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Yayin hayatina baglarken,

Trakya’nmin kalbinde 1992 yilinda kurulan Tekirdag Namik Kemal Universitesi Corlu Miihendislik
Fakiiltesi’nin “European Journal of Engineering and Applied Sciences (EJEAS)” isimli dergisi yayin hayatina
basliyor. Temel ve uygulamali miihendislik konularinda evrensel diizeyde bilgi iiretmek, iirettigi bilgiyle
teknolojik gelismelere yon verebilmek ve bu bilgileri toplumsal faydaya doniistirmek misyonuna sahip
fakiiltemizin bu ilk sayisi ile yaymn hayatina kazandirdig1 dergimiz yilda iki kez yayinlanacaktir.

European Journal of Engineering and Applied Science (EJEAS) disiplinler arasi alanlarda orjinal arastirma
makalelerini, vaka c¢aligmalarim1 ve teknik raporlari, derleme ve analiz raporlarint yaymlamay1
amaglamaktadir. Yayin iicreti bulunmayan ve bilimsel hakemli aragtirma dergisinde Fen ve Miihendislik
Bilimlerinde deneysel, teorik veya hesaplamali Tiirk¢e ve Ingilizce hazirlanmis giincel ve 6zgiin bilimsel
caligmalara yer verilecektir. EJEAS konusu asagidaki disiplinlerdeki ¢aligmalar1 kapsayacaktir, ancak konu
kapsami1 bunlarla sinirl tutulmayacaktir:

*» Otomasyon ve mekatronik miihendisligi

* Biyomedikal mithendisligi

* Bilgisayar bilimi ve yazilim miihendisligi

» Ingaat miihendisligi ve mimarlik

* Elektrik, elektronik ve telekomiinikasyon miihendisligi
* Cevre mithendisligi

* Endiistriyel ve imalat mithendisligi

» Makine miihendisligi

» Malzeme bilgisi

* Tekstil mithendisligi

Dergiye gelen tiim caligmalar ¢ift-kor hakem degerlendirme siirecinden gegerek uygun bulunanalar
yayinlanma siirecine alinacaktir.

Bu ilk sayisiyla yayin hayatina baglayan dergimizin size ulasmasinda emegi gecen herkese tesekkiir eder,
dergimize yayin hayatinda basarilar dilerim.

Prof. Dr. Lokman Hakan TECER
Tekirdag Namik Kemal Universitesi, Corlu Miihendislik Fakiiltesi Dekan1
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Degerli Bilim Insanlari,

“European Journal of Engineering and Applied Sciences (EJEAS)” isimli dergimiz, 2018 yilinda yayin
hayatina baglamig olup, bilimsel hakemli dergi olarak, Fen ve Miihendislik disiplinlerinde “Tiirk¢e ve
Ingilizce” hazirlanmis giincel arastirma ve derleme calismalarina yer vermekte ve yilda iki say1 olarak
yayinlanmaktadir.

Dergimizin ilk yilinda, Tekirdag Namik Kemal Universitesi Corlu Miihendislik Fakiiltesi’nin farkli
disiplinlerinde gorev yapmakta olan ¢ok degerli akademisyenleri, goniillii olarak dergimizin tiim siireclerine
destek vermistir. Bu durum bizleri daha giiglii kilmis ve calismalarimizda sinerji yaratarak, azim ve
kararliligimiza onemli katki saglamistir. Dergimizin ilerleyen sayilarinda daha giiclii bir yapr ile daha iyi
noktalara ulagmasini, alana ve literatiire daha fazla katki saglayarak tiim diinyadaki bilim insanlar tarafindan
yayin gonderilen bir dergi konumuna gelmesini iimit ediyorum.

Dergimizin bu iki sayisinda degerli ¢aligmalarini bizimle paylasip dergimizde yayinlanmasina katki saglayan
tiim yazarlarimiza, yaymlarin degerlendirilmesi ve siire¢ icerisinde her tiirlii bilgi ve tecriibesi ile bizleri
yanliz birakmayan g¢ok degerli hakemlerimize, makalelerin dergimizde yayinlanma siirecinin basindan
sonuna kadar Ozveriyle calisan alan editorlerimize ve editorler kurulumuza, bu siirecte desteklerini
esirgemeyen Tekirdag Namik Kemal Universitesi Corlu Miihendislik Fakiiltesi’nin dekani1 sayim Prof. Dr.
Lokman Hakan Tecer’e sonsuz tesekkiirlerimi sunarim.

Prof. Dr. Aysun SAGBAS
EJEAS Bas Editorii
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Dear Colleagues,

Our “European Journal of Engineering and Applied Sciences (EJEAS)” journal has begun in 2018 as a
scientific refereed journal. EJEAS includes up to date Turkish and English languages based research in
Science and Engineering and publishes two issues in a year.

In the first year of EJEAS, very valuable academicians of Tekirdag Namik Kemal University have contributed
and supported all the processes voluntarily. This made us stronger and with the synergy, it boosted our
willingness. | hope that it will achieve better success soon, contribute more to the community, and become a
globally recognized journal which publishes journals to entire science community in the world.

For these two issues, | would like to thank our authors who share their studies with us to contribute the journal,
our reviewers for assessing the articles with their knowledge and experience, our editors and editorial board
for their willingness from the beginning to the end, lastly, dear Dean of Engineering at Tekirdag Namik
Kemal University, Prof. Dr. Lokman Hakan Tecer for his ultimate support.

Prof. Dr. Aysun SAGBAS
Editor in-Chief pf EJEAS
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Research Article

An Optocoupler-based Biryukov Oscillator Design

Mendi Arapi®”" ©, Resat Mutlu?

1.2 Electronics and Communication Engineering Department, Corlu Engineering Faculty, Tekirdag Namik Kemal University,
Tekirdag, Tiirkiye

1170605609 @nku.edu.tr , ‘rmutlu@nku.edu.tr

Abstract: A Biryukov Equation is a special case of the Liénard equation. Liénard oscillators are commonly found in scientific literature
and they have so many variants. The Biryukov Equation is used to model a set of damped oscillators. Unlike other Liénard oscillators,
to the best of our knowledge, there is not a Biryukov oscillator that is experimentally examined in the literature, yet. In this study, a
Biryukov oscillator is made using a microcontroller-controlled hand-made optocoupler, a negative impedance converter, and a gyrator.
An STM32F070RB is used for the required switching. The oscillator’s operation has been examined experimentally. The optocoupler
made of an LDR and a LED placed in a box allows the resistive switching required by a Biryukov oscillator to occur. The experimental
results show that the circuit operates as an oscillator and performs well. It is also shown that an underdamped or an overdamped
Biryukov oscillator can be made by varying circuit parameters.

Keywords: Biryukov Equation, Biryukov Oscillator, Circuit Dynamics

Bir Optokuplor Tabanh Biryukov Osilatorii Tasarim

Oz: Biryukov Denklemi, Liénard denkleminin 6zel bir halidir. Liénard osilatorleri bilimsel literatiirde yaygin olarak bulunur ve pek
¢ok ¢esidi vardir. Biryukov Denklemi, soniimlii osilatorlerin bir setini modellemek i¢in kullanilir. Bildigimiz kadariyla diger Liénard
osilatorlerinden farkli olarak literatiirde heniiz deneysel olarak incelenen bir Biryukov osilatorii yoktur. Bu ¢alismada, mikrodenetleyici
kontrollii el yapimi bir optokuplor, bir negatif empedans doniistiiriicii ve bir jiratér kullanilarak bir Biryukov osilatorii yapilmistir.
Gerekli anahtarlama i¢in bir STM32F070RB kullanilmistir. Bu osilatoriin ¢aligmasi deneysel olarak incelenmistir. Kutuya yerlestirilmis
bir LDR ve bir LED'den olusan optokuplér, Biryukov osilatdriiniin ihtiyag duydugu direngli anahtarlamanin gergeklesmesini saglar.
Deneysel sonuglar, devrenin bir osilator olarak calistigini ve iyi performans gosterdigini gdstermektedir. Ayrica, devre parametrelerini
degistirerek, diisiik soniimlemeli veya asir1 soniimlemeli Biryukov osilatdriiniin yapilabilecegi gosterilmistir.

Anahtar Kelimeler: Biryukov Denklemi, Biryukov Osilatorii, Devre Dinamikleri

1. Introduction [2, 6]. Liénard and Van der Pol oscillators are commonly used
for chaos studies [7-9]. A Liénard Oscillator or a Van der Pol

Liénard's equations were proposed by Alfred-Marie Liénard in oscillator can be made using various circuit elements such as

1928 to model a set of oscillators [1]. Van der Pol oscillators
are a subset of the Liénard equations [2-5]. Van der Pol
oscillator and the Liénard Oscillator are historically significant

diodes and lasers [1, 8-12]. Liénard Oscillator circuit has
numerous circuit variations. An optical resonance tunneling
diode-based oscillator can also be modeled with the Liénard

*Corresponding author:
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equation [10]. In [11], a Van der Pol oscillator makes use of
anti-parallel Shottky-diode strings. In [12], a Liénard oscillator
is made with a nonlinear resistance circuit employing a
Schottky-diode bridge fed JFET. An FPGA-based chaotic van
der pol oscillator is made in [13] but FPGAs are still expensive
devices. A microcontroller-based Liénard oscillator is made in
[14]. The Biryukov equation named after Vadim Biryukov is a
non-linear second-order differential equation used to model
some damped oscillators (Biryukov oscillators) and is also one
of the special cases of the Liénard equation [15, 16]. The
behavior of limit cycles of the Biryukov equation, considering
its applicability has been examined in [17]. The Biryukov
oscillator has only been examined with simulations and
analytically. To the best of our knowledge, a Biryukov
Oscillator has not been made in the literature yet. In this study,
a Biryukov Oscillator has been designed and realized for the
first time in the literature. Its nonlinear resistor is made using
a hand-made optocoupler inspired by [18]. The optocoupler is
controlled with a microcontroller. An STM32F070RB is
chosen for that purpose. The circuit simulations are done in
Matlab™, Then, the circuit is assembled, and its experimental
waveforms are acquired. The voltage and the switching
function of the Biryukov Oscillator circuit are presented.

The paper is arranged as follows. The second section gives
basic information on the Biryukov Equation and the Biryukov
Oscillator. In the third section, the proposed Biryukov
Oscillator circuit is given. In the fourth section, the switching
algorithm of the LED is presented. In the fifth section, Matlab
simulations of the Biryukov Oscillator are given. In the sixth
section, the experimental results of the circuit are given. The
paper is finished with the conclusion section.

2. Biryukov Equation and the Biryukov Oscillator

In this section, the Biryukov Equation is given and briefly
explained. The Biryukov equation has been proposed by
Vadim Biryukov as

d*y dy
W+f(y)d_t+y_0

(M

where ¥ is a state variable and f{¥) is a piecewise constant

function that is positive except for small ¥ and it is expressed
as

—Flyl<Y, @

f) =
F:|Y|>Y0

where F and Y are positive constants (¥ >0 and Yp>0).

f{y) is an even function since f{y)= f(-y). Eq. (1) is a special
case of the Liénard equation; it describes the auto-oscillations

dependent on Eq. (2).

The generic Liénard oscillator is made of an inductor, a
capacitor, and a nonlinear resistor. The generic Liénard
oscillator is shown in Figure 1 [12]. Since the Biryukov
equation is also a special case of the Liénard equation, it is also
true that the Biryukov oscillator also consists of an inductor, a
capacitor, and a nonlinear resistor.
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The constitutive equations of the capacitor, the inductor, and
the nonlinear resistor are given as

ic(t) = €8, ®)

+

" l rL'c l:: ve g l % R(O)

(W -

Fig. 1. The generic Liénard oscillator [12].

v () = L24E @
and
vg(t) = Rig(D). )

Using Kirchhoff’s laws, these following equations can be
written:

Vr(t) = ve(8) = v (D). 6)
and
R@®) +ic@®)+i(6)=0 @)

By combining Eq.s (3)-(7), the capacitor voltage of the circuit
is described as

d?ve(t) L dve() B
LC—3 +R(Q) it +vc(t)=0 (8)

or

d?v(t) 1 dve(t) 1 3
12 R(Q)C dt +Evc(t)—0 (9)

where v (t) is the oscillator or the capacitor voltage, L is the
inductance of the oscillator, R(Q) is the resistance of the
oscillator, and C is the capacitance of the oscillator.

We need to obtain a nonlinear resistor. Comparing Eq. (2) and
Eq. (9), it is seen that f (y) must satisfy

1
fO) == (10)

R(Q)C

A nonlinear resistor, whose nonlinear resistance is an even
function of voltage, must be used in the Liénard Oscillator and
also in the Biryukov oscillator [12]. However, the nonlinear
resistor in the Biryukov oscillator can be obtained by
switching an active resistor -R and passive resistor R
periodically as shown in Figure 2. Therefore, the mechanical
switches S; and S> must be controlled to obtain the desired
resistance R(Q). The switching function Q can be expressed
as



0= {1 s @Ol < veo (11)
0 , [ve@®>wve
where v, is a positive voltage value.

When the switch S is on, O=1 and vice versa. The resistance
value of R(Q) as a function of the switching function is written

as
1
1 K [ve(®)] < veo
@=75¢=] 1
7 [ve ()] > veo
. (12)
_)TFest
= F _O
7=
AY] \ Szk
+
I lff. icl == vc¢ R R
| -

Fig. 2. A Biryukov oscillator
3. The Proposed Biryukov Oscillator Topology

The proposed Biryukov oscillator circuit and its components
are explained in this section.

3.1. The Optocoupler-based Equivalent Resistor of the
Biryukov Oscillator

In [18], a hand-made optocoupler is used to obtain an even
resistance function. Such an optocoupler is also used in this
study. The circuit schema of the optocoupler and its
arrangement in the box are shown in Figure 3. A LED and an
LDR are placed in a box to make the optocoupler and it is also
wrapped with black bandages to eliminate the effect of the
ambient light or the undesired light sources as shown in Figure
3.a. More information about how to design such an
optocoupler can be found in [18]. The photographs of the
system are given in Figure 3.b. The LDR resistance Ripr is
only a function of the light provided by the LED. R.prtakes its
minimum value when the LED is on and its resistance is
maximum when the LED is off. To make a fine-tuning, the
resistance value of the resistor R; is adjusted in the
experiments so that the LDR resistance can be adjusted as
desired for a better performance.

The experimental setup in Figure 4 is used to measure the
resistance value of the LDR resistor depending on whether the
LED is on or off. LED is controlled with the STM32F070RB
microcontroller. Using an ohmmeter, the LDR resistance
designated as Ron is measured as 136 (2 when the LED is on
and the LDR resistance designated as Roff is measured as 377
kQ when the LED is off.
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The switching function Q is defined as equal to 1 if the LED
is on. The switching function Q is equal to O if the LED is off,
The LDR resistance can be described as

Ron, v ()| < veo

Ripr(Q) =
Rofr v ()] > veo (13)
Rop, Q=1
Rofr@ =0
It must be provided that
Rosr > Ron (14)

(b)

Fig. 3. a) The topology and the circuit of the optocoupler
and b) the external view of the optocoupler box made.

i ol R

- lg Qg w_ —

. Qb it Hand-Made ;‘—
= LED 'LDR

—1's Q= Optocoupler

- | Qs = p—

— |2 ()2 —

1, Qb=

— Q-

— adc

—R pController

Fig. 4. Optocoupler test circuit.
3.2 The Negative Resistance Circuit

An opamp-based negative resistor circuit is shown in Figure
S.a. Rrp of the negative resistor circuit is replaced with the
optocoupler circuit to obtain the nonlinear resistor of the
Biryukov Oscillator as shown in Figure 5.b. Then, the negative
resistor’s resistance is given as

Rpeg = —R3Ripr/R; (15)



If R; = R,, the negative resistor’s resistance turns into

Rneg = —Ripr (16)

A microcontroller is used to control the resistance of the LDR
in the optocoupler of the oscillator by turning on and off the
LED connected to its digital output. The negative resistor
circuit is connected in parallel with an LTI resistor whose
resistance is equal to R,=2R.. to obtain the nonlinear resistor
of the Biryukov oscillator shown in Figure 8.

Rrr

a)
-l Q.= RI
= Qg —\W

LA 4, R —
- b i Hand-Made irDR
=1k Q= Optecoupler
-1, Q= >
-1, o, l % R:
1, Q- t
v
—1; Q= 1 1
—ade
—R uController ‘M-
R;
b)

Fig. 5. a) The opamp-based negative resistor circuit and
b) The modified negative resistor circuit of the oscillator.

W Ripr
¢ N
l ing — § Rp
R; R,
o4

Fig. 6. The nonlinear resistor of the Biryukov oscillator

If there is no light:
Ripr = Ropr = 377 k2 (17)
Considering the LDR parameters, the following is true:
Ross > Ry (18)
If the LED of the optocoupler is off or the LDR is not

illuminated, the equivalent resistance of the nonlinear resistor
of the Biryukov oscillator can be approximated as follows.
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Rp ' (_RLDR) ~ Rp . (_Rmax)
R, —Ripr~ —Rpmax (19)
= Rp

R(Q) = Roy =

If the LED of the optocoupler is turned on or the LDR is
illuminated:

Rp . (_RLDR) _ 2Ron : (_Ron)
2R0n - Ran (20)

R =R =
@ OFF R, — Ripg

= —2R,, = —R,

3.3. The Gyrator Circuit

Gyrator circuits are commonly used to make adjustable
inductors [19]. In this study, A gyrator circuit is also used to
obtain the required inductor of the Biryukov oscillator as
shown in Figure 7. In periodic steady-state under sinusoidal
excitation, its input impedance is given as

1
Zin = (R + joRi RGO/ (Re +5.7) (21)

Rq is chosen sufficiently large such that the RC circuit's impact
on the input impedance is negligible. Then, the input
impedance of the gyrator is given as

Zin =RL +]CURLRGC =RL +]CUL (22)
Then, its input inductance is:
L=RLR6C (23)

If the resistance of the resistor RL is chosen low enough, the
gyrator can be assumed to behave as if an ideal inductor. In
this study, R is taken to be 110 {2 which is much lower than
the minimum resistance of the LDR, Ron. The resistance value
of the resistor Ra is adjusted using a potentiometer.

RL RL

Xr'n

Fig. 7. The Gyrator circuit behaving as the inductor of
the oscillator.

3.4 The Microcontroller-based Voltage Reading and
Optocoupler Control Circuit

The circuit schematic of the microcontroller-controlled
Biryukov oscillator circuit is shown in Figure 8. It consists of
an STM32F070RB microcontroller, the nonlinear resistor
made in the previous section, and the gyrator. The
microcontroller controls the LED to adjust the LDR
resistance. Adjusting the LDR resistance by turning on and off
the LED of the optocoupler results in the oscillation of the
circuit. An opamp-based summing circuit that is shown in
Figure 8 and has the resistors R4, Rs Rs, and R7, is used to add

4

L=RiRgcC



up the oscillator voltage with 1.5 V DC voltage before reading
it with one of the ADCs of the microcontroller since the
microcontroller cannot read negative voltages. This process
provides the proper voltage range for the microcontroller's
ADC input. The Microcontroller's ADC resolution is set to 12-
bit and its operating frequency is set to 48 MHz.

4. The Switching Program Algorithm

The microcontroller is programmed in C. The algorithm of the
microcontroller program is given as the flowchart shown in
Figure 9. The microcontroller reads the capacitor voltage
vc(t) and then compares it with v,. If the absolute value of
ve(t) is less than v, the LED is turned on and vice versa.
This is repeated as an infinite loop.

L R,
W= Hand-Made
- i

Optocoupler|

OCOORLPLLOL
T

IR TN
Cy Rp
C
R
T Rl
AN

Fig. 8. The Biryukov oscillator circuit schematic

L
Read the capacitor
voltage vc with
microcontroller's
ADC

Voe

Check if the
capacitor voltage has
reached the value of
the switching
condition:
[vel=Ye

Turn the LED on.

Check if the
‘capacitor voltage has
reached the value of
the switching
condition:
[

Turn the LED off.

Fig. 9. The flowchart of the Biryukov oscillator
program.

5. Simulation Results of the Biryukov Oscillator

A simulation program for the oscillator circuit shown in Figure
2 is written in Matlab. The circuit is simulated for two different
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F values. The Biryukov oscillator voltage v (t) is plotted and
shown in Figure 11. Both of the waveforms in the periodic
steady-state have half-wave symmetry as can be seen in Figure
10.

For a lower value of F such as 0.01, the Biryukov oscillator
voltage resembles a sinusoidal signal more as shown in Figure
10.a since the oscillator circuit has a lower equivalent
resistance R,, and operates as an almost ideal L-C tank circuit.
However, it has harmonics.

For a higher value of F such as 4, the capacitor voltage
resembles a relaxation oscillator or a sawtooth oscillator signal
more as shown in Figure 10.b. since the circuit has a higher
resistance R,. In this case, its harmonic content is much
higher.

1.5

1
0.5
5 o0
-0.5
-1
-1.5
0 1 2 3 4 5
time (s)
(a)
1.5
1
0.5
T o0
-0.5
|
-15
0 1 2 3 4 5
time (s)
(b)

Fig. 10. The simulated Biryukov oscillator or the
capacitor voltage v(t) for a) F=0.01 and b) F=4

6. Experimental Results of the Biryukov Oscillator

In this section, the experimental results of the Biryukov
oscillator circuit are given. The Biryukov oscillator circuit is
assembled on a protoboard and is also shown in Figure 11. In
order to generate the experimental oscillator waveforms, the
circuit parameters given in Table 1 is used. The resistance of
the resistor Ry is adjusted using a potentiometer and its final
value is given in Table 1. The experimental waveforms are
acquired by the STM32CubeMonitor that is a monitor program
installed on a PC. The application helps to fine-tune and
diagnose STM32 applications at run-time by reading and



visualizing their variables in real-time. The STM CubeMonitor
which interfaces with the microcontroller STM32F070RB in
real time and shows the variation of the capacitor voltage
variable v (t) in this study. The microcontroller is connected
with the PC via ush 3.0 and the monitor program operates at
4.6 MHz frequency. The acquired experimental time domain
waveforms are shown in Figure 12. The capacitor voltages
have 1.5 Volt DC offset since the oscillator waveform is
summed with a 1.5 Volt DC voltage as can be seen in Figure
12. The experimental results shown in Figure 12 resemble the
simulated ones given in Figure 10 and it can be said that the
Biryukov Oscillator can produce the desired state variable
ve(t) and performs well. An underdamped and an
overdamped Biryukov oscillator can be made by varying
circuit parameters as shown in Figure 12 respectively.

Table 1 Circuit parameters.

Circuit Parameters Circuit  Parameters
for the waveform for the waveform
given in Figure 13.a  given in Figure 13.b

R, 4.2 kf 3.8 ka1
Rina 232kn 1.7 ka1
€y 2.2 uF 2.2 uF
A 10 uF 10 uF
Ry 110 12 110 1
Rg 8.279 kn 39 kn
R, 51 K2 51 k82
Ry 51k 51k
Ry 22k 22 ka1
Ry 22k 22 ka1
Ry 18 ka2 18 ka2
R- 18 k12 18 kit

Fig. 11. Photograph of the implemented Biryukov
oscillator circuit.
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Fig. 12. The experimental Biryukov Oscillator voltage
vc(t) for a) F=0.01 (the underdamped case) and b) F=4
(the overdamped case)

7. Conclusions

In this paper, a microcontroller-based Biryukov Oscillator is
made for the first time in the literature. In this work, a cheap
and easy-to-use STM32F070RB microcontroller is preferred
for this purpose. With one of its ADCs, it reads the capacitor
voltage and controls the LED via its digital output. To the best
of our knowledge, the Biryukov oscillator signal has been
obtained in analog form for the first time in the literature. The
experiments have confirmed that the circuit operates as a
Biryukov Oscillator. It is also shown that it is possible to
obtain an underdamped and an overdamped Biryukov
oscillator by varying the oscillator parameters. As a future
work, by modifying the light intensity produced by the LED
controlled by the microcontroller, new types of oscillator
waveforms can be obtained. The Biryukov oscillator circuit
can also be employed in circuit laboratories for educational
purposes. The coupling of the Van der Pol or Liénard
Oscillators is a hot research topic and the coupling of a
Biryukov oscillator with the other oscillators can also be
examined in the future.
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Abstract: This study was aimed at quantifying the net electrical power producible from an abandoned oil well in Nigeria using different
organic Rankine cycle (ORC) configurations and working fluids. The geological features of a typical Nigerian oil well were employed
in the study and a borehole heat exchanger was used for simulating the thermodynamic parameters of the heat source. Specifically, a
subcritical ORC without a recuperator (SBC), a subcritical ORC with a recuperator (SBC-R), a supercritical ORC without a recuperator
(SPC), and a supercritical ORC with a recuperator (SPC-R) were analyzed, using R115, R236fa, and R1234yf as working fluids.
Results showed that between 272 kW and 875 kW of electrical power could be produced from the abandoned oil well using the most
basic ORC configuration (SBC). Furthermore, it was obtained that the introduction of a recuperator would increase the ORC net power
by about 13% for R236fa, 33% for R1234yf, and 107% for R115. Similarly, a switch from a subcritical ORC to a supercritical ORC
configuration would increase net power for all the working fluids. Specifically, an increase in net power was estimated at 3.6% for
R236fa, 46% for R1234yf, and 152% for R115 regarding a switch from the SBC to the SPC. Moreover, decreasing the condensation
pressure of the ORC plants was observed to improve net power in all cases.

Keywords: Abandoned Oil Well Retrofit, Geothermal Power Production, Organic Rankine Cycle, Energy Efficiency, Sustainable
Energy System.

Terk Edilmis Bir Petrol Kuyusundan Jeotermal Enerji Uretimi i¢in Organik Rankine Cevrim
Konfigiirasyonlarmin Karsilastirmah Termodinamik Optimizasyonu

0z. Bu caligma, farkli organik Rankine ¢evrimi (ORC) konfigiirasyonlari ve ¢aligma sivilari kullanilarak Nijerya'da terk edilmis bir
petrol kuyusundan iiretilebilen net elektrik giiclinii 6lgmeyi amagliyordu. Calismada tipik bir Nijerya petrol kuyusunun jeolojik
ozellikleri kullanilmis ve 1s1 kaynaginin termodinamik parametrelerini simiile etmek icin bir sondaj kuyusu 1s1 esanjorii kullanilmastir.
Spesifik olarak, geri kazanim cihazi olmayan bir kritik altt ORC (SBC), bir geri kazanim cihazi olan bir kritik altt ORC (SBC-R), bir
geri kazanim cihazi olmayan bir siiper kritik ORC (SPC) ve bir geri kazanim cihaz1 olan bir siiper kritik ORC (SPC-R) kullanilarak
analiz edildi. Calisma sivilari olarak R115, R236fa ve R1234yf. Sonuglar, en temel ORC konfigiirasyonu (SBC) kullanilarak terk
edilmis petrol kuyusundan 272 kW ile 875 kW arasinda elektrik enerjisinin iiretilebilecegini gosterdi. Ayrica, bir geri kazanim cihazinin
eklenmesinin ORC net giictinii R236fa i¢in yaklasik %13, R1234yfi¢in %33 ve R115 i¢in %107 artiracag elde edildi. Benzer sekilde,
kritik alt1 bir ORC'den siiper kritik bir ORC konfigiirasyonuna gegis, tiim ¢aligma sivilari i¢in net giicli artiracaktir. Spesifik olarak,
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SBC'den SPC'ye gecisle ilgili olarak net giigteki artisin R236fa igin %3,6, R1234yf i¢in %46 ve R115 igin %152 oldugu tahmin
edilmigtir. Ayrica, ORC tesislerinin yogusma basicinin diigiiriilmesinin her durumda net giicii iyilestirdigi gézlemlenmistir.

Anahtar Kelimeler: Terk Edilmis Petrol Kuyusu Giiglendirmesi, Jeotermal Enerji Uretimi, Organik Rankine Cevrimi, Enerji

Verimliligi, Siirdiiriilebilir Enerji Sistemi.

1. Introduction

Crude oil and gas are among the most sought-after fossil fuels
due to their substantial contribution to powering the world and
the enormous economic benefits that accrue to any nation
where they are deposited [1]. Depending on the geological
features of the earth containing oil and gas reserves, wells are
to be dug in varying degrees of depth for profitable oil and gas
explorations [2]. But since oil reserves are non-renewable and
would deplete from the wells over time [3], adequate measures
are statutorily required for proper decommissioning and
termination of wells at their end of life [4]. However, standard
oil decommissioning processes add sizeable costs to the
operational expenses of oil well development [5]. Also, it is
common for oil and gas wells to simply be abandoned in some
regions with weak legal frameworks on such practices, thereby
contributing hazards to the environment [6]. Thus, alternative
ways of elongating the useful life of oil and gas wells are
currently being researched in the literature [7], [8], [9] to
minimize production costs and environmental impacts in the
oil and gas industry.

The conversion of abandoned oil wells to geothermal energy
sources is one viable way being explored in the literature to
prolong the useful life of oil and gas wells [10]. As the oil and
gas reserves in a typical well approach depletion, continuous
production becomes unprofitable, and it is believed that a
modification of the oil well's purpose to generate geothermal
energy can be a viable alternative. The geothermal energy so
generated can be used directly for heating purposes and it can
be converted to electrical power using a power cycle such as
the organic Rankine cycle (ORC). The ORC is particularly
suited for the production of power from geothermal energy of
an abandoned oil well due to the use of an organic working
fluid with a low boiling point, which can be evaporated by a
low-temperature heat source. Several studies have proposed
and analyzed different possible schemes for the conversion of
abandoned oil wells to geothermal energy sources and
profitable production of useful energy products therefrom. The
most striking of such studies are succinctly reviewed in the
following paragraph.

Liu et al. [11] reviewed critically the oil and gas reservoirs
globally where heat energy is being harnessed for power
production in practice, or the potential being investigated.
They then proposed a roadmap that could be used to screen
mature oil and gas reservoirs for a profitable conversion to a
geothermal power source. A quantitative analysis conducted
based on the Villafortuna-trecate oil field in Italy revealed that
a 500 kW power plant could be sustainably serviced, with the
capacity to generate a total of 25 GWh of electrical power in
10 years. Chmielowska et al. [12] surveyed the world trend on
the utilization of oil wells as geothermal energy sources and
reiterated that it is increasingly being implemented in reality,
particularly with the use of borehole heat exchangers. Duggal
et al. [13] identified the conversion technology choice,
transient ambient conditions, and fluid handling system among

the issues that should be handled well for maximum benefits
from geothermal power production from an oil well. Also,
Oyekale and Emagbetere [14] discussed some steps that could
be taken for a quick feasibility assessment of geothermal
power production from abandoned oil and gas wells.
Kaplanoglu et al. [15] reported that the use of downhole heat
exchangers can facilitate the conversion of abandoned oil
wells to geothermal sources in Southeastern Turkey for an
improved economy of the region. Gong et al. [16] employed
the technical features of the LB reservoir from the Huabei oil
field (China) to simulate numerically the effects of mass flow
rate and temperature of the injected water on the reservoir
temperature. They identified the limits of the injection mass
flow rate and temperature at which geothermal energy can be
co-produced efficiently in a reservoir. Mehmood et al. [17]
reported that abandoned oil wells can not only be repurposed
for geothermal power production in China but also the power
can be generated at a competitive price relative to other energy
sources. Naseer et al [18] demonstrated the possibility of
improving the sustainability of repurposing abandoned oil and
gas wells by a coproduction of electricity and power, with
additional potential for direct H2S and CO: capture. Gharibi et
al. [19] studied the feasibility of using a U-tube heat exchanger
to extract geothermal energy from abandoned oil wells based
on the real data of such a well in Southern Iran. They reported
that the U-tube heat exchanger is adequate for the extraction
both for direct use of the geothermal energy and for power
conversion. Wight and Bennett [20] demonstrated the
advantages of using water as the wellbore fluid in conjunction
with a closed well, for the generation of electrical power from
abandoned oil wells using binary power plants. Based on the
well log data for over 2500 wells in Texas (USA), the authors
obtained the possibility of net power generation in the range of
190 kW — 630 kW. Similarly, Milliken [21] estimated the
power producible from the Naval Petroleum Reserve 3 (NPR-
3) at about 300 kW based on the available technologies in the
early 2000s, although thermal energy equivalent to about 22
MW power was estimated to be lost daily. Sanyal and Butler
[22] discussed the basic technological and cost requirements
for geothermal energy production from abandoned oil wells,
those still in use but with high water cuts, and geo-pressured
brine wells with dissolved gas. Case histories were also
presented for the estimation of available power capacity in a
well or a group of wells. Harris et al. [23] investigated the
potential of directionally drilled wells in maximizing
geothermal power production from abandoned oil wells. Based
on 2 vertically drilled wells each 4000 m deep and a
horizontally drilled well 4800 m, the authors estimated the
production of 2 MW of thermal energy which could be
converted to about 200 kW of electrical power using an ORC
plant. Noorollahi et al. [24] estimated from a numerical
simulation that about 138 kW and 364 kW of electrical power
can be generated respectively from the AZ-Il and DQ-I1 wells
in the Ahwaz oil field in Southern Iran. Patihk et al. [25]
obtained that about 4.4 GWe can be produced from 6 wells in
the Forest Reserve Field in Trinidad over 25 years of
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operation, at an $0.05 electricity cost, saving about 50 Mtons
of CO2 cumulatively. Singh [26] also reported a survey of
Indian oil fields with their potential for geothermal power
production either with the use of a downhole heat exchanger
or by in-situ combustion of hydrocarbons in the wells that are
hard to exploit.

The foregoing literature review is a testament to the global
interest in geothermal energy production from oil and gas
wells with high water cuts which is particularly common with
abandoned wells. Also, ORC can be identified as a viable
power conversion technology for the exploitation of
geothermal energy from oil and gas wells. However, the
majority of the literature studies on this subject focused
hitherto on feasibility assessments with little or no detail on
the effects of ORC thermodynamic characteristics on
performance. Additionally, no specific technical feasibility
studies exist for power generation from abandoned oil and gas
wells in Nigeria, despite ranking the largest oil producer in
Africa and the 12 largest in the world as of 2016 [27]. Thus,
this study investigates for the first time the power production
potential of ORC plants utilizing geothermal energy from an
abandoned oil well in Nigeria. Moreover, emphasis is placed
on the impacts of ORC configurations and working fluids on
the performance, thereby closing an existing gap in the field as
aforementioned. The specific objectives of the study are:

» To quantify the geothermal electrical power
producible from a typical abandoned oil well in Nigeria using
thermodynamically optimized ORC plants with different
working fluids;

»  To assess the technical impacts of incorporating an
internal heat recuperator on the ORC performance for the
intended heat source;

»  To assess the impacts of adopting a supercritical
configuration on the ORC performance for the oil well based
geothermal energy source;

»  To investigate the sensitivities of the optimal ORC
parameters to a change in the condensation temperature of the
cycle.

2. Materials and Methods
2.1 System Configuration

The heat source comprises a coaxial borehole heat exchanger
(BHE) exploiting the thermal contents of an abandoned oil
well in form of geothermal energy. The numerical analysis
presented in [28] was adopted in this study using the
geometrical parameters of a typical abandoned oil well in the
Niger Delta region of Nigeria [29]. The main features of the
abandoned well and the BHE are highlighted in Table 1. The
main interest in this study for the COMSOL simulation of the
BHE [28] is the temperature of the geothermal fluid (brine)
that could be generated from the abandoned well, for the
production of electrical power using the ORC system.

Four ORC configurations were analyzed for the same
abandoned oil well turned geothermal energy heat source. The
first ORC configuration is a subcritical ORC configuration
without a recuperator, dubbed SBC in this study. The highest
cycle pressure of a subcritical ORC plant is below the critical
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pressure of the working fluid, while an ORC plant having no
recuperator connotes that the working fluid leaving the turbine
condensed directly without recouping/re-using its heat within
the cycle. The second ORC configuration analyzed in this
study assumes a subcritical type still, but a recuperator is
added, dubbed here as SBC-R. Here, the recuperator utilizes
the thermal energy content of the organic working fluid exiting
the turbine to pre-heat the liquid working fluid leaving the
pump before the geothermal heat source is applied in the
evaporator/pre-heater. The third configuration considered is a
supercritical ORC type with no recuperator, dubbed SPC in
this study. By definition, supercritical/transcritical ORC plants
have the minimum cycle pressure to be less than the working
fluid critical pressure but the maximum cycle pressure
(evaporation pressure) to be greater. Lastly, the fourth ORC
configuration analyzed in this study assumes a supercritical
ORC type with a recuperator, dubbed here as SPC-R. For each
of the four ORC configurations, the organic working fluids
R115, R236fa, and R1234yf were analyzed. These working
fluids were selected based on their good acceptance as suitable
working fluids in real ORC plants [30], [31], [32]. Air is
considered the heat sink for all the ORC configurations
considering the scarcity of water in most West African
countries. Moreover, brine is considered the heat transfer
mechanism from the geothermal well to the ORC plant, as
aforementioned. Figures la and 1b illustrate the ORC
configuration with and without a recuperator, respectively.
Again, the figures could suffice for both the subcritical and
supercritical configurations depending on the state properties
employed during ORC design.

2.2 Design Modeling of the ORC Configurations

Zero-dimensional models based on the First Law of
Thermodynamics were employed for the design modeling of
the ORC plants for the different configurations investigated in
this study. Specifically, each component of the ORC plant was
modeled to satisfy the general mass and energy balance
equations defined in (1) and (2), respectively. The actual
models that apply for the ORC configurations with and
without a recuperator are discussed hereunder.

Y- S
Zrhihi+ Q:Z:moh0 + W )

The symbols 1, h, Q, and W denote respectively the mass flow
rate, state enthalpy, heat energy inlet, and work output. The
subscripts ‘i’ and ‘0’ signify inlet and outlet flow for a given
component.

2.2.1 ORC Plant Without a Recuperator

The ORC unit interacts with the heat source (marine engine
exhaust gas heat) through the evaporator and the preheater.
Referring to Fig. 1a, the total heat supplied to the ORC
externally is given by:

QHS = Myrpcy (HTFE_T; — HTFT’O)

= mgp(hors — hor2)

@)
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where HTF_T,i and HTF_T, represent respectively the
inlet and the exit temperatures of the heat source, and the
subscripts ‘HS’ and ‘OF’ represent respectively the heat

Oyekale et al. / European J. Eng. App. Sci. 6(1), 8-18, 2023

source and the ORC working fluid.

The expander power output is given by:
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Fig. 1. Interaction of the geothermal energy from an abandoned oil well with the ORC unit

Wryrp = Mor(hops — hogs)
= Mgp(hops — hopss)lsr

(4)

where 7, 7 is the turbine isentropic efficiency. The heat
rejected by the condenser is given by

Qcownp = hor(hors — hors) = me(heo — hey) (5)

where the subscript ‘c’ represect the coolog fluid taken as
air in this study.

The power consumed by the pump is given by:

WPUMP = mOF(hOF,Z - hOF,l)
(hop2s — hor1) (6)
Ns,p

= MoF

where 7, p is the pump isentropic efficiency.
The net power output is given by:
WNET = WTURB - WPUMP - Wc (]

where W, is the power expended to drive the cooling air
through the condenser.

The ORC thermal efficiency (1) is given by:

(8)

2.2.2 ORC plant with a recuperator

The same principle applies to modeling the ORC
configuration with a recuperator as illustrated in Fig. 1b. The
heat supplied to the ORC unit and the turbine work output has
the same models as defined in eq. 3 and eq. 4, respectively.
The heat rejected by the condenser is slightly adjusted with the
introduction of thermal recuperation within the system, given
in this case by:

Qconp = mor(hope — hore) = mc(heo — he) ©)
The pump power consumption is given by:

WPUMP = IhOF(hOF,1 - hOF,o)

. (hop1s —horo)

Mop—————
ns,P

(10)

The internal heat recuperated within the system is given by
Qrece = or(hors — hore) = Mor(horz — (11
hor,1)

The net power output and the ORC thermal efficiency for this
configuration also have the same models as defined
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respectively by eq. 7 and eq. 8. The design modeling and
simulation were implemented in MATLAB for all the
configurations examined.

2.2.3 Optimization approach of the ORC systems

The optimization models which were also programmed in
MATLAB defined the maximization of the net power output
of the ORC plant as the objective function. For each of the
ORC configurations considered, the optimization tools require
the following input parameters:

. The temperature of the HTF (heat source) at the
ORC exit;

. The minimum cycle (condensation) temperature;
and

. HTF mass flow rate at the ORC inlet.

Additionally, other cycle parameters were fixed in the
optimization tools as independent variables, as follows:

o Pinch point temperatures of the heat exchangers
(evaporator; pre-heater; condenser; and recuperator in the case
of the SBC-R and SPC-R);

. Isentropic and electromechanical efficiencies of the
pump;

. Isentropic and electric generator efficiencies of the
turbine; and

. Mechanical efficiency of the fan.
Table 1 Characteristics of the heat source and the ORC plant
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The values assigned to these fixed variables are highlighted in
Table 1.

The decision variables optimized by the tool to maximize net
output power are as follows:

. Maximum pressure and temperature of the ORC;

. ORC working fluid mass flow rate;

. Degree of superheat; and

. Minimum cycle pressure.

2.4 Sensitivity analysis

The sensitivity of the objective function (net output power) to
the condensation temperature of the HTF heated by the engine
exhaust gas was also investigated in the study. This was
considered necessary to take into account the transient
operation of the ORC system in which case a change in
ambient conditions would vary thermodynamic properties
during condensation, with a consequence on the overall system
performance. Additionally, ORC thermal efficiency that
corresponds to each output power was also computed during
the sensitivity analysis for all the ORC configurations. Suffice
it to mention that the optimization models were used for the
sensitivity analysis, such that the results obtained remain the
optimal choices for each of the working fluids and ORC
configurations.

Abandoned oil well and BHE ORC unit
Well head 4500 m Working fluid R115, R236fa, and R1234yf
BHE tube radius 3.8cm Heat sink Air
BHE annulus radius 8.9cm Net electrical power Optimized
BHE thickness lcm Nominal input thermal power Decision variable
Brine temperature 155°C Nominal HTF flow rate Decision variable
Isentropic efficiency - pump 0.80
Motor efficiency - pump 0.98
Isentropic efficiency - turbine 0.85
Electromechanical efficiency 0.92
Mechanical efficiency — cooling fan 0.60
Pinch point temperature difference 5°C

3. Results and Discussion

3.1 Thermodynamic optimization results for the different
ORC configurations for utilizing geothermal energy from
an abandoned oil well

The most significant thermodynamic optimization results are
reported in this section for the ORC schemes and working
fluids analyzed in this study.

3.1.1 Subcritical ORC without a recuperator (SBC)

Table 2 reports the main results of thermodynamic
optimization for the SBC configuration, for the 3 working
media examined in this study. As can be seen, electrical power
of between about 273 kW and 875 kW can be produced from
the referenced abandoned oil well when converted to a
geothermal energy source, using the SBC. Specifically, using
R236fa as the ORC working fluid for utilizing geothermal
energy from the abandoned oil well would yield the highest
net power, about 44% and 220% above what is obtainable
using the fluids R1234yf and R115, respectively. Similarly,

the SRC with working fluid R236fa would convert the
geothermal energy to power at a thermal efficiency of about
7.19%, more efficient than using R1234yf and R115 by around
2.7 percentage points, and 5.2 percentage points, respectively.
Furthermore, it is noteworthy that using R115 would mean that
about 786 kW of the total power production would be
expended as an auxiliary energy, instead of about 752 kW for
R1234yf and 713 kW for R236fa. The cycle auxiliary energy
is very high for all the fluids due to the use of air as the heat
sink, requiring substantial electrical power to drive the fan.

3.1.2 Subcritical ORC with recuperator (SBC-R)

The basic thermodynamic optimization results for the SBC-R
are highlighted in Table 3, referencing the 3 working fluids
investigated in this study. Again, the fluid R236fa was
obtained with the highest net power of about 992 kW for the
SBC-R utilizing geothermal energy from the abandoned oil
well. Additionally, for the SBC-R, the fluid R1234yf yielded
net power about 180 kW below R236fa and about 247 kW
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beyond R115. It suffices to report explicitly here that a switch
from the SBC to the SBC-R would yield a more
thermodynamically efficient system irrespective of working
fluid. Specifically, a comparative analysis of the SBC and the
SBC-R reveals that net power would increase by around 13%
for R236fa, 33% for R1234yf, and 107% for R115, while
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thermal efficiency would increase by about 1 percentage point
for R236fa, 3.3 percentage points for R1234yf, and 3.8
percentage points for R115. It thus means that the introduction
of a recuperator is less significant with increasing net power
and thermal efficiency facilitated by the choice of an optimal
ORC working fluid.

Table 2 Thermodynamic optimization results for the subcritical ORC plant without a recuperator

Parameter R115 R236fa R1234yf
Net Work (kW) 272.8 874.8 609.3
Pump Work (kW) 201.2 223.2 192.4
Fan Work (kW) 585.0 490.1 560.0
Max Pressure (MPa) 2.82 2.88 3.04
Max Temperature (°C) 106.87 120.69 108.13
Min Pressure (MPa) 131 0.44 1.02
Min Temperature (°C) 40 40 40
Superheat Degrees (°C) 31.96 1 18.72
ORC mass flow rate (kg/s) 107.1 73.0 75.9
Thermal Efficiency (%) 1.99 7.19 4.53
Table 3 Thermodynamic optimization results for the subcritical ORC plant with a recuperator
Parameter R115 R236fa R1234yf
Net Work (kW) 564.5 991.6 811.4
Pump Work (kW) 183.3 223.2 166.4
Fan Work (kW) 303.4 370.9 318.7
Max Pressure (MPa) 2.82 2.88 3.04
Max Temperature (°C) 122.29 120.69 121.6
Min Pressure (MPa) 131 0.44 1.02
Min Temperature (°C) 40 40 40
Superheat Degrees (°C) 47.39 1 32.20
ORC mass flow rate (kg/s) 97.6 73.0 65.7
Thermal Efficiency (%) 5.83 8.15 7.82

3.1.3 Supercritical ORC without recuperator (SPC)

Table 4 summarizes the optimal thermodynamic parameters
for the SPC, for all the working fluids analyzed in this study.
It can be seen that the fluid R236fa would extend its optimal
performance to this case study, yielding a net power of around
906 kW; about 15 kW more than what obtains with R1234yf,
and around 218 kW above the net power produced with R115.
Similarly, the SPC with the working fluid R236fa yielded a
thermal efficiency of about 7%, only around 0.1 Percentage
points beyond what obtains with R1234yf, and about 1.5
percentage points more than R115. Furthermore, results
showed that the use of a supercritical configuration would
improve the performance of the ORC plant for all the working
fluids. Specifically, comparing the results of SBC with those
of SPC shows that the net power would increase by about 3.6%
for R236fa, 46% for R1234yf, and 152% for R115. However,
results showed that the thermal efficiency could be negatively
impacted by using the supercritical configuration. Specifically,
a lower thermal efficiency of 7.03% was recorded for the SPC
with R236fa, relative to 7.19% with the SBC. The other
working fluids showed increased thermal efficiency with a
switch from SBC to SPC.

3.1.4 Supercritical ORC with recuperator (SPC-R)

The optimal thermodynamic performance parameters of the
SPC-R are highlighted in Table 5, for all the working fluids
assessed in this study. For this case study, the highest net
power output of 1043 kW was obtained with R1234yf as the
working fluid; about 12 kW more than what obtains with
R236fa, and around 143 kW beyond that with R115. It is
important to emphasize the observation here that the fluid
R1234yf performed better in terms of net power production
than R236fa which had hitherto yielded the highest net power
in all the other ORC configurations. Additionally, the working
fluid R115 was obtained with the highest thermal efficiency
for the SPC-R, rated at about 9.5%; about 0.4 percentage
points more than R1234yf and about 1.6 percentage points
above R236fa. Furthermore, a comparative assessment of SPC
and SPC-R reinforces the submission earlier that incorporating
a recuperator would improve performance for all the working
fluids considered. The same can be said for a switch from a
subcritical ORC configuration to a supercritical one in terms
of net power output with all the working fluids studied. It can
however be observed that the fluid R236fa reduced the ORC
thermal efficiency for the switch from the subcritical to the
supercritical configuration, from 8.15% in SBC-R to 7.91% in
SPC-R.
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Table 4 Thermodynamic optimization results for the supercritical ORC plant without a recuperator

Parameter R115 R236fa R1234yf
Net Work (kW) 688.2 906.4 891.1
Pump Work (kW) 613.9 292.7 450.4
Fan Work (kW) 509.0 519.8 519.2
Max Pressure (MPa) 6.64 3.28 5.84
Max Temperature (°C) 146.72 126.85 136.85
Min Pressure (MPa) 1.31 0.44 1.02
Min Temperature (°C) 40 40 40
Superheat Degrees (°C) 66.77 1.93 42.15
ORC mass flow rate (kg/s) 92.19 82.36 74.68
Thermal Efficiency (%) 5.52 7.03 6.95
Table 5 Thermodynamic optimization results for the supercritical ORC plant with a recuperator
Parameter R115 R236fa R1234yf
Net Work (kW) 900.4 1,031.1 1,043.2
Pump Work (kW) 521.9 300.5 394.8
Fan Work (kW) 283.9 398.3 349.7
Max Pressure (MPa) 6.06 3.29 5.48
Max Temperature (°C) 147.44 126.85 136.85
Min Pressure (MPa) 131 4.37 1.02
Min Temperature (°C) 40 40 40
Superheat Degrees (°C) 67.49 1.93 42.15
ORC mass flow rate (kg/s) 88.0 84.3 70.8
Thermal Efficiency (%) 9.47 7.91 9.03

3.2 Sensitivity of the optimal ORC performance to waste
heat temperatures

This section reports the sensitivities of the optimized power
output and conversion efficiency for the various ORC schemes
and working fluids considered in the study. These sensitivities
are shown illustrated in Fig. 2 for the SBC utilizing geothermal
energy from an abandoned oil well. As can be seen, lowering
the condensation pressure favors both the net power produced
and the thermal efficiency linearly for all the working fluids
considered. Also, the order of performance of the working
fluids is preserved throughout the range of condensation
temperatures investigated; R236fa>R1234yf>R115 for both
the net power output and the thermal efficiency. It can however
be seen also that the margins between the net power produced
between the fluid R236fa and R1234yf close up narrowly with
decreasing condensation temperature, while that between
R1234yf and R115 widens very slightly at lower condensation

temperatures. The implication is that adopting a lower
condensation temperature would be slightly more favorable
with some working fluids (R1234yf) than others.

The sensitivity analysis results for the SBC-R are plotted in
Fig. 3, showing some sorts of correlations with what obtains
with the SBC, but with slight distinctions. The distinctions are
more pronounced with the variations in thermal efficiency; the
fluid R115 closes up drastically with R1234yf and R236fa as
the condensation temperature drops. For instance, while the
thermal efficiency of R1234yf exceeds that of R115 by about
5.6 percentage points at a condensation temperature of 50 °C,
it has reduced to only about 0.4 percentage points at 30 °C. The
reverse is the case between R236fa and R1234yf; the margin
of the improved thermal efficiency recorded with R236fa
reduces as the condensation temperature increase, both
generating power at almost the same thermal efficiency at 50
°C
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Fig. 3. Sensitivities of net power and thermal efficiency to the condensation temperature for the subcritical ORC with a

recuperato

Furthermore, the variations of the net power and thermal
efficiency with condensation temperature are shown in Fig. 4
for the SPC. It should be reiterated here that a switch to the
supercritical ORC configuration not only improves net power
for all the fluids considered; the fluid R1234yf exhibited a
closely matched performance with R236fa, with only very
slight margins for both the net power and thermal efficiency.
The fluid R1234yf produces net power increasingly lower than
R236fa with decreasing condensation temperature but at a
closer thermal efficiency. The two fluids produced power at
about the same thermal efficiency at 30 °C.

Finally, the variations of net power and thermal efficiency are
illustrated in Fig. 5 for the SPC-R, for all the working fluids

considered. It is worth noting here again that the two fluids
R236fa and R1234yf produced almost the same net power at
lower condensation temperatures, say between 30 °C and 38
°C. Even at higher condensation temperatures up to 50°C, the
difference in net power produced by the two fluids is only
marginal. However, the conversion thermal efficiency of the
ORC is observed much lower with the fluid R236fa for all the
range of condensation temperatures examined, contrary to
what obtains with the other ORC configurations discussed
earlier. The fluid R115 showed much better conversion
efficiency throughout the condensation temperatures
examined for the SPC-R, contrary to what would be expected.
It thus shows that the performance of working fluids clearly
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differs for different ORC configurations, and an optimal
selection should only be made after thorough computations.
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Fig. 4. Sensitivities of net power and thermal efficiency to the condensation temperature for the supercritical ORC
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4. Conclusions

Optimal geothermal power producible from an abandoned
oil well in Nigeria has been compared in this study for different
ORC configurations and working fluids. Four ORC
configurations were assessed, designated as subcritical
without a regenerator (SBC), subcritical with a regenerator
(SBC-R), supercritical without a regenerator (SPC), and
supercritical with a regenerator (SPC-R). The geological
characteristics of an abandoned oil well in the Niger Delta
region of Nigeria were employed to numerically simulate the
ORC heat source parameters. Additionally, zero-dimensional
ORC design and optimization models were implemented in
MATLARB to satisfy the mass and energy balance equations

defined by the First Law of Thermodynamics. This study is the
first attempt at the technical quantification of electrical power
production from an oil well in Nigeria, to the authors’ best
knowledge. Additionally, previous studies on this subject
haven't given adequate consideration to the effects of design
configurations and working fluids on ORC performance for
the exploitation of geothermal energy from abandoned oil
wells, which further highlights the contribution to knowledge
intended by this study. The main results obtained from the
study are:

»  The most basic ORC configuration employed can
produce between 272 kW and 875 kW of electrical power;
about 273 kW with the working fluid R115, about 609 kW
with R1234yf, and about 875 kW with R236fa;
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»  The introduction of a recuperator would increase
ORC performance for all working fluids. For instance, a
switch from the SBC to the SBC-R would increase net power
by around 13% for R236fa, 33% for R1234yf, and 107% for
R115, while thermal efficiency would increase by about 1
percentage point for R236fa, 3.3 percentage points for
R1234yf, and 3.8 percentage points for R115;

»  The use of a supercritical ORC configuration would
increase net power irrespective of the choice of the working
fluid. Specifically, results showed that a switch from the SBC
to the SPC would increase the net power by about 3.6% for
R236fa, 46% for R1234yf, and 152% for R115;

»  Decreasing the condensation pressure would result
in a linear increase in both the net power and thermal
efficiency for all the working fluids. Also, the order of the
performance of the working fluids is preserved throughout the
range of  condensation temperatures  investigated;
R236fa>R1234yf>R115 for both the net power output and the
thermal efficiency.

Future studies should give attention to improvement
opportunities available in each of the ORC components for the
different cycle configurations, using the technical and
economic methods defined by the Second Law of
Thermodynamics.
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Abstract—Rectifiers are the most common nonlinear loads encountered in electrical power systems. Uncontrolled rectifiers are cheaper than
synchronous rectifiers and more common than them because of this but the currents drawn by uncontrolled rectifiers contain harmonics. In
addition, the amplitude of these harmonics depends on the value of the load power and the rectifier parameters. A 3-phase cable can be used to
connect a three-phase rectifier to a 3-phase power system. In this study, the power losses of a 3-phase cable fed by a synchronous rectifier and an
uncontrolled rectifier were compared. The electrical equivalent of a power cable is frequency dependent. The analysis performed in this study was
made by making some assumptions about the frequency-dependent resistance of the cable and the rectifier currents. The analysis shows that when
an uncontrolled rectifier is fed by a power cable, the cable always has more loss and heats up more for the same amount of RMS current.

Keywords—Cable Modeling, Loss Calculation, Harmonic Analysis, Circuit Analysis, Rectifiers.

Kontrolsiiz Bir Redresorle Beslenen U¢ Fazh Bir Giic Kablosunda Amper Kapasitesinin Azalmasi ve
Gii¢ Kablosu Gii¢ Kaybimin Alt Degerinin Bulunmasi

0z. Dogrultucular elektrik gii¢ sistemlerinde en yaygim karsilasilan nonlineer yiiklerdir. Kontrolsiiz dogrultucular senkron dogrultuculara gére
daha ucuzdur ve bundan dolay1 daha yaygindir ama kontrolsiiz dogrultucularin gektikleri akimlar harmonik i¢cermektedir. Ayrica bu ¢ekilen
harmoniklerin genligi yiikiin giiciiniin degerine ve dogrultucu parametrelerine baglidir. Ug fazli bir dogrultucuyu ii¢ fazli gii¢ sistemine baglamak
i¢in li¢ fazli bir kablo kullanilabilir. Bu ¢alismada senkron bir dogrultucu ve kontrolsiiz bir dogrultucu tarafindan beslenen ii¢ fazli bir kablodaki
kayiplar karsilastirilmistir. Bir kablonun elektriksel esdegeri frekansa bagimlidir. Bu ¢aligsmada yapilan analiz kablonun frekansa bagimli direnci
ve dogrultucu akimlari iizerine bazi kabuller yapilarak bulunmustur. Yapilan analiz kontrolsiiz dogrultucu kullanildiginda 3 fazli kablonun her
zaman daha fazla kayba sahip oldugunu ve daha fazla 1sinacagini gostermektedir.

Anahtar Kelimeler— Kablo Modelleme, Kayip Hesabi, Harmonik Analizi, Devre Analizi, Dogrultucular.
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1. Introduction

Electrical resistance is a function of frequency [1]. Skin-depth
results in extra power loss in a cable excited with AC currents [2, 3].
Three-phase cables are complex systems to model [4]. Such
transmission line models can also be made with fractional-order
circuit elements [5]. This results in higher attenuation in high
frequencies [3, 5, 6]. Such a frequency modeling of the cables may
require machine learning [6]. The effects of harmonics on
underground power cables are examined by considering a real
system and using experimental data and shown to result in an
excessive temperature rise due to the power losses in the cable [7].
Aging processes such as water treeing, electrical treeing, and
dielectric breakdown can be observed in polymeric insulators of
cables [8] and the high-temperature operation of cables also
contributes to their early aging [9-11]. Cable failures and
degradations that may occur directly or indirectly in the cable due to
harmonics should be prevented [11, 12]. Skin and proximity effects
in the cable impedance are difficult to model [13]. Their accurate
modeling is also important in motor drive applications [14]. Three-
phase power cables are often used to feed power rectifiers in
industry. An experimental model of such a rectifier can be found in
[15]. Uncontrolled rectifiers are nonlinear circuits, which lack exact
analytical solutions [16] and are hard to model. That’s why
simplified models are often used in their analysis [17]. Some
rectifiers use A frequency domain model for uncontrolled rectifiers
as presented in [18]. A rectifier model for active loads is given in
[19]. Averaging can also be used to model uncontrolled rectifiers
[20]. A matrix solution for their modeling is presented in the
frequency domain in [21]. An equivalent circuit for a diode bridge
that makes use of AC and DC side rectifier harmonics is given in
[22]. The uncontrolled rectifiers draw non-sinusoidal currents and
their current profile varies by the load power [16-22] and this can
cause overheating in the power cables. In this study, a lower bound
for the power loss of a three-phase power cable feeding a three-phase
uncontrolled rectifier is given to find out whether the loss stays the
same for the same amount of transferred power to the load and
whether the loss stays within the standards such as the international
electrotechnical commission IEC 60287 standard [12].

The paper is arranged as follows. In the second section, the
simplified models of an uncontrolled rectifier and a synchronous
rectifier are given. In the third section, a lower value of the loss of
power cable for an uncontrolled rectifier is given. The paper is
finished with the conclusion section.

2. The Synchronous Rectifier and Uncontrolled
Rectifier Models

A three-phase synchronous rectifier is a power electronic circuit,
which uses the three-phase H-bridge inverter topology shown in
Figure 1.a. Such rectifiers make use of sophisticated switching
control strategies to withdraw almost sinusoidal currents from a
three-phase utility with almost a power factor of one [23-26]. Since
the harmonics around switching frequencies have very low
magnitudes [27], their phase currents can be expressed as

iq(t) = I,sin(wt) (D)

ip(t) = Iysin(wt — 21/3) 2

(First Author’s) Surname et al. / European J. Eng. App. Sci. 6(1), 19-24, 2023

ic(t) = Lycos(wt — 4m/3) 3

where I,,, is the maximum value of the phase currents and
w is angular frequency.

The three-phase phase voltages can be written as

v,(t) = Vysin(wt) (@)
v, (t) = Vypsin(wt — 2m/3) (5)
ve(t) = Vypsin(wt — 4m/3) (6)

where V;,, is the maximum value of the phase voltages.

A4

The three-phase
power cable

(b)

Fig. 1. a) A three-phase synchronous rectifier circuit, and b) A
three-phase uncontrolled rectifier circuit.

An uncontrolled Hs-bridge rectifier is shown in Figure 1.b. It
consists of six diodes. It has a DC bus inductor or a smoothing
inductor (Ls) at the DC side. The inductor and the capacitor across
the load behave as an L-C filter. It does not have any smoothing
inductors at the AC inputs. Such a rectifier circuit draws non-
sinusoidal currents and their current varies with respect to the load
power [16-22].

A DC bus smoothing inductor is commonly used for filtering the AC
ripple in the DC bus current. If its inductance value is high enough,
the DC bus current at a high load can be assumed to be constant [28].
Due to the symmetric nature of the three-phase H-bridge rectifier
and having an almost constant DC bus current, a phase current pulse
is drawn from 120 degrees in both of the half-periods and there are
also 30 degrees wide dead zones for symmetrically drawn pulses.
Such a phase current can be expressed with Eq. (7) by ignoring the
very little cable inductance. If there were a smoothing inductor used
on each line to smoothen the phase currents the rectifier draws, a
tapered phase current expression that takes the commutation of
phases into account should have been used. Since the inductances
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of the cables are quite less than that of such AC side smoothing
inductors, Eq. (7) is sufficient to describe the phase current A.

At the maximum power with a smoothing inductor (Ls),
whose inductance is sufficiently high, its Phase A current can be
assumed to be of the form shown in Figure 2 and expressed as the
following partial function:

T
0, 0<t<—

12
] T < 5T
e 12 =" 712
. 5T 7T
if()=1 o0, Z<t<1z (7
7T 11T

=g, EStSE

0 11T<t<<T
) 12 <

where 1. is the DC bus inductor current and T = 2m/w is the
electrical period.

The other phase currents are shifted by 120 degrees but they have
also the same rms value:

() =i, (t=T/3) 8
ic(t)zia<t—§>=ib(t—§) ©)
iq(t)
T ur
e 12 12
S m
12 12

Fig. 2. Phase A current of the uncontrolled rectifier.
The DC bus inductor current can be assumed as

P

Iy = 7 (10)
c

where P is the load power and V. is the DC bus voltage.

The DC bus voltage of the uncontrolled rectifier is approximately
given as

3V3Vy 3Vl
T - Vs

VdC = (11)

The DC voltage of an uncontrolled three-phase H-Bridge rectifier
can be around and less than the peak value of the line-to-line
voltages, which is equal to 537 (380*sqrt(3)) Volt in Europe. Eq.
(11) gives a value of 514 Volt, which is a little less than this value.

If the rectifier is loaded with the nominal power, the DC bus inductor
current can be written as
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Pom
I, =—— 12
dc Vdc ( )

The rectifier circuit currents at low load power are hard to predict
and simulations can be used for this purpose that will be studied in
the future.

3. The Estimation of the Cable Power Losses for the Two Cases

A three-phase power cable topology is shown in Figure 3.
It has copper wires as power conductors, an aluminum shield, and
PVE used as insulation material. The losses of the power cables for
the rectifiers are to be calculated in this section.

Fig. 3. A three-phase power cable topology (Courtesy of Unika
Cable).

3.1. The Power Loss of a Three-Phase Cable under Sinusoidal
Excitation or Fed by a Synchronous Rectifier

The nominal power which can be transferred through the power
cable is given as

Brom = 3Vrmslms=3VinIn/2 (13)

where I, 1S the rated rms phase current, and V..., is the rated rms
phase voltage.

The rms current of the power cable for Phase A is calculated as

T

1
Lrms = ?j(ia(t))zdt (14)
0

For a sinusoidal current given in Eq. (1), the rms current is

I
Lips = \/_T% (15)

Thus, the nominal transferred power by the power cable can also be
given as

Buom = 3Vrmslrms (16)
Since the phase currents of a synchronous rectifier are assumed to
be sinusoidal, the power loss of the cable feeding the synchronous
rectifier can be calculated as

Pioss1 = 3RACIEms (17)

where R, is the AC resistance of the cable at the utility frequency,

f=1/T.

21



The AC resistance of a three-phase cable [12] can be given as

Rac = Rpc(1+Ys+Yp) (18)
where Rp is the DC resistance of the cable, ys is the skin effect
factor, and yp is the proximity effect factor.

More about the AC resistance of a cable can be found in [29].

Using the transferred power,

Puom\®>  RacPZ
Plossl — 3RAC( nom) _ tAC nom

3Vims 3120

1
_ 0.333R4cPlom (19)
3V

The rectifier circuit currents at low load power are hard to predict
and simulations can be used for this purpose that will be studied in
the future.

3.2 The Lower Bound of Power Loss of the Three-Phase Cable
Fed by an Uncontrolled Rectifier

The uncontrolled rectifier is assumed to be drawing a current with
harmonics from Phase A as seen in Figure 2. The other phase
currents are shifted by 120 and 240 degrees with respect to the
current of Phase A. The power loss of a cable is frequency dependent
due to the skin and proximity effects:

C RI2 SO Racl? =¥
Prossz =3 )~ 23 ) Ak — 3R, Y
k=1 k=1 k=1

where P, is the power loss of the three-phase cable feeding the
uncontrolled rectifier and R,=R(kf) is the phase resistance of the
three-phase cable at the ki harmonic.

(20)

leN

R, is anincreasing function of frequency. The cable resistance at the
fundamental frequency (R4 or R,) is less than that at the k"
harmonic frequency (k=2) and the following is always true,

Ry 2Ryc =Ry (21)

Therefore, a lower bound for the power loss can be found
as

N Rl N Racl? N
Ploss=3z 2 232 2 =3RACZ? (22)
k=1 k=1 k=1

Using Parseval’s identity,

=
Irgmszz
k=1

N

T
=7 [ Gaoae (23)
0

|

Using Eq. (7), the lower bound for the cable power loss can
be calculated as:

T
3R .
Piossmin = 3RACIrgmszz TACf (la(t))zdt = (24)
0
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3RACZT12
T 3 'dc

2

P
Pissmin = 2Racl%e = 2Rac (522) (25)
dc

2

Pnom

Piossmin = 2Rac| ——F=—
3\/571]-4”15 (26)

_ 21°Ryc (Pnom>2
27

Vrms

The lower bound of the power loss of the cable feeding the
uncontrolled rectifier is found as:

P 2
Puossmin = 0.731Rsc (71°2) (27)

rms

Therefore, the following expression is always true:

Ploss > Plossmin (28)

Therefore, considering both of the cases examined, for the
same value of the rms voltage, the following is always true:

PlossZ > Plossmin > Plossl (29)

The power loss of the cable feeding the uncontrolled rectifier is
always higher than that of a synchronous rectifier.

Ampacity is a made-up word for ampere capacity (current-carrying
capacity) defined by National Electrical Codes [30], in some North
American countries. Ampacity is defined as the maximum current,
in amperes, that a conductor can carry continuously under the
conditions of use without exceeding its temperature rating.

Plossz > Plossmin =2.195 (30)
Plossl Plossl

This means to prevent overheating of the three-phase cable and not
to decrease its life, the cable should be operated a lower current or
transfer a lower power.

4. Conclusions

In this study, the losses occurring in a three-phase power cable
feeding a synchronous and an uncontrolled rectifier have been
examined. It is assumed that the rectifier has a DC side smoothing
inductor and draws a square wave current with zero intervals. A
lower bound value for the cable power loss feeding the uncontrolled
rectifier is given. Considering (9) and (23), the power loss of the
cable feeding the uncontrolled rectifier is at least 119.5% higher than
that of the synchronous rectifier case. If the skin effect model of the
cable is taken into account, the power loss of the cable feeding the
uncontrolled rectifier would have been found to be higher. The
finding here is of importance since it implies that the ampacity of
the cable decreases, i.e., the cable overheats when the three-phase
cable feeds an uncontrolled rectifier having non-sinusoidal currents
for the same amount of the transferred power. This means that a
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power cable should be operated to feed a lower transferred power in
a steady state. Otherwise, its operation life would be less than the
one given in its catalog. Also, considering that the uncontrolled
rectifier load can be temporarily higher than the nominal power for
a short amount of time, this would result in an even higher
temperature in the cable and the worst impact on his life.

A more accurate analysis of such a 3-phase cable should be
performed by taking into account the transfer function in the
frequency domain of the cable and the harmonics of the current. As
future work, to obtain a more accurate loss model, we suggest that
the experimentally measured cable parameters and the complete
circuit model of the uncontrolled rectifier must be used to estimate
the power loss. More sophisticated cable models can be used for that
purpose [31]. The current harmonics of the input currents of the
uncontrolled rectifier can be obtained by simulations depending on
the load power, and, then, the cable losses can be calculated using
the harmonic magnitudes and experimentally found cable
parameters such as the frequency-dependent electrical resistance.

Smoothing inductors at AC side of the uncontrolled rectifiers are
commonly used in the factories for power quality improvement.
Also, using a smoothing inductor for each side at the AC side of the
uncontrolled rectifier may result in the less power cable loss since
the phase currents can be smoothened. We also suggest this as future
work.
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Abstract: This paper presents a comparison and performance analysis of CMOS-based VDCC (Voltage Differencing Current
Conveyor) circuits and differential amplifier FGMOS-based circuits. Differential amplifiers at the input stage of the VDCC circuit are
designed using FGMOS instead of CMOS. Designing the differential amplifiers in the input stages of the VDCC circuit using FGMOS
instead of CMOS amplifies the input signal of the circuit, providing a significant increase in linearity and voltage following properties.
At the same time by using FGMOS transistors, the input stage of the circuit, which provides arithmetic calculations, is simplified. A
three-input single output (TISO) type band-pass filter application is given to show the versatility of the VDCC circuit topology. The
THD value of the CMOS-based VDCC filter circuit is found to be 15.99%. The THD value of the proposed differential amplifiers
FGMOS-based VDCC filter circuit is found to be 1.03%. Theoretical analysis results confirm the simulation results. The presented
CMOS and FGMOS-based band-pass filters are simulated using TSMC CMOS 0.18 pm technology with Vpp, a power supply voltage
equal to 0.9 V. The proposed circuit topology will be an essential reference in the literature for researchers to design new linearly
tunable filters.

Keywords: Voltage Differencing Current Conveyor (VDCC), Floating Gate MOS (FGMOS), Voltage-Mode Band-Pass Filter.

CMOS Tabanh VDCC ve Fark Kuvvetlendiricisi FGMOS Tabanli VDCC Devrelerinin Performans Analizinin
Karsilastirilmasi ve Filtre Uygulamasi

Oz Bu makale, CMOS tabanli VDCC (Voltage Differencing Current Conveyor) devreleri ile fark kuvvetlendiricisi FGMOS tabanli
VDCC devrelerinin karsilastirmasini ve performans analizini sunar. VDCC devresinin giris asamasindaki fark kuvvetlendiricileri,
CMOS yerine FGMOS kullanilarak tasarlanir. VDCC devresinin giris katlarindaki fark kuvvetlendiricilerinin CMOS yerine FGMOS
kullanilarak tasarlanmasi, devrenin girig sinyalini yiikselterek dogrusallik ve voltaj takip etme 6zelliklerinde 6nemli bir artig saglar.
Ayni zamanda FGMOS transistorler kullanilarak devrenin aritmetik hesaplamalari saglayan giris asamast basitlestirili. VDCC devre
topolojisinin ¢ok yonliiliiglinii gostermek igin {i¢ girisli tek ¢ikish (TISO) tip bant gegiren filtre uygulamasi verilir. CMOS tabanli
VDCC filtre devresinin THD degeri %15.99 olarak bulunur. Onerilen fark kuvvetlendiricisi FGMOS tabanli VDCC filtre devresinin
THD degeri %1.03 olarak bulunur. Teorik analiz sonuglari, simiilasyon sonuglarini dogrulamaktadir. Sunulan CMOS ve FGMOS
tabanl1 bant geciren filtreler, 0.9 V'a esit bir giic kaynag1 voltaji olan Vpp ile TSMC CMOS 0,18 um teknolojisi kullanilarak simtile
edilir. Onerilen devre topolojisi, arastirmacilarin dogrusal olarak ayarlanabilir yeni filtreler tasarlamalari igin literatiirde 6nemli bir
referans olacaktir.

Anahtar Kelimeler:Gerilim Farki Akaim Tasyici (VDCC), Yiizen Gegit MOS (FGMOS) Transistor, Voltaj Modlu Band-Gegiren Filtre.
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1. Introduction

Voltage differencing current conveyors (VDCC) are a versatile
active building block used in analog signal processing circuit
applications. A very substantial advantage of using VDCCs in
analog circuit design is that it is able electronic tunability.
FGMOS is a device where the second gate, called a floating
gate, is electrically isolated and capacitively connected to the
input gates[1-9]. In this work presents a comparison and
performance analysis of CMOS-based VDCC (Voltage
Differencing Current Conveyor) circuits and differential
amplifiers FGMOS-based circuitsThe design of the
differential amplifiers in the input stage of the VDCC circuit
using FGMOS in the place of CMOS has substantially
increased the linearity range of the circuit. THD value of the
CMOS based VDCC filter circuit is found to be 15.99% and
the THD value of the proposed differential amplifiers FGMOS
based VDCC circuit is found to be 1.03%. Theoretical analysis
results confirm the simulation results. The presented CMOS
and FGMOS-based band-pass filters are simulated using
TSMC CMOS 0.18 um technology with VDD, a power supply
voltage equal to 0.9 V.

The use of FGMOS transistors instead of the conventional
CMOS structure for the differential amplifiers in the input
stage provides significant advantages. A control voltage at one
of the inputs of the multi-input FGMOS provides a wide range
of tunability to the circuit. Circuit designs with FGMOS allow
controllability of the threshold voltage (Vth). Due to the
properties of FGMOS, the linearity range increases and
simplifies the input stage that provides the arithmetic
calculations of the circuit. This specialty allows operation at
power supply voltage levels lower than the intended operating
limit.

In addition to all these features, the FGMOS VDCC consumes
fewer power than required in a circuit designed with
conventional MOSFET. Literature researches show that a great
number of the analog circuits using VDCC as an active
element have been found, for instance, capacitance multiplier
[12-13], inductance simulator [10-11], versatile passive
element simulator [14- 15], triangular and square wave
generator [16], sinusoidal oscillator [6, 13, 17-20], first order
allpass filter [21], ladder filter [22] etc.  But differential
amplifiers FGMOS-based VDCC has not been found before in
the literature. The versatility of the proposed differential
amplifiers FGMOS-based is demonstrated on a filter circuit
example. The proposed filter in the reference [23], The three-
inputs single-output (TISO) consists of 2 capacitances and 1
resistor. In this study, only band pass filter application is made
to show that FGMOS increases linearity in a filter
application. The unique aspect of this study is that there was no
differential amplifiers FGMOS-based VDCC circuit design in
the previous studies. The rest of the paper is organised as
follows: Section 2 describes proposed circuit. Brief
introduction of FGMOS and differential amplifier FGMOS
based VDCC circuit is given in section 3. Simulation results
are discussed in section 4. Finally, conclusions are present in
section 5.

2. Proposed Circuit

The circuit symbol of the proposed in recent years active
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element, VDCC, is shown in Figure 1, where P and N are input
terminals and Z, X, Wp and W are output terminals. Except
the X terminal all of the terminals exhibit high impedance.

Ve_| p W, Lwp
v VvDCC I
/N | N Wi g
7z X
V7+ VX
Iz Ix

Fig. 1. Circuit symbol of the VDCC.

I, 0 0 0 0

Iy 0 0 0 0%

I, agm —A9m O 01{v,

v, =0 0 B 0 lVX (1)
Iy, 0 0 0 vw, |l

Iy, ] L0 0 0 —Yw,

In equation 1, o, B and vy are the non-ideal voltage and current
gains of the VDCC and ideally equal to one. gm is
transconductance gain of the VDCC and is defined as:

w
gm= ’IBl Hy Cox T (2)

In Equation (2), pn is the carrier mobility for NMOS
transistors, Cox is the gate oxide capacitance per-unit area, W
is the effective channel width, L is the effective channel length,
and I is the bias current to control, and is used to control the
gm.

The filter topology in Figure 2 is created using only the VDCC
active element. It can be used as the three-input single-output
(TISO) voltage mode filter in Figure 3 [23]. The circuit
analysis gives the following for the output voltage, which can
be expressed in Equation (3).

V352G, + VS Cygm +V39im G )
- s2C,Cy + sCygm + gm G

VOUT

(1) LP:Vy =V, =0,V3 =V
() BP:V, =V3 =0,V; =V
(i) HP:V, =V = 0,V, = Vjy (4)
(V) BS:V, =0,V, =V3 =Vpy
(WAP:V, =V3 ==V, =V

The circuit of quality factor (Q) and pole frequency (wo) can
be given as follows:

GC,
Im C2

_ | 9m
Wy = .G (6)

Figure 2 shows CMOS implementation of the VDCC. Figure
3 shows TISO biquad filter. The terminals of the TISO biquad

Q=

(5)

Q
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filter in Figure 3 are shown in Figure 1 and Figure 2. Three-
inputs single-output (TISO) filter which can make real all five
types of biquadratic functions in voltage mode that is low-pass,
high-pass, band-pass, band-stop, and all-pass filter with single
VDCC. In this work, only the band-pass filter application is
included to show the accuracy of the proposed circuit. For the
TISO filter, pole frequency can be tuned electronically with
changing bias current. In addition, VDCC-based biquad filter
circuit with a minimum number of grounded passive elements
have been studied in the present paper. A voltage mode biquad
filter which involves a single VDCC and a few passive
elements has been presented. Therefore, this filter circuit is
used for the application. The design of the differential
amplifiers at the input stage of the VDCC active element of the
TISO filter circuit using FGMOS has increased the linearity
significantly, as can be seen in Figure 5. The performances of
the VDCC-based TISO filter are illustrated by SPICE
simulations. The theoretical analysis of the filter agreed well
with the SPICE simulations. Table 1 shows the aspect ratios of
the transistors for the VDCC in Figure 2.

In this study, the two differential amplifiers in the input stage
of the VDCC circuit are designed using FGMOS instead of
CMOS. The design of the differential amplifiers in the input
stages of the VDCC circuit topology using FGMOS instead of
CMOS provides a significant increase in linearity and voltage
following properties by amplifying the input signal of the
circuit.

In this section, floating gate MOSFET (FGMOS) and
differential amplifier FGMOS-based VDCC circuits have been
briefly introduced with their schematic representation. This
section also explains the implementation of FGMOS and
differential amplifier FGMOS-based VDCC circuit into the
final design.

3. FGMOS and Differential amplifier FGMOS-
based VDCC circuit

In this section, floating gate MOSFET (FGMOS) and
differential amplifier FGMOS-based VDCC circuits have been
briefly introduced with their schematic representation. This
section also explains the implementation of FGMOS and
differential amplifier FGMOS-based VDCC circuit into the
final design.

3.1. Floating Gate MOSFET (FGMOS)

Floating Gate MOS transistors are widely used in analog and
digital world as EPROM, EEPROM, flash memories, and
neuronal computational element in neural network. Especially
FGMOS used in low-voltage, low-power analog design and
analog storage elements is gaining popularity day by day. A
typical multi input floating gate transistor is shown in Figure
4. Tt is a conventional MOSFET in which the gate is
capacitively coupled to the input using another poly-silicon
layer. The equation that models the behaviour of floating gate
voltage (VFG) of FGMOS is given by equation (7).
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Ci Cys
— Vi, C{J Vs
T

Cgd Qrc
g VD+

N
Veg-2,
FG Cr r

i=1g,~ (7)
Where Cr-Cos+Cep+Zi,C; and Qrg explain the amount of
charges that is being trapped in FG during fabrication.
FGMOS provides impressive features with low-voltage, low-
power context. In application of linear and nonlinear functions
provides flexibility to designers. Also, since FGMOS is multi-
input, it allows adding extra inputs according to the needs of
the designer. In this way, tunability feature is earned to the
circuit.

4. Simulation Results

Finally, a CMOS realization of a VDCC circuit is shown in
Figure 3. The supply voltages and biasing currents are given
by Vbop = —Vss = 09 V, Is1 = 50 pA, and Is2 = 100 pA,
respectively. The aspect ratios of the transistors are given in
Table 1. The MOS transistors are simulated using TSMC
CMOS 0.18 um process model parameters. In the CMOS and
FGMOS based designs of the voltage mode filter shown in
Figure 3, R1 =2 kQ and C = C2 =50 pF. A typical multi input
floating gate transistor is shown in Figure 4.

Figure 5 shows the linearity comparison of VDCC circuit
topologies. The design of the differential amplifiers in the
input stages of the VDCC circuit using FGMOS instead of
CMOS provided a significant increase in the linearity and
voltage following properties of the circuit.

Figure 6 shows the Ix-Iz DC characteristics of CMOS based
VDCC and differential amplifiers FGMOS-based VDCC
circuits. Differential amplifiers FGMOS-based VDCC
circuit's Ix-Iz DC characteristic graph produced a more
symmetrical result for the -100pA to 100pA range compared
to the CMOS-based VDCC circuit.

Figure 7 shows the Iwn/Ix and Iwp/Ix DC characteristics of
CMOS-based VDCC and differential amplifiers FGMOS-
based VDCC circuits. Differential amplifiers FGMOS-based
VDCC circuit's Iwn/Ix and Iwp/Ix DC characteristic graphs
produced more symmetrical results for -100pA to 100pA
range compared to CMOS-based VDCC circuit.

Figure 8 shows the Ix/Iz magnitude AC characteristics of
CMOS and differential amplifier FGMOS-based VDCC
circuits. The fact that the Ix/Iz ratio is equal to 1 in the
differential amplifier FGMOS-based VDCC circuit shows that
the current at the X terminal is transferred to the Z terminal
exactly.

Figure 9 shows the Iwn/Ix, Iwp/Ix magnitude AC characteristics
of CMOS and differential amplifiers FGMOS-based VDCC
circuits. The fact that the Iwn/Ix, Iwp/Ix ratios are equal to 1 in
the differential amplifiers FGMOS-based VDCC circuit shows
that the current at the Iwn and Iwp terminals are transferred to
the X terminal exactly.
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Fig. 3. TISO biquad filter [24].

Table 1 Transistors aspect ratios for the VDCC of

Figure. 2.

Transistors W/L(pm)

Mi-My 3.6/1.8

M;s-Mg 7.2/1.8

M7-Ms 2.4/1.8

Mo-Mig 3.06/0.72

Mii-Mip2 9/0.72

Mi3-Mys 14.4/0.72

Mis-Mn 0.72/0.72

1o
1 Cgd
Vi |C1 F=dh=== D: Drain
“ o B: Bulk
| e G | B = S:Source
V3 — — | : FG: Floating Gate
E ON b—db——-d : Vi: Effective Inputs i = [1,N]
VN 5_4. Ip—' " CgS S 1
] I
S I
' |cgb

Fig. 4. Equivalent schematic of N-input n-channel

FGMOS [24].
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Fig. 5.Comparison of linearity VDCC circuit
topologies.
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Fig. 6. Ix-I; DC characteristics of CMOS and
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Fig. 9. CMOS and FGMOS-based VDCC AC
Characteristics Iyn/Ix, Iwp/Ix magnitude.

Figure 10 shows magnitude of CMOS based VDCC band-pass
filter and differential amplifiers FGMOS-based VDCC band-
pass filter. The simulation result of the CMOS and FGMOS-
based two filter circuits shown in the figure is found to be
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compatible with the characteristic of the band-pass filter
circuit.
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Fig. 10. Magnitude of CMOS based VDCC band-pass
filter and differential amplifiers FGMOS-based VDCC
band-pass filter.
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Fig. 11.Phase of CMOS based VDCC band-pass filter
and differential amplifiers FGMOS-based VDCC band-
pass filter.

Figure 11 shows phase of CMOS based VDCC band-pass filter
and differential amplifiers FGMOS-based VDCC band-pass
filter. The phase of CMOS-based VDCC band-pass filter and
differential amplifiers FGMOS-based VDCC band-pass filter
circuits is found in accordance with the band-pass filter
characteristic and is between -90 degree and 90 degree.

Figure 12 shows the THD analysis of the CMOS based-VDCC
and differential amplifier FGMOS-based VDCC band-pass
filter. Vp is a pure sine signal applied to the input. Vz refers to
the output of the band-pass filter. The output voltage of the
CMOS based-VDCC filter circuit is between +0.7 V and -0.7
V. Differential amplifier FGMOS-based VDCC band-pass
filter output voltage is between +0.9 V and -0.9 V. As can be
seen from the Figure 12, the output voltage Vp of the proposed
circuit is found to be closer to the pure sine voltage.
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Fig. 12.THD analysis of CMOS VDCC band-pass filter
and differential amplifier FGMOS- based VDCC band-
pass filter.

14 ~~FGMOS
—CMOS

0 0.1 0.2 0.3 0.4 0.5 06 0.7 08 0.9 1
Input Voltage (peak to peak)(V)

Fig. 13. THD value of CMOS VDCC BP filter and
differential amplifiers FGMOS-based VDCC band-pass
filter:

Figure 13 shows the THD analysis of the CMOS VDCC band-
pass filter and differential amplifiers FGMOS-based VDCC
band-pass filter. THD indicates the percentage of distortion
from the fundamental waveform. THD is used to determine
harmonics in voltage and current [25]. Voltage THD is
expressed as the ratio of the sum of all voltage harmonic
components apart from the fundamental voltage component to
the fundamental voltage component [26]. According to the
IEEE 519 standard, the maximum acceptable THD value for
low-voltage applications is 5%, and also maximum acceptable
value for individual voltage harmonics is 3% [27-30].

The THD value of the CMOS VDCC band-pass filter circuit
was 15.99%, and the THD value of the differential amplifier
FGMOS-based VDCC band-pass filter circuit was found to be
1.03%. The fact that the THD value in the band-pass filter
application of the proposed circuit is lower indicates that the
linearity is substantially increased.
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Fig. 14.THD value of differential amplifiers FGMOS-
based VDCC band-pass filter.

Figure 14 shows the THD analysis of the differential amplifier
FGMOS-based VDCC band-pass filter. THD value of the
FGMOS-based VDCC band-pass filter circuit was found to be
1.03%.

5. Conclusion

This paper presents a comparison and performance analysis of
CMOS-based VCDD (Voltage Differencing Current
Conveyor) circuits and differential amplifiers FGMOS-based
circuits. The design of the differential amplifiers in the input
stage of the VDCC circuit using FGMOS instead of CMOS
has significantly increased the linearity range of the VCDD
active element. THD value of the CMOS based VCDD filter
circuit is found to be 15.99%, and the THD value of the
proposed differential amplifier FGMOS-based VDCC circuit
is found to be 1.03%. The presented CMOS and FGMOS-
based band-pass filters are simulated using TSMC CMOS 0.18
um technology with a power supply voltage, Vbp, equal to
0.9V. As a result, the use of FGMOS transistors at the input
stage of the VDCC circuit amplifies the input signal of the
circuit, providing a significant increase in linearity and voltage
following properties. The proposed FGMOS-based circuit
topology will be an important reference in the literature for
researchers to design new linearly tunable filters.
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Abstract: Leaf diseases in trees and plants are important factors that directly affect the yield of agricultural products. This problem
may cause a decrease in the production capacity and profitability of farmers. For this reason, computer-aided detection and
classification systems are needed to accurately detect plant diseases. In recent years, learning algorithms and image-processing
techniques have been used effectively in the agricultural sector. In this study, the efficiency of transfer learning and data augmentation
methods on a dataset consisting of lemon leaf images is examined and the classification of diseased and healthy lemon leaf images is
performed. In our study, VGG16, ResNetS0, and DenseNet201 transfer learning methods were applied both with and without data
increment, and the effect of data augmentation on performance was evaluated. Among the deep transfer learning methods used,
DenseNet201 gave the highest accuracy rate with 98.29%. This study shows that transfer learning methods can effectively distinguish
between diseased and healthy lemon leaves. It has also been observed that data augmentation does not always provide performance
improvement. In future studies, it is predicted that it will be appropriate to evaluate the effect of data augmentation more effectively
by applying deep transfer learning methods to plants with different class numbers.

Keywords: Data Augmentation, Image Processing, Lemon Leaf Diseases, Transfer Learning

Limon Yaprag Goriintii Stmflandirmasinda Transfer Ogrenme ve Veri Artirimin Etkinligi

Oz Agag ve bitkilerde yaprak hastaliklari, tarimsal {iriinlerin verimini dogrudan etkileyen 6nemli faktérlerdir. Bu sorun, giftcilerin
iiretim kapasitelerinin ve karlilik diizeylerinin diigmesine neden olabilmektedir. Bu nedenle bitki hastaliklarini dogru bir sekilde tespit
edebilmek i¢in bilgisayar destekli tespit ve siniflandirma sistemlerine ihtiya¢ duyulmaktadir. Son yillarda 6grenme algoritmalar1 ve
gOriintii isleme teknikleri tarim sektoriinde etkin bir sekilde kullanilmaktadir. Bu ¢alismada, limon yapragi goriintiilerinden olusan bir
veri kiimesi iizerinde transfer 6grenme ve veri artirma ydntemlerinin etkinligi incelenerek hastalikli ve saglikli limon yapragi
goriintiileri simiflandirilmasi islemi yapilmaktadir. Caligmamizda VGG16, ResNet50 ve DenseNet201 transfer 6grenme yontemleri
hem veri artirrmli hem de artirimsiz olarak uygulanmig ve veri artirmanin performansa etkisi degerlendirilmistir. Kullanilan derin
transfer 6grenme yontemleri arasinda en yiiksek dogruluk oranint %98,29 ile DenseNet201 vermistir. Gergeklestirilen bu ¢alisma,
transfer 6grenme yontemlerinin hastalikli ve saglikli limon yapraklarimi etkili bir sekilde ayirt edebildigini gostermektedir. Veri
artirmanin her zaman performans iyilesmesi saglamadigi da gozlemlenmistir. Gelecekteki caligmalarda derin transfer 6grenme
yontemleri farkli smif sayilarina sahip bitkilerde uygulanarak veri artirmanin etkisinin daha etkili bir sekilde degerlendirilmesinin
uygun olacag1 dngoriilmektedir.

* Corresponding author:
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1. Introduction

Plants protect the ozone layer because they provide food for
all terrestrial living organisms and are responsible for filtering
out the sun's harmful UV radiation [1]. The Food and
Agriculture Organization of the United Nations (FAO)
recommends that agricultural production should increase by
70% by 2050 to meet the world's food needs [2]. However,
agriculture has been an important source of economic growth
for countries. The farmer selects the required product
according to the soil type, weather conditions, and economic
value of the place. Alternative methods are sought to increase
food production due to increasing population and climate
changes [3]. Information technologies have a great
contribution in this sense. Machine learning and deep learning
methods and automatic disease detection systems are
mechanisms created for this purpose. Diseases in the leaves of
trees and plants are factors that directly affect the yield of
agricultural products [4]. This is an important problem that
may lead to a decrease in the production capacity and
profitability of farmers. The detection of diseases of plants is
determined as a result of the visual examinations of the
farmers. An error in these determinations can lead to negative
results. For this reason, computer-aided detection and
classification systems are needed to accurately detect plant
diseases. Learning algorithms and image processing methods,
which have been actively used in almost all fields in recent
years, can also be used effectively in this field. There are many
studies done in this area.

Today, deep learning techniques are successfully applied in
many areas in the field of image classification. However, the
use of these techniques often requires large datasets and may
encounter performance problems when we do not have
sufficient training data. Transfer learning methods solve or at
least alleviate such problems with data augmentation
techniques. In this article, we will examine the effectiveness of
transfer learning and data augmentation methods on an image
dataset consisting of lemon leaves. Transfer learning is the
reuse of a previously trained model to solve the task on the
target dataset. Data augmentation is a technique that allows the
creation of new samples by applying various transformations
to the existing data set. In this study, transfer learning methods
were used to distinguish the diseased and healthy images of
lemon leaves from each other. Transfer learning methods were
applied with and without data augmentation, and the effect of
data augmentation on success was tried to be evaluated.
Models were created using deep transfer learning methods
VGG16, ResNet50, and DenseNet201. Therefore, our
contribution to this article;

*  Models were created with transfer learning methods to
classify the disease from lemon leaves.

*  The effects of data augmentation on classification success
were analyzed.

. DenseNet201, one of the CNN models based on transfer
learning, gave a very high accuracy rate for plant leaf
disease classification.

* A study has been presented that can be used for early
diagnosis of lemon leaf diseases.

The details of our article are explained in the following
sections. Chapter 2 shows a brief literature review of different
disease detection patterns from plant leaves. Chapter 3
describes the material and method. Then, experimental results
and analysis are presented in section 4. Finally, section 5
presents the results of the study and future work.

2. Literature Review

There are many studies in the literature using the leaves of
plants. The first of these is the study of Subramanian et al. [5].
In this study, Subramanian et al. suggest the use of Deep
Learning models based on Transfer Learning for the
classification of lemon leaf diseases. According to the results
obtained in the study, it is stated that the use of Deep Learning
models based on transfer learning can be an effective and cost-
effective method in the classification of lemon leaf diseases.
Among the models used, Xception gave the highest accuracy
rate with 94.34%. Banni et al. [6] proposed a model using
GLCM algorithms to detect citrus leaf disease. The accuracy
rate obtained in the study is around 85.71%. In the study of
Sardogan et al. [7], a method is proposed to detect and classify
tomato leaf diseases using Convolutional Neural Network
(CNN) and Learning Vector Quantification (LVQ) algorithms.
Tomato leaves are divided into four different classes: bacterial
spot, late blight, Septoria leaf spot, and yellow curly leaf
diseases. The average success rate for all leaf varieties was
86%.

Rastogi et al. [8] propose a method for the automatic detection
and grading of leaf diseases in agriculture using digital image
processing and machine vision technology. They evaluated the
proposed system in two stages. In the first stage, plant
recognition is carried out according to the characteristics of the
leaf, which includes pre-processing of leaf images, feature
extraction, and Neural Network-based training and
classification for leaf recognition. In the second stage,
segmentation of the diseased area on the leaf with the K-Means
method, feature extraction of the defective part, and
classification of the disease with the ANN method is
performed. In the study of Padol et al. [9], a grape leaf disease
detection system with an SVM classification method is
suggested. In the study, first of all, the diseased area is
segmented with K-means. Color and texture properties are
then extracted. Finally, the SVM classification technique is
used to detect the type of leaf disease. The accuracy rate of the
proposed system was 88.89%. Ahmed et al. In their study [10],
they present a system for detecting three common diseases
(leaf spot, bacterial leaf blight, and brown spot diseases) in rice
plants using machine learning techniques. After the
preprocessing step, the dataset is classified by several different
machine learning algorithms including KNN, J48, Naive
Bayes, and Logistic Regression. When the decision tree
algorithm was applied to the test data set after 10 times cross-
validation, an accuracy rate of over 97% was obtained.

Agarwal et al. [11] propose a deep learning-based approach to
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detect and classify tomato leaf diseases using Convolutional
Neural Network (CNN). Experimental results show that the
proposed model outperforms pre-trained models such as
VGG16, InceptionV3, and MobileNet, with a classification
accuracy ranging from 76% to 100% for different classes and
an average accuracy of 91.2% for 9 diseases and 1 healthy.
Irmak and Saygili [12] discuss the use of convolutional neural
networks (CNNs) for the automatic classification of major
tomato leaf diseases that significantly affect tomato efficiency.
In the study, a CNN model is proposed for the classification of
tomato leaves. As a result of the study, a test accuracy of
97.05% was obtained. Kurmi et al. [13] performed disease
detection on 3 different plants (bell pepper, potato, and tomato)
using the PlantVillage dataset. Success rates with CNN are
95.80%, 94.10 and 92.60, respectively. Chen et al. [14] aimed
to detect disease from potato leaves using the same data set.
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Fig. 1. Plant species included in the data set

Examples of diseased and healthy images in the data set are
shown in Figure 2. It can also be seen with the naked eye that
there are various differentiations on the diseased leaves.

In our study, the classification process was carried out on the
lemon dataset by using the transfer learning methods VGG16,
ResNet50, and DenseNet201. The VGG16 method is a
convolutional neural network (CNN) model used in the field
of deep learning [17].

VGG16 is a CNN model with 16 layers, as seen in Figure 3.
One of the most important features of VGG16 is that it has a
very simple architecture. The model consists of successive
layers and mostly uses small 3x3 filters. VGG16 contains 13
convolutional layers, followed by 3 fully connected layers.
Fully connected layers perform the classification. VGG16 is
trained on the ImageNet dataset. ImageNet is a dataset of
millions of images and includes many different classes of
objects. During the training of VGG16, it was aimed to extract
the features of these images. VGG16 is often used in image
classification tasks. It performs particularly well in tasks such
as object recognition and classification. It can also be used
with transfer learning methods, i.e. it can be adapted to a
different dataset by taking the previously trained network of
VGG16 and retraining its last layers for another task. It was
used in this way in our study as well.

ResNet50 is short for Residual Network and is a type of
convolutional neural network (CNN) introduced by He
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They also achieved a success rate of 97.73% in the study where
they used the MobileNet V2 method. Elfatimi et al. [15]
detected disease from bean leaves in their study on the data set
they obtained from the Kaggle platform. The success rate
obtained by using the MobileNet method in the study is
97.00%.

3. Material and Methods

The dataset used in our study is a dataset consisting of diseased
and healthy plant images on the Kaggle platform [16]. In this
data set, as seen in Figure 1, there are diseased and healthy leaf
images of different plants. In our study, diseased and healthy
image data of lemon images were used. The lemon dataset
contains 159 images of healthy leaves and 77 images depicting
diseased leaves.
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Kaiming et al. in 2015 [18]. As shown in Figure 4, ResNet50
is a 50-layer convolutional neural network (48 convolutional
layers, a MaxPool layer, and an average pool layer). The key
difference of ResNet50 from other models is an innovative
way to add more convolution layers to a CNN without falling
into the vanishing gradient problem, using a concept called
short-cut connections. A shortcut link bypasses some layers
and turns a normal network into a residual one. In this way,
ResNet50 can maintain its performance during training while
creating a deeper network. In addition, ResNet50 can perform
better than other models, although it has fewer parameters.

DenseNet201 [19], shown in Figure 5, is a 201-layer
convolutional neural network (CNN). The most important
difference of DenseNet201 from other models is an artificial
Network
(DenseNet), which connects each layer to a feed-oriented
mode. The main idea behind DenseNet is the dense
connectivity model, where each layer receives input from all
previous layers and passes its feature maps to all subsequent
layers. This dense connectivity facilitates feature reuse and

neural network called Dense Convolutional

improves the flow of information across the network.
DenseNet-201 specifically refers to the DenseNet variant with
201 layers, including convolutional, pooling, heap
normalization, and fully connected layers.

The number of layers and parameters of these three transfer
learning methods are shown in Table 1.
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Diseased Healthy

Fig. 2. Diseased and healthy images in the lemon dataset

Table 1 Layer and parameter numbers of the methods ResNet50 Model Architecture

Model VGG16 ResNet-50 DenseNet201 £ o) (8l«| |8]% (Blg % 3 2| | Oulpul
£ EBAH 218 218 EE EIE 5 o

Number of 16 50 201 § : IHEEHERHERE z 5

Layers

Number of

Parameters 138 23 20 Stage 1 Stage2  Stage3 Staged4 Stage 5

(in million)

Fig. 4. ResNet50 layers [21]
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2. 5. DenseNet201 layers [22]

Since the effect of augmentation on success was investigated
Fig. 3. VGG16 layers [20] in the study, the effect of augmentation on success was
examined by applying Reflection, Translation, Scale, and
Rotation. In our study, the steps performed in the augmentation
process on the MATLAB platform are seen in the code snippet
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below.

Table 2 Image Augmentation Code:

pixelRange = [-30 30];

scaleRange =[0.9 1.1];

rotationRange = [0 360];

imageAugmenter = imageDataAugmenter( ...
RandXReflection', true, ...
'RandXTranslation',pixelRange, ...

'RandY Translation',pixelRange, ...
'RandXScale',scaleRange, ...
'RandYScale',scaleRange, ...

'RandRotation’, rotationRange)

- pixelRange = [-30 30]; This sets the spacing for
random scrolling in the x and y directions. The
image will be randomly shifted between -30 and 30
pixels in both directions.

- scaleRange =[0.9 1.1]; This sets the random scaling
range in the x and y directions. The image will be
scaled randomly between 90% and 110% of its
original size.

- rotationRange = [0 360]; This sets the interval for
random spins. The image will be randomly rotated
between 0 and 360 degrees.

- 'RandXReflection, true, This means the image can
be randomly mirrored (flipped) along the x-axis.

- 'RandXTranslation',pixelRange, This sets the range
to the previously defined 'pixelRange' for random
scrolling in the x direction.

- 'RandYTranslation',pixelRange, This sets the range
to the previously defined 'pixelRange' for random
scrolling in the y direction.

- 'RandXScale',scaleRange, This sets the random
scaling range in the x direction to the previously
defined “scaleRange".

- 'RandYScale',scaleRange, This sets the random
scaling range in the y direction to the previously
defined ‘scaleRange’.

- 'randRotation', rotateRange); This sets the range to
the predefined 'rotationRange' for random spins.

In summary, as a result of the code snippet given above, it will
create an "imageDataAugmenter" object that can be randomly
flipped, scaled, rotated, and mirrored. This is an efficient
method used to augment the image dataset in deep learning
applications.

4. Experimental Results

In our study, Accuracy, Sensitivity, Specificity, and F1 Score
metrics were used for performance measurement. These

Saygili / European J. Eng. App. Sci. 6(1), 32-40, 2023

metrics are calculated in Formulas (1), (2), (3), and (4). In the
formulas, TP refers to correctly predicted positives, TN refers
to correctly predicted negatives, FP refers to incorrectly
predicted positives, and FN refers to incorrectly predicted

negatives.
A TP+ TN 100 1)
= *
CCUraY = TP + TN + FP + FN)

Sensitivit 7TP 100 2

= *
ensitivity (TP + FN) (2)
Specificit 7TN 100 3

= *
pecificity N FP) (3)

2TP

F1Score = ———— (4)

(2TP + FP + FN)

Accuracy, sensitivity, specificity, and F1 score are commonly
used performance measures to evaluate the effectiveness of
classification models. Accuracy measures the overall accuracy
of the model's predictions by calculating the ratio of correctly
classified samples to the total number of samples in the dataset.
Provides an overview of the model's performance. Accuracy is
useful when the dataset is balanced. However, it can be
misleading when the dataset is unbalanced, as the model can
achieve high accuracy by only predicting the majority class.
Sensitivity measures the model's ability to accurately identify
positive samples. Calculates the ratio of true positive estimates
to the total number of true positive samples. Precision is
especially important when the cost of false negatives is high.
For example, in medical diagnosis, it is crucial to accurately
identify individuals with a disease to provide timely treatment.
Specificity measures the model's ability to accurately identify
negative samples. Calculates the ratio of true negative
estimates to the total number of true negative samples.

Specificity is important when the cost of false positives is high.
For example, in airport security, accurate identification of
innocuous objects as negative can help prevent unnecessary
delays and inconvenience for passengers. The F1 score is a
harmonic mean of precision and recall (precision). It provides
a single measurement that balances both measurements. It is
particularly useful when there is an imbalance between classes
in the dataset. The F1 score ranges from 0 to 1; where 1
indicates the best possible model performance. Together, these
metrics provide a comprehensive assessment of the model's
performance (F1 score), taking into account different aspects
such as overall accuracy, ability to identify positive patterns
(sensitivity), ability to identify negative patterns (specificity),
and a balanced measure of precision and recall.

In our study, the 5-fold cross-validation test, the details of
which are shown in Figure 6, was applied in the classification
process. The results of the metrics obtained in each fold of the
cross-validation test are given in Table 3 for VGG16, Table 4
for ResNet50, and Table 5 for DenseNet201.
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Fig. 6. 5-Fold Cross Validation Schema

Looking at the results obtained in Tables 3, 4, and 5, it is seen
that different values can be obtained in the same method for
each fold. The reason for this is that the randomly determined
training and test subsamples in each fold are different. For this
reason, in such studies, it is important for the reliability and
accuracy of the results to be cross-validated, such as 5-fold or
10-fold, instead of separating the data as 30%-70% test and
training data.

Table 6 shows the results of the transfer learning methods used
in our study, with and without data augmentation. When the
results in the table are evaluated, it does not seem possible to
say that data augmentation should be applied or it should not
be applied. Because when we look at the Accuracy rates, it is
seen that the success of the three methods applied decreases
when the data is increased. When the sensitivity values are
examined, it is seen that the success rate of 74.99% in the
VGG16 method increased to 86.87% after the data increase. In
ResNet50 and DenseNet201, it is observed that data increase
decreases the Sensitivity value. Looking at the F1 Score
metric, which produces more realistic results in unbalanced
data sets, it is observed that data augmentation in VGG16 and
ResNet50 methods increases success. In DenseNet201, on the

Table 3 VGG16 Performance Measurement Results
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other hand, the success decreased as a result of the data
increase.

Data augmentation does not always guarantee an increase in
success in transfer learning methods. While data augmentation
is a powerful technique that can help improve generalization
and performance in many situations, its effectiveness depends
on several factors and there are cases where it may not lead to
a significant improvement. In certain situations, aggressive
data augmentation can lead to overfitting, especially when the
target task has relatively small amounts of data. Overfitting
occurs when the model learns to memorize augmented
examples rather than understanding underlying patterns.
Highly complex models may have sufficient capacity to learn
from limited original data without requiring extensive data
augmentation. In such cases, augmentation may not yield
significant benefits. If the target task data is unbalanced, data
augmentation may not be able to deal with this problem
effectively and may even exacerbate the class instability
problem.

Since the numbers of diseased and healthy images in the data
set do not show a balanced distribution, it is thought that it is
more accurate to evaluate according to the F1 Score among the
metrics. As can be seen from Table 6, the most successful F1
Score of 0.98 was obtained with the DenseNet201 method. The
lowest results in F1 score values were obtained in the VGG16
method.

Table 8 shows the time complexity of the 3 different methods
used in the study. As seen in the table, ResNetS0 was the
method that performed the transactions in the shortest time.
One of the most important reasons for this is the number of
layers and parameters given in Table 1. ResNet50 was the
fastest method with 23 million parameters and 50 layers.

VGG16 no Augmentation

VGG16 with Augmentation

Acc. Sen. Spe.
Fold1l 44,68 21,88 93,33
Fold2 91,49 93,75 86,67
Fold3 91,49 87,50 100,00
Fold4 100,00 100,00 100,00
Fold5 80,85 71,87 100,00
Mean 81,70 75,00 96,00

F1
0,35
0,94
0,93
1,00
0,84
0,81

Acc. Sen. Spe. F1
55,32 75,00 13,33 0,70
72,34 81,25 53,33 0,80
68,09 100,00 0,00 0,81
82,98 90,63 66,67 0,88
82,98 87,50 73,33 0,88
72,34 86,88 41,33 0,81
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Table 4 ResNet50 Performance Measurement Results
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ResNet50 no Augmentation

ResNet50 with Augmentation

Acc. Sen. Spe. F1 Acc. Sen. Spe. F1
Foldl 91,48 96,87 80,00 0,93 89,36 96,87 73,33 73,3333
Fold2 93,61 100,00 80,00 0,95 93,61 100,00 86,66 86,6667
Fold3 91,48 100,00 73,33 0,94 100,00 100,00 100,00 100,00
Fold4 93,61 90,62 100,00 0,95 100,00 100,00 100,00 100,00
Fold5 93,61 100,00 80,00 0,95 100,00 100,00 100,00 100,00
Mean 92,76 97,50 82,66 0,94 96,59 99,37 92,00 92,00
Table 5 DenseNet201 Performance Measurement Results
DenseNet201 no Augmentation DenseNet201 with Augmentation
Acc. Sen. Spe. F1 Acc. Sen. Spe. F1
Foldl 93,61 100,00 80,00 0,95 89,36 96,87 73,33 0,92
Fold2 97,87 100,00 93,33 0,98 89,36 100,00 66,66 0,92
Fold3 100,00 100,00 100,00 1,00 95,74 100,00 86,66 0,96
Fold4 100,00 100,00 100,00 1,00 87,23 96,87 66,66 0,91
Fold5 100,00 100,00 100,00 1,00 95,74 100,00 86,66 0,96
Mean 98,29 100,00 94,66 0,98 91,48 98,75 76,00 0,94
Table 6 Performance Measurement Results of All Methods
Method Augmentation  Accuracy Sensitivity Specificity F1 Score
VGG16 No 81,70 74,99 96,00 0,81
VGG16 Yes 72,34 86,87 41,33 0,81
ResNet50 No 96,59 99,37 92,00 0,92
ResNet50 Yes 92,76 97,50 82,66 0,94
DenseNet201 No 98,29 100,00 94,66 0,98
DenseNet201 Yes 91,48 98,75 76,00 0,94
Table 7 Comparing similar studies in the literature
Study Image Method(s) Accuracy Rate (%)
Type
[5] Lemon Xception 94.34
[6] Citrus GLCM 85.71
[7] Tomato Convolutional Neural Network (CNN) and Learning Vector 86.00
Quantification (LVVQ) algorithms
[9] Grape K-means 88.89
SVM
[10] Rice KNN, J48, Naive Bayes, and Logistic Regression 97.00
[11] Tomato VGG16, InceptionV3, and MobileNet, 91.2
[12] Tomato CNN 97.05
This Lemon VGG16, ResNet50, and DenseNet201 98.29
Study

Table 8 Time complexity of the methods
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Method Fold 1 Fold 2 Fold 3 Fold 4 Fold 5

VGG16 28 Min 56 Sec 26 Min 55 Sec 27 Min 6 Sec 27 Min 31 Sec 26 Min 56 Sec
ResNet50 19 Min 14 Sec 17 Min 42 Sec 17 Min 28 Sec 17 Min 29 Sec 17 Min 30 Sec
DenseNet201 34 Min 3 Sec 26 Min 47 Sec 27 Min 45 Sec 31 Min 43 Sec 30 Min 37 Sec

5. Conclusion and Discussion

In our study, the classification process was carried out with
three different deep transfer learning methods (VGGI6,
ResNet50, and DenseNet201) using lemon leaf images. While
performing these processes, the results were also evaluated by
increasing the data. The results obtained in the lemon leaf data
set did not reveal a clear finding for data augmentation. While
some methods have more successful results with data
augmentation, more successful results have been obtained in
some methods without data augmentation. In the deep transfer
learning methods used, the highest accuracy rate was obtained
with the DenseNet201 method, with an accuracy rate of
98.29% and an F1 Score of 0.98. Among the three methods
used, the lowest measurement metrics were obtained with the
VGG16 method. As a result of the study, it has been seen that
transfer learning methods can distinguish diseased and healthy
lemon leaves at a high rate. It is also one of the points obtained
as a result that data augmentation does not always increase
success.

When Table 7 is examined, it is seen that the leaves of different
types of plants are classified in the studies carried out in the
literature. In Table 7, it is seen that deep learning and transfer
learning methods are frequently preferred, however, classical
methods continue to be used. When the success rates in Table
7 are examined, it is seen that our study ranks first among the
studies compared.

In future studies, the status of data augmentation can be
evaluated by applying more transfer learning methods to
different image data. Again, since the binary classification
process was performed in this study, it was concluded that it
would be appropriate to evaluate the situation of data
augmentation in classification probes belonging to more than
two classes in future studies.
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Abstract: Inland water bodies, either flowing or non-flowing all around the world, are under the adverse effect of both the climate change
and anthropogenic activities. The water surface areas of lakes and wetlands diminish over time and thus, this global reality brings together
the deterioration of water quality especially if such water bodies confront with a variety of human activities exerting pollutants. An example
of such a vulnerable ecosystem is the Lake Salda located in the southwestern part of Turkey. This lake has gained the attention of
international public due to its similarities with Mars. Over a long period of time, many researches have been conducted in this lake by
different disciplines and scientists to better understand its unique features. In this study, water samples from the three selected stations on
the lake at three different depths were collected and analyzed on physico-chemical parameters, organic matter content, nutrients, metals
and semi metals according to national legislation and Water Framework Directive (WFD) of EU. The results are tabulated and analyzed in
detail considering the potential pollution sources arising from the lake’s basin. The pollutants are linked with the experimental
measurements, and those parameters that exceeded the Environmental Quality Standards (EQS) are underlined. It is for sure that the lake
necessitates utmost care and attention according to the results achieved.

Keywords: Environmental Quality Standards, Lake Salda, Water Quality, Water Quality

Su Kalitesi Durum Degerlendirmesi- Salda Gélii, Tiirkiye

Oz. Tiim diinyada ig su kiitleleri hem iklim degisikliginin hem de antropojenik faaliyetlerin olumsuz etkisi altindadir. Géllerin
ve sulak alanlarin su yiizey alanlar1 zamanla azalir ve bu kiiresel gergeklik, 6zellikle su kiitleleri ¢esitli insan faaliyetleriyle
karst karstya kalirsa, su kalitesinin bozulmasini beraberinde getirir. Bu tiir hassas bir ekosisteme ornek, Tirkiye'nin
giineybatisinda yer alan Salda Golii’diir. Salda Golii, Mars ile olan benzerlikleri nedeniyle uluslararas1 kamuoyunun ilgisini
¢ekmis, goliin spesifik dzelliklerini daha iyi anlamak i¢in farkli disiplinler ve bilim adamlari tarafindan birgok arastirma
yapilmig ve su kalitesi zaman iginde belirli parametrelerle ortaya konmustur. Calisma kapsaminda golde segilen ii¢
istasyondan ii¢ farkli derinlikte toplanan su 6rneklerinde hem ulusal mevzuatta hem de AB'nin Su Cergeve Direktifinde (SCD)
belirtilen fiziko-kimyasal parametreler, organik madde igerigi, besinler, metaller ve yar1 metallerin analiz sonuglari sunulmus,
Cevresel Kalite Standartlarin1 (CKS) asan parametrelere dikkat ¢ekilerek potansiyel kirlilik kaynaklar ile birlikte sonuglar
degerlendirilmistir. Elde edilen sonuglarla gore goliin azami dikkat ve 6zen gerektirdigi bir kez daha ortaya konmustur.

Anahtar Kelimeler: Cevre Kalite Standardi, Salda Gélii, Su Kalitesi, Su Kirliligi
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1. Introduction

Lake Salda, a local site in Turkey as different from the
worldwide recognized areas, bears unique beauty. The lake has
attracted a significant number of tourists in the recent years due
to the interest of international media as it has some common
properties with Mars [1]. The lake has been cited among the
major soda lakes of the world [2]. As known, soda lakes occur
worldwide and they seem to be associated with active tectonic
and volcanic zones. There are 66 soda lakes in the world; among
which 24 of them exist in the Asia continent [3].

The water clarity of Lake Salda has been compared with the
Maldives and its surface properties with Mars [4]. It has been
revealed that the magnesium-rich white rocks found within the
lake are also found in Mars as referred by the work of [5]. The
most relevant analogy to the Jezero Crater carbonates may be
provided by Lake Salda, around which hydro-magnesite
strandline terraces lie, including a hydro magnesite-cemented
fan delta with beach deposits of hydro magnesite, including
stromatolites, and pebbles of lizardite [6, 7]. As known, Jerezo
Crater is the landing site of the NASA Mars 2020 rover (Figure
1). Figure 1 shows the image of Lake Salda belonging to June 8,
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Fig. 1. Lake Salda in 2020 and Jezero Crater in 2017 [12]
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2020 as observed by the Operational Land Imager (OLI) on
Landsat 8. The lake contains alluvial fans full of rock deposits
eroded and washed down from the surrounding bedrock.

Lakes are one of the most important components of natural
resources. Due to its unique features, Lake Salda has recently
attracted the attention of both national and international
scientists and some studies have so far been carried out on the
lake to explore its main physical, chemical and biological
characteristics beyond its interesting geological formation and
hydrological behavior. The origin and recharging properties of
groundwater and surface water has been investigated by using
environmental isotopic, radiocarbon and physicochemical
characteristics [8, 9]. In a study conducted on its groundwater
characterization, high arsenic concentrations were found and
Magnesium Hazard (MH) values were also determined to be an
important problem in use as irrigation water [10]. In another
recent study, the scientists conducted biotic and abiotic imprints
on Mg-rich stromalites [11]. Such researches aim to provide new
insights of the formation pathway of Mg-rich carbonates not
only for local geological records; but also, for planetary bodies
like Mars.

Almost 4.6% decrease was observed in the water surface area of
the lake between 1972-2019 as a result of a spatial analysis with
the aid of Geographical Information Systems (GIS), and
statistical analysis of the meteorological data and satellite
images has been determined. According to the assessment of
these works, Lake Salda has also been experiencing adverse
effects of climate change over years like many of the other lakes
in the same region [13]. Similarly, the shoreline changes in the
lake up to 16.35 m/year between 1975 and 2019 were calculated
[14]. Based on the results of the study, there was a considerable
decrease in the lake area. In another study where the
limnological character of the lake was presented, it is indicated
that the lake highly is threatened by dropping water levels and
organic pollution [15]. In a research conducted to determine the
water quality of the lake and to evaluate its prevailing hydro-
geochemical processes, it was found that the dominant water

type of the lake is Mg-CO3-HCOs3, and the lake was of Class |
in terms of temperature, dissolved oxygen, NHs and NO:2
parameters according to USEPA regulations [16]. However, the
water belonged to Classes II, 111, IV and even V with respect to
pH, electrical conductivity (EC), NOs, biochemical oxygen
demand (BOD), oxygen saturation, As and Cr in different
periods. The increase in the As and Cr concentrations was
considered to be geo-genic in origin.

Even though quite a lot of studies exist on the various features
of Lake Salda, an overall water quality characterization and
evaluation involving a high number of parameters to determine
its physicochemical properties, organic matter and nutrient
concentrations together with metals and semi metals presence
based on annual water sampling results was lacking. This study
attempts to fulfill this gap in the scientific arena through
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presenting the yearlong monitoring results of 2018 and
assessing the water quality status according to the revised
National Regulation on Surface Water Quality dated 2021.
Conducting studies on the control of pollution in this lake are
important not only for the preservation of the existence of
natural resources, but also for the sustainability of studies on life
at Mars.

Within the scope of this study, anthropogenic point and non-
point (diffuse) pollutant loads arising from the lake’s basin and
ending in the lake were identified and calculated, year-around
water samples were taken and experimental analyses were
carried out for pollution monitoring. The physico-chemical
parameters, organic matter, nutrients, metals and semi metals
were evaluated according to both the national water quality
standards and Water Framework Directive (WFD) of European
Union (EU) [17]. Moreover, the need to reduce pollutants
exceeding the Environmental Quality Standards (EQS) were
determined based on the quantitative values of pollution loads
to which the lake was exposed. In that sense, this article is the
first attempt to put forth the detailed water quality assessment
that aims to give feedback to the decision-makers and related
local authorities in charge of its management for the sake of its
sustainability.

2. Materials and Methods

2.1. Study Area

Lake Salda is a natural park located within the district of
Yesilova in Burdur Province of Turkey (Figure 2). It has a
surface area of 45 km? located within a closed basin and stands
at 1,139 m above the sea level [18]. It is known as the 3™ deepest
lake of the country with a depth of 184 m. It is highly alkaline
(pH 8-10) and magnesium rich [19]. The groundwater of the
area recharges the lake, where it is intensively used for drinking,
domestic and irrigation purposes.

Lake was declared as a Special Environmental Protection Area
in 2019, and it has been registered as a 1% degree Natural
Protection Area in 1989. At the same time, as the lake has a
sensitive and fragile ecosystem, it is classified as an ‘Important
Plant Area’ (IPA) and ‘Important Bird Area’ (IBA) according to
international criteria [20, 21]. Lake Salda owns a rich
biodiversity and bears satisfactory sheltering, breeding and
nesting conditions for the endemic and endangered species.
Within this context, the Ministry of Environment and Forestry
of the Republic of Turkey (TR) stated that the area is a habitat
to 301 aquatic and terrestrial species belonging to 61 families,
among which 20 of such species are endangered and endemic
[22]. With its snow-white sand based on its geological properties
faces the risk of vanishing. Due to the human-induced activities
of the recent years, it has started to darken. The dams and
reservoirs built near the lake for providing irrigation water to the
agricultural fields, and presence of stone and marble quarries on
the mountains and their skirts has significantly cut and/or
diminished freshwater entrance to the lake. Therefore, the
balance of the water feeding the lake and lost through
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evaporation has been spoilt recently. The main reasons for the
changes in the shorelines were the structures such as irrigation
ponds and dams built on the rivers that recharge the lake, and
changes in precipitation/temperature conditions [14]. The small
beaches on the southwest and southeast coasts of the lake are
used for recreational purposes due to the cleanliness of the
turquoise-colored water.
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Fig. 2. Lake Salda and its location in Turkey
2.2. Sampling and Analyses

Water sampling study was carried out at three points (L1, L2
and L3) within the lake between January-December 2018.
Samples from each of the sampling stations were taken at three
different depths; namely, surface, mid and bottom layers. 8
physicochemical, 3 organic matter, 8 nutrient parameters and 27
metal/semi metals were analyzed monthly and/or once every
three months representing seasonal variations.

In all sampling work, 5-liter prewashed amber glass bottles were
shipped to the laboratory. Samples were transported to the
laboratory and stored at 4°C until analysis. Temperature, pH,
dissolved oxygen, turbidity, secchi disc measurements were
carried out in the field.

Pre-processing and analysis of metals was performed in
dissolved and total phase according to EN 1SO 17294 1-2
methods. Water samples for trace metal analyses were filtered
through 0.45 pm acetate-cellulose filters, the filtrate was taken
in 50 mL plastic vials and acidified with 0.5 mL of analytically
pure HNOs. After pre-processing and microwave extraction, it
was analyzed by ICP-MS device from Agilent Technologies.
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The plasma conditions were forward power (1550 w), gas flow
rate (15 L/min), auxiliary gas flow rate (0.9 L/min) and
nebulizer gas flow rate (1.1 L/min). The recovery was in the
range of 85-99%. It was analyzed with the quality control
solution before each run (Level of Quantification (LOQ): 0.02-
1 pg/L; Level of Detection (LOD): 0.007-0.3 pg/L). The
recovery was in the range of 85-99%. Locations of the 3
sampling points are shown in Figure 3.

2.3. Pressures and Threats on the Lake Basin

The limnological character of the lake has been threatened by
decrease in water levels and organic pollution [15]. Point and
diffuse anthropogenic sources of pollutants were determined in
the lake basin that would affect the water quality as follows;

e  There are direct domestic wastewater discharges from two
settlements to the lake; Yesilova district with a population
of 6908 and Salda Village with 1104 inhabitants. Other
than that, there are no other point sources generating
pollution in the basin (Point pollutants).

e  There exists an unsanitary solid waste landfill in the basin
with a surface area of 4756 m? (Diffuse pollutants).

e  There are four chrome-mining sites (Diffuse pollutants).

e  Livestock activities are carried out with annual breeding of
2223 bovine and 13639 ovine (Diffuse pollutants).
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Fig. 3. Pressures in the lake’s drainage area
3. Results and Discussion

The water quality of Lake Salda has been searched for a yearlong

Hanedar and Tanik / European J. Eng. App. Sci. 6(1), 41-49, 2023

e  Agricultural activities prevail on an approximate area of
3121 hectares. Total annual fertilizer use has been
calculated as 3645 tons in the basin [23] (Diffuse
pollutants).

e Highways with two or more lanes pass through the south
and southeast of the lake as part of the main transportation
network (Diffuse pollutants).

Leachate arising from the unsanitary landfill, agricultural
irrigation return flow, animal manure, mining outputs, and
vehicles emissions are addressed as the different types of diffuse
pollutants arising from the lake basin. The point loads calculated
from the available sources and the diffuse loads estimated either
by obtaining data from the local officials or by using unit loads
appearing in the literature are given in Table 1 in the form of
percent distribution of Total Nitrogen (TN) and Total
Phosphorous (TP) [23].

Table 1. Total N and P loads in the lake basin

Total Point Diffuse

Parameters Nutrient Sources sources
Load (t/year) (%) (%)
TN 203.5 7 93
TP 14 17 83

and the results of the experimental analyses are given in detail in
Table 2. The data analyses are categorized according to the
groups of parameters involved. Physico-chemical parameters,
organic matter characterization and derivatives of nutrients are
listed initially, and the three Water Quality Classes ranked from
best to worst are used to define the situation of the lake according
to the Revised National Regulation on Surface Water Quality
dated 2021, Annex 5 Table 2 [24].

In Table 2, the number of samplings throughout the year are
shown by n, while minimum, maximum, average, median and
standard deviation values are calculated. All the measurements
of the lake throughout sampling period are compiled and
analyzed. Average values are considered for defining the water
quality classes defined in the national regulation which is in full
compliance with Water Framework Directive (WFD) of EU.

In terms of dissolved oxygen, BODs and nutrients Class | quality
has been attained and the alkaline character with pH 9, as a major
property of the lake, is clearly observed.

Due to the unique characteristics of Lake Salda, it is known that
heavy metal concentrations of natural origin are quite high. This
situation causes problems in the evaluation of heavy metals
measured in the lake in accordance with WFD standards, and the
measured values are determined above the limit values in almost
all cases. According to WFD, Member States are required to
calculate natural background concentrations (NBC) for metal
compounds where concentrations prevent compliance with the
relevant EQS. Accordingly, the EQS for the relevant pollutants
is taken as equal to the revised annual average (AA)
environmental quality standards (AA-EQS) as a result of the
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natural background concentration calculations.

Variety of semi metals and metals are analyzed according to
annual average (AA-EQS) and maximum allowable
concentration (MAC) regarding the EQS stated in RSWQ (2021)
Annex 5-Table 3 [24]. The averages derived from the results
indicate that the lake is rich in Mg and Na concentrations as
expected. Al, Zn, Fe, Pb, Co and Ni exceeded the AA-EQS in
the lake.

As, Fe and Al were abundant in the aquatic ecosystem, both were
chosen as reference metals [25]. On the other hand, it has been
revealed that Fe, Mg, Ni, Zn and Co sources can be associated
with agricultural activities. These metals are known to be applied
to the soil by fertilizers and pesticides in agricultural land [26,
27]. The contents of Co and Ni are commonly found in
household products (stainless steel, batteries, etc.), and there are
numerous ways of increased input of Pb, Co and Ni from urban
areas such as domestic wastewater discharge, fossil fuel burning,
etc. [26, 28]. Nickel is one of the priority substances according
to WFD and Turkish standards, and is one of the important
pollutants of anthropogenic origin in aquatic environments. It is
used in the combustion of biomass and fossil fuels, domestic
wastewater discharge, etc. As such, various resources are
available for Ni [29, 30].

When the results obtained from this study are compared with the
previous research of [16], Al (2-109 pg/L); Pb (0-16.4 pg/L); Zn
(0.7-77.90 pg/L) values were consistent with the concentration
levels obtained in this study, and the values measured for Fe (15-
97 pg/L) and Ni (1.1-19.10 pg/L) were found to be lower than
this study. The previous study also reported high As and Cr
concentrations which were determined to be of geo-genic origin
[16].

Among the parameters given in Table 2, those that will reveal
the characteristics of the lake (temperature, electrical
conductivity (EC), dissolved oxygen, alkalinity, Fe, Mg, Al and
Ni) were further selected and the quality changes in the lake
based on sampling depth (surface layer, mid layer, bottom layer)
and time were also evaluated (Figure 4). Accordingly, when
examining the temperature change with varying depth, it was
observed that the temperatures on the surface varied on the
average around 16 °C, 13 °C at the mid-depth and 11°C at the
bottom layer. Although the changes do not differ according to
the location, the surface temperatures increased to 24°C in July-
August months. In February-March, when the temperature in the
lake decreased the most, it was observed that the surface
temperatures decreased to 7-8°C.

EC values of the lake were high, and while the measured values
from surface and mid-layers were close to each other, a slight
decrease was observed at the bottom layer in all the three
sampling points. No significant change was observed spatially
and temporally.

When looking at the change of dissolved oxygen throughout the
depth of the lake, it was observed that the values were around
8.6 mg O2/L at the surface and increased to 9.3 mg O2/L at the
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mid-layer and to 9.6 mg O2/L at the bottom layer. The measured
levels in each period and at each point in the lake were observed
as above the WFD “very good” water quality level of 8 mgO2/L.
Dissolved oxygen levels increased from April to September
during the year Regarding the organic matter concentration in
the water ecosystem, one can say that BODs presents Class |
characteristics as expected in parallel to dissolved oxygen levels.
However, COD concentrations lie within Class Il and Class 11
characteristics indicating the presence of chemically oxidizable
organic matter in the water rather than biologically degradable
organics. Nutrient concentrations expressed in terms of nitrogen
(N) and phosphorous (P) parameters and their derivatives,
indicated no serious problem on the average; however, the
maximum values detected underline the reality that there are
signs of nutrient pollution in the lake system at certain time
intervals. This situation is important nutrients arise both from
untreated domestic discharges and from any of the diffuse
pollutants experienced in the basin of the lake.

The lake is an alkaline lake and its alkalinity level was detected
around 1030 mgCaCOs/L. There was no significant change in
the alkalinity level in the lake depending on the location and
depth. When the change over time was examined, it was
observed that the highest values were obtained in September and
October during the year of inspection.

Concentration of iron (Fe), as a heavy metal, generally increase
with depth in stagnant water bodies. It can be stated that the
variation of iron concentrations measured in the lake with depth
varied according to the sampling point. As generally expected,
in L1, iron concentration slightly increased with depth. In L2 and
L3 points, the surface and bottom layer concentrations were
close and higher, while the mid-layer concentrations were
slightly lower. The concentration values in L3 varied over a wide
range.

There is no classification or limit value for magnesium (Mg)
among the WFD standards. When the change in Mg
concentrations with depth in the lake was examined, it was
observed that the mean values were quite close to each other in
L1 and L2, and there was no significant change with depth.
Concentration levels at these points varied around 350 mg/L. In
L3, while the mid-layer and bottom layer Mg concentrations
were close to each other and the values observed at other
sampling points, some of the measurements exceeded 500 mg/L
concentration on the surface layer of the lake.

Nickel (Ni) concentrations measured in the lake were generally
around the AA-EQS value. The highest value was measured at
the mid-layer of the L1 station. While the concentrations
measured at the surface and bottom layers at the L1 point were
closer, the concentration value measured at the medium level
was high. An increase was observed in the level as one goes
deeper at the L2 point. In L3, on the other hand, higher levels
were observed at the surface.

Aluminum (Al) values measured in the lake were well above the
limit value. In general, concentration levels ranging from 20-80
mg/L, although it varied in a wide range at the mid-layer in the
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L1 station, closer values were obtained in terms of averages. At
L2, lower and varying values in the narrow range were
determined on the surface, slightly higher but wider range
measurements were detected at L2 and L3 points. At the L3, the

Table 2. Water quality characteristics of Lake Salda
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highest value was measured at the surface, and at the bottom
point values were within an average of around 50 mg/L; but were
varying in a wider range.

Para_meters - Water Quality Classes* n Max. Min. Aver. Median | Std. Dev.
Physico-chemical I | 1 | 11
Temperature | °C - 108 | 24.60 7.20 13.46 12.10 4.86
pH 6-9 6-9 6-9 108 | 9.72 7.89 8.99 9.29 0.58
Electrical
Conductivity | uS/cm <400 | 1000 > 1000 99 2113 1909 2081 2081 28.91
Dissolved Oz | mg/LO2 | >8 6 <6 106 | 11.32 7.84 9.17 9.18 0.94
Turbidity NTU - 36 3.83 <0.02 0.67 0.55 0.83
SecchiDisc  [M - 12 15 6.40 11.22 11.70 3.37
TSS mg/L - 36 | 31.40 <2 2.15 1 5.26
Alkalinity mg/L - 36 1444 811 1031 924 229
Organic Matter
BODs mg/L <4 8 >8 36 4.42 <2 1.13 1 0.59
CoD mg/L <25 50 > 50 36 138 10 65.02 58.40 40.92
TOC mg/L 36 | 51.03 2.29 20.73 22.52 14.60
Nutrients
NHs-N mg/L <0.2 1 >1 36 0.44 <0.02 0.06 0.01 0.12
NO2-N mg/L 0 0.00 0.00 - - -
NOs-N mg/L <3 10 >10 36 0.40 0.07 0.21 0.20 0.09
TKN mg/L <05 15 >15 36 0.87 <0.1 0.24 0.17 0.21
Organic N mg/L 36 0.59 <0.08 0.19 0.13 0.18
TN mg/L <35 | 115 > 115 36 0.98 <0.5 0.38 0.25 0.24
TP mg/L <0.08| 0.2 >0.2 36 0.37 <0.075 0.06 0.04 0.08
Orto P mg/L <0.05| 0.16 >0.16 0 0.00 0.00 - - -

. EQS . .
Metals and Semi metals AAEQS MAC-EQS n Max. Min. Aver. Median | Std. Dev.
Aluminum pg/L 2.2 27 36 | 138.14 10.75 46.58 42.37 25.62
Antimuon pg/L 7.8 103 36 0.75 <0.3 0.33 0.15 0.21
Arsenic pg/L 53 53 36 3.38 0.34 0.98 0.89 0.55
Copper ug/L 1.6 3.1 36 4.07 <0.3 1.44 1.45 1.17
Barium ug/L 680 680 36 | 14.64 2.21 6.40 5.80 2.57
Beryllium pg/L 2.5 3.9 36 3.94 <0.3 0.44 0.15 0.75
Bore pg/L 707 1472 36 | 840.61 <33 441.65 418.08 171.34
Zinc ug/L 5.9 231 36 | 80.05 <0.3 29.86 27.81 18.63
Iron pg/L 36 101 36 | 171.25 18.13 56.19 49.26 36.39
Silver pg/L 1.5 1.5 36 0.74 <0.3 0.29 0.15 0.21
Cadmium pg/L <0.08 <0.45 108 | 0.55 <0.007 0.08 0.04 0.09
Tin pg/L 13 13 36 1.73 <0.3 0.48 0.46 0.38
Calcium mg/L 36 | 85.82 0.79 7.52 5.36 13.38
Cobalt pg/L 0.3 2.6 36 2.01 <0.03 0.27 0.19 0.34
Chromium | ug/L 1.6 142 36 1.05 0.31 0.68 0.69 0.22
Lead ug/L 1.2 14 108 | 25.32 0.98 2.39 2.01 2.40
Magnesium | mg/L 36 | 601.95 318.61 350.67 344.35 46.24
Manganese | pg/L 36 5.17 <0.3 2.02 2.11 1.14
Nickel pg/L 4 34 108 | 86.08 0.60 4.69 3.36 8.62
Potassium mg/L 36 32.03 21.85 27.02 27.47 2.95
Sodium mg/L 36 | 1994.65 208.35 204.21 231.59 291.80
Titanium pg/L 26 42 36 | 13.10 <3.3 2.37 1.65 2.27
Vanadium ng/L 1.6 97 36 3.05 1.19 2.19 2.18 0.35

*Class I: Potable water quality; *Class I1: Slightly polluted; *Class I11: Polluted, **Natural Background Concentrations
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4, Conclusion

Lake Salda, due to its natural intrinsic properties and
unique features, it is observed within this study that
anthropogenic activities and water loss through climate
change effects accelerated its degradation as is the case in
many of the world’s stagnant water ecosystems. In that
sense, Lake Salda is one of the lakes that should be taken
under protection in due time. Therefore, as an initial step
towards its protection from any further human-induced
activities, the Turkish Government declared this lake and
its basin as a Special Protection Area in 2019.

It is crystal-clear that the increase in anthropogenic
activities will adversely affect the characteristics of any
lake in the world. Thus, within the scope of this study, the
existing pollution in the lake was put forth according to
land-based sources of pollutants detailed as point and non-
point (diffuse loads, monitoring of polluting parameters
via experimental analyses were conducted for a year long,
and thus, the prevailing water quality was presented for
the attention of especially decision-makers and politicians
so as to urge them to take the necessary measures to
further prevent the deterioration of such a vulnerable lake
ecosystem. Previous water quality determination efforts
were rather based on some parameters; however, this
study covers all the parameters that takes place in both the
WEFD and in the revised National Regulation on Surface
Water Quality dated 2021.
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