiant intensity as 3,6 kWh/m². Photovoltaic panels were 

started to be used in 2008 to generate electricity from solar 

energy [4]. Directorate General of Renewable Energy was 

established in 2011 and research & development activities 

were accelerated.  
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Table 2. Global Primary Energy Generation 

COUNTRY Generate 

(TWh) 

Share 

(%) 

Line 

China 5.810,6 24,1 1 

USA 4.303,0 17,9 2 

India 1.304,8 5,4 3 

Russia 1.063,4 4,4 4 

Japan 1.035,5 4,3 5 

Germany  647,1 2,7 6 

Canada 633,3 2,6 7 

Brazil 579,8 2,4 8 

France  568,8 2,4 9 

S. Korean  522,3 2,2 10 

U.K. 337,7 1,4 11 

S. Arabian 328,1 1,4 12 

Mexica 306,7 1,3 13 

Iranian 281,8 1,2 14 

Italy 281,8 1,2 15 

Spain 278,8 1,2 16 

Turkey 261,8 1,1 17 

Taiwan 258,0 1,1 18 

Australia 253,6 1,1 19 

S. Africa 249,7 1,0 20 

Indonesia 234,7 1,0 21 

Egypt 180,6 0,7 22 

TOTAL 24.097,7 100,0  

 

While energy from solar energy is generated using 

photovoltaic panels in Turkey, solar and thermal (solar 

thermal) systems with greater capacity were developed in 

USA after use of photovoltaic panels for energy generation. 

Concentrated solar panels (CSP) or single focal solar panel 

systems, parabolic systems, energy tower systems are used 

in large scale entities for electricity generation.  

Annual sunshine duration varies according to states in 

USA. California, Arizona, Nevada and Texas located 

geographically on the south of USA have large scaled 

generation plants in electricity generation from solar 

energy. USA Ministry of Energy established Solar Energy 

Research Institute in 1977. In 1980, studies directed 

towards electricity generation using photovoltaic panels 

started. In 1982, large scale electricity generation plants 

were started to be established with solar towers, and 

photovoltaic panel technology, thermal solar and 

concentrated solar technology (CSP) were started to be 

used [8].  

Today, one million dwellings benefit from energy 

generated by solar panels in USA; and it is aimed to 

increase this number to 2 million at the end of 2018 [9]. 

Turkey is a country located between 36o - 42o northern 

latitudes and has an area of 783.562 km2; and USA is 

continental country which has 50 states, located between 

25o - 48o northern latitudes and has an area of 9.629.091 

km2. The energy generated from solar energy plants as of 

the end of 2016 was 832,5 MWh and this amount covers 

1.1% of the energy generation on resource basis. 12.700 

persons work in this field [6].  

Comparative chart of USA states based upon the data 

obtained from SEIA is presented in Table 3.  
 

Table 3. Turkey-USA Comparative Chart for Renewable Energy 

 Turkey  California Arizona Nevada  Texas  

Area 

(km2- 

sq mi) 

 

783.56 

302.534 

 

423.970 

163,696  

 

295.2541

13,990 

 

286.3821

10,577 

 

 

696.24

1268,5

81 

Latitu

de (N) 
36-42 32-42 36-37 35-42 25-36 

Genera

te 

(MWh) 

832,5 19.664,7 3.254,23 2.349,9 1.620,1

9 

Gen. 

Per. 

(%)  

1,1 14,2 5,43 9,06 0,39 

Num. 

of 

Gener. 

520 2639 428 130 565 

Num. 

of  

Emp. 

12.700 100.050 7310 8371 9396 

 

California State, which has an area of 423.970 km2 

(163,696  sq mi.) and is located between 32o-42o northern 

latitudes, has the greatest plants which generate electricity 

from solar energy in USA. There are 2.639 individual and 

corporate electricity generators in total and 14,2% of 

annual electricity energy need is provided from the sun. 

The generation capacity for 2016 was 19.664,7 MWh and 

it is aimed to increase this capacity 14.272 MWh more 

within the following 5 years. 100.500 persons are 

employed in this sector in total. 

Arizona State, which has an area of 295.254 km2 

(113,990 sq mi) and is located between 36o-37o northern 

latitudes, is ranked in the second place with an electricity 

generation of 3,254.23 MW. 5,43% of electricity 

generation is provided from the sun. There are 428 

individual and corporate electricity generators. It is aimed 

to increase this current capacity 3.240 MWh more within 

the following 5 years. 7.310 persons are employed in this 

sector in total.  

Nevada State, which has an area of 286.382 km2 

(110,577 sq mi) and is located between 35o-42o northern 

latitudes, is ranked in the third place with an electricity 

generation of 2.349,9 MW. 9,06% of electricity generation 

is provided from the sun. There are 130 individual and 

corporate electricity generators. It is aimed to increase this 

current capacity 2.632 MW more within the following 5 

years. 8.371 persons are employed in this sector in total.  

Texas State has an area of 696.241 km2 (268,581 sq mi) 

and is located between 25o-36o northern latitudes. 0,39% 

of electricity fourth place with an electricity generation of 



 
1.620,19 MW and 565 electricity generators. It is aimed to 

increase this current capacity 4.673 MW more within the 

following 5 years. 9.396 persons are employed in this 

sector in total [9]. 

Current solar energy plant quantity in Turkey is 1644. 

520 of these plants are active. Total installed power there 

is of 1.362,60 MWh. In 2016, totally 1.020.000 MWh 

electricity was generated through solar energy plants. 

0,46% of the total consumption was obtained from solar 

energy [4].  

Turkey aims to increase photovoltaic solar panel 

capacity to 5 GWh and wind energy capacity to 20 GWh 

until 2023 with regards to increase of renewable energy 

capacity [7]. 

 

3. Conclusions 

Electricity generation from solar energy using planar 

photovoltaic panels was initiated in USA in 1980 and in 2008 

in Turkey. In Table 3, data relating to four states ranking in 

the first places in USA which generate electricity from solar 

energy are compared to Turkey.  

Electricity generation from solar energy in these states, 

which is smaller than Turkey in terms of area, is much more 

than the current generation in Turkey. When plant quantities 

are taken into consideration, electricity generation in Nevada 

State which has the least plants with 130 plants in total is 

three times of the plant quantity in Turkey. The electricity 

generation in Arizona State, which has 428 plants, is almost 

four times, in Texas State, which has 565 plants, it is twice 

and in California State, which has 2639 plants, it is twenty-

three times of the electricity generation of Turkey. 

When the ratios of contribution in generation Texas State 

has the least contribution ratio with 0,39%. This ratio is 5,43% 

for Arizona State, 9,06% for Nevada State, and 14,2% for 

California State. This significant difference in ratios of 

contribution in generation arises from network connected or 

not network connected generation styles of states. The facts 

that Texas State is an important centre in oil production and 

that it covers the energy need from this source also affect its 

ratio of contribution in generation. 

The reason why Nevada State has a 9,06% contribution in 

generation despite of 130 generation plants is the large scaled 

plants and parabolic solar collectors & heliostats and solar 

tower technologies used in energy generation.  

The greatest solar energy generation plant in USA is 

‘Ivanpah Solar Electric Generating System’ is located on the 

border of California and Nevada States. The size of 

California in terms of area, redundancy of plant quantity and 

high capacities increase the contribution in electricity 

generation.  

Energy generation from renewable resources provides a 

significant employment opportunity. More than 260.000 

persons were employed in solar energy industry in 43 states 

of USA in 2016. The number of persons employed in this 

industry in Turkey is 12.700 despite of low generation 

capacity. This employment number is 9.396 in Texas State, 

8.371 in Nevada State, 7.310 in Arizona State and 100.050 

in California State. The fact that this number is high in 

Turkey shows the numerical existence of small scaled 

generation plants and that they use a generation system 

requiring workforce. 

When the quantity of generation plants and the workforce 

employed by such plants in Turkey are taken into 

consideration, the generation capacities of plants in our 

country is quite low. Individual generators can only generate 

energy with limited amounts, and they have to consume the 

energy they generate. Therefore, the plant quantity which 

seems to be high in number cannot provide conditions 

appropriate for storage and distribution.  

Turkey should start to utilize developed new technologies 

in solar energy generation in order to reduce foreign 

dependency for energy resources and to ensure resource 

continuity and increase the quantity of generation sites. 

Continuity of energy can only be achieved thus.  
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Nomenclature 

OECD : Organisation for Economic Cooperation 

and Development 

kW : Kilo Watt 

MW : Mega Watt 

TWh : Tera Watt Hour 

IRENA : International Renewable Energy 

Agency 

SEIA : Solar Energy Industries Association 

REN : Renewable Energy Policies Network 

IAEA : International Atom Energy Agency 
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